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Obesity, a health burden of a global nature
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Obesity, the primary health threat in the 21st century, affects
the quality of life physiologically, economically and psycho-
logically, irrespective of cultural, financial or ethnic back-
ground. Prevalence of obesity has been increasing steadily
during the past 30 years worldwide, especially in developed
countries. In America, almost one-third of adult population
are obese (BMI 230 kg/m?*™" and healthcare expenditure for
obesity had reached nearly 75 billion USD in 2003". A similar
picture has been seen in developing countries as well where
incidence of obesity is rising at an alarming speed. In China,
according to one report, 12.1% and 2.6% of the urban popu-
lation are either overweight (25 kg/m”< BMI <30 kg/m?) or
clinically obese (BMI 230 kg/m?Pl. The situation in children
is more disturbing: a 2005 study conducted in northern coastal
large cities of China shows that the combined prevalence of
obesity had reached 32.5% in boys and 17.6% in girls, respec-
tively®™. Possible contributing factors may include steady
economic growth, lifestyle changes and significantly reduced
family size since the late 1970’s.

From a medical stand point, obesity contributes to a broad
range of health issues, involving type 2 diabetes mellitus,
cardiovascular and kidney diseases (see review by Barton), as
well as certain cancers, etc. Tt significantly increases mortal-
ity, causes physical impairment and psychological stigma, and
results in economic burden that is largely unmanageable even
in many affluent societies. Therefore, prevention and treat-
ment of obesity are a common challenge with extraordinary
urgency to both developed and developing nations, and all-
out efforts are required to exploit efficient strategies, from
policy to education, from research to industry, and from phy-
sicians to patients.

Obesity is generally recognized as disturbances in energy
homeostasis between nutrient intake and expenditure. The
balance is controlled by the central nervous system (CNS),
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mainly the neurons located in hypothalamus. They sense
nutrient molecules in circulation and peripheral signaling pro-
teins released by organs in order to regulate energy homeo-
stasis®. However, the exact molecular mechanisms relative to
pathogenesis of obesity remain elusive (see review by Herbst),
and may include interaction of different genes (see article by
Ke et al), environmental factors, life style, social status and
even intrauterine or neonatal nutritional states’”\. It is believed
that a chronic, low grade inflammation, in response to excess
nutrients or energy, in the metabolic tissues is involved in the
development of obesity (see review by Gao and Ye). A cas-
cade may exist starting from release of inflammatory cytokines
[tumor necrosis factor (TNF)-a, interleukin-1(IL-1)p, CCL2,
etc] and activation of inflammatory kinases (JNK, IKK, PKR
etc) by metabolic cells, progressing towards tissue malfunction
(eg insulin resistance), and eventually linking inflammation to
obesity-related diseases, such as type 2 diabetes!.

While prevention is largely dependent upon change of life
style, therapeutic approaches are dominated by medications
that result in weight loss, covering both small molecules and
peptides aiming at a variety of drug targets (Tables 1 and
2)PM - Of which, sibutramine, phentermine, rimonabant,
lorcaserin, contrave, qnexa, liraglutide, tesofensine and vel-
neperit, efc, target the CNS and decrease energy intake via
reducing appetite or increasing satiety, whereas orlistat and
cetilistat interfere with nutrient absorption in the digestive
system. Although the pipeline looks prosperous, only one
drug (orlistat) is available at present for long-term weight con-
trol because sibutramine was withdrawn last year due to an
increased cardiovascular risk!'. Others that were approved
for short-term treatment (eg phentermine, diethylpropion,
benzphetamine and phendimetrazine) all have the limitation
of controlled use because of potential drug abuse™.

With worldwide demands for a “magic bullet” to loose body
weight, major pharmaceutical companies are chasing after
the multibillion-dollar obesity market even under extremely
high risks. In 2010, Sanofi-Avantis decided to discontinue all
ongoing clinical trials and to suspend sales of its cannabinoid
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Table 1. Anti-obesity drugs approved, rejected, withdrawn or revised by the FDA.

Drug Company

Mechanism of action

Comments

Anti-obesity drugs presently on the market

Orlistat Roche, GSK
Phentermine Not available
Diethylpropion Not available
Benzphetamine Pharmacia
Phendimetrazine Not available

Anti-obesity drugs that await for decisions
Contrave Orexigen

Qnexa Vivus

Anti-obesity drugs rejected by the FDA
Rimonabant Sanofi-Aventis

Lorcaserin Arena Pharma

Anti-obesity drugs withdrawn from the market

Fenfluramine and
dexfenfluramine
Phenylpropanolamine

Wyeth-Ayerst

Not available

Sibutramine Abbott

Pancreatic lipase inhibitor

Adrenaline reuptake inhibitor
Norepinephrine/dopamine releasing
stimulator
Norepinephrine/dopamine releasing
stimulator
Norepinephrine/dopamine releasing
stimulator

Bupropion+naltrexone

Phentermine+topiramate

CB1R antagonist

Selective 5-HT,; receptor agonist

5-HT,5 receptor agonist

Norepinephrine/dopamine releasing
stimulator
NA/5-HT reuptake blocker

Approved for long-term use in 1999
Schedule IV drug, approved for short-term use
Schedule IV drug, approved for short-term use

Schedule Il drug, approved for short-term use

Schedule Il drug, approved for short-term use

The FDA requested data on long-term cardiovascular
risk assessment in 2011

The FDA requested data on teratogenic potential in
2010

Not approved in the USA due to its psychiatric side-
effects and withdrawn from the European market in
2009 for increased risk of serious psychiatric disorders
Not approved due to concerns over carcinogenicity
observed in rats in 2010

Withdrawn after reports of valvular heart damage and
primary pulmonary hypertension in 1997

Withdrawn for increased risk of hemorrhagic stroke in
2000

Withdrawn for increased risk of cardiovascular events

in 2010

5-HT, 5-hydroxytryptamine; NA, noradrenaline; CB1R, cannabinoid 1 receptor; FDA, Food and Drug Administration; GSK, GlaxoSmithKline.

Table 2. A glance of new anti-obesity drugs in the pipeline.

Drug Company Mechanism of action Stage
Empatic Orexigen Bupropion+zonisamide Phase Il
Pramlintide Amylin Leptin analog + amylin analog Phase Il
Cetilistat Alizyme/Takeda Pancreatic lipase inhibitor Phase I
Liraglutide Novo Nordisk Long-acting GLP-1 analog Phase I
Tesofensine NeuroSearch NA/DA/5-HT reuptake inhibitor Phase Il
Velneperit Shinogi Neuropeptide Y5 receptor antagonist Phase Il
Obinepitide 7™ PPY3-36 and pancreatic polypeptide analog Phase Il
LY377604 Eli Lilly B-3 adrenergic receptor agonist Phase I
ZGN-433 Zafgen MetAP2 inhibitor Phase |
PF-04971729 Pfizer SGLT2 inhibitor Phase |
PF-04620110 Pfizer DGAT1 inhibitor Phase |
GSK 598809 GSK D3 receptor antagonist Phase |
GSK 1521498 GSK J-opioid receptor antagonist Phase |

GLP-1, glucagon-like peptide-1; PPY3-36, peptide YY3-36; MetAP2, methionyl aminopeptidase 2; SGLT2, sodium glucose co-transporter type 2; DGAT1,
diglyceride acyltransferase.

Acta Pharmacologica Sinica



1 receptor (CB1R) blocker, rimonabant, following the recom-
mendation from the European Medicines Agency in response
to serious psychiatric side-effects!. Merck and Pfizer wasted
no time to cease the development of their versions of CB1R
antagonists, taranabant and CP-945598, respectively, mak-
ing CBIR as a drug target dubious. Thus, a new strategy to
discover selective CBIR blockers that predominantly interact
with the receptor in the periphery has been debated™.
Haunted by the withdrawal of sibutramine and the end of
CBI1R blockers, the developers of anti-obesity drugs expe-
rienced further setbacks. Apart from rejecting regulatory
approval of Vivus’s combination product qnexa and Arena’s
locaserin™, the Food and Drug Administration requested a
cardiovascular outcome study for another combination ther-
apy, Orexigen’s contrave!'”.
cern on therapeutics against obesity is safety because it is not a

Obviously, the paramount con-

fatal disease and requires long-term management. In compar-
ison with physical exercise and diet control that demand for
active participation, the advantage of a safe and efficacious pill
is unquestionable albeit it is passive in terms of patient efforts.

The multi-facet actions of the gut hormone, glucagon-
like peptide-1 (GLP-1), render it ideal as a target for drug
intervention™. Encouraged by early success with a GLP-1
mimetic, exenatide, in diabetic weight loss'”, liraglutide, a
long-acting GLP-1 analog, was shown to reduce body weight
in both animal models of obesity (see article by Hansen et al)
and human clinical studies. Similar effects in animal mod-
els were also seen with a non-peptidic GLP-1 receptor agonist
Boc5™ and one of its analogs (see review by He et al).

As demonstrated in the treatment of many other diseases,
combination therapy is more effective than a single agent. Of
the four such products (qnexa, contrave, empatic and pramlin-
tide), qnexa and contrave were previously approved for other
indications. Clinical trials revealed that qnexa (phentermine
plus topiramate) and contrave (bupropion plus naltrexone)
administration induced a net weight loss of 12.2 kg and 6.2
kg, respectively, compared with a reduction of 4.0 kg or 3.2 kg
when phentermine or bupropion was administered alone™.

Facing such an unprecedented challenge on a global scale,
it is far from adequate in terms of novel approaches to obesity
management. Clearly, the most important task lies in edu-
cation that alters social behavior capable of preventing the
prevalence of obesity from rising. In this special issue, sev-
eral topics that relate to obesity etiology, animal models (see
review by Nilsson et al), therapeutics and clinical implications
are covered in order to provide a glance of the latest develop-
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ments in this important field.
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glucagon-like peptide-1 receptor agonist with in vivo
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Glucagon-like peptide-1 (GLP-1)-based therapy presents a promising option for treating type 2 diabetes. However, there are several
limitations relative to the peptidic GLP-1 mimetics currently on the market or under development. This concern has led to a continued
interest in the search for non-peptidic agonists for GLP-1 receptor (GLP-1R). Here, we briefly review the discovery, characterization and
current status of a novel class of cyclobutane-derivative-based non-peptidic agonists for GLP-1R, including Boc5 and its newly discov-
ered analogue WB4-24. Although the oral bioavailability of such compounds still poses great challenges, the progress made so far
encourages us to identify a truly ‘druggable’ small molecule agonist for GLP-1R.

Keywords: type 2 diabetes; glucagon-like peptide-1; non-peptidic agonist; Boch; G-protein coupled receptor
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Introduction
Type 2 diabetes mellitus (T2DM) comprises an array of dys-
functions resulting from a combination of resistance to insulin
action and inadequate insulin secretion. It is characterized
by hyperglycemia and associated with microvascular, mac-
rovascular and neuropathic complications. T2DM is also
linked causally with obesity, which is a global health burden
in itself. Unless appropriate action is taken, it is predicted
that there will be at least 350 million people in the world with
T2DM by the year 2030”. This situation is further worsened
by the fact that currently available drugs such as insulin, sul-
fonylureas and thiazolidinediones only have limited efficacy
and do not address two major problems, declining -cell func-
tion and associated obesity. Therefore, the quest for novel
therapeutics to combat diabetes and related metabolic abnor-
malities is justifiably intensive.

Glucagon-like peptide-1 (GLP-1)-based therapy presents an
alternative and effective approach to treat T2DMF. GLP-1 is
a gastrointestinal peptide produced by the proglucagon gene
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in L-cells of the small intestine in response to nutrients. It is
thought to exert anti-hyperglycemic effects by stimulating
insulin secretion, slowing gastric emptying, inhibiting gluca-
gon release, stimulating p-cell proliferation and differentia-
tion, and improving satiety™. GLP-1 appears to be an ideal
and complementary approach to T2DM management for
several reasons®™: (i) glucose-dependent release of insulin does
not cause hypoglycemia; (ii) suppression of food consump-
tion leads to reduced body weight; and (iii) protection of B-cell
mass and function lessens the severity of T2DM. However,
a major limitation in extending these advantages to clinical
benefits resides in the very short half-life of GLP-1 in vivo
(approximately 1-2 min)P. This is attributed to NH,-terminal
degradation by dipeptidyl peptidase IV (DPP-IV) and renal
clearancel®. Hence, a significant amount of efforts have been
made to identify molecules that activate the GLP-1 pathway
with improved pharmacokinetic properties.

Current available GLP-1 mimetics encompass two classes of
agents”:: GLP-IR agonists (eg, exenatide and liraglutide) that
are structurally related to GLP-1 and orally available DPP-IV
inhibitors (eg, sitagliptin, saxagliptin and vildagliptin) that
elevate circulating GLP-1 concentrations via limiting the deg-
radation of endogenous GLP-1. Various human and animal



studies show that these therapeutic agents achieve meaningful
reductions in hemoglobin A (1c) (HbA1lc) levels without caus-
ing significant hypoglycemia. In addition, decreases in body
weight have been observed with GLP-1IR agonists accompa-
nied by beneficial effects on human cardiac function®. While
the market outlook for GLP-1 mimetics seems favorable,
certain limitations, such as repeated injections required for
synthetic peptides and lack of weight loss following treat-
ment with DPP-IV inhibitors, may prevent us from fully cap-
turing the therapeutic potential of GLP-1 mimetics. Orally
active, non-peptidic GLP-1R agonists thus remain a promising
approach to tackle such challenges.

The GLP-1R belongs to the class B family of G-protein-
coupled receptors (GPCRs), consisting of seven membrane
spanning domains connected to each other by three extracel-
lular and three intracellular loops. It is widely recognized that
GPCRs represent the most important target class for therapeu-
tic intervention”. Although there are a numerous examples
of class A GPCRs being activated by small molecule agonists,
very few non-peptidic ligands have been discovered for class
B GPCRs. For instance, only several small molecule GLP-1R
agonists with diverse structural features and functional selec-
tivity (orthosteric, allosteric, ago-allosteric, inverse, or partial/
full agonists) were reported"’™. Among them, substituted
cyclobutane Boc5 is the one that has been investigated most
systematically both in vitro and in vivo to date.

Pharmacology

Bocb was discovered following a high-throughput screening
campaign against 48,160 small molecule compounds by use of
a luciferase reporter assay in HEK293 cells stably expressing
the rat GLP-1R gene linked to cAMP response element. Acute
intraperitoneal (ip) and oral administration of Boc5 (0.1,
0.3, 2, and 3 mg) dose-dependently inhibited food intake in
normal C57BL/6] mice, an effect that could be blocked by
pretreatment with specific GLP-IR antagonist exendin(9-39).
Daily injection of Boc5 (2 or 3 mg; 6 weeks) into db/db mice
reduced HbAlc, improved glucose tolerance and lowered
body weight in db/db diabetic mice!"”. Encouraged by these
initial results, we further characterized the pharmacological
properties of Boc5 in both normal and db/db mice with
emphasis on glycemic control and weight loss. In addition
to the beneficial effects on glycemic control, cumulative food
intake and body weight, Boc5 was shown to be capable of
amplifying glucose-dependent insulin secretion, increasing
insulin sensitivity, reducing body fat mass, slowing gastric
emptying and inducing satiety at higher doses beyond the
therapeutic window!"!. Clearly, the anti-diabetic action
exerted by Bocb truly resembled that of the native peptide
and the therapeutic effects could only be seen in diabetic db/db
mice but not in normal animals, implying a good safety profile
(Tables S1 and S2).

Although the db/db mouse represents a convenient model of
diabetes, it does not fully simulate the pathogenesis of human
T2DM and obesity. Therefore, we subsequently explored the
therapeutic utility of Boc5 in a mouse model of diet-induced
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obesity (DIO), commonly used in efficacy assessment of new
anti-diabetic agents. Guided by a pilot dose ranging study
in male C57BL/6] mice where DIO was completely prevent-
able through intermittent Boc5 administration (Figure S1), we
designed and carried out a comprehensive investigation for
this indication. Three times a week, not once daily, ip injec-
tions of Bocb (0.3, 3, and 1 mg) for 12 weeks resulted in typical
dose-dependent responses in regulating food intake, adipos-

ity, glucose homeostasis and insulin sensitivity!”
11, 16]

, similar to
that reported previously in db/db mice™ ™. Of interest is our
finding that Boc5 was able of normalizing pancreas (3-cell mass
and islet size through suppression of compensatory p-cell
hyperplasia in DIO mice resistant to insulin actions, accompa-
nied normalization of dyslipidemia, adipocytokines dysregu-

lation, adipocyte malfunction and liver injury™.

[11] [11]

In several in vitro (luciferase reporter' ' and binding
, gastric empty-

and stimulation of insulin secretion™) studies, where

assays) and short-term in vivo (food intake!'!

ing!1®
GLP-1 or exenatide were used as positive controls, maximally
stimulating effects of Boc5 were similar in magnitude to that
of the peptides, albeit the latter being approximately 3 to 4
orders of magnitude more potent. Although the action site(s)
for the anorectic effect induced by peripheral administration
of GLP-1R agonists are not clear, several lines of evidence sug-
gest that the inhibition on food intake caused by exenatide and
liraglutide are mediated via activation of GLP-1R expressed on
sub-diaphragmatic vagal afferents, as well as in the brain!.
We do not know at this stage whether Boc5 passes the blood
brain barrier, our earlier work demonstrated that Boc5, at
a dose of 6 mg elicited conditioned taste aversion (CTA) in
C57BL/6] mice!"”, implying the involvement of both periph-
eral and central GLP-1 signaling pathways.

While the anti-diabetic effects of Boc5 were observable by

orall'* 1ol

and subcutaneous administration (Figure S2), the
oral route required significantly higher doses to show effi-
cacy. On the other hand, exogenous Boc5 had been shown
to possess a markedly extended duration of action on several

s 1617 Hence, additional experiments were

biological system:
conducted to examine the pharmacokinetic properties of Boc5
in Sprague-Dawley (SD) rats and C57BL/6] mice, following a
single dose of oral (po), ip, or intravenous (iv) administration.
Samples were assayed for the prototype drug using HPLC,
and mean plasma concentration-time curve and pharmacoki-
netic parameters were calculated (Figure S3, Table S3). One
of the most striking features of the results was that the plasma
drug level was hard to measure after a po dose of Boc5 in both
rats (20 mg/kg) and mice (250 mg/kg). In contrast, the proto-
type drug could be readily detected after either ip or iv admin-
istration (20 mg/kg for rats and 75 mg/kg for mice). The half-
lives (T,,) for Bocb in rats and mice were 35.4 h and 12.1 h
following ip administration, and 41.7 h and 8.71 h following
iv administration, respectively; and the bioavailabilities in rats
and mice were 71.6% and 51.2%, respectively when injected
intraperitoneally (Table S3). Since plasma protein binding
was moderate for Boc5 in mice (36.2%+5.5%; Table S4), we
presume that the lack of free molecule after oral administra-
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Figure 1. The structures of Boc5 and WB4-24.

tion may have been caused by metabolism in the gut, where
the ester bonds at Boc (Figure 1, west end) and thienyl groups
(Figure 1, east end) positions were quickly metabolized by
esterase on the epithelial lining of the intestine (Figure S4).
Further in vitro studies revealed that Boc5 was metabolized to
3 metabolites by B-type esterase(s) localized in the microsomal
fraction of the mouse liver. These hydrolyzed metabolites
(M-1, M-2, and M-3) were identified as dethiophenecarboxyl-
Boc5, bisdethiophenecarboxyl-Boc5 and 2-thiophenecarboxylic
acid, respectively, by use of UFLC-DAD-ESI-MS, with the help
of authentic standard (Figure S4A). Luciferase reporter assay
showed that dethiophenecarboxyl-Boc5 (M-1) at concentra-
tions up to 100 pmol/L evoked maximally only 50% of Boc5
response (37% of GLP-1 response) with an estimated ECs,
value was 16.0 pmol/L, approximately twelve times higher
than that of Boc5 (1.3 pmol/L). Both bisdethiophenecarboxyl-
Bocb (M-2) and 2-thiophenecarboxylic acid (M-3) lost agonist
activities (Figure S4B). In addition, Boc5 was very stable in
hepatic microsomes from mini-pigs (PLM), rats (RLM) and
humans (HLM), as well as human intestinal microsomes
(HIM); the conventional metabolic enzymes in human includ-
ing cytochrome P450s (CYPs), UDP-glucuronosyltransferases
(UGTs) and esterases were not involved in the metabolism of
this novel molecule (data not shown). These data were consis-
tent with relatively long plasma half-lives of Boc5 after non-
oral routes of administration.

Improvement

In order to understand the structure-activity relationship
of this class of GLP-1R agonists, a series of symmetrical
chemistry efforts were made to optimize the core, west and
east ends of Boc5 (Figure 1). Among several dozen analogues
prepared, WB4-24 demonstrated more potent bioactivities
than Bocb both in vitro (GLP-1R binding and cAMP response)
and in vivo (food intake inhibition)". With these results,
we designed and performed an array of experiments using
the mouse DIO model described above to characterize this
compound. First, we studied the effects of WB4-24 on energy
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metabolism. As shown in Figures 2A and 2B, intermittent
WB4-24 administration (ip, 3 times a week) led to a dose-
dependent and significant reduction in body weight over the
first 12-week treatment period. The maximal weight losses
were approximately 31.8% (P<0.01), 13.0% (P<0.01) and 8.3%
(P<0.05) at 3, 1, and 0.3 mg on different time points (4, 6, and
8 weeks, respectively) compared to that of obese controls.
In addition, the pace of weight loss in 3 mg WB4-24 treated
DIO mice was much faster than that of Boc5, reaching to the
lean control level within the first 4 weeks of therapy (Figure
2A). Likewise, subchronic WB4-24 administration dose-
dependently inhibited daily food intake, and 3 mg of WB4-
24 displayed better potency than Boc5 between weeks 1 and 5
(Figures 2C and 2D).

Next, we investigated the effects of this derivative of Boc5
on blood glucose homeostasis. Glucose tolerance was quanti-
fied as the area-under-the-curve integrated from 0~120 min
(AUC;y) after an intraperitoneal glucose challenge (intraperi-
toneal glucose tolerance test, IPGTT). Prior to initiating ther-
apy with WB4-24, DIO mice showed impaired glucose toler-
ance relative to lean control mice (P<0.01, Figures 3A and 3F).
IPGTTs conducted at 4 and 12 weeks after subchronic WB4-24
ip injections revealed a dose-dependent restoration of glucose
tolerance, such that the glucose profile of mice receiving 3 mg
of WB4-24 was indistinguishable from that of lean controls at 4
weeks (P>0.05, Figures 3B, 3C, and 3F). WB4-24 and Boc5 at 3
mg played similar roles in improving glucose tolerance during
the 12-week observation period (Figures 3B and 3C).

Serum satiety hormone concentrations were also measured
to study the endocrine status of treated animals. At the end
of 12-week treatment, the blood samples were collected from
WB4-24-treatd (3 mg), Boc5-treated (3 mg), lean and obese
control groups. Fasting satiety hormones including insulin,
leptin, active GLP-1 and glucagon levels were analyzed. Com-
pared to lean controls, obese mice had significantly higher
serum insulin (P<0.01), leptin (P<0.01) and glucagon (P<0.01)
concentrations with the exception of active GLP-1 (P>0.05, Fig-
ure 4). Such an adaptation of serum satiety hormones in the
obese state has been documented previouslym]. Conversely,
both WB4-24 and Boc5 treatment significantly reduced the
serum insulin (P<0.01), leptin (P<0.01) and glucagon (P<0.05)
levels, which was in agreement with the reported studies on
peptidic GLP-1R agonists®!. Suppression of glucagon secre-
tion following subchronic administration of Boc5 and WB4-24
further supports our dogma that this class of molecules truly
activates the full spectrum of GLP-1 actions (Table 1).

Of note was our observation that each WB4-24 dose group
markedly regained body weight, after a rapid initial fall, even
during the treatment course (Figure 2A). This surprising phe-
nomenon prompted us to perform a further study through
reintroduction of 3 mg WB4-24 to the same dose group in par-
allel with both lean and obese controls. Figure 2A shows that
8 weeks after the cessation of WB4-24 administration, mice
became obese again with body weight rebound to the pre-
treatment level (~40 g); 8-week re-treatment only induced a
moderate weight loss (7.5%), approximately one-fourth of that
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Figure 2. Effects of WB4-24 treatment on body weight and food intake in diet-induced obese (DIO) mice. Animals were maintained on high fat diet
(HFD) for 12 weeks and then randomly assigned into 4 treatment groups with matched body weight. They were injected (ip), 3 times a week (Monday,
Wednesday and Friday), with O (obese control), 0.3, 1, or 3 mg of WB4-24 (1% DMSO, 20% PEG400 in saline, pH 7.4, 0.5 mL) for 12 weeks. To compare
the in vivo effects of WB4-24 and Bocb, a positive control group treated with 3 mg of Boc5, previously proven to be effective in combating obesity, was
presented. A further comparator group of mice consuming standard chow diet (lean control) was used to index responses to normal values. Except
for animals in 3 mg WB4-24, obese and lean control groups, all mice were sacrificed at the end of therapy. The remaining mice were kept under
observation without therapeutic intervention. An 8-week new treatment regimen (3 mg WB4-24) was introduced two months after the cessation of the
initial therapy. Time course of body weight changes (A) and daily food intake (C) over the 28-week investigational period were monitored. The changes
of body weight (A-body weight, B) and daily food intake (A-daily food intake, D) over the first 12-week period were analyzed. Statistical analysis was
performed using GraphPad Prism software (GraphPad, San Diego, CA, USA) by one-way analysis of variance (ANOVA), followed by Bonferroni post hoc
analysis. Values are presented as mean+SEM. n=6-9 per group. "P<0.05, °P<0.01 compared with lean controls. °P<0.05, 'P<0.01 compared with
obese controls. "P<0.05, 'P<0.01 compared with 3 mg Boc5-treated mice. 'P<0.01 compared with 0.3 mg WB4-24-treated mice. °P<0.05 compared
with 1 mg WB4-24-treated mice.

Table 1. Comparison of the therapeutic effects of glucagon-like peptide-1 (GLP-1) and Bocb.

Type 2 diabetes mellitus GLP-1 Bocb
Insulin secretion Insulin secretion T \
Insulin resistance Insulin sensitivity T \
B-cell function 4 B-cell function T N
Hyperglucagonemia Glucagon secretion | \
Obesity Body weight {, food intake { RN
Gastric emptying T, -, or { Gastric emptying 4 v
Hyperlipidaemia Triglyceride {, cholesterol |, nonesterified fatty acid \
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Figure 3. Effects of WB4-24 on glucose homeostasis in DIO mice. The experiments were conducted as described in Figure 1 legend and intraperitoneal
glucose tolerance tests (IPGTTs) were carried out at week O (A), 4 (B), 12 (C), 20 (D), and 28 (E) after initial treatment with WB4-24. The glucose area-
under-curve integrated from 0-120 min (AUC,,,) was calculated for each mouse (F). Statistical analysis was performed using GraphPad Prism software
by one-way analysis of ANOVA, followed by Bonferroni post hoc analysis. Values are presented as mean+SEM. n=6-9 per group. °P<0.05, °P<0.01
compared with lean controls. °P<0.05, ‘P<0.01 compared with obese controls.
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Figure 4. Effects of WB4-24 on serum satiety hormone concentrations
in DIO mice. The experiments were conducted as described in Figure 1
legend . At the end of 12-week treatment, blood samples were collected
from WB4-24-treated (3 mg), Boch-treated (3 mg), lean and obese control
groups. Fasting satiety hormones including insulin, leptin, active GLP-1
and glucagon levels were analyzed using Luminex 200 system (Luminex,
Austin, USA) with the mouse endocrine MILLIPLEX MAP kit supplied by
Millipore (Billerica, MA, USA). Statistical analysis was performed using
GraphPad Prism software by one-way analysis of ANOVA, followed by
Bonferroni post hoc analysis. Values are presented as mean+SEM.
n=6-9 per group. °P<0.01 compared with lean controls; °P<0.05, P<0.01
compared with obese controls.

produced by the initial treatment, accompanied by attenu-
ated inhibitory action on food intake (Figure 2C) and failure to
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restore glucose tolerance to the normal state (P<0.05, Figures
3D, 3E, and 3F).

It is possible that such a reduced efficacy may have resulted
from potential immunogenicity of cyclobutane derivatives
because of their relatively large molecular sizes (>1000). The
peptidic GLP-1 mimetic, exenatide, has been shown to elicit
specific antibody responses in about 40% of patients™ *!. In
one study reported at EASD (European Association for the
Study of Diabetes) 2010, antibody titers to exenatide reached a
peak early in the treatment™, whereas in another study, 61%
of patients developed antibody reactions to exenatide after
26-week treatment, and patients with high antibody titers had
smaller HbAlc reductions than those with low titers™. This
may provide a link between decreased hypoglycemic efficacy
and patients with antibodies to exenatide. Therefore, it was
prudent to investigate the possibility in the context of repeated
treatments with WB4-24 (molecular weight=1074).

Serum samples were subsequently collected from mice
that received the 2nd WB4-24 treatment (3 mg) upon comple-
tion of dosing and specific antibodies were measured using
an ELISA assay developed in-house. Briefly, WB4-24-carrier
protein conjugate was prepared according to the 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
coupling approach®. The molar ratio of WB4-24 to carrier
protein (bovine serum albumin, BSA) was approximately
30:1, evaluated by spectroscopy and trinitrobenzene sulfonate



(TNBS) method”. A 96-well microtiter plate was coated
with 100 ul (2 pg/mL) of the conjugate at 4°C overnight. The
serum samples were serially diluted from 1:50 and added
to each well of the blocked (20% normal sheep serum) plate.
Bound antibody was then detected by goat anti-mouse Ig-
HRP (BD Pharmingen, NJ, USA). Endpoint titers were finally
determined at the x-axis intercept of the dilution curve, at two
times the absorbance (Aus) given by the lean/obese control
serum™!, The results showed that 4 of 6 (67%) WB4-24-treated
mice developed WB4-24 antibodies at titers of 23.38, 240.3, 27
and 487.1, respectively, while the titers of other two mice were
too low to be measured. This range of anti-WB4-24 antibody
titers was similar to that of anti-exenatide antibody (<125) in
humans® ™). Statistical analysis (Figure 5) revealed that anti-
body titer had a positive correlation with the efficacy in terms
of daily food intake in treated DIO mice (r=0.8227; P<0.05). In
the cases of body weight and AUC;y of IPGTT, the correla-
tions were not statistically significant (P>0.05). Therefore, this
observation may be suggestive of the existence of an antibody-
mediated neutralizing mechanism, further studies are required
to examine whether GLP-1R paralysis (down-regulation or
tolerance) caused by continuous exposure to high doses of
WB4-24 contributed to the reduced efficacy™. Moreover, it is
of importance to note that the antibody formation may result
in safety issues, immune-related and hypersensitivity reac-
tions in particular, although such adverse events have yet to
be unmasked in our hands".

Conclusion

Obvious, limited success has been achieved since Boc5 was
first reported in 2007 as a full non-peptidic agonist for GLP-
IR. Although WB4-24 exhibited more potent bioactivities than
Boc5 at the same dose level, its bioavailability and exposure
level in the plasma should be, in theory, comparable to Boc5
because both ester and thienyl groups on the east end remain
unchanged (Figure 1). Our inability to develop a ‘druggable’
molecule beyond the current structural class is consistent with
the inherent difficulties in discovery of non-peptidic ligands
for class B GPCRs. The unique structural architecture and
activation mechanism of GPCRs are pivotal factors in this
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issue. Little secondary structure information is available, and
rational drug design has to rely on low homology template
modeling of rhodopsin®.
of GPCRs will certainly expand our understanding of how a

High resolution crystal structures

ligand gains access to and binds within the receptor binding
pocket and finally guide the structure-based drug design™. It
is encouraging that Underwood"™ recently released the crystal
structure of the extracellular domain of GLP-1R showing the
molecular details of GLP-1 binding to the receptor extracellular
N-terminal domain (ECD), an essential step in the two-domain
binding mechanism applicable to class B GPCRs in general.
The latest findings of Dezelak and Bavec® suggested that
the third intracellular loop of GLP-1R worked as competitive
substrate for mono-ADP-ribosyltransferase, which reduced
mono-ADP-ribosylation of f subunit. This posttranslational
modification of third loop of GLP-1R might represent a
possible novel mechanism of receptor activity regulation and
a potential target in treatment of T2DM. In conjunction with
our determination of the crystal structures of Boc5"” and WB4-
24 (unpublished data), these latest developments will support
us to characterize the binding site and ligand-mediated
conformational changes induced by GLP-1, Boc5 or WB4-24,
and to facilitate molecular modeling strategies to discover
more potent and “druggable’” small molecule agonists.
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Review

Rare adipose disorders (RADs) masquerading as
obesity

Karen L HERBST

Department of Medicine, University of California, San Diego and Veteran’s Affairs San Diego Healthcare System, USA

Rare adipose disorders (RADs) including multiple symmetric lipomatosis (MSL), lipedema and Dercum’s disease (DD) may be misdi-
agnosed as obesity. Lifestyle changes, such as reduced caloric intake and increased physical activity are standard care for obesity.
Although lifestyle changes and bariatric surgery work effectively for the obesity component of RADs, these treatments do not routinely
reduce the abnormal subcutaneous adipose tissue (SAT) of RADs. RAD SAT likely results from the growth of a brown stem cell popula-
tion with secondary lymphatic dysfunction in MSL, or by primary vascular and lymphatic dysfunction in lipedema and DD. People with
RADs do not lose SAT from caloric limitation and increased energy expenditure alone. In order to improve recognition of RADs apart
from obesity, the diagnostic criteria, histology and pathophysiology of RADs are presented and contrasted to familial partial lipodystro-
phies, acquired partial lipodystrophies and obesity with which they may be confused. Treatment recommendations focus on evidence-
based data and include lymphatic decongestive therapy, medications and supplements that support loss of RAD SAT. Associated RAD
conditions including depression, anxiety and pain will improve as healthcare providers learn to identify and adopt alternative treatment
regimens for the abnormal SAT component of RADs. Effective dietary and exercise regimens are needed in RAD populations to improve
quality of life and construct advanced treatment regimens for future generations.

Keywords: adiposis dolorosa; Dercum’s disease; lipedema; multiple symmetric lipomatosis; familial multiple lipomatosis; familial par-

tial lipodystrophy; lymph; lymphatics
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Introduction
Lifestyle-induced obesity in children and adults has reached
epidemic proportions worldwide. In the United States (US),
a third of adults aged 20 years and over are overweight, a
third are obese, and over five percent are extremely obese!'.
The National Health and Nutrition Examination Survey and
Pediatric Nutrition Surveillance System reported a tripling
of the prevalence of obesity among US school-age children
and adolescents over the past three decades™. Numerous
published studies validate the weight loss efficacy of lifestyle
changes that include decreased amounts and types of food,
and improved exercise regimens. Medications used for the
treatment of obesity are severely limited™*. Bariatric surgery
has been exceptional in its ability to induce weight loss and
resolve the co-morbidities of obesity, though complications
rates can be high®, many people are still obese by body mass
index (BMI) after Roux-en-Y gastric bypass (RYGB)'*, and
weight regain occurs” .

This review aims to demonstrate lymphatic dysfunction as a
component of rare adipose disorders (RADs) that increases the

*To whom correspondence should be addressed.
E-mail karen.herbst@va.gov
Received 2011-08-31 Accepted 2011-10-12

amount and alters the location of subcutaneous adipose tissue
(SAT) while resisting fat loss after lifestyle changes or bariatric
surgery. Lipodystrophies are also discussed as they may be
confused with rare adipose disorders (RADs).

Non-lifestyle causes of obesity

Lipodystrophies

Lipodystrophies or fat redistribution syndromes involve a
primary lack or loss of SAT; however, increased SAT in other
areas can be confused with lifestyle-induced obesity. Human
immunodeficiency virus (HIV)-associated lipodystrophy, is
well-known, but familial partial lipodystrophies are rare and
therefore less well known, and can go undiagnosed for years
or are never recognized. Acquired partial lipodystrophy, also
rare, with a progressive and symmetrical lipoatrophy of SAT
starting from the face and spreading to the upper part of the
body, sparing the legs, can be confused with the RAD, lipe-
dema, due to a disproportion between upper and lower body
SAT (see below).

Acquired lipodystrophies

Human immunodeficiency virus (HIV)-associated lipodystrophy
HIV-and highly active antiretroviral treatment (HAART)-
associated lipodystrophy includes loss of SAT from the face,
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buttocks, arms, and legs. In men with lipodystrophy, SAT
can be increased on the abdomen and chest (gynecomastia),
and a dorsocervical fat pad or “buffalo hump” is common!® ',
The SAT in the dorsocervical fat pad is thought to be identi-
cal to the SAT in multiple symmetric lipomatosis (MSL), one
of the RADs (see below). Upper body fat, including parotid
hypertrophy, circumferential enlargement of the neck and a
dorsocervical fat pad are associated with insulin resistance
in HIV+ men!"™ as is intermuscular fat and SAT on the legs
in HIV+ women™.. Large breasts are part of HIV lipodystro-
phy in Black women and other non-Caucasian ethnicities™.
Women with HIV may also develop increased SAT on the
upper part of the arm out of context with the usual lipoatro-
phy in this area in HIV+ men suggesting an estrogen and/or
progesterone component to location of the SAT. This upper
arm SAT looks visually similar to the SAT in women with the
RAD, MSL (see below and Figure 1). In addition to excision
of excess SAT as treatment for lipodystrophy!®, tesamorelin,
a synthetic analogue of human growth hormone-releasing
hormone, is FDA-approved for the reduction of excess visceral
adipose tissue in HIV-infected patients with lipodystrophy.
Visceral adipose tissue was reduced up to 18% during active
use of tesamorelin”. The glucagon-like peptide-1 agonist,
exenetide, also improved the HIV- and treatment-induced
obesity through weight loss in a single case".

Acquired partial lipodystrophy (APL; BARRAQUER-SIMONS
syndrome)

Acquired partial lipodystrophy is characterized by a regional
loss of SAT primarily in children and adolescents starting at
the face and extending to the waist, sparing the legs; in fact
SAT may be increased on the legs™”. Because of the higher
amount of SAT in the legs compared to the upper body, APL
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could be confused with the RAD, lipedema (Figure 2). In lipe-
dema, there is increased fat on the legs but the fat of the upper
body is normal or increased (see below). APL is thought to
be autoimmune occurring after a febrile (viral) illness™ with

Figure 2. Acquired partial lipodystrophy and lipedema. A, a 37 year old
woman with acquired partial lipodystrophy. C3 level<16.1 mg/dL (normal
range: 90-180) and C4 level 23.11 mg/dL (normal range: 10-40). Note the
loss of SAT from the upper body to the waist but obesity of the hips and
legs (photo by Dr Alper GURLEK). B, a woman with lipedema stage Il and
a previous history of obesity with a 100 kg weight loss; note redundant
skin on arms and abdomen from weight loss of non-RAD fat; note also
lipedema in legs.

Figure 1. Multiple symmetric lipomatosis
with or without HIV infection. A and B, non-
HIV-related MSL Type II; note increased upper
arm size and increased fat on back. Not
shown is increased fat in the labia majora.
C and D, increased arm and back fat,
respectively in HIV-and HAART-induced MSL
Type Il. Arrows point to end of MSL fat on the
upper arm. Normal labia majora (not shown).



low levels of complement factor 3 (C3) and the presence of a
circulating autoantibody called complement 3-nephritic factor.
Treatment with the thiazolidinedione, rosiglitazone, improved
levels of C3 and increased SAT in a participant with APL.

Familial partial lipodystrophies (FPLD)

FPLD Type 1: FPLD1, also known as Kobberling lipodystro-
phy, is a lesser known partial lipodystrophy primarily found
in women causing a lipodystrophy of the arms, legs, and
sometimes breasts, with an increase in fat on the abdomen and
remainder of the trunk™. The prevalence of FPLD1 and any
genetic mutation remains unknown. There are no blood or
urine biomarkers for FPLD1. FPLD1 may go unrecognized if
the practitioner does not recognize the lipodystrophy; finding
a ledge where SAT ends on the buttocks can help in the diag-
nosis. Diabetes and hypertriglyceridemia are highly prevalent
in FPLD1 while acanthosis nigricans is minimal. Treatment is
restricted to usual care of obesity-associated co-morbidities,
although, RYGBP should be considered as it improved weight
and co-morbidities in a case of FPLD1"%,

FPLD Type 2: The best studied FPLD is Type 2 (FPLD2),
also known as Dunnigan lipodystrophy. In FPLD2, SAT is
lost around the time of puberty from the legs, arms, buttocks,
abdomen and chest; areas of remaining SAT deposits are on
the back, face and chin, giving a Cushingoid appearance; fat
is increased in the labia majora in women®; this finding also
occurs in women with MSL (Figure 1). Mutations in the lamin
A and C gene, LMNA, cause FPLD2™!. People with FPLD2
have all the co-morbidities associated with obesity. Leptin
levels can be very low in lipodystrophies and leptin treatment
has shown benefit but remains investigational®. RYGB has
also shown benefit in reducing the co-morbidities associated
with FPLD2%,

FPLD Type 3: Mutations in the peroxisome proliferator-
activated receptor gamma (PPARG) gene can cause partial
lipodystrophy with abdominal obesity™ known as FPLD3";
people with FPLD3 may look very similar to FPLD2. Treat-
ment with thiazolidinediones may be useful in people with
PPARG gene mutations™ and other cases of FPLD without
identified gene mutations®",

Additional lipodystrophies and single cases of additional

types of FPLD have been well reviewed!"”.

RADs

Multiple Symmetric Lipomatosis (Madelung’s disease/syndrome;
Launois Bensaude syndrome)

Multiple symmetric lipomatosis (MSL) is a rare syndrome
(Table 1) originally described in 1846, characterized by the
painless, symmetrical accumulation of abnormal tumor-like
SAT. The first systematic treatise was by the German surgeon
Dr Otto Madelung who collected 30 cases and reported an
additional 3 cases in 1888 under the name “Fetthals” or fat
neck™ but the French Physicians Drs Pierre-Emile LAUNOIS
and Raoul BENSAUDE gave prominence to and caused rec-
ognition of MSL by publishing a detailed account of 65 cases
in 1898°*. There are many synonyms for MSL including
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Table 1. Identifying codes or numbers for SAT Disorders.

Code or number SAT disorder
MSL DD Lipedema

OMIM 151800 103200 614103

Listed by NORD Yes Yes No

NLM MESH ID D008069 D000274 NA*

ICD-9/10 272.8/E88.8 NA/E88.2 NA

Alternative ICD-9/10 NA 338.4/G89.4 457.1/189.0
Chronic pain  Lymphedema, not
syndrome elsewhere classified

Orphanet number 2398 36397 77243

ICD=International Classification of Diseases; MESH=medical subject
headings; NLM=national Library of Medicine; NORD=National
Organization of Rare Disease; OMIM=0nline Mendelian Inheritance in
Man®; *Application for a MESH code submitted

benign symmetric lipomatosis but this disorder is anything
but benign, arguing against its use. Over 300 adult cases are
reported in the literature with an age range of 20-71 years.
The early literature on MSL was dominated by research on
alcoholic men with a reported incidence of 1/25000 in the
Italian population™. Non-alcoholics and women are also
affected™; two cases have been reported in children™ *’.

Diagnosis

Identification of MSL is by history and clinical exam. There
are no blood or urine biomarkers for MSL and the gene(s)
remains unknown in a majority of cases. Individuals with
MSL have increased SAT, either as discrete non-encapsulated
lipomas or as a confluent increase in SAT in a symmetrical dis-
tribution on the neck, the back, the chest, the upper arms, or
on the thighs; MSL usually spares the distal limbs'*"! but not in
many women with MSL where the altered fat may be global*’
(Figure 3). Because the appearance and location of SAT in
MSL can vary, MSL has been divided into three types:

Clinical types of MSL®" %3

Type I, head and/or neck with extension down the back,
or only on the back: In rare cases, MSL SAT can invade the
lingual muscles of the tongue* *, or the vocal cords and
compress the recurrent laryngeal nerve causing hoarseness*!,
or increase periorbital fat'*’. Tracheal or esophageal compres-
sion and the superior vena cava syndrome can be found in
15%-20% of patients®. The presence of a dorsocervical fat
pad (buffalo hump) can be found both in MSL¥"**I and HIV-
associated lipodystrophy ' °" *; it has been proposed that
the fat in these two disorders arises from brown adipose tissue
located in that area™.

Type II body: Includes the shoulder girdle, the upper arms,
the thorax, the back, the abdomen and upper buttocks. In one
case, fat grew around the testicles in the scrotum and was con-
tiguous with MSL tissue in the perineum and the root of the
penis®.  Also rare is growth of the MSL fat on the hands®™.
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Figure 3. Whole body MSL and MSL-associated lipodystrophy. While MSL
is noted to spare the forearms (see text), the entire body can be clearly
affected. A, 60 year old woman with a history of alcohol dependence
with global MSL SAT; note prevalent SAT on the forearms (photo by Dr
Andy COREN). This type of MSL may be easily confused with global
obesity or lipedema stage lll. B, 50 year old man with MSL Types | and Il
with associated muscle and normal fat atrophy (also note the increased
back MSL SAT; arrows); this type of MSL may be confused with partial
lipodystrophy.

Many individuals have a combination of Types II and III.
While the MSL fat grows, normal fat and muscle can undergo
wasting which can be confused with a partial lipodystrophy
(Figure 3).

Type 1II, thigh (female type): Rarest type. MSL type III is
clinically similar to and may be instead, the RAD, lipedema
(see below). Women tend to have Type II and III MSL with
widespread altered SAT!*!,

MSL inheritance

MSL is thought to be inherited through mitochondrial muta-
tions in a few familial cases including multiple deletions of
mitochondrial DNA, and the myoclonus epilepsy and ragged-
red fibers (MERRF) tRNA(Lys) A>G(8344) mutation® *"),
Klopstock et al found mitochondrial mutations in only 2 of
12 patients studied™. Chalk et al found no mitochondrial
pathology or mutations in four siblings with MSL with a pat-
tern favoring autosomal recessive®™. The phenotype of MSL
may require a combined effect of alcohol (or other insult) and
a currently unknown genetic mutation.

Histology of MSL fat

Individual fat cells have been described as smaller than
normal® ** *I or normal sized®. MSL SAT is thought to be
derived from brown adipose tissue (BAT) or as white adi-
pose tissue (WAT) that transdifferentiates into BAT!"” ¢ °1,
Ultrastructurally, brown adipocytes have numerous large
mitochondria packed with cristae. Under light microscopy,
brown adipocytes have cytoplasmic lipids arranged as numer-
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ous small droplets (multilocularity), while white adipocytes
have cytoplasmic lipids arranged in a unique vacuole (uni-
locularity). In BAT, the metabolic reactions of mitochondria
are uncoupled from ATP synthesis by uncoupling protein
(UCP)-1 so that energy produced is released as heat!®. Infants
and even adolescents have a substantial amount of BAT, espe-
cially between the shoulder blades. BAT persists throughout
adulthood in the perirenal, omental, mesenteric, pericardial,
intercostal, axillary, cervical, and interscapular fat, embedded
within WAT®> ! with an approximated ratio of 1 brown adi-
pocyte for every 200 white adipocytes!® .

By light microscopy, adipocytes in MSL SAT are monovacu-
olar'™ ®! or multivacuolar™. By electron microscopy of long-
term primary cultures from the stromal vascular fraction
(SVF), containing stem and immune cells, cells were polymor-
phic with thin microfilaments suggestive of elevated metabolic
activity®, were multivacuolar, and had large mitochondria
packed with cristae suggesting a more BAT phenotype in
MSL[6O, 68].

Physiology of MSL SAT

MSL SAT may arise from a stem cell population either des-
tined to form BAT, or WAT that transdifferentiates to BAT;
in either case, UCP-1 levels help track BAT features. SAT
cells from subjects with MSL express UCP-1 suggesting its
origin as BAT®" ", but this is not substantiated in all cases”".
Adrenergic receptors (AR) that respond to sympathetic input,
such as the three subtypes of 3-AR, -, B,- and B;-, promote
lipolysis and energy expenditure. Cells isolated from the
MSL SVF did not increase UCP-1 in response to noradrena-
line even though MSL cells express all three B-AR". Resting
energy expenditure (REE) may be expected to be higher in
MSL with BAT; indeed REE when normalized to fat free mass
was mildly higher in MSL subjects than normal, suggestive
of energy uncoupling and heat generation””, however, REE
in other subjects with MSL was within normal limits®. In
MSL cell culture, catecholamines did not increase lipolysis,
expression of inducible nitric oxide synthase (iNOS) or PPARy
coactivator-la (PGC-1a), a coregulator of nuclear receptors
that control metabolic pathways in BAT®" 77l Two other
groups found a normally reactive adenylate cyclase system
and a normal number of a- and P-adrenergic receptors in
MSL SAT" 7). Cytokine and adipokine levels in MSL are also
mixed® . While the multilocularity of MSL SAT is sugges-
tive of BAT, more data in a larger number of subjects of well
characterized participants are needed to substantiate the cell
type of origin and functionality of pathways.

The increase in MSL fat is extensive and deforming, com-
pressing tissue structures and vessels. Early, MSL SAT is
watery but later becomes fibrotic and scars easily”™. Similarly
in obesity, excess fat physically impedes lymph collection
and flow, protein-rich lymphatic fluid collects in SAT, result-
ing in lymphedema and tissue hypoxia™. SAT also grows
in the presence of lymphedema™. Further accumulation of
fluid in the setting of decreased oxygen tension leads to fibro-
sis®™. Interestingly, ischemia activates the growth of adipose-



derived progenitor cells®™.

Congestion of lymph nodes by
other means, such as lymphoma in the neck, induces fat
growth similar to MSL®. Increased volumes of SAT in MSL,
like obesity, may therefore be sufficient to externally compress
vasculature and lymphatics inducing further growth of SAT as

seen in other localized fat collections!®.

Impedance of lymph
flow into lymph collectors is a local effect and does not affect
flow in larger lymph trunks, therefore the role of lymphoscin-
[85]

tigraphy in MSL is questionable

Conditions associated with MSL

Alcohol-induced liver disease is common in MSL. Hyper-
lipidemia, hyperuricemia, hypothyroidism, and diabetes
mellitus have been reported but are not consistent amongst
those affected® ). People with MSL I or II should be tested

[87]

for sleep apnea Cancerous transformation of the SAT

is uncommon; development of myxoid liposarcoma was

reported in one case!®.

Slowly progressive axonal sensory
and autonomic peripheral neuropathies have been reported
to occur after the development of MSL fat and impairment of
autonomic function has been suggested as a cause of sudden
death®™ *!. The neuropathology is a distal axonal demyelina-

tion different from that associated with alcohol intake!®® % ),

this impairment seems to be prevalently parasympathetic** I,
In a ten year follow-up, ~10% of 31 patients died from sudden

[36]

death due to autonomic neuropathy-”. Surgical placement of

a cardiac pacemaker may be needed.

MSL treatment recommendations
Primary recommendations

1) Alcohol abstinence: Abstinence from alcohol may arrest
further progression of the MSL SAT but does not cause regres-
sion of the SAT deformities'*”.

2) Lymphatic decongestive therapy (LDT): Includes manual
lymphatic drainage (MLD), wrapping of the limbs, compres-
sion garments, exercise such as pool therapy and other non-
impact exercise (so as to avoid lactic acid accumulation in tis-
sue due to poor lymph flow), dietary recommendations, and
skin care. Manual lymphatic drainage works well to reduce
MSL SAT before fibrosis”.

3) Surgery: Surgical resection and liposuction provide the

997 Ina

only means of dramatically decreasing the MSL SAT!
majority of cases of MSL Type II and III, resection or liposuc-
tion of the lipomatosis is considered cosmetic and insurance
companies are reluctant to cover this procedure™. Unfor-
tunately, the fat usually penetrates and surrounds deeper
structures such as muscle and bone, making total excision of
the abnormal tissue difficult’™; the lipomatosis can, therefore,

recur after liposuction or excision® * % in three of eleven

patients in one series!"".

Additional considerations for MSL treatment

4) B,-Adrenergic Agonist: After demonstrating an intact
lipolytic response of the MSL fat to catecholamines, an oral 3,-
AR specific drug, salbutamol, 15 mg per day in divided doses,
reversed the rapid accumulation of the MSL fat and increased
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REE in a man with MSL, but was effective only during active
usel'”.

5) Fibric acid: A man with MSL Type II with a past history
of hypertriglyceridemia was treated with fenofibrate 200mg
daily. The circumference of his abdomen decreased 119 cm
(46.9 in) to 108 cm (42.7 in) within a year. Fibric acids are
PPARa agonists. Activation of the PPARa receptor may sup-
press expression of proteins involved in the architecture of
BAT, thereby maintaining BAT in a quiescent state!'”’.

6) Growth hormone: Growth hormone (GH) treatment has
been suggested in the community of individuals with MSL as
a treatment option (personal communication) but GH levels
were normal in one subject with MSL during a glucose toler-
ance test® and in three other subjects"™ suggesting a normal
GH axis. Testing for GH deficiency should be undertaken and
replacement considered only for those deficient in this hor-
mone.

7) Lifestyle: Lifestyle improvements provide no resolution
of the MSL SAT!®!.

8) Local SAT injections: Corticosteroid injections have been
suggested as treatment for lipomatosis such as MSL SAT!*!
but there are a number of cases demonstrating the develop-
ment of lipomatosis after steroid use!™”” '*l,
with thyroxine!"”
phosphatidylcholine”™ have also been proposed for treatment

Local injection

[110], and

, enoxaparin'®!, deoxycholate
of lipomas but the latter require multiple injections and use
of thyroxine injections in the presence of autonomic dysfunc-
tion would be dangerous. In addition, the extent of the SAT
in MSL does not allow for single site injections, limiting these
treatments to lipomas.

Lipedema (lipoedema; lipalgia; adiposis dolorosa; lipomatosis
dolorosa of the legs; lipohypertrophy dolorosa; painful column
leg)

Lipedema is generally unknown to medical providers, is eas-
ily confused as obesity, does not have a MESH term in the
National Library of Medicine, and does not have an Interna-
tional Classification of Diseases (ICD) code; it does have an
Online Mendelian Inheritance in Man code, and is recognized
by Orphanet (a European website providing information
about orphan drugs and rare diseases (Table 1). Drs Allen
and Hines Jr from the Mayo clinic labeled this condition as
lipedema in 1940, Outside the US, lipedema is known as
“lipoedema”, meaning edema of the fat. This disorder is likely
very common but underdiagnosed.

Diagnosis
The diagnosis of lipedema is made clinically by history, visual
inspection and physical exam as extensive deposition of SAT
between the iliac crest and the malleoli and approximately
30% of the time, on the arm™. When the fat is palpated, it
will be tender and feel like round peas in a plastic bag or
a “beanie baby"[m’ 2]

angiolipomas may also be found in the SAT. There are no

Larger nodules, lumps, lipomas or

blood or urine biomarkers for lipedema and the gene(s) is
unknown. The skin and SAT is thicker in lipedema compared
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to healthy controls and muscle mass is not edematous as it is

31 The skin is also less elastic and striae are

in lymphedema
common in lipedema.

In 1951, Wold, Hines and Allen analyzed 119 cases and pro-
vided the diagnostic criteria for lipedema™"

1) Almost exclusive occurrence in women developing by
the third decade of life. Prevalence within the population
remains grossly under diagnosed”. According to an epide-
miologic study by Foldi E and Foldi M™, lipedema affects
11% of the female population. At least seven cases have been
reported in men with testosterone or GH deficiency, or liver
disease[114, 115, 117].

2) Bilateral and symmetrical nature with minimal involve-
ment of the feet, resulting in an “inverse shouldering’ or
“bracelet” effect at the ankle

3) Minimal pitting edema (non-pitting edema is present)

4) Pain, tenderness, and easy bruising

5) Persistent enlargement despite elevation of the extremi-
ties or weight loss

6) Increased vascular fragility; easy bruising

Often women note that the lipedema appears or is exacer-
bated at the time of puberty, pregnancy!**!
gesting an estrogen component; that few men have this condi-

Oor menopause sug-

tion except those with hypogonadism or hyperestrogenemia
supports this hypothesis.

There are five types of lipedema™**!

Type I: Pelvis, buttocks and hips (saddle bag phenomenon)

Type II: Buttocks to knees, with formation of folds of fat
around the inner side of the knee

Type III: Buttocks to ankles

Type IV: Arms

Type V: Lower leg

There may be a mixture of lipedema types in one person, for
example Type Il and IV. Only the arms may be affected in 3%
of lipedema cases (Type IV)*?. The importance of knowing
the different lipedema types is to improve recognition, and
identification of differences ie, all people with lipedema do not

Stage 1 Stage 2
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look alike; treatment is similar amongst the types. In addition
to types of lipedema, the lipedema progresses through stages;
the progression varies greatly amongst those affected and
there is no data suggesting everyone need progress through
all stages.

There are three stages of lipedema (Figure 4)**% 2%

Stage 1: Normal skin surface with enlarged hypodermis

Stage 2: Uneven skin with indentations in the fat"*'l; larger
mounds of tissue grow as unencapsulated masses, lipomas
and angiolipomas

Stage 3: Large extrusions of tissue causing deformations
especially on the thighs and around the knees

Stage 4: Lipedema with lymphedema (lipolymphedema)

Progression to lipolymphedema can develop during stage
II-III. The description and representative pictures of Type III
MSL*! are that of lipedema stage 11°*; no study has formerly
differentiated these two SAT disorders. Synonyms for lipe-
dema also include adiposis dolorosa, which is another name
for the RAD, Dercum’s disease (see below). However, accord-
ing to Cornely, the trunk, hands and feet are not involved
in lipedema “Thus, lipedema differs clearly from Dercum’s
disease”™™. As lipedema progresses to lipolymphedema, the
hands, feet, trunk and head develop excess SAT making this
statement incorrect. Because lymphatic dysfunction is a part
of Dercum’s disease and many early cases of Dercum’s disease
are visually and descriptively lipedema (see below), the two
SAT disorders are at a minimum, in the same spectrum. Lipe-
dema may also be confused with APL, however, in APL there
is a lack of SAT on the face and upper body while in lipedema,
SAT is normal or increased in these areas (Figure 1).

Inheritance of lipedema

Inheritance has been noted up to 60% of people with
lipedemal"® ' 2 but is likely higher due to under diagno-
sis. In six families over three generations with lipedema, the
inheritance pattern was autosomal dominant with incomplete

Figure 4. The three stages of lipedema.
A, Stage | with little alteration of the skin
surface. B, In stage 2, the surface of the skin
takes on the appearance of a mattress with
lipomas in the fat. C, In stage Il lipedema,
there are much larger fat extrusions.



penetrance[m].

Histology of lipedema SAT

The gross description of the fat in lipedema is similar to that of
(121, Histologi-
cal exam is not unlike that found for cellulite with dilation

MSL with “free fluid fat” in biopsy specimens

of subdermal blood capillaries, perivascular cells, fibrosis of
arterioles, fibrosis and dilation of venules, and hypertrophy
and hyperplasia of adipocytes!'* '
show adipocytes death and stem cell regeneration*. There

|, Histochemical studies

are also increased numbers of blood vessels especially capillar-
ies and prominent venules™®. Large clusters of macrophages
are found around multiple fat cells (not isolated crown-like

structures"*)

, surrounding blood vessels and forming oil cysts
in lipedema SAT!""™; macrophages may also be a prominent

component of cellulite™'!. The histology of lipedema SAT can

also appear as normal!’!,

Physiology of lipedema SAT

The elasticity of the skin and fascia is decreased in lipedemal™*
which in Stage III may progress to abnormally clumped elas-
tic fibers or pseudoxanthoma!*!. The skin loses its role as
an abutment for the skeletal muscle venous pump and the
increased compliance of the SAT results in an increase in

capillary compliance!® 2!l

. The permeable capillaries release
excess protein-rich fluid into the interstitium along with
blood*> ¢ 131 " The veno-arteriolar reflex in lipedema is also
absent so that under orthostatic conditions (standing), there
is limited vasoconstriction and increased net filtration driving

[116]

edema Early on, lymphatic transport increases to accom-

modate the increased fluid flux from the capillaries™* ™",
During this time, visualization of lymphatic vessels on a gross
level by lymphoscintigraphy is normal™® . As lipedema
progresses, microaneurysms appear in the lymphatics in the

[139, 140] 1125, 136]

skin which eventually lea It is during this time

that hypertrophy and hyperplasia of fat cells accelerates™!
further altering the microlymphatic architecture and increas-
ing venous congestion. The resultant edema increases hydro-
static pressure in the tissue and pain"* ™!,

As an example of what happens in SAT when lymph leaks,
mutation of prospero homeoboxprotein 1, encoded by the
PROX1 gene, causes leakage from lymphatics and resultant
041 Lymph placed on adipocytes
in culture also induces robust growth; in essence, “lymph
makes you fat”". Although PROX1 mutations are not

known to be associated with lipedema, it is clear that fat grows

obesity in heterozygote mice

in response to lymph™®. Eventually, the microlymphatics may
become obliterated in lipedema*! leading to backflow and an
overall dynamic insufficiency of the lymphatic system?. The
increased tissue pressure and lymphatic vessel leakage lead
to the development of lipolymphedema™® "> . While lym-
phedema does not usually develop with cellulite in women,
the pathophysiology of cellulite development is similar to that
in lipedema, and LDT (see treatments below) improves the

[147, 148]

cosmetic appearance of cellulite . Lipedema may there-

fore be an extreme form of cellulite.
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Conditions associated with lipedema

Depression and anxiety are very common in people with lipe-
dema for many reasons including the lengthy time to diagno-
sis, repeated counseling on diet and exercise by the healthcare
community when neither is particularly effective and because
of the massive and sometimes rapid body metamorphosis over
a lifetime. In one clinic, women with lipedema were found to
be more depressed than patients with paralysis"'?. Painful

UL The excess tis-

SAT is a chronic problem in lipedemal
sue fluid weakens nearby structures leading to the develop-
ment of joint pains; with progression of lipedema, arthritis

[149]

develops"™™". Capillary fragility, ecchymosis, hematomas and

venous varicosities are common!"™”!

. The Kaposi-Stemmer sign
is negative in lipedema (the skin cannot be pinched as a fold
by the fingers) until the development of lipolymphedema.
Idiopathic edema (IE) is similar to lipedema by description
and has been identified in women with lipedema!"'®*l. Other
changes in skin include dryness, fungal infections, cellulitis,
and slow wound healing. Free fatty acids may be different in

both blood and the lipedema SAT!"?!,

Lipedema treatments recommendations
Primary recommendations

1) Lymphatic Decongestive therapy (LDT) is the standard
of care for lipedema. Includes manual lymphatic drainage
(MLD), wrapping of the limbs, compression garments, move-
ment therapy, dietary recommendations, and skin care. LDT
has been shown to improve skin elasticity, restore the veno-
arteriolar reflex, increase pre-lymph drainage and lymph

transport in lymphatic vessels'® !l
[152]

, and reduce capillary

fragility in lipedema Intermittent pneumatic compres-

151 but may

sion may not improve limb size over MLD alone
be effective alone when MLD is not available™. Compres-
sion is most effective when tissue edema is present™ as in its
absence, it has little effect™, That compression was effective
in lipedema was noted by Hines in a woman with lipedema
whose fat and edema were absent under the area covered by
her “high-topped shoes” .

2) Exercise: Aqua lymphatic therapy (pool hydrotherapy)
significantly reduces limb volume in lymphedema!™®. In addi-
tion to improving strength and bone mineral density, whole
body vibration (WBV) improves peripheral circulation> *’}
and increases lymph flow, raising the threshold level for

edema formation in the legs*"..

During WBYV, the user simply
stands (or stretches/exercises) on a platform for 10-15 min.
making this a very accessible exercise modality.

3) Pain Control: Must be individually optimized; liposuction
improves pain (see below).

4) Psychological support: Many women with lipedema
are left on their own to find their diagnosis, convince their
healthcare providers about lipedema and then seek treatment,
all complicated by depression, anxiety and eating disorders;
counseling and support during treatment are necessary when
any of these are present™®. Counseling reduces anxiety by
50% in people with secondary lymphedema!"*.

5) Surgery: Liposuction works effectively for lipedema to
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[122, 163, 164]

reduce SAT and pain . In patients who have lipolym-
phedema, it may be prudent to undergo lymphoscintigra-
phy to confirm the absence of large lymph vessel damage

before pursuing liposuction™!

. Bariatric surgery is ineffec-
tive in uncomplicated lipedema (without obesity or lym-
phedema)® " but effective in lipedema and lymphedema
associated with obesity as long as LDT is performed before

and after bariatric surgery”’.

Additional considerations for lipedema treatment

6) Beta-adrenergic agonist: Modeling treatment after capil-
lary leak syndrome, terbutaline sulfate, 5 mg five times daily,
and theophylline, 200 mg twice daily, were given to a woman
with lipedema (called lymphedema in the paper) and after 10
months a weight loss of 20 kg was noted. Cessation or lower-
ing the medication allowed weight regain!*®l,

7) Corticosteroids: Corticosteroids produce a fast reduction
in swelling and pain but increase the risk of infection, capil-
lary fragility and SAT growth. A series of corticosteroid joint
injections is usually well-tolerated without exacerbation of
lipedema.

8) Diuretics: Diuretics can quickly deplete lymphedema
fluid but concentrate protein in edematous tissue promoting
fibrosclerosis*.
phedema may result in the development of pseudo Barrter’s

Use of diuretics in lipedema before lym-

syndrome characterized by hypokalemic-hypochloremic alka-
losis, hyperactivity of the renin-angiotensin-aldosterone sys-
tem and elevation of atrial natriuretic peptide™® ",

9) Flavonoids: Daflon is a flavonoid that has been used to
treat lymphedema”"”); it may be expensive and is unlikely
available by prescription. Other flavonoids such as those for
venous disease!”!! have not been formerly tested in lipedema
participants. The International Society of Lymphology does
not endorse the use of flavonoids as a substitute for LDT.

10) Lifestyle: Obesity can occur along with lipedema espe-
cially in Stage III when the lipedema limits movement, but can
also occur when movement is limited by pain in earlier stages;
lifestyle improvements should always be considered but are
not the cause of lipedema”. Lipedema SAT is unaffected by
caloric restriction alone”.

11) Selenium: Sodium selenite (selenium) has proven effec-
tive for reduction of secondary lymphedema™® 7"l The US
National Research Council has defined the individual maxi-
mum safe dietary intake for selenium as 600 pg daily and the
no adverse effect level as 800 pg daily.

12) Shock wave therapy: One report suggests that shock
wave therapy functions similarly to LDT in reducing oxidative
stress of the tissues and in smoothing the dermis and hypo-
dermis™ which may be useful as part of a treatment plan and

when lymphatics are still functioning.

Dercum'’s disease (adiposis dolorosa; Morbus Dercums)

Dercum’s disease (DD) was recognized in 1892 as a clini-
cal entity called “adiposis dolorosa”, meaning painful fatty
deposits, when Dr Francis X DERCUM from the University

[183]

of Pennsylvania published on three cases This senti-
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nel publication was preceded by a report of a single case in
1888"*) and followed by the published autopsy of that case!™.
Numerous case studies, case series and descriptions of DD
have been published with such a wide variety of locations for
the fatty deposits, including misdiagnoses of obvious cases
of lipedema, familial multiple lipomatosis and MSL"! that,
unless one is an expert in SAT disorders, it would be difficult
to diagnose this often misunderstood syndrome. DD is cur-
rently considered to be a rare disorder (Table 1).

Diagnosis

Diagnosis of DD is made by history and physical exam. Der-
cum’s disease occurs primarily in women with a ratio of
females to males of 5-7:1"%"%; the average age of develop-
ment in one series was 35 years® but it has been reported to
(88191 and in adults up to age 80 years"*.
%1 Many cases of peri-

develop in children
One in a 1,000 are affected in Sweden
or post-menopausal women with DD have been reported sug-
gesting a hormonal component to the development of DD,
In addition to painful SAT, there are many other signs and
symptoms associated with DD so a lengthy review of systems

is helpful (Table 2).

There are three types of DD™8" 193,

Type I, juxta-articular (around the joint): Painful folds or
nodular fat on the inside of the knees and/or on the hips; in
rare cases only evident in the upper-arm fat (similar to Type
IV lipedema).

Type 11, diffuse, generalized type: Widespread pain from
fatty tissue found anywhere from head to the soles of the feet.

Type III, nodular type: Intense pain in and around multiple
“lipomas”, sometimes in the absence of obesity.

Interestingly, the painful lumps of fat first noticed around
joints in DD Type 1 occur in locations of lymph nodes, for
example around the knee (popliteal nodes), the elbow (cubit
nodes), hips and thighs (inguinal nodes), upper arm (axillary
nodes) and supraclavicular. As Dr Kling reported in 112 cases
of Type I DD, “Juxta-articular adiposis dolorosa is regarded as
the initial and intermediate stage of generalized adiposis dolo-
rosa” "
of DD, and Type II a stage with more widespread dysfunction.

. Dercum’s disease Type I is therefore, the first stage

Type I DD around the knees is visually consistent with Type
IV and Type II lipedema Stages 2-3.

Type III DD is likely a variant of familial multiple lipoma-
tosis (FML) in which men present mainly with lipomas and/
or angiolipomas predominating on the lower and upper
arms, the lower trunk and thighs and women present with
lipomas, angiolipomas and obesity!"** !
be found in up to 30% of people with DD ' The lipomas

. Angiolipomas can

are generally not painful in FML except if they are growing
or traumatized frequently, however, they are painful in DD

Type 3. In a DD family, family members may have lipomas

195]

without pain! Even if a person with FML has non-painful

lipomas, at some point in time a lipoma can become painful,
followed by generalized pain in all lipomas. Pack and Ariel"”!

described this as lipoma dolorosa, distinct from DD. It is



unclear why the authors make this distinction as others ascribe
the same pathological process to both FML and DD Type III,
with pain in the latter due to “local conditions”"*!. The “local
conditions” may be increased tissue tension from fluid accu-
mulation. In two cases of DD Type III, pain was relieved after

local hemorrhage“%].

The underlying pathophysiology of DD
needs to be elucidated to further differentiate or group the
three types of DD.

DD inheritance: Thought to be autosomal domin-an
199, 200]

11188, 195,

. In two families, females were more affected than males
suggesting a sex-specific influence on the expression of the DD
phenotype.

Histology of DD

Some of the unilocular adipocytes are extremely large in DD

187]

SAT compared to weight matched controls™. Dr Dercum

and others found an infiltration of nerves (neuritis)™> 2" but
this has not been substantiated. Increased connective tissue

around nerves, blood vessels and as thickened septae has been

41185202, 203] [203] [204]

note Perivascular cells"™, giant cells'™", and granu-

lomas suggestive of a foreign body reaction are apparent in

some areas[ZOS]

ma]lo4 206-209]

. The histology of DD SAT can also appear nor-

Physiology of DD
The physiology of DD is unknown and many etiologies have
[185] .+

, pitu-
itary dysfunction, polyglandular disease, infection, neuritis,

been advanced. These include thyroid dysfunction

alcohol, trauma, a defect in the synthesis of long chain fatty

2021 and altered

acids™™), lower resting energy expenditure
responses to norepinephrine and insulin.”"’ Ballet may have
been closest to the actual etiology when he stated that it is a

71 The evidence

“chronic intoxication of endogenous origin
currently points to an underlying vascular and lymphatic
dysfunction in DD Types I/ II similar to lipedema (Birgher
Fagher, personal communication) for the following reasons:

[212, 2131’ epis-

, varicose

1) Vascular dysfunction as hematemesis

taxis”'> *"*l, hemaochezia™?, heavy menses”'> *'¢!

[194] [217]

veins'™, and altered vasoconstrictor responses=”! is common
in both lipedema and DD. Perivascular infiltration of immune
P18 suggesting damage to

or repair of blood vessels, and brain vasculitis in DD has been

cells have been found in DD tissue

reported®?,

2) LDT has been reported to be beneficial in DD* as in lipe-
dema.

3) Multiple lipomas can develop in lipedema as in DD?'.

4) Fibrosis secondary to lymphedema*”
dema? and DD®P*,

5) In the presence of lymphatic and vascular dysfunction in
112]

is common in lipe-

lipedema, the fat is painful™?, similar to DD.

6) In the German literature, lipedema is known as adiposis
dolorosa, another name for DD,

7) Original descriptions of DD match descriptions of lipe-
dema. For example, Spiller described a woman with pain-
ful fat as follows: “The obesity was marked over the thighs,

calves, abdomen, nates (buttocks), and back. It was also very
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great in the arms, less marked in the forearms, and absent in
the feet and hands”™. Dr Collins noted that “The fatty accu-
mulations have not been noticed in the hands, face or feet,
and frequently the contrast between the feet which preserve
their normal outline and contour and the legs, when the latter

7124 These cases are similar to

are involved, is most striking
lipedema in terms of the pattern of painful fat (less likely early
on in the hands, feet, face, and forearms) and the latter case
describes well the distinct “bracelet” of fat seen at the base of
the leg above the foot that is classic in lipedema!?. The pub-
lished photographs of the columnar legs with the cuff of fat
above the foot, or the mass of tender fat inferomedial to the
knee, and the enlarged upper arms in DD are consistent with
lipedema[ﬂZ, 183,184, 224, 225]'

8) The nodular “beans in a bag” feel of the fat in lipedema is
the same as in DD Types 1 and 2% >,

9) Dr Dercum described DD as a disorder of the “haemo-

1271 though the importance of these structures

lymph system
in humans is unclear. Hemolymph nodes are structures
resembling a lymph node, but which can have blood in the
sinuses; erythrocytes enter the hemolymph nodes through

afferent lymphatics'™

. There are few reports on the function
of hemolymph glands in humans.

10) Dr Mills reported “In one case studied carefully with
Dr Dercum, there was a general disease of the lymphatic sys-
tem” 1,

The data suggest that the vascular and lymph system are
dysfunctional in both lipedema and DD, that pre-lymph
remains in the tissue longer, inducing fat growth and the
characteristic beans in a bag feel to the fat. In both lipedema
and DD there is a hereditary component™® ). Also in both
cases, estrogen and/or progesterone likely play a role result-
ing in the predominance of women with lipedema and/or
DD; lipedema is known to occur with the onset puberty and
pregnancy, and DD with menopause, both times of chang-
ing hormone levels. In DD, a more widespread insult to
the vascular and lymphatic system may occur compared to
lipedema. Many of the early reported cases of DD had syphi-

lis™>21® 2% well known to affect the lymph nodes, consumed

alcohol? 21

which acutely increases mesenteric lymphatic
pumping but decreases lymphatic myogenic tone™”, or had
antecedent trauma which may have affected lymphatic func-
tion?” 2> > Many patients with DD Type I or II noticed their
first painful area of fat after a viral flu, severe pneumonia or

[188, 213, 234]

trauma Data are needed on lymphatic function in

DD to confirm these hypotheses.

Conditions associated with DD

In addition to the two cardinal symptoms of fatty deposits
and pain proposed by Dercum™, Vitaut added the third car-
dinal symptom of DD, asthenia (abnormal physical weakness

or lack of energy)!”!

. Accessory symptoms in DD are found
in the psychiatric, motor, sensory and sympathetic nervous
systems[lsél

nal and rheumatological systems"® ¥ %! (Table 2).

as well as the pulmonary, endocrine, gastrointesti-

Thyroid dysfunction has been suggested as one etiology of
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Table 2. Cardinal and accessory signs and symptoms of Dercum’s disease with checkbox.

Cardial Signs/Symptoms Details

Fat deposits
Pain in fat deposits for at least 3 months

Nodules (lipomas) in fat ranging in size from rice grains to a fist or larger
Pain exacerbated by stress, strenuous exercise, trauma, changes in weather, or other; pain can be

spontaneous or on palpation; may wax and wane or move around

Fatigue (asthenia)

>2 accessory symptoms
Cognitive change(s)
Weight gain

Vascular involvement

Exacerbated by activities of daily living or exercise

Memory difficulties; difficulty forming thoughts; “brain fog”
Difficult to lose fatty deposits with lifestyle changes
Visible vascularity near lipomas; telangiectasias; multiple cherry angiomas, multiple petechiae; easy

bruising; flushing; hematuria of unknown etiology; heavy or prolonged menstrual bleeding; epistaxis

SAT edema
Gastrointestinal complaints
Joint pain and/or stiffness
Muscle pain/stiffness
Shortness of breath
Tachycardia

Non-pitting

Gastroesophageal reflux disease, irritable bowel syndrome, bloating, abdominal pain, early satiety
Increased in areas of fat deposits

Especially on awakening or the day after physical activity

In the presence of normal oxygen saturation or as part of the need for oxygen supplementation
Varies from palpitations to supraventricular tachycardia requiring beta-blockade

DD. While a few cases of DD benefited from thyroid treat-

216, 236] [192, 215, 230, 237, 238]

ment! many cases of DD failed to improve

and DD generally continues to progress during adequate

£188]

thyroid replacemen Others have suggested multiple

endocrine dysfunction as a cause for DD (reviewed"®) but

ACTH and pituitary extract did not improve signs and symp-

toms associated with DD/ !

[210, 240]

and hormone testing was nor-

mal in other cases If hypercholesterolemia is present,

severe and generalized vascular disease may be found™".

DD treatment recommendations
Primary recommendations

1) Exercise: Similar to lipedema. Supporting the use of WBV
as exercise in DD, WBV slowed the acquisition of fat in female

rats??

and improved pain and fatigue in women with fibro-
myalgia®.

2) LDT: LDT* and “massage””! are known to be beneficial
for DD Types I and II; recommendations are similar to lipe-
dema (see above).

3) Pain control: Must be individually optimized; only pub-
lished or important anecdotal reports are included here:

(a) Chemotherapy: A patient with DD had improved pain
and growth of DD SAT slowed on methotrexate combined

with infliximab®*!,

One case had resolution of her lipomas
and pain with paclitaxel and carboplatin (unpublished); once
the paclitaxel was discontinued because of neuropathy, the
pain and lumps returned.

(b) Cyclic Variations in Adaptive Conditioning (CVAC™):
A novel therapy that reduces tissue fluid by variable pattern-
ing of different atmospheric pressures around a person sitting
in an altitude simulator. Peri-corporal pressure patterns vary
from sea level to four sequential altitude levels: 3200 m (10.5K
ft), 4419 m (14.5K ft), 5638 m (18.5K ft), and 6858 m (22.5K ft).
This ‘body conditioning’ reduced fluid and pain in 10 DD par-

[245] [246]

ticipants'™” and improved VO,max in healthy men
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(c) Lidocaine: Intravenous (IV) lidocaine has been used
with some success to treat the intractable pain associated with

DDP7 27231 Many individuals with DD obtain good local

pain relief using lidocaine patches, cream, gel or EMLA™ 2,

(d) Mexilitene: Mexilitene (an antiarrhythmic drug) has
been used for the effective treatment of pain in DD,

(e) Pregabalin: LDT combined with pregabalin (an anti-
convulsant drug used for neuropathic pain) has been used to
treat the pain associated with DD,

4) Psychological support: See lipedema (above).
5) Surgery: Liposuction is one of the accepted methods of
treatment fOr DD[196, 255-257] [258, 259].

When asked specifically about liposuction in a series of 110

resulting in decreased pain

patients, 83 respondents (75.5%) reported having had lipo-
suction; of these, 50.6% reported that the painful fat depots
grew back™. Surgical resection and liposuction should be
preceded by LDT and compression to support all vasculature
and decrease the risk of seroma and hematoma formation. DD
may be one reason why RYGBP without LDT failed to result

in weight loss in a published case™".

Additional recommendations

6) Aminoacetic acid (glycine) and prostigmine: In three
women with DD, a diet consisting of 70 grams protein, 70
grams of fat and 100 grams carbohydrate or 1500 calories/day
(specifics unavailable), 10 grams glycine and 45 mg prostig-
mine daily improved weight loss and energy "', If glycine
binding in the central nervous system is antagonized, feeding
in rats increased®; glycine may therefore be an appetite sup-
pressant while prostigmine improves asthenia.

7) Corticosteroids (oral): Cortisone treatment has been
shown to help with pain but with none of the other features of

264 A series of

DD*?; cortisone treatment can also induce DD!
corticosteroid joint injections is usually well-tolerated without

exacerbation of symptoms and signs in DD.



8) Hormonal testing: Testing for thyroid function and
assessing a complete panel of pituitary hormones at least once
after diagnosis of DD and when symptoms change is prudent
so as not to miss accompanying hormonal dysfunction, which
should be treated with usual methods. Adipose tissue is a
very hormonally responsive tissue®!, so estrogen, progester-
one and testosterone levels should be monitored regularly on
any replacement regimen so as to regulate high and low levels
and avoid wide fluctuations.

9) Lifestyle: While obesity is prominent in DD, the DD SAT
is resistant to loss with lifestyle changes”™" **! while normal
SAT as part of obesity can be lost™".

10) Oxygen therapy: Many people with DD feel short of
breath!"®!,
oxygen therapy. It is unclear why the shortness of breath

This can progress on to the need for continuous

occurs but it is likely a combination of increased interstitial
fluid moving cells away from their oxygen source and a weak-
ened diaphragm. Pulmonary function testing should be per-
formed on everyone with DD that has shortness of breath even
if it serves simply as a baseline for future changes or symp-
toms. Similar to MSL, if a patient has increased thickened fat
around the chest or neuropathy, DD patients with shortness of
breath and/or edema should be evaluated for thoracic outlet
syndrome, sleep apnea and/or autonomic dysfunction.

Co-morbidities associated with obesity in DD are treated as
usual.

Conclusions

Obesity is very common and in the limited time allotted to
patient care, it may be easy to misdiagnose a patient with a lip-
odystrophy or a RAD disorder as having simple obesity, and
prescribe lifestyle changes only. The widespread increase in
abnormal SAT in MSL, DD or lipedema Type II or III can eas-
ily masquerade as global obesity (Table 3). The loss of normal

Table 3. Comparison of RAD characteristics.
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fat and muscle in MSL or the disproportion of fat in lipedema
can also be confused with lipodystrophy; lipedema Type I is
usually overlooked. Lifestyle changes and bariatric surgery
work effectively for the obesity component of FPLD and RADs
but not for the abnormal SAT tissue in RADs. The RAD SAT
likely results from the growth of a brown stem cell population
that secondarily compresses lymphatics and vessels (in MSL)
or a primarily vascular and lymphatic dysfunction with sec-
ondary growth of SAT (in lipedema and DD), neither of which
respond well to caloric limitation. Academic testing of various
dietary regimens, mechanical treatments, surgery, medica-
tions, and supplements is needed for RADs. Understanding
the genomics of the RADs is also important to help differenti-
ate lipedema, MSL and DD especially in women where the
three disorders can look so much alike, and to assess for RADs
in obesity. Improved recognition of RADs may also prove that
lipedema and DD are not RADs at all but common disorders
and that understanding the underlying pathophysiology of
RADs may improve our understanding of refractory obesity.
Lymphatic drainage methods used for RADs should be con-
sidered in resistant obesity cases or before bariatric surgery,
low to very low calorie diets or other methods that induce
rapid weight loss requiring optimal lymphatic function.
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RADs
Characteristic MSL DD Lipedema
Abnormal SAT location  Upper* Global Legs+Arms
Diet-resistant SAT Yes Yes Yes
Lipomas Common in males Common Large nodular fat masses
Time of SAT change Adult Child to adult Puberty; by third decade
Painful SAT Not usually Yes Yes
Sex predominance Male Female Female
Lymphatic dysfunction ~ Secondary Primary Primary
Look-alike conditions Obesity; HIV lipodystrophy Obesity; FML Obesity; APL
Associated conditions Neuropathy Autoimmune; diabetes Lymphedema
Population frequency Rare Likely common Likely common

Inheritance pattern Autosomal dominant or recessive

Known gene tRNALys mutations uncommon None
Known biomarkers No No
Alcohol association Yes No

Autosomal dominant; sex-specific influence

Autosomal dominant; incomplete penetrance
None

No

No

* Can be global especially in women; APL=acquired partial lipodystrophy; FML=familial multiple lipomatosis; RAD=rare adipose disorder;

SAT=subcutaneous adipose tissue
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Obesity and obesity-related metabolic diseases represent a growing socioeconomic problem throughout the world. Great emphasis
has been put on establishing treatments for this condition, including pharmacological intervention. However, there are many obsta-
cles and pitfalls in the development process from pre-clinical research to the pharmacy counter, and there is no certainty that what
has been observed pre-clinically will translate into an improvement in human health. Hence, it is important to test potential new
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Introduction

As the prevalence of obesity is rising along with its socioeco-
nomic consequences, the quest to find new treatments or a
cure is also increasing (http://www.who.int/mediacentre/
factsheets/fs311/en/). Pharmaceutical treatment is one
avenue that has been pursued, but currently there are only a
limited number of compounds on the market because many
have failed or been withdrawn because of side effects. Given
that the development process from initial idea to marketed
product typically requires more than 10 years and the attri-
tion rate is notably high, it is important that the models used,
whether in vitro or in vivo, are good surrogates for human
obesity. Depending on the target in question, there are a
number of models that can be applied. In the following pages,
we will review the most widely used animal models in obe-
sity research. We have categorized the different models into
groups; rodent models are divided into monogenetic, polyge-
netic, and selectively bred diet-induced obesity (DIO) models,
and finally we discuss the DIO pig model. To demonstrate the
translational potential of the selected models, we have chosen
two different model compound families that have been tested
in human cohorts — sibutramine and liraglutide or other
glucagon-like peptide-1 (GLP)-1 analogues 3. Sibutramine is
a serotonin and norepinephrine re-uptake inhibitor that was

*To whom correspondence should be addressed.
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developed for the treatment of obesity and has been on the
market for the past 9 years, although in most markets it has
been withdrawn because of undesirable side effects ®l. Lira-
glutide is a GLP-1 analogue currently in phase 3 clinical devel-
opment for severe obesity after demonstrating positive results
in phase 2 trials™. By choosing the best suited animal model
for a particular study, it is possible to make a qualified assess-
ment as to whether target X and/or compound Y will have an
impact in clinical practice at a much earlier point.

Monogenic models
KK-A' mice
The inbred mouse strain KK was established in Japan and is a
mouse model with peripheral insulin sensitivity and glucose
intolerance!. Insulin resistance in the KK mouse is followed
by moderate obesity™ ‘!
sity in KK mice is considered of polygenic origin. However,
when the Agouti (A”) mutation is introduced into the KK
strain, the resulting KK-A” mouse exhibits a more pronounced
course of diabetes” ®. The AY gene is ubiquitously expressed
in the KK-A” mouse, and the agouti protein is thought to act
as a melanocortin 4 receptor antagonist, thereby inhibiting the
signals from alpha-melanocyte stimulating hormone (a-MSH)
and affecting the regulation of energy balance® . Thus,
KK-A” can be considered a mouse with a monogenic defect
but in a polygenic background that results in a predisposition
for obesity.

The body weight of KK-A” mice usually reaches approxi-

. The occurrence of diabetes and obe-
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mately 45 g at two months of age, which is characterized as
moderate obesity. The body weight stabilizes by 4-5 months
of age at approximately 50-60 g, with fat composing approxi-
mately 33% of the total body weight. Because obesity is par-
tially caused by hyperphagia, food restriction seems effective
in reversing obesity. The diabetes phenotype of KK-AY mice
exhibits as hyperglycemia, hyperinsulinemia, and glucose
intolerance, although hyperglycemia declines after 1 year of
age. In addition, an elevated pituitary growth hormone level
in combination with glycosuria caused by glomerular lesions
is often observed in this animal model™"?.

The development of obesity and diabetes in KK-A¥ mice has
similarities to the development of human obesity and diabe-
tes, and the strain has also been used in the early development
of new experimental therapies. For instance, sibutramine
has been tested in KK-A” mice. Sibutramine acts to suppress
calori intake and increase energy expenditure. Weight loss
after sibutramine treatment has been shown in both humans

14, 15]

and rodents! In KK-AY mice, sibutramine treatment

leads to a reduction in food intake; however, the sensitivity to
sibutramine was less pronounced than in wild-type mice!.
The weight-reducing properties of GLP-1 analogues have
not, to the best of our knowledge, been tested in KK-AY mice.
However, exendin-4, a GLP-1 receptor agonist, increases insu-

lin secretion and reduces glucose levels in KK-Ay mice” ",

Ob/ob mouse as a model in obesity research

The ob/ob mouse is a monogenic model of obesity and diabe-
tes due to a lack of leptin production. This mouse has been
studied in many respects and is a commonly used model in
obesity and diabetes research. The db/db mouse, which in
many aspects resembles the ob/ob mouse, carries mutations
in the leptin receptor and is usually found on the C57BLKS/]
background™. This mouse is a model of more severe hyperg-
lycemia and diabetes and will not be discussed in the present
review.

The ob/ob phenotype was first discovered in mice in the
Jackson Laboratory in 1949 and was crossed back to the
C57B1/6] background. The background of the metabolic
phenotype was investigated by parabiosis studies with ob/ob
mice and normal mice, which showed that the ob/ob mice
exhibited reduced food intake and body weight to become
phenotypically normal and led to the proposal that ob/ob mice
lack a humoral satiety factor but still maintain sensitivity to
this factor™!. Based on these observations, considerable effort
was put into finding this factor, which led to the positional
cloning of leptin in 1994, Furthermore, leptin was shown to
be expressed in adipocytes, displayed increased levels in the
obese and was reduced by starvation. Leptin mRNA is highly
expressed in ob/ob mice, but the protein is not found in the
plasma of these mice!™".

The ob/ob mutation in the C57Bl/6] background results in
a phenotype with marked obesity, hyperinsulinemia, insulin
resistance and relatively mild hyperglycemia. In contrast,
the ob/ob mutation on the C57BKS background gives rise to
the same phenotype as seen in db/db mice with the C57BKS
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background
uting to the different phenotypes is not well understood, but

. The identity of the genetic differences contrib-

this observation underlines the importance of the background
strain when considering mouse models of obesity and dia-
betes. Several colonies of ob/ob mice exist worldwide, each
showing variations of the phenotype associated with the ob/ob
mutation .

Obesity is the first observable phenotypic characteristic of
the ob/ob mouse, whereas insulin resistance and hyperglyce-
mia follow the development of obesity. Apart from increased
energy intake, even on a chow diet, obesity is further increased
in ob/ob mice because of a defect in thermogenesis in brown
adipose tissue and therefore a larger deposition of ingested
energy as fat" ],

hepatic, is enhanced in ob/ob mice, which also adds to the dis-
[28]

Furthermore, lipogenesis, especially

position for an obese phenotype

Islet function has been extensively studied in the ob/ob
mouse, displaying a large capacity for islet growth that results
in hyperplasia and a large capacity for insulin secretion.
Based on these characteristics, the ob/ob mouse has been
widely used for studies on insulin secretion in the prediabetic
state and as a model of beta-cell stress and proliferation. For
more detailed reviews of the phenotypic characteristics of the
ob/ob mouse, see Lindstrom®” and Chua et al®".

Treatment with recombinant leptin in ob/ob mice results in
an acute reduction of food intake and increase in glucose turn-
over with increased glucose uptake in brown adipose tissue
and the brain, whereas chronic treatment dose-dependently
reduces food intake and body weight and also results in an

improvement in insulin sensitivity[32’34]

. In humans with leptin
deficiency, recombinant leptin administration has been shown
to have the same profound effects on food intake and body

B However, most obese humans

weight as seen in ob/ob mice
do not have leptin deficiency; instead, they have hyperleptine-
mia and leptin resistance and thus generally do not respond
with weight loss during recombinant leptin treatment. This
finding underlines the fact that although the ob/ob mouse is
indeed a valuable and useful animal model of obesity, it does
not reflect the complete background of obesity in humans
based on its monogenic cause of obesity and will therefore
not always be predictive of the effects of pharmaceutical treat-
ments in humans.

Treatment with sibutramine for 6 weeks in 6 week old ob/ob
mice has been shown to reduce weight gain by 12%, but not
to induce weight loss ™. Because 0b/ob mice are still growing
at 6 weeks of age and thus do not have a stable body weight,
it is not surprising that they did not lose weight in this study.
However, this observation underlines the importance of
choosing a model with a stable body weight if weight loss is
the desired outcome of a study. Sibutramine treatment did
not have a significant effect on food intake, but it did stop the
increase in plasma nonesterified fatty acids (NEFA). Further-
more, the compound induced a decrease in plasma insulin
and improved insulin sensitivity compared to vehicle-treated
animals®!
results in a weight loss of approximately 8% and beneficial

. Treatment with sibutramine in humans usually



effects on NEFA levels!". An acute study in ob/ob mice showed
a dose-dependent reduction of food intake and body weight
in this model during the first day after receiving liraglutide.
However, 2 weeks of treatment with liraglutide at a dose of
100 pg/kg BID did not show significant effects on body weight
in ob/ob mice, although effects on blood glucose levels were
seen in this model™.

Similarly, 2 weeks of exendin-4 treatment in ob/ob mice did

B8 As was

not significantly affect body weight or food intake
seen with sibutramine, another study with exendin-4 (10 or 20
pg/kg BID for 8 weeks) showed a dose-dependent reduction
(20%-40%) of weight gain in the ob/ob model™. One expla-
nation for the lack of effect on body weight in the study by
Irvin et al could be that exendin-4 was only given once daily.
Conversely, the study by Ding et al demonstrated an effect of
a lower daily amount of exenatide, a synthetic form of exen-
din-4, indicating that other factors, such as the strain of ob/ob
mice, could also contribute to the different results.

The lack of a consistent effect on body weight after GLP-1
receptor agonist treatment is in contrast to the robust weight
loss that has been seen in humans after treatment with these
compounds!*”*!
monogenetic in origin.

, as well as to other animal models that are not

The Zucker rat

The Zucker rat is a commonly used obese rat model. In 1961,
it was discovered by TF ZUCKER and LM ZUCKER that an
autosomal recessive mutation in the fatty gene (fa) resulted in
the obesity seen in the Zucker rat. The homozygotes for the
mutation (fa/fa) develop early onset obesity because of a defec-
tive leptin receptor®?. The Zucker obese rat is hyperphagic
and has reduced energy expenditure, leading to development

%l Under nor-

of pronounced obesity at an early stage in life
mal conditions, leptin produced from adipose tissue signals
acts via the leptin receptor to reduce food intake. In the obese
Zucker rat, this regulatory path is nonfunctional, and despite
high levels of circulating leptin, the rats remain hyperphagic.
Other orexigenic peptides, such as neuropeptide Y, gala-
nin, orexin and melanin concentrating hormone (MCH), are
also upregulated in the Zucker rat*!
deposition of lipids in adipose tissue, and by 14 weeks of
15461 Zucker

rats develop insulin resistance in addition to obesity, but gly-

. There is a preferential
age, the Zucker rat has a fat percentage of 40%

cemic levels remain normal, and they do not develop overt
diabetes'”. In this aspect, the Zucker rat shares similarities
with a large portion of the obese human population, the group
who are both obese and insulin resistant but are not diabetic.
The Zucker rat is therefore considered a good animal model
for this metabolic syndrome.

The effect of sibutramine on food intake has also been exam-
ined in the Zucker rat. It was found that in lean Zucker rats,
which are not homozygous for the fa mutation, sibutramine
resulted in a significant reduction in food intake compared
to the vehicle. In obese Zucker rats, this effect was totally
absent at the dose tested (10 mg/kg)"". This finding is not
in accordance with the effects of sibutramine seen in human
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clinical studies™.

Thus, even if the obese Zucker rat is an
animal model with several similarities to human obesity and
metabolic syndrome, a discrepancy exists with respect to
the pharmacological effect of sibutramine. For another class
of pharmacological agents, the GLP-1 receptor agonists, the
obese Zucker rat has been shown to be more predictive of the
human situation with respect to regulation of appetite and
body weight. Subchronic treatment of the obese Zucker rat
with exendin-4 led to decreased fat deposition, reduced appe-
tite and a reduction in weight gain!*

treatment with GLP-1 analogues leads to appetite reduction
[40, 41]

. Similarly, in humans,

and weight loss

In a colony of outbred Zucker rats, a mutation rendering
the diabetic rat was detected, which led to the development
of the substrain Zucker Diabetic Fatty (ZDF) rat. Males more
frequently show the diabetic phenotype than do the females.
The females can develop diabetes if fed a high fat diet. How-
ever, the rate of diabetes development in males also depends
on the diet!*”. The ZDF rat, especially the male, is widely
used as an animal model for studies of anti-diabetic and anti-
obesity drugs”™”
ated the progress of diabetes in ZDF rats. Blood glucose was

. For example, liraglutide markedly attenu-

significantly reduced, and plasma insulin was 2-3-fold higher
during a normal 24-h feeding period compared to vehicle-only
treatment. Judged by pair feeding, approximately 53% of the
anti-hyperglycemic effect was mediated by a reduction of food
intake.

Polygenic models

Diet-induced obese rats and mice

Monogenic animal models of obesity are useful because the
obesity and adiposity they develop is often severe, resulting in
a distinct phenotype. Having a distinct phenotype might be
of importance for certain aspects of obesity research. Further-
more, for pharmacological treatment, a clear phenotype with
a large window for drugs to exert their effects is considered
beneficial.

However, a common argument against the monogenic mod-
els in general and the monogenic models deficient in the leptin
system in particular is that they are not representative of the
human pathogenesis of obesity. Notably few cases of human
obesity can be accounted for mutations in leptin or the leptin
receptor®™. The diet-induced obese (DIO) rat and mouse offer
more human-like models, where the obesity is based on sev-
eral factors, including an excess intake of calories. However,
diet-induced obesity in rodents can be obtained by different
means; there is a large variation both with respect to the con-
tent of the diet used, as well as the strain used.

In mice, C57Bl6/] is generally considered an obesity-prone
strain in which pronounced weight gain, as well as hyperinsu-
linemia and sometimes also hyperglycemia is seen. This strain
is also the most commonly used mouse strain for diet-induced
obesity. A/] mice, on the other hand, are considered obesity
resistant®. For a more elaborate examination of the obesity
propensity of different mice strains, see the work by West et

al®®* There are also rat strains that are considered resistant
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to high fat diet-induced obesity, such as S5B/PI and Lou/C,
whereas others develop diet-induced obesity, such as Wistar,
Sprague-Dawley, Long Evans and Osborne Mendel rats™!.
Thus, it is clear that the genetic background is of major impor-
tance for the body weight response to a high-fat diet.

The modern diet, especially in West, contains high levels of
fat and carbohydrates such as fructose and sucrose. Differ-
ent predefined mouse and rat diets for obesity induction can
vary in the percentage of calories from fat and carbohydrates,
as well as the source of fat or carbohydrates, all of which can
result in minor differences in phenotypes.

For a diet containing 42% of the energy as fat, the source of
fat (lard, olive oil, coconut oil or fish oil) has been shown to
result in differential effects on body weight gain and glucose
homeostasis in male Wistar rats™\. The authors showed that
the most pronounced manifestations of obesity and insulin
resistance are seen when the fat source is lard (which contains
comparable quantities of saturated fat and monounsaturated
fat) or olive oil (monounsaturated fat) compared to coconut
oil, fish oil or a chow diet. The relatively beneficial effect of
fish oil (polyunsaturated fatty acids) on lipid and glucose
homeostasis compared to other fat sources has been shown
previously® .
which contains saturated fatty acids, is less deleterious than

However, the observation that coconut oil,

lard and olive oil has not been corroborated in the literature.
There are actually studies suggesting that diets containing
more saturated fat are obesogenic and prone to inducing insu-

60, 61]

lin resistance!® . It has been suggested that the response of

the major hypothalamic neuropeptides regulating energy bal-
ance varies depending on the type of fat in the diet'®”.

A diet high in fat and carbohydrates, either from fructose or
sucrose, closely mimics the human diet. A high-fat and high-
sucrose diet has been reported to result in a similar effect on
body weight, abdominal fat, hyperinsulinemia and hypergly-

52, 62]

cemia as a high-fat-only diet in mice In recent years, the

role of fructose in the development of adiposity and metabolic

] In rodents, a

syndrome has received significant attention
high-fat and high-fructose diet has been shown to result in
metabolic syndrome with obesity and changed body composi-

tion!® !

. In a study by Shapiro et al, it was shown that feed-
ing SD rat with fructose caused leptin resistance, which led to
an exacerbated weight gain when also given a high-fat diet,
suggesting that fructose increases the propensity for obesity
development®!,

Commonly used diets when inducing obesity are the 45%
and 60% kcal energy from fat diet (D12451 and D12492,
Research Diet), where the fat source is soybean oil and lard,
and the difference between the two diets is the lard con-
tent. The pharmacological treatment of DIO rodents with
anti-obesity agents, such as sibutramine and liraglutide, has
been shown to have effects comparable to those reported in
humans. Sibutramine reduces food intake, but there are con-
flicting data as to whether sibutramine has an effect on energy
expenditure!™. In DIO rats, sibutramine has also been shown
to reduce body weight compared to placebo (9%) because of a
reduction in food intake. This reduction was accompanied by
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a reduction in body fat??. A similar effect with a reduction in
food intake and body weight for the GLP1 receptor agonists
liraglutide and exendin-4 has also been established in DIO rats
fed the 60% HF diet from Research Diet®. Also, in DIO mice
fed a diet containing 45% calories from fat, liraglutide reduces

t®). Thus, diet-induced obese

energy intake and body fa
rodents can be considered a valid animal model that reflects
the effects seen in humans during pharmacological treatment
that affects appetite and thereby reduces body weight. With
respect to the effect on obesity of agents that reduce body
weight, the diet used is not of crucial importance as long as
proper obesity is induced by the diet of choice. However, the
extent to which the different diets are comparable with respect
to the secondary outcomes of obesity medications, such as
plasma lipids and glucose tolerance, needs to be further

explored.

Cafeteria diet-induced obesity

Obesity in rats can also be induced with less standardized
and predefined diets, such as the Cafeteria Diet, which means
that the animals have a choice of various palatable energy-
dense food items as an alternative to standard chow” ", The
advantage to this approach is that the diet is palatable and the
propensity to overeat is larger than that for a standardized,
predefined high-fat diet. Furthermore, it is more similar to
the human diet situation. However, the diet is criticized for
being difficult to standardize with respect to nutritional con-
tent, and the animals might experience deficiencies in proteins
or essential vitamins?.
used for the development of obesity treatment as the DIO

The model has not been as widely

rat described above. At Novo Nordisk, we have employed a
Cafeteria Diet DIO rat model in which the rats were fed chow
ad libitum and were offered up to 20 g of candy per day. The
candy was provided on a rotational basis and included choco-
late biscuits, other kinds of chocolate and grape sugar to maxi-
mize the interest in the candy and to tempt the rat to eat more.
Seventy-five percent of the calories were provided by candy
intake because the DIO rat preferred candy over chow. This
preference led to a 15%-20% higher weight gain in DIO rats
than in chow-fed rats, which was attributable to an increase in
fat mass”. Treatment with liraglutide, but not with vildaglip-
tin, resulted in a significant reduction in body weight. Lira-
glutide, but not vildagliptin, reduced the total caloric intake.
Interestingly, it also seemed to change food preference because
a preferential reduction in candy intake and a relative increase
in chow intake were seen after liraglutide treatment in candy-
fed rats”.

DIO-DR

Three decades ago, Dr Levin and co-workers refined the DIO
model by selectively breeding Sprague Dawley (SD) rats for
obesity”. Dr Levin took 100 normal SPD rats and subjected
them to a high-fat diet (60% calories from fat). After several
weeks on the diet, the animals could be divided into the fol-
lowing three groups: a low, middle and high BW group.
Thereafter, the researchers mated rats that had increased their
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body weight by a small or large amount in subsequent genera-
tions until total segregation was achieved, and the research-
ers started an out-breeding program. The individual groups
were named diet resistant (DR) or obesity prone (DIO)".
The advantage of this process was that it was clear from the
pup stage they could be absolutely sure that the pups from
the DIO group would gain more weight and pups from the
DR group would gain less weight when exposed to a high-fat
diet. The increase in BW was predominantly caused by a gen-
eral increase in fat mass and, to a much lesser extent, muscle
mass, making the DIO rat a true diet-induced obese rat and
not simply a “large” rat. Over approximately the past decade,
Dr Levin, academic colleagues, and the biotech and phar-
maceutical industry throughout the world have applied this
model in target discovery and also as an important benchmark
model”™ 7). The obesity in the DIO rat is not caused by a sin-
gle gene but rather is truly polygenetic in nature. After 14-16
weeks on a high-fat diet (60% calories from fat, provided by
Research diet) the metabolic parameters of the DIO rats reflect
the altered diet with an increase in TG, insulin and lipids,
which mirrors the human condition known as metabolic syn-
drome, making this model truly translational”™. The model
has shown its value already, as all approved drugs that have
a marked effect on BW in humans have been shown to have a
similar effect in the DIO rat. Sibutramine po for 3 weeks leads
to a weight reduction of approximately 10%-13% of basal
weight in this model, which is slightly more than what has
been seen in clinical experiments. With respect to liraglutide,
the weight loss in rats is approximately 10%, which is slightly
more (12%)" than has been seen in 1-year liraglutide trials
12]

performed by Dr Astrup'®.

UCD-T2DM rat

One of the drawbacks of the DIO rodent models is that they
develop hyperinsulinemia but not always hyperglycemia,
thereby making them good models for obesity but not neces-
sarily for type 2 diabetes. Havel and co-workers” have devel-
oped a polygenic rat model with adult-onset obesity, insulin
resistance and late onset type 2 diabetes that maintains leptin
signaling without dietary intervention. The model originates
from crossing obese, insulin-resistant SD rats with lean ZDF
rats.

Thus, the model is a cross between a model employing obe-
sity and insulin resistance but with (-cells robust enough not
to develop diabetes and a model with a B-cell defect that does
not develop diabetes when insulin sensitivity is normal. By
the F7 generation, it appeared that all animals were homozy-
gous for the B-cell defect”, and both sexes develop diabetes
at 183+10 and 286+17 days of age, respectively (the incidence
is 91.9% for males and 42.6% for females). The body weight
and caloric intake are significantly higher for the UC Davis
type 2 diabetes mellitus rat [UCD (University of California
Davis)-T2DM] than the lean SD rat. The increased obesity
and hyperphagia precede the onset of diabetes, and after the
onset of diabetes, a slow loss of body weight is seen. Further-
more, early body weight has a significant influence on the

age of onset of diabetes, which is consistent with the reported
increased risk for T2DM with obesity. The UCD-T2DM rat
is well suited for studies of pharmacological prevention of
T2DM. Liraglutide has been tested for its ability to reduce
body weight, as well as to prevent or delay the onset of diabe-
tes in UCD-T2DM rats (0.2 mg/kg)®™. This study included a
group that was weight matched to the liraglutide group. This
group was restricted to a food intake of 9% less energy/kg
body weight than the animals that received liraglutide. The
requirement of a 9% reduction in energy intake as compared
to treatment with liraglutide to obtain similar weight suggests
a beneficial component of liraglutide treatment on energy
expenditure. The energy intake after liraglutide treatment was
significantly reduced compared to vehicle-treated animals.
Both liraglutide treatment and food restriction significantly
delayed the onset of diabetes in the UCD-T2DM rat. How-
ever, liraglutide markedly lowered fasted plasma insulin com-
pared to food-restricted rats, suggesting that improved insulin
sensitivity was not caused by the effect on body weight alone.
The large effect on the delay of the onset of diabetes after food
restriction suggests that part of the beneficial effects of lira-
glutide is mediated via a reduction in energy intake and body
weight. Furthermore, despite having a similar body weight,
the liraglutide-treated animals had an even more pronounced
reduction in body adiposity than did weight-matched animals.
NZO and NoncNZO mouse

The New Zealand obese (NZO) mouse is a polygenic model
that develops hyperphagia and juvenile onset obesity, even
when fed a low fat diet. Both subcutaneous and visceral fat is
accumulated. Furthermore, the mouse develops type 2 diabe-
tes, although at varying frequencies depending on substrain
and gender!® *2,

The NZO mice have been crossed with the nonobese non-
diabetic (NON) mouse, which has impaired glucose tolerance
and impaired B-cell insulin secretion capacity but still do not
develop overt diabetes. The NONcNZO10/Lt] strain is a
result of several crossings between NZO and NON mice. Both
female and male NONcNZO10/LT] mice develop obesity, but
only males develop type 2 diabetes™!. The disease inheritance
of NONcNZO10/Lt] reflects the complex inheritance pattern
of human obesity.

The NZO mice and the NONcNZO10/Lt] mice have primar-
ily been used for pharmacogenetic studies. However, there
are reports of pharmacology studies. For example, it has been
shown that a ;-adrenergic receptor agonist (CL316, 243) low-
ers body weight in these mice while increasing food intake
and suppressing the development of diabetes in the mice!®.
Furthermore, rosiglitazone treatment leads to a body weight
increase in NONcNZO/Lt] mice and in humans™®!, The util-
ity of the two models in pharmacological obesity studies as
well as their predictivity in humans remains to be verified.

Tallyho mouse

The Tallyho mouse is also a model with moderate obesity
and male-derived hyperglycemia with a polygenic origin!®.
A recent publication suggests that increased food intake, not
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reduced energy expenditure, is the reason for the obesity in
Tallyho mice as compared to C57BL6/] mice. When pair fed
with C57Bl6/] mice, the Tallyho mice have the same rate of
weight gain as the C57Bl6/] mice. Furthermore, the authors
show that Tallyho mice have hypothalamic leptin resistance
and upregulation of NPY mRNA levels®.
best of our knowledge, no publications in which Tallyho mice

There are, to the

have been used in the pharmacological treatment of obesity;
therefore, their utility and predictivity for human obesity
treatment is unclear.

DIO minipigs
The obese Goéttingen minipig is a relatively novel model;
therefore, there are few reports on its metabolic status, as well
as limited reports of pharmacological intervention studies.

Adult Gottingen minipigs have a body weight of 30 to 35
kg, and food restriction is necessary to maintain a lean phe-
notype. When fed ad libitum with normal pig chow, females
have a food intake that is more than double that of the age-
specific norms for this breed based on a restricted diet®™. This
increased food intake leads to massive obesity, and by 18
months of age, the pigs are two to three times the weight of
animals fed restricted amounts of fat with percentage close
to 50% because of their hyperphagic behavior. Thus, without
food restriction, this model seems to have a normal develop-
ment toward severe obesity. The hyperphagic element of this
obesity seems similar to the food cravings observed in severely
overweight humans, in contrast to the polygenic DIO rodent
model, which shows moderate obesity and body fat. The
degree of obesity measured by body weight, as well as excess
body fat seen in the DIO pig model, closely resembles human
obesity. However, one should be aware that the model is not
well characterized, and although the obese minipigs become
insulin resistant, similar to obese humans, they do not develop
type 2 diabetes. Also, this model is resource intensive with
respect to space, time and the quantity of compounds needed
for studies.

In a pharmacological intervention study!
the effect on body weight loss was of the same magnitude as

1 with liraglutide,

has been shown in human clinical obesity studies with this
compound?. Six female Gottingen minipigs (Ellegaard Got-

Table 1. An overview of the different models of obesity.

tingen Minipigs, Dalmose, Denmark) aged approximately 18
months of age and with a mean body weight of 90.3+6.0 kg at
the beginning of the study were used in this experiment. The
minipigs had been fed ad libitum since weaning and this con-
tinued throughout the study.

Food intake was monitored continuously throughout the
study, and body weight was determined twice weekly using
a standard large-animal scale. In this three-period experi-
ment (baseline, treatment and posttreatment follow-up), each
animal was used as its own control. Liraglutide profoundly
affected food intake with an overall reduction of 60% for the
7-week treatment period without any signs of desensitization.
This approach meant that food intake came close to the level
required for maintenance of normal body weight in these pigs.
Food intake returned to pre-treatment levels within 4 days of
termination of liraglutide treatment and, although variable,
remained within the pre-treatment range for the remainder
of the study. The effect on body weight was a reduction of
4.3£1.2 kg compared to a 7.0+1.0 kg weight gain during the
7 week pre- and post-treatment periods. The DIO Gottingen
minipig model seems to resemble human obesity and also
responds to a similar degree to obesity intervention treatment
with liraglutide.

Conclusion

As described, there are a number of valid surrogate animal
models of human obesity that can be utilized in the discovery
and developmental process. An overview of the different
models in this review is found in Table 1. That these models
have translational character is evident from the data we have
presented on sibutramine and liraglutide, although the num-
ber of models described is far from exhaustive. However, the
human obesity phenotype is, for the majority of people, caused
by the interplay between a long list of genes and the environ-
ment; therefore, the laboratory animal model that best reflects
this is polygenetic dietary-induced models. The monogenetic
models do have a role in terms of teasing out the mechanism
and mode of action of these diseases, but the best surrogate
models are the DIO. Over the past few years, a number of
models using dietary manipulations (high-fructose/high-car-
bohydrate) have emerged, but they are left out of the current

DIO or Cafeteria

KK-AY Ob/ob Zucker diet or DIO DR UCD-T2M DIO minipig
Cause of disease Monogenic (A) and Monogenic Monogenic Induced and Polygenic  Induced
polygenic (KK) polygenic

Obesity Yes Yes Yes Yes Yes Yes
Hyperphagia Yes Yes Yes No Yes Yes
Hyperinsulinemia Yes Yes Yes Yes Yes Yes
Glucose intolerance Yes Yes Yes Yes Yes ?
Hyperglycemia Yes Mild No No Yes No
Weight reducing effect of sibutramine Marginal Marginal No Yes ? ?
Weight reducing effect of GLP1 analogues ? None or marginal Yes Yes Marginal Yes

Acta Pharmacologica Sinica



review because further testing is required to validate these

models. It is likely that these models will potentially lead to a

model that is even more predictive of the human disease, leav-

ing us with a more optimized tool that will potentially reduce

the path to market and will eliminate the necessity of a num-
ber of animal studies.
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Why do anti-inflammatory therapies fail to improve
insulin sensitivity?
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Chronic inflammation occurs in obese conditions in both humans and animals. It also contributes to the pathogenesis of type 2
diabetes (T2D) through insulin resistance, a status in which the body loses its ability to respond to insulin. Inflammation impairs
insulin signaling through the functional inhibition of IRS-1 and PPARy. Insulin sensitizers (such as rosiglitazone and pioglitazone)
inhibit inflammation while improving insulin sensitivity. Therefore, anti-inflammatory agents have been suggested as a treatment
strategy for insulin resistance. This strategy has been tested in laboratory studies and clinical trials for more than 10 years; however,
no significant progress has been made in any of the model systems. This status has led us to re-evaluate the biological significance
of chronic inflammation in obesity. Recent studies have consistently asserted that obesity-associated inflammation helps to maintain
insulin sensitivity. Inflammation stimulates local adipose tissue remodeling and promotes systemic energy expenditure. We propose

that these beneficial activities of inflammation provide an underlying mechanism for the failure of anti-inflammatory therapy in the
treatment of insulin resistance. Current literature will be reviewed in this article to present evidence that supports this viewpoint.
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Introduction

For about two decades, it has been known that inflammation
contributes to obesity-associated insulin resistance. Inflamma-
tory cytokines (eg, TNF-alpha, IL-1, and IL-6) have been shown
to induce insulin resistance in multiple organs (fat, muscle and
liver). TNF-a elevation was found in adipose tissue of obese
mice in 1993". That study provided the first evidence of the
role of chronic inflammation during obesity and its association
with insulin resistance in an animal model. Macrophages in
adipose tissue are the major source of inflammatory cytokines
in obesity™?. Recent studies from multiple groups, including
ours, consistently suggest that adipose tissue hypoxia is a root
of chronic inflammation in obesity™. Hypoxia is likely the
result of a reduction in blood flow to adipose tissue, which is
supported by some studies in humans and animals®”.

In addition to adipose tissue hypoxia, metabolites of fatty
acids and glucose, including diacylglyceride (DAG), ceramide,
and reactive oxygen species, also contribute to the chronic
inflammation in obesity. They activate the inflammatory
response in several ways. They can directly interact with sig-
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naling kinases (PKCs, JNKs, and IKKs) in cells®; the lipids can
also signal through cell membrane receptors for lipids, such
as TLR4, CD36, or GPRF*™. Fat or glucose oxygenation in the
mitochondria can also generate reactive oxygen species (ROS),
which can then induce activation of the inflammatory kinases
(JNK and IKK) in the cytoplasm. The lipids also induce endo-
plasmic reticulum (ER) stress to activate JNK and IKKM™ ™,
In obesity, these signaling pathways are activated as a result
of the surplus calories and involved in the pathogenesis of
chronic inflammation.

Chronic inflammation and insulin resistance
At the molecular level, inflammation induces insulin resis-
tance by targeting IRS-1 and PPARY.

Inflammation and IRS-1 (insulin receptor substrate 1)

In cellular models of insulin resistance, the pro-inflammatory
cytokine, TNF-a, is widely used to induce insulin resistance.
The data from these cellular studies suggest that TNF-a is a
major risk factor for insulin resistance in obesity and other
chronic diseases! ' ", TNF-a inhibits insulin signaling by
serine phosphorylation of IRS-1, which leads to the dissocia-
tion of IRS-1 from the insulin receptor and causes degradation
of IRS-1 protein™” ™. In the insulin signaling pathway, IRS-1



undergoes tyrosine in response to insulin stimulation, which
leads to activation of the insulin signaling pathway, down-
stream PI3K/ Akt activation, and Glut4 translocation to the cell
membrane for glucose uptake. TNF-a induces insulin resis-
tance by IRS-1 serine phosphorylation through the activation
of several serine kinases, including JNK™ !, IKK*, ERK®*,
PKCP, Akt® #), GSK-3*, IRAK®, and mTOR™ *\. In a
recent study, we showed that IKK2 (IKKp) inhibits IRS-1 func-
tion through the activation of S6K, which directly phosphory-
lates IRS-1 at multiple sites (such as S312/307 and S270/265)
in TNF-a-treated cells™ *!. Serine phosphorylation induces
IRS-1 degradation and serves as a negative feedback signal to

impair insulin action!®.

Inflammation inhibits PPARYy function
The IKK{/NF-«B (nuclear factor kappa B) pathway is a domi-
nant inflammatory signaling pathway. The pathway has been
under active investigation in the obesity field after IKKp was
found to induce insulin resistance in obese mice””\. The serine
kinase IKK has three major isoforms, including IKKa (IKK1),
IKK (IKK2), and IKKy, which requires IKKp for NF-«B acti-
vation®. In obesity, IKK is activated by several intracellular
signals, such as ROS, ER stress, DAG, and ceramide. IKKp is
also activated by extracellular stimuli, including TNF-a, IL-1,
fatty acids™ and hypoxia™. TKKp induces NF-xB activation
by phosphorylation of the Inhibitor of Kappa B alpha (IkBa)™*’.
NF-kB is a ubiquitous transcription factor that is formed by
two subunits of the Rel family, which includes seven mem-
bers, p65 (RelA), p50 (NF-xB1), c-Rel, RelB, p100, p105, p52*!.
These members form a homodimer or heterodimer that regu-
lates gene transcription. In most cases, NF-xB is a heterodimer
of p65 and p50. P65 contains the transactivation domain and
mediates the transcriptional activity of NF-xB. P50 inhibits
the transcriptional activity of p65*?, and the NF-kB activity
is enhanced in p50 knockout mice®. NF-«xB inhibits PPARy
function through the competition for transcriptional coacti-
vators or the exchange of corepressors with PPARy™!. This
process is responsible for inhibiting PPAR-target genes, such
as CAP and IRS-2. Our study shows that IKK promotes the
activity of HDACS3 in the nuclear corepressor complex. IKK
induces nuclear translocation of HDAC3 from the cytoplasm.
In the cytosol, HDAC3 associates with IxBa, and the degrada-
tion of IxBa promotes HDAC3 translocation into the nucleus.
The PPARYy inactivation leads to suppression of IRS-2 expres-
sion, a signaling molecule in insulin signaling pathways for
Glut4 translocation.

Free fatty acids and insulin resistance
Elevated plasma free fatty acids (FFAs) induce insulin resis-

tance in obese and diabetic subjects!”.

It was known as early
as 1983 that lipid infusion caused insulin resistance!® *!. To
examine the mechanism by which FFAs induced insulin resis-
tance in vivo, rats were tested in a hyperinsulinemic-euglyce-
mic clamp after a 5-h infusion of lipids/heparin, which raises

[47]

plasma FFA concentrations™”. FFAs resulted in an approxi-

mate 35% reduction in insulin sensitivity, indicated by the
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glucose infusion rate (P<0.05 vs control), and a 25% reduction
in glucose transport activity, as assessed by 2-[1,2-’H]deoxy-
glucose uptake in vivo (P<0.05 vs control). PKCO is a major
kinase involved in FFA-induced insulin resistance!®. Accord-
ing to the Randle glucose-fatty acid cycle, the preferential oxi-
dation of free fatty acids over glucose plays a major role in the

1 Local accumulation of

pathogenesis of insulin sensitivity
fat metabolites, such as ceramides, diacylglycerol or acyl-CoA,
inside skeletal muscle and liver may activate a serine kinase
cascade, leading to defects in insulin signaling and glucose

transport®’.

Inflammation and energy metabolism

Inflammation is associated with increased energy expenditure
in patients with chronic kidney disease’®, cachexia®, inflam-
matory bowel disease®™ and Crohn’s disease®. NF-«B activ-
ity can promote energy expenditure, as supported by docu-
ments on energy expenditure in cachexia™ *! and infection.
However, the role of NF-xB in energy expenditure was not
tested in transgenic models. To this end, we have investigated
energy metabolism in transgenic mice with elevated NF-xB
activity. The transcriptional activity of NF-kB is enhanced
either by over-expression of NF-xB p65 in the fat tissue, or
inactivation of NF-kB p50 by global gene knockout®™” >
these two models, inflammatory cytokines (TNF-a and IL-6)

In

were elevated in the blood, and energy expenditure was
increased both during the day and at night™ *. Expression
of TNF-a and IL-1 mRNA was increased in adipose tissue
and macrophages. These cytokines are positively associated

with energy expenditure in the body'

. In transgenic mice
with deficiencies in these cytokines or their receptors, energy
accumulation is enhanced and energy expenditure is reduced.
This positive energy balance has been reported in transgenic
mice deficient in TNF-a®, IL-1), or IL-6/°".

The above literature suggests that energy accumulation
induces chronic inflammation. Inflammation may promote
energy expenditure in a feedback manner to counteract an
energy surplus!®,
organs/tissues, as well as in the central nervous system, to

Inflammation may act in the peripheral

regulate energy balance. In the peripheral tissues, inflamma-
tion induces fat mobilization and oxidation to promote energy
expenditure. In the central nervous system, inflammation can
inhibit food intake and activate neurons for energy expendi-
ture, while inhibition of inflammation leads to fat accumula-
tion!™.

Anti-inflammation therapies for insulin resistance

In clinical trials, high-dose salicylate was used to inhibit
inflammation by targeting IKK/NF-xBP” % Salicylate
reduces blood glucose by inhibiting IKK/NF-xB, as seen

[64-66] * More studies

decades ago in patients with diabetes
demonstrated that high-doses of aspirin (~7.0 g/d) improved
multiple metabolic measures in patients with T2D, including
substantial reductions in fasting and postprandial glucose,
triglycerides and FFAs. These changes were associated with

reduced hepatic glucose production and improvements in
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insulin-stimulated glucose disposal, assessed during hyper-
insulinemic-euglycemic clamping!®* . Aspirin inhibits the
activity of multiple kinases induced by TNF-a, such as JNK,
IKK, Akt, and mTOR. It may enhance insulin sensitivity by
protecting the IRS proteins from serine phosphorylation!®,
However, the therapeutic value of high-dose aspirin is limited
by its side effects, including gastrointestinal irritation and high
risk of bleeding.

Statins, a class of anti-inflammatory drugs, have been shown
to downregulate the transcriptional activity of NF-xB, AP-1,
and HIF-1a"*® *), with coordinated reductions in the expres-
sion of prothrombotic and inflammatory cytokines. Random-
ized clinical trials have demonstrated that statins reduces
CRP, multiple cytokines, and inflammatory markers in the
body. Even with modest anti-inflammatory properties, statins
do not appear to enhance insulin resistance or significantly
improve glycemia”™. A recent review published in JAMA
suggests that statin therapy is associated with excess risk for
diabetes mellitus. The researchers analyzed five earlier trials,
involving 32752 patients, to test the effect of the drug dose.
Those getting intensive treatment were 12 percent more likely
to have diabetes'”, which translates into a 20 percent increase
in developing diabetes in the high-dose statin users compared
to those who do not take the drugs.

Glucocorticoids are the most effective anti-inflammatory
drugs used to treat inflammatory diseases. Dexamethasone
is a potent synthetic member of the glucocorticoid class of
steroid drugs. In a clinical study, the effect of dexamethasone
on insulin-stimulated glucose disposal was investigated with
a double-blind, placebo-controlled, cross-over trial comparing
insulin sensitivity (measured by the euglycemic hyperinsuline-
mic clamp) in young healthy males allocated the placebo or 1
mg dexamethasone twice daily for 6 d, each in random order.
Six days of dexamethasone therapy was associated with a 30%

decrease in insulin sensitivity”* "

This indicates that strong
inhibition of inflammation may block the beneficial effects of
inflammation on insulin sensitivity.

Interleukin-1p induces inflammation in islets of patients
with type 2 diabetes”. The interleukin-1-receptor antagonist,
a naturally occurring competitive inhibitor of interleukin-1",
protects human beta cells from glucose-induced functional

impairment and apoptosis”

. The expression of the interleu-
kin-1-receptor antagonist is reduced in pancreatic islets of
patients with type 2 diabetes mellitus. High glucose induces
the production of interleukin-1p in human pancreatic beta
cells, leading to impaired insulin secretion, decreased cell pro-
liferation, and enhanced apoptosis. In this double-blind, par-
allel-group trial involving 70 patients with type 2 diabetes”,
34 patients were randomly assigned to receive 100 mg of anak-
inra (a recombinant human interleukin-1-receptor antagonist)
subcutaneously once daily for 13 weeks. In the control group,
36 patients received placebo. All patients underwent an oral
glucose-tolerance test. At the end of the study, the two study
groups exhibited no difference in insulin resistance, insulin-
regulated gene expression in skeletal muscle, serum adipokine
levels, and the body-mass index. However, the therapy did
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improve blood glucose levels. The authors conclude that the
improvement is from enhanced pancreatic 3-cell function.
This study indicates that inhibition of IL-1p improves glucose
metabolism, independent of insulin sensitivity.

TNF-a expression is elevated in the adipose tissue of obese
rodents and humans. In animal studies, administration of
exogenous TNF-a induced insulin resistance, whereas neutral-
ization of TNF-a improved insulin sensitivity. TNF-a knock-
out mice were used to examine the role of TNF-a in obesity-
associated insulin resistance””. The KO mice were compared
with WT mice in lean and obese (induced by gold-thioglucose
[GTGJ-injection) conditions at 13, 19, and 28 weeks of age. In
the lean condition, the KO mice exhibited a 14% reduction in
body weight at 28 weeks of age. The epididymal fat pad was
decreased by 25% in weight, relative to those of the wild-type
littermate controls. Fasting glucose was reduced slightly by
10%, but the glucose response in an oral glucose tolerance test
(OGTT) was not affected. In the obese condition, the body
weight was identical between the KO and WT mice. Glucose
levels were significantly increased in both groups during the
OGTT. This indicates that the absence of TNF-a is not suf-
ficient to protect mice from insulin resistance in obese condi-

[78]

tions””!. Some animal studies”™ and several clinical trials

using TNF antagonism have thus far failed to improve insu-

lin sensitivitym’ssl.

These facts suggest that there are many
unknowns in the relationship of obesity-associated inflamma-
tion and insulin resistance.

The role of IL-6 in the pathogenesis of obesity and insulin
resistance is controversial. IL-6 knockout (KO) mice were
compared with WT littermate mice in lean or obese conditions.
IL-6 KO mice displayed obesity, hepatosteatosis, liver inflam-
mation and insulin resistance when compared with the lean
condition on a standard chow diet®. Overexpression of 1L-6
was also used to test insulin resistance in mice. In the study,
IL-6 overexpression was generated in skeletal muscle, and the
IL-6 protein levels were increased in the circulation. The mice
lost both body weight and body fat in response to IL-6 in this
model, even though their food intake remained unchanged™.
These observations suggest that IL-6 increases energy expen-
diture. In the IL-6 mice, insulin levels were elevated, and
hypoglycemia was observed®!. In another study, Sadagurski
et al demonstrated that a high level of IL-6 in the circulation
reduces obesity and improves metabolic homeostasis in vivo®®.

The role of the anti-inflammatory cytokine IL-10 has been
studied in the pathogenesis of obesity and insulin resistance®’).
IL-10 is a critical cytokine of M2 (type 2) macrophages. A
recent study has identified the roles of M1 (pro-inflammatory)
and M2 (anti-inflammatory) macrophages in the regulation
of insulin sensitivity®!. An increase in M2 macrophages and
a decrease in M1 macrophages within the adipose tissue are
associated with enhanced insulin sensitivity. In another study,
the hematopoietic-cell-restricted deletion of IL-10 in mice was
used to study the relationship between IL-10 and insulin resis-
tance®. The mice were assessed for insulin sensitivity in an
insulin tolerance test in lean (chow diet) and obese (high fat
diet) conditions. The results show that deletion of IL-10 from



the hematopoietic system does not have an effect on insulin

¥ Other studies suggest that IL-10 cannot improve

[90,91]

resistance
insulin sensitivity in diet-induced obese mice or humans

New potential drug candidates for insulin resistance

The antidiabetic drug thiazolidinedione (TZD) restores insulin
action by activating PPARYy, thus lowering the levels of FFAs
in the blood. Activation of PPARy improves insulin sensitiv-
ity in rodents and humans through a combination of metabolic
actions, including partitioning of lipid stores and regulating
metabolic and inflammatory mediators, termed adipokines!”.
However, TZD-based medicines for insulin sensitization have
many side effects: troglitazone (Rezulin) was associated with
massive hepatic necrosis; rosiglitazone (Avandia) and mura-
glitazone, with increased cardiovascular events; and now, pio-
glitazone has been associated with bladder cancer™). These
adverse events suggest that the thiazolidinedione-based drugs
may not be safe in the long-run. It is necessary to discover a
new class of drug to treat insulin resistance.

Recent studies indicate that histone deacetylase (HDAC)
inhibitors may be a new class of drug candidates for insulin
sensitization. HDACs are key enzymes in regulating gene
expression. Protein acetylation is one type of epigenetic regu-
lation of gene expression. Acetylation is controlled by histone
acetyltransferases (HATSs) and histone deacetylases (HDACs).
Histone acetylation by HATs opens the chromatin structure
to activate gene transcription, while histone deacetylases
(HDAGsS) repress gene expression. HDACs are divided into
three classes: class I HDACs (1, 2, 3, 8, 11), class II HDACs
4,5,6,7,9,10)* and class Il HDACs (SIRT1-7). Inhibi-
tion of histone deacetylase activity has been reported as a

new approach to treat diabetes mellitus/®*.

In our study,
supplementation of histone deacetylase inhibitors, butyrate or
Trichostatin A, prevented high-fat diet-induced obesity and
improved insulin sensitivity in mice. HDAC inhibition pro-
moted energy expenditure, and reduced blood glucose and

1%l HDAC inhibits insulin resistance

triglyceride levels in mice
on a molecular level by the following means: a) reducing the
lipid toxicity[44’ 99-102], b)

t 0n[1037108]; o)

reducing chronic systemic inflamma-
promoting beta-cell development, proliferation,
differentiation and function”’; and d) promoting energy

expenditurel™ 1%,

Based on their multiple beneficial effects,
HDAC inhibitors may represent a novel drug in the treatment
of insulin resistance. However, clinical trials are needed to

test this concept.

Conclusions

Type 2 diabetes is one of the major diseases associated with
obesity. It is known that obesity promotes type 2 diabetes
through insulin resistance, a state in which bodies lose their
responsiveness to insulin. Many studies confirm that inflam-
mation and free fatty acids (FFAs) are major pathogenic
factors for insulin resistance in obese conditions. The most
effective therapy for insulin resistance is to reduce both FFA
and inflammation. Diminishing inflammation by anti-inflam-
matory drugs does not significantly improve insulin sensitiv-
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ity in animal models or in clinical trials because inflammation
is beneficial in regulating energy metabolism. Inhibiting this
beneficial activity is likely to cause the failure of anti-inflam-
matory drugs in treating insulin resistance. Current literature
consistently reports that fatty acids remain a therapeutic target
in the treatment of insulin resistance. As an insulin sensiti-
zation-drug, TZD reduces both FFA and inflammation in the
body. However, TZDs have many side effects such as obesity,
heart attacks, and bladder cancer. HDAC inhibitors may be a
new class of drug for treating insulin resistance by promoting
energy expenditure and preventing obesity.
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Childhood obesity: a life-long health risk
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Childhood obesity has become major health concern for physicians, parents, and health agencies around the world. Childhood obesity
is associated with an increased risk for other diseases not only during youth but also later in life, including diabetes, arterial hyperten-
sion, coronary artery disease, and fatty liver disease. Importantly, obesity accelerates atherosclerosis progression already in children
and young adults. With regard to pathophysiological changes in the vasculature, the striking similarities between physiological changes
related to aging and obesity-related abnormalities are compatible with the concept that obesity causes “premature” vascular aging.
This article reviews factors underlying the accelerated vascular disease development due to obesity. It also highlights the importance
of recognizing childhood obesity as a disease condition and its permissive role in aggravating the development of other diseases. The
importance of childhood obesity for disease susceptibility later in life, and the need for prevention and treatment are also discussed.
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Childhood obesity: a health problem gone global

Childhood obesity has been of medical interest for more than
150 years™?. Until the middle of the 20th century the preva-
lence of obesity in the general population of the United States
was relatively moderate®. However, in the last two decades
the prevalence has risen to epidemic proportions*®. In fact,
34.4 percent of the population of the United States are now
considered overweight (and not obese) and 33.9 percent are
considered to be obese”, affecting more than 200 million
people. Similarly, the number of children diagnosed with
obesity and/or obesity-related diabetes has been continu-
ously increasing over the past 20 years in countries around the
world®. In 2010 in the United States, 17 percent of children
and adolescents were obese - including those with severe
obesity™!, with the prevalence of obesity having tripled since
1980"!. Particularly worrisome is the 10.4% prevalence of obe-
sity among the 2 to 5 year olds in the US!"¥, with other parts of
the world catching up! .. The World Health Organization
(WHO) defines obesity (in adults: BMI >30 kg/m?) as a disease
for which excessive calorie intake, in conjunction with lack
of physical exercise, have been identified as major predispos-
ing and aggravating factors"™ . Obesity also serves as soil
for the development of other diseases!”, particularly insulin
resistance (pre-diabetes), type 2 diabetes mellitus, arterial

*To whom correspondence should be addressed.
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Received 2011-12-02 Accepted 2011-12-26

hypertension, dyslipidemia/hypertriglyceridemia, and fatty
liver disease/non-alcoholic steatohepatitis (NASH)!" 718,
At the same time, obesity also worsens these conditions once
they have developed ™. In addition, mutations in certain
genes such as the leptin receptor are associated with early-
onset childhood obesity and excessive body mass indices!**!.
High birth weights or diabetes of the mother (pregnancy-
associated diabetes) have been proposed as potential factors
affecting postnatal health, and lack of breastfeeding has been
suggested to contribute to a higher risk for obesity during
adolescence™. A number of other factors have been associ-
ated with a higher risk to develop obesity, which include the
disease susceptibility of certain ethnic groups, poverty and/
or low socioeconomic status, which are often associated with a
low health concerns/self-concern®® 7., By contrast, some Asian
countries such as Japan which have a very low overall preva-
lence of obesity™. This may be in part due to composition of
Asian diets, while excess access to inexpensive, high calorie
food has been identified as a major factor contributing to the
rising number of obese children in countries such as the USA
and in European countries®!. Not surprisingly, childhood
obesity has also been steadily growing in China where over
the past decades people have in part adopted Western dietary
patterns®l. Increased health risk is not limited to obesity, but
already apparent with overweight. Indeed, long-term studies
following the health of overweight children for more than 40
years found significantly increased risks for a number of dis-
eases ! (Figure 1).
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Atherosclerosis begins in childhood

Obese children are at a higher risk for accelerated develop-
ment of vascular disease®™, which is aggravated by the wors-
ening of risk factors secondary to obesity. Atherosclerosis,
a systemic chronic inflammatory disease of the large arter-
ies, is the main cause of cardiovascular and cerebrovascular
events™. The disease accounts for the majority of deaths due
to myocardial infarction and stroke in Western as well as in
Eastern and developing countries™. First vascular abnor-
malities, inflammatory changes and plaque development
can be observed in children already in the first year of life?™};
consistent with these observations, the disease process begins
in utero, during which the precursor of the atherosclerotic
plaque — the “fatty streak” — is already present™ *). The
development of fatty streaks, which represent inflammatory
accumulations of macrophages in the subintimal space — is
aggravated by maternal hypercholesterolemia and thus sets
the basis for vascular disease later in life™. The cause of car-
diovascular and cerebrovascular events most often is due to
rupture of “soft” atherosclerotic plaques filled with a lipid
core underlying a thinned fibrous cap®®’}, pathological find-
ings some of which are already present in young adults?®* *".
Plaque development is accelerated in the presence of risk fac-
tors such as arterial hypertension, dyslipidemia, diabetes, male
sex, and obesity, which are equally important for children and
adults®*!. Interestingly, girls and young women appear to
be largely protected from the aggravating effect of obesity on
plaque progression®. Among all cardiovascular risk factors,
obesity is of particular importance since it aggravates several
other risk factors such as arterial hypertension, insulin resis-
tance/diabetes, or dyslipidemia.

Childhood obesity causes changes consistent with
“Premature” vascular aging

Inflammation also plays a role for insulin resistance and
metabolic changes associated with obesity™ and abnormal
inflammatory activation has been reported to occur in obese
children™. In both children and adults, obesity causes gen-
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Figure 1. Aggravating effect of childhood obesity on
the life-time risk for other disease conditions, includ-
ing a greater risk for adult obesity, which itself contin-
ues to worsen disease development.

eralized injury to the vasculature. This process also involves
inflammatory activation, both locally in the vascular wall®
as well as in adipose tissue®". Inflammation also underlies
insulin resistance (pre-diabetes) and type 2 diabetes®!, con-
ditions originally believed to be restricted to elderly indi-
viduals, but now increasingly found in obese juveniles® *..
Similarly, an important aspect of obesity-associated vascular
injury obtained from preclinical and clinical studies, is that
many of the vascular changes found in obesity are highly
similar to those seen with aging®, which not only represents
a physiological process but in itself represents a strong and
independent risk factor for future cardiovascular events?’.
As with aging!™, experimental or human obesity shows an
attenuation of endothelium-dependent vasodilation®® 7,
a decrease in NO bioactivity? *! in conjunction with NO
synthase uncoupling®””, an increase in prostanoid-mediated
endothelium-dependent contractions®*?, telomere shorten-
ing!®*%l increased vascular stiffness"”), and increased arterial
intima-media thickness™ **. Obesity also increases tissue lev-
els of endothelin-1°*** a strong vasoconstrictor peptide and
atherogenic growth factor and proinflammatory stimulus®'.
Picard and Guarente recently reported interactions between
life-span regulating genes and adipose tissue functions®?.
Thus, obesity can be considered a process which is compatible
with accelerated aging which may — at least in part — explain
the accelerated atherosclerosis development in children and
young adults with obesity®®l.

Potential role for post-natal dietary vascular programm-
ing

A few years ago results from two clinical studies were
reported that childhood obesity is associated with a several
fold increased risk for cardiovascular events in adult life, even
if body weight had meanwhile normalized®™ > *l. These very
intriguing observations, which are in part supported by an ear-
lier study™), not only emphasize the importance of childhood
obesity prevention but also suggest that still unknown mecha-
nisms exist that must be set-off by the “childhood obesity



environment” and, once activated, remain irreversibly active
until later in life irrespective of changes in body weight. Thus,
possible local “post-natal dietary programming” mechanisms
may contribute to the underlying disease-promoting process
in the arterial wall. Alternatively, acceletated progression of
atherosclerosis in youth due to obesity may simply lead to
established, irreversible atherosclerotic lesions that no longer
can be affected by weight normalization. Indeed, advanced
coronary artery disease present in their late teenage years and
death from myocardial infarction has been described in young
men exposed to extremely high stress conditions’® ..

Continued need for disease prevention

Aside from highly complex disease processes, simple fac-
tors such as overnutrition and lack of knowledge about obe-
sity prevention, respectively, are likely to be at least equally
important. This can be exemplified by a case report from
Germany where parents fed their infant almost exclusively

58]

with sugared water™. This infant developed severe obesity

and at 2 years of age, was diagnosed with early cerebrovas-

[58]

cular disease™ similar to increased vascular stiffening found

in obese juveniles[59]

, conditions normally found only at much
later stages in life. Not surprisingly, reducing body weight in
obese juveniles is associated with markedly improved cogni-

[60]

tive function™, and recent data suggest that even cerebral

and cerebellar development is negatively affected by child-
[61] [12]

hood obesity'”". Thus, awareness and education of parents
educators, and pediatric medical staff should remain one of
the key goals in order to achieve prevention of childhood obe-
sity which, subsequently, should also result in a reduction of
diseases associated with it. One of the questions is how we
can monitor vascular health. The function of the vasculature,
particularly endothelium-dependent vasomotion, reflects
quite well the overall health status of the arterial system!®,
Human obesity, characterized by accumulation of ectopic
(particularly visceral) fat®’, is associated with abnormal
endothelium-dependent vasomotion and enhanced contractil-
ity to endothelin-1'®!. Accordingly, a reduction in energy

I or reduction in body weight!®”!

intake improves vascular
function in obese patients. In human resistance arteries obe-
sity is associated with vascular hypertrophy as indicated by

an increased media-to-lumen ratio'®

, and a recent important
study demonstrated that functional vascular abnormalities
observed in obese individuals can be largely normalized by
lowering body weight by reducing intra-abdominal fat mass
in adults'”). Thus, any reduction of obesity — in children as
well as adults — is likely to translate into improved overall
health and survival!* ™ %1,

dependent vasoreactivity is associated with greater survival
[62]

Indeed, preserved endothelium-
in patients with cardiovascular disease Possibly, reducing
subcutaneous fat may also have some beneficial effect on the

pro-inflammatory risk profile”® .

Physical activity as therapeutic
The question remains of how to achieve a sustained reduction
of childhood obesity, both at the individual level as well as for
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overall prevalence™. One of the central components of obe-

sity prevention and therapy or - if absent a promotor of obe-

sity — is physical exercise!* 7. Physical inactivity is a key
6l and

[77]

cause contributing to and worsening childhood obesity
has now even become a concern in developing countries
Exercise not only has a number of beneficial effects on sev-
eral risk factors associated with obesity (reduction of sym-
pathetic activation and blood pressure, improved lipid pro-

[4, 73775])

file, improved insulin sensitivity , but also improves

consumption of excess energy stores of fat and thus helps to

78]

reduce adipose tissue mass'””. There is recent evidence that

regular exercise may even infer with cellular processes asso-

[79]

ciated with vascular aging”™. A most recent study indicates

that vascular elasticity as a function of age is also increased
in obese children compared with their lean counterparts®®”,
indicative of accelerated vascular growth and maturation and
thus compatible with early aging. It is important, both for
therapy and prevention of childhood obesity, that sufficient
and regular exercise becomes and remains a part of children’s
everyday life in conjunction with normal calorie intake. It
has been recently shown that weight loss in children reduces
inflammatory activation®®, one of the key factors for vascular

[82]

disease progression Caloric restriction prolongs life in a

884 Tt can

number of species, including rodents and primates'
only be speculated that in humans “global caloric restriction”
in those countries with excess access to food would have simi-
lar effects on life expectancy and overall well-being®. Indeed
some countries have taken political measures such as issuing
special taxes on fat as the dietary componant with highest

85, 86]

energy value The prevention of childhood obesity is a

chance that must be taken early in life by parents, health pro-

[69]

fessionals, educators, and politicians Fortunately, health

agencies have already begun to implement this need into

12l with whom

their information policies provided to parents
children spend the most time. If we succeed with this task of
promoting, achieving, and maintaining health among children
— including a regular “regimen” of physical exercisel®* ®I —,
this will ultimately reduce the number of tomorrow’s patients

and enable healthy aging at a low cardiovascular risk®,
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Effects of liraglutide and sibutramine on food intake,
palatability, body weight and glucose tolerance in

the gubra DIO-rats

Gitte HANSEN™, Jacob JELSING, Niels VRANG

Gubra aps, Agern Allé 1, DK-2970 Hgrsholm, Denmark

Aim: To validate the gubra DIO-rats as a useful animal model of human obesity.

Methods: The gubra diet-induced obesity (DIO) rat model was based on male Sprague-Dawley rats with ad libitum access to regular
chow and a palatable diet rich in fat and sugar. To evaluate the versatility of the gubra DIO-rats as a valid model of human obesity
syndrome, the efficacy of 2 weight loss compounds liraglutide and sibutramine with different mechanisms of action were examined in
7-month-old gubra DIO-rats. Liraglutide (200 pg/kg, sc) was administered bi-daily, and sibutramine (5 mg/kg, po) was administered

once daily for 23 d.

Results: Both the compounds effectively reduced the food intake, body weight and total fat mass as measured by nuclear magnetic
resonance. Whereas the 5-HT reuptake inhibitor/5-HT receptor agonist sibutramine reduced the intake of both chow and the gubra-
diet, the GLP-1 analogue liraglutide predominantly reduced the intake of the highly palatable diet, indicating a shift in food preference.
Sibutramine lowered the insulin sensitivity index, primarily via reductions in glucose-stimulated insulin secretion.

Conclusion: This animal model responds well to 2 weight loss compounds with different mechanisms of action. Moreover, the gubra
DIO-rat can be particularly useful for the testing of compounds with potential effects on diet preference.

Keywords: obesity; diet-induced obese rats; food preference; glucose tolerance; glucagon-like peptide-1 (GLP-1); 5-hydroxytryptamine

(5-HT); sibutramine; liraglutide
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Introduction
Obesity has become one of the leading causes of death in the
industrialized world and has become an increasing health
concern for children™?. Currently, the only efficacious and
lasting treatments for weight loss are surgical interventions,
and there is an enormous unmet medical need for novel anti-
obesity drugs. Hence, the availability of animal models that
predictably reflect human obesity syndrome is important.
Although the genetic models of obesity (eg, the ob/ob and db/db
mice, Zucker fa/fa rats, Agouti mice, and MC4 knockout mice)
have contributed significantly to our understanding of the
molecular physiology of food intake and energy homeostasis®
4, the fact that human obesity is a complex interplay between
environment (food, exercise) and genetics (multiple genes)®
requires animal models that reflect this complexity.

One such polygenic model is the diet-induced obese (DIO)

*To whom correspondence should be addressed.
E-mail gh@gubra.dk
Received 2011-09-05 Accepted 2011-11-12

and diet-resistant (DR) outbred rat models”™". In the Levin

DIO-rats, phenotypic differences in body weight gain, adipos-
ity, and insulin sensitivity are only expressed between the out-
bred substrains when they are placed on diets of moderate fat,

sucrose, and caloric content!™!l.

A major difference, however,
between this experimental design and obesity in humans is
that a large aspect of human susceptibility to obesity may not
depend on the ability to resist weight gain when force-fed a
high-fat diet. Rather, it may hinge on individual differences in
the propensity to choose high-fat foods"*"".

The gubra DIO-rat model is based on male Sprague-Dawley
(SPD) rats fed a highly palatable fat- and sugar-rich diet (HPFS
diet) composed of equal amounts of the chocolate spread
Nutella, peanut butter and powdered chow. The rats also
have access to standard pelleted chow, and hence the model
allows for assessment of diet preference. Compared to other
cafeteria diets, the gubra diet is easy to dispense and measure,
and does not change from day-to-day™. The diet promotes
voluntary hyperphagia that results in rapid weight gain and

increases fat pad mass.



To validate the gubra DIO-rat as a useful animal model of
human obesity, we examined the body weight changes as well
as the ingestive responses and feeding behaviors of the well-
known anti-obesity agent sibutramine and the once-daily
human glucagon-like peptide-1 (GLP-1) analog liraglutide for
23 d in this animal model. Sibutramine is a sympathomimetic
medication that was available for long-term treatment, and
the most recent drug to be withdrawn from the market due to
a side effect of increased risk of cardiovascular events. Lira-
glutide is a long-acting GLP-1 analog available for the treat-
ment of type 2 diabetes that has also shown clinically relevant
weight loss following treatment in both diabetic™” and non-

diabetic obese patients™”.

Materials and methods

Compounds

Sibutramine (molecular weight=334.40 g/mol) was obtained
from AH Diagnostics (Aarhus, Denmark). Liraglutide (molec-
ular weight=3751.20 g/mol) was obtained from Novo Nor-
disk, Maaloev, Denmark.

Animals

Twenty male Sprague-Dawley rats were purchased from
Taconic (Denmark). All animal experiments were conducted
in accordance with internationally accepted principles for the
care and use of laboratory animals, and were approved by
the Danish Committee for animal research (license 2008/561-
1565). The animals were housed in a standard 12-h light/dark
cycle (lights on, 6:00 AM; lights off, 6:00 PM) at a room tem-
perature of 20-22°C and relative humidity of 50%-60%. All
animals had free access to water.

Upon arrival at six weeks of age, the rats were offered a
two-choice diet consisting of a standard rodent chow (Altro-
min #1324, Brogaarden, Denmark) and the gubra diet, a high
palatable high-fat high-sugar diet made up of a paste (1:1:1)
of chocolate spread (Nutella, Ferrero, Italy), peanut butter
(Skippy, Unilever, USA) and powdered regular rodent chow
(Altromin #1324, Brogaarden, Denmark). The rats were
housed two per cage for 26 weeks (until stratification d -7).
From d -7 to d 23, rats were housed one per cage. The rats had
ad libitum access to chow, the gubra diet and water unless oth-
erwise stated.

Drug treatment

On d -7, the rats were stratified into the following three groups
based on body weight (n=6; two outliers were discarded):
Vehicle (0.5% hydroxypropyl methylcellulose, Sigma, St Louis,
MI); sibutramine (5 mg/kg, po); or liraglutide (200 pg/kg, sc).
All compounds were freshly prepared and administered for
23 d via oral gavage/subcutaneous injections. Vehicle and
sibutramine were administered orally once daily 2 h into the
light phase, whereas liraglutide was administered subcutane-
ously bi-daily, two and 10 h into the light phase, respectively.
The first dose was given on d 0. The liraglutide dosing was
gradually increased over the first four days from 50 to 200
ng/kg. Body weight and food intake were measured daily
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and bi-weekly, respectively, from days 0 to 23.

Non-invasive whole body composition

Whole body composition was analyzed weekly by non-inva-
sive EchoMRI-900 (EchoMRI, USA). The scanner (QMR sys-
tems) measured whole body fat and lean tissue mass. During
the scanning procedure, the rat was placed in a restrainer for
approximately one minute.

Oral glucose tolerance test (OGTT)

An OGTT was performed on d 21. Animals were mildly
fasted, with access to only 50% of their daily energy require-
ments in the 16 h preceding the test. The amount of food
administered on the day prior to the OGTT was calculated
for each individual animal as the mean of the two preceding
measurements of food intake. Compounds were administered
45 min prior to administration of the oral glucose load. The
OGTT was carried out at 8:00 AM. Blood samples for blood
glucose and plasma insulin analyses were collected from the
sublingual capillaries (capillaries perforated using 23-gauge
needle) at t=-60, 0, 15, 30, 60, 120, and 240 min prior to and
after the oral glucose load of 2 g/kg body weight glucose
(glucose: 500 mg/L, Frescenius Kabi, Sweden). The baseline
blood sample (-60) was additionally analyzed for total plasma
triglycerides, total cholesterol and free fatty acids (NEFA-C).
Glucose and insulin area under the curve (AUC) calculations
were determined as total AUC based on data from the -60 to
240 min measurements. The insulin sensitivity index (ISI) was
estimated according to Matsuda and DeFronzo™ using the
following equation: 10.000/ [(FBG*FPI)*(AUC-G*AUC-I)],
where FBG and FPI are fasting glucose and insulin, respec-
tively, and AUC is the area under the curve for glucose and
insulin measurements. Following the OGTT, the animals had
unrestricted access to food. Two days after the OGTT, the
animals were euthanized by CO, anesthesia. Trunk blood was
collected and body white adipose tissue compartments were
removed and weighed. Fat deposit weight analyses included
mesenterial, retroperitoneal (right), epididymal (left) and sub-
cutaneous inguinal (left) fat.

Blood chemistry analyses

Whole blood glucose

Blood was collected in 10-uL heparinized glass capillary tubes
and immediately suspended in buffer [(0.5 mL of glucose/
lactate system solution (EKF-diagnostics, Germany)], and then
analysed for glucose using a BIOSEN c-Line glucose meter
(EKF-diagnostics, Germany).

Insulin

A total of 100 pL of blood was collected in heparinized tubes.
Plasma was separated and insulin was measured in duplicate
for each data point using an ultrasensitive ELISA (Mercodia
AB, Sweden).

Plasma FFA (NEFA-C)
A total of 200 pL of blood was collected in EDTA tubes con-
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taining 1% NaF and the plasma was separated. The FFA con-
tent was measured using the autoanalyzer Cobas C-111 with a
commercial kit (Abbott, USA).

Cholesterol and triglycerides

A total of 200 pL of blood was collected in heparinized tubes
and the plasma was separated. Total triglycerides and choles-
terol were measured using the autoanalyzer Cobas C-111 with
a commercial kit (Roche Diagnostics, Germany).

Statistical evaluation

All data were imported into Excel 5.0 spreadsheets and sub-
sequently subjected to relevant statistical analyses using
GraphPad Prism 5.0 software. The results are presented as the
mean+SEM unless otherwise stated. Statistical evaluation of
the data was carried out using a one-way or a repeated mea-
sure two-way analysis of variance (ANOVA) with appropri-
ate post-hoc analysis between control and treatment groups in
cases where statistical significance was established (P<0.05;
Bonferroni).

Results

Body weight analysis

Both sibutramine and liraglutide significantly reduced body
weight and relative body weight changes (Figures 1A-1B).
Whereas sibutramine induced weight loss stabilized after
approximately two weeks of treatment (leading to a 12% drop
in body weight), the liraglutide-treated rats continued to dis-
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Figure 1. (A) body weight (g) and (B) body weight change (%) of gubra DIO
rats treated with vehicle, sibutramine or liraglutide following a 23-d drug
administration period. °P<0.05, °P<0.01 vs vehicle group. °P<0.05 vs
liraglutide. Data are means+SEM. n=6.
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play weight loss, reaching a 15% body weight loss on the final
day of the experiment (Figure 1).

Food and water intake analyses

Both treatment regimens resulted in an acute drop in the
intake of the gubra diet (Figures 2A-2F). Sibutramine also
reduced the intake of the chow diet (Figures 2B, 2D). Lira-
glutide-treated rats, however, increased their intake of chow,
indicating a shift in food preference from the very palatable
gubra diet to chow (Figures 2B, 2D). Both treatment regimens
showed unaffected water intake throughout the study period,
with volumes similar to vehicle-treated rats at approximately
20-25 mL/day (data not shown).

Glucose tolerance

An OGTT was performed on day 21 (Figure 3). In the glu-
cose tolerance test, data from an age-matched group of chow-
fed SPD rats were included for comparison (Figures 3A, 3B).
Although the gubra-DIO-rats do not display overt hypergly-
cemia during the glucose tolerance test, glucose levels in these
animals were elevated compared to those in the age-matched
chow-fed rats (Figures 3A, 3B). Whereas liraglutide reduced
the area under the glucose curve (AUC glucose) significantly
compared to vehicle, no difference in AUC was observed in
sibutramine-treated rats (Figure 3B). Sibutramine, however,
seemed to inhibit insulin secretion, resulting in a reduced AUC
insulin (Figure 3D). Although not significant, both liraglutide-
and sibutramine-treated rats tended to have lower insulin
levels at the baseline (semi-fasted state) sample obtained at
the -60 min time point in the OGTT (Figure 3C). As a mea-
sure of whole body insulin sensitivity, the insulin sensitivity
index was calculated according to Matsuda and DeFronzo!.
Insulin sensitivity was significantly higher in the sibutramine-
treated rats compared to the vehicle-treated rats, whereas no
effect on insulin sensitivity was observed following liraglutide
treatment (Figure 3E). Triglyceride levels tended to be lower
in both liraglutide- and sibutramine-treated rats, but not to a
statistically significant extent. Likewise, no significant effects
on cholesterol or free fatty acids were observed following
sibutramine or liraglutide treatment, although the former
tended to increase cholesterol levels compared to vehicle treat-
ment (Table 1).

Body fat mass
Weekly measurements of whole body composition demon-

Table 1. Plasma lipids (triglyceride, cholesterol, and free fatty acids) me-
asured in the semi-fasted state 60 min prior to glucose load on the day
of the experimental OGTT following 21-d drug administration. Data are
means+SEM. n=6. °P<0.05 vs Liraglutide.

Vehicle Sibutramine Liraglutide
Triglyceride (mmol/L) 1.186+0.16 1.002+0.14 0.778+0.12
Cholesterol (mmol/L)  2.916+0.15 3.350+0.14° 2.756+0.11

FFA (umol/L) 277.60+£37.27 327.17+25.46 278.52+16.44
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Figure 2. (A, B) daily, (C, D) cumulative intake and (E, F) total daily/cumulative intake of HPFS gubra diet and regular rodent chow (g), respectively,
following a 23-d drug administration period. °P<0.05, °P<0.01 vs vehicle group. °P<0.05, ‘P<0.01 vs sibutramine. Data are means+SEM. n=6.

strated a significant reduction in total fat mass in both treat-
ment groups (Figure 4A). No significant changes were seen
in lean mass (Figure 4A). The slight initial drop in lean body
mass was most likely due to the effects of the compounds on
total body water. Both compounds reduced the size of all fat
deposits (Figure 4B), with the most marked changes seen in
the retroperitoneal and mesenterial fat pads.

Discussion

In this study, we present a detailed description of the weight
gain curve, food intake and body fat composition of the gubra
DIO-rat. The gubra DIO-rat has a normal Sprague-Dawley

background, but displays overt obesity when fed a highly
palatable fat- and sugar-rich diet for more than 14 weeks. The
gubra-DIO-rats did not develop frank diabetes, but displayed
elevated OGTT glucose levels compared to the age-matched
chow-fed rats. We demonstrated that two different weight
loss compounds, sibutramine and liraglutide, led to a 12%-
15% body weight loss in this animal model, and perhaps more
interestingly, that liraglutide treatment led to a shift in diet
preferences with an increased craving for chow.
Dietary-induced obese animal models have played a key
role in the screening of novel compounds for effects on food
intake and/or body weight for many years. Thus, the first
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use of a high-fat diet to induce obesity in rats was by Masek
and Fabry in 1959™1. Since then, numerous DIO models have
been published using the general approach whereby diets
composed of alternating components of fat and carbohydrates
are administered to normal, lean rats or mice over long peri-
0ods® 12 The so-called cafeteria diets, where animals have
a choice of various palatable foods such as chocolate, peanuts
etc, encourages overeating and hence provides highly rel-
evant models for examining human diets in rodents!"> *'=,
Although some diet-dependent differences in the phenotypes
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of obese animals have been reported®, the metabolic profiles
of rodents that are provided long-term access to high fat diets
are reasonably uniform despite methodological variations
among laboratories. In general, the currently available DIO
rodent models are all based on the feeding of mice or rats diets
that are high in energy, mostly from fat (eg, the Levin DIO,
the C57BL/6] DIO) or sugar” > >l Once obesity has been
induced, the animals exhibit stabilized body weights, marked
visceral adiposity (30%-35% fat), high plasma levels of leptin,
moderate insulin resistance (rather than overt diabetes) and



mild lipid abnormalities. Furthermore, the dietary-induced
obesity in animals is polygenic in nature, ie, the susceptibil-
ity for weight gain is due to many different genes. In these
respects, the animals display similar symptoms to those
observed in common human obesity, and the factors contrib-
uting to the initiation and maintenance of obesity are similar
between animals and man.

The pharmacological approaches for reducing body weight
include the development of compounds which reduce food
intake or absorption of fat from the gastrointestinal tract,
increase energy utilization or act by a combination of these
mechanisms. Modest weight loss as low as 5% of initial body
weight can lead to favorable improvements in blood pressure,
lipid profile, insulin sensitivity and glucose tolerance” "),
Thus, an anti-obesity drug® *" that delivers an approximate
10% weight loss in animals with dietary-induced obesity
would appear to be a sensible positive control in DIO studies.

In the current study, we aimed to validate the gubra DIO-
rat as a useful animal model of human obesity. Six-week-old
Sprague-Dawley rats were offered a two-choice diet consist-
ing of standard rodent chow diet or the gubra diet, a highly
palatable high-fat, high-sugar diet. After a six-month feeding
period, body weight changes, ingestive responses and feed-
ing behaviors were examined following daily administration
of sibutramine and liraglutide for 23 d. Compared to the
vehicle control, chronic administration of either sibutramine
or liraglutide to high-fat/sugar-fed DIO-rats caused signifi-
cant reductions in body weight gain, which is in agreement
with previously reported data using other rodent DIO mod-
els[14, 15, 31734].

was mainly caused by decreasing levels of total fat mass as

The body weight loss observed in both groups

revealed by the weekly measurements of whole body compo-
sition.

As expected, liraglutide as well as sibutramine administra-
tion was associated with a significant acute reduction in total
caloric intake. Interestingly, however, liraglutide shifted the
choice of food, with a significant decrease in the palatable
gubra diet consumption accompanied by a relative increase in
chow consumption. This shift in food preference by liraglutide
is in agreement with previously published data of candy-fed
obese Sprague-Dawley rats'"”. The exact mechanism for this
effect of pharmacological treatment with a GLP-1 analogue is
currently not known. However, it is known that not all drugs
that reduce the motivation to eat do so through actions on
satiety; therefore, other CNS systems associated with the plea-
sure or rewarding aspects of food intake, such as the opioid
or dopaminergic systems, must also be considered™. Inter-
estingly, altered preference for food has also been reported
from patients who undergo gastric bypass surgery and exhibit
altered attitudes towards and preferences for healthier food™.
Given that gastric bypass surgery has been shown to enhance
meal-induced GLP-1 secretion!™, it is tempting to speculate
that the shift in food preference is related to the GLP-1 system.

Besides their weight reducing effects, and in agreement with
previously published data, liraglutide was able to improve

[14

glucose tolerance", and sibutramine improved the insulin
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sensitivity index (ISI)™. The latter was primarily obtained via
reductions in glucose-stimulated insulin secretion. The fact
that the gubra DIO model rats never developed frank diabetes,
which occurs in many other DIO models, is most likely attrib-
utable to our feeding regimen where the rats do not eat the
high-fat diet only, but can choose freely between chow and the
palatable chocolate diet.

Conclusion

Taken together, the gubra DIO model rat, which is fed a two-
choice diet composed of highly palatable fat- and sugar-rich
food and regular chow, seems to be a valuable polygenetic
DIO model for screening compounds primarily affecting food
intake and body weight. This model is therefore preferable to
other DIO models where animals are force-fed high fat diets
without choice, which is very unlike the human situation.
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Association of ALOX15 gene polymorphisms with
obesity-related phenotypes in Chinese nuclear
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Aim: Genetic variation in ALOX12, which encoded human 12-lipoxygenase, was found to be associated with fat mass in young Chinese
men. The objective of this study was to investigate the relationship between single nucleotide polymorphisms (SNPs) and haplotypes in
the ALOX15 gene and obesity-related phenotypes in Chinese nuclear families with male offspring.

Methods: We recruited 1,296 subjects from 427 nuclear families with male offspring and genotyped five SNPs (rs9894225, rs748694,
rs2619112, rs2619118, and rs916055) in the ALOX15 gene locus. The total fat mass (TFM), trunk fat mass (tFM), leg fat mass (LFM)
and arm fat mass (AFM) were measured using dual-energy X-ray absorptiometry (DXA). The percentage of fat mass (PFM) was the ratio
of TFM and body weight. The association between SNPs and haplotypes of ALOX15 and obesity-related phenotypic variation was mea-

sured using quantitative transmission disequilibrium test (QTDT).

Results: Using QTDT to measure family-based genetic association, we found that rs916055 had a statistically significant association
with PFM (P=0.038), whereas rs916055 had a marginal but statistically insignificant association with tFM (P=0.093). The multiple-
parameter 1000 permutations test agreed with the family-based association results: both showed that rs916055 had a statistically

significant association with PFM (P=0.033).

Conclusion: rs916055 in ALOX15 gene was significantly associated with the percentage of fat mass in Chinese nuclear families with
male offspring in the family-based association study using QTDT approach.

Keywords: obesity; fat mass; ALOX15; lipoxygenase; single nucleotide polymorphism; obesity-related phenotypes; family-based associa-

tion study; quantitative transmission disequilibrium test
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Introduction

There has been an alarming increase in the number of patients
with metabolic syndrome, a disorder with a constellation of
conditions that includes glucose intolerance, obesity, dyslipi-
demia and hypertension. Obesity is the central and causal
component of this syndromem, but the underlying mechanisms
have not been fully elucidated. It is now widely accepted that
the activation of inflammatory and oxidative stress is one of
the common causes of obesity and largely contributes to the

[2-4]

related pathological outcomes Several factors are respon-

sible for inflammation in obesity, such as elevated nuclear-
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factor kappaB (NF-xB) activity, the presence of free fatty acids,
and increased levels of adipokines including tumor necrosis
factor-alpha (TNFa), interleukins (ILs), resistin and leptin® > °l,
Oxidative stress activates kinases such as c-Jun N-terminal
kinase (JNK) and mitogen-activated protein kinase (MAPK)
and inhibits NF-xB kinase (IKK). These kinases may directly
interfere insulin signaling or indirectly enhance inflammatory
processes via common biochemical pathways (ie, NF-xB)~"),
Exploring the interface between inflammation and oxidative
stress at a molecular and genetic level will enhance our under-
standing of obesity and the complications associated with it.
The lipoxygenase pathway, which generates proinflamma-
tory metabolites from arachidonic acid, has recently attracted
a great deal of attention for its potential role in obesity and
atherosclerosis disease. Expression of 12/15-lipoxygenase is
elevated in adipocytes isolated from insulin resistant obese
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Zucker rats relative to lean rats"”. A diet high in fat induced
macrophage infiltration into the adipose tissue of wild-type
but not 12/15-lipoxygenase gene knock-out mice!". The addi-
tion of the 12/15-lipoxygenase metabolic products, 12(S)-
HETE and 15(S)-HETE, directly to 3T3-LI adipose cells sig-
nificantly upregulated the expression of key proinflammatory
genes (TNF-a, IL-6, and IL-12) and downregulatesd an impor-
tant anti-inflammatory gene (adiponectin)'?. These findings
support the hypothesis that 12/15-lipoxygenase is important
for obesity. The human 12/15 lipoxygenase is encoded by
arachidonate lipoxygenase 12/15 (ALOX12/15), both of which
are located on chromosome 17p13, a region that is linked to
obesity-related traits in several independent studies"”. More
recently, we have shown that genetic variation in ALOX12 is
associated with total fat mass (TFM) in young Chinese men!™,
An analysis of tar ALOX12 cDNA showed that ALOX12 raised
12-HETE and 15-HETE levels but had a greater effect on
12-HETE™!. This finding suggests that two ALOX genes may,
at least to some extent, be similar in function. Furthermore,
UV-irradiation suppressed ALOX12 expression, whereas it
up-regulated ALOX15 expression. Treatment with ALOX15
metabolites significantly suppressed insulin-like growth factor
1T induced-ALOX12 expression in human keratinocyte cells"®l,
Together, these findings have raised our interest in assess-
ing whether the ALOX15 pathway is involved in the etiology
of obesity. In the present study, we performed family-based
association studies of ALOX15 using the quantitative transmis-
sion disequilibrium test (QTDT) to determine whether SNPs in
ALOX15 are associated with obesity-related phenotypic varia-
tion in a sample of Chinese nuclear families used in a previous
study.

Materials and methods

Subjects

We recruited 1296 individuals from 427 nuclear families whose
offspring were sons from 2004 to 2007. The average family
size was 3.03. Four hundred two families had one child, and
25 families had two children. Each study subject completed a
questionnaire concerning his or her age, sex, medical history,
family history, marital status, physical activity, alcohol use,
dietary habits and smoking history. All of the male offspring
were healthy. Exclusion criteria were the same as previously
reported™ ",

All the study subjects belonged to the Chinese Han eth-
nic group and were residents of Shanghai which is located
approximately halfway along the coast of China. The study
was approved by the Ethics Committee of the Sixth People’s
Hospital affiliated with Shanghai Jiao Tong University. All
of the subjects involved in the study signed informed consent
documents before entering the project.

Body composition measurements

A total-body dual-energy X-ray absorptiometry (DXA) scan
was performed using pan-beam technology (GE-LUNAR
Prodigy, USA; enhanced whole-body detector, software ver-
sion 5.71). A standard soft-tissue examination to analyze body
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composition consisted of TFM measurements, regional mea-
surements of trunk fat mass (tFM) and arm (AFM) and leg fat
mass (LFM) measurement. Height was measured using a sta-
diometer. Arm and leg fat mass together constitute extremity
fat mass. Trunk fat mass (tFM) is an indicator of the tendency
of adipose to accumulate in the central trunk region. The tFM
has been found to correlate well with abdominal fat. All male
progeny were measured for body composition, as described
above. The machine was calibrated daily, and the coefficient
of variability (CV) values of the DXA measurements (which
were obtained from fifteen individuals repeatedly measured
three times) were calculated to be 3.72% for AFM, 3.28% for
LFM, 2.52% for tFM and 1.69% for TFM. The long-term repro-
ducibility of our DXA data during the trial, based on repeated
weekly phantom measurements using standardized equip-
ment, was 0.45%. The body mass index (BMI) was defined as
weight/height’ (units of kilogram/meter’). The percentage of
fat mass (PFM) is the TFM divided by body weight.

Genotyping

SNPs were selected using the following criteria: (1) valida-
tion status (validated experimentally in human popula-
tions). (2) degree of heterozygosity (ie, minor allele frequency
(MAF)>0.1) and (3) reported to the dbSNP (SNP database)
by multiple sources. A total of five SNPs within ALOX15
were selected: rs9894225, rs748694, rs2619112, rs2619118, and
1s916055. Three of the five SNPs (rs2619112, rs2619118, and
1s916055) are tagging SNPs (tagSNPs). They were selected
from HapMap (hapmap.org). The algorithm removes SNPs
with pairwise linkage disequilibrium (LD) values that exceed
a certain threshold (*=0.8). The other two SNPs (rs9894225
and rs748694) were located in the ALOX15 promoter region,
which is known to contain multiple regulatory elements"® '),
Study subjects were genotyped for all five SNPs. The Taq-
Man allelic discrimination assay (Applied Biosystems, Foster
City, CA, USA) was used for genotyping, while primer and
probe sequences were optimized with the SNP assay-by-
design service from Applied Biosystems. Amplification reac-
tions were performed on the Mx3000P Real-Time PCR System
(Stratagene, Santa Clara, CA). The probe for one allele in the
two-allele PCR system was labeled with 6-carboxyfluorescein
(FAM) dye and the other probe was labeled with hexachloro-
fluorescein phosphoramidite (HEX) dye. Twenty nanograms
of genomic DNA was amplified in 96-well plates in the pres-
ence of the 1xTaqMan probe and primer mix and the 1xTagq-
Man Universal PCR Master Mix (Applied Biosystems). The
PCR program consisted of an initial cycle at 95°C for 10 min,
followed by 40 cycles at 95°C for 15 s and 60 °C for 1 min.

Linkage disequilibrium (LD) and haplotype analyses

Haplotypes were constructed from the population genotype
data using the algorithm constructed by Stephens et al (2001)
and the PHASE program (version 2.0.2)*. The significance
threshold for linkage disequilibrium (LD) between the gene
markers was based on the haplotypes and allele frequencies

21]

determined by the Haploview (version 3.2)”". We examined



the LD coefficients, D’ and r*, between all pairs of biallelic loci.
The frequencies of genotypes and haplotypes were calculated
with genotypic data from the unrelated parents of nuclear
families.

Statistical analyses

Allele frequencies were estimated by gene counting. The Har-
dy-Weinberg equilibrium was measured by a x* goodness-of-
fit test. The orthogonal model in the QTDT program was used
to test for population stratification, linkage, and family-based
association between SNPs and haplotypes and obesity-related
phenotypes. (The QTDT software package is available online
at http:/ /www.sph.umich.edu/csg/abecasis/QTDT/index.
html.) This method of statistical analysis, as defined by the
QTDT software, extends the trio-based transmission disequi-
librium test (TDT) to quantitative trait data and uses genotypic
data from available siblings and parents. Because all of the
children in the nuclear families were sons and the effects of
the parent’s phenotypes were excluded in the QTDT analyses,
sex was not used as a covariate to adjust for the sons” pheno-
typic variations. However, raw obesity phenotypic measure-
ments, such as BMI, TFM, tFM, AFM, LFM, and percentage
of fat mass (PFM), which are covariates, were adjusted by
age. Because false-positive results can confound conclusions,
the reliability of our results was assessed by performing a
permutation procedure (1000 simulations) to generate empiri-
cal P values™ *!. The statistical power was estimated with
Piface (version 1.65) (http://www.math.uiowa.edu/~rlenth/
Power/) taking into account the sample size, minor allele fre-
quency of every genotype and variation in obesity phenotypes.
The distribution of the obesity-related phenotypic data was
calculated by performing the Shapiro-Wilk test. A P-value of
less than 0.05 was considered significant for all the analyses.

Results

Characteristics of the study subjects

The DNA of 15 individuals could not be subjected to geno-
typic analysis due to the poor quality of DNA obtained after
amplification. Twelve sons were removed from the study
when initial analysis showed that they deviated from Men-
delian inheritance. This left a total of 1215 individuals from
400 nuclear families in the study. The basic characteristics of
the study subjects are shown in Table 1. Because the effects
of the parents” phenotypes were excluded from the statistical

Table 2. Information of the analyzed ALOX15 SNPs in this study.
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Table 1. Basic characteristics of the subjects (MeanzSD).

Variation Father Mother Son
(n=400) (n=400) (n=415)
Age (years) 61.10+7.07 58.39+6.37 30.14+6.09
Height (m) 1.68+6.04 1.5615.45 1.7315.91
Weight (kg) 69.6319.48 58.28+8.22 70.55+10.57
BMI (kg/m?) 24.76+3.10 24.01+3.12 23.55+3.24
Arms fat mass (kg) - - 1.27+0.73
Legs fat mass (kg) - - 4.66+1.87
Trunk fat mass (kg) - - 9.38+4.37
Total fat mass (kg) - - 15.89+6.86
Percentage of fat mass - - 0.22+0.07

analysis (QTDT), we only made use of the body composition
measurements of the sons.

SNP genotyping and linkage disequilibrium
Five SNPs in ALOX15 were examined initially; however,
159894225 was excluded from further analysis when only one
SNP (GG) was found after genotypic analysis, despite the use
of multiple strategies to identify additional SNPs. The remain-
ing four SNPs were in Hardy-Weinberg equilibrium (Table 2).
To gain further insight into the pattern of LD between alleles
at polymorphic loci, pairwise disequilibrium measures (D)
were calculated. As shown in Figure 1, three SNPs (rs2619112,
152619118, and rs916055) constituted one block. The SNP
15748694 was an “orphan”, independent of the block. LD was
observed for each SNP, with D’ values ranging from 0.69 to
0.72. Using the likelihood method implemented by PHASE,
we inferred that 8 different haplotypes were presented in our
population, using a likelihood method based on a PHASE.
The most common haplotype (TGT) had a frequency of 42.4%
(haplotypel), and four common haplotypes (TGT, CAC,
TGC, and TAC) accounted for 86.6% of the haplotypes identi-
fied within our sample population of total unrelated parents
(Table 3).

Association between SNPs and haplotypes and obesity-related
phenotypes

All 400 families were included in the following analyses
because the effects of the parents” phenotypes were excluded

SNP Physical Location Allele change Amino HWE MAF MAF
position and function acid change in dbSNP in this study

rs9894225 4149933 Promoter A>G NA 0.22 0.26 1.00

rs748694 4496938 Promoter A>G NA 0.83 0.47 0.32

rs2619112 4482134 Intron 12 A>G NA 0.90 0.49 0.40

rs2619118 4487026 Intron C>T NA 0.55 0.48 0.49

rs916055 4481583 3-UTR C>T NA 0.32 0.42 0.39

NA=not applicable; MAF: minor allele frequency; HWE: Hardy-Weinberg equilibrium.

Acta Pharmacologica Sinica
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Figure 1. LD patterns for the ALOX15 gene. The increasing degree
of darkness of the cells from white to black represents the increasing
strength of LD. There is a strong LD (0.6<D’<0.8) across rs2619112,
rs2619118, and rs916055. Rs748694 is not included for LD analysis.

Table 3. Frequency of ALOX15 haplotypes for all available SNPs.

Index rs916055 rs2619112 rs2619118 Frequency
1 T G T 0.424
2 (o} A C 0.266
3 T G C 0.103
4 T A C 0.073
5 C G C 0.067
6 Cc A T 0.055
7 T A T 0.007
8 (o} G T 0.006

from the QTDT test. The results of the QTDT are summarized
in Table 4. The analysis showed that there were 258, 278, 302,
and 284 informative families at SNPs rs748694, rs2619112,
152619118, and rs916055, respectively. We did not find signifi-
cant population stratification in our samples. For the total and
the family-based association analyses performed on the 400
nuclear families, we found that only rs916055 was significantly
associated with PFM (P=0.042, and P=0.038, respectively),
rs916055 had a marginal but insignificant association with tFM
(P=0.093) in the family-based association results. No other
SNP showed significant evidence of association (in either fam-
ily-based association or the total family association) with any
body composition parameters. Results of the multiple-param-
eter test involving 1000 permutations, greed with family-based
association results. In this case, rs916055 also had a significant
association with PFM (P=0.033).

Figure 1 is a graphical representation of pairwise LD as
measured by D’. The results showed a region of substantial
LD between rs2619112, rs2619118, and rs916055. Four com-
mon haplotypes accounted for 86.6% of the haplotypes in the
sample population of unrelated parents (Table 3). The haplo-
type analysis is an important source of information that com-
plements the LD analysis of SNPs and was generated using
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Table 4. P values of tests for population stratification, total association,
and within-family association using QTDT.

rs748694 rs2619112 rs2619118 rs916055

Tests of population stratification

BMI 0.894 0.355 0.919 0.755
Arm fat mass 0.222 0.329 0.814 0.687
Leg fat mass 0.099 0.364 0.576 0.441
Trunk fat mass 0.478 0.256 0.653 0.491
Total fat mass 0.142 0.132 0.680 0.312
Percentage of fat mass 0.108 0.220 0.294 0.361
Tests of total association

BMI 0.934 0.575 0.845 0.589
Arm fat mass 0.740 0.564 0.354 0.372
Leg fat mass 0.862 0.543 0.569 0.198
Trunk fat mass 0.585 0.776 0.478 0.437
Total fat mass 0.928 0.558 0.402 0.173
Percentage of fat mass 0.775 0.844 0.075 0.042
Tests of within-family association

BMI 0.939 0.588 0.850 0.992
Arm fat mass 0.541 0.767 0.589 0.360
Leg fat mass 0.202 0.822 0.954 0.146
Trunk fat mass 0.587 0.662 0.732 0.511
Total fat mass 0.275 0.499 0.723 0.093
Percentage of fat mass 0.186 0.309 0.520 0.038
P 1000 permutation of within-family association

BMI 0.938 0.612 0.850 0.985
Arm fat mass 0.580 0.775 0.634 0.331
Leg fat mass 0.180 0.817 0.942 0.170
Trunk fat mass 0.834 0.223 0.297 0.135
Total fat mass 0.388 0.617 0.797 0.170
Percentage of fat mass 0.194 0.353 0.540 0.033

All body compositon values are adjusted for age. Bold indicates significant
P values (P<0.05).

genotypic data from the three SNPs. We also investigated the
association between obesity phenotypes and the four common
haplotypes identified here. The TDT analysis showed that
there were 288, 245, 105, and 84 informative families at hap-
lotypes TGT, CAC, TGC and TAC, respectively. Significant
population stratification was found for haplotype TGC with
regard to the PFM (P=0.027). For total family association anal-
ysis, we detected a significant association between the most
common haplotype (TGT) and PFM (P=0.032). However, we
failed to find significant evidence of any link between a haplo-
type and obesity-related phenotypes by family-based associa-
tion or the 1000 permutations test (P>0.05) (data not shown).

Discussion
It has become evident that the activation of inflammation and
oxidative stress is involved in the development of obesity and

12, 5-7]

its complications The chronic inflammation caused by

the recruitment of macrophages and the secretion of chemok-
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Table 5. P values of association of haplotypes of ALOX15 with obesity
related phenotypes using QTDT.

TGT CAC TGC TAC
Tests of population stratification
BMI 0.942 0.278 0.910 0.824
Arm fat mass 0.711 0.590 0.393 0.534
Leg fat mass 0.986 0.394 0.076 0.964
Trunk fat mass 0.546 0.510 0.218 0.450
Total fat mass 0.556 0.348 0.077 0.481
Percentage of fat mass 0.871 0.364 0.027 0.754
Tests of total association
BMI 0.766 0.773 0.884 0.858
Arm fat mass 0.160 0.387 0.410 0.737
Leg fat mass 0.259 0.494 0.978 0.468
Trunk fat mass 0.378 0.591 0.892 0.959
Total fat mass 0.179 0.502 0.964 0.706
Percentage of fat mass 0.032 0.812 0.656 0.671
Tests of within-family association
BMI 0.834 0.433 0.869 0.902
Arm fat mass 0.209 0.802 0.896 0.797
Leg fat mass 0.415 0.931 0.174 0.672
Trunk fat mass 0.291 0.955 0.301 0.587
Total fat mass 0.171 0.878 0.169 0.772
Percentage of fat mass 0.157 0.430 0.163 0.971
P 1000 permutation of within-family association
BMI 0.843 0.447 0.871 0.912
Arm fat mass 0.225 0.814 0.888 0.768
Leg fat mass 0.428 0.935 0.199 0.624
Trunk fat mass 0.269 0.911 0.267 0.536
Total fat mass 0.282 0.923 0.261 0.776
Percentage of fat mass 0.180 0.459 0.147 0.961

All body compositon values are adjusted for age. Bold indicates significant
P values (P<0.05).

5, 6]

. The
products of lipoxygenases raise the expression of MCP-1, IL-6,

ines and adipocytokines, affects adipose function

TNF, and adhesion molecules in macrophages and vascular
cells® #!. Moreover, 12/15-lipoxygenases exacerbate oxida-
tive stress by attacking mitochondria, leading to the produc-
tion of reactive oxygen species (ROS)*. Recently, Almeida
et al””’ demonstrated that the lipoxygenase-oxidized polyun-
saturated fatty acids (PUFA) activates the ROS/FoxO/PPARy
catenin cascade, which results in elevated oxidative stress and
PPARYy expression and reduced canonical Wnt signaling (the
latter is the pathway linked to adipose inflammation). There-
fore, lipoxygenase pathways may play an important role in
the development of obesity. Indeed, previous studies have
identified ALOX5” *! and ALOX12" as susceptibility genes
for obesity. ALOX15, another member of the lipoxygenases

13 In

family, has been linked to obesity risk in several studies
the present study, we investigated the relationship between

ALOX15 gene polymorphisms and obesity-related phenotypes

in a large group of Chinese nuclear families. Significant asso-
ciation was found between SNP rs916055 and PFM through
QTDT analysis. The 1000 permutation test confirmed the
results of the family-based association study.

The SNP rs916055 is located in the 3'-UTR of ALOX15. This
region is important for the translational regulation of gene
expression, particularly during embryonic development
and differentiation™!. Studies shown that the presence of
an alternative differentiation control element (DICE) in the
3"-UTR of the ALOX15 gene alters ALOX15 mRNA and protein
expression™ . Another SNP (rs11568131) within the ALOX15
locus was shown to be significantly associated with the
expression of key proinflammatory genes, such as those cod-
ing for IL-6, TNF, and IL-1, all of which influence obesity*”.
According to Hapmap, rs11568131 is in high LD with rs916055
(D’=1) (HapMap Data Phase III/Rel#2, Feb09, on NCBIB36
assembly, dbSNP b126), although rs11568131 displays a mod-
est heterozygosity (MAF=0.155). Furthermore, one SNP
(rs916055) has been shown to have significant association with
bone mineral density (BMD) within the lumbar portion of the
spine in postmenopausal women™. Because the genomic
organization of mammalian ALOX is highly conserved®,
we speculated that SNP rs916055, which is located within the
3'-UTR of ALOX15 may affect the binding of the transcrip-
tional machinery, which might, in turn, generate potentially
functional RNA variants. However, no other SNPs or haplo-
types were found to have a significant association with any
obesity-related phenotype. All of the SNPs in this study had
high heterozygosity (MAF>0.2), which increased our power
to detect associations. This does not exclude the existence of
common variants with low penetrance or rare variants with
high penetrance, which make a contribution to the suscep-
tibility to complex diseases™ *!. For example, a rare non-
synonymous SNP in ALOX15, 1s34210653, was recently found
to be associated with a higher risk of coronary heart disease™.
To our knowledge, this is the first study to investigate the
possible influence of ALOX15 genetic variation on obesity in
humans. Further studies should be conducted with a larger
sample population and high density SNP genotyping among
different ethnic groups to confirm our results.

This study has several strengths. First, more obesity-related
phenotypes were examined in this study than are normally
employed in such studies. The phenotypes, include TFM,
tFM, LFM, and AFM, but not BMI. BMI has been widely used
as a surrogate phenotype; however, it alone may not be suf-
ficiently accurate to be used to indicate the proportion of fat
in the body or the relative contributions of body muscle and
fat®. DXA is a reliable and convenient method of assessing
obesity and is considered the golden standard for anthropo-
metric measures®. Although CT and MRI scans can also
provide these measurements, those methods are limited by
costs, radiation exposure and other factors™”. DXA analyses
can yield information on the fat composition of body seg-
ments, such as the hip, trunk and limbs. It is well known that
abdominal or visceral fat is strongly associated with metabolic
disturbances and cardiovascular disease!*’. Studies indicate
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that DXA-based measurements of the fat mass in the trunk
region strongly correlate with CT and MRI scans of abdominal
fat[44746]'

(trunk) and peripheral (leg and arm) fat mass in young men

In the present study, we measured the total, central

aged 20-40 years. Another strength of this study is the use
of QTDT analysis. Family-based associations are unaffected
by population stratification. Thus, QTDT avoids the false-
positive and false-negative results that occur more than with
other association analyses!"”. With 400 nuclear families in our
sample, the test has a power of >80% to identify a candidate
gene as a quantitative trait locus (QTL), which can explain
~10% of the variation in the obesity phenotypes. We also per-
formed permutations (1000 simulations) to generate empirical
P-values™ ', which helps to eliminate false-positive results
generated by multiple QTDT tests.

Our study is limited by several factors. First, we selected
only five SNPs of ALOX15 for the study. Second, the aim of
this study was to explore the impact of ALOX15 gene on obe-
sity-related phenotypes; however, only 9% of the sons were
obese (a BMI of 30 or higher is considered obese). A larger
obese population should be recruited for the next study.

In conclusion, we found that the SNP rs916055 had a sig-
nificant family-based association with PFM in nuclear families
with young males using the QTDT approach to demonstrate
linkage. Further studies to validate our results should be con-
ducted with larger samples, a great proportion of obese indi-
viduals and rare SNPs from different ethnic groups.
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Hormone level and dopamine tells the value of food
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deal food should be delicious and

nutritious. But sometimes, the food
you eat is delicious but not nutritious,
or nutritious but not delicious. To let
animals know which to be delicious or
nutritious is an important or valuable
question. In a recent article published in
Nature Neuroscience™, Friedman JM et al
addressed this question and showed that
the level of hormone leptin and dop-
amine system co-regulated the reward
value of food in mice.

Leptin, a 16 kDa protein encoded by
the Ob (Obese) gene, is a hormone that
has a central role in regulation of fat
metabolism, appetite and the balance
between energy intake and consump-
tion™. Leptin was identified and its role
in fat metabolism was firstly revealed
by Friedman JM et al in 1994. In mouse
genetic screen study, they found that
mutation in the genes encoding either
leptin itself or leptin’s receptor caused
massively obese in mice, and this could
be rescued by injections of leptin. These
findings in mice coincided with the
observations that humans carrying
homozygous mutations in leptin gene
suffered severe obesity. These results
indicated that leptin signals are impor-
tant in regulating fat metabolism. Later
studies revealed that instead of a signal
to consume the surfeit of fat, leptin is

Institute of Neuroscience, State Key Laboratory
of Neuroscience, Shanghai Institutes for Biologi-
cal Sciences, Chinese Academy of Sciences,
Shanghai 200031, China

Correspondence: Prof Zuo-ren WANG
(zuorenwang@ion.ac.cn)

a signal informing the brain of enough
nutrients in the body. Thus, when an
animal is full up, its leptin level goes
high that in turn sends a satiety signal
to the brain and stop the animal from
eating more. On the contrary, when
an animal is in hunger, its leptin level
drops, thus sends less satiety signal to
the brain; and this drive the animal to
looking for nutritious food.

Dopamine is a neurotransmitter
involved in modulating many impor-
tant brain functions. Dopamine is
released by the dopaminegic neurons
in hypothalamus, substantia nigra
and especially ventral tegmental area
(VTA) — a brain region tightly linked
with rewarding process. Many studies
showed that rewarding process is highly
related to the activation of the dopami-
negic neurons in the VTA of the middle
brain®. A trick that the authors used in
their research is to mimic the rewarding
process by specifically activating of the
dopaminegic neurons in VTA.

The technique that Friedman JM et al
used in this article is optogentectics, a
recently developed tool, in which light-
activatable cation channel (eg, Channel-
rhodopsin II, ChR2) or light-activatable
chloride pump (eg, Halorhodopsin from
Natromonas, NPHR) are used to activate
or silent the function of the interested
neurons!’l. They generated a kind of
genetically engineered mice, in which
ChR2 protein was specifically expressed
in the dopaminegic neuron in VTA. An
optic fiber was then introduced to the
VTA of the mice. When laser pulses

were delivered to VTA through the
optic fiber, the dopaminegic neurons
were activated, mimicking a rewarding
process. Next, they measured the pref-
erence index of the mice to two kinds of
“sugar”, sucrose and sucralose. Sucrose
is a kind of natural sugar with nutrient,
which sucralose is a synthetic sweetener
with very low calories. They found that
the mice naturally prefer the nutritious
sucrose to the low-calorie sucralose, sug-
gesting that nutrient of sucrose confer it
a higher rewarding value, and sucralose
has a lower rewarding value. Inter-
estingly, this could be reversed when
sucralose was paired with activation of
the dopaminegic neurons. When the
sucralose solution was applied to the
mice, laser pulses were simultaneously
delivered to activate the dopaminegic
neurons in VTA. In this scenario, the
mice switched to prefer sucralose. These
results suggest that preference to a food
not only depends on the sensation on
the tongue, but also the brain judgment
of its reward value of the food. Further-
more, the authors investigated whether
the leptin level affects the judgment of
food reward value. When the mice were
deprived for food for 24 h, the dropping
of leptin level coincided with that the
value of sucrose increased. Upregula-
tion of leptin by injection can reverse
this effect. These results indicated that
leptin could regulate the reward value
of nutrient.

The findings made by the authors are
not only important to our fundamental
understanding of the regulatory mecha-



nisms of appetite and fat metabolism,
but also provide important clues for
weight control and therapeutics for
metabolism-related disorders, such as
obesity and nervosa. If the leptin level
in people with obesity or nervosa can be
modulated, their appetite or desire for
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food, and their body weight can be con-

trolled.
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Novel agents inhibit human leukemic cells
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Ouabain (OUA) and pyrithione
zinc (PZ) have been proved as

the potential drugs for treating acute
myeloid leukemia (AML). Selected
from a screening among 1040 Food and
Drug Administration-approved phar-
macological agents, both drugs show
ability to induce apoptosis of the cultur-
ing AML cells, exhibiting the poisoning
effect on the cells. Studies also reveal
the efficiency of the drugs in inhibiting
the growth of human AML cells injected
into the mice lacking of immunity and
killing primary AML cells from the
peripheral blood of AML patients"l.
AML is a quickly progressive malig-
nant disease characterized by too many
immature blood-forming cells in the
bone marrow and blood which interfere
with the production of normal blood
cells. In normal process of the forma-
tion and development of blood cells, a
normal cell is gradually matured from
immature blood-forming cells with-
out uncontrolled growth. However, a
single malignant AML cell accumulates
genetic and/or epigenetic changes
which “freeze” the cell in its immature
state and prevent differentiation in
AMLP. When this is combined with
other abnomal changes which disrupt
genes controlling proliferation, the result
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is uncontrolled proliferation and/or
abnormal survival of an immature clone
of cells, leading to the clinical entity of
AMLPL The malignant cell often pos-
sesses surface marker CD34, a marker
of primitive blood cells™”. Therefore, to
eliminate the malignant cells, a success-
ful drug treatment of AML has to inhibit
cell proliferation and/or induce cell
death including apoptosis and necrosis.
Since gene regulatory networks that
govern these malignant cells are very
complicated, the discovery of drugs that
have different targets on AML cells is an
attractive but difficult endeavor®.

The conventional drugs for AML
treatment such as cytarabine, idarubi-
cin or daunorubicin target the cell cycle
or nuclear DNA. They are not effec-
tive against the CD34" malignant cells
which are usually the quiescent cells.
In addition, it is found that the nuclear
factor-kB (NF-xB) transcription factor
is aberrantly activated in CD34" malig-
nant AML cells to support abnormal
proliferation and resistance to apoptosis
triggered by therapeutic agents, sug-
gesting that NF-«xB inhibition may be
an important therapeutic target’®. In
other tumors, loss of NF-xB is associated
with increased apoptosis and sensitivity
to chemotherapy. However, the com-
monly used AML chemotherapeutics
(eg, cytarabine and anthracyclines) actu-
ally activate, rather than inhibit, NF-xB,
providing a survival advantage to the
malignant cells”.. Overall, it is urgent
to ask for novel drug options targeting
AML cells independent of cell cycle or

nuclear DNA, relating to NF-xB activ-
ity and the CD34" malignant cells.
Recently, Tailler et al report that they
have created a system, suitable to screen
more than 1000 compounds in one single
experiment, and successfully identified
two potential drugs inducing AML cell
death by this way.

OUA, a specific ligand of Na*/K"
ATPase, has been used for more than 200
years for the treatment of cardiac insuf-
ficiency by inhibiting Na*/K" ATPase
activity. In addition to this effect, recent
studies have indicated that OUA is also
able to induce apoptosis and inhibit cell
proliferation in solid tumors, the mecha-
nisms involved include its binding to
the Na"/K" ATPase resulting in intra-
cellular Na* and Ca** levels increment
and a variety of mechanisms mostly
to be irrelevant for AML cells®l. PZ is
an antifungal and antibacterial agent
for external use in clinic. Tailler et al™
find that both OUA and PZ can trigger
AML cell death by inhibiting NF-«B
dependent survival signaling and hence
stimulating mitochondrial pathway of
apoptosis. Moreover, both OUA and
PZ can inhibit the tumor formation of
human AML cells injected into the mice
lacking of immunity and induce the
death of CD34" malignant cells from
AML patients. Therefore, they conclude
that, unlike the conventional drugs, both
OUA and PZ exert significant antican-
cer effects on human AML cells by the
mechanisms that are not involved with
DNA damage, cell cycle arrest or differ-
entiation, reactive oxygen species (ROS)



increment and protein structural change.
They also demonstrate that both OUA
and PZ had no significant toxicity on the
mice at doses which bring about high
antileukemic efficiency and no synergis-
tic effect with the conventional drugs.
The findings by Tailler et al'"! in the
experimental and preclinical AML treat-
ments with OUA and PZ serve to high-
light two promising antileukemic agents
whose activity should be evaluated in
prospective clinical studies. However,
it is necessary to clarify some related
preliminary questions. First, it is not
enough to conclude that OUA and PZ
induce apoptosis through a mechanism
independently of ROS in AML cells,
only by the result that inhibiting the
nitric oxide synthesis failed to suppress
OUA- or PZ-induced apoptosis. It needs
further confirmation that no other kinds
of ROS such as hydroxyl radical and
superoxide anion radical involved, by
FACS analysis of generation of ROS in
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AML cells treated with OUA or PZ. Sec-
ond, the doses of the drugs used in AML
patients for effectively killing the malig-
nant cells with no toxicity should be
determined, which may quite different
from that used in mice. Third, the pre-
cise antileukemic mode of action of PZ
should be elucidated, and pharmacoki-
netics experiments of PZ should be done
when it is for internal use. In addition to
testing the new therapeutics, researchers
should be able to explain, if it is not by
chance or not due to their structure, the
pharmacological reason that these two
drugs with different medical usage have
the same cell death-inducing effects on
AML cells with similar underline mech-
anisms.
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Novel targeted therapy for acute myeloid leukemia

with a dual FLT3 and JAK2 inhibitor
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Acute myeloid leukemia (AML) is
a highly malignant hematopoietic
tumor. The use of all-trans retinoic acid
(ATRA) and arsenic trioxide, which
began from China, has resulted in
revolution of the acute promyelocytic
leukemia (APL) that appears curable
in more than 70% of patients!". How-
ever, the treatment regimen for non-
APL AML particularly in older patients
has progressed little in the past two
decades. Intensive efforts have been
made toward the development of novel
target agents, which are based on new-
found pathophysiological events crucial
for cancers. FMS-related tyrosine kinase
3 (FLT3), which is mutated in about
30% patients of AML, is the most ideal
target for molecular therapy. Over the
past decade, a number of FLT3 inhibi-
tors have been studied in clinical trials.
However, the results were often tran-
sient because of secondary resistance
developedm. In addition, genetic lesions
and aberrations involving Janus-associ-
ated kinase 2 (JAK2) have been found to
be associated with a wide spectrum of
hematological malignancies®”. Recently,
S Hart et al reported that pacritinib
(SB1518), a dual JAK2/FLT3 inhibitor,
emerged as an ideal new therapeutic
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agent for acute myelogenous leukemia
in a preclinical study'.

Pacritinib is a potent and selective
inhibitor of FLT3 and JAK2 with ICs,
of 23 and 22 nmol/L, respectively®. In
the study, the authors demonstrated
pacritinib led to a dose-dependent
decrease of FLT3 auto-phosphorylation
and downstream effectors of STATS5,
ERK1/2, AKT phosphorylation in FLT3-
internal-tandem duplication (ITD) cell
lines (MV4-11, MOLM-13) and in FLT3-
wt-bearing cell line (RS4;11). The agent
inhibited the proliferation of MV4-11,
MOLM-13 and RS4; 11 cells with 1Cs,
of 47, 67, and 930 nmol/L, respectively.
Furthermore, the JAK2V617F-harboring
cell line, SET-2, was also very sensitive
to pacritinib (IC5=220 nmol/L). Flow
cytometry analysis showed that the
agent could induce G, arrest and cas-
pase-dependent apoptotsis. Pacritinib
inhibited the proliferation of 14 primary
AML samples with the ICs, ranging
from 190 nmol/L to 1300 nmol/L, with
concomitant inhibition of phosphoryla-
tion of FLT3, STAT3, and STAT5. The
two samples harboring the FLT3-ITD
mutation were among the most sensi-
tive. Moreover, pacritinib was also
highly active in in vivo models of FLT3-
ITD driving cell lines. In MV4-11 tumor-
bearing mice, pacritinib (once daily for
21 consecutive days) induced dose-
dependent inhibition of tumor growth.
Complete regression was observed
in 3/10 and 8/8 mice in the groups
receiving 50 and 100 mg-kg'-day™,

respectively. In the MOLM-13 model,
pacritinib treatment (150 mg/kg bid for
7 consecutive days) resulted in tumor
growth inhibition of 83%. Finally,
higher activity of JAK/STAT signaling
was confirmed in FLT3-linifanib/ABT-
869 resistant cells (MV4-11-R). Pacritinib
was highly effective in the resistant cell
lines. A combination of FLT3 inhibitor
linifanib with JAK family inhibitor rux-
olitinib showed the synergistic effect on
MV4-11 cells.

Interestingly, pacritinib entered the
clinic in 2008 has completed Phase 2
trials for myelofibrosis. It has shown
promising clinical activity and a favor-
able safety profile. The agent has
received orphan drug designation from
the US and the EU regulatory authori-
ties. In summary, the preliminary
results of the dual inhibitor of FLT3 and
JAK2 were promising. Hope remains
that pacritinib will be become an effec-
tive therapeutic adjunct to our current
treatment approach to AML. Results
from near future clinical trials will
answer the question whether the dual
inhibitor of FLT3 and JAK2 will be a real
successful targeted agent.

As the next generation sequence tech-
nology advanced, more genetic and
molecular changes in cancers including
AML were discovered. Multiple dif-
ferent genetic changes may cooperate
in cancers. New mutations in signal-
ing pathway or alternate pathway will
emerge when treated by only one spe-
cific target agent”. Thus, from a clini-



cal point of view there are at least two
important aspects in this study. First,
the resistant of target therapy could be
possible reversed by simultaneously
blocking two or more signaling path-
ways. It indicates a new strategy to
screen for agents for an effective targeted
cancer therapy. Second, since there are
a handful of FLT3, JAK2 inhibitors or
other kinase inhibitors have already
been discovered and are currently being
developed for clinical trials. It is ratio-
nale to designing trials in a more effec-
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tive manner by combining one targeted
drugs along with other agents that target
alternate mechanisms of disease patho-
genesis.
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Temperature- and concentration-dependence of
kainate-induced y oscillation in rat hippocampal
slices under submerged condition
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Aim: Fast neuronal network oscillation at the y frequency band (y oscillation: 30-80 Hz) has been studied extensively in hippocampal
slices under interface recording condition. The aim of this study is to establish a method for recording y oscillation in submerged hip-
pocampal slices that allows simultaneously monitoring y oscillation and the oscillation-related intracellular events, such as intracellular

Ca*" concentration or mitochondrial membrane potentials.

Methods: Horizontal hippocampal slices (thickness: 300 um) of adult rats were prepared and placed in a submerged or an interface
chamber. Extracellular field recordings were made in the CA3c pyramidal layer of the slices. Kainate, an AMPA/kainate receptor ago-
nist, was applied via perfusion. Data analysis was performed off-line.

Results: Addition of kainate (25-1000 nmol/L) induced y oscillation in both the submerged and interface slices. Kainate increased
the y power in a concentration-dependent manner, but the duration of steady state oscillation was reduced at higher concentrations
of kainate. Long-lasting y oscillation was maintained at the concentrations of 100-300 nmol/L. Under submerged condition, y oscil-
lation was temperature-dependent, with the maximum power achieved at 29°C. The induction of y oscillation under submerged condi-
tion also required a fast rate of perfusion (5-7 mL/min) and showed a fast dynamic during development and after the washout.
Conclusion: The kainite-induced y oscillation recorded in submerged rat hippocampal slices is useful for studying the intracellular
events related to neuronal network activities and may represent a model to reveal the mechanisms underlying the normal neuronal

synchronizations and diseased conditions.
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Introduction
Neuronal network oscillations at the gamma frequency band
(y oscillations, 30-80 Hz) generated in the cortex play an

21 These oscillations

important role in learning and memory
provide a timing mechanism for controlling information pro-
cessing!?.

with Alzheimer’s disease'! and normal aging. Both in vivol®

Impairments of y oscillations have been associated
1
and in vitro'®” studies have suggested that intrahippocampally
generated y activity emerges from the rhythmic activity of
interneurons that receive converging inputs from pyramidal
neurons and control their firing through divergent outputs.
The similarity in the timing of the unit discharges to the field
potentials observed both in vivo and in vitro have validated the

*To whom correspondence should be addressed.
E-mail cblu@ysu.edu.cn
Received 2011-06-29 Accepted 2011-10-26

in vitro y models.

In vitro models of hippocampal y oscillations rely on a depo-
larizing drive provided by specific agonists for the metabotro-
pic glutamate, muscarinic acetylcholine or kainate receptors.
Most in vitro oscillations have been shown to be accurate
experimental models for the study of in vivo y oscillations® * ),
Although in vitro y oscillations are primarily studied under
interface conditions and have provided valuable information
for an understanding of the mechanisms of oscillatory activi-
ties, the limitation of this model is its inability to detect intra-
cellular events, such as intracellular calcium concentrations or
mitochondrial functions in individual neurons, which are criti-
cal for neuronal network oscillations"”. To study intracellular
events related to y oscillations, an in vitro y recording under
submerged conditions is essential. Previous studies reported
the difficulty of inducing and maintaining y oscillations

17,11, 12]

under submerged conditions . Here, we aim to develop
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a method for recording persistent y oscillations under sub-
merged conditions that is capable of simultaneously monitor-
ing y oscillations and oscillation-related intracellular events.

By optimizing the experimental conditions, we established
a method in which persistent y oscillations can be reliably
induced in the hippocampal CA3 area and that provides a
superior model for the study of cellular mechanisms underly-
ing y oscillations.

Materials and methods
Animal model
All procedures were carried out under UK home office license
and in accordance with the regulation of the UK Animals Act,
1998 and associated guidance. All efforts were made to mini-
mize animal suffering, reduce the number of animals used,
and utilize alternatives to in vivo techniques, if available.
Young adult rats (3-4 months) were anesthetized by intra-
peritoneal injection of a ketamine (76 mg/kg)/medetomidine
(1 mg/kg) mixture and then sacrificed by cervical dislocation.
The brain was quickly removed and immersed in an ice-cold
sucrose-ACSF solution saturated with 95% O,/5% CO, and
contained the following (in mmol/L): 189 sucrose, 2.5 KCl, 0.5
CaCl,, 10 MgCl,, 26 NaHCO;, 1.25 NaH,PO,, and 10 glucose.
Horizontal hippocampal slices were cut into 300-um sections
using an Integraslice (Campden Instruments, UK). The slices
were then stored in an interface chamber at room temperature
(22-23°C) bubbled with a mixture of 95% O,/5% CO.,.

Test procedure

A slice was placed in an interface or submerged chamber and
allowed to equilibrate for an hour in artificial ACSF before
recording. The bath temperature was measured using a
digital temperature meter (Hanna Instruments, Ann Arbor,
Michigan, USA). Temperature alterations in the recording
chambers were achieved by either increasing or decreasing the
water temperature in the water bath. For interface slices, the
temperature and perfusion rate were maintained at 31-32°C
and 2-3 mL/min, respectively. The optimal conditions for y
activity in the submerged slices were 28-29°C and 5-7 mL/
min for temperature and perfusion rate, respectively. The
composition of ACSF was (in mmol/L) 125 NaCl, 26 NaHCO,,
3 K(lJ, 2 CaCl,, 1.25 NaH,PO,, 1 MgCl,, and 10 D-glucose, and
its pH was equilibrated with a mixture of 95% O,/5% CO, at
pH 7.4. The slices were visualized with a stereo microscope
(Leica MZ8, Micro Instruments, Oxford, UK). Electrodes (2
to 4 MQ) were pulled from borosilicate glass capillaries of 1.2
mm ODx0.69 mm ID (Harvard Apparatus, Edenbridge, Kent,
UK) using a P-97 horizontal micropipette puller (Sutter Instru-
ment Company, Novato, CA, USA) and filled with ACSF.

The electrodes were placed in the stratum radiatum (SR) of
area CA3 in the hippocampus for the interface chamber, as the
SR appears to be most reliable location to induce y oscillation.
For the same reason, the stratum pyramidale (SP) of the CA3 is
used for the submerged recording of KA-induced y oscillation.
The coherence of the y oscillations was studied by placing one
electrode in CA3c and moving a second electrode in ~200-pm

steps along the cell layer of the Ammon horn. After record-
ing a baseline for approximately 5-10 min, y oscillations were
induced by adding various concentrations of KA.

The extracellular microelectrodes were connected to an
AC-DC amplifier (Neurolog System, Digitimer, Welwyngar-
den City, UK). The signals were sampled at 5 kHz using a
CED 1401 interface and low-pass filtered at 2.5 kHz using a
Neurolog NL-125 filter unit (Digitimer). For the continuous
recording in submerged slices, signals were sampled at 1 kHz
and filtered at 0.5 kHz. A Humbug noise-eliminator (Digi-
timer) was used to remove line noise. Signal 2 and Spike 2
were used for data acquisition. Data analysis was performed
off-line using Spike 2 and Signal 2 (Cambridge electronic
design [CED], Cambridge, UK), SigmaStat (SPSS Inc, USA)
and Microsoft Excel software.

The power of network oscillations was measured using fast
Fourier transformation (FFT) over 20-100 s of data, which
quantifies the proportional power of each wavelength within
the data section. The summated power value of the y oscilla-
tion is a summation of powers ranging between 20-60 Hz in
vitro, first adopted by Fisahn et al'®l.

Statistical analysis
The data are expressed as the mean and standard error of the
mean, with n indicating the number of slices.

Results

KA-induced y oscillations

Extracellular field recordings were made in the hippocampal
CA3c pyramidal layer in both submerged and interface slices.
KA-induced y oscillations developed in a time-dependent
manner. At 100 nmol/L, KA-induced oscillations required
2-10 min to reach the peak (1n=8) for submerged slices and
30-70 min (n=7) for interface recordings. The oscillations
lasted longer than 30 min and for a few hours for the sub-
merged and interface slice recordings, respectively. After
washout of KA, the oscillations generally required 20-30 min
to recover in submerged recordings but could take hours to
recover in the interface recordings.

Power spectra analysis indicated that the dominant oscil-
lation frequency in the submerged and interface recordings
were approximately 25 and 40 Hz, respectively (Figure 1). A
frequency of 25 Hz was at the lower range of y oscillations
(20-59 Hz). This frequency was associated with the lower
temperature in the recording chamber in the submerged slices
(29°C).

Temperature dependence

The optimum temperature for KA-induced y oscillations under
submerged conditions was determined, and the temperature
affected y oscillations in the submerged slices. Increasing the
temperature from 23-36 °C altered the frequency and power of
the oscillation. Representative traces of oscillatory activity at
25 and 29°C are shown in Figure 2A. The frequency of oscilla-
tions increased from 18 to 25 Hz as the temperature increased
from 25 to 29°C (Figure 2B). The temperature-dependence
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Figure 1. Kainate-induced y oscillations. A) Example traces of oscillatory
activities induced by various concentrations of KA in submerged slices.
B) Power spectra from oscillations induced by KA (250 nmol/L) show that
the peak frequency for submerged slice is 25 Hz. C) Bar graphs show the
average peak frequency of oscillatory activity induced by various concen-
tration of KA in submerged slices. °P<0.01, compared with 25 nmol/L KA
group, ANOVA.

of oscillation frequency over a range of temperatures from
23-33°C is depicted in Figure 2C. Based on the linear fit, the
calculated change in response to a 1°C increase in tempera-
ture corresponds to a 2.3+0.4 Hz increase in the oscillation
frequency (n=7). Although the oscillation frequency was posi-
tively correlated with temperature over a range of 23-33°C, y
power was only correlated with temperature within a limited
temperature range. Increasing the temperature increased the
y power (Figure 2C). The highest y power was achieved at
27-29 °C. As the temperature was further increased, the y
power was reduced (Figure 2C).

Concentration dependence

KA increased the y power (Figure 3) in both interface and
submerged slices in a concentration-dependent manner. At
25 nmol/L KA, the average y power was 303+154 pV* (n=7)
and 26213 pV?* (n=8) for the interface and submerged slices,
respectively. At 100 nmol/L KA, the y power increased to
2308+691 uV? (n=7) and 195+£91 uV?* (n=8) for the interface
and submerged slices, respectively. At 250 nmol/L KA, the
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Figure 2. Oscillatory activity is temperature-dependent. A) Examples
of KA-induced field potentials in a submerged slice at 25°C and 29°C.
Recordings were made in SP of CA3. B) Power spectra at different tem-
peratures, corresponding to the field potentials in A. C) Plots of oscillation
frequency (diamond) and the peak power of oscillations (square) as a
function of temperature for the submerged slices.

y power further increased for both interface and submerged
conditions (Figure 3C, 3D). Increasing the KA concentration
also accelerated the development of y oscillations, as repre-
sented by a reduction in the time to reach peak power. For
the interface slices, the time to peak y power was 110+16.4
min, 103+4.6 min, and 274+4.9 min for 25 nmol/L, 100 nmol/L,
and 250 nmol/L KA, respectively. For the submerged slices,
the time to peak y power was 68£7.9 min, 12.2+2.2 min, and
4.74+1.97 min for 25 nmol/L, 100 nmol/L, and 250 nmol/L KA,
respectively.

Although the maximum y powers under both conditions
increased by KA in a concentration-dependent manner, y
maintenance appeared to be reduced at higher KA concen-
trations. At 25 nmol/L KA, the steady state of y oscillations
lasted for a few hours in the interface slices (n=7) and longer
than 50 min in the submerged slices (1=8), but at 250 nmol/L,
the steady state of y oscillations was maintained for less than
an hour for the interface slices (P<0.01, compared with that of



the 25 nmol/L KA interface slice group) and less than 30 min
for submerged slices (P<0.01, compared with that of the 25
nmol/L KA submerged slice group). In 5 submerged slices
tested, high concentrations of KA (1.5 pmol/L) induced rap-
idly developing (2-3 min), strong y oscillations, which lasted
for only a couple of minutes (Figure 3F).

Area and layer specificity

In interface chamber recordings, the strongest y oscillations
were usually recorded in the CA3c area (closest to the hilus),
followed by CA3b and CA3a™. Representative results of y
oscillations recorded from these three areas (CA3a, CA3Db,
and CA3c) from an interface slice are shown in Figure 4A-4D.
These recordings were repeated in the submerged slices, and
similar results were obtained (data not shown). Therefore, y
oscillations were routinely recorded in the submerged slices
in the CA3c area. Oscillatory activity can be recorded in the
somatic (stratum pyramidale, SP) and apical dendritic layer
(stratum radiatum, SR), with positive population synaptic
potentials in the somatic region (SP) and negative potentials
in the SR (Figure 4E). In the interface slices, the strongest y
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oscillations were recorded in the SR, followed by the SP and
stratum oriens (SO). In the submerged slices, the y power was
highest in the SP, followed by the SR and SO (Figure 4F).

Oscillations are mediated by both excitatory and inhibitory

synapses

KA-induced vy oscillations require KA receptor activation as
well as excitatory glutamatergic and inhibitory GABAergic
neurotransmission. The effects of the AMPA /KA receptor
blocker, NBQX, and the GABA 4 receptor blocker, GABAzine,
were tested on KA-induced (100 nmol/L) y oscillations. On
average, the y power was reduced to 0.9%+0.3% that of the
control (100%) by NBQX (n=4, P<0.01) and to 3.1%+2.1% of
the control by GABAzine (n=4, P<0.05). After 20 min washout
of GABAzine, the y oscillations partially recovered (47 %+20%
of control, n=4), but no significant recovery was observed
after NBQX washout (1.2%%0.2% of control). TTX (1 pmol/L)
reduced the y powers to 24.2%+3.8% (P<0.05, n=4) that of
the control at 20 min of application, which did not recover at
washout (0.54%%0.26% of the control, data not shown).
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Figure 3. Time-effect curves of
summated power at various KA
concentrations. Left panel (A, C, E)
and right panel (B, D, F) show the
summated powers of y oscillations
recorded under interface and sub-
merged conditions, respectively.
Larger concentrations of KA (250
nmol/L and 1.5 pmol/L) induced
larger amplitude of y oscillations
but reduced temporal stability
in both interface (C, E) and sub-
merged slices (D, F). Each data
point represents the mean+SEM.
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Figure 4. Area and layer specificity of y oscillations. A) Representative recordings of y oscillations from CA3c (red) and CA3b (blue). B) Representative
recordings of y oscillations from CA3c (red) and CA3a (black). C) Power spectra from the recordings of y oscillations shown in panel A. D) Power spectra
from the recordings of y oscillations shown in panel B. E) y oscillations show positivity recorded in SP and negativity recorded in SR. The recording elec-
trode was moved from SO to SP and then to SR and recordings were made at each position. F) Normalized y powers at different layers of hippocampus
in CA3c area. For the comparison, summated y power from each location was normalised to the power in SP. Data are given as mean+SEM. For inter-
face slices, n=17 for the recordings from all the three layers; for submerged slices, n=13 for the recordings at SP and SR and n=5 for the recordings at

SO.

Effect of perfusion rate on y oscillations

The effect of perfusion rate on y oscillations over the range of
1.35-10.5 mL/min in both interface and submerged recordings
is shown in Figure 5. In the interface recordings, there was no
obvious change in the power of y oscillations with increased
perfusion rate (line with open circles). In the submerged
recordings, increasing the perfusion rate from 1.35-7 mL/min
increased the power of the y oscillations, whereas the higher
perfusion rates (10.5 mL/min) reduced the power (line with
filled diamonds). The optimal perfusion rate was determined
to be 7 mL/min.
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Figure 5. Effect of perfusion rate on y oscillations in interface and
submerged slices. Varying the perfusion rate did not alter y oscillation
strength in interface slices at 1.35-10.5 mL/min, but affect y oscillation
in submerged slices. The optimum perfusion rate for the submerged
slices is 5-7 mL/min. Data are presented as mean+SEM. n=5 slices

Discussion
We determined the optimal conditions for the induction of
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persistent y oscillations in submerged slices. Previous in vitro
studies showed that y frequency network oscillations lasting
for tens of minutes could be routinely induced in hippocampal
slices using an interface-type recording chamber!® . In con-
trast, oscillations induced using submerged-type slice cham-
bers, designed for visually guided patch-clamp recordings
using infrared DIC optics, lasted only a few seconds and were
qualitatively different from those recorded under interface
conditions! .

The optimal temperature for y oscillations recorded under
submerged conditions is 28-29°C, a few degrees less than
that under the interface conditions (32-33°C). The reason
that a relatively low temperature is required for y oscillations
under submerged conditions remains to be determined, but
the possibilities include the following situations: 1) because
tissues consume less oxygen at lower temperatures, the rela-
tively low temperature may help maintain the y oscillations
and 2) the relatively low temperature may help maintain the
mitochondrial membrane potential (AW,,)"”, which is critical
for the maintenance of the proton gradient necessary for ATP
synthesis in mitochondria. Warming the chamber from 22 to
32 °C was reported to depolarize the mitochondrial membrane
potential and reduce ATP synthesis in cells of the carotid
body!"”.

The oscillation frequency induced by KA in the submerged
slices was at the lower range of the y band. Previous studies
have shown that y oscillations typically have a peak frequency
of ~35 Hzl under interface conditions. The difference in the
peak frequency in this study and those of previous reports
may be explained by the temperature at which the experi-
ments were conducted. Our recordings indicate that a 1 °C



www.chinaphar.com
LuCB et al

®

219

change in temperature correlates with an alteration of oscil-
lation frequency of 2.3 Hz (a 9.2% change per degree). Our
results are in line with a previous report in interface slices",
which showed an 8.3% reduction in frequency per degree of
change in CCh-induced oscillations, and another report in
hippocampal slices"™, which showed an 8.8% reduction per
degree in tetanically evoked y oscillations. Temperature-
related changes in the oscillation frequency are likely associ-
ated with changes in inhibitory postsynaptic potential (IPSP)
duration. GABAergic IPSP duration is also known to be a key
determinant of oscillation frequency™, and GABAergic IPSPs

[18, 21]

are prolonged at lower temperatures . Temperature may

22 and contribute to

also affect excitatory synaptic transmission
the temperature dependence of oscillation frequency; indeed,
gamma oscillation is dependent on both excitatory and inhibi-
tory neurotransmissions.

The oscillation polarity is positive in the SP, where the neu-
ronal somata are located, but negative in the apical dendrites
in both interface and submerged slices. The polarity at the
soma is positive because GABA, released from presynaptic
interneurons, activates GABAA receptors at the postsynaptic
membrane of the principle cell, causing CI influx and thereby
leaving a positive charge outside the soma. The positive
potential in the extracellular recordings is caused by a positive
charge flowing out of the cell, a process called the “source”
in current source density analysis™ *!. Whether the source
is an active or passive process depends on the intracellular
recording of the soma; if this recording shows a hyperpolar-
ized current (IPSC) coinciding with the source, then the source

) because hyperpolarization is caused by

is likely to be active
CI influx. In contrast, the negative field potential in the stra-
tum radium (neuronal dendrite location) is due to the positive
charge flowing into the dendrite. This process is called a “sink”
in current source density analysis. A passive sink is caused by
an active source of GABA in the soma, whereas an active sink
is caused by the release of glutamate from recurrently excited
synapses activating synaptic receptors and causing a positive
charge (Na") influx. The positive polarity of the KA-induced
y oscillations recorded in the SP in the slices in this study is
likely due to active sources™..

KA-induced y oscillations in the submerged slices in the
hippocampal CA3 can be blocked by either NBQX or GABA-
zine, suggesting that both pyramidal neurons (excitatory) and
interneurons (inhibitory) are involved in y oscillations. These
oscillations are similar to those recorded in vitro in the ento-
rhinal cortex caused by kainate receptor activation™, in vitro
in the hippocampus caused by cholinergic activation!®'* ")
and in vivo in the hippocampus® but are different from the y
oscillations recorded in the CA1™ ™ #] which showed that
both chemically and electrically interconnected interneuronal
networks were involved without any contribution from pyra-
midal cells. The sodium channel blocker, TTX, also largely
reduced y oscillations, suggesting that neuronal action poten-
tials (spikes) contribute to the network oscillations™.

The recovery after a 20-min drug washout showed different
dynamics for different blockers: partial recovery for GABA-

zine, limited recovery for NBQX and no recovery for TTX.
The difference in washout dynamics may be related to the
chemical and physical properties of the different drugs. For
example, the antagonist NBQX typically cannot be washed out
easily due to its lipophilic nature®. The limited washout time
(20 min) in this study may have contributed to the limited
recovery of these drugs. Under prolonged washout times (up
to 1 h), there was a dramatic recovery of the y oscillation for
the NBQX and TTX treatment groups in some cases.

The development dynamics of KA-induced y oscillation
are largely dependent on the concentration of KA. High con-
centrations of KA (1-2 umol/L) induced a rapid collapse in y
oscillations, suggesting that strong membrane depolarization
blocks neurotransmission®”. The micromolar KA-induced
rapid collapse of y oscillations may be related to the high
demand for ATP in fast network oscillations, causing the neu-
rons to rapidly run out of energy. Therefore, a concentration
of KA in the nanomolar range is suitable for the induction of
persistent y oscillations.

Under submerged conditions, y oscillation requires a fast
perfusion rate (5-7 mL/min), indicating the nature of high
oxygen demand for fast network oscillations. A high perfu-
sion rate, although providing a rapid exchange of fresh solu-
tion, may cause mechanical damage to the brain slice, which
likely explains the reduced power of the y oscillations under a
high perfusion rate of 10.5 mL/min in this study.

In summary, the KA-induced submerged oscillatory
activity in the y frequency band in this study is similar to
that recorded in the interface recordings with respect to the
neurotransmitters and synapses involved but with faster
dynamics during development and after the washout. Under
submerged conditions, y oscillations can be induced by KA at
nanomolar concentrations and at a relatively low temperature.
This model will provide neuroscientists, pharmacologists and
clinical researchers with a useful tool to study the network
mechanisms underlying normal neuronal synchronization and
neuronal disorders, such as Alzheimer’s disease and schizo-
phrenia, which are known to involve cognitive dysfunction
and the impairment of oscillatory activity.

Acknowledgements

This work was supported by MRC (Medical Research Council)
and National Natural Science Foundation of China (Grant No
31070938).

Author contribution

Lu CB: designed, performed experiments and wrote paper;
Wang ZH: performed experiments; Zhou YH: analyzed data;
Vreugdenhil M: designed research and wrote paper.

References

1 Lisman JE, Idiart M. Storage of 7+/-2 short-term memories in
oscillatory subcycles. Science 1995; 267: 1512-5.

2 Jensen O, Lisman JE. Novel lists of 7+/-2 known items can be reliably
stored in an oscillatory short-term memory network: interaction with
long-term memory. Learn Mem 1996; 3: 257-63.

Acta Pharmacologica Sinica



www.nature.com/aps
Lu CB et al

220

10

11

12

13

14

15

16

17

18

Herrmann CS, Munk MHJ, Engel AK. Cognitive functions of gamma-
band activity: memory match and utilization. Trends Cogn Sci 2004; 8:
347-55.

Driver JA, Logroscino G, Buring JE, Gaziano JM, Kurth T. A prospective
cohort study of cancer incidence following the diagnosis of Parkin-
son’s disease. Cancer Epidemiol Biomarkers Prev 2007; 16: 1260-5.
Csicsvari J, Jamieson B, Wise KD, Buzsaki G. Mechanisms of gamma
oscillations in the hippocampus of the behaving rat. Neuron 2003;
37:311-22.

Fisahn A, Pike FG, Buhl EH, Paulsen O. Cholinergic induction of net-
work oscillations at 40 Hz in the hippocampus in vitro. Nature 1998;
394: 186-9.

Gloveli T, Dugladze T, Saha S, Monyer H, Heinemann U, Traub RD,
et al. Differential involvement of oriens/pyramidale interneurones
in hippocampal network oscillations in vitro. J Physiol 2005; 562:
131-47.

Steriade M, Amzica F, Contreras D. Synchronization of fast (30-40
Hz) spontaneous cortical rhythms during brain activation. J Neurosci
1996; 16: 392-417.

Penttonen M, Kamondi A, Acsady L, Buzsaki G. Gamma frequency
oscillation in the hippocampus of the rat: intracellular analysis in vivo.
Eur J Neurosci 1998; 10: 718-28.

Kann O, Huchzermeyer C, Kovacs R, Wirtz S, Schuelke M. Gamma
oscillations in the hippocampus require high complex | gene expres-
sion and strong functional performance of mitochondria. Brain 2011;
134: 345-58.

McMahon LL, Williams JH, Kauer JA. Functionally distinct groups
of interneurons identified during rhythmic carbachol oscillations in
hippocampus in vitro. J Neurosci 1998; 18: 5640-51.

Kawaguchi Y. Distinct firing patterns of neuronal subtypes in cortical
synchronized activities. J Neurosci 2001; 21: 7261-72.

Vreugdenhil M, Toescu EC. Age-dependent reduction of gamma
oscillations in the mouse hippocampus in vitro. Neuroscience 2005;
132:1151-7.

Whittington MA, Traub RD, Jefferys JG. Synchronized oscillations
in interneuron networks driven by metabotropic glutamate receptor
activation. Nature 1995; 373: 612-5.

Boddeke H, Best R, Boeijinga P. Synchronous 20 Hz rhytmic activity
in hippocampal networks induced by activation of metabotropic
glutamate receptors in vitro. Neuroscience 1997; 76: 653-8.
Palhalmi J, Paulsen O, Freund T, Hajos N. Distinct properties of
carbachol-and DHPG-induced network oscillations in hippocampal
slices. Neuropharmacology 2004; 47: 381-9.

Duchen MR, Biscoe T. Relative mitochondrial membrane potential
and [Ca®']; in type | cells isolated from the rabbit carotid body. J
Physiol 1992; 450: 33-61.

Dickinson R, Awaiz S, Whittington M, Lieb W, Franks N. The effects of
general anaesthetics on carbachol-evoked gamma oscillations in the

Acta Pharmacologica Sinica

19

20

21

22

23

24

25

26

27

28

29

30

31

32

rat hippocampus in vitro. Neuropharmacology 2003; 44: 864-72.
Javedan SP, Fisher RS, Eder HG, Smith K, Wu J. Cooling abolishes
neuronal network synchronization in rat hippocampal slices. Epilepsia
2002; 43: 574-80.

Traub RD, Whittington MA, Buhl EH, Jefferys JG, Faulkner HJ. On the
mechanism of the gamma — beta frequency shift in neuronal oscilla-
tions induced in rat hippocampal slices by tetanic stimulation. J
Neurosci 1999; 19: 1088-105.

Banks MI, Li TB, Pearce RA. The synaptic basis of GABAA, slow. J
Neurosci 1998; 18: 1305-17.

Adelson J, Bhardwaj H, Kannan P. Changes in synaptic delay and
EPSP amplitude induced by TEA with 3,4-DAP, temperature and post-
tetanic potentiation. Pioneering Neurosci 2004; 5: 53-60.

Tenke CE, Schroeder CE, Arezzo JC, Vaughan HG. Interpretation of
high-resolution current source density profiles: a simulation of sub-
laminar contributions to the visual evoked potential. Exp Brain Res
1993; 94: 183-92.

Martinez DP, Freeman WJ. Periglomerular cell action on mitral cells
in olfactory bulb shown by current source density analysis. Brain Res
1984; 308: 223-33.

Mann EO, Suckling JM, Hajos N, Greenfield SA, Paulsen O. Periso-
matic feedback inhibition underlies cholinergically induced fast net-
work oscillations in the rat hippocampus in vitro. Neuron 2005; 45:
105-17.

Cunningham MO, Davies CH, Buhl EH, Kopell N, Whittington MA.
Gamma oscillations induced by kainate receptor activation in the
entorhinal cortex in vitro. J Neurosci 2003; 23: 9761-9.

Hajos N, Palhalmi J, Mann EO, Németh B, Paulsen O, Freund TF. Spike
timing of distinct types of GABAergic interneuron during hippocampal
gamma oscillations in vitro. J Neurosci 2004; 24: 9127 -37.
Hormuzdi SG, Pais |, LeBeau FE, Towers SK, Rozov A, Buhl EH, et al.
Impaired electrical signaling disrupts gamma frequency oscillations in
connexin 36-deficient mice. Neuron 2001; 31: 487-95.

Traub RD, Whittington MA, Buhl EH, LeBeau FE, Bibbig A, Boyd S, et
al. A possible role for gap junctions in generation of very fast EEG
oscillations preceding the onset of, and perhaps initiating, seizures.
Epilepsia 2001; 42: 153-70.

Cunningham MO, Whittington MA, Bibbig A, Roopun A, LeBeau FE,
Vogt A, et al. A role for fast rhythmic bursting neurons in cortical
gamma oscillations in vitro. Proc Natl Acad Sci U S A 2004; 101:
7152-7.

Smeraski CA, Dunwiddie TV, Diao L, Finger TE. NMDA and non-NMDA
receptors mediate responses in the primary gustatory nucleus in
goldfish. Chem Senses 1999; 24: 37-46.

Fisahn A. Kainate receptors and rhythmic activity in neuronal net-
works: hippocampal gamma oscillations as a tool. J Physiol 2005;
562: 65-72.



Acta Pharmacologica Sinica (2012) 33: 221-229
© 2012 CPS and SIMM  All rights reserved 1671-4083/12 $32.00
www.nature.com/aps

®

Original Article

Exhaustive swimming differentially inhibits
P2X, receptor- and a,-adrenoceptor-mediated
vasoconstriction in isolated rat arteries

Lu LI%, Tao WU?, Cong WELI*, Jian-ke HAN?, Zhen-hua JIAY, Yi-ling WU *, Lei-ming REN* *

integration of Traditional and Western Medical Research Academy of Hebei Province, Shijiazhuang 050035, China; Department of
Pharmacology, Institute of Chinese Integrative Medicine, Hebei Medical University, Shijiazhuang 050017, China; *Department of Hand
Surgery, The Third Affiliated Hospital of Hebei Medical University, Shijiazhuang 050051, China

Aim: To investigate the effects of exhaustive swimming exercise on P2X1 receptor- and al-adrenoceptor-mediated vasoconstriction of
different types of arteries in rats.

Methods: Male Wistar rats were divided into 2 groups: the sedentary control group (SCG) and the exhaustive swimming exercise group
(ESEQG). The rats in the ESEG were subjected to a swim to exhaustion once a day for 2 weeks. Internal carotid, caudal, pulmonary, mes-
enteric arteries and aorta were dissected out. Isometric vasoconstrictive responses of the arteries to «,3-methylene ATP (a,3-MeATP) or
noradrenaline (NA) were recorded using a polygraph.

Results: The exhaustive swimming exercise did not produce significant change in the ECs, values of «,3-MeATP or NA in vasoconstric-
tive response of most of the arteries studied. The exhaustive swimming exercise inhibited the vasoconstrictive responses to P2X1
receptor activation in the internal carotid artery, whereas it reduced the maximal vasoconstrictive responses to al-adrenoceptor stimu-
lation in the caudal, pulmonary, mesenteric arteries and aorta. The rank order of the reduction of the maximal vasoconstriction was as

follows: mesenteric, pulmonary, caudal, aorta.

Conclusion: Exhaustive swimming exercise differentially affects the P2X1 receptor- and al-adrenoceptor-regulated vasoconstriction
in internal carotid artery and peripheral arteries. The ability to preserve purinergic vasoconstriction in the peripheral arteries would be
useful to help in maintenance of the basal vascular tone during exhaustive swimming exercise.

Keywords: exhaustive exercise; swimming; o,-adrenoceptor; P2X; receptor; vasoconstriction; artery
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Introduction

Regularly engaging in moderate exercise provides many well-
established health benefits, including the prevention of, or a
reduction in, the deleterious effects of pathological conditions
such as hypertension, coronary artery disease, atheroscle-
131 However, the
beneficial effects of exercise are lost with overexertion, which

rosis, diabetes mellitus, and osteoporosis

causes the production of free radicals™ and subsequent dam-
age to lipids, proteins, and DNA. Exhaustive exercise has
been shown to lead to tissue damage in animals® ®l. It has also
been reported that exhaustive exercise resulted in significant
impairment of regional left ventricular systolic and diastolic

function in rats”!. In the right ventricle of the human heart,
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tissue Doppler measurements of systolic and early diastolic
function have been found to decrease significantly after pro-
longed strenuous exercise compared to pre-training values!®.
Functional changes in the vasculature of animals sub-
jected to physical exercise have attracted considerable atten-
tion for many years. Acute exercise significantly attenuates
a-adrenoceptor-mediated vasoconstriction of the thoracic aorta
isolated from rabbits"”, and chronic exercise also decreases
adrenergic agonist-induced vasoconstriction in the isolated
thoracic aorta and carotid artery of spontaneously hyperten-
sive rats!"”l. Tt has also been reported that sedentary (control)
and exercise-trained rats show no difference in the maximum
levels of vasoconstriction induced by noradrenaline (NA) or
phenylephrine in the isolated thoracic aorta"l. Moderate lev-
els of exercise did not alter either the myogenic regulation of
the arterial diameter stimulated by increased transmural pres-
sure or the smooth muscle responses to a thromboxane agonist
in control and db/db mice". Chronic treadmill running sig-
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nificantly enhanced myogenic vasoconstriction in the coronary

131 Potential rea-

resistance arteries isolated from female pigs
sons for this discrepancy might be differences among arteries
studied, the laboratory animals used and the exercise modes
employed.

It is well known that the sympathetic and purinergic co-
transmission involving NA and adenosine 5'-triphosphate
(ATP) exists in a variety of blood vessels. The neurogenic
vasoconstriction induced by electrical field stimulation con-
sists of a purinergic (prazosin-resistant) component and
an adrenergic (prazosin-sensitive) component in different
blood vessels. P2X and P2Y receptors are widely distributed
throughout the cardiovascular system and are important in
the regulation of vascular tone". The P2X; purinoceptor is
the primary P2X subtype expressed on most vascular smooth
muscle cells", and is responsible for purinergic arterial con-
traction"® ). a,p-Methylene ATP (a,-MeATP) is considered
to be a useful reagent to investigate P2X; receptor-mediated

vasoconstriction™®

. It has been reported that rats with diet-
induced obesity have enhanced sympathetic nerve-mediated
vasoconstriction via upregulation of purinergic and adrener-

11 vidal et al®, however, have indi-

gic neurotransmission
cated that a,-MeATP significantly inhibits vasoconstrictive
responses to electrical field stimulation in the tail arteries of
spontaneously hypertensive rats, but does not inhibit these
responses in the tail arteries of normal rats. Therefore, the
purpose of this study was to examine whether there is simi-
lar or differential inhibition of a;-adrenoceptor- and P2X,
purinoceptor-mediated vasoconstriction in the aorta and the
internal carotid, caudal, pulmonary and mesenteric arteries in
healthy rats after exhaustive swimming exercise.

Materials and methods

Animals

Male Wistar rats weighing 300-350 g (aged 12-13 weeks)
were housed one per cage in a temperature-controlled room
(24£1°C) with a 12 h light/dark cycle and received approxi-
mately 50% of their daily food intake!® and tap water ad libi-
tum. The commercial standard chow was purchased from
Hebei Medical University. Rats were randomly divided into
two groups: a sedentary control group (SCG) and an exhaus-
tive swimming exercise group (ESEG). All animals used in
this study received humane care in compliance with institu-
tional animal care guidelines. All procedures performed were
approved by the Local Institutional Committee.

Chemicals

[-]-Noradrenaline bitartrate (NA), a,B-methylene adenosine
5'-triphosphate lithium salt (a,f-MeATP), desmethylimip-
ramine hydrochloride, deoxycorticosterone acetate, yohimbine
hydrochloride, propranolol hydrochloride and acetylcho-
line hydrochloride were obtained from the Sigma Chemi-
cal Company, USA. The above reagents were dissolved in
distilled water except for deoxycorticosterone acetate which
was dissolved in 1,2-propanediol. The final concentration of
1,2-propanediol in the tissue bath did not affect the vascular
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responses to NA.

Training protocols

To familiarize the rats with water immersion and reduce
water-induced stress, the rats of the ESEG were made to
swim in an apparatus holding no less than a water depth of
60 cm for 15 min daily at 8:30 am for 6 days/week during
the first week. After the rats had adapted to the swimming
exercise, the animals were subjected to a swim to exhaustion
with a weight equivalent to 3% of their body weight tied to
their tails®! for two weeks. The training, began from 8:30 am
to 11:30 am™, was conducted daily for 6 days/week by the
same person. Exhaustion was defined by two criteria: the
rats remained below the water surface for 10 s, and the rats
showed a lack of a “righting reflex” when they were placed on
a flat surface™. Simultaneously, the rats of the SCG were kept
in a small chamber holding a water depth of 10 cm. The water
temperature was maintained at 34-36°C!*,

Arterial preparations

Rats of the ESEG and SCG were anesthetized by subcutane-
ous injection of urethane (1.5 g/kg) 24 h after the last exhaus-
tive swimming session then sacrificed by cutting the femoral
artery, resulting in exsanguination. After the chest and abdo-
men were opened by a midline incision, the thoracic aorta,
right pulmonary artery and superior mesenteric artery were
carefully removed. An anterior midline incision was made
on the neck to expose the carotid artery. The left and right
internal carotid arteries were identified from their origin at the
common carotid artery bifurcation to their entry points into
the skull and were isolated. The caudal artery was surgically
exposed from the ventral side then dissected from surround-
ing tissues and removed. These isolated arteries were main-
tained in ice-cold oxygenated Krebs-Henseleit (K-H) solution
(133 mmol/L NaCl, 4.7 mmol/L KCl, 1.35 mmol/L NaH,PO,,
16.3 mmol/L NaHCO;, 0.61 mmol/L MgSO,, 7.8 mmol/L
glucose and 2.52 mmol/L CaCl,). The vascular endothelium
of each artery was removed by gently rubbing the lumen with
a scored polythene cannula, the external diameter of which
was slightly smaller than the internal diameter of the blood
vessel. A ring segment (4 mm long) without endothelium was
mounted horizontally in a 10-mL organ bath, and the isometric
tension was recorded by a polygraph (ERT-884, Youlin Elec-
tron Co, Kaifeng, China). Preloads were applied to the prepa-
rations of internal carotid artery (1.0 g), caudal artery (0.75 g),
pulmonary artery (1.0 g), mesenteric artery (1.0 g), and aorta
(2.0 g)*. The preparations were allowed to equilibrate for 1 h
in K-H solution. The solution was maintained at 37 °C and
aerated with 95% O, and 5% CO, (pH 7.4). Successful removal
of the arterial endothelium was confirmed by the loss of the
relaxation response to acetylcholine (ACh, 1 pmol/L) in pre-
contracted arterial rings treated with NA.

Experimental protocols
Before performing the following procedures, a cumulative
dose-response curve for NA (0.0001-100 pmol/L) was con-
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structed for each of the arterial preparations to observe the
vasoconstrictive responsiveness, followed by further equilibra-
tion for 1 h. After the isolated arterial experiments were per-
formed, a dose-response curve for KCl (10-120 mmol/L) was
constructed in the arterial preparations, and the wet weight of
each preparation was recorded.

Vasoconstrictive responses to NA in the aorta and the internal
carotid, caudal, pulmonary, and mesenteric arteries

In the arterial preparations used to construct a second cumula-
tive dose-response curve for NA, desmethylimipramine (0.1
pmol/L), deoxycorticosterone (5 pmol/L), yohimbine (0.3
pmol/L) and propranolol (1 pmol/L) were added to the organ
bath for 30 min to block neuronal or extra-neuronal uptake of
NA and to block a,- and PB-adrenoceptors, respectively. The
second cumulative dose-response curve for NA (0.0001-100
pmol/L) was constructed for each arterial preparation of the
aorta and the internal carotid, caudal, pulmonary, and mesen-
teric arteries to observe aj-adrenoceptor-regulated vasocon-
striction.

Vasoconstrictive responses to o,3-MeATP in the aorta and the
internal carotid, caudal, pulmonary, and mesenteric arteries
Because a,p-MeATP rapidly desensitizes its own receptors,
a single concentration of a,f-MeATP at 0.1, 1.0, 10, or 100
pmol/L was added to the organ bath (each arterial prepara-
tion was exposed to a,3-MeATP only once) for each arterial
preparation, and the resultant responses of several prepa-
rations exposed to different concentrations were grouped
together to form a dose-response curve'™..

Statistical analysis

Vasoconstrictive responses to NA and a,3-MeATP were
expressed as the maximal changes in tension (g) and were
further normalized to wet tissue weight (g/mg tissue). Values
presented here are the mean+SEM. Two-way ANOVA was
used to evaluate any differences between the two sets of dose-
response curves. If the F statistic was significant, it was com-
pared to the individual datum with its respective control value
by Bonferroni’s test. We compared the ECs, values of the ago-
nists, the maximal vasoconstriction to KCI and the wet tissue
weight of arterial preparations between the two groups using
an unpaired t-test. P values less than 0.05 were considered

to be statistically significant. The data were analyzed using
GraphPad Prism version 5.00 (San Diego, California, USA).

Results

Effect of exhaustive swimming exercise on wet tissue weight and
the vasoconstrictive response to KCI

The wet weight of the mesenteric arterial ring segments in
the SCG was 0.73£0.02 mg, which was significantly lower
than that in the ESEG (0.85+0.02 mg) (P<0.01, Figure 1A). The
values of the wet weights of the internal carotid, caudal, pul-
monary, and aortic arterial ring segments in the SCG were
not significantly different from those in the ESEG (P>0.05,
Figure 1A). The maximal vasoconstrictive responses to KCI in
the mesenteric and caudal arteries in the SCG were 1.72+0.05
g/mg tissue and 3.27+0.10 g/mg tissue, respectively. These
responses were much greater than those of the ESEG; the
vasoconstrictive responses in the mesenteric and caudal arter-
ies were 1.46+0.06 g/mg tissue and 2.85+0.10 g/mg tissue,
respectively (P<0.01, Figure 1B). There were no significant
differences in the maximal vasoconstrictive responses to KClI
of the internal carotid artery, pulmonary artery and the aorta
between the SCG and the ESEG rats (P>0.05, Figure 1B). How-
ever, the range of EC5, values for KCl in the 5 types of arteries
subsequently exposed to the second administration of NA
ranged from 17.23 to 31.74 mmol/L, and the ECs, values of
KCl in the SCG were not significantly different from those in
the ESEG (Table 1).
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Figure 1. Tissue wet weight (A) and vasoconstriction to 120 mmol/L KCI
(B) in the rat mesenteric (Mes), caudal (Cau), pulmonary (Pul), internal
carotid (Int) arteries and aorta (Aor) from the sedentary control group
(SCG, n=29-34) and the exhaustive swimming exercise group (ESEG,
n=28-35). Data were expressed as mean+SEM. °P<0.01 vs SCG.

Table 1. The -log ECs, (mol/L) for NA and o,3-MeATP as well as ECs, (mmol/L) for KCI in various isolated arterial preparations. NA group, n=8-15; «,B-

MeATP group, n=20-24; KCI group, n=8-15. °P<0.01 vs SCG.

SCG ESEG

Artery NA o,B-MeATP KCl NA o, B-MeATP KCl
Internal carotid 7.15+0.07 5.36+0.22 20.20+1.17 7.36+0.18 4.71+0.22 21.38+0.64
Caudal 6.70+0.05 6.19+0.18 29.25+1.45 6.78+0.06 6.09+0.15 31.74+1.45
Mesenteric 6.98+0.08 5.70+0.18 23.25+0.64 7.00+0.11 5.51+0.23 21.36+1.86
Aorta 7.43+0.04 4.97+0.14 20.71+1.39 7.11+0.10° 4.90+0.22 21.10+1.58
Pulmonary 7.58+0.07 5.40+0.34 17.03+1.46 7.54+0.07 5.62+0.21 20.22+0.85
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The vasoconstrictive responsiveness of the aorta and the internal
carotid, caudal, pulmonary, and mesenteric arteries to NA
Before analyzing the difference in the vasoconstrictive
responses to either a;-adrenoceptor stimulation or P2X,
purinoceptor stimulation between the two rat groups, we
examined the vasoconstrictive responsiveness of the selected
arteries individually. In the rats of the SCG, there were no
significant differences in the vasoconstrictive responses to
the first exposure to NA in the internal carotid, caudal, pul-
monary, mesenteric artery or aorta between the preparations
subsequently exposed to the second administration of NA and
those subsequently exposed to a,f-MeATP (P>0.05, Figure
2A-6A). The same results were observed in the rats from the
ESEG (P>0.05, Figure 2B-6B).
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Figure 2. A comparison of the vasoconstrictive responses to noradrena-
line between the preparations exposing to the second administration
of noradrenaline (treatment with NA; n=10, left; n=9, right) and those
exposing to o,B-methylene ATP (treatment with «,3-MeATP; n=24, left;
n=24, right) in the rat pulmonary arteries from the sedentary control group
(A) and the exhaustive swimming exercise group (B). Data were expressed
as mean+SEM.

Effect of exhaustive swimming exercise on the vasoconstrictive
responses to NA in the aorta and the internal carotid, caudal,
pulmonary, and mesenteric arteries

A second exposure of the 5 selected arteries to NA (0.0001-100
pmol/L) produced vasoconstrictive responses in a dose-
dependent manner in the rats of the SCG and the ESEG. The
exhaustive swimming exercise significantly decreased the
vasoconstrictive response to NA in the pulmonary and caudal
arterial preparations (P<0.01, Figure 7A and 8A), reaching a
maximal inhibition of 13.68% in the pulmonary artery and
9.48% in the caudal artery. In the mesenteric arterial prepa-
ration, the inhibition of vasoconstrictive response to NA by
exhaustive swimming exercise was more potent, reaching a
maximal inhibition of 21.02% (P<0.01, Figure 9A). Exhaustive
swimming exercise significantly inhibited the vasoconstric-
tive responses to NA in the aorta, but the maximal response
was not affected (Figure 10A). The vasoconstrictive response
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Figure 3. A comparison of the vasoconstrictive responses to noradrena-
line between the preparations exposing to the second administration
of noradrenaline (treatment with NA; n=11, left; n=15, right) and those
exposing to o,B-methylene ATP (treatment with «,3-MeATP; n=20, left;
n=20, right) in the rat caudal arteries from the sedentary control group (A)
and the exhaustive swimming exercise group (B). Mean+SEM.
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Figure 4. A comparison of the vasoconstrictive responses to noradrena-
line between the preparations exposing to the second administration
of noradrenaline (treatment with NA; n=11, left; n=9, right) and those
exposing to a,B-methylene ATP (treatment with o,B-MeATP; n=22, left;
n=22, right) in the rat mesenteric arteries from the sedentary control
group (A) and the exhaustive swimming exercise group (B). Data were
expressed as mean+SEM.

to NA in the internal carotid arterial preparation was not sig-
nificantly affected by exhaustive swimming exercise (P>0.05,
Figure 11A). The range of the negative log(ECs) values
(where the ECs, values are expressed as mol/L) for the 5 types
of arteries given a second treatment with NA was 6.70-7.58.
In the thoracic aorta, the negative log(ECs) value of NA in
the SCG (7.43+0.04) was slightly larger than that in the ESEG
(7.11£0.10) (P<0.01); however, the ECs, values of NA in the
SCG were not significantly different from those in the ESEG in
the other 4 types of arteries (Table 1).
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Figure 5. A comparison of the vasoconstrictive responses to noradrenaline
between the preparations exposing to the second administration of
noradrenaline (treatment with NA; n=11, left; n=8, right) and those
exposing to o,B-methylene ATP (treatment with o,3-MeATP; n=23, left;
n=22, right) in the rat thoracic aorta from the sedentary control group (A)
and the exhaustive swimming exercise group (B). Data were expressed as
mean+SEM.
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Figure 6. A comparison of the vasoconstrictive responses to noradrena-
line between the preparations exposing to the second administration
of noradrenaline (treatment with NA; n=9, left; n=8, right) and those
exposing to o,B-methylene ATP (treatment with o,3-MeATP; n=20, left;
n=20 right) in the rat internal carotid arteries from the sedentary control
group (A) and the exhaustive swimming exercise group (B). Data were
expressed as mean+SEM.

Effect of exhaustive swimming exercise on vasoconstrictive
responses to «,3-MeATP in the aorta and the internal carotid,
caudal, pulmonary, and mesenteric arteries

a,-MeATP (0.1-100 pmol/L) produced vasoconstriction in
the internal carotid, caudal, pulmonary, and mesenteric arter-
ies, as well as the aorta, in a dose-dependent manner in the
rats of the SCG and the ESEG. The vasoconstrictive responses
to a,p-MeATP in the caudal artery, pulmonary artery, mes-
enteric artery and the aorta were not significantly affected by
exhaustive swimming exercise (P>0.05, Figure 7B-10B). How-
ever, exhaustive swimming exercise significantly decreased
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Figure 7. A comparison of the vasoconstrictive responses to the second
administration of noradrenaline (A) or to «,3-methylene ATP (B) in the rat
pulmonary arteries between the sedentary control group (SCG; n=10, A;
n=5-7, B) and the exhaustive swimming exercise group (ESEG; n=9, A;
n=5-7, B). Mean+SEM. Statistical significance was analyzed by two-way
ANOVA in A: °P<0.01 vs SCG.
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Figure 8. A comparison of the vasoconstrictive responses to the second
administration of noradrenaline (A) or to «,-methylene ATP (B) in the rat
caudal arteries between the sedentary control group (SCG; n=11, A; n=5,
B) and the exhaustive swimming exercise group (ESEG; n=15, A; n=5, B).
Data were expressed as mean+SEM. Statistical significance was analyzed
by two-way ANOVA in A: °P<0.01 vs SCG.

the vasoconstrictive response to a,3-MeATP in the internal
carotid arterial preparations, reaching a maximum inhibition
of 50.38% (P<0.01, Figure 11B). The range of the negative
log(ECs) values for a,-MeATP in the 5 types of arteries was
4.71-6.19, and the ECs5, values of a,f-MeATP in the SCG were
not significantly different from those in the ESEG (Table 1).

Discussion

The co-transmission of NA and ATP is well established in the
sympathetic innervation of a variety of blood vessels in ani-
mals. However, in this study, we discovered that exhaustive
swimming exercise did not affect the ECs, values of NA or
a,B-MeATP, but this type of exercise significantly decreased
the P2X, receptor-mediated vasoconstriction in the rat internal
carotid artery. Conversely, the vasoconstrictive response to
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Figure 9. A comparison of the vasoconstrictive responses to the second
administration of noradrenaline (A) or to «,3-methylene ATP (B) in the rat
mesenteric arteries between the sedentary control group (SCG; n=11, A;
n=5-6, B) and the exhaustive swimming exercise group (ESEG; n=9, A;
n=5-6, B). Data were expressed as mean+SEM. °P<0.01 vs SCG.
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Figure 10. A comparison of the vasoconstrictive responses to the second
administration of noradrenaline (A) or to «,B-methylene ATP (B) in the
rat thoracic aorta between the sedentary control group (SCG; n=11, A;
n=5-6, B) and the exhaustive swimming exercise group (ESEG; n=8, A;
n=5-6, B). Data were expressed as mean+SEM. °P<0.01 vs SCG.
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Figure 11. A comparison of the vasoconstrictive responses to the second
administration of noradrenaline (A) or to «,3-methylene ATP (B) in the rat
internal carotid arteries between the sedentary control group (SCG; n=9, A;
n=>5, B) and the exhaustive swimming exercise group (ESEG; n=8, A; n=5,
B). Data were expressed as mean+SEM. °P<0.01 vs SCG.
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a;-adrenoceptor, but not P2X, receptor, activation was inhib-
ited in the caudal artery, pulmonary artery, mesenteric artery
and the aorta obtained from rats subjected to the exhaustive
swimming exercise.

Before observing the vasoconstrictive responses to
a;-adrenoceptor or P2X; receptor stimulation, we examined
the vasoconstrictive responsiveness of each artery. In the rats
of the SCG and the ESEG, there were no significant differ-
ences in the vasoconstrictive responses to the first exposure
to NA (Figure 2-6) in the internal carotid, caudal, pulmonary,
and mesenteric artery along with the aorta. No significant
differences in vasoconstrictive responsiveness between the
preparations that were either exposed to a second administra-
tion of NA or to a,f-MeATP were observed, suggesting that
the 5 types of arteries obtained from the SCG rats and the
ESEG rats were comparable in the present study. Because the
ECs5 values of KCl treatment were significantly greater in dif-
ferent types of arteries treated with a,3-MeATP than NAP,
and the maximum vasoconstrictive response to KCl in the rat
mesenteric and caudal arteries in the SCG were greater than
the response in the ESEG, we expressed the vasoconstrictive
responses to NA and a,-MeATP as g/mg tissue. Concomi-
tantly, we found the exhaustive swimming exercise did not
alter the ECs, values of KCI.

It has been reported that long-term swimming exercise sig-
nificantly reduces the vasoconstrictive response to phenyleph-
rine in the rat mesenteric artery and thoracic aorta when the
endothelium is intact, but not in the endothelium-denuded
arteries™ ?), Chronic exercise also enhances endothelium-
mediated vasodilatation in the endothelium-intact aorta and
mesenteric artery, but this exercise does not affect NA-induced
vasoconstriction in the endothelium-denuded arteries isolated
from spontaneously hypertensive rats®. Moreover, exercise
training increases acetylcholine-induced relaxation and eNOS
protein levels in the porcine pulmonary artery® *, but not in
the pulmonary artery from hypertensive rats®. Therefore,
we removed the vascular endothelium of the isolated mesen-
teric, pulmonary, caudal and internal carotid arteries from the
rat to directly observe the changes in a;-adrenoceptor- and
P2X; receptor-mediated vascular smooth muscle contractions
because several studies suggest that exercise affects not only
the vasoconstriction of vascular smooth muscles™ **, but also
the function of the vascular endothelium® %,

NA induces vasoconstriction and vasodilatation via
a-adrenoceptors and B-adrenoceptors. Furthermore, Carter
et al® reported that though a,-adrenoceptors do not play a
large role in NA-mediated vasoconstriction of the thoracic
aorta in normotensive rats, there is an increased role of these
receptors in hypertensive rats. Prior to measuring vasocon-
strictive responsiveness after a second treatment with NA in
this study, we added several reagents (propranolol, yohim-
bine, desmethylimipramine and deoxycorticosterone) to the
organ bath to block B-adrenoceptors and a,-adrenoceptors,
as well as neuronal and extra-neuronal uptake of NA. This
allows for the measurement of vasoconstriction after a second
exposure of each arterial preparation to NA to be attributed to



a;-adrenoceptors alone.

Though it is widely accepted that the P2X; receptor seems
to be the most important P2X subtype in the vascular smooth
muscle, this concept is not observed in functional studies.
Nori et al® observed the coexpression of three P2X recep-
tor mRNAs (P2X;, P2X,, and P2X,) in the rat vascular smooth
muscle. However, it was reported that the P2X, receptor did
not couple to a vasomotor response®, and the P2X, recep-
tor was mainly expressed in nerves and arterial endothelial
cells and only found at low levels in smooth muscle cells®”,
Recently, Wallace et al®® investigated the expression of P2X
receptors in the tail and mesenteric arteries of rats aged 4, 6,
and 12 weeks by using immunohistochemistry. P2X; receptor-
specific immunoreactivity was associated with the smooth
muscle layer of both arteries from all rats of all three ages, and
the P2X, receptor was weakly expressed in the smooth muscle
layer of the tail artery in 4- and 6-week-old rats along with
the mesenteric artery of 4- and 12-week-old rats. Immunore-
activity of the other subtypes of the P2X receptor family was
not detected in the smooth muscle layer of arteries in 6- and
12-week-old rats®. In our study, we used 12-13-week-old
rats (300-350 g), and the vascular endothelium of the regional
arteries was removed. This age of rats combined with the use
of a,-MeATP (which is inactive as an agonist at the recombi-
nant P2X, purinoceptor™) allows us to assume that the P2X,
purinoceptors are primarily involved in the vasoconstrictive
response to a,3-MeATP.

This study was the first investigation of measuring the
changes in the P2X; receptor-regulated vasoconstriction of
regional arteries from rats subjected to the exhaustive swim-
ming exercise. We also compared the effects of exhaus-
tive swimming exercise on both a;-adrenoceptor- and P2X,
receptor-mediated vasoconstriction in the isolated internal
carotid, caudal, pulmonary and mesenteric arteries along with
the aorta. Our study clearly showed that the vasoconstrictive
responses to a;-adrenoceptor stimulation in the aorta and the
caudal, pulmonary and mesenteric arteries from the exhaus-
tively exercised rats were significantly smaller than those
from the normal rats, and a rank order of the decrease in the
maximal vasoconstriction was determined as follows: mesen-
teric artery, pulmonary artery, caudal artery, aorta. Similar
results were reported in the endothelium-denuded aorta'™
and mesenteric artery”™ from normal rats subjected to physical
exercise. Moreover, we found that the P2X; receptor-mediated
vasoconstriction in all 5 arterial subtypes was not affected
by exhaustive exercise. Using an isolated perfused splenic
artery, Yang et al'*” observed two peaks of vasoconstriction
in response to periarterial nerve stimulation: an initial tran-
sient constriction induced by the purinergic ligand ATP and
a second peak response consisting primarily of an adrenergic
component. Our recent study demonstrated that the maximal
vasoconstriction mediated by P2X; receptors reached at least
40% of those mediated by ay-adrenoceptors in the rat internal
carotid, mesenteric and pulmonary arteries. P2X, receptor-
mediated vasoconstriction even reached 80% in the caudal

artery™), which suggested that purinergic transmission can be
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useful to maintain the basal vascular tone and could be impor-
tant to the hemodynamic control in rats subjected to exhaus-
tive swimming exercise. Sugawara et al*'!! also suggested that
a reduction in a-adrenoceptor-mediated vascular tone contrib-
utes to improved arterial compliance in healthy adults who
engage in endurance exercise.

In contrast to the rat caudal artery, pulmonary artery, mes-
enteric artery and the aorta, the vasoconstrictive response to
aj-adrenoceptor stimulation in the rat internal carotid artery
was not significantly affected by exhaustive swimming exer-
cise. However, the vasoconstrictive response to P2X; receptor
stimulation in the internal carotid artery from the exhaustively
exercised rats was significantly reduced. The reason for this
difference is still unclear based on the data from the present
study. Normally, the brain is entirely dependent upon glucose
as an energy substrate as implied by cerebral metabolic ratio,
which is close to 6.0"?. After exhaustive exercise, the cerebral
metabolic ratio drops to 1.7, suggesting a link between brain
metabolism and central fatigue!*.

It was reported recently that the ratio of ischemic-to-nonis-
chemic blood flow decreases from 6 to 24 months of age, and
the capillary density of nonischemic and ischemic muscle also
decreases in an age-dependent manner in wild-type mice!*.
Swimming training was shown to reduce the formation of
abnormal vessels and promoted collateral artery formation

in the ischemic limbs of aged wild-type mice!*!

. We plan to
observe and clarify the effect of exhaustive swimming on
vasoconstriction mediated by purinoceptors or adrenoceptors
in aged rats in the near future. Maiorana et al'® reported that
chronic heart failure patients engaging in aerobic exercise had
no changes in the wall thickness and the wall-to-lumen ratio of
the brachial artery, while patients engaging in resistance exer-
cise had a significantly reduced brachial artery wall thickness
and wall-to-lumen ratio. The method of exhaustive swimming
used in our study does not fall within the categories of either
aerobic exercise or resistance exercise. It is unclear whether
aerobic exercise affects the vasoconstriction mediated by puri-
noceptors and adrenoceptors in the same manner as resistance
exercise does in normal or heart failure model animals.

Overall, the results of the present study showing the differ-
ent effects of exhaustive swimming exercise on the vasocon-
striction mediated by a;-adrenoceptors and P2X; receptors
between rat internal carotid artery and the peripheral arteries
could help to explain that stress or injury can mediate differ-
ent vascular responses in animals and humans and could be
associated with tissue or organ functions. In conclusion, the
exhaustive swimming exercise differentially affects the vaso-
constriction regulated by P2X; receptors and a;-adrenoceptors
in the rat internal carotid artery and the peripheral arteries,
and the ability to preserve purinergic vasoconstriction of the
peripheral arteries is useful in maintaining the basal vascular
tone during exhaustive swimming exercise.
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PKCa regulates vasopressin-induced aquaporin-2
trafficking in mouse kidney collecting duct cells
in vitro via altering microtubule assembly
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Aim: Aquaporin-2 (AQP2) is a vasopressin-regulated water channel located in the collecting tubule and collecting duct cells of mamma-
lian kidney. The aim of this study is to investigate whether PKCa plays a role in vasopressin-induced AQP2 trafficking in mouse inner
medullary collecting duct 3 (mIMCD3) cells.

Methods: AQP2-mIMCD3 stable cell line was constructed by transfection of mouse inner medullary collecting duct 3 (mIMCD3) cells
with AQP2-GFP construct. Then the cells were transfected with PKCa shRNA, PKCa A/25E, or PKCa scrambled shRNA. The expres-
sion levels of PKCa, AQP2, and phospho-S256-AQP2 were analyzed using Western blot. The interaction between AQP2 and PKCa was
examined using immunoprecipitation. The distribution of AQP2 and microtubules was studied using immunocytochemistry. The AQP2
trafficking was examined using the biotinylation of surface membranes.

Results: Treatment of AQP2-mIMCD3 cells with 100 pymol/L of 1-desamino-8-D-arginine vasopressin (DdAVP) for 30 min stimulated the
translocation of AQP2 from the cytoplasm to plasma membrane through influencing the microtubule assembly. Upregulation of active
PKCa by transfection with PKCa A/25E plasmids resulted in de-polymerization of a-tubulin and redistributed AQP2 in the cytoplasm.
Down-regulation of PKCa by PKCa shRNA partially inhibited DdAVP-stimulated AQP2 trafficking without altering a-tubulin distribution.
Although 100 pmol/L of DAAVP increased AQP2 phosphorylation at serine 256, down-regulation of PKCa by PKCa shRNA did not influ-
ence DdAVP-induced AQP2 phosphorylation, suggesting that AQP2 phosphorylation at serine 256 was independent of PKCa. Moreover,
PKCa did not physically interact with AQP2 in the presence or absence of DdAAVP.

Conclusion: Our results suggested that PKCa regulates AQP2 trafficking induced by DdAVP via microtubule assembly.

Keywords: PKCq; 1-desamino-8-D-arginine vasopressin (DdAVP); aquaporin-2; microtubule; kidney; medullary collecting duct
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Introduction

Protein kinase C alpha (PKCa) is a member of the classic
PKC family™, which is widely expressed in the mammalian
kidney”™ and contributes to various kidney functions, includ-
ing substrate absorption and urine concentration . PKCa-
mediated cytoskeleton remodeling results in endocytosis in
epithelial cells, which increases the uptake of various sub-
strates, such as NHE3 and albumin”®. PKCa is localized in
glomeruli, the intercalated cells of the cortical collecting duct,
and the medullary-collecting duct in the mouse kidney!.
Genetic knockout mice that lack PKCa exhibit decreased
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glomerular filtration rate, increased urinary output and lower
urinary osmolarity, accompanied by normal water intake
and normal levels of the plasma antidiuretic hormone argin-
ine vasopressin (AVP)Fl. These results strongly suggest that
PKCa-mediated urine concentration primarily occurs within
the medullary collecting duct.

Aquaporin-2 (AQP2) is a vasopressin-regulated water
channel in the principal cells of the connecting tubule and
the collecting duct in the kidney"” ™. AQP?2 is stored in an
intracellular compartment and plays an important role in the
regulation of urine concentration"!.  AVP stimulates AQP2
translocation to the plasma membrane for the re-absorption
of water. AQP2 is removed from the plasma membrane and
returned to the intracellular compartment when the stimula-
tion in terminated™™. In addition, AVP also regulates AQP2
mRNA and protein levels, which mediates long-term regula-



[19, 20]

tion . Both short- and long-term regulation mechanisms

are involved in the pathophysiology of AQP2-mediated urine

21]

concentration! Although PKC is involved in angiotensin

[22]

II-mediated AQP2 expression and trafficking'*, our previous

study demonstrated that AQP2 expression is only slightly dif-
ferent between PKCa knockout mice and wild-type mice”,
which strongly suggests that the long-term AQP2 regulation
mechanism does not contribute to PKCa-mediated urine con-
centration. AQP2 transportation is partially regulated by the

[23-25]

cytoskeleton'™™™, and PKCa-mediated remodeling of the actin

cytoskeleton is involved in constitutive albumin uptake in the
renal proximal tubulel”. However, the contribution of PKCa
to AQP2 trafficking, the role of the cytoskeleton in PKCa-
mediated AQP2 transportation and the mechanism of PKCa
regulation of AQP2 translocation are less well understood.

We hypothesized that PKCa mediates AQP2 trafficking
via cytoskeleton distribution because of the important role of
PKCa in urine concentration and cytoskeleton remodeling.
Therefore, this study revealed the crosstalk among PKCaq,
AVP and AQP2 in trafficking and cytoskeletal remodeling in
mIMCD3 cell.

Materials and methods

Constructs, antibodies, and reagents

The pEF-nero-PKCa A/25E vector was a gift from Dr Got-
tfried BAIER (Institute for Medical Biology and Human Genet-
ics, University of Innsbruck, Innsbruck, Austria). The AQP2-
GFP-pCMV6 construct was purchased from Origene (Rock-
ville, MD, USA). Lipofectamine plus and geneticin (G418)
were purchased from Invitrogen (Shanghai, China). Protein
A/G-agarose beads and primary antibodies against phosphor-
5256-AQP2, AQP2, PKCa, and GAPDH were purchased from
Santa Cruz (Heidelberg, Germany). The primary antibody
against a-tubulin was purchased from Calbiochem (Darm-
stadt, Germany). The secondary goat anti-rabbit IgG conju-
gated with Cy3 antibody and the analogue 1-desamino-8-D-
arginine vasopressin (DdAVP) were purchased from Sigma
(Shanghai, China). DAPI was purchased from Vector Burl-
ingame (San Diego, CA, USA). Sulfo-Link NHS-LC-biotin and
streptavidin-agarose beads were purchased from Pierce (Bei-
jing, China). Major apparatuses included a Mini-PROTEAN II
Electrophoresis Cell (Bio-Rad, Shanghai, China) and a confocal
laser-scanning microscope (Olympus FV500, Japan).

Cells and cell culture

Immortalized mouse inner medullary collecting duct 3
(mIMCD3) cells were kindly provided by Dr John M LUK
(Department of Urology, University of Hong Kong, Hong
Kong, China). mIMCD3 cells were maintained in Dulbecco’s
modified Eagle’s medium/Ham’s F12 (1:1) (GIBCO, Invitro-
gen, Shanghai, China) supplemented with 10% fetal bovine
serum (GIBCO, Invitrogen, Shanghai, China) and 2% penicil-
lin-streptomycin (Amresco, Shanghai, China) in a humidified
atmosphere with 5% CO, at 37°C.
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Generation of pGCsi-U6/Neo PKCa shRNA plasmid

Three siRNAs were designed and synthesized by Invitrogen
(Shanghai, China) according to the cDNA sequence of PKCa
(NM_011101): #1, GTCCTTCACGTTCAAATTA; #2, GTG-
CAGTATGAAACTCAAA; and #3, CCATCCAACAACCTG-
GACA. The siRNAs were cloned into the eukaryotic expres-
sion plasmid pGCsi-U6/Neo (Genechem, Shanghai, China).
The constructed pGCsi-U6/Neo-PKCa-siRNA vector was
transfected into mIMCD3 cells. Western blotting was used to
evaluate the suppression of PKCa expression in different cell
groups.

Transfection
Transfection of mIMCD3 cells with the AQP2-GFP construct
was performed using Lipofectamine 2000 (Shanghai, China)
according to the manufacturer’s instructions. The cells were
maintained in medium containing 400 pg/mL geneticin for
24 h after transfection. Individual neomycin-resistant colonies
were selected and expanded for 14 d after transfection.
AQP2-GFP was stably expressed in mIMCD3 cells (AQP2-
mIMCD3 cells) that were transiently transfected with a
eukaryotic expression vector encoding the constitutively
activated form of PKCa A/25E (pEF-nero-PKCa A/25E)>
using Lipofectamine 2000 according to the manufacturer’s
instructions. AQP2-mIMCD3 cells were transfected with three
pGCsi-U6/Neo-PKCa shRNAs and scrambled shRNA using
Lipofectamine 2000 according to the manufacturer’s instruc-
tions to evaluate the inhibition efficiency of the siRNAs. The
cells were harvested 48 h after transfection, and Western blot
and immunofluorescence were used to evaluate the transfec-
tion efficiency.

Immunocytochemical staining

AQP2-mIMCD3 cells were divided into 3 groups: (1) Scram-
bled shRNA transfected; (2) PKCa A/25E vector transfected;
and (3) PKCa shRNA transfected. The cells in each group
were treated with 100 pmol/L DAAVP for 30 min. DdAVP
was removed, and the cells were incubated with culture
medium for 2 h (washout). The cells were then fixed in
4% paraformaldehyde for 10 min, rinsed twice in PBS, and
blocked for 15 min in a blocking/permeabilization solution
(PBS containing 0.1% BSA and 0.3% Triton X-100). The cells
were washed with PBS and pre-incubated in PBS contain-
ing 1% BSA for 20 min. The cells were incubated with an
a-tubulin antibody (at a final concentration of 2 ug/mL) at 4°C
overnight. The cells were washed with PBS and incubated
in the secondary goat anti-rabbit IgG conjugated with Cy3
antibody (at a final concentration of 2 ug/mL) for 1.5 h at RT.
Finally, the cells were washed twice with PBS and mounted
with DAPI for confocal laser-scanning microscopy equipped
with a CoolSNAP HQ camera.

Biotinylation of surface membrane proteins
Identifiably transfected AQP2-mIMCD3 cells were cultured
on polylysine-coated 60-mm dishes for 48 h and treated with
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DdAVP for 0 min, 30 min, or 30 min followed by a 2-h wash-
out. The cells were washed three times with PBS/ glycine (137
mmol/L NaCl, 2.7 mmol/L KCI, 10 mmol/L Na,HPO,, 1.8
mmol/L KH,PO,, pH 8.0, and 5 mmol/L glycine) and twice
with PBS®¥). An ice-cold biotinylation reagent (0.5 mg/mL
in PBS) was immediately added to cells. The biotinylation
reagent was removed after a 10-min incubation on ice, and the
cells were washed three times with PBS/ glycine.

Immunoblotting and immunoprecipitation

Transfected and DdAVP-treated cells were lysed in RIPA buf-
fer (10 mmol/L Tris-HCI, 0.15 mol/L NaCl, 1% NP-40, 1% Na-
deoxycholate, 0.5% SDS, 0.02% sodium azide, and 1 mmol/L
EDTA, pH 7.4). The cell lysates were clarified by centrifu-
gation at 1000xg for 10 min at 4°C. Protein concentrations
were measured using the bicinchoninic acid protein assay
reagent kit (Pierce, Thermo Fisher Scientific, Beijing, China)
and adjusted to the same concentration using lysine buffer. A
0.5-mL aliquot of the cell lysates was incubated with 50 puL of
streptavidin-agarose beads at 4°C overnight to capture bioti-
nylated proteins, 50 puL of protein A/G-agarose beads plus
the AQP2 antibody to capture total AQP2, or 50 puL of protein
A/G-agarose beads plus the PKCa antibody to capture total
PKCa. The beads were pelleted, washed, and boiled for 5 min
in 50 pL of cracking buffer (50 mmol/L Tris-HCI [pH 7.0], 10%
glycerol, 2% SDS, and 2% p-mercaptoethanol). The eluted
immunoprecipitates were separated on 10% polyacrylamide
gels and transferred electrophoretically to PVDF membrane.
The membranes were blocked for 90 min with blocking buf-
fer during gentle shaking and incubated overnight with anti-
bodies against AQP2 (0.5 ug/mL), phospho-5256-AQP2 (0.5

A Con #1 #2 #3 B

PrCa (I S -

1.5
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1.0 b b
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Figure 1.

AQP2-mIMCD3 mIMCD3

Inhibition of PKCa and the overexpression of AQP2 in mIMCD3 cells.

pg/mL), PKCa (0.5 ng/mL) or GAPDH (0.5 ng/mL). The
membranes were incubated with an HRP-conjugated IgG (0.1
png/mL) for 2 h at room temperature. Finally, the immuno-
reactive signals were visualized using an ECL reagent (Beyo-
time, Shanghai, China) and quantified using the Image ] pro-
gram (NIH, Bethesda, MD, USA).

Statistical analyses

The values are presented as the meanstSEM. The data were
analyzed using SPSS software. Statistical significance of differ-
ences was assessed using unpaired t-tests or two-way ANO-
VAs. A value of P<0.05 was viewed as statistically significant.

Results
Inhibition of PKCa and the overexpression of AQP2 in mIMCD3
cells
All three PKCa shRNA plasmids (#1, #2, and #3) and PKCa
scrambled shRNA plasmids were transfected into mIMCD3
cells to select the shRNAs with the highest inhibition efficiency
to PKCa. Crude proteins were extracted from the harvested
cells 48 h after transfection and subjected to Western blotting
using the PKCa antibody. PKCa shRNA #1 plasmids exhib-
ited the greatest inhibitory effect on PKCa, but all three PKCa
shRNAs demonstrated visible inhibition (P<0.01) (Figure 1A).
The transfection of mIMCD3 with the AQP2-GFP-pCMV6
plasmid produced 12 geneticin-resistant clones, 10 of which
were subjected to Western blot analysis (data not shown).
The clone that amply expressed AQP2 was selected and
named WT-7. A strong signal at 30 kDa in the selected AQP2-
mIMCD3 stable cell line (WT-7) was observed, but no signal
was detected in nontransfected mIMCD3 cells (Figure 1B).
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(A) PKCa shRNA plasmid #1, #2, #3, and PKCa scramble shRNA

plasmid (control) were transfected into mIMCD3 cells respectively. Forty-eight hours after transfection, crude proteins extracted from harvested cells
were subjected to Western blot using antibodies against PKCa. Representative blot was shown (left) and quantitative analysis of PKCa protein levels
were normalized to control group (n=3 each group) (right). "P<0.05 vs control group. (B) AQP2-mIMCD3 stable cell line was generated by transfecting
to express AQP2-GFP (See Materials and methods). The expression of AQP2-GFP was detected in selected WT7 stable cell lines. (C) AQP2-GFP stably
expressed WT7 cells were transfected with scramble shRNA (Con), PKCa A/25E constructs or PKCa shRNA, respectively. Forty-eight hours after
transfection, crude proteins extracted from harvested cells were subjected to Western blot using antibodies against PKCa (left). Quantitative analysis of
PKCa protein levels were normalized to control group (n=3 each group) (right). °P<0.05 vs control group.
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These results suggest the successful preparation of AQP2-
mIMCD3 stable cell lines.

The WT-7 stable cell line was used to investigate PKCa
expression following different transfections of PKCa scram-
bled shRNA, PKCa A/25E, and PKCa shRNA (#1) using
Western blot. The transfection of PKCa A/25E significantly
enhanced PKCa expression, but PKCa shRNA (#1) dramati-
cally suppressed PKCa expression (P<0.05) (Figure 1C). The
WT-7 cell line and PKCa A/25E and PKCa shRNA (#1) plas-
mids were utilized in subsequent experiments.

DdAVP enhanced the phosphorylation of AQP2 and PKC« in vitro
The physical association of AQP2 with endogenous PKCa was
examined in vitro in WT7 cell lines to reveal the direct role of
PKCa on AQP2. Cells with or without DAAVP treatment for
30 min were lysed, and PKCa was immunoprecipitated using
anti-PKCa antibodies. The immunoprecipitates were ana-
lyzed using Western blot and AQP2 antibodies. Strong sig-
nals for AQP2 and PKCa were detected in whole cell lysates
and immunoprecipitates, but no AQP2 signal was detected
in PKCa immunoprecipitates (Figure 2). These results sug-
gest that PKCa did not interact with AQP2 in vitro. However,
DdAVP treatment enhanced AQP2 phosphorylation at ser-
ine 256. Down-regulation of PKCa by shRNA did not alter
DdAVP-mediated AQP2 phosphorylation at serine 256. These
data indicated that PKCa did not influence DdAVP-induced
AQP2 phosphorylation at serine 256 (Figure 2).
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PKCa-AQP2 B
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AQP2 IB-AQP2
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Figure 2. DdAVP enhanced the phosphorylation of AQP2 and AQP2 did
not physically interact with PKCa in vitro. AQP2-GFP stably expressed WT7
cells were transfected with indicated constructs. Forty-eight hours after
transfection, cells were treated with or without DdAVP for 30 min. Cells
were then lysed and immunoprecipitation was performed with anti-PKCa
and anti-AQP2 antibodies. Crude proteins from whole cell lysates and
the immunoprecipitates were subjected to Western blot with indicated
antibodies.
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PKCa expression influenced the distribution of a-tubulin and
DdAVP-mediated AQP2 trafficking in mIMCD cells

An increase in PKCa activity induces the re-organization of
microtubules in proximal tubular cells®”. Therefore, PKCa-
induced alterations in microtubule architecture were inves-
tigated. Most cells that were transfected with scrambled
shRNA plasmid or PKCa shRNA plasmids exhibited a promi-
nent dense network of microtubules around the nucleus with
a considerably lower microtubule content in the cell periph-
ery under basal conditions. The constitutive activation of
PKCa increased microtubule formation in the cell periphery
(Figure 3, upper panel and middle panel). AQP2-mIMCD3
cells (WT7 cells) were incubated with DdAVP for 30 min fol-
lowed by a 2-h washout to evaluate the involvement of PKCa
in AVP-induced microtubule formation in the cell periphery.
Cells that were transfected with the control and PKCa A/25E
plasmids displayed increased microtubule formation in the
cell periphery following DAAVP stimulation. In contrast, the
down-regulation of PKCa expression using shRNA inhibited
DdAVP-induced microtubule depolymerization (Figure 3,
lower panel). Taken together, these data strongly indicated
that the expression of PKCa regulated microtubule distribu-
tion in mIMCD cells.

The role of PKCa in DdAVP-induced AQP2 trafficking
was investigated because PKCa influences microtubule reor-
ganization, and the DdAVP-induced depolymerization of
microtubules affects the redistribution of AQP2 to the plasma
membrane™ * *1. Immunofluorescence analyses indicated
that AQP2 was primarily localized around the nucleus under
basal condition. Treatment with DAAVP for 30 min produced
a pronounced increase in AQP2 localization in the plasma
membrane. DdAVP washout restored the perinuclear local-
ization of AQP2. The expression of constitutively activated
PKCa produced a wide distribution of AQP2 throughout the
cytoplasm in contrast to AQP2 localization around the nucleus
under basal conditions. DdAVP also induced the transloca-
tion of AQP2 to the plasma membrane in the PKCa A/25E
transfected group. The down-regulation of PKCa expres-
sion by shRNA interference inhibited DdAVP-induced AQP2
translocation to the plasma membrane (Figure 3).

Regulation of PKCa expression influenced DAAVP-stimulated
plasma location of AQP2

mIMCD-3 surface membrane proteins were biotinylated fol-
lowing DAAVP treatment for 0 min, 30 min, and 30 min fol-
lowed by a 2-h washout to confirm the immunofluorescence
results. Biotinylated proteins were captured from whole-cell
lysates using streptavidin beads, separated by SDS-PAGE
and probed using an AQP2 antibody. Immunoprecipitation
was performed in whole cell lysates in parallel using AQP2-
specific antibodies. The DdAVP-induced increase in biotin-
AQP2 was partially inhibited by PKCa down-regulation with
shRNA transfection, but biotin-AQP2 was enhanced by the
overexpression of PKCa A/25E (Figure 4). Moreover, differ-
ent treatments only marginally affected the total amount of
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Figure 3. PKCa expression influenced the distribution of a-tubulin and
DdAVP-mediated AQP2 trafficking in mIMCD3 cells. AQP2-GFP stably
expressed WT7 cells were transfected with PKCa cramble shRNA (Con),
PKCa A/25E constructs or PKCa shRNA constructs. Forty-eight hours after
transfection, cells were treated with or without DdAVP for O min, 30 min
or 30 min followed by 2 h washout. Cells were then fixed, permeablized
and stained with antibodies aganist PKCa (green) and o-tubulin (red) for
immunofluorescence. Nuclear was stained by DAPI (blue).
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Figure 4. Regulation of PKCa expression influenced DdAVP stimulated
plasma location of AQP2. (A) AQP2-GFP stably expressed WT7 cells were
transfected with indicated constructs. Forty-eight hours after transfection,
surface membrane proteins were biotinylated at O min, DdAVP treated
30 min, and DdAVP treated 30 min followed by 2 h washout. Whole
cell lysates were subjected to avidin pulldown assay using streptavidin-
agarose beads or immunoprecipitation (IP) using anti-AQP2 antibodies.
The recovered proteins were separated by SDS-PAGE and analyzed by
Western blot for AQP2 as described in Materials and Methods. For
each condition, the detected signals from avidin-pulldown assay and
AQP2 immunoprecipitation were from same SDS-PAGE gel. (B) Signals
from 3 independent experiments were quantified by densitometry. The
intensity of the AQP2 signals from the avidin pulldowns were normalized
to the corresponding AQP2 IP signals under each condition. Data were
represented as mean+SEM. °P<0.05 vs DAAVP O min group. °P<0.05 vs
DdJAVP 30 min+2 h washout group. "P<0.05 vs DJAVP 30 min con group.
“P<0.05 vs DdAVP 30 min PKCa A/25E group.

AQP2 as determined by AQP2 immunoprecipitation (Figure
4). These results were consistent with the AQP2 translocation
observed by immunofluorescence detection and demonstrated
that PKCa participated in DdAVP-mediated AQP2 transloca-
tion in mIMCD cells.

Discussion

PKCa exhibits different expression patterns in mouse and rat
kidneys. For example, PKCa localizes in the proximal tubule
of mice but not rats®*l. Our previous study demonstrated that
PKCa contributes to urine concentration in the mouse kid-
neyPl. The use of cell lines that originate from mouse IMCD
cells is reasonable because AQP2 is primarily expressed in
collecting duct principal cells, and the effect of PKCa on urine
concentrating occurs in the inner medulla. In the present
study, AQP?2 trafficking was examined in an mIMCD?3 cell line
that was derived from mouse IMCD and exhibited the prop-
erties of IMCD cells. However, immortalized mIMCD3 cells
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30]

lack AQP2 expression™, and AQP2 is only briefly expressed

in primary cultured IMCD cells®. Therefore, we generated
AQP2-mIMCD3 stable cell lines for the following experiments.
Our results demonstrated that AQP2 was located in intracel-
lular vesicles in non-stimulated mIMCD3 cells. DAAVP treat-
ment induced the translocation of AQP2 from the cytoplasm to
the plasma membrane, and DAAVP washout reversed AQP2
localization from the plasma membrane to the cytoplasm (Fig-
ure 4). Therefore, AQP2-mIMCD3 cells provide an optimal
cell model to investigate AQP?2 trafficking.

AQP2 phosphorylation at serine 256 by PKA plays an
important role in AQP2 trafficking **I.

phorylation of AQP2 at serine 256 is not sufficient to maintain
[34]

However, the phos-

the presence of the water channel at the plasma membrane
and the PKC-induced internalization of AQP2 in collecting
duct cells does not depend on the phosphorylation state of
AQP2P>3 - Our study demonstrated that DAAVP increased
AQP2 phosphorylation, and the inhibition of PKCa expression
did not influence DAAVP-mediated AQP2 phosphorylation at
serine 256, which is consistent with previous reports. These
results strongly suggest that AQP2 phosphorylation at serine
256 is PKCa independent. However, the ability of PKCa to
phosphorylate AQP2 at other phosphorylation sites, such as
serine 231, remains unclear. Our results indicated that PKCa
did not interact with AQP2 in vitro. Therefore, the ability of
PKCa to mediate the trafficking of phosphorylated AQP2
requires further investigation.

The disruption of microtubules induces AQP2 transloca-
tion to the plasma membrane" * *, and PKCa is involved
in cytoskeletal remodeling during cell motility, phagocyto-
sis, neurite outgrowth and the regulation of cytoskeleton-
associated proteins™” "\, Therefore, the impact of PKCa on
the cytoskeleton in AQP2-mIMCD3 cells was investigated.
Microtubules are part of the cytoskeleton and consist of a, 3,
and y tubulins. a-Tubulin is the major cytoskeletal protein
related to cell trafficking. The role of PKCa in the assembly of
a-tubulin was determined. PKCa overexpression or inhibition
produced a constitutively active form of PKCa or down-regu-
lated expression of PKCa, respectively, which resulted in the
de- and re-polymerization of a-tubulin, respectively. More-
over, PKCa down-regulation prevented DdAVP-mediated
a-tubulin depolymerization. These data indicated that PKCa
is involved in the assembly of a-tubulin in AQP2-mIMCD3
cells, which is consistent with previous reports”.

The microtubule-dependent transport of AQP2 is predomi-
nantly responsible for AQP2 trafficking and localization inside
of the cell after its internalization, but it is not responsible for
the exocytic transport of the water channel™. In the pres-
ent study, the overexpression of constitutively active PKCa
produced a wide distribution of AQP2 throughout the cyto-
plasm, which is in contrast to its translocation to the plasma
membrane. This result indicates that other factors/proteins
rather than a-tubulin are required for AQP2 translocation to
the plasma membrane!®. Furthermore, the consistent inhibi-
tion of a-tubulin depolymerization by the down-regulation of
PKCa expression produced a loss in DAAVP-mediated AQP2

translocation. This result confirms that a-tubulin is a key ele-
ment for the proper localization of AQP2 in the cytoplasmic
compartment.

In summary, the use of stably expressing AQP2-mIMCD3
cells demonstrated that PKCa did not functionally associate
with AQP2. The down-regulation of PKCa expression altered
the distribution of a-tubulin and inhibited DdAVP-mediated
AQP2 trafficking. However, constitutively activated PKCa
rescued or aggravated these changes. These data directly
demonstrated that PKCa mediates AQP2 trafficking by influ-
encing the assembly of a-tubulin and underscore the complex-
ity of the molecular events of PKCa-mediated urine concentra-
tion.
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Glucagon-like peptide 1 receptor plays a critical role
in geniposide-regulated insulin secretion in INS-1

cells
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Aim: To explore the role of the glucagon-like peptide 1 receptor (GLP-1R) in geniposide regulated insulin secretion in rat INS-1

insulinoma cells.

Methods: Rat INS-1 insulinoma cells were cultured. The content of insulin in the culture medium was measured with ELISA assay.
GLP-1R gene in INS-1 cells was knocked down with shRNA interference. The level of GLP-1R protein in INS-1 cells was measured with

Western blotting.

Results: Geniposide (0.01-100 umol/L) increased insulin secretion from INS-1 cells in a concentration-dependent manner. Geniposide
(10 umol/L) enhanced acute insulin secretion in response to both the low (5.5 mmol/L) and moderately high levels (11 mmol/L) of
glucose. Blockade of GLP-1R with the GLP-1R antagonist exendin (9-39) (200 nmol/L) or knock-down of GLP-1R with shRNA interfer-
ence in INS-1 cells decreased the effect of geniposide (10 umol/L) on insulin secretion stimulated by glucose (5.5 mmol/L).
Conclusion: Geniposide increases insulin secretion through glucagon-like peptide 1 receptors in rat INS-1 insulinoma cells.
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Introduction

Type 2 diabetes mellitus involves defects in both insulin secre-
tion and insulin sensitivity. Multiple insulin secretion defects
could occur, including the absence of pulsatility™, loss of the
early phase of insulin secretion after glucose stimulation”,
decreased basal and stimulated concentrations of insulin in the
plasma”, excess secretion of pro-hormone, and progressive
decreases in insulin secretory capacity!’. Thus, the regulation
of insulin secretion in pancreatic {3 cells has long been consid-
ered important for the prevention and treatment of type 2 dia-
betes mellitus'*.

Emerging data have shown that GLP-1 functions through
its receptor to regulate insulin secretion and glucose metabo-
lism and is, therefore, a potentially important target in the
treatment of type 2 diabetes. GLP-1 is able to improve insu-
lin secretion in subjects with impaired glucose tolerance and
type 2 diabetes”. Studies have demonstrated that increased
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expression or activity of GLP-1R is beneficial to p cell func-
tions, including insulin synthesis/ secretion!, proliferationm,
neogenesis”), and anti-apoptosis™. Unfortunately, GLP-1 has a
half-life of less than 2 minutes in the circulatory system owing
to rapid degradation by dipeptidyl peptidase-4 (DPP TV)¥L.
Utilizing a high-throughput screening assay, we previ-
ously identified geniposide as a potent agonist of GLP-1R and
possessed neurotrophic and neuroprotective properties!’'%.
However, it is unknown whether geniposide is able to
improve insulin secretion in pancreatic p cells. In the present
study we examined the effect of geniposide on insulin secre-
tion in INS-1 cells. The results demonstrate that geniposide
increased insulin secretion in a dose-dependent manner and
enhanced glucose-stimulated insulin secretion in INS-1 cells.
We have further observed that exendin (9-39), an antagonist
of GLP-1R, and GLP-1R siRNA decreased the effect of genipo-

side on glucose-stimulated insulin secretion in INS-1 cells.

Materials and methods

Cell culture

An INS-1 rat insulinoma cell line was purchased from the
CCTCC (China Center for Type Culture Collection). The cells
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were grown in a humidified atmosphere with 5% CO,at 37°C.
The culture medium was RPMI-1640 containing 11 mmol/L
glucose, which was supplemented with 10% FBS, 10 mmol/L
HEPES, 100 U/mL penicillin, 100 pg/mL streptomycin, 2
mmol/L L-glutamine, 1 mmol/L sodium pyruvate, and 50
pmol/L mercaptoethanol. Cells were passaged every week
following trypsinization.

Geniposide induces insulin secretion in a concentration-depend-
ent manner

To investigate the effect of geniposide on insulin secretion,
INS-1 cells were seeded onto 12-well plates and cultured for
24 h. The cells were washed twice with Krebs-Ringer bicar-
bonate buffer (KRBH; 129 mmol/L NaCl, 4.8 mmol/L KCI, 1.2
mmol/L MgSO,, 1.2 mmol/L KH,PO,, 2.5 mmol/L CaCl,, 5
mmol/L NaHCO;, 0.1% BSA, 10 mmol/L HEPES; pH 7.4) and
starved for 2 h in KRBH buffer. Then, the cells were incubated
with fresh KRBH containing different concentrations of geni-
poside (0, 0.01, 0.1, 1.0, 10, or 100 pmol/L) for 1 h. The super-
natants were collected to determine the insulin content using
commercial kit (Linco Research, Inc, Missouri, USA) according
to the kit” instructions.

Effect of geniposide on insulin secretion stimulated by glucose
To explore the influence of geniposide on glucose-stimulated
insulin secretion, INS-1 cells were seeded onto 12-well plates
and cultured for 24 h. After the cells were washed two times
with fresh KRBH and starved for 2 h in fresh KRBH, the cells
were incubated with 10 umol/L geniposide in the absence or
presence of indicated concentrations of glucose for 1 h. The
supernatants were collected and analyzed for insulin concen-
tration using commercial kit (Linco Research, Inc, Missouri,
USA) according to the kit” instructions.

The role of GLP-1R in geniposide-inducing insulin secretion

To probe the role of GLP-1R, we investigated the effect of an
antagonist for GLP-1R on insulin secretion in the presence
of a low concentration of glucose. INS-1 cells were starved
for 2 h in fresh KRBH, placed for 1 h in fresh KRBH contain-
ing 200 nmol/L exendin (9-39), and then treated for 1 h with
5.5 mmol/L glucose in the presence or absence of 10 umol/L
geniposide. The supernatants were collected to probe the
insulin concentration using commercial kits.

To further explore the role of GLP-1R in the regulatory
effects of geniposide on insulin secretion, we constructed a
stable INS-1 cell line with the GLP-1R silenced by a shGLP-1R
plasmid, which was optimized in our previous work™.. The
level of GLP-1R expression was analyzed with Western
blot and real-time PCR. The primers were 5-TATTGGCT-
CATCATACGCTTG-3" (GLP-1R sense), 5-GTCTGCATTTG
ATGTCGGTCT-3" (GLP-1R antisense), 5'-AAGTTCAACG-
GCACAGTCAAG-3" (GAPDH sense) and 5'-CCAGTA-
GACTCCACGACATACTCA-3" (GAPDH antisense). The
mRNA and protein levels of GLP-1R are about 35.4% and 21%
those of the control, respectively. Using the same protocol
as introduced in Materials and Methods, we determined the
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insulin secretion induced by geniposide in INS-1 cells in which
GLP-1R had been knocked down.

Statistical analysis

Data are expressed as the means+SD from at least three inde-
pendent experiments. When significance was detected, the
differences between the treatments were analyzed using a
one-way ANOVA with the Origin 8.0 Pair-Sample t-Test. The
significance level was set at P<0.05.

Results

Geniposide regulates insulin secretion in INS-1 cells

As shown in Figure 1, geniposide elicited concentration-
dependent increases in insulin secretion in P cells. Similar to
GLP-1, geniposide also increased acute insulin secretion in
response to both low and moderately high glucose levels (Fig-
ure 2).

Insulin (ng:mL*.h*)

0 0.01 0.1 1 10
Geniposide (umol/L)

100

Figure 1. Geniposide induces insulin secretion in a concentration-
dependent manner in INS-1 cells. The INS-1 cells at passages of 68-73
were seeded at 5x10° cells/well in 12-well-plates. The next day, the
cells were washed twice with KRBH buffer and starved in KRBH buffer
for 2 h. The media was changed with fresh KRBH containing different
concentrations of geniposide (0, 0.01, 0.1, 1.0, 10, or 100 pymol/L).
Following 1-h incubation, the medium was collected and analyzed
for insulin concentration. Data are expressed as means+SD from 4
independent experiments. °P<0.01 vs control by one-way ANOVA followed
by the Pair-Sample t-Test using Origin 8.0 software.

In normoglycemic subjects, glucose-stimulated insulin secre-
tion is characterized by a biphasic pattern, with the peak of the
first phase rising abruptly 3-5 min after glucose stimulation
and lasting for about 10 min'*. To determine whether genipo-
side induces changes in both phases of insulin secretion, we
tested the influence of geniposide on biphasic insulin secretion
in INS-1 cells in the absence or presence of low glucose levels.
It was observed that geniposide enhanced insulin secretion in
both phases when glucose was present (Figure 3).

GLP-1R plays an important role in geniposide-induced insulin
secretion in INS-1 cells.

Our previous work showed that geniposide was an agonist
of GLP-1R™™. To investigate the role of GLP-IR in glucose-
stimulated insulin secretion, we determined the effect of
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Figure 2. Geniposide potentiates glucose-stimulated insulin secretion
in INS-1 cells. INS-1 cells were seeded in 12-well-plates and continued
to incubate for 24 h; the cells were washed twice with fresh KRBH and
starved in KRBH buffer for 2 h. The media was changed with fresh KRBH
containing different concentrations of glucose (0, 5.5, or 11 mmol/L)
with or without 10 umol/L geniposide or GLP-1 (330 nmol/L). Following
1-h incubation, the medium was collected and analyzed for insulin
concentration. Data are expressed as meanszSD from 6 independent
experiments. °P<0.05, °P<0.01 vs control at the same glucose
concentration by one-way ANOVA followed by the Pair-Sample t-Test using
Origin 8.0 software.
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Figure 3. Effects of geniposide on the biphasic glucose-stimulated
insulin secretion in INS-1 cells. INS-1 cells were treated with 10 ymol/L
geniposide in the presence or absence of 5.5 mmol/L glucose (G5.5) for
20 min. The media were collected in a 30-s intermediate to determine
the insulin secretion with ELISA. Data are expressed as mean of two
independent experiments.

geniposide on insulin secretion in the presence or absence of
a GLP-1R antagonist, exendin (9-39) amide. The data dem-
onstrate that pretreatment with 200 nmol/L exendin (9-39)
for 1 h prevented the geniposide-induced increase in insulin
secretion in INS-1 cells (Figure 4A).

We also checked the effect of GLP-1R interference on
geniposide-induced insulin secretion in INS-1 cells. The
results showed that, in INS-1 cells in which GLP-1R had been
knocked down, the level of insulin secretion induced by 5.5
mmol/L glucose did not differ from that of the control cells.
These results suggest that glucose-stimulated insulin secretion
is not dependent upon GLP-1R. However, in contrast to nor-
mal cultured INS-1 cells, geniposide failed to enhance glucose
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Figure 4. GLP-1R plays a critical role in geniposide-induced insulin
secretion in INS-1 cells. (A) After the attached INS-1 cells were washed
twice and starved for 2 h, the media was changed with KRBH buffer
containing 5.5 mmol/L glucose, and INS-1 cells were treated with
geniposide (10 pmol/L) or GLP-1 (330 nmol/L) in the presence or
absence of GLP-1 receptor antagonist, exendin (9-39) (Ex, 200 nmol/L)
for 1 h. (B) GLP-1R-interferred INS-1 cells and control cells were treated
with 5.5 mmol/L glucose for 1 h in the presence or absence of 10
umol/L geniposide, respectively. The media were collected to determine
the level of insulin secretion. Data are expressed as means+SD from 6
independent experiments. °P<0.01 vs control. °*P<0.05 vs geniposide
group; "P<0.05 vs GLP-1 group by one-way ANOVA followed by the Pair-
Sample t-Test using Origin 8.0 software.

stimulated insulin secretion in GLP-1R- knockdown INS-1
cells (Figure 4B). Taken together with the effect of exendin
(9-39) on geniposide regulation of glucose-stimulated insulin
secretion, these results indicate that GLP-1R plays an impor-
tant role in geniposide regulation of insulin secretion in INS-1
cells.

Discussion
Type 2 diabetes mellitus is a metabolic disorder that manifests
mainly as abnormalities in pancreatic insulin secretion and the
peripheral actions of insulin. During the progression of diabe-
tes, the mass of B3 cells is reduced, with a concomitant decrease
in the amount of insulin secreted. An effective therapeutic
option is to use drugs to boost the production and release of
insulin by pancreatic islets. For example, sulfonylurea-based
drugs that act on the P-cell secretory apparatus augment the
release of insulin, overcoming peripheral insulin resistance
and restoring normoglycemia in type 2 diabetic patients.
Nonetheless, treatment with sulfonylureas is associated with
side-effects, such as non-optimal normoglycemic control,
which triggers protracted hypoglycemic episodes, worsens
myocardial function, and potentially causes weight gain> ',
Alternatively, natural hypoglycemic compounds may offer
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advantages over the drugs currently used for diabetes. For
example, plant-derived iridoids, of which many are dietary
constituents, may serve as promising candidates for the devel-
opment of therapeutics to prevent or treat diabetes. Jin et al
reported that aucubin lowers blood glucose and protects the
pancreas from oxidative stress in streptozotocin-induced dia-
betes. Thus, aucubin might have potential as a safe preventive
agent against diabetes””. In the present study, we examined
the effect of geniposide, one of the main iridoid glucoside of
Gardenia fruit, on insulin secretion and GLP-1R. We found,
for the first time, that geniposide induces insulin secretion in
f-cells in a dose-dependent manner and that geniposide has a
synergistic effect on insulin secretion in INS-1 cells in the pres-
ence of low and moderately high doses of glucose. We also
observed that geniposide directly induced insulin secretion in
INS-1 cells in the absence of glucose. These results may be a
consequence of the activation of GLP-1R by geniposide, which
regulates the concentration of Ca” through a signal pathway,
or changes in the energy balance of INS-1 cells, which alters
the ATP ratio and further regulates the activity of ATP-sensi-
tive K" channels.

GLP-1 is an incretin, which is released in response to car-
bohydrate and fat intake and enhances glucose-stimulated

insulin secretion.

An increasing number of studies have
demonstrated the benefits of GLP-1 for increasing pancreatic
B cell mass and function. Because GLP-1 exerts its beneficial
effects through binding and activating its receptor, GLP-1R
is a valuable target for the treatment of diabetes”. How-
ever, GLP-1 has an extremely short half-life owing to rapid
degradation by DPP IV, which limits the therapeutic value
of exogenous GLP-1"!. Therefore, it is important to develop
small molecules that are able to activate GLP-1R. The ability
of geniposide to activate GLP-1R has previously been dem-

10121 However, the effects of this com-

onstrated in neurons
pound on the regulation of insulin secretion and GLP-1R are
poorly understood. It is conceivable that GLP-1R agonists can
play a role as anti-diabetic agents and as tools for researching
islet metabolism. Nevertheless, our findings about the action
of geniposide on P-cell insulin secretion warrant investigation
into the molecular mechanisms involved. Moreover, we also
observed that both exendin (9-39) and GLP-1R siRNA off-set
the effect of geniposide on insulin secretion, suggesting that
GLP-1R plays a critical role in the geniposide-induced increase
in insulin secretion by INS-1 cells.

Additionally, the observed increase in glucose-stimulated
insulin secretion in INS-1 cells following incubation with
geniposide was especially evident during the first-phase of
insulin secretion. In type 2 diabetes mellitus, the first-phase
of insulin secretion is abolished and late phase secretion is
reduced and delayed™. The early phase of insulin secre-
tion is pivotal in the transition from the fasting state to the

[19]

fed state with a different function"”. A reduction in the first-

phase of insulin secretion has been found both in patients with
overt type 2 diabetes mellitus and at the early stage of disease
development, which involves impaired glucose tolerance and

[20]

a slightly elevated fasting glucose'™. The effect of geniposide
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on insulin secretion through activation of GLP-1R suggests
that geniposide may be a potential therapeutic agent for the
prevention or treatment of type 2 diabetes.
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Original Article

Plumbagin inhibits cell growth and potentiates apop-
tosis in human gastric cancer cells in vitro through
the NF-kB signaling pathway
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Aim: To investigate the effects and underlying mechanisms of plumbagin, a naphthoquinone derived from medicinal plant Plumbago
zeylanica, on human gastric cancer (GC) cells.

Methods: Human gastric cancer cell lines SGC-7901, MKN-28, and AGS were used. The cell viability was examined using CCK-8 viabil-
ity assay. Cell proliferation rate was determined using both clonogenic assay and EdU incorporation assay. Apoptosis was detected
via Annexin V/propidium iodide double-labeled flow cytometry. Western blotting was used to assess the expression of both NF-kB-
regulated gene products and TNF-a-induced activation of p65, IkBa, and IKK. The intracellular location of NF-kB p65 was detected
using confocal microscopy.

Results: Plumbagin (2.5-40 pmol/L) concentration-dependently reduced the viability of the GC cells. The IC5, value of plumbagin in
SGC-7901, MKN-28, and AGS cells was 19.12, 13.64, and 10.12 umol/L, respectively. The compound (5-20 pmol/L) concentration-
dependently induced apoptosis of SGC-7901 cells, and potentiated the sensitivity of SGC-7901 cells to chemotherapeutic agents TNF-
aand cisplatin. The compound (10 umol/L) downregulated the expression of NF-kB-regulated gene products, including IAP1, XIAP, Bcl-

2, Bel-xL, tumor factor (TF), and VEGF. In addition to inhibition of NF-kB p65 nuclear translocation, the compound also suppressed
TNF-a-induced phosphorylation of p65 and IKK, and the degradation of IkBa.
Conclusion: Plumbagin inhibits cell growth and potentiates apoptosis in human GC cells through the NF-kB pathway.

Keywords: plumbagin; anticancer drug; TNF-«; cisplatin; gastric carcinoma; apoptosis; NF-kB
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Introduction

Gastrointestinal cancers comprise a large percentage of malig-
nancies and cancer-related deaths, among which gastric and
colorectal cancers are most common!'!. Approximately 700000
annual deaths make gastric cancer (GC) the second leading
cause of mortality in the world®. Nearly two-thirds of gastric
cancer mortality occurs in developing countries. In China,
the death rate is 42%'. Despite the rapid progress in surgical
techniques and chemotherapies, prognosis for patients with
GC is usually poor. Therefore, it is urgent to find an effective
therapy against this malignant disease.
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Recently, dietary components and phytochemicals were
shown to be effective in treating various human diseases® *.
Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) is a
quinonoid constituent derived from the roots of the medicinal
plant Plumbago zeylanica. This plant has been safely used for
centuries in traditional ayurvedic and Chinese medicine!.
Plumbagin has been reported to exhibit anti-microbial proper-
ties!® anti-atherosclerotic effects”), and anticancer activities
both in vitro and in vivoP. Previous findings suggest that
plumbagin can inhibit cell proliferation and induce apoptosis
in breast carcinomas', suppress promotion and metastasis in
prostate cancer®, and induce cell cycle arrest and apoptosis
in melanoma cells”. The results of these studies have shown
that plumbagin has enormous potential as an anticarcinogenic
agent. However, the effectiveness of plumbagin in the treat-
ment of GC, as well as its mechanism of action, has not been
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investigated.

Although it is clear from previous studies that plumbagin
acts as an anticancer agent by inducing apoptosis and halt-
ing cell proliferation, how plumbagin mediates these effects
is not fully understood. Evidence in the current literature
suggests that plumbagin can suppress the activation of
nuclear factor-kB (NF-xB) in A549 human lung cancer cells!"”.
Plumbagin can also modulate the activation of p65 and IxBa
kinase, leading to the activation of apoptosis in several cancer

cell lines"!

. Plumbagin may also inhibit the expression of
NF-xB-regulated gene products, such as B-cell lymphoma-2
(Bcl-2)1", Bel-xL!", and vascular endothelial growth factor
(VEGF)™. Therefore, it is possible that plumbagin exerts its
anticarcinogenic action by regulating the NF-xB pathway.
NF-xB is a ubiquitous and evolutionarily conserved tran-
scription factor that is activated in a wide variety of tumors!"!
and plays a pivotal role in tumorigenesis™ . The NF-«xB
proteins, and other proteins associated with the NF-kB path-
way, have been linked to cellular transformation, prolifera-
tion, apoptosis suppression, and angiogenesis". In GC cells,
NF-«B was shown to be constitutively activated", and the
activation of NF-xB has been touted as a prognostic parameter

in gastric carcinoma™®.

Thus, agents that suppress NF-xB
activation have great potential to be effective in the prevention
and treatment of GC. Two NF-xB-suppressing compounds

18] which were shown to

include paeoniflorin™” and wogonin
cause GC cell apoptosis by regulating the activation of NF-xB.
Because plumbagin has been reported to inhibit the activa-
tion of NF-«xB, and NF-xB plays a pivotal role in gastric car-
cinoma, we hypothesized that plumbagin may exert its anti-
carcinogenic effects in human GC cells by blocking the NF-«xB

pathway.

Materials and methods

Materials

Plumbagin, dimethyl sulfoxide (DMSO), and propidium
iodide (PI) were purchased from Sigma-Aldrich (St Louis, MO,
USA). Plumbagin was dissolved in DMSO to a concentration
of 200 mmol/L and stored in a dark-colored bottle at -20°C.
This stock solution was further diluted in cell culture medium
immediately before use. Tumor necrosis factor-a (TNF-a) was
purchased from Pepro Tech Inc (Rocky Hill, NJ, USA). The
antibodies against Bcl-2, VEGF, tumor factor (TF), B-actin, and
Cy3-labeled goat anti-rabbit IgG were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). The IAP1 anti-
body was provided by Epitomic, Inc (Burlingame, CA, USA).
The Anti-Bcl-xL, anti-XIAP, and anti-histone H2B antibodies
were purchased from Bioworld Technology (Minneapolis,
MN, USA). The antibodies against IxB kinase a (IKKa), NF-«xB
p65, phospho-p65 (Ser 536), IxBa, phospho-IkBa (Ser 32), goat
anti-mouse-HRP conjugate, and goat anti-rabbit-HRP conju-
gate were purchased from Cell Signaling Technology (Beverly,
MA, USA). The penicillin, streptomycin, RPMI-1640 medium,
and fetal bovine serum (FBS) were obtained from GIBCO BRL
Life Technologies (Grand Island, NY, USA).

Cell culture

Human gastric cancer cell lines, SGC-7901, MKN-28, and AGS,
were cultured in RPMI-1640 medium supplemented with
10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin.
Cells were incubated in a humidified atmosphere of 5% CO, at
37°C.

Cell viability and proliferation assay

Cell viability was assessed using the Cell Counting Kit-8
assay (CCK-8, Dojindo Laboratories, Kumamoto, Japan)’.
Briefly, GC cells were grown in 96-well plates (10000 cells/
well) overnight without treatment. The cells were then incu-
bated with varying concentrations of plumbagin and collected
at several different time points. At the time of collection, 10
pL of kit reagent, WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfonyl)-2H-tetrazolium], was added to
each well and incubated for 4 h at 37°C. Thereafter, the opti-
cal density (OD) was measured at 450 nm using a 96-well mul-
tiscanner autoreader (Thermo Electron Corp, Waltham, MA,
USA).

The effect of plumbagin on cell proliferation was deter-
mined using both a clonogenic assay and an EAU (5-ethynyl-
2’-deoxyuridine) incorporation assay. Briefly, SGC-7901 cells
were cultured in 30 mm dishes and treated with plumbagin
at various concentrations (0, 5, 10, and 20 pmol/L) for 6 h.
After treatment, the medium was removed and replaced with
fresh medium. Cells were grown for 10 d at 37°C to allow for
colony formation. Subsequently, the cells were washed with
phosphate-buffered saline (PBS), fixed with 4% formaldehyde
for 15 min at room temperature and stained with 0.5% crystal
violet. The images were collected, and the number of colonies
in each well were counted.

Proliferating cells were stained with EdU using the Cell-
Light EQAU DNA Cell Proliferation Kit (RIBOBio Co, Guang-
zhou, China)®. The cells were seeded in 96-well culture
plates and exposed to media with or without plumbagin. All
cells were treated with 50 pmol/L of EdU for 4 h at 37°C.
After being fixed with 4% paraformaldehyde for 15 min, the
cells were treated with 0.5% Triton X-100 for 20 min and rinsed
with PBS three times. Thereafter, the cells were exposed to
100 pL of 1xApollo® reaction cocktail for 30 min and incubated
with 5 pg/mL of Hoechst 33342 to stain the cell nuclei for 30
min. Images were captured using a fluorescent microscope
(Olympus, Tokyo, Japan).

Apoptotic cell detection

An Annexin-V-FITC kit (Bender Medsystems, Burlingame,
CA, USA) was used according to the manufacturer’s instruc-
tions. Briefly, the plumbagin-treated GC cells were resus-
pended in 500 pL binding buffer, followed by staining with
an Annexin-V-FITC and PI solution for 30 min at room tem-
perature in the dark. The samples were analyzed immediately
using the FACSCalibur flow cytometer (Becton, Dickinson and
Co, San Jose, CA, USA).
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Western blot analysis

Cells seeded in 10 cm dishes were treated with 10 pmol/L or
5 pmol/L of plumbagin. Total cell extracts were prepared
using M-PER mammalian protein extraction reagent and pro-
tease inhibitors (Pierce, Rorkford, IL, USA). The cytoplasmic
and nuclear extracts were prepared using the Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime, Jiangsu, China).
Protein concentrations were determined using the BCA pro-
tein assay (Pierce, Rorkford, IL, USA). Equivalent amounts of
protein (30 pg) were loaded per lane, resolved by SDS-poly-
acrylamide gel electrophoresis (8%-12%), and transferred to
PVDF membranes. After being blocked with a 5% skim milk
solution for 1 h, the membranes were incubated with their
respective primary antibodies overnight at 4°C, followed by
secondary antibody incubations for 1 h at room temperature.
The proteins were visualized using an enhanced chemilumi-
nescence system (ECL, Beyotime Institute of Biotechnology,
Jiangsu, China).

Immunofluorescence for NF-kB p65 localization

The effect of plumbagin on the nuclear translocation of p65
was examined by immunofluorescence™!. Briefly, GC cells
were washed in PBS and fixed with 4% paraformaldehyde for
15 min at room temperature. The fixed cells were permeabi-
lized with 0.5% Triton-X 100 in PBS for 10 min and blocked
with a 5% bovine serum albumin in PBS. The anti-NF-xB
p65 antibody was diluted 1:100 and incubated overnight at
4°C. The cells were then incubated with Cy3-labeled second-
ary antibodies for 1 h and mounted with Hoechst 33342 stain.
Images were captured using an A1Si confocal laser-scanning
microscope (Nikon, Japan).

Statistical analysis

The data are presented as the mean+SD. The Student’s t-test
was used to determine the significance between groups. P
values of less than 0.05 were considered to be significant. All
statistical analyses were performed using the SPSS (Statistical
Package for the Social Sciences) 13.0 software.

Results

Plumbagin decreased viability and inhibited the proliferation of
GC cells

Cell viability was assayed by treating GC cell lines, including
SGC-7901, MKN-28, and AGS cells, with various concentra-
tions of plumbagin followed by analysis using the CCK-8
viability assay. We observed that cellular viability was sup-
pressed by plumbagin in a dose-dependent manner in all three
of the GC cell lines (Figure 1A). The IC5, values of plumbagin
in SGC-7901, MKN-28, and AGS cells were 19.12 umol/L,
13.64 pmol/L, and 10.12 pmol /L, respectively.

The EdU incorporation assay was performed to detect
whether plumbagin could affect the number of proliferating
cells. We determined that the number of EdU-positive cells
in the plumbagin group was reduced compared to the control
group. This indicated that plumbagin inhibited the prolifera-
tion of SGC-7901 cells in vitro (Figures 1B and 1C).
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To determine the effect of the long-term antiproliferative
activity of plumbagin, we used clonogenic assays. The clo-
nogenicity of SGC-7901 cells in the plumbagin groups was
reduced in a concentration-dependent manner (Figure 1D).
We observed an inhibition of more than 30% for colony forma-
tion (Figure 1E).

Plumbagin enhanced the cell apoptosis of GC cells

The amount of apoptotic cell death was quantified with
Annexin V-FITC/PI double-labeled flow cytometry. The SGC-
7901 cells were pretreated with varying concentrations of
plumbagin. This led to an increase in the amount of apoptosis
in this cell line (Figure 2A). The total apoptosis rates were
1.77%%0.31%, 8.00%+1.67%, 30.57%%1.25%, and 35.33%+1.31% at
plumbagin concentrations of 0 pmol/L, 5 pmol/L, 10 pmol/L,
and 20 pmol/L of plumbagin, respectively.

Plumbagin suppressed the expression of NF-kB-regulated gene
products

NF-xB is known to regulate the expression of IAP1, XIAP,
Bcl-2, and Bcl-xL, all of which are associated with cancer cell
survival®?!. To investigate whether plumbagin inhibits the
expression of these proteins, whole-cell protein extracts were
prepared and analyzed by Western blotting with the specific
antibodies. Plumbagin decreased the expression of these pro-
teins in a time-dependent manner (Figure 3A).

We also determined the effect of plumbagin on the NF-xB-
dependent gene products that are involved in angiogenesis
and metastasis. We found that plumbagin downregulated the
expression of both VEGF and TF (Figure 3B).

Plumbagin inhibited TNF-a-induced phosphorylation and nuclear
translocation of NF-kB p65
We investigated the effect of plumbagin on p65 nuclear
translocation and its phosphorylation status. In general, p65
is located in the cytoplasm in untreated cells, and TNF-a-
induced p65 is detected in the nuclei. In cells pretreated with
plumbagin, the TNF-a-induced nuclear translocation of p65
was almost completely suppressed (Figure 4A).
Modifications of p65, such as phosphorylation, play an
important role in NF-xB transcriptional activity!™. Therefore,
we examined the effect of plumbagin on the phosphorylation
and expression of p65 in both nuclear extracts (NE) and cyto-
plasmic extracts (CE) by Western blot. In the nuclear protein
extracts from the TNF-a-treated cells, the accumulation of both
total and phosphorylated p65 increased in a time-dependent
manner. Concurrently, the expression of p65 in cytoplasmic
extracts decreased gradually upon TNF-a stimulation. The
p65 nuclear translocation and phosphorylation induced by
TNF-a were markedly suppressed in the plumbagin-pre-
treated GC cells (Figure 4B).

Plumbagin inhibited both TNF-a-induced degradation of IkBa and
the phosphorylation of IkBa and IKKax

It is well known that after the phosphorylation, ubiquitination,
and proteolytic degradation of IxBa, the p50-p65 heterodimer
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1 To determine

is released and translocates to the nucleus
whether plumbagin inhibited p65 nuclear translocation was
due to the degradation and phosphorylation of IxkBa, we
exposed the cells (pretreated with or without plumbagin) to
TNF-a for varying amounts of time. IxBa was degraded in
the control cells; however, in the plumbagin pretreated cells,
TNF-a failed to induce the degradation of IxBa. Furthermore,
TNEF-a increased IxkBa phosphorylation in the control cells but
had no effect on the plumbagin-pretreated cells (Figure 5).
These results indicated that plumbagin suppressed both TNF-
a-induced IxBa degradation and the activation of IxBa, which
occurs prior to p65 nuclear translocation.

The phosphorylation of IxBa required activation of IKK. To
examine the effect of plumbagin on IKKa activation, we inves-
tigated whether plumbagin could influence TNF-a-induced
IKKa phosphorylation. Indeed, plumbagin suppressed TNF-
a-dependent IKKa phosphorylation. Both the TNF-a and

plumbagin treatments had a weak effect on IKKa protein
expression (Figure 5).

Plumbagin potentiated apoptosis induced by TNF-a as well as
cisplatin

Because TNF-a and the chemotherapeutic agent cisplatin are
two anticancer agents that are commonly used in the clinic, we
investigated whether plumbagin affects TNF-a- and/or cispl-
atin-induced apoptosis. The results displayed an increase in
the cytotoxic effect induced by either TNF-a or cisplatin in the
presence of plumbagin. This suggests that plumbagin potenti-
ated the apoptotic effects of both TNF-a and cisplatin (Figure
6).

Discussion
The aim of this study was to investigate whether plumbagin
has an anticancer effect on human GC cells via inhibition of
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Figure 2. Plumbagin enhanced cell apoptosis of GC cells. (A) Plumbagin
induced apoptosis of SGC-7901 cells. Cells were incubated with O, 5,
10, and 20 pmol/L plumbagin for 12 h. The apoptosis was analyzed by
Annexin V-FITC/PI double-staining assay. (B) The degree of apoptotic cell
death was quantified. Data represented the mean+SD of three individual
experiments (°P<0.05).

the NF-xB pathway. We identified, for the first time, that GC
cells treated with plumbagin underwent growth inhibition,
apoptosis and increased chemosensitivity in a dose-dependent
manner. We also observed that the protein expression levels
of various anti-apoptotic proteins were downregulated by
plumbagin in a time-dependent manner. Furthermore, we
determined that plumbagin suppressed both NF-«B activation
and the expression of NF-kB-regulated gene products. The
effects of plumbagin on the NF-xB pathway largely explained
how plumbagin increased the chemosensitivity of GC cells.

It is interesting to note that plumbagin caused apoptosis in
human GC cell lines, including the well-differentiated MKN-
28 cells, and the partially-differentiated SGC-7901 and AGS
cell lines. The effective concentration of plumbagin necessary
to induce GC cell death is comparable with several existing
natural products that have been tested on human GC cells,
0826 The downregulated anti-
apoptotic proteins that we observed upon treatment with

such as wogonin and curcumin
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Figure 3. Plumbagin suppressed the expression of NF-kB-regulated gene
products. (A) Plumbagin decreased the expression of NF-kB-regulated
anti-apoptotic proteins. (B) Plumbagin suppressed the expression of
VEGF and TF. SGC-7901 cells were incubated with 10 pmol/L plumbagin
for different time periods (O, 2, 4, 8, 12, and 24 h). Whole-cell extracts
were prepared and measured by Western blot analysis using the relevant
antibodies.

plumbagin, including IAP1, XIAP, Bcl-2, and Bcl-xL, are the
main reasons for increased apoptosis. Because Bcl-2 and Bcl-
xL are key members in the mitochondrial apoptotic pathway,
we conclude that mitochondria may be one of the pathways
for apoptosis.

We determined that plumbagin was able to suppress the
expression of proteins involved in anti-apoptosis (ie, IAP1,
XIAP, Bcl-2, and Bcl-xL), angiogenesis (VEGF), and metastasis
(TF)® 1, all of which are linked to, and regulated by, NF-«B.
Based on our findings, we hypothesized that plumbagin may
have an effect on the NF-xB pathway in GC cells. Indeed,
plumbagin blocked the nuclear translocation of NF-xB p65.
Plumbagin also caused the downregulation of both the expres-
sion and phosphorylation of NF-xB p65 in nucleus induced by
TNF-a.

Exposing cancer cells to TNF-a initiates numerous intracel-
lular signaling cascades, most of which activate the IKK com-
plex, which consists of IKKa, IKKB, and IKKy?. In the cur-
rent study, plumbagin inhibited TNF-a-induced phosphoryla-
tion of IKKa. IxBa is phosphorylated at serine residues 32 and
34 by IKKs, and this phosphorylation triggers the degradation
of IxBa, which allows for the release and translocation of p65
into the nucleus to activate the transcription of target genes™.
We observed that plumbagin inhibited TNF-a-induced deg-
radation of IxBa by suppressing its phosphorylation. Similar
to our data, several studies have shown that some natural
constituents, such as berberine, berbamine, and curcumin,
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can suppress the activation of NF-xB and its target genes
and cause apoptosis in various cancer cells® . Whether
plumbagin is a selective inhibitor of other transcription factors
in GC cells remains to be elucidated.

Chemotherapy is widely used in the treatment of numerous
malignancies and is a potent therapeutic method; however,
chemoresistance remains a major obstacle in the chemothera-
peutic treatment of cancer. Overexpression of transcription
factors, such as NF-kB, contributes to enhanced cancer cell

survival and chemoresistance®®.

Interestingly, we found that
plumbagin potentiated apoptosis induced by TNF-a or cis-
platin. Plumbagin, in combination with TNF-a or cisplatin,
was more effective than the single agent alone. This might be
explained by the fact that the apoptosis induced by TNF-a or
cisplatin can be suppressed by the activation of NF-kBP* *,

which is inhibited by plumbagin. This again suggests that
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Plumbagin inhibited TNF-a-induced p65 localization
by immunofluorescence analysis. SGC-7901 cells
were either pretreated or untreated with 5 pmol/L
p65 plumbagin for 4 h and then exposed to 0.1 nmol/L
TNF-a for 30 min (magnificationx400). (B) Plumbagin
inhibited TNF-a-induced phosphorylation and nuclear
translocation of p65. SGC-7901 cells were first
treated or untreated with 5 ymol/L plumbagin for 4 h
and then exposed to 0.1 nmol/L TNF-«a for indicated
times. Nuclear extracts (NE) and cytoplasmic extracts
(CE) were prepared and analyzed by Western blot
with antibodies against p65 and phospho-p65. The
antibodies of anti-B-actin and anti-histone H2B were
used as controls.
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plumbagin could be a useful therapeutic strategy in human
GC.

Given its strong anticancer abilities, the toxicity of plum-
bagin has been extensively evaluated. In rodents, plumbagin
had dose-related toxic side effects, including diarrhea, skin
rashes, and hepatic and reproductive toxicity™".
did not exhibit significant toxicity on normal tissues at a dose
of 2 mg-kg™-d* . Additional preclinical and prospective

Plumbagin

randomized clinical trials are required to determine the full
potential of this agent.

In summary, our findings strongly indicate that plumbagin
acts as an anticancer agent by inhibiting cell proliferation,
inducing apoptosis, and potentiating the chemosensitivity
of GC cells. These effects are, in part, mediated by suppress-
ing both NF-«xB activation and the expression of NF-xB-
regulated gene products. Based on the evidence provided
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Figure 6. Plumbagin potentiated apoptotic effects of TNF-a and cisplatin.
(A-B) SGC-7901 cells were pretreated with 10 pymol/L plumbagin for
2 h, and then treated with 0.1 nmol/L TNF-a and cisplatin for 24 h. Cell
viability was then analyzed by the CCK-8 method. Data represented the
mean+SD of three individual experiments (°P<0.05 compared to control
group. °P<0.05 compared with TNF-a or cisplatin treatment only).

here, plumbagin should be strongly considered as a basis for
the development of novel pharmaceutical agents that target
human GC cells to improve the treatment of this disease.
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Suppression of human lung cancer cell proliferation
and metastasis in vitro by the transducer of ErbB-2.1

(TOB1)

YangJIAO#, Ke-kang SUN?*, Lin ZHAO, Jia-ying XU, Li-li Wang, Sai-jun FAN*

Key Laboratory of Radiation Biology, School of Radiation Medicine and Protection, Medical College of Soochow University, Suzhou

215123, China

Aim: To investigate the effects of the transducer of ErbB-2.1 (TOB1) on the proliferation, migration and invasion of human lung cancer

cells in vitro.

Methods: Human lung cancer cell lines (95-D, A549, NCI-H1299, NCI-H1975, NCI-H661, NCI-H446, NCI-H1395, and Calu-3) and

the normal human bronchial epithelial (HBE) cell line were tested. The expression levels of TOB1 in the cells were determined with
Western blot and RT-PCR analyses. TOB1-overexpressing cell line 95-D/TOB1 was constructed using lipofectamine-induced TOB1
recombinant plasmid transfection and selective G418 cell culture. The A549 cells were transcend-transfected with TOB1-siRNA. MTT
assay, flow cytometry and Western blot analysis were used to examine the effects of TOB1 on cancer cell proliferation and wound
healing. Transwell invasive assay was performed to evaluate the effects of TOB1 on cancer cell migration and invasion. The activity of

MMP2 and MMP9 was measured using gelatin zymography assay.

Results: The expression levels of TOB1 in the 8 human lung cancer cell lines were significantly lower than that in HBE cells. TOB1
overexpression inhibited the proliferation of 95-D cells, whereas TOB1 knockdown with TOB1-siRNA promoted the growth of A549 cells.
Decreased cell migration and invasion were detected in 95-D/TOB1 cells, and the suppression of TOB1 enhanced the metastasis in
A549 cells. TOB1 overexpression not only increased the expression of the phosphatase and tensin homolog (PTEN), an important
tumor suppressor, but also regulated the downstream effectors in the PI3K/PTEN signaling pathway, including Akt, ERK1/2, etc. In
contrast, decreased expression of TOB1 oppositely regulated the expression of these factors. TOB1 also regulates the gelatinase

activity of MMP2 and MMP9 in lung cancer cells.

Conclusion: The results demonstrate that the PI3K/PTEN pathway, which is essential for carcinogenesis, angiogenesis, and metastasis,
may be one of the possible signaling pathways for regulation of proliferation and metastasis of human lung cancer cells by TOB1 in

vitro.

Keywords: human lung cancer cells; transducer of ErbB-2.1 (TOB1); PTEN; carcinogenesis; metastasis; RNA interference
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Introduction

As one of the leading causes of cancer mortality in the world
and the most common occupational cancer, lung cancer is
U Despite
advances in surgery, radiotherapy, and chemotherapy, the

becoming the biggest challenge for basic science

mortality rate of lung cancer has not been substantially
reduced over the past decades, largely because of potential
metastasis. Metastasis is one of the most lethal attributes of
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cancer, responsible for about 90% of human cancer deaths™.
Lung cancer metastasis involves a complex series of steps,
including cellular migration, local invasion, dissemination,
and angiogenesis. The inhibition of one of these processes can
substantially prevent secondary tumors from spreading in the
body® .,

The tumor suppressor protein, which functions in cell cycle
regulation, apoptosis induction, DNA damage repair, and
metastasis inhibition, is a potential therapeutic target in lung
cancer®”). One of the promising examples is p53, whose muta-
tion has been detected in 90% of small cell lung cancers and
in 50% of non-small cell lung cancer. In 2006, Cristofanilli et
al® reported that adenovirus mediates p53 overexpression,
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which induces cell apoptosis in p53-null cells. These data
documented a safety profile, encouraging clinical trials of
adenovirus-mediated p53 in the therapy of lung cancer. How-
ever, evidence concerning other tumor suppressors thought to
be responsible for lung cancer carcinogenesis, migration, and
invasion still needs to be clarified.

The transducer of ErbB-2.1 (TOB1) gene was initially identi-
fied as a member of the anti-proliferative TOB/BTG (trans-
ducer of ErbB-2/B-cell translocation gene) protein family,
which was first discovered in the 1990s”. In mammalian cells,
this family consists of BTG1, BIG2, BTG3, BTG4, TOB1, and
TOB2. All the protein products of the family members possess

the potential ability to restrain cell growth!"!

. Carcinogen-
esis and tumor progression in lung, liver, and lymph nodes
were observed in mice lacking TOB1™. Furthermore, TOB1
deletion and dysfunction were also reported in human malig-

nancies™ ¢/,

These studies suggest that TOB1 acts as a tumor
suppressor gene. Accumulating studies have also found that
TOB1 might inhibit cell proliferation through its intervention
in oncogenic pathways, including the epidermal growth factor
and the TGF-B/Smad signal pathways”".. Although TOB1
expression is reduced in clinical lung cancer samples™, the
effects of TOB1 on lung cancer proliferation and metastasis in
vitro are poorly understood. The signaling pathways or the
related mechanisms remain unclear.

In the present study, using Lipofectamine-mediated TOB1
recombinant plasmid and siRNA transfection of lung cancer
cell lines, the effects of TOB1 on lung cancer proliferation,
invasion, and migration are investigated in vitro. The possible
pathways involved in its regulation of lung cancer tumorigen-
esis and metastasis are explored.

Materials and methods

Cell culture

The normal human bronchial epithelial (HBE) cell line and
eight human lung cancer cell lines (95-D, A549, NCI-H1299,
NCI-H1975, NCI-H661, NCI-H446, NCI-H1395, and Calu-3)
were purchased from American Type Culture Collection
(Manassas, VA, USA). Calu-3 cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM). The other cells
were seeded onto tissue culture dishes containing RPMI-1640
supplemented with 10% fetal calf serum (FCS), L-glutamine
(5 mmol/L), non-essential amino acids (5 mmol/L), penicillin
(100 U/mL), and streptomycin (100 U/mL) (Invitrogen, Carls-
bad, CA, USA), at 37°C in a humidified 5% CO, atmosphere.

Plasmids, siRNAs, and transfection

The full-length human TOB1 cDNA was derived using poly-
merase chain reaction (PCR), using specific primers designed
according to the TOB1 reference sequence from GenBank
(NM_005749.2), and then cloned into the eukaryotic expres-
sion vector pcDNA3.0 (Invitrogen, Carlsbad, CA, USA). Three
siRNA that target TOB1 mRNA and control (scrambled-
sequence) siRNA were designed and synthesized by Invitro-
gen. For stable transfection, the cells were transfected using
Lipofectamine 2000™. After an additional 24-h incubation,

500 pg/mL G418 (Sigma-Aldrich, MO, USA) was applied.
After four weeks, the cell clones that overexpressed TOB1
were identified and obtained. Treatments with siRNA were
performed as previously described™. Subconfluent lung can-
cer cells were transfected with each siRNA (40 nmol/L) using
Lipofectamine™ RNAiMAX reagent (Invitrogen, Carlsbad,
CA, USA). Before the start of the following experiment, the
cells were incubated for another 48 h. The TOBI inhibition
efficiency by siRNA was determined using Western blot anal-
ysis. siRNA #1 exhibited about 30% decreased TOB1 expres-
sion, whereas no effect on TOB1 expression was observed in
the control siRNA. Therefore, siRNA #1 was selected for fur-
ther studies. The sequences for TOB1-siRNA #1 is as follows
(5' to 3"): GCUGUAAGCCCUACCUUCATT
UGAAGGUAGGGCUUACAGCTT

Cell viability assay

Cell proliferation was determined using a 3-[4,5-dimethylth-
iazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) viability
assay, the most commonly used assay for determining cell
growth and death. The MTT survival assay has been described
in detail in previous studies”. Exponentially growing cells
were recultured (5000 cells/well) overnight in 96-well tissue
culture plates. Up to 20 pL of MTT (Sigma-Aldrich, MO, USA)
was directly added to the media in each well, with a final
concentration of 2 mg/mL. After 4-h incubation, the medium
containing MTT was discarded, and 120 pL of dimethyl sul-
foxide was added for 10 min. The absorbance was measured
using an enzyme-linked immunosorbent assay reader at 570
nm, with the absorbance at 630 nm as the background cor-
rection. The cell viability was expressed as the percentage of
untreated controls. All experiments were performed at least
three times.

Cell cycle assays

The cells were removed with trypsin and collected into centri-
fuge tubes together with the culture medium. All the contents
were centrifuged for 5 min at 1800xg. The supernate was
poured out, washed once with 1xphosphate-buffered saline
(PBS), and centrifuged for another 5 min. The cells were
finally fixed with 5 mL of pre-cooled 70% ethanol for at least
4 h. The fixed cells were centrifuged and washed with 1xPBS.
After centrifugation, the cell pellets were resuspended in 500
pL of propidium iodine (10 pg/mL) containing 300 pg/mL
RNase (Sigma-Aldrich, USA). The cells were then incubated
on ice for 30 min, and then filtered with a 53-pm nylon mesh.
The cell cycle distribution was calculated from 10000 cells
using ModFit LT software (Becton Dickinson, CA, USA) using
FACS Calibur (Becton Dickinson, San Jose, CA, USA).

Transwell invasion assay

The invasion assay was carried out using Transwell (Millipore,
Billerica, MA, USA), as previously described®!. The filter
surfaces (8 pm pore size) of the Transwell plates were uni-
formly coated with 25 mg of Matrigel overnight at 4 °C before
the experiment. The lower chamber was filled with culture
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medium containing 10% FCS. The subconfluent proliferating
cells were carefully transferred onto the coated upper surface
of the chamber. After 24-h incubation, the filter was gently
removed, and the upper surface of the filter was wiped to
remove all attached cells. The cells that invaded through the
Matrigel and attached to the lower surface of the filter were
fixed with 4% paraformaldehyde and stained with Giemsa.
Three replicates were conducted for each condition, and 15
random fields in each replicate were chosen and counted using
an Olympus CKX41 inverted microscope. The results are pre-
sented as the ratio of cells that invaded relative to the cells that
invaded in the control conditions (cells seeded in serum-free
media, and invaded towards 10% FCS in DMEM). The results
were obtained from at least three independent experiments.

Wound healing assay

In vitro cell migration was assessed using the scratch wound
assay. The cells were subcultured onto six-well tissue culture
plates to confluent cell monolayers using culture medium con-
taining 10% FCS. The “wounds” were carefully created manu-
ally on the monolayers using sterile pipette tips, and the cel-
lular debris was washed off with the desired medium. Phase
contrast images of certain fixed positions in the wound area
were taken at 0, 24, and 48 h after scratching using Olympus
CKX41 microscope with a digital camera. In the images, the
edge of the initial wound area was marked with lines using
Image-Pro® Plus software (Media Cybernetics, Carlsbad, CA,
USA). The edge of the initial wound area was overlaid with
the image taken at 24 and 48 h after scratching. The number of
cells migrating into the initial wound area was counted at 24
and 48 h after scratching. The data were obtained from three
independent assays.

Western blot and immunoprecipitation (IP)/immunoblot
analyses

Cell lysates were prepared and Western blot analysis was
performed as previously described®. Equal aliquots of total
cell protein (50 pg per lane) were electrophoresed on sodium
dodecyl sulfate (SDS)-polyacrylamide gels, transferred onto
polyvinylidene fluoride (PVDF) membranes, and then blotted
using the following primary antibodies (Santa Cruz Biotech,
Santa Cruz, CA, USA, 1:1000 dilution): B-actin (C-4), TOB
(E-1), TOB1 (H-18), cyclin B1 (D-11), cyclin D1 (A-12), cyclin
E (E-4), CDK2 (M2), PTEN (N-19), EGFR (1003), ERK1/2
(T-183), p-ERK1/2 (T185+Y187+T202+Y204), Akt (11E7), p-Akt
(ser473), p-IxB-a (BY), NF-xB (P65A), MMP-2 (2C1), MMP-9
(6-6B), y-catenin (G-20), a-catenin (C-19), B-catenin (BD1080),
E-cadherin (G-10); and secondary antibody horseradish
peroxidase-labeled goat anti-mouse (GAM-007) and goat anti-
rabbit (SC-2004) IgG. For the IP/Western blot, 1 mg lysate
was immunoprecipitated with 1 pg of anti-TOB (E-1) antibody
at 4°C overnight. Protein A-Sepharose beads were added and
incubated at 4°C for 2 h, and the protein-bead complex was
washed 5 times with radioimmunoprecipitation assay lysis
buffer. The SDS-polyacrylamide gel electrophoresis (PAGE)
was then performed to separate the immunoprecipitates.
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The anti-TOB1 (H-18) and anti-PTEN (N-19) antibodies were
applied for immunoblot. The protein bands were visualized
using an enhanced chemiluminescence system (Union Biosci-
ence Corporation, Hangzhou, China) with prestained markers
as molecular size standards. The densitometry of the protein
bands was quantified with Quantity One (Bio-Rad, Hercules,
CA, USA), and the values were expressed relative to p-actin
(control for loading and transfer). At least three independent
experiments were performed for each cell type studied.

Semiquantitative reverse transcription (RT)-PCR analysis

mRNA expression was determined using semiquantitative
RT-PCR assays. The PCR reaction conditions and cycle num-
bers were rigorously adjusted so that each reaction occurred
within the linear range of amplification. The detailed methods
for RNA isolation, cDNA synthesis, and RT-PCR analyses
have been previously described®!. For specific intent genes,
the PCR primers were as follows: GAPDH sense, 5'-CAAC-
TACATGGTCTACATGTTCC-3', anti-sense, 5'-CAACCTG-
GTCCTCAGTGTAG-3'; TOBI sense, 5-GGATCGACCCATTT-
GAGGTTTCT-3', anti-sense, 5'-CTACCCAAGCCAAGC-
CCATACAG-3'; PTEN sense, 5'-AGACCATAACCCAC-
CACA-3, anti-sense, 5-TTGACGGCT CCTCTACTG-3'". The
PCR products were analyzed via electrophoresis through 1%
agarose gels containing 0.1 mg/mL ethidium bromide (EB).
The gels were photographed under ultraviolet light. The
mRNA expression levels were quantified by densitometry of
the cDNA bands using software Quantity One (Bio-Rad, Her-
cules, CA, USA). At least three independent experiments were
performed for each cell type studied.

Gelatin zymography assay

The MMP-2 and MMP-9 activity of the supernates of lung
cancer cells 95-D transfected or untransfected with TOB1
recombinant plasmid, as well as the RNAi-treated A549 cells,
were identified using gelatin zymography assay as previ-
ously described™. At 24 h after transfection, all the cells
were seeded onto 6-well plates at a final density of 3.0x10°
cells/well. The supernatants were harvested after 24 h of
additional incubation, and the conditioned media were col-
lected by centrifugation at 13000 r/min for 5 min to remove
the debris. The concentrations of the samples were quantified
using bicinchoninic acid assay (Beyotime Institute of Biotech-
nology, Haimen, China). Then, 20 pg of each protein sample
was loaded under non-reducing conditions onto 10% SDS-
polyacrylamide gel containing 500 ng/mL gelatin (Amresco,
Slon, OH, USA). After electrophoresis under 165 V for 1.5 h,
the gels were washed twice using washing buffer (50 mmol/L
Tris-Cl pH 7.6, 10 mmol/L CaCl,) with 2.5% Triton X-100 for
30 min. Then, the gels were incubated overnight in zymog-
raphy developing buffer containing 50 mmol/L Tris-HCl, pH
7.5, 10 mmol/L CaCl,, 150 mmol/L NaCl, and 0.02% NaNj at
37°C. Then, 0.05% Coomassie Brilliant Blue R-250 was uti-
lized for gel staining, followed by destaining with a solution
containing 30% methanol and 10% acetic acid. The gelatinase
activity of the matrix metalloproteinases (MMPs) was then
visualized as clear bands against the blue-stained background,
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and the density of the bands was analyzed using Quantity
One software. At least three individual experiments were con-
ducted with independent protein samples.

Statistical analysis

The data are presented as means and standard deviations (SD).
Statistical comparisons of the experimental results between
the treated group and the control group were made using
two-tailed Student’s t-test. All statistical tests were performed
using SPSS version 17.0. P value <0.05 between groups was
considered significant.

Results

TOB1 expression is decreased in eight lung cancer cell lines
TOBI plays a role in suppressing the carcinogenesis of can-
cers, such as lung, thyroid, and breast cancers. However, the
functional role of TOB1 in lung cancer has not yet been fully
explored. To investigate the effect of TOB1 on proliferation
and metastasis of lung cancer cells, the TOB1 expression levels
in the eight lung cancer cell lines and in the normal bronchial
epithelial cell line HBE were first analyzed using Western blot
analyses and RT-PCR assays. As shown in Figure 1, the levels
TOB1 protein and mRNA expression levels all decreased in
the eight lung cancer cell lines, although at different levels.
Compared with the immortalized normal epithelial cell line
HBE, TOB1 mRNA expression decreased from 10% to 90% in
almost all of the eight lung cancer cell lines (P<0.05, Figure
1A and 1C). Similar results were confirmed in TOB1 protein
expression, as shown in Figure 1B and 1D, wherein the TOB1
protein levels decreased from 100% in the HBE cells to 20% to
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80%. These in vitro data confirmed the findings of previous
studies by Iwanaga et al™ that reducing TOB1 expression is
an important event in lung cancer.

Ectopic expression of TOB1 regulates the proliferation of human
lung cancer cells through alternation of the cell cycle

According to gain-of-function and loss-of-function approaches,
the lung cancer cell lines 95-D and A549 were selected as
model systems because 95-D cells express almost-deleted
TOB1, whereas A549 cells express moderate TOB1. Using
Lipofectamine and G418-mediated plasmid stable transfection,
multiple clones stably transfected with TOB1 were selected
and confirmed through RT-PCR and Western blot analysis in
95-D/TOB1 (Figure 2A). To investigate whether downregu-
lated TOB1 expression enhances the aggressiveness of lung
cancer cells, three different siRNA that target TOB1 and a
control siRNA with a random sequence were generated and
induced into A549 cells by transcend transfection. The efficacy
of the siRNA was confirmed (Figure 2B). siRNA #1 efficiently
reduced TOB1 expression in both the mRNA and protein level;
thus, it was selected for further studies.

MTT viability assays were conducted to elucidate the poten-
tial biological effects of TOB1 in lung cancer cells. As shown in
Figure 2C, the 95-D/TOBI transfectants displayed about 50%
reduction in proliferation rate compared with the “mock”-
transfected 95-D cells on d 4 and d 7. Conversely, the A549/
siRNA-TOB1-transfected cells showed a pronounced increase
in growth rate at d 4, and about 20% increase in proliferation
on d 7. The results imply that TOB1 plays a key role in the
growth control of lung cancer cells. Cell cycle analysis was
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Figure 1. TOB1 expression is variably decreased in eight lung cancer cell lines. (A) Expression of TOB1 mRNA in lung cancer cell lines assayed via RT-
PCR; GAPDH was used as the loading control. Total RNA was extracted from normal and lung cancer cells. The 430 bp TOB1 cDNA fragments were
separated and visualized by 1% agarose gel electrophoresis and ethidium bromide staining. (B) Expression of TOB1 protein in normal epithelial cell line
HBE and eight lung cancer cell lines, separately assayed via Western blot analysis with B-actin as the loading control. Whole cell lysates (50 pg) from
each of the nine cell lines were separated using SDS-PAGE and transferred onto PVDF membranes. Bands were visualized using monoclonal anti-TOB1
antibodies with a chemiluminescence detection system. All experiments were performed independently at least three times. Mean+SD. °P<0.05 vs

HBE cells.
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Figure 2. TOB1 regulates proliferation and modulates cell cycle progression of the non-small cell lung cancer cell lines 95-D and A549. (A) Ectopic
TOB1 expression was confirmed via RT-PCR and immunoblotting in a 95-D/TOB1 transfectant and compared with vector-transfected parental cells.
GAPDH and B-actin were used as the loading controls. (B) TOB1 expression was significantly reduced (at least 30%) in A549/siRNA-TOB1 cells
compared with the parental and control siRNA-transfected A549 cells. TOB1 expression was subjected to RT-PCR and Western blot using specific
primer and monoclonal TOB1 antibody. GAPDH gene and B-actin protein expression were utilized as the loading controls. (C) TOB1 overexpression
suppresses 95-D cell proliferation in MTT viability assays. In contrast, increased cell growth was observed in the A549/siRNA-TOB1 cells. A total
of 4000 cells from each cell line were seeded in a 24-well plate. Cells were counted at d 1, 4, and 7. All samples were prepared in triplicate. The
proliferation rate was measured as fold changes in cell growth. (D) TOB1 overexpression induced G; phase and G,/M phase arrest in the 95-D lung
cancer cell line. The decreased TOB1 expression caused a decrease in the G, population and an increase in the S phase population of A549 cells.
Sub-confluent proliferating cells were stained with propidium iodide and subjected to FACS analysis to determine the cell cycle distribution. (E) In the
95-D cells, TOB1 overexpression increased cyclin B1 expression, and negatively regulated the expression of cyclin D1, cyclin E, and CDK2. TOB1-siRNA
transfection increased the expression of cyclin D1 and cyclin E, but slightly reduced cyclin B1 expression. The cells were harvested using trypsin and
centrifugation. Equal aliquots of the total protein (50 pg) were analyzed by SDS-PAGE and blotted to detect cyclin B4, cyclin D1, and cyclin E protein
expression. The protein expression was expressed as fold changes in band density, with B-actin as the loading control. All the experiments were
performed independently at least three times. Mean+SD. °P<0.05 vs the control group.

then performed on the TOB1 transfectants and TOB1 knock-
down lung cancer cells. The results in Figure 2D suggest that
relative to the parental and vector-transfected “mock” cells,
exogenous TOB1 overexpression in the 95-D cells significantly

induced cell accumulation in the G, phase (+=7.16; P<0.05) and
a modest decrease in percentage from 18% to 12% in the G,/M
population (£=6.83; P<0.05). Conversely, decreased TOB1
expression caused a decrease in the G, population (t=4.30;
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P<0.05) and an increase in the S phase population (#=7.01;
P<0.05) compared with the parental or control siRNA-trans-
fected A549 cells.

The functional role of TOB1 expression on cell cycle modu-
lators was further investigated. The alterations in the dif-
ferent cyclins in TOBl-overexpressing or siRNA-TOB1 lung
cancer cells were evaluated and compared with the parental
or “mock” cells using Western blot analysis. Figure 2E shows
that cyclin B1 expression increased three-fold in the 95-D/
TOB1 cells, but remarkably decreased in the siRNA-TOB1
Ab549 cells. The expression levels of cyclin E, CDK2, and
cyclin D1 were significantly suppressed in the 95-D/TOB1
cells. In contrast, cyclin E and cyclin D1 expression were both
increased in the A549/siRNA-TOB1-transfected cells. These
results suggest that TOB1 might partly participate in cell cycle
progression regulation by adjusting cyclin expression.

Alteration of the aggressiveness of lung cancer cells by TOB1
protein

A critical event in tumor metastasis and progression is the
ability of tumor cells to invade the extracellular matrix, allow-
ing tumor cells to move beyond the restrictions of the primary
tumor environment. To examine the competence of cells to
invade through biological matrices in vitro, Transwell assay
was carried out as described previously™
that compared with the parental cells, amplified TOB1 expres-

. The results show

sion vigorously inhibited the ability of the 95-D cells to invade
through the filter coated with Matrigel. As shown in Figure
3A, the invasion rate of 95-D/TOBI cells decreased by more
than 80% corresponding to the parental and vector-transfected
cells (+=68.56; P<0.05). In contrast, the invasion rate of A549
cells transfected with TOB1-siRNA increased by 2.5-fold
(t=5.17; P<0.05) in contrast to the control cells (Figure 3B).

To determine whether the decreased invasiveness caused
by TOB1 is associated with cell motility, the effect of TOB1 on
cell migration capacity was analyzed using a wound healing
assay®
tips and post-incubated for an additional 48 h. Figure 3C and

. The cells were scratch-wounded with sterile pipette

3D show that cell flattening and spreading along the edges
of the wound were significantly more obvious in the A549/
siRNA cells than in the A549 cells (#=6.51; P<0.05), and were
significantly lesser in 95-D/TOBI cells than in the parental
lung cancer cells (+=5.93; P<0.05).

Taken together, these results indicate that TOB1 gene
expression significantly inhibits cell invasion and migration
in vitro, and the knockdown of TOB1 conversely increases the
ability of lung cancer cells to invade and migrate.

TOB1 mediates anti-metastasis effects through alterations of
PTEN-mediated modulation of downstream signaling

RT-PCR and Western blot analysis were utilized to identify
additional targets of TOB1 that might be involved in down-
regulating lung cancer metastasis. PTEN, an important tumor
suppressor mutated in a wide range of malignancies second
only to p53, which is a central negative regulatory factor of
epidermal growth factor receptor (EGFR) downstream of
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phosphoinositide 3 kinase (PI3K)-Akt (Akt8 virus oncogene
cellular homolog) pathway. It plays a key role in cell prolifera-
tion, survival, and malignant transformation by regulating the
mitogen-activated protein kinase (MAPK) and the PI3K/Akt
and integrin-focal adhesion kinase (FAK) pathways. Recent
studies have investigated several signaling pathways, such as
MAPK and Akt, through which TOB1 conducts its tumor sup-
pressor activity. In lung cancer, the functional pathways of
TOBI1 remain to be elucidated.

In the present study, RT-PCR was used to detect the effects
of TOB1 on PTEN mRNA expression. TOB1 overexpression
in the 95-D cells increased PTEN mRNA expression up to two-
fold in the control cells, whereas PTEN mRNA was reduced
in the TOB1-siRNA-transfected A549 cells (Figure 4A). West-
ern blot analysis was then conducted to identify the effects of
TOBI1 on the PI3K/PTEN pathways. The results show that
TOBL1 overexpression slightly decreased EGFR expression,
thereby significantly suppressing the expression of down-
stream effecters Akt and ERK1/2, but had no obvious effects
on the expression of these proteins. Reduced NF-kB (p65)
and increased IkB-a phosphorylation were observed in the
95-D/TOBI cells. TOB1 overexpression amplified E-cadherin
expression and slightly downregulated a-/p-/y-catenin (Fig-
ure 4B). In addition, decreased MMP-2 and MMP-9 expres-
sion were also detected in the 95-D/TOBI cells. In the TOB1-
knockdown A549 cells, the contradictory effects on almost all
these downstream factors were confirmed, as shown in Figure
4C. The variations in gene expression caused by the different
TOBI expression levels suggest that TOB1 might be a multi-
functional regulator of the metastasis of lung cancer cells. The
effects of TOB1 expression on the activities of MMPs were also
determined with a gelatin zymography assay, as shown in Fig-
ure 4D. TOBI-overexpressing 95-D cells exhibited decreased
MMP2 (t=4.61; P<0.05) and MMP9 (t=6.19; P<0.05) activity in
contrast to the parental and mock-transfected cells. RNAi-
induced TOB1 knockdown in the A549 cells increased MMP2
activity to some extent (t=9.10; P<0.05).

These results reveal the ability of TOB1 to regulate most of
the important downstream factors of the PI3K/PTEN signal
pathway; therefore, the potential interaction between PTEN
and TOB1 was further examined through an IP/immunoblot
assay. The results indicate that the presence of PTEN pro-
tein in the TOB1 IP of the A549 cells containing the wild-type
PTEN gene and moderate TOBI gene expression, as shown in
Figure 4E. In the TOB1-suppressed A549 cells, this protein-
protein association was still observed, but to a lesser extent.
Neither PTEN nor TOB1 was found in the normal mouse IgG
IP, which was the negative control for the IP assay (data not
shown). The results imply that TOBI is actually associated
with PTEN in the A549 cells.

Discussion

Recently, accumulated evidence has indicated that the TOB1
gene is involved in the negative regulation of cell growth and
(6281 Alterations in TOB1
expression have been reported in a variety of human malig-

functions as a tumor suppressor
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Figure 3. TOB1 expression is inversely correlated with lung cancer cell metastasis in vitro. (A) TOB1 overexpression prevented highly invasive 95-D
cells from invading. 95-D, 95-D/PC3, and 95-D/TOB1 cells grown to subconfluence were trypsinized and transferred into the upper compartment of
the modified Transwell chambers (3x10° cells/chamber). RPMI 1640 plus 10% FCS (500 uL/chamber) as a chemo attracter was added to the lower
compartment. After 24 h incubation, the invasive cells attached to the lower surface of the Matrigel-coated filter were fixed, stained, and photographed
under a phase contrast microscope and then counted in 15 randomly selected microscopic fields. °P<0.05 vs the control group. (B) Less invasive
A549 cells regained their invasiveness with the knockdown of TOB1 expression. Exponential A549, A549/control siRNA, and A549/siRNA-TOB1 cells
were seeded onto the modified Transwell chambers (3x10° cells/chamber). After 24 h of chemoattraction with 10% FCS, the cells that invaded through
the artificial basement membrane were visualized, counted, and analyzed. °P<0.05 vs the control group. (C) Ectopic TOB1 expression decreased lung
cancer cell migration ability. Confluent 95-D, 95-D/PC3, and 95-D/TOB1 cells cultured in six-well dishes were carefully wounded using sterile pipette
tips. After 12 or 24 h, the cells were photographed under a phase contrast microscope. (D) Confluent A549, A549/control siRNA, and A549/siRNA-
TOB1 cells were also wounded as described above. The number of cells migrating into the initial wound area was counted and expressed as mean+SD.
°P<0.05 vs the control group. All experiments were performed at least three times independently.
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Figure 4. TOB1 is involved in the modulation of PI3K/PTEN downstream signaling pathways. (A) TOB1 regulated PTEN expression. RT-PCR assays were
performed to determine the expression of PTEN mRNA in TOB1-overexpressing 95-D cells and TOB1 knockdown A549 cells. The PCR products were
separated and visualized via agarose gel electrophoresis. mMRNA expression was measured as fold changes in band density, with GAPDH as the loading
control. °P<0.05 vs the control group. (B) Whole cell lysates from 95-D/TOB1, 95-D parental cells, and vector “mock’-transfected 95-D cells were
prepared, and 50 pg of proteins were resolved using SDS-PAGE, followed by immunoblotting with the indicated specific antibodies against EGFR, PTEN,
TOB1, p-AKT, AKT, p-ERK1/2, ERK1/2, NF-kB, p-IkB-a, E-cadherin, a-catenin, B-catenin, and y-catenin. (C) A549, A549/control siRNA, and A549/siRNA-
TOB1 cells were harvested, and equal aliquots of the protein were subjected to a Western blot assy. The expression and activity of specific downstream
factors in the PI3K/PTEN pathway were detected. The expression levels are displayed as fold changes in band density. °P<0.05 vs the control group. (D)
TOB1 affected activities of MMP2 and MMP9 in A549 and 95-D cells. The conditioned medium was collected and quantified, and 20 pg total protein
per sample was separated by SDS-PAGE containing 500 pg/mL gelatin. After incubation, developing, and staining, the gelatinase activity of the MMPs
was visualized and analyzed as band density. °P<0.05 vs the control group. The representative zymograph was from three independent experiments.
(E) TOB1 forms protein-protein complex with PTEN. Whole cell lysates were prepared from A549 and A549/siRNA-TOB1 cells. About 1 ug of lysate was
immunoprecipitated with anti-TOB antibodies. The immunoprecipitated proteins were subsequently separated by SDS-PAGE, followed by immunoblotting
with anti-PTEN antibody, and then reprobing with TOB1 antibodies.
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nancies including thyroid and breast cancers
lung cancer, in 2003, Iwanaga et al™ reported reduced TOB1
expression in most of his 43 clinical specimens, but the exact
biological effects of TOB1 on lung cancer carcinogenesis and
progression remain unclear. In the present study, based on
gain-of-function and loss-of-function principles, the roles of
TOBLI in lung cancer cells have been demonstrated and TOB1-
mediated downstream signaling pathways have been prelimi-
narily explored. First, the variously decreased TOB1 mRNA
and protein expression was revealed in eight lung cancer cell
lines in contrast to the normal HBE cell line. These in vitro
data confirm the findings of Iwanaga et al™ that suppressed
TOB1, which may be a tumor suppressor, is an important fac-
tor in human lung cancer cells.

One of the essential functions of tumor suppressors is to
suppress tumor growth effectively by negatively regulat-
ing the cell cycle and/or inducing apoptosis™?*!. The anti-
proliferation activity of TOB1 in 95-D cells in vitro is because
of increased TOB1 expression. Conversely, siRNA-mediated
TOB1 downregulation in the A549 cells led to promoted
growth rate, providing a supplementary confirmation for the
gain-of-function experiments. The cell cycle analysis also
provided evidence that TOB1 induces cell cycle arrest in lung
cancer cells. Ectopic TOB1 expression in the 95-D cells caused
an accumulation of cells in the G; and G,/M phases and
decreased the percentage of cells entering the S phase. TOB1
knockdown led to the S phase arrest of A549 cells. TOB1
overexpression results in increased cyclin Bl and decreased
expression of cyclin D1, cyclin E, and CDK2. Together with
the loss-of-function experiments, these results provide further
evidence that the antitumor effects of TOBI in the lung cancer
cells are partly caused by its regulation of the cell cycle.

Despite cell cycle regulation and apoptosis induction, sev-
eral tumor suppressors are involved in preventing tumor cells
from dispersing, blocking loss of contact inhibition, and inhib-
iting metastasis® . We demonstrated for the first time that
TOB1 overexpression significantly inhibits the ability of the
highly invasive lung cancer cell line 95-D to invade through an
artificial basement membrane and prevents cell migration in
vitro. For the less invasive A549 cells, the partial knockdown
of TOB1 by siRNA significantly promotes their invasiveness
and migration in vitro.

In lung cancer, one of the well-studied pathways is EGFR
and its downstream signaling cascade, which is involved in
cellular proliferation, apoptosis, and metastasis®™. The EGFR
pathway has already been clinically accepted as a therapeutic
target in advanced non-small cell lung cancer and other solid
tumors in recent years™). Principle data suggest that EGFR
heterodimer or homodimer formation induced by ligand bind-
ing activates the intracellular tyrosine kinase domain, conse-
quently inducing additional downstream pathways via PLC-
v, MAPK, and PI3K, and finally affecting cell survival and
metastasis through these downstream cascades™™’. In the
current study, TOB1 overexpression reduced EGFR expres-
sion, whose phosphorylation is involved in MAP kinase

signaling activation"*?, Significantly decreased MAPK
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(ERK1/2 T185+Y187+T202+Y204) and Akt (Ser473) activity
was observed in TOB1-transfected 95-D cells. Conversely,
increased EGFR, MAPK, and Akt activity was observed in
TOB1-knockdown A549 cells. Drastically reduced NF-xB
(p65) and increased phosphorylation of IxB-a were observed
in TOB1-overexpressing 95-D cells. In contrast, TOB1-siRNA
promoted NF-xB expression and suppressed IxB-a phosphory-
lation. These results are correlated with the findings of Kojima
et al™ that the activation NF-kB stimulates invasion and
metastasis via its regulation of MMP and cyclin D1 expression.
We also found that variations in cellular TOB1 protein
profoundly affect the expression of E-cadherin, a-, f-, and
y-catenin. Meanwhile, a-, 3-, and y-catenin bind to the highly
conserved intracellular cytoplasmic tail of E-cadherin, and the
catenin/cadherin complexes play important roles in mediat-
ing cellular adhesion*"!. Aside from its biological function,
when not complexed with cadherins, 3-catenin is an important
downstream factor in the Wnt/ B-catenin pathway™” **!, which
can interact with transcription factors and regulate gene tran-
scription; thus, it is involved in the regulation of proliferation
and differentiation. The negative regulation of the expression
of B-catenin and the downstream factors of Wnt/p-catenin
pathway by TOBI inhibited p-catenin transcriptional activ-
ity*. In the 95-D/TOB1 and A549-siRNA TOBI cells, varied
MMP-2 and MMP-9 expression and activity is responsible for
the degradation of extracellular matrix components, including
collagen, gelatin, fibronectin, laminin, and proteoglycans® .
Thus, suppression of B-catenin-regulated transcription, which
induces the expression of proliferative and progressive genes
such as cyclin D1 and MMPs via the PI3K/PTEN pathway,
may at least mediate the anti-proliferative and anti-metastasis
function of TOBI in lung cancer cells™ .

In addition, the solid protein-protein interaction between
TOB1 and PTEN in human lung cancer A549 cells, aside from
the expression regulation effects of TOB1 on PTEN, is shown
for the first time. These results provide several clues to outline
the signal cascades and specific targets of TOB1-related prolif-
eration and metastasis regulation in lung cancer cells (Figure
5).

In conclusion, TOB1 is expressed in normal HBE cells, and
the reduction of TOB1 expression is a common event in eight
lung cancer cell lines. TOBI functions as a tumor suppressor
in NSCLC 95-D and A549 cells by modulating EGFR and its
downstream signaling pathways through the direct or indirect
interaction with the key tumor suppressor PTEN® *!. How-
ever, whether the biological effects of TOB1 in lung cancer
cells are triggered by its regulation on PTEN expression as
a transcription factor or by its effect on PTEN phosphatase
activity remain unclear. Whether TOBI affects PTEN through
other mechanisms, such as PTEN phosphorylation, ubiquitina-
tion, acetylation, or oxidation, in terms of carcinogenesis and
progression is unknown. Further studies on the involvement
of TOB1 in lung cancer carcinogenesis and progression are
necessary; these will allow the development of more accurate
theories to guide therapeutic practice.



ERK/p38MAPK
-—

Cyclin D1

Figure 5. TOB1 was involved in regulation of tumor growth and
metastasis via the PI3BK/PTEN signaling pathway. The binding of EGF
to the corresponding EGF receptors activates PI3K and downstream
signaling pathways, including Akt and ERK/p38 MAPK, leading to the
activation of NF-kB gene expression. Consequently, the expression of
cyclin D1 and MMPs are increased, resulting in the promotion of lung
cancer tumorigenesis and metastasis. Despite its activation of NF-kB,
Akt can also inhibit B-catenin expression, which plays an important role
in mediating cellular adhesion together with a- and y-catenin/cadherin
complexes. In the present study, TOB1 was identified as a negative
regulator of EGFR expression, increasing the expression of PTEN, which
functions as the central negative regulator of the PI3K/AKT pathway in
controlling tumorigenesis and metastasis. The protein-protein interaction
between TOB1 and PTEN was detected for the first time in cultured lung
cancer cells; hence, TOB1 may be a regulator of PTEN activity.
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A novel sulfonamide agent, MPSP-001, exhibits
potent activity against human cancer cells in vitro
through disruption of microtubule

Zu-long LIU*, Wei TIAN?, Yong WANG?, Shan KUANG?, Xiao-min LUO®, Qiang YU* *

Division of Anti-Tumor Pharmacology, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203, China;
2The School of Life Science and Biopharmaceutics of Shenyang Pharmaceutical University, Shenyang 110016, China; *Drug Discovery
and Design Center, Shanghai, Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203, China

Aim: To evaluate the anti-cancer effects of a new sulfonamide derivative, 2-(N-(3-chlorophenyl)-4-methoxyphenylsulfonamido)-N-hydrox-
ypropanamide (MPSP-001).

Methods: Human cancer cell lines (HepG2, THP-1, K562, HGC-27, SKOV3, PANC-1, SW480, Kba, HelLa, A549, MDA-MB-453, and MCF-
7) were examined. The cytotoxicity of MPSP-001 was evaluated using the WST-8 assay. Cell cycle distribution was examined with flow
cytometry. Mitotic spindle formation was detected using immunofluorescence microscopy. Apoptosis-related proteins were examined
with Western blot using specific phosphorylated protein antibodies. Competitive tubulin-binding assay was performed to test whether
the compound competitively bound to the colchicine site. Molecular docking was performed to explore the possible binding conforma-
tion.

Results: MPSP-001 potently inhibited the growth of the 12 different types of human cancer cells with the ICg, values ranging from 1.9
to 15.7 ymol/L. The compound exerted potent inhibition on the drug-resistant Kb/VCR and MCF-7/ADR cells, as on Kba and MCF-7
cells. In HelLa, HGC-27, A549, and other cells, the compound (5 umol/L) caused cell cycle arrest at the G,/M phase, and subsequently
induced cell apoptosis. In Hela cells, it prevented the mitotic spindle formation. Furthermore, the compound dose-dependently
inhibited polymerization of tubulin in vitro, and directly bound to the colchicine-site of B-tubulin. Molecular docking predicted that the
compound may form two hydrogen bonds to the binding pocket. The compound showed synergistic effects with colchicine and taxol in

blocking mitosis of HelLa cells.

Conclusion: MPSP-001 shows a broad-spectrum of anti-tumor efficacy in vitro and represents a novel structure with anti-microtubule

activity.

Keywords: MPSP-001; sulfonamide; anticancer drug; microtubules; tubulin; mitotic spindle; drug resistance; drug synergism
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Introduction

Cancer chemotherapy has achieved significant success in the

.

discovery of new drugs™. One of the most successful classes

of antitumor drugs targets microtubules, the principal compo-
nents of the cytoskeleton which is important in cell division,
organelle transports, cytokinesis, maintenance of cell morphol-

12]

ogy and signal transduction'”. The essential role of microtu-

bules in mitosis and cell division makes them and their regula-
tory proteins important, and perhaps the best, targets for anti-

13, 4]

cancer drugs There are two categories of anti-microtubule

compounds used to target highly proliferating malignant cells.

*To whom correspondence should be addressed.
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One is microtubule depolymerizing agents such as colchici-
noids and vinca alkaloids which inhibit tubulin polymeriza-
tion”!
as taxanes and epothilones which promote or stabilize the for-

. The other one is microtubule polymerizing agents such

mation of tubulin polymer!®. The anti-microtubule agents are
also classified based on their binding sites on tubulin”’. Recent
studies suggest that the inhibitory effects of these drugs are
due to their interruption of microtubule dynamics rather than

Bl The disruption

to alternate the microtubule polymer mass
of microtubule dynamics leads to the arrest of growing cells in
metaphase/anaphase, causing apoptotic or non-apoptotic cell
death. Although all of the anti-microtubule agents effectively
inhibit microtubule dynamics in vitro, their effects against dif-
ferent types of cancers vary in vivo”. In addition, despite the

success of taxanes and vinca alkaloids to inhibit the progres-
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sion of some cancers in clinical use, resistance to anti-microtu-
bule agents encounter in many tumor types, particularly after
multiple cycles of therapy"”'". Therefore, there has been great
interest in identifying and developing novel anti-microtubule
drugs.

Sulfonamides have been in clinical use for several decades.
Sulfonamides have antibacterial, diuretic, antidiabetic, anti-

thyroid, antihypertensive and antiviral activities.

Recently,
many novel sulfonamide derivatives have shown substantial
1514 " For instance, E7070 and E7010 are

regarded as breakthroughs in the discovery of new sulfon-

antitumor activities

amides with strong antineoplastic abilities. E7070 belongs
to a class of novel cell cycle inhibitors that block cell cycle
progression at multiple points, although its target remains
5181 E7010 reversibly binds to the colchicine-binding
site of tubulin and arrests cells in the mitotic phase"**'. Both

unclea

E7010 and E7070 display antitumor activity against rodent and
human tumor xenografts and are currently undergoing phase
I/1I clinical trials!™™ 12> 2 Another sulfonamide, HMN-214,
arrests cells in G,/M phase and exhibits antitumor activity.
This antitumor activity is mediated by cytotoxicity, via inhib-
iting polo-like kinase, and by down-regulation of MDR1 via
binding to the B-subunit of the essential transcription factor
NF_y[ZSfZS]’

Here we report our discovery of a new benzenesulfon-
amide, MPSP-001, and study for its ability to inhibit tumor cell
growth. We found that MPSP-001 had strong antiproliferative
activity against human tumor cell lines, as well as the ability to
overcome drug resistance. Analysis of the function and mech-
anism of MPSP-001 revealed that MPSP-001 is a microtubule-
destabilizing agent. It inhibits microtubule polymerization,
arrests cells at early stage of mitosis and induces apoptosis.
Our data suggests that MPSP-001 is a novel anti-microtubule
compound. Understanding the mechanism of MPSP-001 will
increase our knowledge about anti-microtubule agents and
help us to design other better benzenesulfonamide drugs with
anti-cancer activity.

Materials and methods

Synthesis of compound MPSP-001

MPSP-001 was synthesized through a five-step synthetic
route, starting from the commercially available 4-methoxy-
benzenesulfonyl chloride (a) and 3-chlorobenzeneamine
(b). N-(3-chlorophenyl)-4-methoxybenzenesulfonamide(c)
was synthesized from a and b, and reacted with ethyl DL-2-
bromopropionate to give methyl 2-(N-(3-chlorophenyl)-4-
methoxyphenylsulfonamido) propanoate (e). After hydro-
lyzation, condensation, the final product was synthesized in
20% yield and characterized by 'HNMR, MS, and elemental
analyses. 'HNMR (400 MHz, CDCl;) §=9.39 (br-s, 1H, NH),
7.63 (d, ]=8.2 Hz, 2H, ArH), 7.35 (d, J=8.3 Hz, 1H, ArH), 7.25
(dd, J=8.3, 7.6 Hz, 1H, ArH), 7.12 (s, 1H, ArH), 7.04 (d, J=7.6
Hz, 1H, ArH), 6.96 (d, J=8.1 Hz, 2H, ArH), 4.79 (s, 1H, CH),
3.89 (s, 3H, OCH,), 1.15 (d, J=6.3, 3H, CH,;) ppm. MS (ESI):
m/z=385 [M+H]". Anal Calcd for C,;H,,CIN,OsS: C, 49.94; H,
4.45; N, 7.28; S, 8.33. Found: C, 49.90; H, 4.44; N, 7.30; S, 8.36.
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The purity of MPSP-001 was not less than 95% (Radiochemical
Purity, HPLC).

Chemicals and antibodies

Colchicine (COL), paclitaxel (Taxol), vincristin (VCR) and
Adriamycin (ADR) were purchased from Sigma Chemical
Co. Antibodies were obtained from following companies:
poly(ADP-ribose) polymerase (PARP) (Cell Signalling Tech-
nology); a-tubulin, horseradish peroxidase (HRP)-conjugated
secondary antibody (Santa Cruz Biotechnology); and fluores-
cent isothiocyanate (FITC)-conjugated secondary antibody
(Ancell Corporation). Medium and reagents of cell culture
were acquired from Invitrogen. All other chemicals were pur-
chased from Sigma Chemical Co.

Cell culture and reagents

Human cancer cell lines (HepG2, THP-1, K562, HGC-27,
SKOV3, PANC-1, SW480, HeLa, A549, and MDA-MB-453)
used in this study were procured from American Type Cul-
ture Collection. Resistant cell lines KB/VCR, MCF-7/ADR,
and their parental cells were provided by Professor Jian DING
from Shanghai Institute of Materia Medica, Chinese Academy
of Sciences. K562, THP-1, and A549 cells were grown in RPMI
-1640 medium supplemented with 10% fetal bovine serum
(FBS); MCEF-7, HepG2, HGC-27, SKOV3, PANC-1, SW480,
HelLa, and MDA-MB-453 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS. KB
and KB/VCR were grown in Minimum Essential Medium
Eagle’s (MEM) medium and supplemented with 10% FBS, 2
mmol/L glutamine and 1 mmol/L pyruvic acid; MCF-7/ ADR
cells were cultured in MEM medium and supplemented with
10% FBS, 1 mmol/L pyruvic acid and 0.01 mg/mL insulin.
All resistant cell lines were incubated in the drug-free medium
for 3 days before harvesting for the growth inhibition assay.

Cytotoxicity assay

In vitro growth inhibition was assessed with the WST-8
assay™. Exponentially growing cells were seeded into 96-well
plate at a density of 3000 to 10000 cells/well (depending on
the doubling time of the cell lines) and cultured overnight.
Then cells were treated with various concentrations of drugs
and incubated for additional 48 h. A tetrazolium salt (WST-8)
was added at the last 2 h before the end of culture. After con-
tinuous incubation for 2 h, the absorbance was measured by
a microplate reader at a wavelength of 450 nm. The values
shown as the means and SD of at least three independent
experiments performed in duplicates.

Flow cytometry analysis

The cells were harvested and washed with PBS, resuspended
in 1 mL of ice-cold 75% ethanol. After being left to stand
overnight, cell pellets were collected by centrifugation, resus-
pended in 500 pL of hypotonic buffer (0.5% Triton X-100 in
PBS and 0.5 pg/mL RNase), and incubated at 37°C for 30 min.
Then 25 pL of propidium iodide solution (50 pg/mL) was
added, and the mixture was allowed to stand on ice for 1 h.



Fluorescence emitted from the propidium iodide-DNA com-
plex was quantitated after excitation of the fluorescent dye by
FAC-Scan cytometry. The histogram of DNA distribution was
modeled as a sum of G;, G,/M, S phase, and a sub-G,; popula-
tion, by using ModFitLT software.

Immunofluorescence microscopy

After culturing for 48 h on coverslips, HeLa cells were incu-
bated with drugs at various concentrations for 16 h. Cells
were then fixed. After being blocked, cells were incubated
with mouse monoclonal a-tubulin antibody for 2 h at 37°C.
The secondary antibody, fluorescein (FITC)-conjugated affin-
ity goat anti-mouse IgG (H+L), was added and incubated for
1 h. Chromosomes were stained with 1 pg/mL DAPI in PBS.
After washing with PBS, the slides were mounted and sealed.
Fluorescence images were captured by using Leica TCS SP2
laser confocal microscope.

Western blot analysis

Cells were lysed in the ice-cold cell lysis buffer (pH 7.6) con-
taining 0.5 mmol/L dithiothreitol, 0.2 mmol/L EDTA, 20
mmol/L HEPES, 2.5 mmol/L MgCl,, 75 mmol/L NaCl, 0.1
mmol/L Na;VO,, 50 mmol/L NaF, and 0.1% Triton X-100.
The protease inhibitors including 1 pg/mL aprotinin, 0.5
pg/mL leupeptin, and 100 pg/mL 4-(2-aminoethyl)-benzene-
sulfonyl fluoride were added to the cell suspension. The cell
extracts were gently rotated at 4°C for 30 min. After centrifu-
gation, the pellets were discarded. Equal amounts of proteins
were subjected to 8%-10% SDS-PAGE. After transfered onto
nitrocellulose membranes, the proteins were hybridized with
various antibodies according to the instructions provided by
the manufacturers.

In vitro tubulin polymerization assay

The assay was essentially performed according to Kuo et al'*’),
Briefly, the sample (100 pL of 3 mg/mL tubulin proteins)
in TP buffer (100 mmol/L PIPES, pH 6.9, 2 mmol/L MgCl,,
1 mmol/L GTP, and 15% glycerol) was placed in 96-well
microtiter plates in the presence of test agents. Mixtures were
warmed to 37°C and the increase in absorbance was mea-
sured at 340 nm in TECAN Genois Pro Microplate Reader and
recorded every 30 s for 1 h.

Competitive tubulin-binding assay

For colchicine competitive binding assay, tubulin was co-
incubated with indicated concentrations of MPSP-001 and vin-
cristine at 37°C for 1 h. Then colchicine was added to a final
concentration of 5 pmol/L. Fluorescence was determined
using a Hitachi F-2500 spectrofluorometer (Tokyo, Japan) at
excitation wavelengths of 365 nm and emission wavelengths
of 435 nm. Blank values (buffer alone) as background were
subtracted from all samples. Then the inhibition rate (IR) was
calculated as follows: IR=F/F0 where F0 is the fluorescence of
the 5 pmol/L colchicine-tubulin complex, and F is the fluores-
cence of a given concentration of MPSP-001 or vincristine (12.5
pmol/L, 25 pmol/L, 50 pmol/L and 100 pmol/L) competition

www.chinaphar.com
Liu ZL et al

with the 5 pmol/L colchicine-tubulin complex. Vincristine,
not binding in the colchicine-site of tubulin, was added as a
negative control™.

Molecular modeling

The X-ray crystal structure of a,p-tubulin complexed with
N-deacetyl-N-(2-mercaptoacetyl)-colchicine (DAMA-colchi-
cine) was obtained from the Brookhaven Protein Data Bank
(entry code: 1SA0™) as the target structures in the molecular
docking. Compounds were docked into the colchicine binding
site using Autodock 4.00®”. For each compound, 30 docking
runs were performed and the conformation with the lowest
binding free energy was selected as the possible binding con-
formation.

Analysis of drug synergism

The Combination Index (CI) was calculated to determine
whether the drugs interacted synergistically, additively, or
antagonistically®. The CI is calculated by the following
equation: CI=D,/(Dm),+D,/(Dm),+D;*D,/[(Dm),%(Dm),], in
which D; is the concentration of a drug necessary to achieve a
particular effect in the combination; (Dm), is the concentration
of the same drug that will produce the identical level of effect
by itself; D, is the concentration of the second drug that will
produce a particular effect in the combination; and (Dm), is
the concentration of the second drug, which will produce the
same level of effect by itself. CI>1 indicates antagonism, CI<1
indicates synergy, and CI=1 indicates additivity™. Two inde-
pendent experiments were performed to obtain the CI. The
representative data were shown in Table 2.

Statistical analysis

Unless stated otherwise, experiments were run in triplicate
and results were compared in Excel by two-tailed unpaired
t-test. In the case of the effects analysis of MPSP-001 on the
aberrant mitotic spindle, the statistical analysis of incidence
rates of non-bipoles and chromosome misalignment were used
to determine significance!™.

Results

MPSP-001 inhibited growth of various human tumor cells
MPSP-001 is a novel sulfonamide agent and its chemical for-
mula is C;H;;CN,OsS yielding a molecular weight of 384.83
(Figure 1). We used the WST-8 assay to evaluate the antipro-
liferative effect of MPSP-001 on several representative human
tumor cell lines: hepatocellular carcinoma (HepG2), leukemia
(THP-1 and K562), gastric carcinoma (HGC-27), ovarian carci-

Cl

Figure 1. Chemical structure of MPSP-001.
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noma (SKOV3), pancreatic carcinoma (PANC-1), colon adeno-
carcinoma (SW480), cervical carcinoma (KB and HeLa), lung
adenocarcinoma (A549), and breast carcinoma (MDA-MB-453
and MCEF-7). MPSP-001 inhibited the growth of all of the can-
cer cell lines that we tested with ICs, values ranging from 1.9
to 15.7 umol/L (Table 1). Among the 10 solid tumor cell lines
we analyzed, HeLa cell was the most sensitive cell line with an
ICs, value about 8.1 pmol/L. We therefore used HeLa cells as
a model cell in the following experiments.

Table 1. Growth inhibition of MPSP-001 against various human cancer
cell lines.

Origin Cell lines 1Cs0 (umol/L)
Hepatocellular carcinoma HepG2 9.1+4.2
Acute monocytic leukemia THP-1 1.9+1.2
Chronic myelogenous leukemia K562 6.9+3.9
Gastric carcinoma HGC-27 15.7+2.6
Ovarian carcinoma SKOV3 11.6+4.1
Pancreatic carcinoma PANC-1 15.4+6.6
Colon adenocarcinoma SW480 15.1+3.5
Cervical carcinoma Kb? 8.4+2.9
Cervical carcinoma Hela 8.1+3.3
Lung adenocarcinoma A549 15.0+5.8
Breast carcinoma MDA-MB-453 14.8+4.5
Breast adenocarcinoma MCF-7 12.4+2.7

Each value represents the meanSD of three independent experiments.
“The KB cell line was originally derived from an epidermal carcinoma of
the mouth but has now been shown to have Hela characteristics.

MPSP-001 caused cell cycle arrest at the G,/M phase and
subsequently induced cell apoptosis.
We first analyzed the effects of MPSP-001 on cell cycle®.
MPSP-001 induced a dose-dependent G,/M arrest after 16 h
of drug exposure. When exposed to 10 pmol/L MPSP-001
for 16 h, 80.11% of the cell population was blocked in G,/M
phase (Figure 2A). Similarly, MPSP-001 induced a time-
dependent G,/M arrest after different time of drug exposure.
When exposed to 5 pmol/L MPSP-001 for 4, 8, 16 h, the cell
population of HeLa cells in G,/M phase was 33.74%, 46.27%,
and 78.80%, respectively (Figure 2B). We further analyzed the
effects of MPSP-001 on HGC-27, A549, and other cells, similar
results were observed (data not shown). These data clearly
indicated that MPSP-001 was a mitotic blocker.

We next analyzed the effects of MPSP-001 on cell death. The
apoptosis, as indicated by the cleavage of PARP, occurred 16 h
after the MPSP-001 treatment (Figure 3C).

MPSP-001 disrupted mitotic spindle in cells

Most of the anti-mitotic agents affect microtubules™. So the
effects of MPSP-001 on microtubule structure were then exam-
ined by immuno-fluorescence microscopy using a-tubulin
antibody. Normal control cells in metaphase displayed a bipo-
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lar mitotic spindle (Figure 3Ad). Cells exposed to 5 pmol/L
MPSP-001 for 16 h displayed disrupted mitotic spindles and
chromosome misalignment (Figure 3Ae-3Ah). Examples of
spindle damage including non-bipoles (apolar metaphase,
monopolar metaphase, tripolar metaphase and mutipolar
metaphase) and chromosome misalignment. A typical exam-
ple of a tripolar prometaphase was shown in Figure 3Af. Fig-
ure 3Ag exemplified a mutipolar metaphase. An example of
bipolar metaphase with chromosome misalignment was seen
in Figure 3Ah. We counted the number of cells with disrupted
mitotic spindles. Among 150 randomly selected cells in
the mitotic phase not treated with MPSP-001, there were 2
non-bipolar metaphase cells and 1 chromosome misalignment
cell. In comparison, in the randomly selected mitotic cells
treated with MPSP-001, there were 39 and 27, respectively.
These data showed that the rates of mitotic spindle disruption
were significantly different between the MPSP-001 exposed
group and non-exposed group (Figure 3B).

To compare the effects of MPSP-001 with other mitotic
blockers, we studied the morphological changes of tubulin
in interphase HeLa cells after exposure to the various drugs.
Cells were treated with 250 nmol/L Taxol, 100 nmol/L colchi-
cine, 100 nmol/L vincristine, and 5 pmol/L MPSP-001 respec-
tively for 16 h. Taxol, a microtubule-stabilizing agent, caused
an increase in density of cellular microtubules (Figure 3Cb,
3Cg). In contrast, colchicine and vincristine, two microtubule
depolymerizing agents, caused microtubule depolymerization
with short microtubules in the cytoplasm (Figure 3Cc, 3Cd,
3Ch, 3Ci). MPSP-001 (Figure 3Ce, 3Cj) also caused similar
morphological changes of microtubules to that of colchicine
and vincristine, suggesting that MPSP-001 may be a microtu-
bule depolymerizing agent.

MPSP-001 inhibited in vitro microtubule assembly and directly
bind to colchicine-binding site on tubulin

To confirm the above observations, we investigated the effect
of MPSP-001 on tubulin polymerization using an in vitro tubu-
lin polymerization assay (Figure 4A). MPSP-001 inhibited
polymerization of tubulin in a dose-dependent manner similar
to that of colchicine and vincristine.

Two known sulfonamide agents, E7010, and HMN-214, all
bind to the colchicine site of tubulin. Therefore we further
assessed the ability of MPSP-001 to compete with colchicine
for binding to tubulin via competitive binding assays. Because
the intrinsic fluorescence of colchicine increases upon binding
to tubulin®, it was used as an index for MPSP-001 competi-
tion with colchicine in tubulin binding. As shown in Figure
4B, vincristine did not affect the binding to tubulin. However,
the fluorescence of colchicine-tubulin complex was reduced in
the presence of MPSP-001 in a dose-dependent manner, sug-
gesting that MPSP-001 were competing with colchicine to bind
to tubulin.

Molecular docking predicted the interaction model of
MPSP-001 binding to the colchicine site of B-tubulin (Figure
4C, 4D). In the docked complex, compound MPSP-001 bound
to a, p-tubulin in an extended conformation and the calculated
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Figure 2. Effects of MPSP-001 on cell cycle distribution and cell death. (A) The concentration effects of MPSP-O01 on cell cycle progression of HelLa
cells. Hela cells were treated with different concentrations of MPSP-001 for 16 h. Then, the cells were fixed and stained with Pl and analyzed by flow
cytometry. Percentages of cells in different phases were shown. The data are representative of three independent experiments. (B) The time effects of
MPSP-001 on cell cycle progressions of HelLa cells. Hela cells were treated with 5 umol/L MPSP-001 for different time. The cells were then fixed and
stained with Pl, and analyzed by flow cytometry. Percentages of cells in different phases were shown. The data are representative of three independent
experiments. (C) MPSP-001 induced apoptosis with the cleavage of PARP. The time (left panel) and concentration (right panel) effects of MPSP-001
on cell apoptosis of HelLa cells. Protein samples were separated by SDS-PAGE for immunoblot analysis using antibody against PARP and GAPDH were

stained as the internal cytosolic control.

free energy of binding was -8.38 kcal/mol. The hydroxyl
groups of MPSP-001 form hydrogen bonds to the residues Leu
252 and Leu 255 of the p tubulin with distances of 2.89 A and
2.88 A, respectively. Additionally, the phenyl ring moieties of
MPSP-001 are positioned towards Val 315 and Ala 316 of the
B tubulin, establishing hydrophobic contacts with the binding
pocket (Figure 4C, 4D). The docking result, which has shown

proper binding free energy and intermolecular interactions,
shows a possible mode why MPSP-001 competes with colchi-
cine.

MPSP-001 exhibited potent synergistic effect in combination
with Taxol and colchicine
Before evaluating the interactions between MPSP-001 and

Acta Pharmacologica Sinica
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Figure 3. Effects of MPSP-001 on mitotic spindle formation and tubulin disruption. (A) lllustrations of the effects of MPSP-001 on the mitotic spindle
in Hela cells (e-h) using immuno-fluorescence microscopy technique. Hela cells grown in log phase were treated with 5 pmol/L MPSP-001 for 16 h,
followed by fixation and immunofluorescence staining for tubulin (white) and DNA (blue). Examples of a normal interphase (a), normal prometaphase (b),
normal metaphase (c) and normal telophase (d) were shown. Examples of a damaged interphase (e) and various forms of abnormal mitoses include
a tripolar prometaphase (f), a mutipolar metaphase (g) and an abnormal bipolar metaphase with lagging chromosomes or chromosomes not aligned
to the metaphase plate (h) were shown (x600). (B) Statistical analysis of the effects of MPSP-001 on the mitotic spindles in HelLa cells. (C) Disruption
of tubulin by MPSP-001, colchicine, and paclitaxel in HeLa cells and tubulin-GFP-HeLa cells (over-expression of the fusion protein of tubulin and GFP).
Hela cells and tubulin-GFP-HeLa cells grown in log phase were treated with 0.1% DMSO (a, f), 250 nmol/L Taxol (b, g), 100 nmol/L colchicine (c, h), 100
nmol/L vincristine (d, i) and 5 pmol/L MPSP-001 for 16 h, followed by fixation and immunofluorescence staining for tubulin (In Tubulin-GFP-Hela cells,
immunofluorescence staining was omitted) .Then the morphology of interphase tubulin (white) was observed (x600).
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Figure 4. Effects of MPSP-O01 on in vitro tubulin polymerization and competitive binding of colchicine site. (A) Effects of MPSP-001 (25 pymol/L, 100
umol/L), Taxol (10 pymol/L), colchicines (10 umol/L) and vincristine (10 umol/L) on bovine brain tubulin polymerization were measured turbidimetrically.
Changes in absorbance at 340 nm (A340) were measured and plotted as a function of time. (B) MPSP-001 binding to tubulin directly and inhibiting
tubulin polymerization. Tubulin was co-incubated with indicated concentrations of VCR and MPSP-001 for 1 h, then 5 pmol/L colchicine was added.
The fluorescence was measured by spectrofluorometer. All assays were repeated twice and representative data were shown. (C) Interactions between
o,B-tubulin and compound MPSP-001 in the docking complex in 3D pattern. Tubulin was shown in cartoon style with the B and o subunit colored in
green and cyan, respectively; compound MPSP-001 was shown in stick style; the residues within 4 A around compound MPSP-001 were shown in line
style. Magenta dashed lines denoted the potential hydrogen bonds. (D) 2D representation were drawn using LIGPLOT. Dashed lines represented
hydrogen bonds and spiked residues form hydrophobic contacts with the compound.

Taxol or colchicine, we calculated the MBs, value for each of
the compounds. It represents the concentration of compounds
that render 50% of the cells to be arrested in mitosis. As
shown in Figure 5A, the MB;, value of Taxol, colchicine and
MPSP-001 were 177.7+2.7 (nmol/L), 77.84£2.8 (nmol/L), and
2.9+0.4 (pmol/L), respectively. At concentrations lower than
their MBs, values, either colchicine (10 nmol/L)+MPSP-001
(1 pmol/L) or Taxol (25 nmol/L)+MPSP-001 (1 pmol/L) had

synergism effects on arresting the Hela cells in G,/M phase
(Figure 5B). The combination index (CI) value was then calcu-
lated. The combination of colchicine with MPSP-001 against
HeLa cells resulted in a CI value of 0.27. Similarly, the com-
bination of Taxol with MPSP-001 resulted in a CI value of
0.87 (Table 2). These results demonstrated a synergy between
MPSP-001 with other mitotic blockers in blocking mitosis.
Moreover, we also found their synergistic effects on apoptosis

Table 2. Combination index values of COL+MPSP-001 and Taxol+MPSP-001 in Hela cells.

Combination type Percent of COL (nmol/L) Taxol (nmol/L) MPSP-001 (umol/L) ol
Gy/M D, (Dm), D, (Dm), D> (Dm),

MPSP-001+COL 64.10% 10.00 133.32 NA NA 1.00 5.45 0.27

MPSP-001+Taxol 41.70% NA NA 25.00 105.70 1.00 1.95 0.87

The Cl is calculated by the following equation: Cl=D,/(Dm),+D,/(Dm),+D;xD,/[(Dm);*(Dm),].

CI>1 indicates antagonism, CI<1 indicates synergy, and

Cl=1 indicates additivity. COL,colchicines; Cl, combination index; NA, Not Applicable.
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Figure 5. Synergistic effects of MPSP-O01 in combination with colchicine and Taxol on blocking mitosis. (A) Flow cytometry analysis of the mitosis
block effects using different concentrations of MPSP-001, colchicines and Taxol. Hela cells were incubated with different concentrations of MPSP-001,
colchicines and taxol for 16 h. Then cells were fixed and stained with Pl and analyzed by flow cytometry. The G,/M distribution values were graphed.
Data are the means of triplicates+SD. (B) Flow cytometry analysis of the effects of taxol (25 nmol/L), colchicine (10 nmol/L), MPSP-001 (1 pmol/L) or
the combination of Taxol+MPSP-001 and colchicines+MPSP-001 on cell cycle distribution. Hela cells were incubated with drugs for 16 h. The cells

were then fixed and stained with Pl and analyzed by flow cytometry.

with an additional accumulation of sub-G; cells®” (Figure 5B).

MPSP-001 exhibited potent cytotoxicity against multidrug-
resistant cell lines

Multidrug resistance is a notorious nature of tumors for most
naturally derived anticancer drugs". To find out whether a
major multidrug resistance mechanism, P-glycoprotein (P-gp)
overexpression, influences the anti-cancer activity of MPSP-
001, we tested the effects of MPSP-001 on two pairs of tumor
cell lines with different expression levels of P-gp-overexpres-
sion, KB/VCR and MCF-7/ADR. The P-gp-overexpression
cells showed high degrees of drug resistance to the control
compounds VCR and ADR (RF values were 110.2 and 50.2,

Table 3. Growth inhibition of MPSP-001 against drug-resistant cell lines.

respectively) (Table 3). For each of these cell lines, MPSP-001
displayed equal cytotoxicity towards the multidrug resistant
cells as well as the corresponding parental cells, with RF val-
ues of 1.2 and 1.9 (Table 3). These data indicated that MPSP-
001" s anti-cancer activity is not affected by the P-gp pump.

Discussion

Microtubules are attractive targets for chemotherapeutic
agents™. We report here that a novel benzenesulfonamide
derivative, MPSP-001, inhibits growth of a broad-spectrum of
cancer cell lines at the micromolar range (Table 1). It caused
cell cycle arrest at the G,/M phase and induced apoptosis of
tumor cells. Further studies revealed that MPSP-001 disrupted

Cell lines Resistant VCR ADR MPSP-001

type ICso (nmol/L) RF ICso (umol/L) RF ICso (umol/L) RF
KB Parental 3.9+0.8 110.2 NT NT 8.4+2.9 1.2
KB/VCR MDR? 429.7+18.2 NT 10.1+2.1
MCF-7 Parental NT NT 1.7+0.4 50.2 12.4+2.7 1.9
MCF-7/ADR MDR? NT 85.3+22.8 23.2+7.3

All resistant cell lines were maintained in drug-free medium for 3 d before seeding for growth inhibition assay. Each value represented the mean+SD.
of three independent experiments. The RF was calculated as the ratio of the ICs, value of the multidrug-resistant cells to that of the corresponding
sensitive parental cells. VCR, vincristine; ADR, adriamycin; RF, resistant fold; NT, not tested.
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mitotic spindles by inhibiting microtubule polymerization.
The exact mechanism by which MPSP-001 inhibited microtu-
bule polymerization and induced apoptosis is not completely
understood. Visualization of mitotic spindle with fluorescent
microscopy demonstrated that MPSP-001 caused non-bipolar
mitotic spindles with chromosome misalignment. The modes
of action on inhibiting microtubule polymerization and the
effects on mitotic spindle formation of MPSP-001 resemble
that of colchicine. We further performed in vitro fluorometric
experiment to test whether MPSP-001 can displace colchicine
from tubulin, which concluded that MPSP-001 can bind to
colchicine site of tubulin. Moreover, molecular docking pre-
dicts that MPSP-001 can form two hydrogen bonds to the resi-
dues Leu252 and Leu255 of the  tubulin and establish hydro-
phobic contacts with the colchicine binding pocket (Figure 4C,
4D).

Drug resistance is a serious problem that restricts the use of
microtubule-interfering drugs for clinical therapy®!. MPSP-
001 exerts a similar potency, regardless of the cell’s MDR or
MRP status (Table 3), suggesting that it is not a substrate of the
efflux pumps.

Drugs often have more than one target. For exemple,
another sulfonamide, HMN-214, its antitumor activity is medi-
ated by the inhibiting of polo-like kinase and NF-Y*™®!. 59, a
novel anticancer agent, exerts its anti-proliferative activity by
interfering with both PI3K-Akt-mTOR signaling and microtu-
bule cytoskeleton®. Likely, the fact that MPSP-001 acted syn-
ergistically with colchicine and taxol on blocking mitosis and
inducing apoptosis suggests that MPSP-001 may interact with
other targets involved in spindle checkpoint or cell death.

Although its targets and mechanisms remain unclear,
MPSP-001 exhibits synergistic effects with colchicine and taxol
on blocking mitosis and inducing apoptosis, as well as its abil-
ity to overcome P-glycoprotein mediated multidrug resistance
in taxanes and vinca alkaloids-resistant tumor cells. These
results reveal its potentials in anticancer therapy.

In conclusion, our data provide compelling evidences that
the novel sulfonamide-based compound, MPSP-001, has
broad-spectrum anti-tumor efficacy in vitro by triggering
tumor cell apoptosis and is effective against drug resistant
tumor cells. Our study indicates that MPSP-001 is a novel
microtubule depolymerizer and mitotic blocker. The in-
depth studies on sulfonamides will help us to design better
anti-cancer drugs.
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Aim: To investigate the cytotoxic effects of piperonal ciprofloxacin hydrazone (QNT4), a novel antibacterial fluoroquinolone derivative,

against human hepatocarcinoma SMMC-7721 cells.

Methods: Human hepatocarcinoma cells (SMMC-7721), human breast adenocarcinoma cells (MCF-7) and human colon adenocarci-
noma cells (HCT-8) were tested. The effects of QNT4 on cell proliferation were examined using MTT assay. Cell apoptosis was deter-
mined using Hoechst 33258 fluorescence staining, TUNEL assay and agarose gel electrophoresis. The topoisomerase Il activity was
measured using agarose gel electrophoresis with the DNA plasmid pBR322 as the substrate. Mitochondrial membrane potential (Awm)
was measured using a high content screening imaging system. Protein expression of caspase-9, caspase-8, caspase-3, p53, Bcl-2,

Bax, and cytochrome ¢ was detected with Western blot analysis.

Results: Treatment with QNT4 (0.625-10 umol/L) potently inhibited the proliferation of the cancer cells in time- and dose-dependent
manners (the ICg, value at 24 h in SMMC-7721 cells, MCF-7 cells and HCT-8 cells was 2.956+0.024, 3.710+0.027, and 3.694+0.030
umol/L, respectively). Treatment of SMMC-7721 cells with QNT4 (0.2146, 2.964, and 4.600 umol/L) for 24 h dose-dependently
increased the percentage of apoptotic cells, elicited characteristic DNA “ladder” bands, and decreased the mitochondrial membrane
potential. QNT4 dose-dependently increased topoisomerase ll-mediated DNA breaks while inhibiting DNA relegation, thus keeping

the DNA in fragments. Treatment of SMMC-7721 cells with QNT4 significantly increased cytochrome ¢ in the cytosol, and decreased
cytochrome c in the mitochondrial compartment. QNT4 (3-7.39 pmol/L) significantly increased the protein expression of p53, Bax,
caspase-9, caspase-3, and the cleaved activated forms of caspase-9 and caspase-3 in SMMC-7721 cells. In contrast, the expression of

Bcl-2 was decreased, while caspase-8 had no significant change.

Conclusion: QNT4 induced the apoptosis of SMMC-7721 cells via inhibiting topoisomerase Il activity and modulating mitochondrial-

dependent pathways.

Keywords: anticancer drug; fluoroquinolone; piperonal ciprofloxacin hydrazone; hepatocarcinoma cells; breast adenocarcinoma cells;
colon adenocarcinoma cells; apoptosis; topoisomerase Il; mitochondrial membrane potential
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Introduction

Antibacterial fluoroquinolone is a very important family of
antibacterial drugs that are widely prescribed for the treatment
of infections in humans". According to the pharmacologi-
cal mechanisms elucidated in numerous reports, antibacterial
fluoroquinolone corrupts the activities of prokaryotic type II
topoisomerase and DNA gyrase, and induces them to kill cells
by generating high levels of DNA double-strand breaks. DNA
gyrase modulates the topological state of the genetic material

*To whom correspondence should be addressed.
E-mail Ibgood5912@sina.com
Received 2011-04-20 Received 2011-10-28

by passing an intact DNA helix through a transient double-
strand break that is generated in a separate DNA segment”.
Like bacterial cells, eukaryotic species also require a type II
topoisomerase, known as topoisomerase II, for viability. Com-
pared with the known sequences of type II topoisomerases
of bacteria and mammals, the sequences around activated
tyrosine residues appear to have common homology®. The
mechanisms by which antitumor fluoroquinolones induce cell
death appear to be similar to those of quinolone antibacterial
agents. Mammalian DNA topoisomerase II can be inhibited
by fluoroquinolones, although it is 100-fold more sensitive to
prokaryotic DNA gyrase. In addition, the mode of action of
fluoroquinolones is similar to that of anthracycline derivatives
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(such as doxorubicin, amsacrine, mitoxantrone), epipodophyl-
lotoxin derivatives (such as etoposide), and actinomycin D (a
class of polypeptide antibiotics isolated from Streptomyces).
Accordingly, antibacterial fluoroquinolones have been shown
to be cytotoxic to cancer cells™ ), thus representing a poten-
tially important source of new anticancer agents. Recently,
the development of antitumor agents derived from antibac-
terial fluoroquinolones has attracted much attention due to
the mechanistic similarities and sequence homologies of the

targeting eukaryotic topoisomerases'’.

However, many anti-
tumor fluoroquinolones have been modified from clinical
antibacterial fluoroquinolones with regard to the nitrogen-
containing ring, such as piperazine, on the 7-position and (or)
the 2-position of the fluoroquinolone scaffold®®.. In addition,
a few modifications of the carboxylic group at the 3-position

have been reported!”

. Indeed, it does not seem necessary for
an antitumor fluoroquinolone to retain the carboxylic group;
fluoroquinolones with a fused heterocyclic ring as an isostere
of the carboxylic group showed strong anticancer activity as
well as high water solubility™. To search for new structural
modification strategies for antibacterial fluoroquinolones, we
have designed and synthesized a series of fluoroquinolone
derivatives by linking various hydrazine compounds to the
C-3 carboxyl group of ciprofloxacin or ofloxacin and assessed
their anticancer activities. Several novel ciprofloxacin deriva-
tives displayed potent cytotoxicity against the tested can-
cer cell lines in vitro, with 1Cs, values reaching micromolar

concentrations!"?

. In this study, we investigated the growth
inhibitory effects and the molecular mechanisms of piperonal
ciprofloxacin hydrazone (QNT4) in human hepatocarcinoma
SMMC-7721 cells. We found that QNT4 (1-cyclopropyl-6-flu-
oro-4-oxo-7-piperazin-1, 4-dihydro-quinoline-3-carboxylic acid
benzo[1,3]dioxol-5-ylmethylene-hydrazide) showed potent
cytotoxicity against SMMC-7721 cells with an ICs, value of

2.411 pmol /L.

Materials and methods

Chemicals

Piperonal ciprofloxacin hydrazone (QNT4) was synthesized
at the Institute of Chemistry and Biology at Henan University.
The purity was >98% by HPLC analysis. The compound was
dissolved in dimethyl sulfoxide (DMSO, Solarbio Science &
Technology Co, Ltd). Its structure is illustrated in Figure 1.

Cell culture and treatments
Human hepatocarcinoma cells (SMMC-7721 and Hep3B2.1-

Figure 1. Structure of 1-cyclopropyl-6-fluoro-4-oxo-7-piperazin-1-yl-1,4-
dihydro-quinoline-3-carboxylic acid benzo[1,3]dioxol-5-yImethylene-
hydrazide (QNT4).
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7), human breast adenocarcinoma cells (MCF-7), and human
colon adenocarcinoma cells (HCT-8), obtained from the Cell
Bank of the Chinese Academy of Sciences, Shanghai, were
cultured in DMEM medium (Gibco BRL, USA) supplemented
with 10% heat-inactivated fetal bovine serum (Sijiqing Co,
Ltd, Hangzhou, China), 100 IU/mL penicillin, and 100 pg/mL
streptomycin. The cells were maintained in 5% CO, at 37°C.
When the cells reached approximately 50%-70% confluence,
they were treated with different amounts of chemicals as indi-
cated. DMSO was used as the vehicle control.

MTT assay

The cells were seeded at a density of 1x10* cells/mL in 96-well
culture plates. After 24 h, the cells were treated with the indi-
cated concentrations of QNT4 or ciprofloxacin. Control wells
consisted of cells incubated with medium only. After 24, 48,
and 72 h of treatment, cells were incubated with 20 uL MTT (5
mg/mL, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide; Sigma, St Louis, MO, USA). After 4 h at 37°C, the
supernatant was removed, and 150 pL DMSO was added.
After the blue crystals were dissolved in DMSO, the optical
density (OD) was detected at a wavelength of 570 nm using a
96-well multiscanner autoreader (Bio-Rad, USA). The follow-
ing formula was used: cell proliferation inhibited (%)=[1-(OD
of the experimental samples/OD of the control)]x100. The
ICs is defined as the concentration at which cell proliferation
is inhibited by 50%.

Hoechst 33258 staining

SMMC-7721 cells were seeded at a density of 1x10* cells/mL
on the glass cover slides of a 35-mm chamber. After being
treated with QNT4 for 24 h, the cells were washed twice with
PBS and incubated with 5 pg/mL Hoechst 33258 (Sigma, St
Louis, MO, USA) for 10 min at 37°C in the dark. The cells
were then washed and fixed with 4% paraformaldehyde in
PBS for 5 min at 4°C. Nuclear morphology was then exam-
ined under a fluorescent microscope (BX51, Olympus, Japan).

TUNEL assay

Cells (1x10* cells/mL) were seeded in growth medium on the
glass cover slides of 6-well plates for overnight incubation.
They were then treated with the indicated concentrations of
QNT4 for 24 h. Control wells consisted of cells incubated with
medium only. Next, cells were examined for apoptosis by
terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) assay (Promega, Madison, WI, USA),
according to the manufacturer’s instructions. Cells were
visualized and photographed from at least five randomly
chosen areas in each slide, using a fluorescent microscope
(BX51, Olympus, Japan). Percent apoptosis was determined
by counting the number of apoptotic cells and dividing by the
total number of cells in the areas.

DNA agarose gel electrophoresis
Cells were treated with media containing different concentra-
tions of QNT4 for 24 h and were then washed twice with PBS.



The chromosomal DNA was extracted with the Apoptotic
DNA Ladder Detection Kit (Beyotime, China) according to the
manufacturer’s instructions. The DNA sample was incubated
at 37°C for 30 min and electrophoresed at 40 V/cmon a 1%
agarose gel containing 1 mg/mL ethidium bromide. Finally,
the apoptotic DNA fragments were visualized under a UV
transilluminator and photographed.

Topoisomerase ll-mediated supercoiled pBR322 DNA relaxation
assay

DNA topoisomerase II activity was determined by the super-
coiled pBR322 DNA relaxation assay”. The experiments were
performed by incubating human topoisomerase Ila (Sigma, St
Louis, MO, USA) with 1 pg supercoiled pBR322 DNA in 5 uL
relaxation buffer (200 mmol/L Tris-HCl, pH 7.5, 340 mmol/L
KCl, 40 mmol/L MgCl,, 20 mmol/L DTT, 120 mg/L BSA, 5
mmol/L EDTA, 4 mmol/L ATP) under increasing concentra-
tions of QNT4. In this experiment, etoposide (Sigma, St Louis,
04, was used as
a positive control. The mixture was incubated at 37 °C for 30

MO, USA), a known topoisomerase II poison

min and the reaction was terminated by adding 20 pL 10%
SDS and 1 pL protease K (1x10* mg/L). Samples were sub-
jected to electrophoresis in 1% agarose gels. DNA was then
stained with 1 mg/mL ethidium bromide and photographed
under a UV transilluminator.

Estimate of mitochondrial membrane potential loss

Cells were treated with media containing different concen-
trations of QNT4 for 24 h and were then incubated with 0.5
mg/mL of the fluorescence probe JC-1 (5,5,6,6'-tetrachloro-I,
I',3,3’- tetraethyl-benzimidazolcarbocyanine iodide, Beyotime,
China) at 37°C for 20 min. The cells were thoroughly washed
twice with buffer and incubated with 5 pg/mL Hoechst 33258
for 10 min in the dark. After two additional washes, the mito-
chondrial membrane potential (Aym) was measured by a high
content screening imaging system (Thermo Fisher Scientific,
USA).

Western blotting assay

After treatment with different concentrations of QNT4 for
24 h, cells were lysed with ice-cold RIPA lysis buffer. Protein
concentrations were determined using the Bradford method.
Samples were separated by 12% SDS-PAGE under reduc-
ing conditions and transferred onto polyvinylidene fluo-
ride (PVDF) membranes (Millipore). The membranes were
blocked with 5% non-fat milk in TBST buffer (20 mmol /L Tris-
HCI, 137 mmol/L NaCl, and 0.1% Tween 20, pH 8.0) for 1 h
at room temperature, prior to an overnight incubation at 4 °C
with specific antibodies to caspase-9, caspase-8, caspase-3, p53,
Bcl-2, Bax, cytochrome c, or -actin (all antibodies from Santa
Cruz Biotechnology, USA). The membranes were washed and
incubated with horseradish peroxidase conjugated anti-mouse
IgG (Beijing ZhongShan GoldenBridge Biological Technol-
ogy Co, LTD), or anti-rabbit IgG (Beyotime, China) secondary
antibodies for 1 h. Once again, the membranes were washed
three times with TBST, and the proteins were detected using
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an enhanced chemiluminescence substrate (ECL, Beyotime,
China).

Cytochrome c release from mitochondria was evaluated by
Western blotting analysis of cytosolic protein samples. Cyto-
solic protein fractions were prepared using the cell mitochon-
dria isolation kit (Beyotime, China).

Statistical analyses

The data are presented as the mean+SD for the indicated
number of independent experiments. Statistical significance
was calculated using the ¢-test for paired samples. P<0.05 was
regarded as significant and P<0.01 as highly significant.

Results

QNT4 suppressed the growth of cancer cells in vitro

The cytotoxicity of QNT4 against cancer cells was assessed
using the MTT cell viability assay. The cells were treated with
various concentrations of QNT4 for 24, 48, and 72 h, result-
ing in a significant decrease in cell viability in a dose- and
time-dependent manner (Figure 2). Within the three cancer
cell lines used in this experiment, QNT4 was most effective
against SMMC-7721. As shown in Figure2A, the ICs, values
after treatment for 24, 48, and 72 h were 2.956+0.024 pmol/L
(r’=0.9521), 3.497+0.063 pmol/L (r*=0.8382), and 3.345+0.039
pmol/L (1’=0.9700), respectively. For MCF-7 cells, the 1Cs,
values after treatment for 24, 48, and 72 h were 3.710+0.027
pmol/L (r’=0.8764), 3.377+0.021 pmol/L (r’=0.9438) and
4.299+0.029 pmol/L (7=0.8857), respectively. For the HCT-8
cells, the IC5, values after treatment for 24, 48, and 72 h
were 3.694+0.030 umol/L (1*=0.8750), 4.568+0.018 pmol/L
(r"=0.8330), and 4.318+0.025 pmol/L (r’=0.8096), respectively.
In contrast, ciprofloxacin showed weak cytotoxicity against
SMMC-7721 cells (Figure 2D). The IC5, value at 48 h treat-
ments was 6.860+0.194 pmol/ L (r’=0.8039).

QNT4-induced apoptosis of SMMC-7721 cells

After treatment with various concentrations of QNT4 for 24 h,
marked morphological changes indicative of cell apoptosis,
such as chromatin condensation and nuclear fragmentation,
were clearly observed for SMMC-7721 cells following Hoechst
33258 staining (Figure 3, Table 1).

The integrity of DNA was assessed by agarose gel electro-
phoresis. As shown in Figure 4, 24 h incubation of SMMC-
7721 cells with 2.964 pmol/L and 4.600 pmol/L QNT% elicited
characteristic DNA “ladder” bands indicative of apoptotic

Table 1. Apoptotic effects of QNT4 on SMMC-7721 cells. n=6. Mean+SD.
°P<0.05 vs control. T=2.57.

. Apoptosis
Total cells Apoptotic cells ratio)/%
Control 352+12.1 21.42+2.6 0.6+0.1
QNT4 (2.146 pymol/L) 259.31+10.2 30.11+2.28 11.6+£1.8
QNT4 (2.964 pmol/L) 212.18+8.6 42.18+3.2 19.9+2.8°
QNT4 (4.600 pmol/L) 160.78+2.9 53.4416.2 33.2+3.9°
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Figure 2. Dose- and time-dependent growth inhi-
bition of the cancer cells by QNT4 or ciprofloxacin.
(A) SMMC-7721 cells were treated with various
concentration of QNT4. (B) MCF-7 cells were
treated with various concentration of QNT4. (C)
HCT-8 cells were treated with various concentra-
tion of QNT4. (D) SMMC-7721 cells were treated
with various concentration of ciprofloxacin. Data

QNT4 concentration (umol/L)

-
QNT4 (2.146 priol/L)
¢ e

Figure 3. QNT4 induced morphological changes of SMMC-7721 cells.
Cells were treated with 0, 2.146 (IC5, group), 2.964 (ICs, group), and 4.600
pmol/L (ICqo group) QNT4, respectively for 24 h. Morphological changes
were examined by staining with Hoechst 33258, and the images were
observed and photographed under a fluorescence microscope. x400. Ar-
rows indicate apoptotic cells.

internucleosomal DNA fragmentation (approximately 180-200
bp).

To further investigate the role of QNT4 in apoptosis, TUNEL
assay was performed. As shown in Figure 5 and Table 2, 24 h
incubation with QNT4 increased the percentage of apoptotic
SMMC-7721 cells in a concentration-dependent manner.

Ciprofloxacin concentration (umol/L)
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2.5 5 10 represent means+SD of three independent meas-

urements.

Table 2. Apoptotic effects of QNT4 on SMMC-7721 cells. n=6. MeanzSD.
°P<0.05 vs control. T=2.46. °P<0.01 vs control. T=3.84.

. Apoptosis
Total cells Apoptotic cells ratio/%
Control 320.21+12.65 12.74+4.25 5.31+2.10
QNT4 (2.146 pmol/L) 256.44+12.07 33.40+5.54  19.13+4.09°
QNT4 (2.964 umol/L) 180.38+15.04  37.54+8.25 28.49+2.18°
QNT4 (4.600 pumol/L) 109.54+11.40  45.45+6.40 45.94+4.75°
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Figure 4. DNA fragmentation in SMMC-7721 cells. SMMC-7721 cells
treated with O, 2.146, 2.964, and 4.600 pmol/L QNT4, respectively for
24 h. DNA from 1x10° cells was electrophoresed through 1% agarose
gels and stained with 0.5 pg/mL ethidium bromide. Lane M was standard
marker of DNA ladder.
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Figure 5. Induction of apoptosis in SMMC-7721 cells treated with QNT4
for 24 h was evaluated by TUNEL assay. Representative images were
taken with nuclear stain (DAPI, A) and apoptosis stain (TUNEL, B). x200.
®P<0.05, °P<0.01 vs control (O ymol/L).

The effect of QNT4 on the catalytic activities of eukaryotic topo-
isomerase Il

In this experiment, relative double-stranded DNA cleavage/
religation was determined using agarose gel electrophoresis
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of treated-pBR322 DNA and nontreated-pBR322 DNA (Figure
6). QNT4 decreased the amount of supercoiled DNA (Form I),
while increasing nicked circular plasmid molecules (Form II)
and linear molecules (Form III) in a dose-dependent manner.
The effects of QNT4 on topoisomerase II-mediated DNA cleav-
age/religation were similar to that of etoposide. This suggests
that QNT4 increased topoisomerase II-mediated DNA breaks
while inhibiting DNA religation.

QNT4 0 2.146 2964 4.600 0 4.600 (umol/L)
Topoll 0.2 0.2 0.2 0.2 0.2 0 (ub
Etoposide 0 0 0 0 100 0

Form || —»
Form Ill —»
Form | —

Figure 6. The inhibitory effects of QNT4 on DNA topoisomerase Il activity.
Human topoisomerase lla was incubated with supercoiled pBR322 DNA in
relaxation buffer under increasing concentrations of QNT4. Samples were
subjected to electrophoresis in 1% agarose gels and then stained with
ethidium bromide and photographed under a UV transilluminator.

The effect of QNT4 on the mitochondrial membrane potential
Mitochondrial membrane potential (Aym) was detected
with the fluorescent probe JC-1, which exists predominantly
in monomeric form in cells with depolarized mitochondria
and displays green fluorescence at 490 nm. In contrast, JC-1
primarily forms aggregates in cells with polarized mitochon-
dria and shows reddish-orange fluorescence. The emission
intensity ratio of the 545 nm and 595 nm peaks was used as a
measure of mitochondrial depolarization; a higher ratio indi-
cated more depolarization. QNT4 treatment of SMMC-7721
cells for 24 h resulted in green JC-1 fluorescence in a dose-
dependent manner, which is consistent with a loss of Aym
(Figure 7). After treatment with QNT4 at 2.146 pmol/L, 2.964
pmol/L, and 4.600 pmol/L for 24 h, cellular Aym decreased to
(8.74%3.62) %, (39.64+4.52)%, and (46.90£3.29)%, respectively,
compared to the control (P<0.05, T=3.12).

The effect of QNT4 on apoptotic protein expression in SMMC-
7721 cells
To characterize the signaling pathways involved in QNT4-
induced apoptosis, the expression levels of p53, Bcl-2, Bax, cas-
pase-9, caspase-8, and caspase-3 in QNT4-treated SMMC-7721
cells were analyzed by Western blotting (Figure 8). Mitochon-
drial release of cytochrome c is a critical step in the apoptotic
cascade that can activate downstream caspases. To examine
whether QNT4-induced apoptosis in SMMC-7721 cells was
associated with the release of cytochrome ¢ from mitochon-
dria, the levels of cytochrome c in both the cytosolic and mito-
chondrial fractions were analyzed. The results showed that
there was a significant increase of cytochrome c in the cytosol
and a decrease in the mitochondrial fraction after 24 h treat-
ment with QNT4 (Figure 9).

As a tumor suppressor protein, p53 can induce cell apop-
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Figure 7. HCS analysis after JC-1 staining to detect changes in the mi-
tochondrial membrane potential of SMMC-7721 cells induced by QNT4.
Cells were treated with 0, 2.146 (IC5, group), 2.964 (ICs, group), and 4.600
pmol/L (ICyo group) QNT4, respectively for 24 h. The mitochondrial mem-
brane potential (Awm) was measured by high content screening image
system.
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Figure 8. Protein expressions levels of caspase-9, caspase-8, caspase-3,
Bcl-2, Bax, and p53 were examined by Western blot analysis in SMMC-
7721 cells after treatment with 0, 2.146 (ICs, group), 2.964 (ICs, group),
and 4.600 pmol/L (ICq group) QNT4, respectively for 24 h.
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Figure 9. The effect of QNT4 on the release of cytochrome ¢ from mito-
chondria to the cytosol were examined by Western blot analysis in SMMC-
7721 cells after treatment with 0, 2.146 (IC5, group), 2.964 (ICs, group),
and 4.600 pymol/L (ICq group) QNT4, respectively for 24 h.

tosis in response to stress signals, such as DNA damage. The
expression of p53 protein was induced by various concentra-
tions of QNT4 treatment. The anti-apoptotic protein Bcl-2
was also decreased, while the pro-apoptotic protein Bax was
increased dramatically by QNT4 treatment. Because changes
in Bax/Bcl-2 levels during the initiation of caspase signaling
have been reported, caspase-9 and caspase-3 activation was
examined in this study as well. Upon apoptotic stimula-
tion, full-length caspase-9 and caspase-3 were cleaved into
active fragments. QNT4 treatment (2.964 pmol/L and 4.600
pmol/L) significantly increased the cleaved, activated forms
of caspase-9 and caspase-3. These results indicate that QNT4
induced apoptosis in SMMC-7721 cells through the intrinsic
mitochondrial apoptotic pathway. On the other hand, QNT4
did not affect the expression of caspase-8, regardless of the
treatment dose. Caspase-8 is a prominent initiator of death
receptors and is activated by death receptor apoptosis stimuli.
Therefore, it seems that QNT4 enhanced apoptosis through the
intrinsic mitochondrial apoptosis pathway, whereas the death-
receptor signaling pathway played a less important role.

Discussion
Fluoroquinolone compounds have been reported to have an
inhibitory effect on cell proliferation and can induce apoptosis
in carcinoma cell lines"> . In this study, MTT assays indi-
cated that QNT4 inhibited the proliferation of human hepa-
tocarcinoma SMMC-7721 cells in a dose- and time-dependent
manner. Thus, we propose that QNT4 could be an effective
candidate for therapy against malignant tumors.

Antibacterial fluoroquinolones are a class of antibacterial



agents that are commonly used to treat human and animal
infections. The treatment of bacterial infection inhibits bacte-
rial DNA gyrase by a mechanism similar to that of certain
antitumor drugs against mammalian topoisomerase 11",
Some antibacterial fluoroquinolones, such as ciprofloxacin,
ofloxacin and norfloxacin, also demonstrate a slight interaction
with mammalian topoisomerase II, although these antibac-
terials are much more selective for bacterial DNA gyrase!.
However, a number of chemically modified antibacterial
fluoroquinolone derivatives with enhanced activity against
mammalian topoisomerase II have been developed. Strong
inhibitory effects against eukaryotic DNA replication were
demonstrated, and their structure-activity relationship have
also been characterized. These fluoroquinolone derivatives
share a similar mechanism of action with several clinically
relevant antitumor agents, such as ellipticine and etoposide.
They bind to the topoisomerase II-DNA cleavage complexes,
thus converting topoisomerase II into a physiological toxin
that creates protein-linked DNA breaks in the genome of
treated cells®. As shown in Figure 6, QNT4 increased topoi-
somerase II-mediated supercoiled pBR322 DNA breaks but
inhibited topoisomerase II-mediated DNA religation. The
effects of QNT4 on the topoisomerase II-mediated DNA
cleavage/religation were similar to that of etoposide. These
findings provide evidence that QNT4 is a poisonous inhibitor
for topoisomerase 11" QNT4 binds the reversible complex
between DNA and topoisomerase II, preventing the dissocia-
tion of the DNA-topoisomerase II complex and thereby induc-
ing DNA damage® */.
key responses of fluoroquinolone-induced DNA damage is the
expression of tumor suppressor protein p53, causing apoptosis
of the treated cells® *!. The results of this study showed that
QNT4 induced cell apoptosis, which was accompanied by the

It has been reported that one of the

up-regulation of p53 protein level in a dose-dependent man-
ner, suggesting that the activation of the p53 pathway may be
involved in the apoptotic process of SMMC-7721 cells.
Apoptosis may be initiated by the stimulation of death
receptors located on the cell surface or through an intrinsic
pathway involving the release of apoptotic signals from mito-
chondria® .
release of cytochrome c from the mitochondria play key roles
in apoptosis, and the type of intracellular apoptotic pathways
involved may be deduced from the activated initiator caspases.

The cascading activation of caspases and the

We specifically investigated the mitochondria-related events
during apoptosis, such as the breakdown of the mitochondrial
membrane, the expression of Bax and Bcl-2, and the activa-
tion of caspase 9. Members of the Bcl-2 protein family play an
important role in apoptosis by regulating the release of cyto-
chrome ¢ from the mitochondria to the cytosol™. It has been
shown that anti-apoptotic proteins, such as Bcl-2 and Bcl-XL,
inhibit cytochrome ¢ release whereas pro-apoptotic members,
such as Bax, promote cytochrome c release, leading to the ini-
tiation of apoptosis. Here, we observe that QNT4 mediated an
up-regulation of Bax and down-regulation of Bcl-2 to induce
apoptosis, possibly through increased caspase activity and by
preventing the formation of anti-apoptotic bodies. Therefore,
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it is possible that QNT4 induced the opening of the mitochon-
drial permeability transition pore through the up-regulation
of Bax, resulting in the release of cytochrome ¢,
we observed a QNT4-induced decrease of the mitochon-
drial membrane potential in SMMC-7721 cells, followed by
increased cytochrome c release from the mitochondria into the

In fact,

cytosol. In the mitochondrial apoptotic pathway, the release
of cytochrome c is a critical event because cytochrome c forms
a complex with procaspase-9 in the cytoplasm (resulting in
the activation of procaspase-9), which will eventually lead to
the activation of caspases 3 and the induction of apoptosis .
Because activated caspase 8, activated by the death receptor, is
able to cleave the proapoptotic Bcl-2 family member and then
trigger a distinct apoptotic pathway involving mitochondria in
some fluoroquinolone compound-treated cell types, it is pos-
sible that the activation of caspase 9 in QNT4-treated SMMC-
7721 cells may be due to the activation of the death receptor-
caspase 8 pathway® *l. We showed that the cleavage of
caspase 8 was not evident in QNT4-treated cells. Therefore, it
is unlikely that the activation of caspase 9 is triggered mainly
by the caspase 8 pathway, although this possibility cannot be
excluded in other cell types™. Thus, we conclude that QNT4
induces apoptosis predominantly through the mitochondrial
pathway.

In summary, these data have established QNT4 as a fluo-
roquinolone derivative that exerts potent anticancer activity
through the mechanism of eukaryotic topoisomerase II poi-
soning. QNT#4 also inhibited the proliferation of SMMC-7721
cells through DNA damage and up-regulation of the p53 pro-
tein. In addition, QNT4 caused mitochondrial dysfunction,
accompanied by an increase in Bax protein expression, a loss
of the mitochondrial membrane potential, and the cytoplasmic
release of cytochrome c. The subsequent activation of caspase
cascades plays a critical role in QNT4-induced apoptosis in
human hepatocarcinoma SMMC-7721 cells. Most fluoroqui-
nolone agents can reach concentrations that are far above
serum levels in solid tissues, such as the liver™. QNT4 may,
therefore, have a potential use as a novel chemotherapeutic
agent in the treatment of liver cancer, as well as other solid
cancers. The use of QNT4 as a modulating agent may also be
interesting in combination with anticancer drugs for future
preclinical and clinical studies.
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In vitro and in vivo investigation of dexibuprofen
derivatives for CNS delivery
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Aim: Dexibuprofen, the S(+)-isomer of ibuprofen, is an effective therapeutic agent for the treatment of neurodegenerative disorders.
However, its clinical use is hampered by a limited brain distribution. The aim of this study was to design and synthesize brain-targeting
dexibuprofen prodrugs and to evaluate their brain-targeting efficiency using biodistribution and pharmacokinetic analysis.

Methods: In vitro stability, biodistribution and pharmacokinetic studies were performed on male Sprague-Dawley rats. The concen-
trations of dexibuprofen in biosamples, including the plasma, brain, heart, liver, spleen, lung, and kidney, were measured using high
pressure lipid chromatography (HPLC). The pharmacokinetic parameters of the drug in the plasma and tissues were calculated using
obtained data and statistics.

Results: Five dexibuprofen prodrugs that were modified to contain ethanolamine-related structures were designed and synthesized.
Their chemical structures were confirmed using *HNMR, *C NMR, IR, and HRMS. In the biodistribution study, 10 min after intravenous
administration of dexibuprofen (11.70 mg/kg) and its prodrugs (the dose of each compound was equivalent to 11.70 mg/kg of dexibu-
profen) in male Sprague-Dawley rats, the dexibuprofen concentrations in the brain and plasma were measured. The Cyin/ Cpiasma ratios
of prodrugs 1, 2, 3, 4, and 5 were 17.0-, 15.7-, 7.88-, 9.31-, and 3.42-fold higher than that of dexibuprofen, respectively (P<0.01).
Thus, each of the prodrugs exhibited a significantly enhanced brain distribution when compared with dexibuprofen. In the pharmacoki-

netic study, prodrug 1 exhibited a brain-targeting index of 11.19 {DTI=(AUCyain/AUC,jasma)1/ (AUCyrain/ AUC pjasma)dexibuprofent
Conclusion: The ethanolamine-related structures may play an important role in transport across the brain blood barrier.

Keywords: dexibuprofen; ethanolamine; prodrugs; brain targeting
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Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs), includ-
ing ibuprofen, naproxen and flubiprofen, are widely used as
neuroprotective agents in the treatment of neurodegenerative
disorders™”. However, the clinical application of NSAIDs is
impeded by limited brain accessibility. Several in vivo animal
studies have shown that the concentrations of ibuprofen or
flurbiprofen in the brain achieved at normal plasma concentra-
tions are only 0.9-1.5 pmol/L"**\. It has also been found that
most NSAIDs, including naproxen, ibuprofen, flurbiprofen,
ketoprofen, and indomethacin, exhibit very limited distribu-
tion in the CNS, with steady state brain/plasma concentration
ratios of 0.01- 0.05". Several factors account for the low CNS
distribution of NSAIDs, including high plasma protein bind-
ing rates, limited passive transport and efflux transport™ *.

*To whom correspondence should be addressed.
E-mail zrzzl@vip.sina.com
Received 2011-06-15 Accepted 2011-09-30

Therefore, it is critical to enhance the brain distribution of
NSAIDs to achieve therapeutic concentrations at normal
doses.

Over 90% of therapeutic agents are excluded from CNS by
the blood brain barrier (BBB), which is composed of the tightly
connected endothelial cells of brain capillaries and the sur-
rounding astrocytes and pericytes” ", Typically, molecules
that are capable of crossing the BBB by passive diffusion are
small (M,<500 Da), lipophilic and uncharged at physiological
pH™ " Various facilitated or energy-dependent transport-
ers and receptors are highly expressed at the BBB; examples
of such transporters include members of the organic cation
transporter (OCT) families, organic anion transporters (OATs)
and multidrug resistance proteins (MRPs)"* ™. A number of
studies aimed at enhancing the distribution of therapeutics in
the brain based on carrier- and receptor-mediated transport
systems have been performed"*"®. Due to the negative charge
carried by the BBB, which expresses acetylneuraminic acid
on the capillary luminal membrane and heparin sulfate on
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the basal lamina, compounds carrying positive charges have
also been designed to cross through adsorption-mediated
transport[w’ 2,

Although several NSAID prodrugs have been synthesized
to enhance the anti-inflammation activity or reduce the gas-
trointestinal toxicity of their parent compounds, few stud-
ies have investigated the targeted delivery of NSAIDs to the
CNS?" ! In a previous study, a series of NSAID prodrugs
were synthesized to enhance transport to the brain. The car-
boxylic groups of NSAIDs were coupled with a 1,4-dihydro-
1-methylpyridine-3-carboxylate moiety®. The results of this
study revealed that all of the prodrugs were more lipophilic
than their corresponding parent compounds, suggesting that
prodrugs may exhibit better brain penetration. In another
study, six ibuprofen prodrugs containing a proline moiety
or related structures were synthesized and evaluated®. The
results revealed that the synthesized prodrugs possessed anti-
inflammatory properties; furthermore, three of these com-
pounds inhibited lipoxygenase.

In this study, the S(+)-isomer of ibuprofen, (25)-2-(4-
isobutylphenyl)propionic acid (dexibuprofen), was used as a
model drug because it exhibits better anti-inflammatory effects
and fewer side effects than ibuprofen. Ethanolamine and its
related structures were chosen as modifications to dexibu-
profen in the preparation of prodrugs. Although some etha-
nolamine derivatives of NSAIDs were synthesized to improve
the anti-inflammatory activity of parent compounds and
decrease gastrointestinal toxicity!™ *
potential as brain targeting agents has not yet been performed.

, an investigation of their

Ethanolamine is a commonly found small molecule. Etha-
nolamine and its related structures are not only present in
endogenous substances including phospholipids (eg, neu-
rotransmitters) but also in various CNS-accessible therapeu-
tics, such as meclofenoxate, cetirizine and procaine. Con-
taining an amino group, ethanolamine-related structures are
positively charged under physiological conditions, which may
allow them to interact with the negatively charged BBB. More-
over, prodrugs that are modified by ethanolamine-related
structures may act as substrates of the organic cation or cho-
line transporters that are located at the BBB. After being trans-
ported across the BBB, the prodrugs can be further hydrolyzed
by esterases in the brain to release dexibuprofen.

In this study, a series of dexibuprofen prodrugs modified by
ethanolamine-related structures were designed and synthe-
sized. The active carboxyl group of dexibuprofen was coupled
with ethanolamine via an ester bond to give prodrug 4. The
amino group of ethanolamine was substituted by one methyl
group, two methyl groups, two ethyl groups or one acetyl
group to yield prodrugs 3, 1, 2, and 5, respectively. The stabil-
ity of these prodrugs in the plasma and brain homogenates of
Sprague-Dawley rats was tested. Biodistribution and phar-
macokinetic studies of dexibuprofen and the prodrugs were
performed in male Sprague-Dawley rats to evaluate the brain-
targeting efficiency of the prodrugs. The influence of their
chemical structures on their transport efficiency is discussed.

Acta Pharmacologica Sinica

Materials and methods

Materials

Dexibuprofen (99.8% purity) was purchased from the Fourth
Pharmaceutical Company of Suzhou (Suzhou, China). Ace-
tonitrile (HPLC grade) was purchased from Kemiou (Tianjin,
China). Water was prepared using an Aquapro water purifi-
cation system (Chongqing, China). All of the other chemicals
and reagents used in this study were of analytical grade and
obtained commercially. TLC (thin-layer chromatograpy)
(silica gel GF254) was used to detect spots using UV radia-
tion. The purification of intermediates and final synthesized
compounds was achieved by flash chromatography on silica
gel. 'H-NMR and “C-NMR analyses were performed using
an AMX-400 Bruker Spectrometer. Infrared (IR) spectra were
obtained using a Perkin-Elmer 983 Infrared Spectrophotome-
ter (USA). MS spectroscopy was recorded on a Waters Q-TLF
Premier mass spectrometer (USA) utilizing electrospray
ionization (ESI). Optical rotations were determined using a
Perkin-Elmer 341 polarimeter.

Chemistry

The synthesis routes of the dexibuprofen derivatives (1, 2, 3, 4,
and 5) are outlined in Scheme 1. Dexibuprofen chloride was
prepared as described by Song et al”.. In brief, dexibuprofen
was treated with thionyl chloride (SOCL,) at reflux for 4 h.
The reaction mixture was concentrated under reduced pres-
sure. The resulting dexibuprofen chloride was coupled with
the hydroxyl group of ethanolamine-related structures via
an ester bond. To generate N,N-disubstituted ethanolamine,
esterification was performed in a one-step reaction by mixing
commercially available N,N-dimethylaminoethanol or N,N-di-
ethylaminoethanol with dexibuprofen chloride in anhydrous
dichloromethane (CH,Cl,) in the presence of triethylamine
(TEA) to give target prodrug 1 or 2 in high yield™!. For amino-
ethanol or 2-(methylamino)ethanol, which has a free H atom
at the amino group, the amino group was protected by di-
tertbutyldicarbonate in the first step. The obtained intermedi-
ate, either 3a or 4a, was then coupled with dexibuprofen chlo-
ride in the presence of TEA to give either prodrug 3b or 4b.
Prodrug 3b or 4b was then deprotected by HCl in ethyl acetate
to yield prodrug 3 or 4, respectively. In the preparation of
N-acetyl ethanolamine dexibuprofen ester, N-acetyletha-
nolamine was synthesized in the first step. Ethanolamine was
dissolved in dioxane with added acetyl chloride in the pres-
ence of sodium hydride (NaOH) to yield prodrug 5a. Prodrug
5a was then condensed with dexibuprofen chloride to yield
final compound 5.

Animals

Male Sprague-Dawley rats (200-230 g) were provided by the
Laboratory Animal Center of Sichuan University (Chengdu,
China). All rats were maintained under standard conditions
with access to food and water ad libitum. All animal study
procedures were approved by the Sichuan University Animal
Ethical Experimentation Committee according to the require-
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ments of the National Act on the use of experimental animals
(China).

In vitro stability

To determine whether ester prodrugs of dexibuprofen were
hydrolyzed into free dexibuprofen in rat plasma and brain
homogenates, we incubated prodrugs 1, 2, and 3 with the pre-
pared cultures at 37°C. At a specific time point, aliquots of rat
plasma or brain homogenate were collected and processed.
The released dexibuprofen concentrations were determined
using high pressure liquid chromatography (HPLC) with a UV
detector.

Rat plasma was prepared immediately before each experi-
ment. Briefly, blood was obtained from the ocular artery and
placed in a heparinized EP tube prior to centrifugation at
1110%g for 5 min. The resulting plasma was incubated with
prodrugs without dilution. Rat brains were removed and
homogenated with 0.9% sterile saline (g/mL) at a ratio of 1:2
immediately before use.

Prodrugs 1, 2, and 3 (2 mg each) were dissolved in a mixed
solvent solution (2 mL) of ethanol, 0.9% saline and propylene
glycol at a ratio of 1:2:2. The resulting solution (0.2 mL) was
then added in the plasma or brain homogenates (9.8 mL),
resulting in a final concentration of 20 pg/mL. The mixtures
were incubated at 37°C. Samples were prepared at prede-
termined time points (plasma: 0, 5, 15, 20, 25, 30, and 40 min;
brain homogenates: 0, 0.5, 1, 2, 3, 4, 6, and 12 h). Aliquots of
plasma (200 pL) or brain homogenate (500 pL) were with-
drawn to determine the concentration of released dexibupro-
fen. Naproxen solution in methanol (1.266 pg/mL, 150 pL)
was added immediately. A total of 1 mL or 2 mL methanol
was then added to the plasma or brain homogenates, respec-
tively, to prevent further hydrolysis of the prodrugs. The bio-
sample processing method and chromatographic conditions
are described in the following sections.

Hydrolysis half-life measurements were used to evaluate the

Scheme 1. Synthesis of dexibuprofen derivatives modified
by ethanolamine related structures (1, 2, 3, 4, 5). Reagents
and conditions: (a) CH,CI,, TEA; (b) (Boc),0, NaOH; (c)
dexibuprofen chloride, TEA; (d) EtOAc, HCI, RT; (e) CH;COCI,
NaH, dioxane; (f) dexibuprofen chloride, TEA.

stability of the prodrugs. These values were obtained using
the formula t,,,=0.693/K. The K values were calculated from
the slope rate of the profile, which was obtained from a plot
of time versus the natural logarithm of the remaining prodrug
in the medium. The remaining prodrug concentration was
determined by subtracting the released dexibuprofen concen-
tration from the initial concentration of added prodrug in the
medium.

Processing of biosamples

In an EP tube, an aliquot of 200 pL plasma or 500 pL tissue
homogenates was mixed with naproxen solution in methanol
(1.266 pg/mL, 150 pL), which was used as an internal stan-
dard. A total of 1 or 2 mL of methanol was then added to the
plasma and tissue homogenates, respectively. The mixtures
were then vortexed for 10 min, followed by centrifugation at
1665xg¢ for 10 min. The supernatant was then transferred to
an EP tube and dried at 35°C under air flow. The residue was
then ultrasonically redissolved in 150 pL of methanol for 5
min. After centrifugation at 10010xg for 10 min, 20 pL of the
obtained supernatant was injected into an HPLC system to
determine the dexibuprofen concentration.

Chromatographic conditions

An HPLC-based method was developed to determine the con-
centration of dexibuprofen in biosamples including plasma,
brain, heart, liver, spleen, lung and kidney. The HPLC system
(Waters, USA) was equipped with a Waters Delta 600 pump, a
Waters 2487 Dual N\ absorbance detector, a Waters 600 control-
ler, a model 100 column heater (CBL photoelectron technol-
ogy) and a 20-pL injector loop. The Kromasil C-18 column
(150 mmx4.6 mm, ODS, 5 pm) was protected by a Phenom-
enex guard column (4 mmx3 mm, ODS). The column was
eluted using a mobile-phase system containing acetonitrile/
water (49/51), with 0.2% (v/v) triethylamine added. Phos-
phoric acid was used to adjust the pH to 2.5. The mobile

Acta Pharmacologica Sinica
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phase was then filtered and degassed by sonication before
use. The flow rate used was 1.0 mL/min, and the diode-array
detector was operated at 220 nm.

Naproxen was used as an internal standard. An HPLC
assay for determining the concentration of dexibuprofen in
different tissues was developed, including protocols for gen-
erating calibration curves and determining intra- and inter-
day precision and extraction recoveries. Under the optimized
HPLC conditions, the retention times of naproxen and dexi-
buprofen were 5.5 and 13.83 min, respectively. These values
were well separated from endogenous substances and prod-
rugs 1, 2, 3, 4, and 5, which had retention times of 2.730, 3.595,
2.265, 2.730, and 12.710 min, respectively (Figure 1).

Biodistribution and pharmacokinetic studies of dexibuprofen and
its prodrugs in rats
To further evaluate the brain targeting efficiency of the prod-
rugs, a biodistribution and pharmacokinetic study was per-
formed in vivo. Male Sprague-Dawley rats (200-230 g) were
provided by the Laboratory Animal Center of Sichuan Uni-
versity. Prodrugs and dexibuprofen were injected through
the caudal vein. For each sampling time point, five non-fasted
male rats were treated with a single dose of either dexibu-
profen (11.70 mg/kg) or prodrug 1 (15.73 mg/kg), 2 (17.34
mg/kg), 3 (14.94 mg/kg), 4 (14.15 mg/kg), or 5 (16.53 mg/kg).
Each prodrug dose was equivalent to 11.70 mg/kg of dexi-
buprofen. Prior to administration, the compounds were dis-
solved in a mixed solvent containing a 1:2:2 ratio of ethanol,
0.9% saline and propylene glycol, to a final concentration of 60
mmol/L. In the biodistribution study, the rats were sacrificed
10 min after the injection of either dexibuprofen or prodrugs 1,
2, 3,4, or 5. For the pharmacokinetic investigations of dexibu-
profen and prodrug 1, the rats were sacrificed at 5, 10, 15, 30,
45, 60, 120, and 240 min post-dosing.

At a specific time point, the rats were bled from the ocular
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artery and sacrificed by cervical dislocation. Blood samples
were collected and placed into heparinized EP tubes. Imme-
diately following collection, the samples were centrifuged at
1110xg for 5 min. The plasma was then stored at -20°C until
assays were performed. Tissue samples, including samples
from the brain, heart, liver, spleen, lung, and kidney, were
removed and flushed with saline. The tissue samples were
then homogenized using 0.9% saline (g/mL) at a ratio of
1:2. The homogenates were stored at -20°C until assays were
performed. Aliquots of 200 pL plasma or 500 pL tissue homo-
genates were processed, and the released dexibuprofen was
measured as described above.

Data analysis

The pharmacokinetic parameters of dexibuprofen and the
prodrugs were described as a two-compartment open model.
The pharmacokinetic parameters in the plasma and tissues
were calculated using Data and Statistics software pakage
(DAS, Shanghai, China). The area under the curve (AUC), the
maximal concentration (C,,,) and the mean residence time
(MRT,_,) for the plasma, brain, heart, liver, spleen, lung and
kidney were calculated separately. Statistical evaluation was
performed using analysis of variance followed by a t-test. P
values less than 0.01 and 0.05 were considered significant. The
data shown represent mean values+SD.

The relative uptake efficiency (RE), concentration efficiency
(CE) and drug targeting index (DTI) were calculated to evalu-
ate the brain targeting efficiency of the prodrugs. The ratio of
the dexibuprofen concentration in the brain compared to that
in the plasma {(Corain/ Cplasma)dexibuprofen) Was also used to evalu-
ate brain targeting efficiency. The values of RE, CE, and DTI
are defined as follows:

RE=(AUC),airug/ (AUC) desivuproten
CE:(Cmax)prodrug/ (Cinax) dexibuprofen and
DTI=(AUCprain/ AUCplasma)prodrug/ (AUCrain/ AUCplasma)dexibuprofen
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Results

In vitro stability

The in vitro stability studies revealed that all of the tested dexi-
buprofen derivatives released dexibuprofen when incubated
with rat plasma and brain homogenates (Table 1). These
result suggest that compounds 1, 2, and 3 were rapidly hydro-
lyzed in rat plasma. The half-lives of compounds 1 and 2 were
less than 5 min. The half-life of prodrug 3 was 11.63+1.04
min. These results imply that prodrugs 1, 2, and 3, which all
contain ester bonds, may be substrates of specific esterases in
the plasma and are efficiently hydrolyzed. Investigation of
the stability of the prodrugs in rat brain homogenates showed
that compounds 1, 2, and 3 were cleaved by enzymes at differ-
ent rates. The hydrolysis half-lives of compounds 1, 2, and 3
were 0.273+0.009, 1.150£0.061, and 3.712+0.174 h, respectively.
The results suggested that prodrug 3 was more stable in brain
homogenates than either compound 1 or 2, which was consis-
tent with the findings for the plasma.

Table 1. Hydrolysis half-life (t,,) of prodrugs 1, 2, 3 in rat plasma or brain
homogenate at 37 °C (n=3).

t1/2

Compound Plasma Brain homogenate
1 <5.0 min 0.2734£0.009 h
2 <5.0 min 1.150+0.061 h
3 11.63+£1.04 min 3.712+0.174 h

Biodistribution and pharmacokinetic study of dexibuprofen and
prodrugs in rats

To evaluate the brain-targeting efficiency of prodrugs 1,
2, 3, 4, and 5 (Scheme 1), a biodistribution study was per-
formed. We determined the concentrations of dexibuprofen
in the plasma, brain, heart, liver, spleen, lung and kidney 10
min after intravenous administration of dexibuprofen (11.70
mg/kg) or prodrugs (at doses equivalent to 11.70 mg/kg of
dexibuprofen). The concentration of dexibuprofen in the brain
versus that in the plasma (Cyrain/ Cplasma)dexibuprofen Was used to
evaluate the brain-targeting efficiency of the compounds. The
concentrations of dexibuprofen in the brain and plasma 10
min after the injection of dexibuprofen or prodrug1, 2, 3, 4, or
5 are shown in Figure 2 (n=5). Prodrugs 1, 2, and 3 exhibited
enhanced drug concentrations in the brain in comparison with
dexibuprofen (P<0.01). The (Cyrain/ Cplasma)dexibuprofen ratios 10
min after administration of dexibuprofen or prodrug 1, 2, 3,
4, or 5 were 0.037+0.011, 0.626+0.091, 0.576+0.119, 0.290+0.114,
0.342+0.132, and 0.126+0.026, respectively (Figure 3; n=5). The
(Corain/ Cplasma)dexibuprofen Fatios of prodrugs 1, 2, 3, 4, and 5 were
17.0-, 15.7-, 7.88-, 9.31-, and 3.42-fold higher, respectively,
than that of dexibuprofen. Thus, the prodrugs exhibit good
brain-targeting efficiency (P<0.01), with a relative efficiency of
1>2>4>3>5. Among prodrugs (25)-2-(4-isobutylphenyl) pro-
pionic acid 2-dimethylaminoethyl ester (prodrug 1), exhibited
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Figure 2. Dexibuprofen concentrations (ug/g) in the plasma and brain
10 min after intravenous administration of dexibuprofen (11.70 mg/kg)
or prodrugs 1, 2, 3, 4, 5 (each compound was equivalent to 11.70 mg/kg
of dexibuprofen) in rats. Each point represents the mean+SD of five
experiments. °P<0.01 vs dexibuprofen.
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prodrugs. Cyainy Cpasma: dexibuprofen concentration (ug/g) in the brain or
plasma 10 min after intravenous administration of dexibuprofen (11.70
mg/kg) or prodrugs 1, 2, 3, 4, 5 (each compound was equivalent to 11.70
mg/kg of dexibuprofen) in rats. Each point represents the mean+SD of
five experiments. °P<0.01 vs dexibuprofen.

the highest distribution efficiency in the brain.

We further investigated the biodistribution and pharmacoki-
netic parameters of dexibuprofen and prodrug 1 in Sprague-
Dawley rats. The concentrations of dexibuprofen after the
systemic administration of dexibuprofen (11.70 mg/kg) and
prodrug 1 (15.73 mg/kg, a dose equivalent to 11.70 mg/kg
of dexibuprofen) were determined and statistically analyzed.
The dexibuprofen concentration profile versus time is shown
in Figure 4. The Ciyain/ Colasma ratio versus time is shown in Fig-
ure 5. The pharmacokinetic parameters are reported in Table
2. An evaluation of the targeting efficiency of prodrug 1 is
shown in Table 3.

The results revealed that 5 min after the administration of
dexibuprofen, the concentration in the plasma was initially
very high, with a C,j,gm, of 64.44+14.00 ng/g (Figure 4). How-
ever, at the same time point, the concentration of dexibuprofen
in the brain was only 2.81+1.16 pg/g. At different time points,
the Cprain/ Cplasma Tatios were consistently low after the adminis-
tration of dexibuprofen, never exceeding 0.05 (Figure 5). The
AUC 0/ AUC, j5ma ratio was only 0.025. These results indi-
cated that the BBB was able to strongly prevent the entry of
dexibuprofen into the brain. This finding is in agreement with
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Table 2. Pharmacokinetic parameters (calculating from the measured dexibuprofen concentrations) in rat plasma and tissues after intravenous

administration of dexibuprofen (11.70 mg/kg) or prodrug 1 (15.73 mg/kg, equivalent to 11.70 mg/kg of dexibuprofen).

mean+SD of five experiments. "P<0.05, °P<0.01 vs dexibuprofen.

Each point represents the

Ti Dexibuprofen Prodrug 1
issue

AUC,_ (Mg/gh) Crnax (ME/8) MRTo_ (h) AUC,_ (Wg/gh) Crnax (ME/8) MRTo_. (h)
Plasma 44.79+7.73 64.44+14.00 0.789+0.046 28.70+2.35" 29.74+2.97° 0.900+0.119
Brain 1.104£0.41 2.81+1.16 0.274+£0.023 7.89+1.23° 21.79+3.37° 0.237+0.034
Heart 8.11+1.39 11.99+3.70 0.767+0.158 6.66+1.04 10.46+1.78 0.733+0.167
Liver 14.03+3.91 16.94+3.25 0.961+0.086 12.98+5.12 10.34+1.49° 1.052+0.16
Spleen 4.01+0.62 5.60+1.27 1.128+0.357 4.12+1.12 6.24+3.15 0.591+0.096°
Lung 10.60+2.10 13.19+2.56 1.22040.072 22.07+4.84° 29.03+4.41° 0.853+0.037°
Kidney 6.34+1.10 9.43+2.72 0.700+0.077 7.58+1.34 11.59+2.68 0.592+0.043

100 Plasma
80 |2 —— Dexibuprofen —— Dexibuprofen

—8— Prodrug 1

30 )
Brain

—e— Dexibuprofen
—=— Prodrug 1

Dexibuprofen concentration (ug/g)

Time (h)

Figure 4. Dexibuprofen concentrations in the plasma and brain (ug/g) vs
time (h) after intravenous administration of dexibuprofen (11.70 mg/kg)
and prodrug 1 (15.73 mg/kg, equivalent to 11.70 mg/kg of dexibuprofen)
in rats. Each point represents the meanzSD of five experiments.
°P<0.05, °P<0.01 vs dexibuprofen.

Table 3. Targeting efficiency of Prodrug 1 compared with dexibuprofen
after intravenous administration of dexibuprofen (11.70 mg/kg) and 1
(15.73 mg/kg, equivalent to 11.70 mg/kg of dexibuprofen) in male rats
(mean+SD, n=5). *RE=(AUC)./(AUC)gexivuproten- "CE=(Cmax)1/(Conax)aexivuproten-
°DTI=(AUCyssue /AUCasma) 1/ (AUCisque/ AUCasma)exivuprofen-

Brain Heart Liver Spleen Lung Kidney
RE® 747 0.82 0.93 1.4 1.24 1.49
CE® 7.75 0.87 0.61 1.11 2.20 1.23
DTI° 11.19 1.28 1.44 2.18 1.94 2.32
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—=— Prodrug 1

Corain/ Cplasma) dexibuprofen

Time (h)

Figure 5. (Cyrain/ Coiasma)dexibuproten ratios of dexibuprofen or prodrug 1 versus
time (h).  Cyrain Cpasma: deXibuprofen concentration (ug/g) in the brain or
plasma after intravenous administration of dexibuprofen (11.70 mg/kg) or
prodrug 1 (15.73 mg/kg, equivalent to 11.70 mg/kg of dexibuprofen) in
rats. Each point represents the mean+SD of five experiments. °P<0.05,
°P<0.01 vs dexibuprofen.

a previous study that revealed that most NSAIDs exhibited
very limited distribution in the CNS, with steady state brain/
plasma concentration ratios of 0.01-0.05".

Compared with the administration of free dexibuprofen, the
concentration of dexibuprofen in the plasma after adminis-
tration of prodrug 1 was moderate. The concentration in the
plasma was 29.74+2.97 g/g 5 min after the administration
of prodrug 1 (Figure 4), which was lower than that of dexibu-
profen (P<0.01). With moderate concentrations in the plasma,
prodrug 1 exhibited a high concentration of dexibuprofen
(21.79£3.37 pg/g) in the brain 5 min after administration
(Figure 4). The (Corain/ Cplasma)dexibuprofen Tatio of prodrug 1 was
0.829 at 5 min, much higher than that of dexibuprofen, which
was only 0.044 (Figure 5) (P<0.01). These results revealed
almost no barrier effect of the BBB in response to prodrug 1.
However, the high concentration of dexibuprofen observed
decreased rapidly, with an MRT of 0.237+0.034 h, showing an
active exclusion effect of the BBB toward dexibuprofen.

The AUC, values after administration of dexibuprofen
and prodrug 1 were 1.10£0.41 and 7.89+1.23 pg/g-h in the
brain, respectively. The C,,, values after the administration
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of dexibuprofen and prodrug 1 were 2.81+1.16 and 21.79+3.37
pg/g in the brain, respectively (Table 2). The relative effi-
ciency (RE=AUC;/AUC gexibuproten) Was 7.17, and the (Cpax)1/
(Cinax)dexibuprofen Tatio was 7.75 in the brain (Table 3). The drug
targeting index {DTI=(AUC.in/ AUC,asma)1/ (AUCprain/
AUC jasma) dexibuprofen) Was 11.19. Taken together, these data
indicated a remarkable brain targeting efficiency of prodrug
1 with a marked enhancement of brain distribution, accom-
panied by a decreased plasma distribution. This finding sup-
ports the use of such compounds as therapeutic agents, per-
mitting enhanced therapeutic concentrations in the brain with
decreased peripheral side effects.

Discussion

In this study, ethanolamine and its related structures were
coupled with dexibuprofen to generate potential brain-target-
ing agents. The in vitro stability and in vivo biodistribution of
these compounds were investigated and biopharmacokinetic
studies were performed to evaluate their brain-targeting effi-
ciency. The results obtained were compared with that of free
dexibuprofen. The influence of their chemical structures on
the transport efficiency was also discussed.

In the stability study, the results showed a rapid hydrolysis
of prodrugs 1, 2, and 3 in the plasma (Table 1). Prodrugs1, 2,
and 3, which each contain ester bonds, were likely degraded
by specific esterases in the plasma. Because N,N-dimethylam-
inoethanol, N,N-diethylaminoethanol and 2-(methylamino)
ethanol have structures that are similar to that of choline,
prodrugs 1, 2, and 3 could be substrates of plasma esterases,
such as cholinesterase. These findings were in agreement
with those of a previous study that showed compounds with
structures similar to that of prodrug 1 undergoing very fast
hydrolysis in 80% human plasma, with half-lives less than 5
min®!. The hydrolysis profiles of the prodrugs in rat brain
homogenates revealed that prodrug 3 was more stable than
either prodrug 1 or 2, suggesting that prodrugs 1 and 2 are
better substrates of specific esterases in the brain than prodrug
3 and underwent hydrolysis with high efficiency to release
dexibuprofen.

In our preliminary investigations, we investigated the in
vitro stability of prodrugs 4 and 5. The hydrolysis profiles of
prodrugs 4 and 5 revealed that they were not stable and did
not follow the linear kinetic equation. Therefore, we have only
presented in vitro stability data relating to prodrugs 1, 2, and
3.

In our biodistribution studies, each prodrug exhibited an
enhancement relative to dexibuprofen in brain-targeting effi-
ciency (Figure 3, P<0.01). As observed from the results of our
HPLC studies, the lipophilicity of prodrugs 1, 2, 3, 4, and 5
are not increased when compared with dexibuprofen (Figure
1); thus, the observed enhancement of brain distribution is
probably due to movement by specific transporters located at
the BBB. Because ethanolamine-related structures are similar
to choline and small molecular cations, the high transport
efficiency of prodrugs is probably facilitated by the action of
organic cations or choline transporters at the BBB. In addition,

prodrugs are positively charged under physiological condi-
tions, which may allow them to interact with the negatively
charged BBB.

Among the prodrugs tested, prodrug 1, which was prepared
by coupling N,N-dimethylaminoethanol and dexibuprofen
via an ester bond, exhibited the highest targeting efficiency.
Because prodrug 1 was rapidly hydrolyzed in the rat plasma
with a half-life less than 5 min, its high distribution in the
brain indicated remarkable brain-transport efficiency.

During the synthesis of prodrugs 1, 2, 3, 4, and 5, the active
carboxyl group of dexibuprofen was coupled with etha-
nolamine-related structures via an ester bond. The present
study reveals that although prodrugs have similar structures,
their stability in media and brain-transport efficiency were
quite different. It is interesting to note that many CNS-acces-
sible therapeutics, such as meclofenoxate, cetirizine and pro-
caine, contain N,N-dimethylaminoethanol structures. Because
the structure of N,N-dimethylaminoethanol is very similar to
choline, we hypothesize that prodrug 1 might be a substrate
of the choline transporters located at the BBB. After entering
the brain, prodrug 1 was hydrolyzed by esterases, resulting in
the release of dexibuprofen. In addition to prodrug 1, prod-
rug 2 also exhibited a high transport efficiency. The (Cpain/
Chlasma)dexibuprofen Tatio of prodrug 2 was 15.7-fold higher than
that of free dexibuprofen 10 min after administration (Figure
3, P<0.01). This result implies that the small alkyl groups
disubstituted onto the amino group of ethanolamine seem to
facilitate the recognition and transport of these compounds by
specific transporters at the BBB.

Our results revealed that at 5 min after the administration
of prodrug 1, the (Cyrain/ Colasma)dexibuprofen Fatio reached levels as
high as 0.829 (Figure 5). Subsequently, the high concentration
of dexibuprofen in the brain decreased rapidly. Because dexi-
buprofen is negatively charged at physiological pH, prevent-
ing it from passively penetrating through the BBB, the rapid
efflux of dexibuprofen was probably facilitated by efflux trans-
porters located at the BBB. A sustained-release drug delivery
system for prodrug 1 designed to maintain a steady concentra-
tion of dexibuprofen in the CNS will be investigated in future
studies. A more stable ester bond could also be designed to
allow prodrugs to be slowly hydrolyzed by brain esterases
after entering the brain.

Conclusions

In this study, we designed and synthesized a series of dexi-
buprofen derivatives that were modified with ethanolamine-
related structures. This is the first time that ethanolamine-
related structures have been utilized in the modification of
compounds for brain-targeting delivery. The distribution
and pharmacokinetic studies revealed that all of the prepared
derivatives exhibited enhanced brain distribution com-
pared with dexibuprofen (P<0.01). These results imply that
ethanolamine-related structures may play an important role
in transport across the BBB. The mechanism responsible for
this enhancement will likely be further elucidated in the near
future.
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Experimental

(2S)-2-(4-isobutylphenyl)propionic acid 2-dimethylaminoethyl
ester (1)

N,N-dimethylaminoethanol (1.30 g, 14.6 mmol) and TEA (5
mL, 36 mmol) were dissolved in anhydrous CH,Cl, (15 mL).
Dexibuprofen chloride (2.24 g, 10.0 mmol) was added drop-
wise under an ice bath. The reaction mixture was stirred con-
tinuously at room temperature for 4 h. The mixture was then
extracted with CH,Cl,. The organic layer was combined and
sequentially washed with sodium bicarbonate solution (aq)
and water. It was then dried over anhydrous sodium sulfate
and filtered. The resulting filtrate was concentrated under
reduced pressure. The residue was then subjected to silica gel
chromatography (dichloromethane/methanol, 20:1) to yield
prodrug 1 as a colorless oil (2.32 g, 83.7%).

[a]*p+36.3° (c 1, CH;OH).

"H-NMR (CDCl,, 400 MHz): 6 7.178 (d, 2H, J=8.0 Hz, 2"-H, 6-H),
7059 (d, 2H, J=8.0 Hz, 3-H, 5-H), 41914.107 (m, 2H, CH,CH,OCO),
3.660-3.720 (m, 1H, COCHCHa), 2.503 (t, 2H, J=11.2 Hz, NCH,CH,),
2418 [d, 2H, J=7.2 Hz, CH,CH(CHs),], 2.182 [s, 6H, N(CHs),], 1.850-
1.783 [m, TH, CH,CH(CHs),], 1.459 (d, 3H, J=6.8 Hz, COCHCH), 0.870
[d, 6H, J=64 Hz, CH,CH(CH,),].

IR (KBr cm™): 3089, 2955, 2869, 2821, 1735, 1513, 1460, 1160,
1067.

HRMS for [M+H]": m/z calculated 278.2120; found 278.2115.

(2S)-2-(4-isobutylphenyl)propionic acid 2-diethylaminoethyl ester
(2)

N,N-diethylaminoethanol (0.88 g, 7.51 mmol) and TEA (2 mL,
14.4 mmol) were dissolved in anhydrous CH,Cl, (10 mL).
Dexibuprofen chloride (1.12 g, 5.0 mmol) was added dropwise
under an ice bath. The reaction mixture was stirred continu-
ously at room temperature for 2.5 h. The mixture was then
extracted with CH,Cl,. The organic layer was combined and
sequentially washed with sodium bicarbonate solution (ag)
and water. It was then dried over anhydrous sodium sulfate
and filtered. The resulting filtrate was concentrated under
reduced pressure. The residue was subjected to silica gel
chromatography (dichloromethane/methanol, 20:1) to yield
prodrug 2 as a yellow-tinted oil (1.10 g, 72.4%).

[a]*p+39.4° (c 1, CH,OH).

"H-NMR (CDCl;, 400 MHz): & 7.197 (d, 2H, J=8.0 Hz, 2’-H,
6’-H), 7.083 (d, 2H, J=8.0 Hz, 3’-H, 5'-H), 4.145 (t, 2H, J=6.0 Hz,
CH,CH,0CO), 3.695 (q, 1H, J=7.2 Hz, COCHCH,), 2.675 (t,
2H, J=6.0 Hz, NCH,CH,), 2.505 [q, 4H, J=7.2 Hz, N(CH,CH,),],
2.440 [d, 2H, J=6.8 Hz, CH,CH(CH;),], 1.786-1.888 [m,
1H, CH,CH(CH,),], 1.482 (d, 3H, J=6.8 Hz, COCHCH,),
0.976 [t, 6H, ]=7.2 Hz, (CH,CH,),], 0.891 [d, 6H, J=6.8 Hz,
CH,CH(CH,),].

IR (KBr Cm’l): 2967, 2872, 2808, 1736, 1513, 1461, 1380, 1164,
1069.

HRMS for [M+H]": m/z calcd 306.2433; found 306.2436.

N-tert-butoxycarbonyl-2-methylaminoethanol (3a)
2-(methylamino)ethanol (0.50 g, 7.0 mmol) and sodium
hydroxide (0.28 g, 7.0 mmol) were dissolved in methanol (10
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mL). Di-tert-butyldicarbonate (1.90 g, 8.6 mmol) was then
added. The mixture was then stirred at room temperature for
5 h. The mixture was concentrated under reduced pressure,
and the residue was then subjected to silica gel chromatogra-
phy (dichloromethane/methanol, 20:1) to yield prodrug 3a as
a colorless oil (0.86 g, 71.1%).

'"H-NMR (CDCl,, 400 MHz): 6 3.733 (s, 2H, HOCH,CH,),
3.382 (s, 2H, NCH,CH,), 2.907 (s, 3H, CH,NCH,), 1.452 [s, 9H,
COOC(CHa)s].

(2S)-2-(4-isobutylphenyl)propionic acid 2-(N-tert-butoxycarbonyl-
N-methylamino) ethyl ester (3b)

Prodrug 3a (0.70 g, 4.1 mmol) was dissolved in CH,Cl, (10 mL)
with added TEA (1 mL, 7.2 mmol). Dexibuprofen chloride
(1.10 g, 4.9 mmol) was added dropwise under an ice bath. The
mixture was stirred at room temperature for 4 h. The mixture
was concentrated, and the residue was subjected to silica gel
chromatography (petroleum ether/ethyl acetate, 7:1) to yield
prodrug 3b as a colorless oil (1.16 g, 78.5%).

[a]*5+16.0° (c 1, CH;OH).

'H-NMR (CDCl,;, 400 MHz): 6 7.186 (d, 2H, J=8.0 Hz,
2’-H, 6’-H), 7.086 (d, 2H, J=8.0 Hz, 3’-H, 5'-H), 4.165 (s, 2H,
CH,CH,0CO), 3.657-3.750 (m, 1H, COCHCH3), 3.368 (m,
2H, NCH,CH,), 2.674-2.722 (m, 3H, CH,NCH,), 2.438 [d, 2H,
J=7.2 Hz, CH,CH(CHS,),], 1.799-1.875 [m, 1H, CH,CH(CH),],
1.482-1.515 (m, 3H, COCHCH,), 1.437 [s, 9H, COOC(CHa)],
0.879-0.901 [m, 6H, J=6.8 Hz, CH,CH(CHa),].

(2S)-2-(4-isobutylphenyl)propionic acid 2-methylaminoethyl ester
3)

Concentrated hydrochloric acid (0.1 mL) was added to a solu-
tion of compound 3b (1.0 g, 2.7 mmol) in ethyl acetate (10 mL).
The mixture was stirred at room temperature for 14 h. The
solution was then concentrated, and the residue was subjected
to silica gel chromatography (dichloromethane/methanol,
10:1) to yield prodrug 3 as a white solid (0.48 g, 57.2%).

mp 103-105°C.

[a]*5+9.0° (c 1, CH;OH).

"H-NMR (CDCl,, 400 MHz): § 7.203 (d, 2H, ]J=8.0 Hz, 2’-H,
6’-H), 7.085 (d, 2H, J=8.0 Hz, 3’-H, 5'-H), 4.508-4.549 (m, 1H,
CH,CH,0OCO), 4.317-4.341 (m, 1H, CH,CH,0CO), 3.847-3.898
(m, 1H, COCHCHs;), 3.053-3.146 (m, 2H, NCH,CH,), 2.517
(s, 3H, CH,NCH,), 2.433 [d, 2H, J=7.2 Hz, CH,CH(CH,),],
1.796-1.863 [m, 1H, CH,CH(CHs;),], 1.508 (d, 3H, J=6.8 Hz,
COCHCHs), 0.886 [d, 6H, J=6.8 Hz, CH,CH(CHs,),].

IR (KBr cm™): 3391, 2955, 2869, 2845, 1735, 1510, 1464, 1163,
1073.

HRMS for [M+H]": m/z calcd 264.1964; found 2764.1960.

N-tert-butoxycarbonyl-ethanolamine (4a)

Ethanolamine (0.60 g, 10.0 mmol) and sodium hydroxide
(0.40 g, 10.0 mmol) were dissolved in water (10 mL) and diox-
ane (10 mL). Di-tert-butyldicarbonate (2.7 g, 12.0 mmol) was
then added, and the mixture was stirred at room temperature
for 3.5 h. The mixture was concentrated, and the residue was
subjected to silica gel chromatography (petroleum ether/



ethyl acetate, 1:1) to yield prodrug 4a as a colorless oil (1.54 g,
95.1%).

'H-NMR (CDCl,;, 400 MHz): & 3.650 (t, 2H, J=5.2 Hz,
HOCH,CH,), 3.241 (t, 2H, J=5.2 Hz, NCH,CH,), 1.415 [s, 9H,
COOC(CHa)s].

(2S)-2-(4-isobutylphenyl)propionic acid 2-(N-tert-butoxycarbonyl-
amino) ethyl ester (4b)

Compound 4a (0.7 g, 4.3 mmol) was dissolved in CH,Cl, (10
mL) with added TEA (1 mL, 7.2 mmol). Dexibuprofen chlo-
ride (1.44 g, 6.45 mmol) was added dropwise under an ice
bath. The mixture was stirred at room temperature for 3.5 h.
The mixture was then concentrated, and the residue was sub-
jected to silica gel chromatography (petroleum ether/ethyl
acetate, 10:1) to yield prodrug 4b as a colorless oil (1.38 g,
92.1%).

[a]*p+23.1° (c 1, CH;OH).

'H-NMR (CDCl,, 400 MHz): & 7.190 (d, 2H, J=7.6 Hz,
2'-H, 6'-H), 7.088 (d, 2H, J=7.6 Hz, 3’-H, 5'-H), 4.102 (s,
2H, CH,CH,0CO), 3.672-3.725 (m, 1H, COCHCH,), 3.288
(s, 2H, NCH,CH,), 2.439 [d, 2H, J=7.2 Hz, CH,CH(CH,),],
1.793-1.891 [m, 1H, CH,CH(CHy;),], 1.478 (d, 3H, ]J=6.8 Hz,
COCHCHs), 1.421 [s, 9H, COOC(CHs)s], 0.890 [d, 6H, J=6.0 Hz,
CH,CH(CH,),).

(2S)-2-(4-isobutylphenyl)propionic acid 2-aminoethyl ester (4)
Concentrated hydrochloric acid (0.1 mL) was added to a solu-
tion of compound 4b (1.0 g, 2.8 mmol) in ethyl acetate (10 mL).
The mixture was stirred at room temperature for 14 h. The
solution was then concentrated, and the residue was subjected
to silica gel chromatography (dichloromethane/methanol,
10:1) to yield compound 4 as a white solid (0.36 g, 43.5%).

mp 117-120°C.

[a]*’p+14.0° (c 1, CH;OH).

'"H-NMR (DMSO-d, 400 MHz): 6 7.214 (d, 2H, J=8.0 Hz,
2’-H, 6’-H), 7.116 (d, 2H, J=8.0 Hz, 3’-H, 5'-H), 4.278-4.335 (m,
1H, CH,CH,0CO), 4.044-4.100 (m, 1H, CH,CH,OCO), 3.781-
3.835 (m, 1H, COCHCH;), 3.041-3.054 (m, 2H, NCH,CH,),
2.413 [d, 2H, J=7.2 Hz, CH,CH(CH,),], 1.770-1.837 [m, 1H,
CH,CH(CHs;),], 1.408 (d, 3H, J=6.8 Hz, COCHCH), 0.853 [d,
6H, J=6.4 Hz, CH,CH(CHs),].

IR (KBr cm™): 3395, 2956, 2871, 1737, 1512, 1378, 1162, 1075.

HRMS for [M+H]": m/z calcd 250.1807; found 250.1801.

N-acetyl-2-aminoethanol (5a)

Sodium hydride (1.44 g, 60 mmol) was added at 0°C to a
stirred solution of ethanolamine (1.84 g, 30 mmol) in 20 mL
dioxane, followed by the dropwise addition of acetyl chloride
(1.56 g, 20 mmol). The mixture was stirred at room tempera-
ture for 2.5 h. The mixture was then extracted with CH,Cl,.
The organic layer was combined and washed with water. It
was then dried over anhydrous sodium sulfate and filtered.
The filtrate was subsequently concentrated under reduced
pressure. The resulting residue was subjected to silica gel
chromatography (dichloromethane/methanol, 8:1) to yield
compound 5a as a colorless oil (1.27 g, 62.1%).

www.chinaphar.com
Zhang X et al

'H-NMR (CDCl,, 400 MHz): 8 1.990 (s, 3H, CH,CO), 3.326-
3.390 (m, 2H, CH,NCO), 3.682 (t, 2H, CH;O)

(2S)-2-(4-isobutylphenyl)propionic acid 2-(acetylamino)ethyl ester
()

Compound 5a (0.5 g, 4.85 mmol) and TEA (2 mL, 14.4 mmol)
was dissolved in anhydrous tetrahydrofuran (20 mL). Dexi-
buprofen chloride (1.31 g, 5.84 mmol) was added dropwise
under an ice bath. The reaction mixture was then stirred
continuously at room temperature for 2 h. The mixture was
concentrated, and the residue was subjected to silica gel chro-
matography (petroleum ether/ethyl acetate, 1:1) to yield com-
pound 5 as a colorless oil (0.94 g, 66.2%).

[a]*5+17.8° (c 1, CH;OH).

'H-NMR (CDCl;, 400 MHz): & 7.111 (d, 2H, J=8.0 Hz,
3’-H,5’-H), 7.200 (d, 2H, J=8.4 Hz, 2'-H, 6'-H), 4.174-4.228
(m, 1H, CH,0), 4.056-4.109 (m, 1H, CH,0), 3.685-3.737 (m,
1H, COCHCHs,), 3.397-3.436 (m, 2H, CH,NCO), 2.444 [d,
2H, ]=7.2 Hz, CH,CH(CHa),], 1.826-1.872 [m, 4H, CH,CO,
CH,CH(CHs,),], 1.492 (d, 3H, J=7.2 Hz, COCHCH,), 0.892 [d,
6H, J=6.4 Hz, CH,CH(CHs),].

IR (KBr cm™): 3294, 3085, 2956, 2871, 1736, 1657, 1553, 1515,
1459, 1373, 1292, 1166, 1070, 799.

HRMS for [M+H]": m/z calcd 292.1913; found 292.1916.
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