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Impact statement

The hyperhomocysteinemia (HHcy) was
associated with many metabolic abnor-
malities, including atherosclerosis and
alcoholic liver disease. We previously
reported that homocysteine (Hcy) sup-
pressed lipolytic response in adipocytes/
adipose tissue. However, the underlying
mechanism was still elusive. In the current
study, we uncovered that Hcy was a potent
activator of nuclear factor erythroid 2-
related factor 2 (Nrf2), an antioxidant tran-
scriptional factor, and Hcy-triggered Nrf2
activation played a critical role in mediating
Hcy-inhibited lipolytic suppression in adi-
pocyte. The specific role of Nrf2 in
hyperhomocysteinemia-related dysfunc-
tion of lipid metabolism provided a new
molecular candidate for the application of
the diagnosis and the therapy to these
diseases mentioned above.

Abstract

Hyperhomocysteinemia (HHcy) is associated with suppressed lipolytic response in adipo-
cytes/adipose tissue, however, the underlying mechanism remains to be extensively
studied. Nuclear factor erythroid 2-related factor 2 (Nrf2), a master transcriptional factor
regulating antioxidant generation, has been recently reported to mediate lipid metabolism.
Employing both fully differentiated 3T3-L1 adipocytes and male C57BL/6 mice, in the pre-
sent study, we investigated the potential involvement of Nrf2 activation in HHcy-mediated
lipolytic suppression. Our results showed that homocysteine (Hcy) treatment resulted in
suppressed lipolysis, evidenced by increased intracellular triglyceride (TG) accumulation,
decreased glycerol and free fatty acid (FFA) in fully differentiated 3T3-L1 adipocytes.
Interestingly, Hcy exposure was associated with Nrf2 activation in adipocytes. Further
studies showed that Nrf2 knockdown via siRNA transfection ameliorated Hcy-induced
glycerol release in adipocytes. On the contrary, Nrf2 activators, epigallocatechin gallate
(EGCG) and tert-butylhydroquinone (t-BHQ), increased intracellular TG content and
decreased glycerol release in adipocytes. Importantly, our in vitro observations were cor-
roborated by our in vivo findings, in which Hcy feeding (0.1% wt/vol) for four weeks induced

Nrf2 expression in adipose tissue and lowered circulating FFA and glycerol levels in mice. Furthermore, EGCG injection (5 mg/kg/
d) decreased circulating glycerol levels in comparison to the control group in mice. In conclusion, these results indicated that Nrf2
activation in response to HHcy plays an important role in mediating Hcy-suppressed lipolysis in adipocytes.
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Introduction

indicated that the metabolic imbalance of homocysteine

Hyperhomocysteinemia (HHcy) was associated with many
metabolic disorders, including atherosclerosis, hyperten-
sion, diabetes, alcoholic liver disease and neurodegenera-
tive disease and had been considered as an independent
risk factor for cardiovascular disease.'™ Available evidence

ISSN 1535-3702
Copyright © 2018 by the Society for Experimental Biology and Medicine

(Hcy) was associated with adipose tissue dysfunction. A
higher plasma Hcy level was detected in type 2 diabetics
than that in healthy subjects, and among type 2 diabetes
patients, the morbidity of HHcy in the obese patients were
higher than those of the non-obese.* Meanwhile, Hcy
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inhibited the uptake of glucose into adipocytes by provok-
ing endoplasmic reticulum (ER) stress and inflammation.”
The presence of HHcy in Japanese patients with type 2 dia-
betes mellitus-associated insulin resistance was correlative
with increased visceral adiposity.® Although the detrimen-
tal impact of HHcy on adipose tissue function had been
well-documented, the exact cellular/ molecular mechanism
behind remained elusive. Adipose tissue functioned as the
main body of energy reserve in mammals. During fed-state,
adipose tissue stored excess energy as free fatty acid (FFA)
incorporates into triglycerides (TG) in a process known as
lipogenesis.” In contrast, during fasting state, adipose tissue
released fatty acids to provide energy resource to maintain
whole-body energy homeostasis via lipolysis, a process
defined as the enzymatic cleavage of fatty acids from
TG.® Changes in lipolysis was a contributing factor to sev-
eral metabolic disease including type 2 diabetes.” Our
previous study provided initial evidence supporting that
Hcy conferred an inhibitory effect on lipolysis, potentially
via activating AMP-activated protein kinase (AMPK) and
subsequent hormone-sensitive lipase (HSL) Ser565 phos-
phorylation, leading to its inhibition.'?

Oxidative stress was closely related to energy metabo-
lism and a fundamental factor affecting the incidence of
obesi’cy.13'16 CDDO-Im, a potent activator of nuclear factor
erythroid 2-related factor 2 (Nrf2) signaling both in vitro
and in vivo, inhibited body weight, adipose mass, and
hepatic lipid accumulation."” Nrf2 was an obligatory tran-
scription factor activated in response to oxidative stress and
therefore was focused by many scientific groups in the
research realm of metabolic diseases.'®'? It regulated the
expression of antioxidant enzymes, such as NAD(P)H qui-
none oxidoreductase 1 (NQO1) and 7y-glutamatecysteine
ligase catalytic subunit (Gclc).”” Under normal conditions,
Nrf2 was kept in the cytoplasm by kelch-like ECH-
associated protein 1 (Keapl). Perplexingly, both Nrf2
knockout mice and Keap1 knockout (constitutive Nrf2 acti-
vation) mice led to weight loss.”'** Oxidative stress was
one of HHcy-related pathological alterations in metabolic
diseases.”® We previously reported that Hcy promoted
the expression and activation of Nrf2 in liver.”” However,
the direct effect of Hcy on Nrf2 activation in adipocytes and
its potential contribution to Hcy-triggered adipose tissue
dysfunction received very little investigative attention.
Therefore, the aim of this study was to study the effect of
antioxidant transcriptional factor Nrf2 on Hcy-inhibited
lipolysis and the underlying mechanism in fully differenti-
ated 3T3-L1 adipocytes and adipose tissue.

Materials and methods

Cell culture and differentiation of 3T3-L1 preadipocytes

Mouse 3T3-L1 preadipocytes were purchased from
American Type Culture Collection (Manassas, VA, USA)
and grown in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS) at 37°C
in a 5% CO, atmosphere until confluence and induced to
differentiate. For differentiation, 3T3-L1 preadipocytes
were exposed to differentiation medium containing 0.5

Li et al. Nrf2 mediates homocysteine-inhibited lipolysis

mmol/ L isobutylmethylxanthine, 1 umol/L dexamethasone,
10pug/mL insulin (Beyotime Biotechnology, Shanghai,
China), and 10% FBS for three days. Cells were then trans-
ferred to DMEM with 10 ug/mL insulin and 10% FBS and
refed every two days. Maturation of adipocytes was con-
firmed by Oil Red O staining of lipid droplets on day 11.

Oil Red O staining and quantification of lipid droplet
in fully differentiated 3T3-L1 adipocytes

Lipid droplets in fully differentiated 3T3-L1 adipocytes were
stained with Oil Red O. Cells were fixed with
4% paraformaldehyde and incubated with 60% filtered Oil
Red O (Sigma, St. Louis, MO, USA) for 20 min. Cells
were then washed twice with 60% isopropanol to remove
excess dye and photographed under microscopy. To quanti-
fy intracellular lipid accumulation, stained lipid droplets
were dissolved with a solution of 4% NP40 in isopropanol.
Optical density was measured at 515 nm by
spectrophotometer.

Glycerol and FFA assay

The content of FFA and glycerol in the plasma of mice or in
the culture medium of adipocytes served as an index of
lipolysis. We used the commercial enzyme-linked immuno-
sorbent assay kit (ELISA) (Shang Hai Mei Lian, Shanghai,
China) to measure the level of FFA or glycerol. The plasma
or medium was incubated with relative working liquid,
and the reaction was developed at 37°C. The absorbance
was detected by SpectraMAX 190 instrument at the wave-
length of 450 nm.

Western blotting analysis

The fully differentiated 3T3-L1 adipocytes or adipose tissue
were lyzed in RIPA buffer (Beyotime Biotechnology) and
supplemented with Protease and phosphatase inhibitor
cocktail (Beyotime Biotechnology) for 10 min. Protein con-
centration was quantified using Enhanced BCA Protein
Assay Kit (Beyotime Biotechnology). And isolated protein
samples were separated by SDS-polyacrylamide gel elec-
trophoresis and transferred to nitrocellulose transfer mem-
brane. And the membranes were respectively incubated
with anti-Nrf2 antibody (Abcam, Cambridge, UK), anti-
HSL antibody or anti-phospho-HSL antibody (Cell
Signaling Technology, Danvers, MA) overnight at 4°C fol-
lowed by Horseradish peroxidase-conjugated secondary
antibodies (ZSGB-BIO, Beijing, China) and enhanced
chemiluminescence substrate kit (HaiGene, Harbin,
Heilongjiang, China) were used in the detection of specific
proteins.

Quantitative real-time RT-PCR

Total RNA was extracted from either the fully differentiated
3T3-L1 adipocytes or the adipose tissue by using TRIzol
Reagent (HaiGene). A 2 pg RNA was converted to cDNAs
using Golden 1st cDNA Synthesis Kit (HaiGene). The
cDNA was amplified with a SYBR Green PCR Master Mix
(Roche Diagnostics, Mannheim, Germany) on an ABI 7300
Sequence Detection System. Relative gene expression was
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calculated using the 2-*4" method according to 18S as the
internal control.

Animals and treatments

Male C57BL/6 mice (8 wk old) weighing 22+0.5 g were
obtained from the Harbin Medical University Experimental
Animal Center. All studies were approved by the animal
Ethical Committee of Harbin Medical University, Daqing,
China. Ten mice were divided into two groups: control diet
(Con), and control diet supplemented with Hey (Hcy). Hey
was supplemented in the drinking water for four weeks ata
concentration of 0.1% (wt/vol) (Sigma). Another 10 mice
were also divided into two groups: control group (Con) and
EGCG injection group (EGCG). Mice were treated with
either EGCG (5 mg/kg/d) (Sigma) or saline for two
weeks via intraperitoneal injection. At the end of the
experiment, the mice were euthanized, and the plasma
and adipose tissue were harvested for assays.

Statistical analysis

All data were expressed as means = SEM. Statistical analy-
sis was performed by GraphPad Prism Software version 5
(GraphPad Software, La Jolla, CA) and statistical differen-
ces between experimental groups were assessed by using
unpaired t-test followed by one-way ANOVA. P < 0.05 was
considered significant.
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Result

Hcy increased intracellular TG content and inhibited
lipolysis in fully differentiated 3T3-L1 adipocytes

To examine the anti-lipolytic effect of Hcy, intracellular TG
content in 3T3-L1 adipocytes were measured by histologi-
cal examination (Oil Red O staining) (Figure 1(a)) and bio-
chemical assay. Compared with the control group,
inclusion of Hcy (100 or 500 pmol/L) in the culture
medium for eight days promoted intracellular TG accumu-
lation in a dose-dependent manner (Figure 1(b)). To deter-
mine the effect of Hcy on the lipolysis, the fully
differentiated 3T3-L1 adipocytes were treated with Hcy
(100 or 500 umol/L) for 24 h, and the levels of glycerol
and FFA in the culture medium were measured. As
shown in Figure 1(c) and (d), Hcy treatment decreased
the release of glycerol and FFA in a dose-dependent
manner in fully differentiated 3T3-L1 adipocytes.

Hcy promoted the activation of Nrf2 in fully
differentiated 3T3-L1 adipocytes

The fully differentiated 3T3-L1 adipocytes were treated
with Hey (100 umol/L) for 24h and the expression of
Nrf2 was determined by both real time RT-PCR and
Western blotting analysis. In comparison to the control
group, Hcy exposure increased the gene expression and
protein abundance of Nrf2 in fully differentiated 3T3-L1
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Figure 1. Homocysteine (Hcy) increases fat accumulation and inhibits lipolysis in fully differentiated 3T3-L1 adipocytes. (a) After incubation with Hcy (100 or 500 pmol/L)
for eight days (from days 3 to 11), differentiated 3T3-L1 adipocytes were fixed for Oil Red O staining. (b) Total lipid was isolated for intracellular triglyceride (TG) deter-
mination. (c and d) Fully differentiated 3T3-L1 adipocytes were treated with Hcy (100 or 500 umol/L) for 24 h. (c) Measurement of glycerol. (d) FFA assay. Data are means
+SEM (n > 3). *P < 0.05 compared with control. Con: control; Hcy: homocysteine. (A color version of this figure is available in the online journal.)
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Figure 2. Hcy elevates the Nrf2 activity in fully differentiated 3T3-L1 adipocytes. Fully differentiated 3T3-L1 adipocytes were treated with Hcy (100 pmol/L) for 24 h.
(@) The protein expression of Nrf2 was increased. (b) The mRNA expression of Nrf2 was increased. (c and d) The mRNA level of NQO1 and Gclc was also increased.
Data are means + SEM (n > 3). *P < 0.05 compared with control. Con: control; Hcy: homocysteine.

adipocytes (Figure 2(a) and (b)). To determine the role of
Hcy exposure in Nrf2 activation, the gene expressions of
NQOT1 and Gclc, the downstream target genes of Nrf2 acti-
vation, were examined by real time RT-PCR. As shown in
Figure 2(c) and (d), the gene expression of both NQO1 and
Gcle were significantly elevated by Hcy exposure in fully
differentiated 3T3-L1 adipocytes.

Nrf2 activation contributed to Hcy-mediated inhibition
of glycerol release in fully differentiated 3T3-L1
adipocytes

To verify the relevance between Nrf2 activation and Hcy-
inhibited lipolytic reaction, the fully differentiated 3T3-L1
adipocytes were transfected with either NC siRNA or
Nrf2 siRNA for 4 h, followed by treatment with Hcy
(100 pmol/L) for 4 h. Firstly, in comparison to the NC
group, Nrf2 siRNA treatment remarkably decreased the
gene expression of Nrf2 (Figure 3(a)). And Hcy treatment
elevated the gene expression and protein abundance of
Nrf2 compared with the NC group in fully differentiated
3T3-L1 adipocytes (Figure 3(b), (c) and (d)). In comparison
to the NC group, siRNA knockdown of Nrf2 lowered intra-
cellular TG level (Figure 3(e)). Importantly, Hcy treatment
decreased glycerol release from the adipocytes in compar-
ison to the NC group. However, after Nrf2 siRNA transfec-
tion, the glycerol release of adipocytes altered little between
Nrf2 siRNA+Hcy group and Nrf2 siRNA group, and Nrf2

knockdown ameliorated Hcy-suppressed glycerol release
in adipocytes (Figure 3(f)). To further explore whether
Nrf2 activation is involved in Hcy-mediated lipolytic sup-
pression, the fully differentiated 3T3-L1 adipocytes were
treated with Nrf2 activator EGCG (100 umol/L) or t-BHQ
(50 umol/L) for 24 h. And the protein levels of Nrf2
were increased by the two Nrf2 activators in adipocytes
(Figure 3(g) and (h)). As shown in Figure 3(i)-(1), Nrf2 acti-
vation is associated with increased intracellular TG accu-
mulation and decreased glycerol release in adipocytes in
both EGCG and t-BHQ group compared with the con-
trol group.

Nrf2 mediated Hcy-inhibited glycerol release in adipose
tissue in mice

Male C57BL/6 mice were fed with Hey (0.1%, wt/vol) for
four weeks. The gene expression and protein abundance of
Nrf2 in epididymal fat pads was determined by Western
blotting and real time RT-PCR. As shown in Figure 4(a)-(c),
chronic Hey feeding elevated the gene expression and pro-
tein abundance of Nrf2 in adipose tissue in mice.
Furthermore, the levels of glycerol and FFA in plasma
were examined by biochemical assay kit and the result
showed that Hcy supplementation significantly lowered
the levels of glycerol and FFA in plasma compared with
the control group (Figure 4(d) and (e)). In another experi-
ment, male C57BL/6 mice were intraperitoneally injected
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Figure 3. Nrf2 mediates Hcy-inhibited glycerol release in fully differentiated 3T3-L1 adipocytes. (a) Fully differentiated 3T3-L1 adipocytes were transfected with Nrf2
siRNA. Fully differentiated 3T3-L1 adipocytes were transfected with siRNA for Nrf2 and treated with 100 umol/L Hcy. (b, ¢ and d) Transfection of siRNA for Nrf2 into
3T3-L1 adipocytes decreased the protein and mMRNA expression levels of Nrf2. (e and f) The cells and medium were harvested for TG and glycerol assays. (g and h)
Cells were incubated with EGCG (100 pmol/L) or t-BHQ (50 pmol/L) for 24 h, the expression level of Nrf2 protein was increased. (i and j) The levels of TG. (k and I)
Measurement of glycerol assay. Data are means + SEM (n > 3). *P < 0.05 compared with NC or control. NC: non-targeted control siRNA; Hcy: homocysteine; EGCG:

epigallocatechin gallate; t-BHQ: tert-butylhydroquinone.

with saline (control group) or EGCG (5 mg/kg/d) for two
weeks. Nrf2 activator EGCG injection led to a decrease in
the level of glycerol in plasma compared with the control
group (Figure 4(f)).

Nrf2 mediated Hcy-induced HSL Ser565 phosphoryla-
tion in fully differentiated 3T3-L1 adipocytes

HSL, the rate-limiting enzyme in lipolysis, catalyzes the
lipolytic reaction of TG in adipocyte. The phosphorylation

level of HSL Ser565 is an inhibitive indication of HSL activ-
ity. The anti-phospho-HSL S565 antibody was applied
to demonstrate the specific role of Nrf2 in Hcy-inhibited
lipolysis in fully differentiated 3T3-L1 adipocytes.
The quantification of the phosphorylation level of HSL
Ser565 was normalized by the protein level of HSL. As
shown in Figure 5(a), Hcy significantly increased HSL
phosphorylation at Ser565 in adipocytes. Nrf2 siRNA treat-
ment decreased the phosphorylation level of HSL at Ser565
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Figure 4. Nrf2 activation decreases plasma glycerol in mice. Male C57BL/6 mice were fed with Hey (0.1%, wt/vol) for four weeks. (a, b and c) Hey supplementation
increased the level of Nrf2 protein and mMRNA expression in mice adipose tissue. (d and e) The level of plasma glycerol and FFA. (f) EGCG (5 mg/kg/d) injection
decreased plasma glycerol levels. Data are means + SEM (n > 3). “P < 0.05 compared with control. Con: control; Hcy: homocysteine; EGCG: epigallocatechin gallate.
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Figure 5. Nrf2 mediates Hcy-induced HSL Ser565 phosphorylation in fully differentiated 3T3-L1 adipocytes. The quantification of the phosphorylation level of HSL
Ser565 was normalized by HSL protein expression. (a) Fully differentiated 3T3-L1 adipocytes were incubated with Hcy (100 pumol/L) for 24 h. Total protein was isolated
and subjected to Western blotting for evaluation of activation of HSL. (b) Fully differentiated 3T3-L1 adipocytes were transfected with Nrf2 siRNA and treated with 100
pmol/L Hey. Transfection of siRNA for Nrf2 into 3T3-L1 adipocytes decreased the phosphorylation of HSL at Ser565. Data are means + SEM (n > 3). *P < 0.05
compared with control or NC. Con: control; Hcy: homocysteine; NC: non-targeted control siRNA.
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compared with that in the NC group in adipocytes.
Importantly, Nrf2 siRNA+Hcy treatment caused little alter-
ation in the phosphorylation level of HSL Ser565 in com-
parison to that in the Nrf2 siRNA group, and Nrf2
knockdown significantly relieved Hcy-elevated phosphor-
ylation level of HSL Ser565 in fully differentiated 3T3-L1
adipocytes (Figure 5(b)).

Discussion

The present study was conducted to examine the effect of
Hcy on the lipolytic response in adipocytes and to explore
the mechanistic pathways involved. Here, we provided ini-
tial evidence supporting that Hcy-inhibited lipolytic effect
was regulated with Nrf2 activation in adipocytes.
Mechanistic investigation revealed that Nrf2 activation con-
tributed to Hcy-inhibited lipolysis via promoting HSL
Ser565 phosphorylation, an inhibitive indicator for lipolysis.
Those in vitro observations were corroborated by our in vivo
findings that Hcy supplementation augmented Nrf2 activa-
tion in adipose tissue, concomitant with lowered levels of
glycerol and FFA in plasma in mice. Furthermore, Nrf2 acti-
vator EGCG administration decreased circulating glycerol
levels in mice in comparison to the control group. These
findings altogether indicated that Nrf2 is a critical mediator
in HHcy-induced lipolytic suppression.

HHcy has been implicated as an independent risk factor
of atherosclerosis, potentially via inducing oxidative stress
on the endothelium of blood vessels,?®?*3%3! which is coun-
teracted by a series of antioxidants and detoxification
enzymes, especially glutathione S-transferase (GSTs).'*
Nrf2 is an important transcription factor that regulates cel-
lular anti-oxidative stress.’® It binds to antioxidant-
response elements (AREs) and initiates gene regulation of
detoxification enzymes and antioxidant enzymes.*® Our
previous experiments showed that Nrf2 mediated Hcy-
induced GSH expression and cellular protection in
HepG2 cells.* Based on our previous study, we examined
the effects of Hcy on Nrf2 expression in fully differentiated
3T3-L1 adipocytes. Our data revealed that Hcy treatment
increased Nrf2 expression at the levels of mRNA and pro-
tein. Nrf2 activation was further confirmed by increased
expression of NQOL1 and Gclc, two direct downstream tar-
gets of Nrf2. Those in vitro observations were corroborated
by our in vivo findings that Hcy supplementation increased
the gene expression and protein abundance of Nrf2 in adi-
pose tissue in mice. These data altogether suggested that, in
consistent with our previous observation in hepatocytes,”
Hcy is an activator of Nrf2 in adipocytes.

The oxidative stress in adipose tissue plays a patholog-
ical role in obesity-related diseases. Reactive oxygen spe-
cies (ROS) play a role in the control of body weight by
exerting different effects on hypothalamic neurons, which
control satiety and hunger behavior.** Chronic hypoxia in
adipose tissue causes oxidative stress in human and animal
adipocytes and reduces the production of beneficial adipo-
kines.*> Oxidative stress also leads to disruption of lipid
metabolism and reduces lipoprotein clearance by decreas-
ing lipoprotein lipase activity in mice and diminished sub-
cutaneous adipose tissue lipolysis by decreased efficiency

of beta-adrenergic, growth hormone and parathyroid hor-
mone lipolytic signaling in humans.*® Nrf2 plays a major
role in both maintaining redox balance and mediating a
cytoprotective response against stressors.” These previous
studies provide rational for us to posit that Nrf2 may poten-
tially implicate in Hcy-mediated inhibition of lipolysis. The
data obtained in the current study indeed support our
hypothesis. Using both genetic and pharmacological
approaches, our data suggest that Nrf2 activation plays
an important role in Hey-induced anti-lipolytic effects.

HSL plays a critical role in regulating fatty acids release
from adipose tissue. In our previous publication, we
reported that Hcy suppressed lipolytic process via activat-
ing the AMPK pathway, which led to HSL inhibition via
inducing its Ser565 phosphorylation.' In the current study,
we reported for the first time that, similar to the AMPK
pathway, Nrf2 activation-mediated anti-lipolytic reaction
in response to Hcy led to an increased HSL Ser565 phos-
phorylation as well. However, whether Nrf2 activation in
response to Hcy exposure is a cause or consequence of
AMPK activation remains unknown and warrant further
investigation in the future. And, there is differentiated
alteration between AMPK and Nrf2 pathway. AMPK, a
key cellular energy sensor, potently inhibited the lipolytic
reaction including the release of both glycerol and FFA in
adipocytes. But Nrf2 only mediated Hcy-inhibited glycerol
release in full differentiated 3T3-L1 adipocytes and had
little effect on Hcy-elevated intracellular TG levels and
Hcy-inhibited FFA release in the same cell line. However,
compared with released FFA that was reabsorbed by cul-
tured 3T3-L1 adipocytes rapidly, glycerol release was a
more convincing indicator for the lipolytic reaction in adi-
pocyte. Furtherly, in our investigation, we provided the
direct molecular evidence that Nrf2 mediated Hcy-
elevated HSL Ser565 phosphorylation, a key indicator for
lipolytic reaction in adipocytes. Therefore, all the data sug-
gested that Hcy inhibits the lipolytic process, at least in
part, via activating the Nrf2 pathway.

In summary, our results demonstrated that Nrf2 activa-
tion mediated Hey-inhibited lipolysis in fully differentiated
3T3-L1 adipocytes. And Nrf2 activation might be a critical
mediator in HHcy-induced lipolytic suppression.
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