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Type 2 diabetes (noninsulin-dependent diabetes mellitus) develops from a pre-diabetic
condition that is characterized by insulin resistance and glucose intolerance, and is exa-
cerbated by obesity. In this study, we compared the ability of over-the-counter analgesic
drugs (OTCAD) [acetaminophen (APAP); ibuprofen (IBU); naproxen (NAP); aspirin (ASA)], to
protect against the development of a pre-diabetic state in mice fed a high fat diet. After 10

Keywords: weeks on the high fat diet, mice had normal fasting blood glucose (FBG) levels, but exhibited
Analgesic drugs impaired glucose tolerance. Treatment with 20 mg OTCADs/kg body weight improved
Diabetes glucose tolerance, with the order of efficacy, APAP = ASA > IBU, while NAP proved ineffec-
High fat diet tive. Mice fed the high fat diet also exhibited increases in weight gain associated with an
Mice increase in body fat. OTCADs prevented in part this increase in body fat, in the order of

efficacy, APAP = IBU > NAP = ASA. In isolated liver mitochondria, OTCADs inhibited succi-
nate-dependent H,0, production, while in white adipose tissue, APAP inhibited NADPH-

NADPH oxidase

Oxidative stress
oxidase mediated H,0, production and lipid peroxidation. Thus, OTCADs diminish pro-

oxidant processes that might otherwise exacerbate inflammation and a pre-diabetic state.
We conclude that OTCADs, especially APAP and IBU, may be valuable tools to delay or
prevent the development of type 2 diabetes from a pre-diabetic condition.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction usually significant loss of pancreatic B-cell mass, and the

normal functional reserve for insulin secretion is greatly

Obesity and diabetes are at epidemic proportions in American
and Western populations [1]. Type 2 diabetes (T2DM; non-
insulin-dependent diabetes mellitus) usually occurs later in
life and is typically preceded by a pre-diabetic condition that
includes impaired glucose tolerance and insulin resistance. As
the pre-diabetic state develops into frank T2DM, there is

reduced. Gain in body weight and visceral fat, as well as
systemic inflammation, are primary risk factors for T2DM
[2-4]. Hyperglycemia, the hallmark of diabetes, is the major
risk factor for development of diabetic microvascular disease,
including cardiomyopathy, nephropathy, retinopathy and
peripheral neuropathy [5-9]. There are several mechanisms
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associated with the development and the etiology of hyper-
glycemic disease that provide major targets for therapy [10],
especially those pathways related to inflammation, cellular
oxidative stress and mitochondrial reactive oxygen produc-
tion [11-13].

Many animal and human studies have examined the
potential for analgesics and anti-inflammatory drugs to block
or reverse cardiovascular disease, the most life-threatening
complication of T2DM. Itis therefore, surprising that few if any
studies have examined the ability of such compounds to
intervene in the development of diabetic hyperglycemia, with
the exception of aspirin (ASA) [14-16]. Even in the case of ASA,
almost all studies have focused on reducing the risk for
developing cardiovascular disease, rather than reducing the
severity of a primary underlying cause, hyperglycemia. We
have recently shown that the analgesic acetaminophen (APAP)
reduces the increase in body fat and the development of T2DM
in mice fed a high fat diet [17]. This study suggests that APAP,
and perhaps other analgesic drugs
(OTCADs), might be useful in delaying the onset or preventing
the development of T2DM. We therefore, examined the
potential for widely used OTCADs [APAP; ibuprofen (IBU);
naproxen (NAP); ASA] to prevent the development of factors
associated with the risk of developing diabetes. We chose to
use a standard dosage of OTCADs (20 mg/(kgd)), which
approximates the analgesic dose range used routinely and
safely by many individuals.

over-the-counter

2. Materials and methods
2.1. Chemicals

All chemicals and reagents were obtained from Sigma-Aldrich
Chemical Company (St. Louis, MO) as the highest available
grades.

2.2. Animals and treatment

All experiments involving mice were conducted in accordance
with the National Institutes of Health standards for care and
use of experimental animals and the University of Cincinnati
Institutional Animal Care and Use Committee (IACUC). Female
C57BL/6] mice, 8-10 weeks of age, were purchased from
Jackson Laboratory (Bar Harbor, ME), and conditioned in the
animal facility for 1 week. Animals were group-housed,
maintained on a 12-h light/dark cycle, and had access to

rodent chow and water ad libitum. Mean body weight of each
treatment group was the same at the beginning of the study.
The chow consisted of either a normal or a high fat diet that
was pelleted, semi-purified, and nutritionally complete. The
normal diet (AIN-93M, Dyets, Bethlehem, PA) contained 3 g of
butter oil and 1 g of soybean 0il/100 g diet, supplying 16.12 kJ/g
diet, with 1.29 kJ from fat [18]. High-fat diet-fed mice received a
modified AIN-93M diet containing 19 g butter oil and 1g of
soybean 0il/100 g diet, supplying 19.34 kJ/g diet, with 7.74 kJ
from fat. Both diets contained the same amount of protein,
minerals and vitamins [19].

In these studies, mice were treated by gastric gavage with
either saline vehicle, or with 20 mg/(kg d) of one of the four
OTCADs, once per day between 10a.m. and 12 noon. An
alternate route of administration for APAP was via drinking
water at 0.2mg APAP/ml drinking water. A 25g mouse
consuming 3 ml water/d would consume 24 mg APAP/kg body
weight/d. We chose to use this standard dosage, which is in
the range of conventional human analgesic usage for APAP,
IBU and ASA, and slightly higher for NAP (Table 1). Although, it
would have been optimal to use a range of dosages for each
analgesic, logistics made this impossible. OTCAD treatment
was started 7 days before changing to the high fat diet, and
measurements were made, or mice were sacrificed, 20-24 h
after the last OTCAD treatment.

2.3.  Fasting blood glucose (FBG) and glucose tolerance test

Blood glucose concentration was determined with a handheld
glucometer (Ascensia Contour glucometer, Bayer) [19]. Bi-
weekly samples of blood (5 pl) from 8h fasted mice were
applied directly to the glucose strip to measure fasting levels of
blood glucose. Glucose tolerance tests were performed after an
8-h fast. After initial blood glucose determinations, 1.5 mg p-
glucose/g body weight was administered by i.p. injection,
followed by glucose determinations at 20 min intervals for
120 min.

2.4. Body composition and plasma lipids

Body weights were measured and food and water consump-
tion were estimated twice weekly. Body composition was
assessed in live, unanesthetized mice by nuclear magnetic
resonance (NMR) (EchoMRI; EchoMedical Systems, Houston
TX, http://www.echomri.com). This method provides esti-
mates of total fat tissue, lean tissue (muscle), and water
[20-22]. In order to analyze plasma lipid levels, freshly

Table 1 - Comparison of dosages of OTCADs recommended for analgesic or anti-inflammatory human use, compared to

those used in this study, adjusted for human body weight

Mouse dosage, adjusted (mg)

Recommended single human dosage

Recommended maximal daily dosage (mg)

APAP 1300 325-650 mg/4-6 h 4000
IBU 1300 200 400 mg/4-6 h 1200
NAP 1300 220 mg/8h 660
ASA 1300 650 mg/4 h* 4000

Mice were treated by gavage to a single daily dosage of 20 mg/kgd. For a 65 kg human, this is 1300 mg/d. Values for human usage were

extracted from [58].

# A low dose of ASA of 81 mg/d is recommended for anticoagulant usage.
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collected heparinized blood was centrifuged at 5000 x g for
5 min and stored at —80 °C for 1 week. Samples were thawed
on ice, and triglycerides (Liquicolor R procedure no. 2200;
Stanbio Laboratories, Boerne, TX) and total cholesterol
(Cholesterol procedure no. 1015; Stanbio Laboratories, Boerne,
TX) were determined.

2.5.  Hepatic mitochondrial energy coupling and reactive
oxygen production

Mice were killed by carbon dioxide asphyxiation, followed by
cervical dislocation. Liver was excised and mitochondria were
isolated, washed and suspended in respiratory buffer (140 mM
KCl, 1.0 mM EDTA, 2.5 mM KH,POy, 2.5 mM MgCl,, 0.1% bovine
serum albumin, and 5 mM HEPES, pH 7.4) [23]. Mitochondrial
oxygen consumption was measured polarographically with a
Clark-type oxygen electrode (Hansatech Instruments, Norfolk,
England). Briefly summarized, 0.5 ml of respiratory buffer and
50 mg of mitochondrial protein were equilibrated at 37 °C with
stirring. The rate of State 4 respiration (ADP-limited) was
determined in the presence of 6 mM succinate. Following the
addition of 0.2 mM ADP, the rate of State 3 respiration was
measured. The respiratory control ratio (RCR) was calculated
as the ratio of State 3 to State 4 respiration. H,O, was
monitored in freshly prepared mitochondria as luminol
(5-amino-2,3-dihydro-1,4-phthalazinedione) chemilumines-
cence [23].

2.6.  Oxygen metabolism in white adipose tissue (WAT)

A 10% whole homogenate of visceral white adipose fat was
prepared in respiratory buffer, producing an emulsion.
Aliquots of this whole homogenate emulsion were removed
for analysis of lipid peroxides (malondialdehyde and 4-
hydroxyalkenals) using the chromogenic probe, methylphe-
nylindole (Diagnostic kit Bioxytech LPO 586, OxisResearch,
OXIS Health Products Inc.). The remaining emulsion was
broken by centrifuging at 1000 x g for 10 min. The upper fat
layer was removed, and the post-nuclear homogenate
evaluated for O, uptake and H,0, production by polarography
and luminol chemiluminescence, respectively, as described
above.

Vehicle APAP

Ibuprofen

2.7. Statistics

Statistical significance of the differences between group
sample mean values was determined by one-way analysis
of variance, followed by the Student-Newman-Keuls test for
pairwise comparison of means. Statistics were performed
using SigmaStat Statistical Analysis software (SPSS Inc.,
Chicago, IL).

3. Results

3.1.  OTCADs protect against the high fat diet-induced loss
of glucose homeostasis

Mice that were fed the high fat diet for 10 weeks showed no
changes in FBG, either with or without OTCAD treatment
(Fig. 1, zero-time values for each panel). High fat diet mice,
however, displayed impaired glucose tolerance following an
i.p. injection of 1.5mg glucose/g body weight, with blood
glucose area-under-the-curve (AUC) values about 50% higher
(27,990 + 2050 min mg glucose/dl blood; P < 0.05) than for
normal diet mice (AUC=18,350 + 1375 min mg glucose/dl
blood). Pretreatment with OTCADs for 7 days before initiating
the high fat diet, and subsequent daily treatment, had varying
effects on glucose tolerance. In mice fed the normal diet,
APAP, ASA and IBU elicited an approximate 15% reduction
in cumulative blood glucose (AUC values of 15,000-
16,000 min mg glucose/dl blood) after a glucose challenge. In
mice fed the high fat diet, APAP, ASA and IBU improved
glucose tolerance, such that glucose levels for mice fed normal
or the high fat diet were comparable. NAP produced a 24%
increase in blood glucose in mice fed the normal diet
(AUC = 23,903 + 2190 min mg glucose/dl blood), and was inef-
fective in lowering blood glucose levels in mice receiving the
high fat diet (AUC = 25,430 + 1960 min mg glucose/dl blood).

3.2.  OTCADs protect against the high fat diet-induced
increase in body fat

A loss of glucose tolerance is one component of a pre-diabetic

condition in humans. Often this state is accompanied by
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Fig. 1 - OTCADs protect against hyperglycemia in mice fed a high fat diet. Mice were gavaged daily with 20 mg OTCADs/kg
body weight, or with the equivalent volume of isotonic saline vehicle, beginning 7 days before changing to a high fat diet.
Data for mice fed a normal diet are shown with open circles, while data from mice fed the high fat diet are shown with black
circles. After 10 weeks, FBG levels were determined followed by an i.p. injection of glucose. Blood glucose was then
determined at 20 min intervals for 120 min. Mean values * S.E.M. (N = 4) are shown for each group. Areas under the curves
(AUG, in units of min mg glucose/dl blood) were approximated for each treatment group using the trapezoidal rule. Mean

AUC values * S.E.M. are given in the text.
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Fig. 2 - Effect of high fat diet and OTCADs on body
composition. Mice were fed a normal diet (left panel of
figures), or a high fat diet (right panel of figures) for 10
weeks. Mice were gavaged daily with 20 mg OTCADs/kg
body weight (filled bars, as indicated), or with the
equivalent volume of isotonic saline vehicle (open bars),
beginning 7 days before changing to a high fat diet. The
bars represent mean values for the parameters indicated
on the abscissas + S.E.M. (N = 4). *Significantly different
mean value from vehicle-treated group (P < 0.05). While
the figure depicts body component percentages of body
weight, the actual weights of body fat, lean muscle and

water, independent of body weight, are shown in Table 2.

changes in body composition, especially an increase in the
amount of body fat. We evaluated body composition in mice
fed the high fat diet for 10 weeks, with and without OTCAD
intervention. Initially, body weights were matched for the
different experimental groups. Consumption of the high fat
diet resulted in a doubling in the percentage of total body fat
(Fig. 2, top panels). Pretreatment and daily treatment during
the period of high dietary fat consumption with either APAP or
IBU significantly prevented about 70% of the gain in fat, while
NAP and ASA had a lesser effect on percentage of body fat gain.
The gain in percentage of body fat for mice consuming the
high fat diet was accompanied by a decrease in percentage of
body muscle (Fig. 2, center panels) and water (Fig. 2, lower
panels), effects that were prevented by the different OTCADs
to the extent that each prevented the increase in body fat.

In order to evaluate whether the changes in body fat
composition were the result of changes in caloric intake, we
measured food and water consumption, relative to weight
gain. Although the percentage of body muscle and water
decreased in mice receiving the high fat diet, the actual
weights of muscle and water did not change (Table 2). Most of
the increase in body weight (0.044 g/d for mice on normal diet,
and 0.067 g/d for mice on high fat diet) was due to fat
accumulation. Animals treated with OTCADs all showed lower
fat accumulation during high fat feeding, with the order of
effectiveness APAP = IBU > NAP = ASA. Itis of interest that the
mice appeared to self-regulate caloric intake; mice consumed
about 20% less food by weight of the high fat diet, yet since the
high fat diet contained 20% more energy/g diet, the energy
consumption was the same on both diets. Therefore, the
normal and the high fat diets were isocaloric in these studies.
None of the OTCADs affected food or water consumption with
either diet (data not shown). Thus, feeding efficiency (con-
version of food to body mass in units of g body weight gain/
energy content of food consumed) was higher in mice fed the
high fat diet (1.9 mg body weight/k]) than with the normal diet
(1.1 mg body weight/kJ). None of the OTCADs had any effect on
feeding efficiency (data not shown).

Table 2 - Actual weights for body composition (fat, lean muscle and water)

Vehicle APAP Ibuprofen Naproxen Aspirin

BW (final) (g)

Normal diet 184+ 0.3 18.2+0.2 19.2 +0.2° 183 +0.3 18.5+ 0.2

High fat diet 19.5 £ 0.3° 19.3 £0.3° 20.0 +0.3° 19.2 +£0.2° 19.6 +0.2°
Body fat (g)

Normal diet 1.23+0.06 1.33+0.10 1.30 +0.18 1.34 4+0.12 1.34 +0.06

High fat diet 2.64 +0.09° 1.80 +0.13*P 1.92 +0.15*P 2.03 +0.12%P 2.17 + 0.25%P
Muscle (g)

Normal diet 15.73 £ 0.07 16.19 + 0.12 16.59 + 0.18 15.87 +0.10 16.08 + 0.06

High fat diet 15.85 + 0.08 16.25 +0.06 16.71 +0.14 15.86 + 0.10 16.03 + 0.24
Water (g)

Normal diet 14.25 + 0.06 14.84 +0.10 15.02 +0.15 14.38 +0.11 14.56 + 0.05

High fat diet 14.30 + 0.07 14.67 +0.13 15.18 + 0.11 14.34 +0.13 14.51 +0.20

Mice were fed a normal diet or a high fat diet for 10 weeks. Mice were gavaged daily with 20 mg OTCAD/kg body weight, or with the equivalent
volume of isotonic saline vehicle, beginning 7 days before changing to a high fat diet. The table shows mean values for the parameters
indicated + S.E.M. (N = 4). The percentages body fat, lean muscle and water, based on body weight, are shown in Fig. 2.

@ Significantly different mean value from vehicle control of the same diet (P < 0.05).

P Significantly different mean value from normal diet mice receiving the same treatment (P < 0.05).
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Fig. 3 - Effect of high fat diet and APAP on plasma lipids.
Mice were fed a normal diet or a high fat diet for 10 weeks.
Mice were treated with 0.2 mg APAP/ml drinking water
(~24 mg APAP/kg body weight), or with drinking water
alone, beginning 7 days before changing to a high fat diet.
The bars are mean values + S.E.M. (N = 4). Open bars
represent plasma triglycerides, and the shaded bars
represent total cholesterol. *Significantly different mean
value from normal diet control (P < 0.01).

3.3.  APAP moderates the high fat diet-induced changes in
blood lipids

Since elevated plasma lipids are considered a risk factor for
microvascular diseases, we measured plasma triglycerides
and cholesterol (Fig. 3). Cholesterol levels were increased by
the high fat diet, and APAP appeared to prevent a small portion
of that increase. Triglycerides, however, displayed a signifi-
cant decrease in plasma levels, an effect prevented by APAP.
Such a decrease in blood triglycerides associated with an
isocaloric high fat diet has been observed previously in both
rodents [24] and humans [25].

3.4.  OTCADs, especially APAP, inhibit mitochondrial and
cytosolic oxidative stress associated with a high fat diet

With mitochondrial oxidative stress involved in the etiology of
the pre-diabetic state leading to T2DM, we evaluated the
ability of OTCADs, administered in vivo, to quench the
production of mitochondria-derived reactive oxygen. In liver
mitochondria isolated 20-24 h after the last OTCAD treatment,
the succinate-dependent production of H,O, was lower in
mitochondria from OTCAD-treated mice by about one-third,
with APAP more effective than the other compounds tested
(Fig. 4, top panels). Although mitochondrial H,0, production
was lower in mice fed the high fat diet, there were no
differences in the effect of OTCAD treatment on H,0,
production between mice fed the normal or the high fat diet.
We next examined energy coupling, since this parameter is
associated with mitochondrial reactive oxygen production.
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Fig. 4 - Effect of treating mice with OTCADs on liver
mitochondrial energy metabolism. Mice were fed a normal
diet (left panels), or a high fat diet (right panels) for 10
weeks. Mice were gavaged daily with 20 mg OTCADs/kg
body weight, or with the equivalent volume of isotonic
saline vehicle, beginning 7 days before changing to a high
fat diet where indicated. The bar fills are open for vehicle,
black for APAP, ascending hatch for IBU, descending hatch
for NAP and cross-hatch for ASP. Mitochondria were
prepared from livers of 8 h fasted mice, and parameters of
mitochondrial activity were assayed. Succinate-dependent
H,0, production was assayed under State 4 respiration
conditions (top panels). Oxygen consumed was measured
as State 3 respiration (left bar of each pair of bars) or State 4
ADP-limited respiration (right bar of each pair of bars
second from top). Respiratory control ratio (RCR) was
calculated for individual mouse mitochondria as ratios of
State 3 to State 4 respiration (third panels from the top). ATP
levels are shown for liver tissue (bottom panels). Mean
values are shown for the parameters indicated + S.E.M.

(N = 4). ®Significantly lower mean value than for normal diet
of corresponding treatment group (P < 0.05). "Significantly
lower mean value than for vehicle-treated mice fed the
same diet (P < 0.05). “Significantly greater mean value than
for diet of corresponding treatment group (P < 0.05).

Mice fed a high fat diet exhibited higher rates of State 4 (ADP-
limited) respiration, with no change in State 3 respiration
(Fig. 4, second panels down). The resulting decrease in RCR
(State 3/State 4 respiration, third panels down) indicates that
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Table 3 - Parameters of oxidative stress in white adipose tissue (WAT)

Substrate Parameters Normal diet High fat diet
Vehicle APAP Vehicle APAP

= Malondialdehyde 0.16 + 0.05 0.12 +0.05 0.23 +0.06 0.19 + 0.04
- 4-Hydroxyalkenals 0.31+0.08 0.23 +0.09 0.59 +0.12" 0.37 £0.10°
Succinate O, uptake 5.6+ 1.0 524+1.2 4.8+0.9 49+1.1
Succinate H,0, 0.07 £ 0.04 0.1+0.06 0.02 £+ 0.02 0.03 +0.02
NADPH 0, uptake 147 £1.2 71+11 226+31" 11.8+1.5""
NADPH H,0, 124011 0.5 +0.07" 2.5+0.21" 0.8 +0.10°
NADPH + DPI H,0, 0.23 4+ 0.04 0.14 + 0.02 0.36 + 0.06 0.3+0.05"

Mice were fed either a normal or a high fat diet for 10 weeks. Mice were provided drinking water, or water containing APAP, such that their
daily dosage was approximately 20 mg/kg body weight. Parameters were determined using visceral WAT, as described in Section 2. Mean
values + S.E.M. (N =4) are indicated. Succinate-dependent O, uptake and H,0, production (nmol min/g fat) were determined under State 4
(ADP-limiting) conditions. Concentrations of substrates was 6 mM succinate, 0.4 mM NADPH and 25 pM DPI (diphenyleneiodonium chloride).
Units for the products of lipid peroxidation, malondialdehyde and 4-hydroxyalkenals are nmol/g fat.

" Significantly different mean value from vehicle control of the same diet (P < 0.05).

" Significantly different mean value from normal diet mice receiving the same treatment (P < 0.05).

liver mitochondria from mice fed a high fat diet were slightly
uncoupled, and none of the OTCADs affected this parameter.
Most importantly for sustained tissue viability, the partial
uncoupling did not affect tissue levels of ATP, which remained
normal in mice consuming the high fat diet and with OTCAD
treatment (Fig. 4, bottom panels).

WAT is involved in oxidative and inflammatory pathways
leading to obesity-related disease. We therefore, evaluated the
effects of APAP, the most effective OTCAD, on oxygen
metabolism in WAT (Table 3). The high fat diet doubled the
content of WAT 4-hydroxyalkenals, which are products of
lipid peroxidation. APAP prevented most of this increase.
Malondialdehyde content of WAT was low and not altered by
the high fat diet, probably because of the rapid rate of
malondialdehyde metabolism. In WAT, succinate-dependent
mitochondrial oxygen consumption and H,0, production
were very low relative to parameters observed in liver. In
contrast, NADPH supported higher levels of oxygen consump-
tion and H,0, production in WAT from mice fed a high fat diet,
most of which was prevented by APAP treatment. Further-
more, NADPH-dependent oxygen consumption and H,0,
production were inhibited by the NADPH oxidase inhibitor,
diphenyleneiodonium chloride (DPI), suggesting the involve-
ment of this pro-oxidant enzyme in the oxidative stress
response in WAT of mice fed a high fat diet.

4, Discussion

The inability to maintain blood glucose homeostasis is the
hallmark of diabetes, yet frank T2DM ensues only after years
of a slowly developing pre-diabetic state involving obesity,
progressive insulin resistance and loss of glucose tolerance
[26,27]. The induction of T2DM by a high fat diet in C57BL/6]
mice [28] is a highly relevant animal model to study the
relationship between diet and the development of T2DM. In
mice, as in humans, a high fat diet leads to obesity,
accompanied by insulin resistance and impaired glucose
tolerance. Eventual loss of pancreatic B-cell mass leads to
frank diabetes, characterized by fasting hyperglycemia [28,29].

Although FBG levels are used clinically to diagnose diabetes,
non-fasting blood glucose levels are also important, and even
transient hyperglycemia can produce oxidative tissue
damage, such as neuronal cell death [30]. Thus, insulin
resistance and impaired glucose tolerance pose substantial
risks for development of hyperglycemia-derived pathology.

Hyperlipidemia is another important risk factor for micro-
vascular disease resulting from a high fat diet and obesity. A
hypercaloric high fat diet is often associated with a increase in
triglyceride levels. However, in rats under fasting conditions,
an isocaloric high fat diet has been shown to decrease plasma
triglycerides while having little effect on total cholesterol [24].
This appears to be the case in the present study, since mice fed
the high fat diet reduced food consumption such that their
caloric intake was similar to mice eating the normal diet. The
reason for a reduction in fasting blood triglyceride levels in
mice fed a high fat diet may be related to circulating levels of
very low density lipoproteins (VLDL), which contain both
triglycerides and cholesterol. While the high fat diet tends to
increase VLDL levels under non-fasting conditions, fasting
conditions promote the delivery of triglycerides to peripheral
tissues via the VLDL receptor [31]. Following the removal of
triglycerides, the high levels of residual VLDL remnants
represent a risk factor for atherosclerosis because of their
high cholesterol content.

Although ASA has been used to treat diabetic hyperglyce-
mia for many years [14,32,33], the mechanism of action for
ASA is poorly understood, and there are few reports regarding
the potential for the use of other NSAIDs or analgesics for the
prevention or treatment of diabetics. A small cohort study (58
men and 19 women) revealed that neither ASA nor IBU at
conventional analgesic dosages were effective in lowering FBG
levels in T2DM patients with elevated FBG [34]. These results
suggest that OTCADs would more likely be useful in prevent-
ing the onset of T2DM than in treating frank diabetes. In
keeping with this possibility, we recently reported that the
analgesic APAP ameliorated hyperglycemia and conditions
leading to hyperglycemia in a mouse model [17]. Although the
mechanisms for the ability of APAP [17] or NSAIDs (IBU, NAP,
and ASA) to prevent the loss of glucose and insulin home-
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ostasis, and reduce fat accumulation in mice fed a high fat diet
are not known, it is likely related to the general ability of these
compounds to reduce oxidative stress and inflammation.

A primary mode of analgesic and anti-inflammatory action
for OTCAD:s is to inhibit one or more prostaglandin synthases
(PTGS; cyclooxygenases), which convert arachidonic acid to
prostaglandin G, (cyclooxygenase activity) and the subse-
quent reduction of prostaglandin G, to prostaglandin H,
(peroxidase activity). Analgesic, antipyretic, and anti-inflam-
matory activities are achieved principally through PTGS2
inhibition. Each OTCAD used in this study, APAP and the
NSAIDs, differs in its pharmacokinetics, specificity for specific
PTGS, other pharmacological effects, and side effects. APAP is
distinct in its mode of action from NSAIDS in that it is a poor
inhibitor of peripheral PTGS2, while it quite effectively inhibits
vascular endothelial PTGS1, and possibly neuronal PTGS1b
[35]. Furthermore, NSAIDs preferentially inhibit the cycloox-
ygenase activity of PTGS, while APAP preferentially inhibits
peroxidase activity. The result is that APAP is an analgesic and
antipyretic, without the peripheral anti-inflammatory and
anti-platelet thrombosis properties of NSAIDs [35]. IBU and
NAP inhibit both PTGS1 and PTGS2, and ASA is preferential for
PTGS1. While IBU and NAP are similar in inhibiting PTGS1 and
PTGS2, the results from this study show that IBU is highly
effective in promoting glucose tolerance, while NAP has no
effect. Furthermore, APAP is highly effective in promoting
glucose tolerance and inhibiting gain in body fat, yet is a poor
inhibitor of PTGS1 and PTGS2. These results are not consistent
with PTGS inhibition as a major factor in OTCAD effect on
blood glucose or body fat gain in mice fed a high fat diet. A
similar conclusion was reached in human studies showing
that ASA treatment and PTGS1 activity levels were not related
to the severity of T2DM [36].

A related mechanism of action by NSAIDs to prevent
dysfunction of pancreatic B-cells during the development of
T2DM is the ability of NSAIDs to inhibit the conversion of
pancreatic islet amyloid polypeptide into B sheet polypeptide
fibrils [16]. Such amyloid deposits are cytotoxic to B-cells.
However, this mechanism appeared to function through
PTGS1, with PTGS2 inhibitors less effective. Furthermore,
since APAP had no effect on amylin fibrillogenesis, yet was
highly effective in the present study, amyloid fibrillar
deposition is not considered relevant as a mechanism of
action for OTCADs described in this paper.

Another potential mechanism of action by OTCADs is a
direct inhibition of mitochondrial oxidative stress, which
appears to be an important pathway in the pathology
associated with hyperglycemia [37]. In the present study,
treatment of mice with OTCADs slightly increased State 4
respiration in isolated mitochondria, resulting in a slight
decrease in the respiratory control ratio (RCR; State 3/State 4),
suggesting that OTCADs partially uncoupled mitochondrial
ATP synthesis from respiration. Via this partial uncoupling
pathway, OTCADs inhibit the production of reactive oxygen,
similar to the effect of Ca®* at low concentrations [38]. This
appears to be the mechanism responsible for the decrease in
H,0, production in mice fed a high fat diet. In the high fat diet
mouse, higher levels of free fatty acids such as oleic and
linoleic may increase inner membrane permeability via
opening the permeability transition pore, resulting in a lower

membrane potential associated with decreased succinate-
dependent reactive oxygen production [38]. In addition to the
effect of the high fat diet, each of the OTCADs examined
inhibited mitochondrial succinate-dependent H,0, produc-
tion. The inhibition of reactive oxygen production by each
OTCAD was not associated with a decrease in RCR, so partial
uncoupling should not be considered as the responsible
mechanism. A possible mechanism of action for APAP to
inhibit mitochondrial-derived reactive oxygen levels is for
APAP to act directly as a phenolic radical scavenger, similar to
a-tocopherol. For this mechanism to apply to the NSAIDs, the
aromatic rings would need to become phenolic. In the case of
NAP and ASA, the major metabolites are phenolic aromatics,
6-0-desmethyl naproxen [39] and salicylic acid [40], respec-
tively. This postulated mechanism is problematic for IBU,
since the major site of hydroxylation is not the ring, but the 2-
position carbon alpha to the carboxylate moiety [41]. Never-
theless, NAP and salicylate have both been shown to inhibit rat
liver microsomal H,0, production, at mM concentrations [42].

Among the OTCADs examined in the current study, only
NAP was ineffective in lowering FBG levels in mice receiving
the high fat diet, and even appeared to elevate FBG in mice fed
the normal diet. While NAP was the least effective drug
examined for its ability to reduce mitochondrial reactive
oxygen production, it was still able to scavenge about 50% of
the H,0, generated in mitochondria from mice fed either the
normal or high fat diet. Thus, the hyperglycemic effect of NAP
is not likely associated with the production of H,0,. Rather, in
keeping with oxidative stress as a major factor in the etiology
of T2DM, this effect of NAP could be associated with the loss in
the ability of tissues to scavenge reactive oxygen. This is a
likely possibility, considering that NAP has been shown to
inhibit antioxidant enzyme activities of the glutathione-linked
enzymes, glutathione S-transferase and glutathione perox-
idase [43].

Recent studies have shown that ASA and other salicylates
lower FBG, triglycerides and improve insulin resistance in
humans and in model systems [44,45]. Several laboratories
have reported that inhibition of serine kinase IKKB may be a
common mechanism of action of salicylates in anti-inflam-
mation and restoration of lipid and glucose homeostasis [44—
46). IKKB phosphorylates IkB which leads to the activation and
nuclear translocation of nuclear factor kappa B (NFkB). In
addition to the inhibition of NF«kB by IKKB, NF«B activity can be
decreased by inhibiting tumor necrosis factor-alpha (TNFa)
[47], loss-of-function mutation in Toll-like receptor-4 (TLR4)
[48], use of dietary antioxidants (e.g., curcumin [49]), or
inhibiting NF«B activating scaffold proteins [50]. NF«B tran-
scriptionally upregulates a battery of inducible genes involved
in inflammation and oxidative stress responses, leading to
insulin resistance, loss of glucose tolerance, and other
manifestations of the pre-diabetic and T2DM condition [51].
It is therefore, likely that NF«B is involved in the protection
against the high fat diet-induced loss of glucose tolerance
observed with the OTCADs examined in the present study,
since APAP [52] and IBU [53], but not NAP [54] inhibit NF«B
activity. Consistent with a role for NFkB in maintaining
glucose homeostasis, we found that NAP was the only OTCAD
tested that did not improve glucose tolerance in high fat-fed
mice.
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A potentially important pathway by which APAP, a highly
effective OTCAD in this study, may reduce reactive oxygen
production and inflammation associated with a high fat dietis
through NADPH oxidase. Normally, this enzyme is involved in
important activities in WAT, such as oxygen signaling of pre-
adipocyte differentiation to mature adipocytes [55]. However,
high NADPH oxidase activities can also generate an oxidative
stress response in adipocytes, activating MAP kinase path-
ways, decreasing the availability of NO, and increase protein
nitrosylation and lipid peroxidation [56]. Obesity associated
with a high fat diet may also generate metabolic syndrome
through oxidative stress pathways involving the increased
expression of WAT NADPH oxidase [57]. Thus, the present
finding that APAP reduces NADPH oxidase-dependent produc-
tion of H,0, may be clinically relevant.

Diabetes is associated with a multitude of debilitating
health effects, especially microvascular diseases, and is
associated with obesity and metabolic diseases such as
metabolic syndrome. It is likely that the protective action of
OTCADs in this study occurs via multiple mechanisms,
consistent with the complexity of the phenotype. This study
has shown each of the OTCADs examined has the potential to
either prevent the loss of glucose tolerance (APAP, IBU, ASA),
or decrease the accumulation of body fat (especially APAP and
IBU). Thus, over-the-counter OTCADs have the potential to
delay or prevent the onset of T2DM in populations designated
to be at-risk.
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