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Recent advances in the treatment of non-insulin-dependent diabetes mellitus (NIDDM) include the use of thiazolidinediones
(TZDs), agents that enhance insulin action, in part, through an activation of adipose tissue peroxisome proliferator-activated
receptor gamma. Current evidence also indicates that these agents upregulate uncoupling protein 1 (UCP1) gene expression in
brown adipocytes and increase interscapular brown adipose tissue (IBAT) mass in rodents, suggestive of a thermogenic
component to their mechanism of action. In the present study, the TZD pioglitazone (PIO) and the Bs-adrenoceptor agonist CL
316,243 (CL), were used to determine whether the antidiabetic effects of PIO, like those of CL, may, in part, be mediated by an
increase in either IBAT thermogenesis or whole-body energy expenditure. Treatment of obese, insulin resistant fa/fa Zucker
rats with PIO for 10 days resulted in a 2- to 3-fold increase in IBAT mass, due largely to an increase in adipocyte size and
number, and increased fatty acid biosynthesis. However, unlike the effects of CL, the PIO-induced IBAT changes were not
associated with an increase in UCP1 expression or whole-body energy expenditure. In contrast to CL, PIO substantially
increased body weight gains over the 10-day treatment period by increasing feeding efficiency. These data suggest that, unlike
CL, the actions of PIO in the obese Zucker rat does not include increased energy expenditure, but rather strengthens its role as
an adipogenic and lipogenic agent, which promotes energy storage.
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NSULIN RESISTANCE is a hallmark of obesity, which in actions of CL in rodent models lead to improved glucose
the presence of dysfunction@icell insulin secretion, leads homeostasi&3-16 an action attributed largely to the compounds

to type 2 diabetes mellitus. The discovery and development oéffects on adipose tissue dep&tééwhere FFAs are mobilized
the thiazolidinediones (TZDs) as insulin sensitizers have lead tdrom white adipose depots and serve as an energy source for
a new line of therapy for the treatment of type 2 diabétes. BAT thermogenesis.
Preclinical and clinical studies show that these agents enhance Recent reports suggest that the antidiabetic TZDs may also
insulin action and improve glycemic control primarily by promote energy expenditure, which like tBg-adrenoceptor
increasing peripheral glucose disposal and reducing hepatiggonists, would then lead to improved glucose homeostasis. In
glucose output. Adipose tissue is believed to be a primary targefodents, the TZDs increase interscapular BAT (IBAT) nidd8,
based on the observations that the TZDs bind and activathile in vitro they stimulate the differentiation of preadipocytes
peroxisome proliferator-activated receptor-gamma (PRAR:  into brown adipocytes as determined by the presence of UCP1
nuclear hormone receptor expressed at high levels in adiposgene expressiof#:2! This is especially relevant because it
tissue. While PPARy activation has been shown to correlate syggests that the TZDs may have the potential to promote the
well with in vivo glucose lowering,the means by which this  formation of brown adipocytes in human white adipose tissue
actior_1 translates to improved whole-body insulin sensitivity \waT) and thereby increase energy disposal through the
remain unclear. formation of heat. Hence, the aim of the present study was to

Adipose tissue is a key regulator of whole-body energy yetermine whether the antidiabetic effects of the TZDs, like
metabolism, where it plays acentrg_l rol_e inthe b_alance betweefhoSe of theBs-adrenoceptor agonists, might, in part, be
energy storage and energy mobilization. In vitro, the TZDS e jiated via the activation of the IBAT through an increase in
stimulate adipocyte differentiation and increase the eXpress'OBnergy expenditure and thermogenic activity. To do so, the TZD
and activity of lipogenic enzymés! In vivo, such adipogenesis pioglitazone (PIO) and the rodent-specifiy-adrenoceptor

IS ex_pected_Fo Ieaq to an increase in th_e number of _Sma“agonist CL-316,243, either alone or in combination, were
insulin-sensitive adipocytes that have a higher propensity for,

energy storage, especially free fatty acid (FFA) uptake andadministered to chronically obese female Zuckerfg) rats to
reesterification. A reduction of FFA availability should, in turn, assess their effects on IBAT physiology and whole-body

result in improved whole-body insulin sensitivityConsistent metabolism.

with these anabolic actions are the observations that these

agents promote weight gain in rodent model®.However,
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MATERIALS AND METHODS The resulting cell suspension (approximately 20% vol/vol) was main-
tained in KRPH wash buffer with constant shaking at 40 cycles/minute
in the 37°C water bath until use. Adipocyte number and size distribution

Female fatty Zuckerf@/fa) rats and their lean (FA/?) littermates were were performed on these freshly isolated adipocytes using a Coulter
purchased from Charles River Labs (Wilmington, MA) at 10 weeks of Counter equipped with a 400 um orifice tube, a stirred sample chamber,
age. All procedures in this study were in compliance with the Animal and a multichannel particle analyzer (Multisizer 1I, Coulter Electronics,

Welfare Act Regulations 9 CFR Parts 1, 2, and 3, and the “Guide for themiami, FL). Adipocytes were diluted into 25 mL of electrolyte solution

Care and Use of Laboratory Animals” (National Institutes of Health, (Isoton Il containing 10% glycerol) and stirred to maintain an even

1985). The animals had free access to powdered rodent chow (Purinéuspension. Cell number and size profiles were generated using the

Rodent Chow 5001; W.F. Fisher, Inc, Boundbrock, NJ) and water andsiphon option with the manometer set for 2 mL, and adipocyte

were maintained at 2t 1°C on a 12:12 hour light:dark reverse phase diameters were distributed across 256 channels. Using the Accucomp

photoperiod. (lights on from 6m to 6 Am). After a 4-week entrainment  software (Coulter Electronics, Miami, FL) supplied with the Multisizer
period, osmotic mini-pumps (Alzet, model 2002) were implanted |I, analysis of adipocyte size distributions were performed on cells
subcutaneously, in the dorsal lumbar region, under isoflurane anesthesianging between 20 and 200 pm in diameter and expressed as a percent

(Fort Dodge Animal Health, Fort Dodge, IA). The mini-pumps deliv- of the total population.

ered either saline or CL 316,243 in saline at 1 mg/kg/d for up to 11 days.

PIO was administered as an admixture in normal rodent chow (0.47issye Homogenates and Biochemical Analysis
mg/g) that was set to deliver a dosage of 20 mg/kg/d. Body weights and

food consumption were measured daily over the 10-day treatment YWeighed pieces (80 to 300 mg) of freeze-clamped tissue (stored at
period. Based on body weight and food consumption data, the PIo~80°C) were added to 1 mL of ice-cold homogenization buffer (100
group received an average PIO dose of 38.3.4 mg/kg/d and the mmol/L potassium phosphate, 250 mmoI/L sucrose, 2 mmol/L EDTA, 1
PIO + CL group 21.9+ 1.7 mg/kg/d. Metabolic rates (MR) were Mmol/LHepes, pH7.0) and homogenized for approximately 30 seconds
measured using an open circuit respirometer (Columbus Instrument@n Nigh speed using a Brinkman Polytron PT3000 homogenizer
Columbus, OH) during which time the animals had free access to foodBrinkman Instruments, Westbury, NY). Tissue compcinents were
and water. After a 120-minute acclimation period, volumes of oxygen&Xtracted by 3 cycles of freeze-thawing (liquid nitrogen/37°C) and then
consumed and carbon dioxide produced were determined once every fgntrifuged at 4,000 rpm for 5 minutes at 4°C. The cleared supernatant

to 12 minutes and converted to standard temperature and pressure. TH§re collected and stored at80°C until all samples were processed
MR was calculated using the equation by \W&ir. and analysis could be performed for protein, DNA, citrate synthase

activity, and fatty acid synthase activity. Protein concentrations were
Oral Glucose Tolerance Test and Tissue Collection determined using thBC Protein Assay (Bio-Rad, Hercules, CA). DNA

was measured using the PicoGreen dsDNA Quantitation Kit (Molecular

On day 11, after a 12-hour fast, animals were administered a 1.3pgpes, Eugene, OR). Citrate synthase activity was measured in the

g/kg glucose bolus orally, and blood samples were obtained via a tailigsye extracts as a marker of tricarboxylic acid (TCA) cycle activity
nickat—10, 0, 15, 30, 45, 60, and 120 minutes postglucose dose. After ¢cording to the method of Srere etaind adapted to a 96-well plate
2-hour recovery period, the animals were anesthetized (50 mg/kgormat. Briefly, each tissue extract was serially diluted in 0.1 mol/L
sodium pentobarbital, intraperitoneal [IP]), the interscapular regio”Tris(hydroxymethyl)aminomethane-HCl (pH 7.8), and 10 pL was added
exposed, and brown adipose tissue cleaned of surrounding whitg, 190 uL of a buffer containing 100 mmol/L Tris-HCI (pH 7.4), 50
adipose, muscle, and connective tissue while still being perfused. Th'ﬁmol/L acetyl-CoA, 100 pmol/L oxaloacetate, and 100 pmol/L dithio-
cleaned tissue was then rapidly removed, weighted, and pieces takgf)s(2-nitrobenzoic acid). The production of mercaptide ion was moni-
fresh for adipocyte isolation, fixed for histology, or snap-frozen in liquid {qreq kinetically at 405 nm for 10 minutes using a Molecular Devices

Animal Studies

nitrogen for biochemical and RNA analysis. Thermomax spectrophotometer set at 30°C. Fatty acid synthase (FAS)
. activity was measured in tissue extracts by a modification of previous
Plasma Metabolites method3827and adapted to a 96-well format. Briefly, each tissue extract

Plasma glucose concentrations were determined using a glucos&as serially diluted (up to 8-fold) in a buffer containing 0.1 mol/L
analyzer (YSI-2700, Yellow Springs Instruments, Yellow Springs, OH). potassium phosphate, pH 6.5, where 60 pL was added to 140 pL of 150
Plasma insulin levels were determined with a double antibody radioim-Hmol/L nicotinamide adenine dinucleotide phosphate (NADPH) and
munoassay technique using a rat-specific insulin antibody (Lincol20 pmol/L acetyl CoA followed by a 10-minute incubation at 30°C. To
Research, St Louis, MO). Plasma free FFAs were determined colormetristart the reaction, 20 pL of 1.17 pmol/L malony CoA was added and the

cally using a nonesterified FFA kit (WACO Pure Chemicals, Richmond, kinetics of NADPH consumption followed at 340 nm for 15 minutes at
VA). 30°C.

Preparation and Sizing of Adipocytes RNA Isolation and Northern Analysis

Freshly isolated rat brown adipocytes were prepared as previously Total cellular RNA was extracted from BAT using the Promega
described®24 with slight modifications. Briefly, the BAT sample was RNAgents kit (Madison, WI). To obtain a cDNA probe for rat UCP1,
placed in a wide-mouth 30 mL polyethylene bottle containing 4 mL of mMRNA was isolated from total RNA using Oligotex mRNA Maxi kit
Krebs-Ringer-Phosphate-Hepes (KRPH) buffer (130 mmol/L NaCl, 4.7(Qiagen, Santa Clarita, CA), and first strand cDNA was synthesized
mmol/L KCI, 2.5 mmol/L CaC}, 1.24 mmol/L MgSQ, 2.5 mmol/L using a cDNA Synthesis kit from Boehringer Mannheim (Indianapolis,
NaH,PO,, 10 mmol/L Hepes) with 5% bovine albumin (Intergen, IN) followed by second strand synthesis. The rat UCP1 cDNA fragment
Purchase, NY, Bovuminar Cohn Fraction V), 1.0 mg/mL of collagenase(882 bp) was obtained by polymerase chain reaction (PCR) using rat
(Worthington Biochemicals, Freehold, NJ), and 0.6 mmal/glucose BAT cDNA as a template and primers based on the Gene Bank sequence
(pH 7.4). The tissue was then minced using sharp scissors and the bottM-11814 (forward, 5>GAGTTCGGTACCCACATCAGG-3 and re-
shaken at 140 cycles/minute in a 37°C water bath for 40 to 70 minutesverse 3-GCATAGGAGCCCAGCATAGG-3). The mouse leptin cDNA
The digested tissue was passed through a nylon filter (250 um Nitexfragment (504 bp) was obtained by PCR using mouse WAT cDNA as a
Tetko Inc, Depew, NY), and the flow-through cell suspension wastemplate and primers based on the Gene Bank sequence U18812
washed 3 times with KRPH containing 5% bovine albumin at pH 7.4. (forward, 3-GCGAATTCTCAGCATTCAGGGCTAACATC-3and re-
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verse 5-GCGAATTCATGTGCTGGAGACCCCTGTG-3. Northern  levels comparable to those in lean controls. In combination, PIO
analysis was performed by fractionating total RNA on a 1.2% agaroseand CL did not work either additively or synergistically to
gel containing formaldehyde and transferred to HyboridnNrocellu- further decrease fasting plasma insulin or FFA levels. In these

lose (Amersham, Arlingt_on Heights, ”‘.) and Cross"”.k?d' The CDNA mildly hyperglycemic animals, only PIO decreased fasting
probes were random-prime labeled witffH]deoxycytidine triphos- lasma alucose to levels seen in the lean animals
phate (dCTP) (Amersham) using the Redi-prime kit (Amersham). Thep glu v : ! )

blots were prehybridized with Rapid-hyb buffer (Amersham) for 1 hour While both agents had similar antidiabetic effects, their
at 65°C, then the labeled probes were added and hybridized overnight &ffects on body weight were opposite (Table 1). When com-
65°C. Blots were washed once for 20 minutes at room temperature witfpared with controls, PIO treatment doubled the rate of weight
1X SSC containing 0.5% sodium dodecyl sulfate (SDS) and 3 times forgain (A 31+ 2 gv A 71+ 3 g, P < .05), while CL treatment

20 minutes at 68°C with 0.8 SSC containing 0.5% SDS. Detection of reduced weight gain by one halh (14 = 5 g, P < .05). The
Iabeled_blots was performed using a Storm Phosphoimager (Moleculajhcrease in body weight gain in the PIO group was associated
Dynamics, Sunnyvale, CA). with an increase in food consumption. However, the reduced
weight gain in the CL group was independent of food consump-
tion, indicative of an increase in energy expenditure. When

Samples were taken from IBAT tissue (the center of the organ), fixed_. - P -
) . L o . iven in combination, th ite effects of the 2 compoun
in 0.9% saline containing 50 mmol/L collidine and 2% osmium give combinatio e opposite effects of the 2 compounds

tetroxide (Sigma, St Louis, MO) for 24 hours. Small pieces (12nm regulted In-an lnterm_edlate, bu.t questly h.lgher body weight
were selected, rinsed in cacodylate buffer, dehydrated through a§@in @ 45=5 g), which was significantly different from the
upgraded ethanol series, and embedded in EMbed (Epon) 812 in flaV€ight changes when either compound was administered indi-
silicon molds. Ultrathin sections, double-stained with uranyl acetate and/idually. While the PIO+ CL group consumed 25% less
lead citrate, were examined using a Zeiss EM-902 transmission electropioglitazone as an admixture with food, both the PIO and P10
microscope (TEM; Carl Zeiss, Inc, Thornwood, NY). Atotal of 2to 3 CL group received at least the targeted dose of 20 mg/kg/day,
tissue blocks were processed for each treatment group and surveyed Byt is above the dose that is maximally efficacious.

TEM using an unbiased sampling method. Micrographs were taken at When expressed as an index of feeding efficientybody

;;igg Srgla;gcrgleﬂdcatlon, and 1 representative micrograph per treatmen\}veight gain/total food consumption, Table 1), PIO almost

Unless otherwise stated, data are presented as me&E, and doubled feeding efficiency, showing greater body weight gain
statistical analysis was performed by 1-way analysis of variancefOr the amount of food consumed. In contrast, CL decreased

(ANOVA) with a Student-Newman-Keuls post ANOVA test using feeding efficiency to levels significantly lower than in the

Histology and Electron Microscopy

SigmasStat v2.0 (Jandel Scientific, San Ralael, CA). controls. When given in combination, the effect of PIO on
feeding efficiency dominated.
RESULTS In rats, BAT is a major site of thermogenic activity. PIO

The antidiabetic effects of both PIO and CL were assessed itreatment resulted in a 172% increase in IBAT mass after 10
obese femaléa/fa Zucker rats (Table 1). When compared with days of treatment (Table 2). On dissection, the appearance of
their lean littermates, the obese control rats were mildlylBAT from PIO-treated animals was similar to that from the
hyperglycemic with markedly elevated fasting plasma insulincontrol, more closely resembling the appearance of WAT than
(10 times), and FFA (3 times) levels, and a greatly diminishedthat of BAT. In contrast, CL treatment had no effect on IBAT
glucose tolerance, all indicative of profound insulin resistancemass after 10 days of treatment. However, the appearance of
Both PIO and CL were equally efficacious at reducing fastingthis tissue more closely resembled that of the thermogenically
plasma insulin (56% and 62%, respectively) and FFA (59% andhctive IBAT from lean animals, having a deeper red-brown
37%, respectively) levels, and at restoring glucose tolerance teolor and increased firmness. When both agents were adminis-

Table 1. Fasting Plasma Metabolites, Glucose Tolerance, Body Weight, and Food Consumption

Treatment

Variable Lean(n =7) Control (n = 7) PIO(n=7) CL(n=7) PIO+CL(n=7)
Glucose (mg/dL) 104 = 5* 117 + 4 95 + 2* 114 = 41 98 * 3*
Insulin (U/mL) 14 + 3* 149 = 18 65 + 13* 57 + 13* 55 + 7*
FFA (mEg/L) 0.72 = 0.04* 217 = 0.25 0.90 * 0.04* 1.37 £ 0.18*t 0.59 * 0.04*
Glucose AUCH 3620 + 1270* 12440 + 1600 3380 + 230* 4200 + 810* 7040 + 2030*
Body weight final (g) 190 = 4* 422 = 16 444 + 101 380 = 7* 392 = 14
A Body weight (g) 15 = 2* 31+2 71 = 3*t 14 = 5*1 45 + 5*
Food consumed§ (g/d) 14.3 = 0.24* 23.3+0.42 31.6 + 1.3*t 19.2+29 20.6 = 2.6
Index of feeding efficiencyl|| 105 +1.3 13.2+0.4 22.7 = 1.0* 7.2 x 2.6t 219 = 1.6*

NOTE. Data are the mean = SE with the number of animals indicated in parentheses. Body weight and food consumption were monitored daily
over the 10-day treatment period. Initial body weights of the obese groups were not statistically different from one another.

*Indicates significant differences from control, in which P < .05 using a 1-way ANOVA with Student Newman Kuel’s post-ANOVA test.

TIndicates significant differences from PIO + CL, in which P < .05 using a 1-way ANOVA with Student Newman Kuel’s post-ANOVA test.

FArea under the glucose curve (AUC) from time 0 to 120 minutes (mg/min/dL) after an oral glucose challenge (1.35 g/kg).

8Daily food consumption per animal averaged over the 10-day period.

|Feeding efficiency was determined for each animal and is expressed as the change in body weight over the 10-day period divided by the total
food consumed.
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Table 2. IBAT Composition

Treatment Group

Treatment Lean(n =7) Control (n = 7) PIO(n=7) CL(n=7) PIO + CL (n = 8)

IBAT mass (g) 0.24 + 0.02* 1.70 = 0.11 4.63 = 0.55*1 1.78 = 0.17t 3.03 = 0.18*
Per mg wet tissue weight

DNA (ng) 220 *+ 20* 61+5 70 = 71 127 = 4* 135 + 6*

Protein (ug) 77 = 4* 25+ 2 27 = 3t 46 = 2* 48 + 3*

Citrate synthase (mU) 18.8 £ 0.7* 4.0+0.9 4.4 + 0.7t 8.1 = 0.3*t 10.2 = 0.8*

FAS Activity (pmol/min) 33.9 = 5.5* 115+ 0.7 15.7 + 1.3t 13.2 = 0.9t 19.0 = 1.5*
Per depot

DNA (ng) 52 + 2 103 + 11 308 = 17*t 228 + 26*t 402 * 15*

Protein (mg) 18 = 0* 41 £ 4 117 = 6*1 82 = 7*t 143 + 5*

Citrate synthase (U) 45+03 65+14 19.2 + 2.3*t 14.7 = 1.8*t 30.0 = 1.6*

FAS activity (nmol/min) 8x1 19+2 71 = 6* 24 * 4t 58 = 6*
Citrate synthase:FAS ratio 0.62 + 0.08* 0.34 = 0.06 0.28 = 0.03t 0.65 = 0.06* 0.57 = 0.07*

NOTE. Data are the mean = SE with the number of animals indicated in parentheses.

*Indicates significant differences from control in which Pis <.05 using a 1-way ANOVA with Student Newman Kuel’s post-ANOVA test.
TIndicates significant differences from PIO + CL, in which P < .05 using a 1-way ANOVA with Student Newman Kuel’s post-ANOVA test.
FSignificantly different from control, Student’s ttest, P < .02.

tered in combination, IBAT mass and appearance were intermewith no apparent drug-drug interactions (2-way ANOVA, not
diate, relative to either treatment alone. significant) on any of the measured parameters. When the size
Composition of IBAT was assessed using biochemical mark-of the IBAT depot is taken into account, PIO treatment resulted
ers (Table 2). When expressed per mg tissue wet weight, 1 an increase in the total protein, DNA, citrate synthase, and
days of PIO treatment did not alter IBAT DNA or protein FAS content, an effect due almost solely to an increase in depot
concentrations, or citrate synthase activity (which is an indica-mass, not a change in tissue composition. The effect of PIO and
tor of carbon entry into the Kreb’s cycle). Only FAS activity (a CL given in combination appeared to be additive on the total
measure of fatty acid biosynthesis) was modestly elevateddNA, protein and citrate synthase content per IBAT depot,
(37%) after P10 treatment. In contrast, 10 days of CL treatmentiowever, two-way ANOVA analysis showed no significant
doubled IBAT DNA, protein, and citrate synthase activity per drug-drug interactions.
mg tissue wet weight, without effecting FAS activity. IBAT Electron micrographs (Fig 1) of IBAT from lean rats show
taken from the combination treatment group had DNA andcharacteristic brown adipocytes that contain multilocular lipid
protein concentrations, and citrate synthase activity, similar tadroplets surrounded by densely packed mitochondria. In con-
the CL treated group, and FAS activity similar to the P1O group, trast, adipocytes from control IBAT contained large unilocular

Fig 1. Effects of compound
on IBAT morphology. After 10
days of treatment, IBAT tissues
were fixed in osmium tetroxide,
sectioned and electron micro-
graphs taken. All tissues were
taken from the center of the IBAT
organ, and all images are the
same magnification (1,100+). For
comparison, lean IBAT is shown
in the center.
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lipid droplets with a thin layer of cytoplasm pushed against the
plasma membrane, appearing much like adipocytes from WAT.
PIO treatment did not alter the overall appearance of IBAT
adipocytes, where the lipid deposition was still unilocular with
no visible change in cytoplasmic deposition or mitochondrial
content. The only PIO effect noted was a trend toward an
increase in the size of these adipocytes. However, no size
guantitation from the electron micrographs was performed. In
contrast, IBAT from CL-treated rats was dramatically altered.
These adipocytes contained multilocular lipid droplets sur-
rounded by cytoplasm containing numerous mitochondria and
had an overall appearance of IBAT similar to that of lean
animals. The brown adipocytes from the combination-treated
group were multilocular, but contained many larger lipid €
droplets surrounded by smaller droplets, that in some cas =
were fused, suggesting a dynamic state of lipid droplet conver->
sion. These cells also had an increased number of visibleg
mitochondria. 0w
Further analysis of BAT adipocytes showed changes in cell<
size after treatment with both of these compounds (Fig 2). Ten
days of PIO treatment modestly increased the number of smakp
adipocytes €30 um in diameter) and also significantly right-
shifted the entire midsized adipocyte population by 10 to 20 um
(peak range of control, 34 to 65 pmPIO at 48 to 85 um in
diameter). No change in the distribution of large adipocytes
(>100 um diameter) was evident. These data suggest that PIO
promotes IBAT adipocyte hypertrophy and adipogenesis. In
contrast, 10 days of CL treatment resulted in a marked loss of
the midsized adipocyte population (30 to 60 um diameter),
shifting the size distribution toward cells with a diameter of less
than 30 pm, consistent with the generation of smaller fat cells . . e
through an increase in lipolysis and thermogenesis. Interest- 20 30 40 60 80 100 200
ingly, CL had no effect on the large IBAT fat cell size-100 . .
pum) distribution. The profile for the combination-treated group Ad'pocyte Diameter (“m)
(PIO + CL) was similar to the CL group, with the exception of

. . . . Fig 2. Brown adipocyte cell size profiles after 10 days of com-
a minor peak at 50 Hm, consistent with the I3lO_medl"jltedpound treatment. Obese fa/fa rats were treated with either vehicle

appearance of larger fat cells. (O, n = 4),PIO (®,n =5),CL (A, n = 5),0r PIO + CL (¥, n = 6). Freshly
While PIO increases IBAT mass, the above morphologic andsolated IBAT adipocytes were sized using a Coulter Multisizer II
biochemical data do not suggest a role for PIO in increasingParticle analyzer, and the size distribution of cells between 20 and 200
IBAT thermogenic activity. When whole-body metabolic rates ™ Were expressed as a percent of total. Data are expressed as an
L . averaged combined profile, fit with an adjacent-averaged curve.
were assessed by indirect calorimetry after both 4 and 10 days
of compound treatment (Table 3), PIO had no effect on whole
body metabolic rates. In contrast, CL increased metabolic ratetevels of UCP1 were also assessed in both visceral and
by 50% and 30% on days 4 and 10, respectively. Furthermoresubcutaneous WAT depots, where UCP-1 signal was detectable
PIO did not further enhance the actions of CL on whole bodyonly in visceral adipose tissue of CL-treated rats at levels 5% to
metabolism when the 2 compounds were administered togethef0% of control IBAT (data not shown). This is consistent with
for 10 days. Consistent with these in vivo findings is the lack ofthe appearance of brown adipocytes in WAT aft@s-
an effect of PIO treatment on UCP1 mRNA levels in IBAT after adrenoceptor agonist treatméft®
10 days of treatment (Fig 3). In comparison, 10 days of CL
treatment doubled IBAT UCP1 mRNA levels. Similar results DISCUSSION
were seen after only 4 days of compound treatment, where PIO While recent in vitro evidendé?! suggests that TZDs may
had no effect on UCP-1 mRNA (98 14%, n= 4, not signifi-  mediate some of their antidiabetic effects by increasing energy
cant [NS] v control) and CL increased UCP-1 mRNA expenditure, the studies herein clearly show that one respresen-
(187 = 24%, n= 4, P < .05 v control). Leptin mRNA levels tative TZD, PIO, does not increase metabolic rates and energy
were unchanged with PIO treatment and were greatly dimin-expenditure in an in vivo rodent model of obesity. When
ished after CL treatment (Fig 3). The effect of CL to increaseadministered to obesi/fa Zucker rats, PIO did not increase
UCP-1 mRNA levels was blunted when administered in combi-metabolic rates, even though IBAT mass was doubled. The
nation with PIO. In contrast, the CL-mediated decrease in leptinncrease in tissue mass was due predominantly to an increase in
mRNA was unaffected with combined PEOCL treatment. The  the size and number of lipid-laden adipocytes, resulting in a
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Table 3. Whole Body Metabolic Rates (kcal/h)

Treatment Group

Lean (n =7) Control (n = 7) PIO(n=7) CL(n=7) PIO + CL (n = 8)
Day 4 0.67 = 0.05* 1.50 = 0.14 1.32 = 0.05 2.28 = 0.16* ND
Day 10 1.73 = 0.09* 2.05 £0.11 2.03 = 0.13f 2.63 £ 0.14* 2.63 = 0.09*

NOTE. Data represent the average of 5 readings and are the mean = SEM with the number of animals indicated in parentheses. Energy
expenditure measurements were performed during the light phase on day 4 and during the dark phase (scotophase) on day 10.

Abbreviation: ND, no data.

*Indicates significant differences from control in which P < .05 using a 1-way ANOVA with Student Newman Kuel’s post-ANOVA test.

tIndicates significant differences from PIO + CL, in which P < .05 using 1-way ANOVA with Student Newman Kuel’s post-ANOVA test.

tissue that is even whiter in appearance than that of IBAT takerOverall, the effects of PIO ifia/fa Zucker rats are anabolic,
from control animals. In contrast, CL increased thermogenesigonsistent with the known adipogenic and lipogenic actions of
and the effects on IBAT morphology were opposite, resulting inTZDs, and do not support a role for promoting energy expendi-
firmer, darker tissue containing smaller adipocytes with greateture.
mitochondrial density, similar to IBAT from lean animals.  Several in vitro studies have shown that PPARgonists
These changes occurred without affecting IBAT mass and argtimulate the differentiation of preadipocytes into mature UCP-
consistent with the known ability of CL to increase the 1-containing brown adipocyf;2! while in vivo, they result in
thermogenic capacity of IBAT:121%Further evaluation showed an increase in IBAT mass:18Based on these observations, the
that P10, unlike CL, had no effect on IBAT UCP1 mRNA levels, assumption has been made that PPARgonists mediate their
consistent with the absence of an effect on metabolic ratesgntidiabetic effects, at least in part, through an increase in
Treatment with CL resulted in a slower growth rate, which in BAT/UCP1-mediated thermogenesis. While the data from these
the absence of a change in food consumption, is indicative of &tydies support the findings of an increase in IBAT mass, they
decrease in feeding efficiency and is in keeping with its clearly show the lack of an effect on whole-body metabolic rates
mechanism of action. Contrariwise, PIO-treated rats had &, |BaAT morphology that would be suggestive of increased
higher feeding efficiency, which in the face of unchangedhermogenesis. The PlO-induced increase in IBAT mass ap-
whole-body metabolic rates, indicates an increase in energ¥ears to be due to both a hypertrophic and hyperplasic effect,
storage and supports the observed increase in body weight gaifecause the total DNA content per IBAT depot is 3 times that of
controls (308v 103 pg DNA/depot), while still maintaining
Cont PIO CL PIO+CL large unilocular adipocytes. This effect is most likely due to
[ 1) 1 ] | DNA replication and clonal expansion of preadipocytes in
IBAT, consistent with the known early events of adipogen&sis,

UCP1 “ﬁ# ‘H*” '““m and increased lipid biosynthesis. Based on the absence of any
F— o elevation in UCP1 mRNA levels, it can be inferred that these
Leptin Wi 5 40

new adipocytes are more like those found in WAT, a premise
that is consistent with the functional atrophy of IBAT fia/fa
Zucker rats. The increase in tissue DNA content could also be

] ucP1 due to a disproportional increase in the number of stromal-
2.5+ - Leptin vascular cells. However, because the DNA content per milli-
W ) gram tissue wet weight did not change, this is an unlikely
§ 20- T possibility.
3 Another indication of the atrophied statefaffa IBAT is the
< 15- relatively high levels of leptin expression, considered a white
pd ) adipose-specific marker. The leptin expression in this obese
% ] animal model may come from brown adipocytes that are
= 1.01 lipid-laden, expressing “white adipocyte-like” genes. Alterna-
E tively, it may come from white adipocytes located within the
g 0.5 brown adipose depot, contributing to the increased IBAT mass.
1 i After CL treatment, IBAT leptin expression is dramatically
0.0 + + + reduced, consistent with this tissue becoming more “brown”
Cont PIO CL PIO+CL and thermogenically active. However, after PIO treatment,

Fig 3. IBAT UCP1 and leptin steady-state mMRNA levels. Total IBAT leptin mRNA levels remain unchanged. Intere_stlngly, it has
RNA was taken from obese fa/fa Zucker rats treated 10 days with recently been shown that cultured brown preadipocytes can be
either vehicle (Cont), pioglitazone (PIO), CL 316,243 (CL), or PIO + CL. terminally differentiated with insulin and dexamethasone into
(Top) Fractionated RNA (20 pg) was assessed for UCP1 and leptin lipid containing adipocytes that lack thermogenic capagity.
mMRNA levels by Northern blot analysis. (Bottom) The bands for UCP1 These cells have significant |ipid deposition and Iipolytic
and leptin were quantitated and normalized relative to control levels . . .
(setequal to 1). The data are the mean = SE of between 2 to 4 rats per capacity, but lack detectable UCP1 protein. Thus, itis likely that

group. P10 promotes both the hypertrophy of existing brown adipo-
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cytes and stimulates the proliferation and differentiation of effects. Similarly, the lack of a thermogenic effect of PIO cannot
preadipocytes, giving rise to new adipocytes within the IBAT be attributed to the lack of an intact leptin pathway because
that are more white than brown in phenotype and function.TZDs have been documented to increase IBAT mass even in
Taken together, these results suggest that terminal differentiaanimals with an intact leptin signaling lodpThus, the ability
tion of brown adipocytes can be dissociated from thermogeniof PIO to promote antidiabetic effects in the absence of any
activity, and that PIO promotes IBAT adipogenesis and lipogen-increase in metabolic rate suggests that the mechanism(s)
esis, contributing to the overall increase in the mass of thighrough which it mediates its therapeutic benefit do not include
tissue without affecting energy expenditure. IBAT thermogenesis and increased whole body energy expendi-
Further biochemical evidence that PIO promotes lipid stor-ture. It is also unlikely a function of the animal model used in
age, while CL promotes its utilization, comes from the observedhese studies. Hyperphagia and lower metabolic rates are
effects of these treatments on citrate synthase and FAS activityhenotypic characteristic dé/fa Zucker animals, resulting in
(Table 2). In BAT, the activity of citrate synthase indicates the higher metabolic efficiencies and obesity* Treatment of
flux of 2 carbon intermediates into the TCA cycle, resulting in these animals with PIO further enhances their metabolic
the production of citrate. Citrate either continues through theefﬁciency resulting in the storage of an even greater proportion
TCA cycle for further oxidation or is exported to the cytoplasm of the food they consume. The increased IBAT mass (Fig 1),
where it is converted to acetyl CoA and used for fatty acid gpproximately 3 g, accounts for less than 10% of the increase in
biosynthesis. Thus, a high citrate synthase to FAS ratio favorggtg) body weight £40 g). Body composition studies indicate
oxidation, and a low ratio favors lipid biosynthesis. After PIO tnat the P10-induced increase in body weight in ofeffa rats
treatment, the levels of FAS activity per milligram wet tissue g que primarily to lipid accretiof® Further studies aimed at
weight in IBAT were increased without altering citrate Synthaseproviding amore detailed analysis of the effects of PIO on WAT
activity or markers of overall cellularity (DNA and protein morphology and physiology and the role of this tissue in
content). As well, the citrate synthase to FAS ratio was NOmediating the antidiabetic effects of PIO are ongoing.
different than controls. This indicates that PIO increased fatty pgoth PIO and CL are very effective at lowering plasma FFA
acid biosynthesis without increasing the flux of 2 carbon|eyels in this hyperlipidemic rodent model, albeit via different
intermediates into the TCA cycle or dramatically altering the jachanistic pathways. Similar lipid lowering effects have been

tissue cellularity. Such a profile is consistent with thermogeni-,pseryed in several other diabetic models after treatment with
cally inactive brown adipose tissue storing more triglyceride. In{paqe agent¥:16:36 Considering the evidence that implicates
contrast, CL had the opposite effect, doubling BAT DNA and gisyrhed FFA metabolism in the development of insulin

protein content and citrate synthase activity, and increasing th?esistancé?"“’ pharmacologic agents that decrease excessive
C|trat_e synthe}se to FAS ratio to those of _Iean anlmals_. This ISEA exposure on peripheral tissues are expected to provide
consistent with the known effects of this agent to InCre""s’etherapeutic benefit by improving insulin sensitivity and augment-

thermogenic _ac_:tivity in brown adipose tissue. When PIO _ahding glucose disposélHence, the antidiabetic effects of these 2
CL were administered together, the PIO effects on FAS activity, g s \yith very different mechanisms of action, are probably a

dominated, whereas the effects on citrate synthase activity WETR 1 ction of their common ability to dramatically redirect FFA
synergistic, suggesting a modest increase in the overall utiliza:

. f o bon | di h . be di ({?etabolism. Overall, these studies show that PIO and CL are
tion of 2 car on mterme |qtes, that may, in part, be directe ery effective antidiabetic agents, but unlike CL, the antidia-
toward fatty acid biosynthesis.

While the data f th tudies d i ¢ e f betic effects of PIO are not mediated via an activation of IBAT
7D ”.3 ?. alat' romth ese stu |e_s _c: r_lo suppglr ?hrotethorthermogenesis and enhanced whole body metabolism. Instead,

S N stimuiating thermogenesis, 1t 1s possibie that e, contrary to the known relationship between obesity and
genotype of obeséa/fa Zucker rat may mask the potential

thermogenic effects of the thiazolidinediones. effects that woul jnsulin resistance, the antidiabetic effects of PIO occur in the
gen . 1azofidined ! At WoulG, esence of an increase in metabolic efficiency and whole body
otherwise occur in normal rodents. THea/fa mutation is

. ) . . . o adiposity. This suggests that the antidiabetic effects of TZDs
associated with a myriad of physiologic abnormalities that . . S

. . might be a function of their ability to lower plasma FFA levels
contribute to the obese phenotype of these animals. Fo

example, the inability of PIO to activate the IBAT and enhance{hIrOUgh increased energy storage.

thermogenesis might be a consequence of the lower sympa-

thetic toné? in these obese animals. However, this is unlikely ACKNOWLEDGMENT
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