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ABSTRACT. Insulin resistance and obesity in rodent models of non-insulin-dependent diabetes mellitus have
been correlated with ablated or defective brown adipose tissue (BAT) function. The mitochondrial uncoupling
protein (UCP) allows BAT to perform its unique role in facultative energy expenditure. In this study, we
observed an increase in both BAT mass and the expression of UCP mRNA in BAT from obese diabetic mice
and their lean littermartes following treatment with the thiazolidinedione pioglitazone, a novel insulin-sensitizing
agent. Thus, we wanted to ascertain if pioglitazone directly induces BAT differentiation. We found that
treatment for 48 hr with pioglitazone caused a 32-fold increase in UCP mRNA, whereas a 7-hr treatment with
norepinephrine caused a 24-fold increase in expression. Cells treated with pioglitazone for 48 hr, with norepi-
nephrine added during the last 7 hr, demonstrated a 59-fold increase in UCP mRNA. However, simultaneous
treatment with pioglitazone and repeated treatment norepinephrine for 48 hr yielded a greater than 200-fold
increase in UCP mRNA. Examination of UCP protein levels demonstrated a similar time-dependent increase
with pioglitazone and/or norepinephrine treatment, as well as a synergistic increase with concurrent pioglitazone
and norepinephrine treatment. This study shows that pioglitazone exerts a direct effect on BAT cells in vitro by
increasing UCP mRNA and protein levels, and that it also synergizes with norepinephrine perhaps by inducing
and stabilizing UCP mRNA and/or preventing proteolysis of UCP protein. BIOCHEM PHARMACOL 52;5:693-701 ,
1996.
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diabetes

BATS$ is known to be responsible for nonshivering thermo-
genesis and cold acclimatization [1]. Owing to its high com-
petence for facultative energy expenditure, it has been spec-
ulated that this tissue normally functions to prevent obesity
[2, 3] and the insulin resistance that can lead to non-
insulin-dependent diabetes mellitus [4, 5]. Located in the
inner mitochondrial membrane of BAT cells, UCP allows
BAT the unique heat-dissipating function and serves as a
molecular and biochemical marker of BAT cells. UCP op-
erates by short-circuiting the proton electrochemical gradi-
ent generated across the mitochondrial membrane during
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substrate oxidation, thus promoting energy dispersion as
heat [6]). Cold exposure of animals is associated with an
enhanced sympathetic nerve activation leading to in-
creased NE release [7], and it has been shown in vivo [8, 9]
that NE infusion induces UCP mRNA expression in BAT
and in vitro [10, 11] that treatment of cultured BAT cells
with NE increases UCP mRNA and protein levels. Addi-
tionally, transgenic mice, which have ablated BAT, dem-
onstrate extreme obesity, hypertriglyceridemia, and insulin
resistance, providing strong evidence that BAT may play a
critical role in the balance of energy regulation, obesity,
and insulin resistance in mice [4].

The thiazolidinediones are a class of compounds that
lower blood glucose in diabetic rodent models through a
mechanism that increases postreceptor events mediating
insulin action in target tissues [12, 13]. Pharmacological
effects of the thiazolidinediones in rodents include de-
creased blood levels of glucose, insulin, triglyceride, and
free fatty acids and decreased cholesterol absorption [14-

16] as well as enhanced thermogenesis via sympathetic ac-
tivation of BAT [17]. Although it has been demonstrated
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that the diminished thermogenic activity of diabetic obese
(ob/ob) mice may be related to insulin resistance [5], treat-
ment of these animals with a thiazolidinedione has been
shown to ameliorate this insulin resistance and restore de-
fective BAT response [18]. Therefore, an increase in UCP
expression in BAT could lead to an improved utilization of
glucose and increased insulin sensitivity in this target tissue.
In this study, we have examined the effects of NE and the
thiazolidinedione PIO, alone and in combination, on the
expression of UCP mRNA and protein levels in primary
cultures of BAT cells, as well as the physiological effect of
PIO on BAT UCP in the ob/ob mouse.

MATERIALS AND METHODS
Reagents

DMEM, fetal bovine serum, gentamicin, trypsin, and the
Random Primers DNA Labelling Kit were purchased from
Gibco/BRL (Grand Island, NY). Insulin, norepinephrine,
BSA, Dex, and IBMX were obtained from Sigma (St. Louis,
MO). The GeneAmp DNA Amplification Reagent Kit was
purchased from Perkin Elmer Cetus (Foster City, CO).
["*C]Sodium acetate and [a-**P]dCTP were from DuPont
NEN (Boston, MA). All stock reagents of Tris-glycine SDS
running buffer, Tris-glycine transfer buffer, and sample
buffer as well as the pre-cast Tris-glycine polyacrylamide
gels were obtained from NOVEX (San Diego, CA). Im-
mobilon PVDF membrane was from Millipore (Bedford,
MA). The ECL western blotting detection reagents were
purchased from Amersham (Arlington Heights, IL). Colla-
genase was purchased from Boehringer Mannheim (India-
napolis, IN), RNAzol from Cinna/Biotex (Friendwood,
TX), and Duralon-UV membrane from Stratagene (La
Jolla, CA). Objob, C57+/+, and CF-1 mice were obtained
from Jackson Laboratories (Bar Harbor, ME).

Isolation of Cells

The animals used for the isolation of preadipocytes were
male CF-1 mice or male Sprague-Dawley rats 21- to 25-
days-old, fed ad lib., and kept at room temperature until
decapitation, following the guidelines of the AVMA Panel
on Euthanasia [19] for the use of laboratory animals. Pre-
adipocytes were isolated from the interscapular and cervical
brown fat tissue as previously described [20], without hypo-
osmotic shock.

Cell Culture

Mouse preadipocytes were isolated and cultured in DMEM
supplemented with 10% fetal bovine serum, 25 wg/mL
ascorbate, 10 mM HEPES, 4 nM insulin, and 20 pg/mL
gentamicin and incubated at 37° in 10% CO,. The medium
was changed daily until the cells reached confluence. Rat
preadipocytes, used for lipogenesis studies due to ease of
isolating large numbers of cells, were cultured initially in a
25-cm? tissue culture flask containing DMEM supple-
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mented with 10% fetal bovine serum and 20 pg/mL gen-
tamicin and incubated at 37° in 10% CQO,. Eighteen hours
after inoculation, the medium was changed. Twenty-four
hours later, the cells were trypsinized and transferred to a
75-cm? tissue culture flask. After an additional 24 hr, the
cells were trypsinized and transferred to 35-mm culture
dishes. Confluent cells were staged to differentiate as pre-
viously described [12]. Addition of insulin or NE to the
medium was accomplished by dissolving the hormone in 10
nM HCI containing 0.2% BSA. Multiple additions of NE
were used to maintain hormone levels [11]. Addition of
PIO to the medium was accomplished by dissolving the
drug in dimethyl sulfoxide and diluting 1000-fold. Dimeth-
yl sulfoxide was present in all control cultures at a concen-
tration of 0.1%.

Animals

All procedures in this study were in compliance with the
Animal Welfare Act Regulation, 9 CFR parts 1, 2, and 3
and with the Guide for the Care and Use of Laboratory
Animals [21]. Seven-week-old female ob/ob and C57+/+
mice were housed individually at room temperature and fed
ground Purina Mouse Chow and water ad lib. At 10 weeks
of age, the ob/ob and C57+/+ mice were divided into two
groups, each containing six mice, based on food intake,
body weight, and blood glucose levels. Treatment was
started with PIO mixed in the chow at a concentration of
0.3 mg/g chow, and dosage was estimated by normalizing
food intake with body weight. Treated ob/ob mice received
approximately 22 mg PIO/kg/day and treated C57+/+ mice
received approximately 67 mg P1O/kg/day. After treatment
with PIO for 6 weeks, blood was obtained from the orbital
sinus for determination of plasma glucose and insulin levels,
the mice were killed by decapitation, and tissues were re-
moved for analysis. The perirenal and the interscapular
brown fat were immediately weighed and homogenized in 1
mL RNAzol. Due to the increase in interscapular BAT mass
in animals treated with PIO, the relative abundance of
interscapular UCP and aP2 mRNA from each animal was
determined by quantifying the amount of radiolabeled
probe bound per microgram of RNA dotted and normaliz-
ing that value with the weight of the BAT pad and the
amount of RNA extracted from the pad. The abundance of
UCP and aPZ mRNA from the perirenal fat of each animal
was determined by quantifying the amount of radiolabeled
probe bound per microgram of RNA dotted.

Molecular Biological and Chemical Assays

The relative abundance of UCP and aP2 mRNA was de-
termined by isolating the total RNA from cells or tissue
through the use of RNAzol, and then probing northern or
dot blots for these species as previously described [13]. The
UCP c¢DNA probe was derived from rat brown fat tissue
RNA using oligonucleotides from bases 417-440 and 591—
616 of the published UCP gene sequence [22] as primers in
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the PCR [23]. The cDNA was radiolabeled in a subsequent
PCR incorporating [a->*PIdCTP. The aP2 probe [24] was
radiolabeled using the random primers system. Lipogenesis
was determined by following the incorporation of [M*Clac-
etate into the triglyceride fraction as described [25]. Cell
protein was determined by the bicinchoninic acid method
[26]. RNA was quantified by absorbance at 260 nm. Insulin
was assayed by methods reported earlier [16].

Preparation of Cell Extracts and Immunoblotting

Cells were treated as described in figure legends, the me-
dium was removed, and the cells were rinsed twice in ice-
cold PBS. Cells were scraped into ice-cold PBS and centri-
fuged for 5 min at 16,000 g at 4°; the resulting pellets were
resuspended in sample buffer, denatured in a boiling water
bath for 5 min, and then stored at 4°. Immunoblots were
prepared as described previously [10, 27]; the antibody used
was that characterized earlier [28]. Immunoreactive bands
were detected by submersing the blot in ECL western blot-
ting reagents, and then exposing to Kodak Xomat film.

RESULTS
P10 Effects In Vivo

The effect of PIO on UCP mRNA levels in interscapular
and perirenal brown fat of ob/ob and C57+/+ mice was
examined (see Tables 1 and 2, respectively). Additionally,
we followed changes in physiological parameters. The mice

were treated with PIO for 6 weeks at which time the rela-
tive abundance of UCP and aP2 mRNA from the two fat

TABLE 1. Influence of PIO on ob/ob mice

+P10O/
-PIO +PIO -PIO

Interscapular

UCP mRNA

(cpm/animal) 4,495 + 760 7,590 + 1,360 1.7
Interscapular

aP2 mRNA

(cpm/animal) 16,420 + 2,430 48,850 + 2,630 3.0
Interscapular

BAT weight

(2) 0.81 £ 0.05 1.54 £ 0.09 1.9
Perirenal UCP

mRNA

(cpm/2 pg

RNA) 6.7+09 128+ 1.4 1.9
Perirenal aP2

mRNA

(cpm/2 pg

RNA) 1709 £ 21.5 438.1 + 364 2.6
Glucose (mg/dL) 221 £ 36.7 120+ 15 0.5
Insulin (pU/mL) 1,135 + 365 207 £ 43 0.2

Ob/ob mice were treated with 22mg/kg/day PIO for 6 weeks. Relative abundance of
UCP and aP2 mRNA from interscapular and perirenal BAT was determiend as
described in Materials and Methods. Plasma glucose and insulin were measure as
described in Materials and Methods. Each value is the mean + SEM for six animals.
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TABLE 2. Influence of PIO on C57+/+ mice
+PIO/
-PI1O +PIO -P1O
Interscapular
UCP mRNA
(cpm/animal) 4,530 + 720 9,340 + 1,165 2.1
Interscapular
aPZ mRNA
(cpm/animal) 9,310 £ 1,530 21,170 + 1,170 2.3
Interscapular
BAT weight
(g) 0.153 £ 0.010 0.268 + 0.013 1.8
Perirenal UCP
mRNA
(cpm/2 pg :
RNA) 11.5+1.3 328+2.2 2.9
Perirenal aP2
mRNA
(cpm/2 pg
RNA) 93.2+175 189.9 + 14.4 2.0
Glucose
(mg/dL) 138+ 6 1397 1.0
Insulin
(pU/mL) 19+3 14+1 0.7

C57+/+ mice were treated with 67 mg/kg/day PIO for 6 weeks. Relative abundance
of UCP and aP2 mRNA from interscapular and perirenal BAT was determined as
described in Materials and Methods. Plasma glucose and insulin were measured as
described in Materials and Methods. Each value is the mean + SEM from six animals.

depots was determined. Plasma glucose and insulin levels
were measured as well as the total weight of the interscapu-
lar BAT pad. In both obfob and C57+/+ mice, PIO in-
creased BAT mass as well as interscapular BAT UCP and
aP2 mRNA levels 2- to 3-fold. Perirenal fat was affected in
a similar manner in both species. PIO treatment caused a
2-fold decrease in plasma glucose and a 5.5-fold decrease in
insulin levels in ob/ob mice, but no change in these param-
eters in the C57+/+ mice. The increase in UCP and aP2 (a
gene shown to be adipose differentiation dependent [29,
30]) mRNA levels in both fat depots due to PIO treatment,
as well as the proportionate changes in the measured physi-
ological parameters, prompted us to examine the conse-
quence of PIO treatment of BAT cells in culture to deter-
mine if it was directly affecting BAT precursor cells.

PIO Effects In Vitro

MORPHOLOGY. Brown fat preadipocytes in culture will
grow to confluence and differentiate, accumulating fat in a
multilocular manner [20]. The light photomicrographs in
Fig. 1 were obtained with primary cultures of BAT preadi-
pocytes that had been staged to differentiate, and then
treated with or without insulin and PIO for 3 days. Treat-
ment with insulin alone or PIO alone (Fig. 1, b and ¢,
respectively) caused cells to differentiate as demonstrated
by the distinct accumulation of fat in the form of small lipid
droplets, previously described [20]. However, simultaneous
treatment with insulin and PIO resulted in nearly 100% of
the cells exhibiting a differentiated morphology (Fig. 1d).
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FIG. 1. Light photomicrographs (Nikon Inverted Phase Mi-
croscope) of rat BAT precursor cells. Original magnification
= x182. Cells were isolated and maintained as described in
Materials and Methods. Confluent cells were staged to dif-
ferentiate in 0.25 mM IBMX and 1 pM Dex for 48 hr. The
medium was changed and the cells were treated for 3 days as
follows: (a) control, (b) 25 nM insulin, (c) 5 pM PIO, and
(d) insulin + PIO.

LIPOGENESIS. The ability to carry out insulin-stimulated
lipogenesis is a distinguishing characteristic of differenti-
ated adipocytes. The experiment in Fig. 2 demonstrates
that primary cultures of preadipocytes isolated from inter-
scapular and cervical brown fat and staged to differentiate
are capable of carrying out lipogenesis. Treatment of the
cells with insulin alone increased lipogenesis 6-fold,
whereas treatment with PIO alone caused a 13-fold in-
crease; simultaneous treatment with insulin and PIO in-
creased lipogenesis 18-fold.

L. A. Foellmi-Adams et al.

. 1000
£
[]
© 800 - 1
Q.
o]
E‘ 600 - 1
&
w400 -
[
[ 1]
G
S 200 -
<)
Q.
= 1
Control INS PIO INS

+

PIO
FIG. 2. Lipogenesis in rat BAT precursor cells. Cells were
isolated and cultured as described in Materials and Methods.
Confluent cells were staged to differentiate in 0.25 mM
IBMX and 1 pM Dex for 48 hr. The medium was changed
and the cells were treated for 3—4 days with 25 nM insulin
(INS), 5 pM PIO, or both. ['*C]Acetate incorporation into
triglyceride was determined as described in Materials and
Methods. Each value is the mean + SEM of 6-7 determina-
tions from 3 experiments.

aP2 mRNA INDUCTION. In earlier studies, it has been
shown that the gene encoding aP2 is transcriptionally ac-
tivated during differentiation of 3T3-L1 adipocytes [29, 30],
and we have demonstrated that PIO appears to directly
effect aP2 gene expression [12]. As a positive control of
adipocyte differentiation, we determined the ability of PIO
to increase aPZ mRNA expression in cultured BAT cells
staged to differentiate. We found that although insulin
treatment alone increased aP2 mRNA levels approximately
3-fold, treatment with PIO alone increased expression al-
most 12-fold. Simultaneous treatment with insulin and PIO
did not enhance aP2 expression above that seen with PIO
alone (see Fig. 3). Interestingly, treatment with NE had no
effect on aP2 gene expression (data not shown).

UCP mRNA INDUCTION. The only qualitatively discrimi-
nating difference between white and brown fat cells in cul-
ture is expression of the UCP gene. To determine if NE or
PIO, alone or in combination, could induce UCP in BAT
cells, we carried out the following experiment. Cultures
were incubated with NE for 7 hr or with PIO for 48 hr
(maximal effects of these agents on gene expression have
been noted in these time frames [11, 13]), and mRNA was
isolated. Sister cultures were incubated with PIO for 48 hr
with NE present for the last 7 hr of incubation. Northern
blot analysis of RNA isolated from primary cultures of BAT
cells revealed that treatment with either PIO or NE can
induce UCP mRNA expression. However, simultaneous
treatment caused a greatly enhanced expression (see Fig. 4).
Further quantitative analysis (Fig. 5, top panel) showed
that treatment of cultured BAT cells with PIO for 48 hr
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FIG. 3. Induction of aP2 gene expression in BAT precursor
cells. Cells were isolated and cultured as described in Mate-
rials and Methods. Confluent cells were staged to differen-
tiate in 0.25 mM IBMX and 1 pM Dex for 48 hr. The me-
dium was changed and the cells were treated for 3 days with
25 nM insulin and/or 5 pM PI1O. RNA was isolated, then
blotted on Duralon-UV membrane, and hybridized with a
radiolabeled aP2 ¢cDNA probe as described in Materials and
Methods. This is a representative experiment where each
value depicts the mean counts per minute from duplicate
dots where each dot represents 2 pg total RNA.

caused a 32-fold induction of UCP mRNA over control,
whereas treatment with NE for 7 hr caused a 24-fold in-
crease. Cells treated with PIO for 48 hr, with NE added for
the last 7 hr, demonstrated a 59-fold increase in expression.
However, cells treated simultaneously with PIO and NE for
48 hr showed approximately the same UCP mRNA levels
as cells treated with PIO alone unless they were repeatedly
treated with NE, approximately every 10 hr, during the
48-hr period. Under conditions of multiple NE treatments,
UCP mRNA levels were increased 230-fold over that seen
in control cells (see Fig. 5, top panel). In the experiment
depicted in the bottom panel of Fig. 5, we demonstrated the
time—course of UCP mRNA induction by PIO and NE. NE
caused a rapid expression of UCP by 7 hr which returned
nearly to control levels by 24 hr. Induction of UCP mRNA
by PIO treatment remained quite low until after 24 hr of
treatment. However, simultaneous treatment with PIO and

-

FIG. 4. Northern blot analysis of UCP mRNA. Mouse BAT
precursor cells were isolated and maintained as described in
Materials and Methods. Confluent cells were treated as fol-
lows: (lane 1) control, (lane 2) 0.1 pM NE 7 hr, (lane 3) 5
pM PIO 48 hr, and (lane 4) PIO and NE 48 hr. Total RNA
was isolated, then separated by electrophoresis in a formal-
dehyde-agarose gel, transferred to Duralon-UV membrane,
and hybridized to the UCP cDNA probe as described in
Materials and Methods. Each lane contains 30 pg total RNA.
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NE led to a rapid, sustained, and enhanced expression of

UCP mRNA.

UCP IMMUNOBLOT. Since both PIO and NE were able to
induce the expression of UCP mRNA, we assessed the in-
fluence of PIO and NE on UCP protein levels in lysates
from BAT cells treated with both agents. The data pre-
sented in Fig. 6 demonstrate that although 48-hr NE treat-
ment was able to increase the amount of UCP over control,
48-hr PIO treatment yielded approximately 6-fold more
protein. In addition, simultaneous treatment of PIO and
NE produced 3.5-fold more protein than PIO alone, indica-
tive of synergistic actions.

DISCUSSION

In most animal models of diabetes, there is a defect in
control of BAT thermogenesis which results in a greatly
increased metabolic efficiency, thus promoting the devel-
opment of obesity [3]. Transgenic mice, which have ablated
BAT, demonstrate extreme obesity, insulin resistance, hy-
pertriglyceridemia, and hypercholesterolemia [4]. These
data suggest that proper BAT function may be crucial in
preventing obesity that leads to the diabetic state. It is well
known that expression of UCP is physiologically stimulated
by cold exposure and diet in animals, and it is assumed that
NE released from sympathetic nerves regulates the physi-
ologic stimulation [11]. Studies have indicated that in the
obese diabetic ob/ob mouse, the defective acute cold-
induced activation of thermogenesis, which develops at ap-
proximately 35 days of age, coincides with the appearance
of hyperinsulinemia and hyperglycemia [5]. Although the
molecular mechanism of action is unknown, adipose tissue
is a known target tissue for the antihyperglycemic action of
the thiazolidinediones [12-14, 17, 25] and, in the ob/ob
mouse, thiazolidinedione treatment not only ameliorated
insulin resistance but also normalized cold-induced thermo-
genesis [18]. In this study, we have demonstrated that PIO,
a thiazolidinedione, increases BAT mass and UCP mRNA
expression in vivo, and induces UCP mRNA and protein
expression in BAT cells in vitro where it exerts a synergistic
effect with NE.

We have demonstrated that treatment of ob/ob mice
with PIO not only normalized their plasma glucose and
caused a 5-fold decrease in insulin levels, but also increased
BAT mass and UCP and aP2 mRNA levels in interscapular
and perirenal BAT (see Table 1). The same changes in
mRNA levels were determined in their lean littermates, the
C57+/+ mice (see Table 2). These results prompted closer
examination of PIO action in primary cultures of BAT
cells. Preadipocytes isolated from interscapular BAT and
grown in vitro differentiated in the presence of insulin or
PIO; however, concurrent treatment with both insulin and
PIO induced nearly 100% of the preadipocytes to differen-
tiate, as shown in the photomicrographs in Fig. 1. Since the
ability to carry out insulin-stimulated lipogenesis is a hall-
mark of differentiated adipocytes, we performed experi-
ments to determine if PIO could stimulate lipogenesis in
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FIG. 5. Time-course of UCP mRNA induction. Mouse BAT precursor cells were isolated and maintained as
described in Materials and Methods. RNA was isolated, then blotted on Duralon-UV membrane, and hybridized
with a radiolabeled UCP ¢cDNA probe as described in Materials and Methods. Top panel: Confluent cells were
treated with 5 pM P10 and/or 0.1 pM NE for the amount of time indicated. Each value for the filled bars is the
mean = SEM of 4-5 determinations from 3~4 experiments. Open bars indicate multiple NE treatments (approxi-
mately every 10 hr), and each value is the mean of 2 determinations from one experiment. Bottom panel:
Confluent cells were treated with (@) 5 pM P10, (O) 0.1 pM NE, or (A) PIO and NE at time zero, and cultures
were harvested at the appropriate times. Cells treated with NE received multiple doses, approximately every 10
hr. This is a representative experiment where each value is the mean of the signal from duplicate 2 pg dots of total
RNA (inset) from one culture dish after hybridization with the UCP probe.

=
b
N

these cells. PIO increased lipogenesis in BAT cells staged to dependent manner in adipocytes, although the amount of
differentiate, and this increase was approximately additive aP2 mRNA was not increased further with simultaneous
to that of insulin (see Fig. 2). PIO also induced aP2 gene insulin treatment {see Fig. 3). These results correlated well

expression, a gene that is regulated in a differentiation- with previously reported increases in aP2 mRNA levels by
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FIG. 6. Immunoblot analysis of UCP. Mouse BAT precursor cells were isolated and maintained as de-
scribed in Materials and Methods. Confluent cells were treated with 5 pM PIO and/or 0.1 pM NE for the
time indicated. Cells treated with NE received multiple doses, approximately every 10 hr. Whole cell
lysates were prepared and immunoblotted as described in Materials and Methods. This is a representative
experiment where each value and each band (inset) represent the signal from 20 pg protein from one
culture dish after immunoblotting with the UCP antibody.

PIO in white fat in vivo and in witro [13]. Interestingly,
treatment of BAT cells with NE had no effect on aP2
mRNA levels, indicating that NE is not involved with the
expression of the differentiation-dependent aP2 gene in
these cells in vitro. Once we had established that in BAT
cells P1IO was exerting the same effects on such parameters
as lipogenesis and aP2 gene expression previously reported
[12, 13], we wanted to determine if BAT was a specific
target tissue of PIO action. We did this by examining
changes in UCP, the only unique molecular marker of
brown fat, in cultured BAT cells treated with PIO in the
absence and presence of NE. As shown in the top panel of
Fig. 5, we found that both NE and PIO treatments in-
creased UCP mRNA levels. Although cells treated with
PIO for 48 hr and exposed to NE for the last 7 hr demon-
strated a non-additive increase in UCP mRNA, cells
treated for 48 hr with PIO and which were repeatedly

treated with NE exhibited a greatly enhanced induction of
UCP mRNA. The time—course of UCP mRNA induction
by PIO and NE differed notably (see Fig. 5, bottom panel).
NE treatment caused a rapid increase in UCP mRNA by 7
hr which returned to near control levels by 24 hr, whereas
PIO treatment did not start to induce an increase until after
24 hr. The most interesting data, however, are the rapid,
sustained, and enhanced UCP mRNA expression obtained
via simultaneous PIO and NE treatment. These data suggest
distinctly different mechanisms by which PIO and NE are
increasing UCP mRNA levels, either by inducing tran-
scription or by mRNA stabilization. These studies were
followed up with western blot analysis to determine if PIO
in the absence or presence of NE was exerting the same
influence on UCP protein levels as we had seen on mRNA
levels. As illustrated in Fig. 6, NE treatment increased the
amount of UCP over control values; however, treatment of
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the cells with PIO increased this amount 6-fold over the
NE value. Simultaneous treatment with PIO and NE
clearly demonstrated a synergistic effect.

What is the mechanism by which PIO is exerting its
influence on UCP? It has been shown recently [31, 32] that
stabilization/destabilization of UCP mRNA plays an inte-
gral role in UCP expression both in the animal and in
cultured BAT cells. It was observed that both transcrip-
tional and translational blockade stabilized UCP mRNA,
indicating that gene products, probably nuclease(s), are
necessary for the degradation of mRNA rather than for
protection from degradation. Since there is a discrete delay
in PIO-induced UCP expression, perhaps PIO is causing a
transcriptional inhibition of this putative nuclease. Alter-
natively, PIO could be directly up-regulating UCP gene
transcription perhaps through a PPAR2y receptor. Recent
work [33-35] has demonstrated that thiazolidinediones en-
hance transcription of the aP2 gene through a PPARZy
receptor. We speculate that the UCP promoter may like-
wise possess a PPARZ2y response element. Finally, PIO
could be provoking the activation of a key signaling protein
which, depending on stimulation of the B-adrenergic sig-
naling pathway, could activate different regulatory tran-
scription factors. Similar results have demonstrated the ac-
tivation of two divergent mitogen-activated protein kinase
cascades, differing only in the substrate of key proteins in
the cascades, that contribute to transcriptional regulation
[36]. At the present time, it is not possible to delineate the
detailed molecular mechanism by which PIO increases
UCP expression. In addition, the relationship of increased
UCP expression to the enhanced sensitivity to insulin is
not clear, although we suggest that PIO-elevated UCP and
BAT mass results in more efficient utilization of carbohy-
drate and fatty acids.
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