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ABSTRACT
Patho-physiological conditions with high oxidative stress, such as conditions associated with increased denatured heme-proteins, are

associated with enhanced adipogenic response. This effect predominantly manifests as adipocyte hypertrophy characterized by dysfunctional,

pro-inflammatory adipocytes exhibiting reduced expression of anti-inflammatory hormone, adiponectin. To understand how increased levels

of cellular heme, a pro-oxidant molecule, modulates adipogenesis; the following study was designed to evaluate effects of heme on

adipogenesis in human mesenchymal stem cells (hMSCs) and mouse pre-adipocytes (3T3L1). Experiments were conducted in the absence and

in the presence of a superoxide dismutase (SOD) mimetic (tempol, 100mM). Heme (10mM) increased (P< 0.05) adipogenesis in hMSCs and

mouse pre-adipocytes, where tempol alone (100mmol/L) attenuated adipogenesis in these cells (P< 0.05). Tempol also reversed heme-

induced increase in adipogenesis in both hMSCs and mouse pre-adipocytes (P< 0.05). In addition, heme exposed 3T3L1 exhibited reduced

(P< 0.05) expression of transcriptional regulator—sirtuin 1 (Sirt1), along with, increased (P< 0.05) expression of adipogenic markers

peroxisome proliferators-activated receptor-gamma (PPARg), C/EBPa, and aP2. These effects of heme were rescued (P< 0.05) in cells

concurrently treated with heme and tempol (P< 0.05) and prevented in cells over-expressing Sirt1. Taken together, our results indicate that

heme-induced oxidative stress inhibits Sirt1, thus un-inhibiting adipogenic regulators such as PPARg and C/EBPa; which in turn induce

increased adipogenesis along with adipocyte hypertrophy in pre-adipocytes. Anti-oxidant induced offsetting of these effects of heme supports

the role of heme-dependent oxidative stress in mediating such events. J. Cell. Biochem. 113: 1926–1935, 2012. � 2012 Wiley Periodicals, Inc.
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D ysfunctional adipogenesis is one of the hallmarks of chronic

obesity and is characterized by adipocyte hypertrophy,

increased lipid accumulation and altered endocrine function of the

adipose tissue [Pausova, 2006; Gesta et al., 2007]. Adipose tissue

regulates energy metabolism and insulin sensitivity via secretion of

soluble factors such as adiponectin, leptin, and TNFa. This

adipocytic function is altered in chronic obesity leading to increased

secretion of inflammatory cytokines as opposed to anti-inflamma-

tory adipokines [Skurk et al., 2007; Kloting et al., 2008].

Macrophage infiltration of the adipose tissue is another accompa-

niment of chronic obesity and contributes towards adipocyte

dysfunction [Bluher, 2008].

Human mesenchymal stem cells (hMSCs) and mouse pre-

adipocyte cell line, 3T3L1, has been widely used for elucidating

mechanisms involved in mammalian adipogenesis [MacDougald

and Lane, 1995; Kim et al., 2010]. These pre-adipocytes undergo a

well-characterized process of differentiation upon induction with

insulin, dexamethasone, and indomethacin [MacDougald and Lane,

1995]. Differentiated 3T3L1 cells exhibit many of the characteristics

found in mature adipocytes from mammalian fat tissue, including

the production and storage of fat globules and secretion of

adipokines and other growth factors. Growth and differentia-

tion of, both, hMSCs and 3T3L1 cells is regulated by various

transcription factors, including peroxisome proliferators-activated
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receptor-gamma (PPARg), C/EBPa, aP2, andMEST proteins. PPARg,

which is central to adipocyte differentiation, has been shown to be

both necessary and sufficient for this process [Rosen et al., 1999;

Hosono et al., 2005; Rosen and MacDougald, 2006].

Recent reports have illustrated potential mechanisms involved in

adipocyte dysfunction, including genetic and epigenetic factors

such as tissue hypoxia and local and systemic inflammation [Iyer

et al., 2010]. Imbalances in cellular redox status have also been

linked to adipose tissue dysfunction and recent studies have

documented inhibitory effects of anti-oxidants on adipogenesis

[Kim et al., 2006]. Free cellular heme, from denatured heme proteins,

has been shown to induce oxidative stress [Nath et al., 1998] and

induce differentiation of 3T3L1 cells [Chen and London, 1981].

However, mechanisms involved in mediating heme-induced effects

on the adipogenic process are sparse and scattered. Previous

investigators, including published and un-published work from our

lab, have demonstrated a strong correlation between models of

obesity and increased oxidative stress [Li et al., 2008; Nicolai et al.,

2009]; thus, the aim of the current study was to examine direct

adipogenic and redox effects of heme, a pro-oxidant [Abraham

et al., 1996], in an established model of adipogenesis so as to

decipher contributory role of this oxidant molecules in chronic

pathological states such as obesity and diabetes. Our results show

that exogenous heme, at concentrations of 10mmol/L, increase

adipogenesis in both hMSCs and 3T3L1 cells. This increase was

associated with enhanced (P< 0.05) oxidative stress along with

significantly increased expression of adipogenic regulators and

markers including, PPARg, aP2, CEBPa, and MEST. Concurrent

exposure of heme treated cells to tempol reversed adipogenic and

oxidative effects of heme while attenuating protein expression of

markers of adipogenesis. In addition, heme-induced increase in

adipogenesis was accompanied by a concomitant attenuation of

Sirt1, a member of the NAD-dependent deacetylase protein

superfamily. Sirt1, an evolutionarily conserved gene from yeasts

to mammals, has recently been shown to modulate metabolic

homeostasis and promote longevity [reviewed in Canto and Auwerx,

2012]. We show here that pre-adipocytes over-expressing Sirt1 are

characterized by reduced adipogenesis, which also, do not respond

to heme by increased adipogenesis.

MATERIALS AND METHODS

CELL CULTURE FROM BM AND DIFFERENTIATION INTO

PRE-ADIPOCYTES

Frozen mouse pre-adipocytes (3T3L1) were purchased from ATCC

(ATCC, Manassas, VA). After thawing, 3T3L1 cells were resuspended

in an a-minimal essential medium (a-MEM, Invitrogen, Carlsbad

CA) supplemented with 10% heat inactivated fetal bovine serum

(FBS, Invitrogen) and 1% antibiotic/antimycotic solution (Invitro-

gen). The cells were plated at a density of 1–5� 106 cells per 100 cm2

dish. The cultures were maintained at 378C in a 5% CO2 incubator

and the medium was changed after 48 h and every 3–4 days

thereafter. When the 3T3L cells were confluent, the cells were

recovered by the addition of 0.25% trypsin/EDTA (Invitrogen).

3T3L1 cells (Passage 2–3) were plated in a 96 and 24 well plates at a

density of 10,000 cells/cm2 and cultured in a-MEM with 10% FBS

until 80% confluence was achieved. The medium was replaced with

adipogenic medium, and the cells were cultured for an additional 7

days. The adipogenic media consisted of complete culture medium

supplemented with DMEM-high glucose, 10% (v/v) FBS, 10mg/ml

insulin, 0.5mM dexamethasone (Sigma–Aldrich, St. Louis, MO) and

0.1mM indomethacin (Sigma–Aldrich).

For human MSCs, frozen bone marrow mononuclear cells were

purchased from Allcells (Emeryville, CA). After thawing, mononu-

clear cells were resuspended in an a-minimal essential medium

(a-MEM, Invitrogen) supplemented with 10% heat inactivated FBS

(Invitrogen) and 1% antibiotic/antimycotic solution (Invitrogen).

The cells were plated at a density of 1–5� 106 cells per 100 cm2 dish.

The cultures were maintained at 378C in a 5% CO2 incubator and the

medium was changed after 48 h and every 3–4 days thereafter.

When the MSCs were confluent, the cells were recovered by the

addition of 0.25% trypsin/EDTA (Invitrogen). MSCs (Passage 2–3)

were plated in a 96- and 24-well plates at a density of 10,000 cells/

cm2 and cultured in a-MEM with 10% FBS for 7 days. The medium

was replaced with adipogenic medium, and the cells were cultured

for an additional 14 days. The adipogenic media consisted of

complete culture medium supplemented with DMEM-high glucose,

10% (v/v) FBS, 10mg/ml insulin, 0.5mM dexamethasone (Sigma–

Aldrich), 0.5mM isobutylmethylxanthine (Sigma–Aldrich) and

0.1mM indomethacin (Sigma–Aldrich).

Both, hMSCs and 3T3L1, cells were cultured in media containing

and not containing heme (1 and 10mM), in the absence and in the

presence of tempol (100mM) up until 14 days for hMSCs and 7 days

for 3T3L1 cells, respectively. Mouse pre-adipocytes were, similarly,

also cultured in 75 cm2 flasks, to be used for immunoblots for

adipogenic markers. Media for all cells was changed daily.

OIL RED O STAINING

For Oil Red O staining, 0.21% Oil Red O in 100% isopropanol

(Sigma–Aldrich) was used. Briefly, mouse pre-adipocytes were fixed

in 10% formaldehyde, washed in Oil red O for 10min, rinsed with

60% isopropanol (Sigma–Aldrich), and the Oil Red O eluted by

adding 100% isopropanol for 10min and measured OD at 490 nm,

for 0.5 s reading. Mouse pre-adipocytes were measured by Oil Red O

staining (OD¼ 490 nm) after day 7.

COMET ASSAY

In order to assess the presence of DNA fragmentation, we performed

single-cell gel electrophoresis (Comet assay) both on untreated

control and differently treated tempol (100mM) and heme (10mM)

and in association (heme and tempol) on 3T3L1cells. The cells were

collected using trypsin–EDTA, washed once with PBS, centrifuged

and resuspended in a small volume of PBS, in order to obtain no

more than 5� 104 cells/10ml. Ten microliters of cell suspension

were mixed with 65ml of 0.7% lowmelting point agarose (LMA) and

pipetted onto microscope slides covered with 1% standard melting

point agarose (NMA). The slides were lysed (1%N-lauroyl-sarcosine,

2.5M NaCl, 100mM Na2EDTA, 1% Triton X-100, 10% DMSO,

pH¼ 10) at 48C for 1 h under dark conditions. Then the samples were

denatured with high-pH buffer (300mM NaOH, 1mM Na2EDTA,

pH¼ 13) for 20min, and run in refreshed buffer at 48C for 40min at

0.7 V/cm under semi-dark conditions. Afterwards the slides were
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neutralized in buffer (0.4M Tris–HCl, pH¼ 7.5), stained with CYBR

Green and marked using a Leica fluorescence microscope (Leica,

Wetzlar, Germany) interfaced to a computer. For each slide, at least

100 cells were analyzed and DNA images were acquired to quantify

the damage. Dedicated software (CASP) allowed the analysis and the

quantification of DNA damage by measuring the level of DNA

damage as percentage of the fragmented DNA (%TDNA). The results

are presented as %DNA, since it is considered to be the most

comprehensive and meaningful Comet parameter [Singh et al.,

1991].

LUCIGENIN CHEMILUMINESCENCE

Superoxide detection, in treated and untreated samples, was

performed using lucigenin chemiluminescence as described previ-

ously [Ahmad et al., 2009]. Briefly, 3T3L1 cells, exposed to and not

exposed to described treatment combinations, were collected at the

end of the treatment period and re-suspended in plastic scintillation

mini vials containing 5mM lucigenin in 1ml of Krebs solution

buffered with 10mM HEPES–NaOH (pH 7.4). The chemilumines-

cence from superoxide was measured by a liquid scintillation

counter (LS6000IC; Beckman Instruments, San Diego, CA) with a

single active photomultiplier tube in a dark room. Background

chemiluminescence in the absence of cells was subtracted from

subsequent measurements made in the presence of 3T3L1 cells. Cell

number was counted before the experiment and the data is presented

as counts per minute normalized to cell count.

SIRT1 OVER-EXPRESSION STUDIES

To examine the role of SIRT1 in mediating heme-induced effects on

adipogenesis, SIRT1 was over-expressed in 3T3L1 cells. Mouse

SIRT1, full length variant (isoform 1, Gene ID-93759) was

synthesized into pJ603 vector, along with corresponding pJ603-

GFP negative control, by DNA 2.0 Inc. (Menlo park, CA).

Transfection of the cell line was achieved using FuGENE HD

Transfection reagent (Promega Corporation, Madison, WI) as per

manufacturer’s protocol. Briefly, 3T3L1 cells were plated at 80%

confluence and treated with DNA plasmid at a concentration of

350 ng/cm2 in FuGENE HD Transfection reagent at a ratio of DNA/

FuGENE HD of 1:3. Tranfection was performed in FBS free OptiMEM

media for 24 h. After 24 h, cells were washed with PBS and

adipogenesis induced with adipogenic media, with and without

heme. On day 7 of adipogenesis, cells were either fixed for Oil Red O

analysis or collected for immunoblotting.

WESTERN BLOT ANALYSIS

Mouse pre-adipocytes were incubated with treatments in T75 flasks

for 24 h. They were then washed with PBS and trypsinized (0.05%

trypsin w/v with 0.02% EDTA). The pellets were lysed in buffer (Tris–

Cl 50mM, EDTA 10mM, Triton X-100 1% v/v, PMSF 1%, pepstatin

A 0.05mM, and leupeptin 0.2mM) and, after mixing with sample

loading buffer (Tris–Cl 50mM, SDS 10% w/v, glycerol 10% v/v,

2-mercaptoethanol 10% v/v, and bromophenol blue 0.04%) at a

ratio of 4:1, were boiled for 5min. Samples (10mg protein) were

loaded onto 12% gels and subjected to electrophoresis (150V,

80min). The separated proteins were transferred to nitrocellulose

membranes (Bio-Rad, Hercules, CA; 1 h, 200mA per gel). After

transfer, the blots were incubated overnight with 5% non-fat milk in

TBS followed by incubation with 1:1,000 dilution of the primary

antibody for 3 h. Polyclonal rabbit antibodies directed against the

human CEBPa, MEST, and PPARg were obtained from Stressgen

Biotechnologies (Victoria, BC). After washing with TTBS, the blots

were incubated for 2 h with secondary antibody (1:1,000) and

conjugated with alkaline phosphatase. Finally, the blots were

developed using a premixed solution containing 0.56mM 5-bromo-

4-chloro-3-indolyl phosphate (BCIP) and 0.48mM nitro blue

tetrazolium (NBT) in buffer (Tris–HCl 10mM, NaCl 100mM,

MgCl2 59.3mM, pH 9.5). The blots were scanned and the optical

density of the bands was measured using Scion (New York, NY)

Image software.

STATISTICAL ANALYSES

Statistical significance (P< 0.05) between experimental groups was

determined by the Fisher method of analysis of multiple

comparisons. For comparison between treatment groups, the null

hypothesis was tested by either a single-factor ANOVA for multiple

groups or unpaired t-test for two groups and the data are presented

as mean� SE.

RESULTS

EFFECT OF HEME ON ADIPOGENESIS IN MOUSE PRE-ADIPOCYTES

We examined the effect of heme on adipogenesis in hMSCs and

3T3L1 pre-adipocytes; measured as the relative absorbance of Oil

Red O on day 7 for 3T3L1 and on day 14 for hMSCs (Fig. 1). Heme

increased (P< 0.05) adipogenesis in mouse pre-adipocytes by 28%

at 1.0mmol/L and 47.5% at 10.0mmol/L as compared to vehicle

(with no increase in cell number in complementary experiments,

control- 3.53� 0.48 vs. heme- 3.6� 0.25� 105 cells/plate). Simi-

larly, heme also enhanced adipogenesis (P< 0.05) in hMSCs by 42%

at 10mM, although it had no such effect on hMSCs at 1mM

concentration (representative images are shown).

EFFECT OF TEMPOL ON ADIPOGENESIS IN MOUSE

PRE-ADIPOCYTES

As shown in Figure 2, with representative images shown, we

examined the effect of tempol on adipogenesis in hMSCs and mouse

pre-adipocytes exposed and not exposed to heme (10mM). Tempol

alone (100mmol/L) attenuated adipogenesis, in both hMSCs and

3T3L1 cells (P< 0.05) and successfully reversed hemin-induced

increase in adipogenesis (P< 0.05). This effect of tempol, on heme-

induced adipogenesis, was not a result of its effects on cell survival

and proliferation; as duplicate culture plates showed no significant

difference in cell number in wells treated with and without tempol

(heme �3.6� 0.258 vs. hemeþ tempol �4.4� 0.477� 105 cells/

plate, n¼ 6, 3T3L1 cells). As the process of adipogenesis is

remarkably similar in hMSCs and 3T3L1 cells and heme and tempol

exhibited similar effects on both cell types, further experiments for

characterization of heme induced adipogenesis were pursued in

3T3L1 cells only.

1928 TEMPOL PREVENTS HEME-INDUCED ADIPOGENESIS JOURNAL OF CELLULAR BIOCHEMISTRY



EFFECT OF HEME AND TEMPOL ON REDOX STATUS IN 3T3L1 CELLS

Nuclear DNA fragmentation was examined by alkaline comet assay,

as an indicator of cellular redox status [Gedik et al., 2002].

Quantification data of the comet assay are reported as %TDNA, in

Figure 3A. The results evidence significant (P< 0.05) damaging

effect elicited by heme at concentrations of 10mM. Concurrent

exposure to tempol (100mM) in heme treated 3T3L1 cells shows the

protective action of tempol (P< 0.05) on the damaging effect

elicited by heme alone on nuclear DNA. Also, pre-adipocytes

exposed to tempol alone (P< 0.05) demonstrated small, albeit

significantly (P< 0.05) higher DNA fragmentation as compared to

control cells. This effect of tempol on DNA integrity, as measured by

comet assay, cannot be fully explained at this time; as such,

complementary redox assessment experiments were performed via

lucigenin chemiluminesence assay (Fig. 3B), which showed that cells

exposed to heme displayed significantly higher oxidative stress

(P< 0.05). Treatment with tempol attenuated oxidative stress in

both control and heme treated cells (P< 0.05).

EFFECT OF HEME AND TEMPOL ON aP2 AND PPARg PROTEIN

EXPRESSION IN PRE-ADIPOCYTES

Western blot analysis of PPARg, normalized against actin, showed a

significant increase (P< 0.05) in 3T3L1 cells exposed to heme

(10mM) compared to the controls, as seen in Figure 4A. Concurrent

administration of tempol resulted in decreased PPARg expression, in

heme treated cells. Similar pattern was observed in aP2 protein

expression, a marker of adipogenesis, as seen in Figure 4B.

Treatment with heme increased adipogenesis as indicated by aP2

protein levels as compared to control pre-adipocytes (P< 0.05). This

effect was attenuated (P< 0.05) by concurrent exposure to tempol

(100mM).

EFFECT OF HEME AND TEMPOL ON MEST, CEBPa AND Sirt1

PROTEIN EXPRESSION IN PRE-ADIPOCYTES

Western blot analysis of MEST, normalized against actin, showed a

significant increase (P< 0.01) in 3T3L1 cells exposed to heme

(10mM) compared to the controls, as seen in Figure 5A. Concurrent

administration of tempol resulted in decreased MEST expression, a

marker of adipogenesis. Similar pattern was observed in CEBPa

protein expression as seen in Figure 5A. Treatment with heme

increased adipogenesis as indicated by CEBPa protein levels as

compared to control pre-adipocytes (P< 0.05). This effect was

attenuated (P< 0.05) by concurrent exposure to tempol (100mM).

Western blot analysis of SIRT1, normalized against b-actin,

revealed expression levels significantly attenuated (P< 0.05) in

3T3L1 cells exposed to heme (10mM) as compared to the controls

(Fig. 5B). Concurrent administration of tempol resulted in

restoration of SIRT1 expression, in 3T3L1 cells exposed to heme

(P< 0.05). Also, SIRT1 expression was significantly enhanced in

pre-adipocytes exposed to tempol alone (P< 0.05).

Fig. 1. Effect of heme on adipogenesis in hMSC and mouse 3T3L1 cells; Results are means� SE, n¼ 5/group. Adipogenesis was measured as the relative absorbance of Oil Red

O at day 14 (hMSC) and day 7 (3T3L1) after inducing adipogenesis as described in the Materials and Methods Section. �P< 0.05 versus vehicle; #P< 0.05 versus heme (1mM).
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EFFECT OF Sirt1 OVER-EXPRESSION ON ADIPOGENESIS AND

ADIPOGENIC REGULATORS IN MOUSE PRE-ADIPOCYTES

As shown in Figure 6A, 3T3L1 cells transfected with Sirt1 plasmid

exhibited lower adipogenesis than cells transfected with the control

plasmid. Heme, which increased (P< 0.05) adipogenesis in control

plasmid treated cells, had no such effect in 3T3L1 cells exposed to

the Sirt1 plasmid. In complementary experiments, where 3T3L1 cells

transfected with Sirt1 expressed significantly higher (P< 0.05)

levels of the same; heme treatment attenuated Sirt1 levels in both

control and Sirt1 transfected groups (P< 0.05). It is noteworthy,

that although heme attenuated Sirt1 levels in cells over-expressing

Sirt1, the expression was not different from cells treated with a

control plasmid.

Western blot analysis of PPARg, normalized against actin,

showed a significant increase (P< 0.05) in control plasmid treated

cells exposed to heme (10mM), as seen in Figure 6C. However, in

concurrence with earlier results, pre-adipocytes exposed to Sirt1

plasmid showed no effect in PPARg expression after exposure to

heme. As shown in Figure 6D, C/EBPa expression, another

adipogenic marker, demonstrated similar patterns; an increased

expression (P< 0.05) in response to heme in GFP plasmid exposed

cells and no such effect in cells over-expressing Sirt1. It should be

noted however, that Sirt1 plasmid treated cells, not exposed to heme,

were characterized by reduced adipogenesis and enhanced Sirt1 in

the absence of any effects on PPARg or C/EBPa expression.

DISCUSSION

Heme, an iron containing tetrapyrrole, is a prosthetic group in a

large number of cellular hemoproteins critical for sustenance of

homeostasis [Tsiftsoglou et al., 2006; Tracz et al., 2007]. Heme is

synthesized in the mitochondria and cytoplasm from d aminole-

vulinic acid (ALA) by ALA-synthase. Heme oxygenase (HO) is the

only cellular enzyme which degrades heme to equimolar concen-

tration of carbon monoxide (CO), ferric iron and biliverdin (BV)

[Abraham and Kappas, 2008]. Heme degradation by HO isoforms 1&

2 serves multiple purposes including, regulating bioavailability of

heme containing proteins such as cytochrome (CYP) P450s

[Laniado-Schwartzman et al., 1992], generation of bioactive

metabolites—CO and BV and preventing cellular build-up of free

(non-protein bound) heme. Intracellular levels of free heme are

regulated by de novo synthesis, heme oxygenase activity and import

form extracellular environment [Ponka, 1999]. Non-protein bound

Fig. 2. Effect of tempol, with and without heme (10mM), on adipogenesis in hMSC and mouse 3T3L1 cells; Results are means� SE, n¼ /group. Adipogenesis was measured as

the relative absorbance of Oil Red O at day 14 (hMSC) and day 7 (3T3L1) after inducing adipogenesis as described in the Materials and Methods Section. �P< 0.05 versus vehicle

only; #P< 0.05 versus heme without tempol.
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Fig. 3. Effect of heme and tempol on DNA damage (A), in 3T3L1 cells, via comet assay; Results are means� SE, n¼ 5/group; �P< 0.05 versus vehicle only, #P< 0.05 versus

heme without tempol. B: Lucigenin chemiluminesence assay demonstrating effects of heme in 3T3L1 cells, in the absence and in the presence of tempol. Results are means� SE,

n¼ 5/group; �P< 0.05 versus vehicle only; #P< 0.05 versus heme without tempol.

Fig. 4. Effect of heme and tempol on ap2 and PPARg protein expression in 3T3L1 cells. A: Western blot and densitometry analysis of PPARg levels. Data are shown as mean

band density normalized to b-actin, Results are means� SE, n¼ 5, �P< 0.05 versus vehicle only, #P< 0.05 versus heme without tempol. B: Western blot and densitometry

analysis of ap2 levels. Data are shown as mean band density normalized to b-actin, Results are means� SE, n¼ 5, �P< 0.05 versus vehicle only; #P< 0.05 versus heme without

tempol.
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heme is toxic to the cellular environment as it promotes oxidative

stress and lipid peroxidation via generation of hydrogen peroxide

(H2O2) and other free radical species [Balla et al., 1993; Nath et al.,

1998].

The first key finding presented in this study is the demonstration

of heme-induced increase in adipogenesis, in both hMSCs and

mouse pre-adipocytes, which is characterized by increased lipid

accumulation by these cells. Recent studies have shown an

inhibition and/or insufficient activation of heme-HO system in

conditions associated with chronic oxidative stress, raising the

possibility of build-up of free heme in such a setting [Peterson et al.,

2008; Nicolai et al., 2009]. Also, inflammatory-oxidative events

such as atherosclerosis predispose circulating red blood cells to

premature hemolysis, releasing free heme into the circulation, which

can be imported intracellularly and may contribute towards

oxidative damage [Balla et al., 1993]. As oxidative stress has

been causally linked to increased dysfunctional adipogenesis (a

hallmark of obesity and diabetes), we examined in vitro effects of

exogenous heme, a known pro-oxidant, on adipogenesis in hMSCs

and mouse pre-adipocytes. Exogenous heme enhanced adipogenesis

and lipid accumulation in both cell types, as measured by Oil Red

O-staining. That heme does not stimulate cell proliferation suggest

that its effects on adipogenesis are primarily due to adipocyte

hypertrophy and increase in lipid droplet size/cell. These observa-

tions are in agreement with earlier studies linking oxidative stress to

adipose tissue hypertrophy with resultant metabolic dysfunction

[Marchesi et al., 2009]. Also, it has been well documented now that

adipocyte/adipose tissue hypertrophy precedes adipose tissue

hypoxia and inflammation in conditions such as obesity [Spalding

et al., 2008]. Clonal expansion of adipocytes, as opposed to

hypertrophic fat accumulation, protects against adipose tissue

malfunction including preservation of anti-inflammatory adipo-

kines such as adiponectin [Skurk et al., 2007].

Reversal of heme-induced adipocyte hypertrophy, and increased

adipogenesis, by an SOD mimetic highlights the second key finding

presented here that is, the role of heme-induced oxidative stress in

mediating its said effects. Involvement of reactive oxygen species

(ROS) in mediating heme-induced stimulation of adipogenesis is

corroborated by reversal of effects of heme in cells concurrently

exposed to tempol. Tempol reduced adipogenesis, even in the

absence of heme, which was complemented by its ability to reduce

oxidative stress observed in cells exposed or not exposed to heme.

This adipogenic effect of heme, and anti-adipogenic effect of

tempol, is corroborated during examination of genes regulating the

process of adipogenesis. PPARg, a gene both necessary and

sufficient for adipogenesis, is both, enhanced by heme and restored

in cells exposed to heme and tempol, in tandemwith extent and type

of adipogenesis observed in these settings. These results are in line

with earlier reports from our lab showing increased levels of

adipogenic regulators, mRNA, and proteins, in oxidative stress

settings associated with attenuated HO system [Barbagallo et al.,

2010; Vanella et al., 2011]. PPARg not only induces adipocyte

differentiation and fatty acid uptake but also activates other genes,

such as C/EBPa and aP2, thus further promoting adipogenesis

[Rosen et al., 2002]. Similar trends were observed in heme treated

cells, where apart from PPARg, C/EBPa, aP2, and MEST protein

expression levels were also significantly enhanced. Tempol-

mediated attenuation of adipogenesis, in heme treated cells, along

Fig. 5. Effect of heme and tempol onMEST and CEBPa protein expression in 3T3L1 cells. A: Western blot and densitometry analysis of MEST and CEBPa levels. Data are shown

as mean band density normalized to b-actin, Results are means� SE, n¼ 5, �P< 0.05 versus vehicle only; #P< 0.05 versus heme without tempol. B: Western blot and

densitometry analysis of Sirt1 levels. Data are shown as mean band density normalized to b-actin, Results are means� SE, n¼ 5, �P< 0.05 versus vehicle only; #P< 0.05 versus

heme without tempol.
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with restoration of adipogenic regulatory proteins points to the role

of heme-induced oxidative stress in mediating, at least partly, such

effects.

One of the possible mediators of this heme-induced oxidative

stress-dependent stimulation of adipogenesis and dysregulation of

adipogenic promoters, including PPARg, is via suppression of Sirt1.

Sirt1 is an NAD-dependent deacetylase that is activated by

environmental stimuli, such as caloric restriction, and has been

shown to suppress PPARg dependent adipogenesis in 3T3L1 cells

[Picard et al., 2004]. Also, Sirt1 is amenable to redox manipulations

as evidenced by its regulation by intracellular thiols, especially

glutathione [Chung et al., 2010]. The third key finding, presented in

this study, demonstrates modulatory effects of exogenous heme on

cellular Sirt1 levels. Heme-dependent attenuation of Sirt1 in pre-

adipocytes seems to involve oxidant properties of heme. Tempol-

mediated abatement of ROS and enhancement of cellular Sirt1

expression extends credibility to this hypothesis. Heme-induced

oxidative stress and concomitant attenuation of cellular Sirt1 could

lead to enhanced PPARg expression along with stimulation of

adipogenic regulators dependent on it, such as aP2 and C/EBPa.

That cells over-expressing Sirt1 show resistance to heme-

dependent increase in adipogenesis, strongly suggests involvement

of this transcriptional regulator in contributing towards such events.

The complexity of the system involved, however, is underscored by

the observations that basal increase in Sirt1 expression, achieved by

either plasmid or antioxidant treatment alone (tempol), in the

absence of heme, attenuates adipogenesis without affecting baseline

levels of adipogenic regulators such as PPARg and C/EBPa. These

seemingly counterintuitive observations point towards a multi-

factorial regulation of this evolutionary conserved protein; which in

turn may regulate metabolic balance and processes such as

adipogenesis through various different pathways some of which

may not involve PPARg or C/EBPa activation. Whatever the

mechanism involved, precise molecular devices leading up to redox-

dependent Sirt1 regulation, and their extrapolated effects on

adipogenic process, need further exploration and elaboration.

Fig. 6. Effect of heme on adipogenesis in 3T3L1 cells transfected by either Sirt1 or GFP containing plasmid. A: Effect of heme on adipogenesis in mouse 3T3L1 cells; Results

are means� SE, n¼ 8/group. Adipogenesis was measured as the relative absorbance of Oil Red O at day 7 after inducing adipogenesis, as described in the materials and methods

section. �P< 0.05 versus vehicle in GFP plasmid treated cells; #P< 0.05 versus heme in GFP plasmid treated cells (B) Western blot and densitometry analysis of Sirt1 levels. Data

are shown as mean band density normalized to b-actin, Results are means� SE, n¼ 5, �P< 0.05 versus vehicle in GFP plasmid treated cells; #P< 0.05 versus heme in Sirt1

plasmid treated cells. C: Western blot and densitometry analysis of PPARg levels. Data are shown as mean band density normalized to b-actin, Results are means� SE, n¼ 5,
�P< 0.05 versus vehicle in GFP plasmid treated cells; #P< 0.05 versus heme in GFP plasmid treated cells. D: Western blot and densitometry analysis of C/EBPa levels. Data are

shown as mean band density normalized to b-actin, Results are means� SE, n¼ 5, �P< 0.05 versus vehicle in GFP plasmid treated cells; #P< 0.05 versus heme in GFP plasmid

treated cells.
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In conclusion, oxidative stress, via its inhibitory effects on Sirt1

expression, could enhance PPARg levels, the master regulator of

adipogenesis. This effect, in turn modulates downstream molecular

targets such as C/EBPa, thus, stimulating adipogenesis and lipid

droplet accumulation in adipocytes. Heme, whose cellular overload

could complicate various patho-physiological states, disrupts

cellular redox homeostasis and sets this pro-adipogenic cascade

in motion. Over-expression of Sirt1 not only prevents heme-induced

adipocyte hypertrophy but also prevents up-regulation of adipo-

genic regulators such as, PPARg and C/EBPa. Enhanced adipogen-

esis with adipocyte hypertrophy, in turn, is one of the leading causes

of adipose tissue hypoxia, inflammation, and dysfunction.
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