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Nicotine induces a dual effect on the beige-like phenotype in adipocytes
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Abstract: Nicotine, the main component of cigarette smoke, affects white/brown adipocytes. Few studies have concentrated
on beige adipocytes. In this study, 3T3-L1 cells were differentiated in the presence of nicotine (25, 50 and 100 umol/L) during
early differentiation and maintenance stages. Cell viability and the state of lipid droplets were assessed by the MTT assay and
Oil Red O, respectively, and the expression of beige-related genes and proteins was examined by RT-qPCR, Western blotting
and flow cytometry. Nicotine did not alter adipocyte differentiation; however, it increased the expression of peroxisome pro-
liferator-activated receptor gamma (PPARY) protein during early differentiation and maintenance. Nicotine treatment during
early differentiation downregulated gene and protein expression of PPARy coactivator 1-alpha (PGC-1a), uncoupling protein
1 (UCP1) and cluster of differentiation 137 (CD137), and gene expression of Cbp/p300 interacting transactivator with Glu/
Asp rich carboxy-terminal domain 1 (Cited1), transmembrane protein 26 (Tmem26), and short stature homeobox 2 (Shox2).
Nicotine treatment during the maintenance stage upregulated these beige-related genes/proteins. Nicotine treatment of imma-
ture adipocytes damaged beige function through a decrease in PGC-1a/UCP1 expression, but nicotine treatment of mature
adipocytes or both immature and mature cells enhanced beige functioning. Nicotine induced beige-like phenotype dysfunction
in 3T3-L1 adipocytes. This process may affect thermogenesis in adipose tissue and cause a dysfunction in fat metabolism.
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INTRODUCTION stasis. Adipose tissue can be divided into white adipose

tissue (WAT) and classical brown adipose tissue (BAT).
WAT is responsible for energy storage in the form of
triglycerides. BAT consumes energy, maintains body
temperature and increases body energy expenditure via
non-shivering thermogenesis [4]. In WAT, a new kind
of adipocyte, with multilocular lipid droplet morphol-
ogy and a higher mitochondrial content and expression
of UCP1 as compared to white adipocytes, has been
observed [5]. These special adipocytes, called beige
adipocytes, can be found in WAT, but they show similar
functions to brown adipocytes. When exposed to cold
temperature or a f-adrenergic receptor agonist, UCP1
expression in beige adipocytes is activated by PGC-1a.
Nicotine plays an important role in regulating different
types of adipose tissue. For example, maternal nicotine
exposure can lead to increased visceral WAT in rat
offspring [6], and direct nicotine exposure can induce

Cigarette smoke is a traditional indoor air pollutant
in our living environment. According to the investiga-
tion of the World Health Organization (WHO) from
2017, there were 1.1 billion smokers in the world, and
around 80% of them were from low- and middle-in-
come countries. Secondhand smoking and/or maternal
smoking exposure in pregnancy also widely exist in
children’ living environments [1]. Nicotine is the main
component of cigarette smoke, and it has multiple ef-
fects on endocrine organs, such as adipose tissue. For
example, increased white fat and adipogenesis have
been observed in nicotine-exposed prenatal rats [2].
In addition, direct nicotine exposure has been shown
to reduce adipose weight, adipocyte size, and to induce
adipose tissue triglyceride lipolysis [3]. However, the
underlying mechanisms are still not fully understood.

Adipose tissue is an endocrine organ that partici-
pates in energy storage and regulates energy homeo-
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the expression of uncoupling protein 1 (UCP1) in the
BAT of 6-month-old obese mice [7]. However, only a
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few studies have focused on the effects of nicotine on
beige adipocytes. It can be speculated that nicotine
also affects the functions (e.g. thermogenesis ability
and cell quantity) of beige adipocytes.

The 3T3-L1 cell line is a well-established preadipo-
cyte line [8], and it is widely used in adipocyte-related
in vitro studies [9,10]. However, there has been no study
focused on the effect of nicotine on beige adipocytes in
the 3T3-L1 cells. Related research has confirmed the
ability of the 3T3-L1 cell line to express beige-related
genes [11]. The 3T3-L1 cell line was chosen in our study
to explore the effects of nicotine on beige adipocytes
at different differentiation stages. In addition, Ucpl
is an important thermogenesis-specific gene of beige
adipocytes, and the protein expression of peroxisome
proliferator-activated receptor gamma coactivator 1-al-
pha (PGC-1a) could induce the expression of UCP1
and other thermogenic components [12]. In our study,
the thermogenesis ability of beige adipocytes was evalu-
ated via examination of the expression of PGC-1a and
UCP1. Cluster of differentiation 137 (Cd137), trans-
membrane protein 26 (Tmem26), T-box transcription
factor 1 (Tbx1), Cbp/p300 interacting transactivator
with Glu/Asp rich carboxy-terminal domain 1 (CitedI),
short stature homeobox 2 (Shox2) and homeobox C9
(Hoxc9) are usually identified as beige-specific makers
[7,13,14], which contributed towards the identification
of the amount of beige adipocytes. It is reported here
for the first time that nicotine acts on beige adipocytes.

MATERIALS AND METHODS

Chemicals

3T3-L1 preadipocytes were obtained from the Cell
Bank of Type Culture Collection of the Chinese Acad-
emy of Sciences. Nicotine, penicillin-streptomycin,
insulin, dexamethasone, 3-isobutyl-1-methylxanthine
and Oil Red O were purchased from Sigma (USA);
high glucose Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were purchased
from Gibco (USA); TRIzol reagent and anti-mouse
CD137-APC antibody were obtained from Invitrogen
(USA); SYBR Green and the reverse transcriptase kit
were purchased from Takara (China); the anti-UCP1
antibody, anti-PGC-1a antibody and anti-glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) antibody

Arch Biol Sci. 2019;71(3):533-540

were obtained from Abcam (USA); anti-peroxisome
proliferator-activated receptor gamma (PPARYy) anti-
body was obtained from Bioss (China).

Cell culture and differentiation

3T3-L1 mouse embryo fibroblasts were maintained in
DMEM supplemented with 10% FBS until confluent
and then in the same medium for another 2 days. The
first stage of differentiation (days 0-2) was maintained
for 2 days by adding differentiation media I: 10 pg/
mL insulin, 1 pmol/L dexamethasone and 0.5 mM
3-isobutyl-1-methylxanthine (IBMX) in DMEM with
10% FBS. During the second stage (days 3-4), the cul-
ture medium was replaced by differentiation media II:
DMEM containing 10% FBS and 10 pg/mL insulin.
Finally, cells were maintained in DMEM with 10%
FBS for 6 days (days 5-10) before harvesting. Nicotine
treatment (25, 50, and 100 umol/L) was supplemented
during the early differentiation stage (Group 1, days
0-4), maintenance stage (Group 2, days 5-10) and the
entire 10-day period (Group 3, days 0-10).

Cell viability

3T3-L1 preadipocytes were seeded onto 96-well plates
at a density of 10° cells/cm? and cultured in the pres-
ence of 10'-10° pumol/L nicotine for 24, 48 and 72 h
(n=8). The cells were treated with MTT assay reagents
(1 mg/mL) for 4 h and the resulting formazan was
solubilized in 150 mL dimethyl sulfoxide (DMSO).
The absorbance was measured at 570 nm.

Oil Red O staining

The 3T3-L1 cells were washed twice with phosphate-
buffered saline (PBS) and fixed with neutral formalde-
hyde, then washed rapidly with 60% isopropanol. The
cells were incubated with Oil Red O solution (0.6%
Oil Red O dye in isopropanol and water at a 3:2 ratio)
for 20 min. Finally, the samples were washed rapidly
with 60% isopropanol and then washed three times
with deionized water. Images were captured with a
microscope. For quantitative analysis, 500 uL/well
isopropanol were added into 12-well plates to dissolve
the Oil Red O in the lipid droplets, and the liquid was
then transferred to a 96-well plate. The absorbance
was measured at 570 nm.
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Real-time quantitative PCR (RT-qPCR)

The total cellular RNA was obtained by TRIzol Rea-
gent. One pg RNA was converted to cDNA using a
reverse transcriptase kit. In the quantitative real-time
polymerase chain reaction (RT-qPCR) analysis, the
relative expression levels of genes were quantified us-
ing SYBR Green with ribosomal protein, PO (36b4) as
a housekeeping gene. The RT-qPCR was conducted
using a CFX connect machine (Bio-Rad, USA), and
the genes were analyzed using the AACT method.
The sequences of the primer sets used in this study
are listed in Supplementary Table S1.

Western blot analysis

The 3T3-L1 adipocytes were harvested and lysed in ice-
cold radioimmunoprecipitation assay (RIPA) lysis buffer
for 30 min. The protein content was tested using a bicin-
choninic acid (BCA) kit and all samples were adjusted to
the same concentration. The protein samples were separat-
ed by 12% sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE). After electrophoresis, the
samples were transferred to a polyvinylidene difluoride
membrane (PVDF), blocked for 2 h with 5% skimmed
milk, and incubated with primary antibodies (including
anti-PPARY, anti-PGC-1a, anti-UCP1 and anti-GAPDH
as areference gene) at 4°C overnight. After washing three
times with tris buffered saline with Tween 20 (TBS-T),
the membrane was incubated with a secondary antibody
(anti-rabbit IgG) at room temperature. Finally, the pro-
teins were detected using the electrochemiluminescence
(ECL) assay, and quantification of the band intensities
was performed by Image J software.
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Flow cytometric analysis

The differentiated 3T3-L1 cells were collected by trypsi-
nization, washed twice with ice-cold PBS, and then in-
cubated with an antibody cocktail (CD137-APC) for 30
min in the dark. The samples were determined with a BD
Fluorescence-Activated Cell Sorting (FACS) AriaTM IIT
Flow Cytometer (BD Biosciences, USA). Flow cytometry
data in the form of median fluorescence intensity (MFI)
were analyzed and plotted using Flow Jo software.

Statistical analysis

The statistical analysis and graphics were performed
using GraphPad Prism 5 (GraphPad Software, USA).
All data are expressed as the mean+SD, and a com-
parison was made using one-way ANOVA. Statistical
significances between the control and nicotine-treated
groups were established at *P< 0.05, and **P<0.01.

RESULTS

Cell viability

The MTT assay revealed that nicotine at concentrations
of 10" to 100 umol/L did not affect cell viability at 24,
48 and 72 h (Fig. 1A-C). Nicotine at a concentration of
10° umol/L slightly reduced cell vitality at 72 h (P<0.05),
but it did not cause the death of cells. Treatments with
10* and 10° pmol/L nicotine caused a decrease in cell
vitality at all three time points (P<0.01). Therefore, the
concentration range of 25-100 umol/L was chosen for
further experiments.
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Fig. 1. The effect of nicotine on cell viability at different differentiation stages. 3T3-L1 preadipocytes were seeded onto
96-well plates at a density of 3x10° cell/cm? and treated with 10-10° pumol/L of nicotine for 24 (A), 48 (B) and 72 (C)
h. The MTT assay was performed to assess cell viability (n=8). **P<0.01 vs the corresponding controls.
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Fig. 2. The effect of nicotine on lipid
accumulation at different differentia-

a A - Cells in the process of differentia-
tion were stained with Oil Red O on
days 0, 2, 4, 6, 8 and 10 (magnifica-
tion: 400x). Post-confluent 3T3-L1
preadipocytes were induced to dif-
ferentiate in Group 1 (B), Group 2
(C) and Group 3 (D). The morpho-
logical changes were photographed
after Oil Red O staining on day 10
(magnification: 200x). Stained li-
pids were extracted and quantified
by measuring the absorbance at 570
nm. Quantitative data are expressed
as means*SD (n=4).
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Fig. 3. The effect of nicotine on the gene expression of beige-related genes
at different differentiation stages. A, B — Nicotine treatment at the early
differentiation stage (Group 1, days 0-4); C, D - nicotine treatment at the
maintenance stage (Group 2, days 5-10); E, F - nicotine treatment for 10 days
(Group 3, days 0-10). Gene expression of beige-related genes was assessed
by RT-qPCR. Pgc-1a — peroxisome proliferator-activated receptor gamma
coactivator 1-alpha gene; UcpI — uncoupling protein 1 gene; Cd137 - cluster
of differentiation 137 gene; Cited] - Cbp/p300 interacting transactivator with
Glu/Asp rich carboxy-terminal domain 1 gene; Tinem26 — transmembrane
protein 26 gene; Shox2 - short stature homeobox 2 gene; Hoxc9 — homeobox
C9 gene. Data are expressed as means+SD (n=5). *P<0.05 vs matching controls.

State of lipid droplets

During the entire differentiation process, the
cells were stained with Oil Red O on days 0, 2, 4,
6,8and 10 (Fig. 2A). Red lipid droplets began to
appear on day 4, and the lipids increased in size
from day 4 to day 10. Cells from each group at
day 10 were stained with Oil Red O to observe
the effect of nicotine on the formation of lipid
droplets. Quantitative analysis established that
nicotine had little effect on the formation of
lipid droplets (Fig. 2B-D).

Nicotine treatment during the early
differentiation stage reduced the beige
adipocyte-like phenotype in 3T3-L1

In Group 1, treatment with nicotine (25, 50
and 100 pmol/L) was from day 0 to day 4.
Gene expression of Pgc-1a was significantly
decreased after exposure to 25 umol/L nicotine
(P<0.05, Fig. 3A). Several beige marker genes,
such as Cd137, Tmem26, Tbx1, Citedl, Shox2
and Hoxc9, were examined. We found that the
gene expression of Cd137 was significantly de-
creased in 25, 50 and 100 pmol/L (P<0.05, Fig.
3B). Citedl was significantly decreased in 50
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and 100 pmol/L (P<0.05, Fig. 3B). Gene expressions
of Tmem26 (P=0.056) and Shox2 (P=0.051) showed a
decreasing trend in the 25 umol/L nicotine-exposed
group (Fig. 3B). The protein expression of PPARYy
was significantly increased in 25, 50 and 100 umol/L
(P<0.01, Fig. 4A). Protein expression of PGC-1a
showed a decreasing trend in 100 umol/L (P=0.06,
Fig. 5A). Protein expression of UCP1 was significantly
decreased in 25 pmol/L (P<0.05, Fig. 5A), exhibiting
a decreasing trend in 100 pmol/L (P=0.06, Fig. 5A).
According to the result of the flow cytometric analysis,
MFI of CD137-APC was significantly decreased in 25
umol/L (P<0.05) and showed a decreasing trend in 100
umol/L (P=0.053) (Fig. 5D), which identified decreased
protein expression of CD137. The gene and protein
expressions of PGC-1a, UCP1 and CD137 showed
a similar downregulated trend when the cells were
treated with nicotine at the early differentiation stage.

Nicotine treatment in the later maintenance stage
enhanced beige adipocyte-like phenotype in 3T3-L1

In Group 2, nicotine treatment (25, 50, and 100 pmol/L)
was maintained from day 5 to day 10. Gene expres-
sion of Ucp1 was 2.3-fold increased in the 100 umol/L
nicotine-exposed group (P<0.05, Fig. 3C). Gene expres-
sion of Cd137, Tmem26, and Shox2 was significantly
increased after treatment with 100 umol/L nicotine
(P<0.05, Fig. 3D). Protein expression of PPARYy was
significantly increased in 100 pmol/L (P<0.05, Fig.
4B). Protein expression of PGC-1a was significantly
increased in 25 umol/L (P<0.01), 50 pmol/L (P<0.05)
and 100 pmol/L (P<0.01) (Fig. 5B). Protein expression
of UCP1 was significantly increased in 100 umol/L
(P<0.05, Fig. 5B). According to flow cytometric analy-
sis, the MFI of CD137-APC was significantly increased
in 25 umol/L (P<0.05) and 100 umol/L (P<0.01) (Fig.
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5E), which identified increased protein expression of
CD137. In summary, gene and protein expression of
PGC-1a, UCP1 and CD137 showed a similar upregu-
lated trend when the cells were treated with nicotine
at the maintenance stage.

Nicotine treatment during the entire
differentiation stage enhanced beige
adipocyte-like phenotype in 3T3-L1

In Group 3, nicotine treatment (25, 50 and 100 pmol/L)
was maintained from day 0 to day 10. Gene expres-
sion of Pgc-1a was significantly increased in the 100
pmol/L nicotine-exposed group (P<0.05, Fig. 3E). Gene
expression of Ucpl was a 3.2-fold increase in the 100
umol/L nicotine group (P<0.05, Fig. 3E). Both 50 and
100 umol/L nicotine caused significant increases in
Cited1 (P<0.05, Fig. 3F) gene expression. PPARYy protein
expression was significantly increased in 100 umol/L-
treated cells (P<0.05, Fig. 4C). The expression of PGC-1a
protein at 25 and 50 umol/L was significantly increased
(P<0.05, Fig. 5C), and the expression of UCP1 protein at
50 and 100 umol/L was significantly increased (P<0.05,
Fig. 5C). According to the results of flow cytometric
analysis, no significant change was observed in the MFI
of CD137-APC (Fig. 5F). In summary, the expression of
PGC-1a, UCP1 and CD137 genes and proteins exhibited
similar upregulated trends when the cells were treated
with nicotine during the entire differentiation stage.

DISCUSSION

Cigarette smoke is a traditional environmental pollut-
ant, and there are multiple ways of being exposed to
it — by active smoking, electronic cigarette smoking,
passive smoking, secondhand smoking, third-hand
smoking, household smoking and maternal smoking
in pregnancy. The exposed population are of diverse
gender, age and occupation. Nicotine, the major com-
ponent of cigarette smoke, is highly liposoluble and
accumulates in adipose tissue.

In our study, the chosen doses of nicotine (25, 50
and 100 pmol/L) were higher than the serum con-
centration measured in active smokers. In in vitro
experiments, the concentration of nicotine ranged
from 1 nmol/L to 100 pmol/L. In the study of Pei et al.
[15], rat fetal hippocampal cell lines were treated with
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different concentrations of nicotine (1-100 umol/L).
An etal. [16] used 6 nmol/L-60 umol/L of nicotine in
3T3-L1 cells. Nicotine, a highly lipophilic drug, easily
accumulates and has a slow metabolic rate in adipose
tissue due to the tissue’s small blood flow, which may
be responsible for the higher concentrations of nicotine
in adipose tissue than in blood [17]. In the normal
unstimulated physiological state of adipocytes, the
proportion of beige-phenotypic cells is low [18]. In
vitro, the lack of a regulation mechanism of nerves and
hormones in adipocytes may lead to lower beige-like
gene and protein expression levels than in vivo [19].
Therefore, larger doses are needed in order to observe
the functional changes of beige-like adipocytes in vitro.
According to the results of our MTT assay, 0.1-100
umol/L nicotine was the safe dose range, and therefore,
0-100 umol/L nicotine was used.

In our study, the different effects of nicotine on beige
adipocyte function were observed depending on cell
maturity. When 3T3-L1 cells were treated with nicotine
on days 0-4, it mainly acted on embryonic adipocytes
in vivo. According to Okamatsu-Ogura’s study [20], the
hypofunction of the beige-like adipocyte function re-
duced the thermogenesis in adipose tissue, increased fat
mass and increased the risk of obesity. Maternal nicotine
exposure during pregnancy may act on immature adipo-
cytes in the fetus, and rats whose mothers were treated
with nicotine in pregnancy possessed heavier visceral
adipose tissue and displayed susceptibility to obesity
at 180 days of age [6]. Therefore, it can be speculated
that nicotine acting on immature adipocytes (such as
in maternal exposure in pregnancy) can decrease fetal
beige-like function and lead to obesity susceptibility or
metabolic disorder in offspring. However, when nicotine
treatment occurred on days 5-10, it mainly acted on
mature adipocytes. Nicotine treatment reduced body
weight and fat mass, and increased brown adipose tissue
thermogenesis in adult rats [3,21]. According to Arai et
al. [22], continuous nicotine infusion stimulated UCP1
mRNA expression in the BAT of male adult Wistar rats,
and it was speculated that direct nicotine exposure
(as in active smoking) activates beige-like function,
increases UCP1-induced thermogenesis in adipose
tissue, and finally leads to body weight loss. In a related
study, although the increase of beige adipocytes showed
improvement in obesity, the abnormal increase in beige
adipocytes destroyed the energy homeostasis in WAT
and could lead to other diseases [23].
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We attempted to explain the effect of nicotine on
the beige-like phenotype. TLE3 is a white-selective
cofactor and PRDM16 is a brown-selective cofactor,
both of which determine lipid storage and thermogenic
gene programs [24]. According to Santos et al. [25],
PPARY activation drives both lipogenic or beige-like
thermogenic transcriptional programs; PPARy and
PRDM16 formed a transcriptional complex and induced
a beige-like thermogenic program, but PPARY, inter-
acting with TLE3, drove a lipid storage transcriptional
program [25]. In addition, the increased expression of
TLE3 counters PRDM16, suppressing thermogenic
genes and inducing white-selective genes, resulting in
impaired fatty acid oxidation and thermogenesis [26].
It has been reported that nicotine can enhance PPARYy
expression in adipocytes [2,27]. In our study, nicotine
increased the expression of PPARYy at three different
differentiation stages. Therefore, the different effects
of nicotine on the beige-like phenotype may be caused
by different interactions between PPARy and different
transcription factors. In Group 1, nicotine mainly acted
on preadipocytes. PPARY could promote adipogenesis
in fibroblasts [28]. In preadipocytes, TLE3, as a cofactor
for PPARY, regulated adipocyte formation and dis-
rupted the interaction between PPARy and PRDM16,
which was identified as a key factor in beige adipocytes
[29,30]. Therefore, it was inferred that nicotine at the
early differentiation stage preferred to promote the
formation of the PPARy and TLE3 complex rather than
the PPARy and PRDM16 complex, and inhibited the
beige-like phenotype. In Group 2, nicotine mainly acted
on differentiated adipocytes. In mature adipocytes,
PRDM16 promoted the beige-like phenotype through
increased expression of UCP1 [31]. It was reported
that PPARY interacted with PRDM16 and PGC-1a
and participated in positively regulating the function
of the beige-like phenotype in differentiated 3T3-L1
cells [32]. Therefore, it was inferred that nicotine, acting
on differentiated adipocytes, preferred to promote the
formation of the PPARy and PRDM16 complex rather
than the PPARy and TLE3 complex, further enhancing
the beige-like phenotype. In Group 3, the effects of
nicotine on the whole cell culture process were similar
to those in Group 2 and opposite those in Group 1. It
was speculated that the beige-enhancing effects of the
PPARy and PRDM16 complex at the maintenance stage
were stronger than the damaging effects of the PPARy
and TLE3 complex to beige function at the early dif-
ferentiation stage. The PPARYy activation by nicotine
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can drive both a lipogenic or beige-like transcriptional
program at different differentiation periods, and its
roles are most likely associated with nicotine’s dual
effect on the beige-like phenotype.

CONCLUSION

Exposure of immature adipocytes to nicotine damaged
the beige-like phenotype through decreased PGC-1a
and UCP1 expression levels, but nicotine treatment of
mature adipocytes or both immature and mature cells
enhanced beige-like function through upregulation of
PGC-1a and UCP1. Only a few studies have examined
the toxicology of beige adipocytes. Our study focused
for the first time on the effects of nicotine on the dys-
function of beige adipocytes. The dual effect of nicotine
treatment at different stages in vitro is reported for the
first time. This mechanism may also provide evidence
for the different effects of smoking exposure on adipose
tissue from the perspective of the beige adipocyte.
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