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A B S T R A C T

A dual role of hydrogen sulfide (H2S) in inflammation is well-reported and recent studies demonstrated adi-
pogenic effects of H2S in 3T3-L1 cells. Here, we aimed to investigate the effects of H2S on adipocyte differ-
entiation and inflammation. H2S concentration in 3T3-L1 culture media was increased during adipocyte dif-
ferentiation in parallel to adipogenic and Cth gene expression, and its inhibition using DL-Propargyl Glycine
(PPG) impaired 3T3-L1 differentiation. GYY4137 and Na2S administration only in the first or in the last stage of
adipocyte differentiation resulted in a significant increased expression of adipogenic genes. However, when
GYY4137 or Na2S were administrated during all process no significant effects on adipogenic gene expression
were found, suggesting that excessive H2S administration might exert negative effects on adipogenesis. In fact,
continuous addition of Na2S, which resulted in Na2S excess, inhibited adipogenesis, whereas time-expired Na2S
had no effect. In inflammatory conditions, GYY4137, but not Na2S, administration attenuated the negative
effects of inflammation on adipogenesis and insulin signaling-related gene expression during adipocyte differ-
entiation. In inflamed adipocytes, Na2S administration enhanced the negative effects of inflammatory process.
Altogether these data showed that slow-releasing H2S improved adipocyte differentiation in inflammatory
conditions, and that H2S proadipogenic effects depend on dose, donor and exposure time.

1. Introduction

Hydrogen sulfide (H2S) biosynthesis has been identified in a variety
of mammalian tissues, notably in the brain, heart, and the gastro-
intestinal tract, (Stipanuk, 2004; Yang et al., 2008), with a number of
possible physiologic and pathophysiologic roles and a range of potential
therapeutic uses (Li et al., 2009; Szabó, 2007; Whiteman and Moore,
2009). There is emerging evidence supporting the importance of H2S in
adipocytes, offering new insight into their role in the pathogenesis of
obesity. Recent studies showed a possible role of H2S in adipogenesis,
enhancing PPARγ activity and stability and increasing glucose uptake
and lipid storage (Cai et al., 2016). In fact, the CSE/H2S system has
been demonstrated to promote adipogenesis and fat mass accumulation
in mice (Yang et al., 2018). However, opposite findings have been re-
ported in other in vitro studies (Kim et al., 2012; Lii et al., 2012).

H2S has recently gained significant attention as inflammation

biological mediator. Antiinflammatory effect of H2S has been reported
in acute lung injury (Tokuda et al., 2012; Ang et al., 2011; Chen et al.,
2009), and in kidney injury caused by urinary-derived sepsis (Chen
et al., 2014). In vitro studies confirmed this antiinflammatory role
(Yang et al., 2011) through the modulation of NFκB activity (Du et al.,
2014). Antiinflammatory effect of H2S is supported by the fact that H2S
deficiency contributes to switch of adipose tissue macrophages antiin-
flammatory M2 phenotype to proinflammatory M1 phenotype asso-
ciated with obesity (Velmurugan et al., 2015). However, other studies
reported that H2S has proinflammatory effect in liver and aggravated
LPS-induced liver damage (Yan et al., 2013; Zhang et al., 2007; Collin
et al., 2005; Badiei et al., 2016).

Taking together these results it is evident that H2S is implicated in
the regulation of adipocyte differentiation and inflammation. Here, we
hypothesize that a possible role of H2S in the modulation of adipocyte
inflammation might underlie its adipogenic effects. To test this
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hypothesis, we aimed to investigate the possible role of GYY4137, a
long-acting H2S releasing donor, and sodium sulfide (Na2S), a fast-re-
leasing H2S donor on adipocyte differentiation and inflammation.

2. Materials and methods

2.1. 3T3-L1 cell culture and differentiation

The embryonic fibroblast mouse cell line 3T3-L1 (American Type
Culture Collection) was cultured in DMEM containing 4.5 g/L glucose,
10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin. At 2 days
after confluence, insulin (5 μg/ml), dexamethasone (0.25μM), and iso-
butylmethylxanthine (0.25mM) mixture was added for 2 days, fol-
lowed by 5 days with insulin (5 μg/ml) alone. DL-Propargyl Glycine
(PPG, 0.25 and 1mM) and H2S donors [Na2S (50 μM), GYY4137
(50 μM)] and time-expired Na2S (50 μM) were directly added into the
differentiation or adipocyte maintenance media. For hydrogen sulfide
excess experiments, Na2S and time-expired Na2S were added every 12 h
in first two days of adipocyte differentiation process and then every
24 h from day 2–7. Time-expired Na2S, which was administrated to
control the effects of sodium and oxidized sulfur species accumulation
in the medium, was obtained as previously described by Tsai et al.
(2015). Briefly, time-expired Na2S was prepared in Dulbecco's phos-
phate buffered saline (pH=7.4) (D-PBS, Sigma Chemical) at room
temperature, and was obtained leaving Na2S (50 μM) solution in an
opened falcon 50mL centrifuge tube in aseptic conditions during
∼30 h.

Cells were then considered mature adipocytes, harvested, and
stored at −80 °C for RNA extraction to study adipogenic and H2S bio-
synthesis-related gene expression levels during 3T3-L1 differentiation.

Inflammatory conditions during 3T3-L1 differentiation and in ma-
ture adipocytes were induced by macrophage-conditioned media
(MCM, 2%) and lipopolysaccharide (1 μg/ml) administration. During
3T3-L1 differentiation, MCM (2%) and LPS (1 μg/ml) was added in two
steps of the differentiation process. To obtain inflamed adipocytes,
MCM (2%) and LPS (1 μg/ml) administration during 24 h on fully 3T3-
L1 differentiated adipocytes was performed.

Macrophage-conditioned medium was obtained as previously de-
scribed (Moreno-Navarrete et al., 2009). Briefly, the human monocyte
cell line THP-1 (American Type Culture Collection, Barcelona, Spain)
was cultured in Rosswell Park Memmorial Institute (RPMI media 1640;
Cat. No. 21870–076) 1640 medium containing 10% fetal bovine serum,
5mM glucose, 2 mM L-glutamine, 50 μg/ml gentamicine and 20mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at 37 °C in a
humidified 5%CO2 per 95 °C air atmosphere. The mature macrophage-
like state was induced by treating THP-1 cells (1,2× 106 cells) with
0.162 μM phorbol 12-myristate 13-acetate (PMA) (Sigma Chemical,
Madrid, Spain) in 6-well culture dishes for 24 h. Differentiated, plastic-
adherent cells were washed with cold Dulbecco's phosphate buffered
saline (D-PBS, Sigma Chemical) and then incubated with fresh medium
without phorbol 12-myristate 13-acetate during additional 24 h. The
supernatants (macrophage-conditioned media (MCM)) were collected,
centrifuged at 900 g for 5min, aliquoted and stored at −80 °C until
testing.

All in vitro experiments were performed in four independent re-
plicates.

2.2. Quantification of H2S media concentration

H2S concentration in cultured media was assessed using a naph-
thalimide-based fluorescent sensor 6-Azido-2-(2-(2-(2-hydroxyethoxy)
ethoxy)ethyl)-1H-benzo[de]isoquinoline-1,3 (2H)-dione(L1), as de-
scribed previously (Choi et al., 2016). To measure H2S production, 3T3-
L1 cells were incubated 24 h in DMEM media containing 10% (vol/vol)
FBS and 5 μM of L1 probe, during different days of differentiation (0, 2
and 7). After incubation, media were transferred to new eppendorf

tubes to be homogenized. To measure H2S levels, a standard curve was
generated from a 10mM stock solution of sodium sulfide (Na2S) in
DMEM containing 10% (vol/vol) and 5 μM of L1 at various con-
centrations (0, 7.8, 15.6, 31.25, 62.5, 125, 250 and 500 μM Na2S).
Before reading standard curve was incubated during 90min at 37 °C.
After incubation, fluorescence was read in a BiotekCytation 5 reader at
λ ex= 435±10 nm and λ em=550±10 nm in duplicate.

2.3. RNA expression

RNA purification and gene expression procedures and analyses were
performed as previously described (Moreno-Navarrete et al., 2014).
Briefly, RNA purification was performed using an RNeasy Lipid Tissue
Mini kit (QIAgen, Izasa S.A., Barcelona, Spain), and the integrity was
checked by Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA).
Gene expression was assessed by real time PCR using a LightCycler 480
Real-Time PCR System (Roche Diagnostics, Barcelona, Spain), using
TaqMan technology suitable for relative genetic expression quantifica-
tion. The RT-PCR reaction was performed in a final volume of 12 μl. The
cycle program consisted of an initial denaturing of 10min at 95 °C then
40 cycles of 15 s denaturizing phase at 95 °C and 1min annealing and
extension phase at 60 °C. A threshold cycle (Ct value) was obtained for
each amplification curve and then a ΔΔCt value was calculated as fol-
lows: (Ct, target gene - Ct, endogenous control) treatment - (Ct, target
gene - Ct, endogenous control) control or vehicle. Eukaryotic 18S rRNA
was used as endogenous control. Fold changes compared with the en-
dogenous control were then determined by calculating 2−ΔΔCt, so that
gene expression results are expressed as expression ratio relative to 18S
gene expression according to the manufacturer's guidelines. The fol-
lowing primer/probe sets were used: Adiponectin (Adipoq,
Mm00456425_m1), peroxisome proliferator-activated receptor gamma
(Pparg, Mm0000440940_m1), glucose transporter type 4 (Slc2a4,
Mm00436615_m1), perlipin 1 (Plin1, Mm00558672_m1), CCAAT/en-
hancer-binding protein alpha (Cebpa, Mm00514283_s1), fatty acid
synthase (Fasn, Mm00662319_m1), interleukin 6 (Il6,
Mm00446190_m1), fatty acid binding protein 4 (Fabp4,
Mm00445880_m1), tumor necrosis factor alpha (Tnf,
Mm99999068_m1), diacylglycerol O-acyltransferase 1 (Dgat1,
Mm00515643_m1), patatin Like Phospholipase Domain Containing 2
(Pnpla2, Mm00503040_m1), lipase E (Lipe, Mm00495359_m1), cy-
stathionine gamma-lyase (Cth, Mm00461247) and cystathionine beta-
synthase (Cbs, Mm00460654_m1).

2.4. Oil Red O staining

Intracellular lipid accumulation was assessed by Oil Red O staining.
Cells were washed twice with PBS, fixed in 4% formaldehyde for 1 h,
and stained for 30min with 0.2% Oil Red O solution in 60% iso-
propanol. Cells were then washed several times with water, and excess
water was evaporated by placing the stained cultures at 32 °C. Oil-red
staining was quantified, as previously described (Lee et al., 2018) with
Fiji software (Schindelin et al., 2012). The area occupied by lipid dro-
plets stained by Oil Red O was selected and quantified using color
threshold plugin (Hue: exclusion criteria 41–211) to identify red color
regions. Then, Oil Red O staining was represented as % of selected
stained area in comparison with image total area.

2.5. Statistical analysis

Statistical analyses were performed using SPSS statistical software
(SPSS v21.0; IBM, Chicago, IL, USA). The non-parametric
Mann–Whitney test was used. Levels of statistical significance were set
at p < 0.05.
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3. Results

3.1. H2S production during adipogenesis

Given the marked effects of hydrogen sulfide on adipocytes differ-
entiation, we decided to explore H2S synthesis in 3T3-L1 during adi-
pogenesis. First, cell culture media from day 0, 2 or 7 plus L1 probe
(5 μM) were incubated for 1 h, but H2S levels was undetectable at any
day. Then, to increase the performance and taking advantage of solu-
bility and non-toxicity of L1 probe, 3T3-L1 cells were incubated with L1
probe (5 μM) for 2, 5, 7.5 and 24 h. A significant and cumulative in-
crease in H2S concentration was found, achieving the maximum levels
at 24 h (Fig. 1A). Interestingly, 24 h H2S (μM) accumulation in media
increased significantly from day 0 to day 2 and from day 2 to day 7,
confirming that H2S is generated during adipogenesis (Fig. 1B). The
maximum levels of H2S accumulation in the media were associated with
the higher adipogenic gene expression (Fig. 1C and D). Then, expres-
sion of H2S-generating genes Cth (also named CSE) and Cbs were
analysed. Cth was highly expressed compared to Cbs gene
[0.0034962 ± 0.0001561 (Ct value 25.49 ± 0.21) vs
0.0000055 ± 0.0000005 (Ct value 34.81 ± 0.36) RU, p < 0.0001],
supporting Cth as the main source of adipogenesis-associated H2S bio-
synthesis (Yang et al., 2018). In fact, Cth gene expression was increased
in the first stage of adipocyte differentiation process (from day 0–2),
and then these levels were maintained until the end of the process (day
7) (Fig. 1E), whereas Cbs mRNA decreased at day 2, and recovered at
day 7 (Fig. 1F).

3.2. Effects of PPG in 3T3-L1 during adipogenesis

We decided to study the effect of CTH inhibitor (PPG, 0.25 and
1mM) on adipogenic related gene expression, as a way to identify the
effect of decreased H2S synthesis during adipogenesis. During adipo-
genesis, 0.25 and 1mM PPG administration during adipogenesis led to
decreased adipogenic (Pparg, Adipoq, Glut4, Plin1 and Cebpa), lipogenic
(Fasn and Dgat1) and lipolytic (Pnpla2 and Lipe) gene expression at dose
dependent-manner, and increased expression of inflammatory related
gene Il6 (Fig. 2A). As shown by Red Oil O staining, PPG (1mM)
treatment significantly decreased adipogenesis and adipocytes lipid
accumulation in concordance with gene expression results (Fig. 2B).
Even though, no significant effects of PPG on hydrogen sulfide synthesis

related genes (Cth and Cbs) were observed (Fig. 1B), PPG administra-
tion led to decreased H2S accumulation at day 7 (Fig. 2C).

These findings reveal that certain levels of hydrogen sulfide are
necessary for adipocyte differentiation.

3.3. Effects of Na2S and GYY4137 in 3T3-L1 during adipogenesis

Treatment with GYY4137 and Na2S during all the differentiation
process of 3T3-L1 (Day 0–7) had no significant effects (Fig. 3A). At day
7, increased H2S accumulation in Na2S, but not GYY4137, was observed
(Fig. 3B). Interestingly, administration of GYY4137 and Na2S in the first
stage (Day 0–2) and late stage (Day 2–7) of adipocyte differentiation
resulted in a significant increase of adipogenic (Adipoq, Pparg, Glut4 and
Fabp4) and lipogenic (Fasn) genes (Fig. 3C and D).

3.4. Effects of Na2S excess and time-expired Na2S in 3T3-L1 during
adipogenesis

First, to evaluate the stability and the effects of one single dose of
Na2S (50 μM) on H2S levels, the loss of H2S concentration in phosphate-
buffered saline (PBS) was measured in cell culture conditions (without
cells) during 4 days at several points (0, 24, 48, 72 and 96 h, Fig. 4A).
This experiment showed a 60% reduction of H2S levels at 24 h. This
information led to estimate excess H2S levels in daily Na2S adminis-
tration experiment, suggesting the following concentrations: ∼35 μMat
12 h, ∼59.6 μMat 24 h, ∼76.6 μMat 36 h, ∼88.6 μMat 48 h,
∼55.4 μMat 72 h, ∼42.2 μMat 96 h, ∼36.9 μMat 120 h, ∼34.7 μMat
144 h and ∼33.9 μMat 168 h.

Next, the effect of H2S excess on adipogenesis was assessed.
Continuous addition of Na2S (50 μM) or time-expired Na2S adminis-
tration during adipocyte differentiation process were performed as
detailed in methods. Time-expired Na2S had undetectable H2S levels.
Na2S excess led to decreased adipogenic (Pparg, Adipoq, Glut4 and
Fapb4), lipogenic (Fasn) and lipolytic (Pnpla2 and Lipe) gene expression,
and tend to increase expression of Il6 (Fig. 4B). Red Oil O staining
confirmed that Na2S daily administration inhibited adipogenesis
(Fig. 4C). In contrast, time-expired Na2S had no significant effects in the
expression of adipogenic and lipogenic genes, whilst significant de-
creased lipolytic (Pnpla2) and inflammatory (Il6) gene expression was
reported (Fig. 4B).

Fig. 1. A) Effects of L1 incubation (for 2, 5, 7.5
and 24 h) in 3T3-L1 cells (day 3 of adipocyte
differentiation) on 3T3-L1-conditioned media
H2S concentration measurement. ***p < 0.001
compared to 2 h. B–F) H2S levels (B), Adipoq
(C), Plin1 (D), Cth (E) and Cbs (F) gene ex-
pression at days 0, 2 and 7 during adipocyte
differentiation. *p < 0.05 compared with day
0 and †p < 0.05 compared with day 2.
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3.5. Effects of Na2S and GYY4137 in 3T3-L1 during adipocyte
differentiation in inflammatory conditions

Inflammatory conditions (Diff + MCM) resulted in decreased adi-
pogenesis (Adipoq and Fasn) and insulin action (Glut4)-related gene

expression and increased expression of Il6 gene (Fig. 5A). GYY4137, but
not Na2S, administration attenuated the negative effects of inflamma-
tion on Adipoq, Fasn and Glut4 gene expression, but not Il6, during
adipocyte differentiation (Fig. 5A).

Fig. 2. A-C) Effects of PPG (0,25 and 1mM) administration during 3T3-L1 differentiation on adipogenic, lipogenic, lipolytic, inflammatory and hydrogen sulfide
synthesis gene expression (A), intracellular lipid accumulation using Red Oil staining (B) and H2S levels at day 7 (C). Control differentiated (black bars), 0.25 mM
PPG (grey bars) and 1 mM PPG (white bars). *p < 0.05 and **p < 0.01 compared with control differentiated. These data are expressed as mean ± SEM. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. A-B) Effects of GYY4137 (50 μM) and Na2S (50 μM) treatments on expression of adipogenic and lipogenic related genes (A) and H2S levels (B) at day 7,
administrating hydrogen sulfide donors from day 0–7 during 3T3-L1 adipogenesis. C-D) Effects of GYY4137 (50 μM) and Na2S (50 μM) treatments on expression of
adipogenic and lipogenic related genes at day 7, administrating hydrogen sulfide donors only from day 0–2 (C) or from day 2–7 (D). Control differentiated (black
bars), GYY4137 (grey bars) and Na2S (white bars). *p < 0.05 and **p<0.01 compared with control differentiated. These data are expressed as mean ± SEM.
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3.6. Effects of Na2S and GYY4137 in fully differentiated 3T3-L1 adipocytes
in inflammatory conditions

Treatment of inflamed adipocytes with Na2S led to decreased adi-
pogenic gene expression (Adipoq, Pparg and Fabp4) and insulin action
(Glut4) related gene expression and increases inflammatory gene ex-
pression (Il6), whereas GYY4137 treatment only increases significantly
Pparg, tend to decrease the expression of Il6, and had no significant
effect in the expression of the other adipogenic-related genes studied
(Fig. 5B).

4. Discussion

To best of our knowledge this is the first study exploring the role of
H2S in 3T3-L1 preadipocytes during differentiation and in mature adi-
pocytes in inflammatory conditions using different H2S donors.
Specifically, H2S biosynthesis was increased during adipocyte differ-
entiation, and H2S donor (GYY4137 and Na2S) administration at dif-
ferent stages of adipocyte differentiation process resulted in enhanced
adipogenesis, whereas treatments with a specific inhibitor of en-
dogenous H2S biosynthesis (PPG) impaired adipogenesis and increased
inflammation. Even though, several studies reported H2S concentration
in human serum in a range of 10–200 μM (Karunya et al., 2019; Chen
et al., 2005; Li et al., 2005; Peng et al., 2011) or higher (Hamidi
Shishavan et al., 2017), other studies (Whitfield et al., 2008; Furne
et al., 2008; Olson, 2009; Shen et al., 2012) argue reduced H2S levels in
serum using sound arguments. In current study, to evaluate H2S bio-
synthesis at different stage of adipocyte differentiation (day 0, 2 and 7),
the 24 h cumulative H2S concentration were measured, indicating cell
capacity for H2S production, but not its physiological levels. In line with
these studies (Whitfield et al., 2008; Furne et al., 2008; Olson, 2009;
Shen et al., 2012), when adipocyte conditioned medium with L1 probe
was incubated for 1 h, H2S concentration (physiological levels) were
undetectable.

In addition, GYY4137 administration attenuated the negative effects
of inflammation during adipogenesis (Constant et al., 2008; Yarmo
et al., 2010), whereas Na2S aggravates the negative effects of in-
flammation on mature inflamed adipocytes.

These adipogenic and antiinflammatory activities of GYY4137
might be explained through the sulfhydration of PPARγ and NFκB cy-
steine residues (Cai et al., 2016; Du et al., 2014). Sulfhydrated PPARγ
increased its nuclear accumulation, DNA binding activity and adipo-
genesis gene expression, thereby increasing glucose uptake and lipid
storage (Cai et al., 2016), whereas sulfhydrated p65 subunit of NF-κB at
cysteine-38 inhibited macrophage inflammation by suppressing NFκB
pathway activation (Du et al., 2014). Supporting current data, Na2S and
GYY4137 administration was found to be associated positively with
adipogenic and lipogenic gene expression in 3T3-L1 cells, whereas
ZYJ1122 (a structural analogue of GYY4137 lacking sulfur) had not any
effects in these gene expression (Tsai et al., 2015). Furthermore, Lee
and colleagues demonstrated that hydrogen sulfide donor, diallyl dis-
ulfide, promotes adipogenesis in 3T3-L1 cells (Lee et al., 2007). On the
other hand, other studies reported antiadipogenic effect of hydrogen
sulfide donors derived from garlic (Kim et al., 2012; Lii et al., 2012). Of
note, daily administration of Na2S during 3T3-L1 differentiation in-
hibited adipogenesis, suggesting that H2S excess suppressed adipogenic
differentiation. No significant effects of time-expired Na2S on adipo-
genic markers were found, indicating that H2S from donors was the
responsible of adipogenic effect. Donors used in current study released
H2S at different rates, Na2S is a fast-releasing H2S donor and GYY4137
is a slow-releasing H2S donor, producing in consequence different
concentrations of the H2S at several times (Whiteman et al., 2010).
These differences in H2S availability and concentration could explain
why GYY4137 was more effective than Na2S in promoting adipocyte
differentiation and attenuating the negative effects of inflammation on
adipogenesis.

Inflammation in adipocytes is known to decrease adipogenesis in
parallel to increased insulin resistance (Gustafson and Smith, 2006), so

Fig. 4. A) Effects of one single dose of Na2S (50 μM diluted in PBS) on H2S levels in cell culture conditions (without cells) at several points (0, 24, 48, 72 and 96 h).
B–C) Effects of Na2S and time-expired Na2S excess administration on expression of adipogenic, lipogenic and lipolytic related genes during 3T3-L1 adipogenesis (B),
and intracellular lipid accumulation using Oil red staining (C). Control differentiated (black bars), Na2S excess (grey bars) and time-expired Na2S excess (white bars).
*p < 0.05 compared with control differentiated. These data are expressed as mean ± SEM. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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novel therapeutic strategies targeting adipose tissue to mitigate in-
flammation are emerging (Kusminski et al., 2016). Current findings
reveal that GYY4137 may represent an innovative therapeutic tool
against obesity-related adipose tissue inflammation.

It is well known that GYY4137 release is slower than Na2S (Powell
et al., 2018; Rose et al., 2015). A previous study demonstrated that the
rate of H2S release from GYY4137 (1mM, pH 7.4, 37 °C) was
4.17 ± 0.5 nmol/25min (Li et al., 2008). In agreement with these
studies, GYY4137 (50 μM) administration did not result in a significant
increase in H2S levels in adipocyte conditioned media.

In conclusion, altogether these data demonstrated that H2S in adi-
pocytes plays a pivotal role regulating adipogenesis under normal and
pro-inflammatory conditions. Interactions between adipocytes and H2S
may represent a novel target for restoring adipocytes physiologic
function.
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