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BACKGROUND AND PURPOSE
Carbamazepine (CBZ), known for its anti-epileptic, analgesic and mood-stabilizing properties, is also known to induce weight
gain but the pathophysiology of this adverse effect is still largely unknown. We tested the hypothesis that CBZ could have a
direct effect on adipocyte development and metabolism.

EXPERIMENTAL RESEARCH
We studied the effects of CBZ on morphological biochemical and molecular markers of adipogenesis, using several
pre-adipocyte murine cell lines (3T3-L1, 3T3-F442A and T37i cells) and primary cultures of human pre-adipocytes. To
delineate the mechanisms underlying the effect of CBZ, clonal expansion of pre-adipocytes, pro-adipogenic transcription
factors, glucose uptake and lipolysis were also examined.

KEY RESULTS
CBZ strongly inhibited pre-adipocyte differentiation and triglyceride accumulation in a time- and dose-dependent manner
in all models. Pleiotropic mechanisms were at the basis of the inhibitory effects of CBZ on adipogenesis and cell lipid
accumulation. They included suppression of both clonal expansion and major adipogenic transcription factors such as PPAR-g
and CCAAT/enhancer binding protein-a, activation of basal lipolysis and decrease in insulin-stimulated glucose transport.

CONCLUSIONS AND IMPLICATIONS
The effect of CBZ on adipogenesis involves activation of the ERK1/2 pathway. Our results show that CBZ acts directly on
pre-adipocytes and adipocytes to alter adipose tissue development and metabolism.

Abbreviations
ACC, acetyl-CoA carboxylase; C/EBP-a, CCAAT/enhancer binding protein-a; C/EBP-b, CCAAT/enhancer binding
protein-b; CBZ, carbamazepine; DOG, deoxyglucose; FAS, fatty acid synthase; G3PDH, glycerol-3-phosphate
dehydrogenase; HSL, hormone-sensitive lipase; MEK, MAPK/ERK kinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide; SREBP-1c, sterol regulatory element-binding protein 1c
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Introduction

Mood disorders are today one of the main causes of disability

in the world, because of their high incidence as well as the

altered functioning that these patients encounter in both

their professional and social lives. They were estimated to be

the 4th leading cause of total disability-adjusted life years

(DALYs) in 1990. According to the World Health Organiza-

tion data, unipolar depression will be in 2030 the leading

cause of DALYs in rich countries, and the second in the world

(Mathers and Loncar, 2006).

Mood stabilizers such as lithium, valproic acid and car-

bamazepine (CBZ) remain the cornerstone of both treatment

and prophylaxis of bipolar disorders despite recent evolutions

in the past few years (American Psychiatric Association, 2002;

Goodwin, 2009; Altamura et al., 2011; Frye, 2011). In major

depressive disorder, various medications including several

mood stabilizers are today associated with antidepressants in

hope of improving response or preventing recurrences (Vigo

and Baldessarini, 2009).

CBZ, a dibenzazepine, has been used as a treatment for

epilepsy and bipolar mood disorders for decades. It has been

suggested to induce a moderate weight gain in patients (Joffe

et al., 1986; Lampl et al., 1991), but these observations remain

controversial (Caksen et al., 2003; Uludag et al., 2009).

However, very few data are available on the exact metabolic

effect of CBZ: it has been reported to increase high-density

lipoprotein- and low-density lipoprotein-cholesterol plasma

levels (Hamed et al., 2009; Luef et al., 2009), while it does not

modify insulin and leptin circulating levels (Hamed et al.,

2009; Luef et al., 2009; Uludag et al., 2009). The mechanism

of CBZ-induced weight gain remains to be elucidated. It prob-

ably proceeds at least from a central effect that intervenes in

the regulation of appetite and food intake, but also through

variations in resting energy expenditure (Jallon and Picard,

2001; Mintzer, 2010). At a molecular level, this central imbal-

ance in energy homeostasis implies a dysregulation in neu-

rotransmitters, neuropeptides and other modulators in brain

neuronal circuits (Pijl and Meinders, 1996).

Alternatively, it is conceivable that in addition to its

central effect, CBZ also exerts direct effects on peripheral

tissues that are involved in the control of metabolic balance,

including the pancreas, liver, skeletal muscle and adipose

tissue. Accordingly, it has been reported that tricyclic antide-

pressants, which are structurally related to CBZ, can directly

target hepatocytes to induce lipogenesis (Raeder et al., 2006).

In addition, two reference mood stabilizers, lithium and val-

proic acid, are known to alter adipose tissue development.

Lithium, through activation of the Wnt/b-catenin signalling

pathway, can inhibit adipogenesis both in vitro and in vivo

(Ross et al., 2000; Moldes et al., 2003; Longo et al., 2004;

Prestwich and Macdougald, 2007). Valproic acid inhibits

murine and human pre-adipocyte differentiation, and sup-

presses leptin and adiponectin gene expression, probably

through its histone deacetylase properties (Lagace and Nach-

tigal, 2004; Lagace et al., 2004; Qiao et al., 2006; Catalioto

et al., 2009). Peripheral effects of such drugs could thus rep-

resent a novel and underestimated mechanism, which modu-

lates their undesirable metabolic properties.

The aim of the present study was to evaluate the potential

direct effect of CBZ on pre-adipocyte differentiation. Using

different pre-adipose murine cell lines and primary cultures

of human pre-adipocytes, we showed that CBZ strongly

inhibits adipogenesis through pleiotropic mechanisms. Our

findings show that in addition to its central effect on food

intake and energy expenditure, the mood stabilizer and anti-

epileptic compound CBZ can directly act on pre-adipocytes to

inhibit differentiation.

Methods

Cell culture and differentiation
Mouse 3T3-L1 and 3T3-F442A cells were maintained in high-

glucose DMEM, with 10% heat-inactivated FCS and penicillin

G/streptomycin sulfate.

For 3T3-L1 differentiation experiments, when pre-

adipocytes reached confluence, they were induced to differ-

entiate with DMEM, 10% FCS, 250 nM dexamethasone,

100 mM IBMX and 175 nM human insulin. After 2 days, pre-

adipocytes were cultured in DMEM containing 10% FCS and

1 nM insulin. For 3T3-F442A differentiation experiments,

confluent pre-adipocytes were cultured with DMEM, antibi-

otics, 10% FCS and 10 nM insulin. For T37i differentiation

experiments, confluent cells were cultured in DMEM/Ham’s

F12, 10% FCS, 2 nM triiodothyronine (T3) and 20 nM

insulin. Primary cultures of human subcutaneous pre-

adipocytes were performed as previously described (Chiche

et al., 2009). CBZ (Sigma Aldrich, Saint Quentin Fallavier,

France) was dissolved in ethanol. The ethanol level was kept

at 0.5% in all cells, and did not influence pre-adipocyte

differentiation.

Morphological and biochemical
determinations
For estimation of cell lipid content, cells were photographed

under microscopy either without or with triglyceride staining

by oil red O. At the indicated times, cells were washed with

PBS, harvested in Tris 25 mM, pH 7.5, EDTA 1 mM, and

homogenized. An aliquot of the homogenate was used to

determine triglyceride content with a colorimetric kit

(Biomerieux, Marcy l’Etoile, France). The remaining homoge-

nate was centrifuged at 10 000¥ g for 15 min at 4°C, and

glycerol-3-phosphate dehydrogenase (G3PDH) activity was

measured in the cell supernatant by measuring the oxidation

rate of NADH at 340 nm (Kozak and Jensen, 1974). Protein

content was determined by a BCA assay (Interchim,

Montluçon, France).

The proliferation of pre-adipocyte cells during the clonal

expansion phase was measured by [3H]-thymidine incor-

poration into DNA, as previously reported (Viengchareun

et al., 2008). Cell viability was measured with the [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide]

(MTT) assay.

[3H]-deoxyglucose ([3H]-DOG) uptake and lipolysis were

determined in mature adipocytes as previously mentioned

(Chiche et al., 2009).

To investigate the pattern of cytokine secretion, 3T3-L1

differentiated adipocytes were shifted in serum-free DMEM in

the absence or presence of CBZ for 24 h. Thereafter, media

were harvested and tested for cytokine concentration with a
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dedicated array (Proteome Profiler Mouse Cytokine array kit,

panel A, R&D Systems, Lille, France).

Western blot analysis
Cell lysates were separated by SDS-PAGE (10% gel), then

electroblotted on a nitrocellulose membrane (Bio-Rad,

Marnes-La Coquette, France). After blockade in a TBS-T buffer

(20 mM Tris, pH 7.6, 137 mM NaCl, 0.1% Tween-20) with 5%

fat-free milk, the membrane was incubated overnight at 4°C

with primary antibodies at the indicated dilutions (Table 1).

After extensive washing in TBS-T, the membrane was then

incubated with a horseradish peroxidase-conjugated second-

ary antibody (1:15 000) for 1 h at room temperature, washed,

and proteins were visualized with an ECL+ detection kit

(Perkin Elmer, Courtaboeuf, France).

Quantitative real-time PCR
Total RNA was extracted by the method of Cathala et al.

(1983), and quantitative real-time PCR was performed as

described previously (Chiche et al., 2009). Sequences of the

sense and antisense primers are listed in Table 2.

Statistical analysis
The results are represented as means � SEM from three to

eight independent experiments. The results were analysed for

statistical significance in GraphPad Prism (GraphPad, San

Diego, CA, USA) by using one-way ANOVA or two-way

ANOVA followed by Bonferroni post-tests for multiple com-

parisons to compare means, and Student’s t-test to evaluate

differences between groups. Statistical significance was

accepted when P < 0.05.

Results

CBZ inhibits adipose conversion in various
murine pre-adipocyte cell lines and in
primary cultures of human pre-adipocytes
We first examined the effect of CBZ on cell triglyceride

content in various murine cell lines (3T3-L1, 3T3-F442A and

T37i) during their differentiation. Sustained exposure to

various CBZ concentrations induced a sharp dose-dependent

decrease in lipid content in both white (Figure 1A and D) and

brown pre-adipocytes (Figure 1G). The maximal effect was

obtained at a concentration of 500 mM, where cell triglyceride

content represented only 5–10% of control values. Half-

maximal effect was estimated at 150 mM. This inhibition of

adipocyte differentiation was confirmed by macroscopic

(Figure 1B) and microscopic examination (Figure 1E and H)

of red oil staining, showing a marked decrease in the number

and size of lipid droplets. We estimated that 90% of the cells

were differentiated in control conditions. This fell to 50%

with 200 mM CBZ and approximately 5% with 500 mM of the

drug. Interestingly, G3PDH activity, which reflects the mag-

nitude of adipose conversion (Pairault and Green, 1979),

decreased only at the highest CBZ concentration (Figure 1A).

We also examined the expression of several proteins that are

usually induced during the adipose conversion process. At

250 and/or 500 mM of the drug, there was a dramatic decrease

in acetyl-CoA carboxylase (ACC), adipocyte lipid-binding

protein 2 (aP2), fatty acid synthase (FAS), hormone-sensitive

lipase (HSL) and adiponectin expression (Figure 1C, F and I).

Furthermore, CBZ strongly down-regulated the expression of

uncoupling protein 1, the key functional protein of thermo-

genesis (Figure 1I).

The effects of CBZ were also tested on primary cultures of

human pre-adipocytes. Likewise, there was a clear decrease in

cell lipid content as well as in several typical markers of

adipogenesis (Figure 1J and K).

The time dependence of the inhibitory effect of CBZ was

also tested during the conversion process. Confluent 3T3-L1

cells were cultured from confluence in the absence or in the

Table 1
Dilutions of primary antibodies used in Western blot analysis

Name Supplied by Dilution MW (kDa)

aP2 Farmer SR 1:40 000 15

Adiponectin Santa Cruz 1:1 000 28

C/EBP-a Santa Cruz 1:1 000 30–42

UCP-1 Calbiochem 1:500 30

Cyclin D1 Cell Signaling 1:500 36

ERK 1/2 Cell Signaling 1:1 000 42–44

C/EBP-b Santa Cruz 1:1 000 45

PPAR-g Santa Cruz 1:250 55

LHS Santa Cruz 1:20 000 90

SREBP1c Thermo Scientific 1:1 000 68–100

b-Catenin BD transduction Lab 1:1 000 92

FAS Cell Signaling 1:1 000 250

ACC Cell Signaling 1:1 000 280

Table 2
Sequence of forward and reverse primers used in RT-qPCR analysis

Name Accession number Sense primer Antisense primer

18S X00686 CCCTGCCCTTTGTACACACC CGATCCGAGGGCCTCACTA

PPAR-g2 NM_007678 GCATCAGGCTTCCACTATGGA AAGGCACTTCTGAAACCGACA

aP2 U09138 AACACCGAGATTTCCTT ACACATTCCACCACCAG

C/EBP-a K02109 CGCAAGAGCCGAGATAAAGC CAGTTCACGGCTCAGCTGTTC
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presence of 500 mM CBZ, and cell extracts were prepared at

intervals. At day 6 following confluence, the compound pro-

voked a dramatic 20-fold decrease in cell triglyceride content,

an effect that was maintained throughout the differentiation

process (Figure 2A). The expression of FAS, HSL and PPAR-g

was decreased in parallel (Figure 2B).

The reversibility of the CBZ effect was also tested in

3T3-L1 cells (Figure 2C). From confluence (day 0) to day 7,

cells were cultured in the absence or in the presence of

500 mM of the drug; thereafter, CBZ was either maintained or

omitted from the culture medium. Strikingly, CBZ with-

drawal from the culture medium at day 7 did not allow a

partial or total recovery of cell lipid content, even at day 21.

The critical period during which the addition of CBZ is

required to inhibit adipocyte differentiation was also evalu-

ated. Even when the drug was added as late as day 4 after

confluence, there was a marked decrease in cell lipid content

at day 10 (Figure 2D). Interestingly, we noticed that the

earlier the addition of CBZ, the strongest the suppression of

triglyceride concentration.

In a second set of experiments, an exposure as short as

24 h after confluence was sufficient to induce a significant

reduction in cell triglyceride content at day 10 (Figure 2E). A

4-day treatment induced a fall in cell triglyceride content

close to the maximal effect previously obtained with a con-

tinuous exposure to the drug for 10 days.

Long-term exposure of mature adipocytes
decreases cell lipid content and
adiponectin production
We also evaluated the effects of CBZ on fully mature

adipocytes. Day 8 post-confluent 3T3-L1 adipocytes were

Figure 1
Carbamazepine inhibits adipocyte differentiation in a dose-dependent manner. Confluent pre-adipocytes (day 0) were cultured for 10 days in the

absence or in the presence of various concentrations of carbamazepine. At day 10, cell triglyceride content was tested in 3T3-L1 cells (A),

3T3-F442A cells (D) and T37i cells (G). Results represent the mean � SEM of four to eight separate determinations and are expressed as % of the

control value. G3PDH-specific activity was measured on 3T3-L1 cytosolic extracts prepared at the same time (A). Results represent the mean �

SEM of four separate determinations and are expressed as % of the control value. At day 10, 3T3-L1 cells were stained with red oil and

photographed macroscopically (B), whereas 3T3-F442A cells (E), T37i cells (H) and human pre-adipocytes (J) were photographed microscopically,

scale bar 50 mm. At day 10, cell extracts were prepared and FAS, ACC, HSL, adiponectin, aP2, uncoupling protein 1 (UCP-1), PPAR-g and ERK 1/2

protein expression was studied using Western blot analysis on 3T3-L1 cells (C), 3T3-F442A cells (F), T37i cells (I) and human pre-adipocytes (K).

**P < 0.01; ***P < 0.001, carbamazepine-treated versus control.

BJP E Turpin et al.

142 British Journal of Pharmacology (2013) 168 139–150



exposed for 3 days (Figure 3A) or for 7 days (Figure 3B) to

various concentrations of the drug. While a 72 h treatment

was not sufficient to suppress cell lipid content, a 1 week

exposure induced a slight but significant 15–20% decrease in

mature adipocyte triglyceride concentration. This was associ-

ated with a parallel slight decrease in FAS expression with

500 mM CBZ, while HSL levels remained unchanged

(Figure 3C). Interestingly, PPAR-g and adiponectin expres-

sions were markedly decreased after a 7-day treatment with

CBZ. The effect of the drug on adiponectin secretion was

Figure 2
Carbamazepine inhibits adipocyte differentiation in a time-dependent and irreversible manner. Confluent 3T3-L1 cells (day 0) were cultured in the

absence or in the presence of 500 mM carbamazepine. At days 3, 6, 10 and 13, cell triglyceride content was tested (A). Results represent the mean

� SEM of three separate determinations and are expressed as % of the control value at day 13. Cells extracts were prepared at the same intervals

to study FAS, HSL and PPAR-g protein expression (B). Confluent 3T3-L1 cells were cultured in the absence or in the presence of 500 mM

carbamazepine. At day 7, in cells previously exposed to carbamazepine, the drug was then either omitted (CBZ –) or maintained (CBZ +). At days

7, 14 and 21, cell triglyceride content was tested (C). Results represent the mean � SEM of four to six separate determinations and are expressed

as % of the control value at day 21. Confluent 3T3-L1 preadipocytes (day 0) were cultured for 10 days. 500 mM carbamazepine was added to the

medium at different times following confluence (days 1, 2, 4 and 7). At day 10, cell triglyceride content was measured (D). Confluent

pre-adipocytes (day 0) were cultured for 10 days. 500 mM carbamazepine was added to the medium at day 0 and then omitted at different times

following confluence (days 1, 2, 3 and 4). At day 10, cell triglyceride content was measured (E). Results represent the mean � SEM of four separate

determinations and are expressed as % of the control value. *P < 0.05; ***P < 0.001, carbamazepine-treated versus respective ethanol control.
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confirmed by an ELISA assay (Figure 3D). It showed a

decreased hormone concentration in both cell homogenates

and culture medium after a 48 h exposure to CBZ, although

adipocyte lipid content was not affected.

Mechanisms involved in CBZ effects on lipid
accumulation and adipose conversion
We then investigated the mechanisms by which CBZ exerts

its inhibitory effects on adipose conversion and lipid accu-

mulation. We first verified that CBZ did not exert a cytotoxic

effect on pre-adipocytes. Cell viability, assessed in confluent

3T3-L1 cells by the MTT assay, was not altered following a

48 h CBZ exposure, even at the maximal concentration of

500 mM (Figure 4A).

We also examined the possibility that CBZ could alter

clonal expansion, i.e. the limited number of mitoses that

follows growth arrest at confluence. [3H]-thymidine incorpo-

ration assays showed that a 48 h treatment with CBZ reduced

cell proliferation by 60% and 80% at 250 mM and 500 mM,

respectively (Figure 4B).

The inhibitory effect of CBZ on cell triglyceride content

could also result from a reduction in glucose availability, with

a subsequent decrease in fatty acid and triacylglycerol syn-

thesis and storage. Thus, we tested whether in mature 3T3-L1

Figure 3
Carbamazepine has a significant effect on mature adipocytes. Mature 3T3-L1 adipocytes (day 7) were treated with concentrations of car-

bamazepine ranging from 10 to 500 mM for either 3 (A) or 7 days (B). Thereafter, cell triglyceride content was tested. Results represent the mean

� SEM of four separate determinations and are expressed as % of the control value. Mature 3T3-L1 cells were incubated with 250 or 500 mM

carbamazepine for 7 days before cell extracts were prepared to determine FAS, HSL, adiponectin and PPAR-g protein expression (C). Mature

adipocytes were treated with 10–500 mM carbamazepine for 2 days. Adiponectin concentration was measured in the medium (upper panel) and

cells (lower panel) and normalized to total cell protein concentration (D). Results represent the mean � SEM of four separate determinations and

are expressed as % of the control value. *P < 0.05; **P < 0.01; ***P < 0.001 carbamazepine-treated versus control.
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adipocytes, a 48 h exposure to CBZ could regulate basal and

insulin-stimulated glucose transport. While CBZ had no

effect on basal [3H]-DOG uptake, it markedly decreased

insulin-stimulated [3H]-DOG transport, both at submaximal

and maximal insulin concentrations (Figure 4C).

The decrease in cell fat stores induced by CBZ could also

be related to an activation of triacylglycerol hydrolysis, i.e.

lipolysis. This was assessed by measuring glycerol release

under basal conditions or in response to an optimal concen-

tration (10 mM) of the b-adrenoceptor agonist (-)-isoprenaline

or of the adenylyl cyclase effector forskolin. CBZ exposure

provoked an approximate doubling of basal lipolysis, while

(-)-isoprenaline- and forskolin-stimulated glycerol release

was only weakly or not significantly altered by the drug

(Figure 4D).

We next tested whether CBZ could markedly alter the

transcriptional mechanisms of adipogenesis. We studied the

expression of key adipogenic transcription factors such as

PPAR-g, CCAAT/enhancer binding protein-a (C/EBP-a),

C/EBP-b and sterol regulatory element-binding protein 1c

(SREBP-1c). At a concentration of 500 mM, CBZ caused a sharp

decrease in PPAR-g and C/EPB-a protein levels (Figure 5A). By

contrast, the drug induced only a slight decrease in C/EBP-b

levels and no significant variation in SREBP-1c could be

detected (data not shown). To examine whether this dramatic

decrease in PPAR-g and C/EPB-a protein expression was asso-

ciated with a similar decrease in the expression of the related

genes, C/EBP-a and PPAR-g transcript levels were tested in

parallel using RT-qPCR analysis (Figure 5B). A more than

10-fold decrease in PPAR-g and C/EBP-a mRNA levels was

observed with 250 and 500 mM CBZ. An approximate twofold

reduction in PPAR-g transcript was already detectable at

100 mM. The effect of CBZ on adipogenic transcription factors

was independent of its effect on clonal expansion since the

drug also reduced PPAR-g expression once clonal expansion

was achieved (data not shown).

Since PPAR-g is considered to be the major adipogenic

transcription factor and is particularly affected by CBZ expo-

sure, we investigated whether the inhibitory effect of CBZ on

differentiation could be prevented by a parallel treatment

with the PPAR-g agonist pioglitazone. At a submaximal

concentration of CBZ (300 mM), pioglitazone completely

prevented the inhibitory effect of the compound on cell

triglyceride accumulation. However, only a partial effect was

achieved at the maximal CBZ concentration of 500 mM

(Figure 5C).

We also investigated whether the blockade of the lipogenic

pathway could be involved in the inhibitory effect of CBZ on

adipogenesis. We attempted to prevent the effect of CBZ by

directly providing fatty acids to 3T3-L1 cells during adipose

conversion. Whatever CBZ concentration used, intralipid

addition did not change cell triglyceride content (Figure 5D).

Figure 4
Carbamazepine alters clonal expansion, glucose uptake and lipolysis but not cell viability. Confluent 3T3-L1 cells (day 0) were treated with 500 mM

carbamazepine for 2 days. Viability was then tested using a MTT assay (n = 42) (A). At the same time, clonal expansion was measured by the

amount of [3H]-thymidine incorporated in cell DNA (n = 16) (B). Mature 3T3-L1 cells were treated with 500 mM carbamazepine for 2 days and

[3H]-deoxyglucose uptake was measured in basal conditions and after insulin stimulation (n = 4) (C). Mature 3T3-L1 cells were treated with 500 mM

carbamazepine for 2 days and lipolysis was measured in basal conditions and after stimulation by 10 mM (-)-isoprenaline or forskolin (n = 4) (D).

All results represent the mean � SEM and are expressed as % of the control value. *P < 0.05; **P < 0.01; ***P < 0.001, carbamazepine-treated

versus respective control.
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Since most prescribed mood stabilizers, lithium and val-

proate, as well as CBZ, all exhibit an anti-adipogenic effect,

we examined whether CBZ could share a common mecha-

nism with lithium: activation of the Wnt/b-catenin pathway.

As shown in Supporting Information Figure S2, b-catenin

activation by CBZ was very weak. This was also confirmed by

a slight induction of cyclin D1, a well-known target of the

b-catenin/T-cell factor complex (Behrens, 2000).

CBZ effects on adipocytes and pre-adipocytes are reminis-

cent to those observed in the presence of pro-inflammatory

cytokines such as TNF-a, IL-1 and IL-6, and include inhibi-

tion of adipogenesis and insulin-stimulated glucose uptake as

well as activation of basal lipolysis. Thus, using a cytokine

array, we tested the ability of CBZ to modulate 3T3-L1 adi-

pocyte cytokine secretion. Several cytokines and chemokines

were induced or down-regulated by CBZ in the culture

medium (Supporting Information Figure S1), but no typical

pro- or anti-inflammatory profile was observed. However,

since cytokines are known to modulate the activity of several

kinases, we investigated whether CBZ could target down-

stream effectors, such as ERK 1/2 and p38 MAPK, independ-

ently of cytokine mediation (Figure 6). There was a clear

increase in ERK 1/2 phosphorylation after a 10 min exposure

to CBZ (Figure 6A). CBZ treatment also induced increased p38

MAPK phosphorylation but did not modify JNK phosphor-

ylation (data not shown).

We then tested whether specific inhibitors could prevent

the inhibitory effect of CBZ on adipocyte differentiation.

While p38 MAPK inhibitor (PD169316) did not modify cell

triglyceride content when added to CBZ, the MAPK/ERK

kinase (MEK) inhibitor UO126 prevented the inhibitory effect

of CBZ on adipose conversion (Figure 6B). We further dem-

onstrated that UO126 could reverse the inhibitory effect of

CBZ on several protein markers of adipocyte differentiation

such as PPAR-g, HSL and adiponectin (Figure 6C). To ensure

that UO126 does not have a non-specific effect on cell viabil-

ity, we performed a MTT assay that showed no significant

effect of this compound (Figure 6D). Finally, we also exam-

ined whether UO126 could antagonize the effect of CBZ on

clonal expansion. As shown in Figure 6E, UO126 induced a

twofold decrease in [3H]-thymidine incorporation and did

not modify CBZ effect on cell proliferation. Collectively,

Figure 5
Carbamazepine alters the transcriptional programme of adipogenesis. Confluent 3T3-L1 pre-adipocytes (day 0) were cultured for 10 days in the

absence or in the presence of various concentrations of carbamazepine. At day 10, total and nuclear cell extracts were prepared and PPAR-g,

C/EBP-a and C/EBP-b protein expression was studied (A). C/EBP-a, aP2 and PPAR-g mRNA levels were studied using RT-qPCR (B). Results are

expressed as % of the control value. Confluent 3T3-L1preadipocytes (day 0) were cultured for 7 days in the absence or in the presence of

carbamazepine and/or pioglitazone (0.1–10 mM) before triglyceride measurement (C). Results represent the mean � SEM of four determinations

and are expressed as % of the control value without pioglitazone or carbamazepine. Confluent 3T3-L1 preadipocytes (day 0) were cultured for

7 days in the absence or in the presence of carbamazepine and/or intralipid (100 mg·L-1) before triglyceride measurement (D). Results represent

the mean � SEM of six determinations and are expressed as % of the basal control value. **P < 0.01; ***P < 0.001, carbamazepine-treated versus

respective control.
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these results suggest that activation of the ERK 1/2 pathway is

at least partly involved in the anti-adipogenic effect of CBZ.

Discussion

CBZ is today largely used in several fields, including pain

management, epilepsy and mood regulation (Arain and

Abou-Khalil, 2009; Grunze, 2010; Wiffen et al., 2011).

However, long-term exposure to this drug is associated with

the onset of several metabolic side effects, such as weight gain

(Jallon and Picard, 2001; Mintzer, 2010). Unexpectedly, by

using convergent morphological, biochemical and molecular

approaches, we showed that in various models of pre-

adipocyte differentiation, CBZ strongly inhibits adipogenesis

through pleiotropic mechanisms.

Figure 6
The anti-adipogenic effect of carbamazepine is mediated by ERK 1/2 activation. Confluent 3T3-L1 pre-adipocytes were exposed for the indicated

times to 500 mM carbamazepine, then cell extracts were prepared and tested for expression of total and phosphorylated ERK and p38 MAPK (A).

Confluent 3T3-L1 cells were exposed or not to 250 mM carbamazepine in the absence or in the presence of UO126 or PD169316 before cell

triglyceride content (B) and protein expression (C) were measured at day 8 (n = 4). Confluent 3T3-L1 pre-adipocytes were treated or not for 48 h

with 1 mM UO126, then cell viability was tested with a MTT assay (D). Confluent 3T3-L1 pre-adipocytes were exposed or not to 500 mM

carbamazepine and/or 1 mM UO126 for 48 h, then [3H]-thymidine incorporation was measured (n = 6) (E). Results represent the mean � SEM of

six determinations and are expressed as % of the basal control value. *P < 0.05; **P < 0.01; ***P < 0.001, carbamazepine-treated versus respective

control.
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The repression of the transcriptional programme of adi-

pogenesis appears to be central in the inhibitory effect of

CBZ. PPAR-g and C/EBP-a, which are known to be the two

main transcription factors of adipogenesis (Rosen et al.,

2000), were strongly down-regulated by CBZ. The role of

PPAR-g repression as a key mechanism was strengthened by

the finding that the CBZ effect was reversed in the presence

of the PPAR-g-selective agonist pioglitazone. By contrast,

C/EBP-b and SREBP-1c expression was only weakly reduced or

unaffected by CBZ. This absence of significant effect of CBZ

on the SREBP-1c pathway has already been shown in cultured

hepatocytes (Raeder et al., 2006). SREBP-1c is the main tran-

scription factor of the lipogenic pathway since it transacti-

vates the genes coding for lipogenic enzymes such as ACC,

FAS and stearoyl CoA desaturase (Girard et al., 1997). In

agreement with the absence of a significant effect of CBZ on

the lipogenic pathway, the addition of intralipid to CBZ-

treated cells, which would circumvents thi metabolic

pathway, was unable to restore cell triglyceride stores. The

potent inhibitory effect of CBZ on PPAR-g and C/EBP-a

expression could also be related to the blockade of clonal

expansion (Figure 4). However, this effect of CBZ was

retained, but to a lesser extent, when the drug was added

following clonal expansion. Altogether, these findings

strongly suggest that repression of PPAR-g and of clonal

expansion are independent mechanisms that both contribute

to the anti-adipogenic effect of CBZ. Interestingly, we have

recently shown that phenelzine, an antidepressant of the

monoamine oxidase inhibitor family, also potently inhibits

adipose conversion (Chiche et al., 2009). However, the block-

ade of the lipogenic pathway through SREBP-1c down-

regulation is a central mechanism that accounts for this effect

of phenelzine.

While less pronounced than the effect on differentiating

pre-adipocytes, CBZ also triggered mature adipocytes to

reduce their cell triglyceride content. Two additional mecha-

nisms could contribute to the depletion of fat cell stores in

differentiated adipocytes. Firstly, CBZ markedly reduces

insulin-stimulated glucose uptake, while basal glucose trans-

fer remains unaltered. Secondly, it increases basal lipolysis.

Although the mechanisms underlying CBZ effect on glucose

uptake and lipolysis remain to be investigated, this under-

lines the pleiotropy of the metabolic pathways altered by this

drug. Both reduced insulin-stimulated glucose uptake and

increased lipolysis represent key mechanisms of insulin

resistance. Remarkably, CBZ decreases adiponectin synthesis

and secretion, which could also contribute to insulin resist-

ance (Kahn et al., 2006; Shetty et al., 2009). Whether CBZ

influences insulin sensitivity in patients is another major

issue.

CBZ mimics the effects of pro-inflammatory cytokine on

adipocytes; it increases lipolysis and suppresses adipogen-

esis, insulin-stimulated glucose uptake and adiponectin

secretion (Feve and Bastard, 2009). Since these pro-

inflammatory cytokine effects are mediated by various sig-

nalling pathways, we tested the hypothesis that some of

these could also be involved in the effect of CBZ on adipo-

genesis. ERK 1/2 appears to be a privileged target that medi-

ates at least part of CBZ’s effect on adipogenesis. It is known

that MEK inhibitors such as UO126 alter clonal expansion

but not terminal differentiation (Qiu et al., 2001; Bost et al.,

2005). Thus, it was not surprising that in our experiments,

UO126 inhibited [3H]-thymidine incorporation during

clonal expansion. However, since UO126 was still able to

reverse the anti-adipogenic effect of CBZ, this further indi-

cates that inhibition of the transcriptional programme of

adipogenesis is a central mechanism contributing to the

anti-adipogenic effect of CBZ but not to its blockade of

clonal expansion. To extend this observation, the effects of

CBZ could be further examined in ERK 1/2-deficient pre-

adipocytes or animals.

The CBZ concentration required (100 mM) to significantly

decrease fat cell lipid content is slightly higher than the

therapeutic plasma concentration of 17–50 mM (Bertilsson,

1978; Citrome et al., 2007). However, we believe that our

results remain relevant for the following reasons: (i) our study

was carried out within a limited time lag, and lower concen-

trations over a longer period could have similar effects; (ii)

therapeutic plasma concentrations have been defined for epi-

leptic patients, and CBZ can be prescribed at higher doses

when used as a mood stabilizer (Grunze, 2010); and (iii) CBZ

is a lipophilic compound that could accumulate in adipose

tissue during chronic exposure.

To our knowledge, this work is the first to report a

strong inhibitory effect of CBZ on adipogenesis. In addition,

two other mood stabilizers, lithium and valproic acid,

have also been shown to have similar properties. So far,

two distinct anti-adipogenic mechanisms have been identi-

fied: while lithium activates the Wnt/b-catenin pathway

(Ross et al., 2000), valproic acid’s inhibitory effect is

thought to be mediated by its histone deacetylase properties

(Lagace and Nachtigal, 2004; Ebmeier et al., 2006) After

excluding a major involvement of the Wnt/b-catenin

signalling, we suggest that a third distinct mechanism

is the basis of CBZ effect on adipocytes. Although we

think that these three mood stabilizers each use an

independent mechanism, it is tempting to speculate that

these three drugs share some common pathways to block

adipogenesis.

Like other mood stabilizers, CBZ can promote weight

gain in patients (Joffe et al., 1986; Lampl et al., 1991). It

seems paradoxical that in vitro CBZ inhibits adipogenesis yet

in vivo it induces adiposity. Weight homeostasis depends on

both central and peripheral inputs. CBZ is known to

increase appetite and this central effect may overcome its

direct inhibitory effect on adipose tissue development. From

a clinical point of view, we propose that the development of

CBZ derivatives with less central effect but higher anti-

adipogenic potency could represent a relevant approach to

limit its metabolic side effects, particularly for epileptic or

bipolar patients who often suffer from a disturbed energy

homeostasis. Further to the effect of CBZ on weight

regulation, it would also be of major interest to examine

whether CBZ has specific effects on glucose and lipid

metabolism.

In conclusion, we demonstrated that CBZ, through ERK

1/2 activation, has a potent inhibitory effect on the differen-

tiation of fat cells by altering the transcriptional programme

of adipogenesis. This illustrates a potential direct effect of

CBZ on a key metabolic tissue and suggests that closer meta-

bolic monitoring is needed when treating patients with mood

stabilizers.
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Supporting information

Additional Supporting Information may be found in the

online version of this article:

Figure S1 Carbamazepine-induced changes in cytokines

secreted by 3T3-L1 adipocytes. Differentiated 3T3-L1 adi-

pocytes were exposed for 24 hours to 500 mM carbamazepine

in a serum-free medium, then media were collected and

tested for cytokine expression with a specific array. Results are

expressed as the percentage of cytokine level measured in

control conditions. Only repressed (A) and induced (B)

cytokines are shown in the graph.

Figure S2 Effect of carbamazepine on the Wnt/b-catenin

pathway. 3T3-L1 pre-adipocytes were exposed or not to car-

bamazepine (300 mM) from confluence to day 8 following

confluence. Cell extracts were prepared and tested in Western

blot analysis for FAS, total b-catenin, cyclin D1 and ERK 1/2

expression. The blot is representative of 4 independent

experiments.
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