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1. Introduction
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Isoquercitrin from Apocynum venetum L. produces
an anti-obesity effect on obese mice by targeting
C-1-tetrahydrofolate synthase, carbonyl
reductase, and glutathione S-transferase P and
modification of the AMPK/SREBP-1c/FAS/CD36
signaling pathway in mice in vivo+t
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In the present study, mice with high-fat-diet-induced obesity were used in investigating the anti-obesity
effects of an aqueous extract and isoquercitrin from Apocynum venetum L. The aqueous extract and the
signal molecule isoquercitrin significantly reduced the body weight gain, food intake, water consumption,
and fasting blood glucose, plasma triglyceride and total cholesterol levels of the obese mice.
Furthermore, the mechanism of action of isoquercitrin was explored through RT-PCR analyses and
uptake experiments of adenosine 5-monophosphate-activated protein kinase (AMPK) and sterol regulat-
ory-element binding protein (SREBP-1c) inhibitors and glucose. The indexes of SREBP-1c, fatty acid
synthase (FAS), stearoyl-CoA desaturase-1 (SCD), and cluster of differentiation 36 (CD36) in obese mice
significantly increased but returned to normal levels after the administration of isoquercitrin. Meanwhile,
the anti-obesity effect of isoquercitrin was diminished by the inhibitors of AMPK and SREBP-1c. In
addition, intestinal glucose uptake in normal mice was significantly inhibited after the oral administration
of isoquercitrin. Moreover, 2D gel electrophoresis based proteome-wide cellular thermal shift assay
(CETSA) showed that the potential target proteins of isoquercitrin were C-1-tetrahydrofolate synthase,
carbonyl reductase, and glutathione S-transferase P. These results suggested that isoquercitrin produces
an anti-obesity effect by targeting the above-mentioned proteins and regulating the AMPK/SREBP-1c sig-
naling pathway and potentially prevents obesity and obesity-related metabolic disorders.

The WHO reported that more than two billion people are over-
weight, and more than 650 million people are obese world-

Affecting approximately one-third of the global population,
obesity is an alarming medical condition. In particular, the
global rise in obesity prevalence is attributed to urbanization.
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wide." Since 1980, the number of obese people has doubled in
more than 70 nations.> More seriously, obesity not only leads
to metabolic syndrome® but also increases the risk of cardio-
vascular morbidity, cancer,’ and cognitive dysfunctions,’
which affects the health condition of human beings and
increases the socio-economic burden. However, commercial
anti-obesity drugs have certain limitations due to drug with-
drawal symptoms and adverse effects that require additional
therapeutic interventions.® In this regard, nutrient-dense diets
and functional food in the form of extracts or active molecules
can be considered novel treatment options to overcome
obesity.

Obesity is the result of energy metabolism dysfunction in
organisms. In energy metabolism, the adenosine 5-mono-
phosphate (AMP)-activated protein kinase (AMPK) signaling
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pathway plays an important role. AMPK is an AMP-dependent
protein kinase and a key molecule in the regulation of bioe-
nergy metabolism and the core of the study of diabetes and
other metabolism-related diseases. It is expressed in various
organs related to metabolism and can be activated by various
stimuli in the body, including cell pressure, exercise, hor-
mones, and substances that can affect cell metabolism. Its
activation can alleviate metabolic imbalance caused by type II
diabetes.” AMPK activity is regulated through phosphorylation
regulated by its energy-sensing domains. Characteristically,
different metabolic states lead to shifts in the AMP : ATP ratio
and glycogen-induced changes in cellular energy homeostasis,
and the lipid and NAD/NADH balance regulates the AMPK
activity.® Nevertheless, distinct pathways may be responsible
for AMPK regulation independent of the energy states in cells.
Metformin can phosphorylate and activate AMPK without
changing the energy states in cells.’ Leptin-stimulated
AMPK activation can be either AMP dependent or AMP
independent."’

Sterol regulatory element binding proteins (SREBPs) are
transcription factors that mediate fatty acid synthesis, chole-
sterol homeostasis, lipogenesis, and adipogenesis."* Stearoyl-
CoA desaturase-1 (SCD) is the key protein expressed in the
adipose tissues of organisms and selectively mediates lipogen-
esis by regulating fatty acid and triglyceride synthesis.'> AMPK
is an upstream regulator of SREBP-1c, and AMPK activity nega-
tively correlates with SREBP-1c activity in the liver and hepato-
cytes.'® Hence, AMPK activation represses SREBP-1c activity,
and the subsequent activation of catabolic pathways and inhi-
bition of anabolic pathways ultimately inhibit fatty acid syn-
thesis and lipogenesis. Conversely, AMPK inhibition increases
the expression of SREBP-1c and promotes fatty acid synthesis
and lipogenesis. Reduction in AMPK expression and increase
in SREBP-1c expression have been reported in high-fat diet
(HFD)-fed obese mice.'*"* Therefore, we focused on these sig-
naling pathways to clarify the action mechanism of isoquerci-
trin in the present study.

Apocynum venetum, a member of the oleander family, has 3
species named Apocynum venetum L., Poacynum pictum
(Sckrenk) Baill and Poacynum hendersonii (Hook.f) Woodson.'®
In Xinjiang (China), herbal tea from Apocynum venetum L. (AV)
is prepared by processing its leaves that generate a unique
flavor and taste through fermentation after drying. The raw
leaves mainly contain glycosides, flavonols, tannic acid and its
derivatives, triglycerides, sterols, aliphatic organic compounds
and amino acids; therefore, the numerous medicinal uses of
AV as an anti-depressant, anti-hypertensive, anti-hyperlipi-
demic, anti-aging, antibacterial, and immunity-enhancing
agent might be attributed to these chemical constituents."” ™"
AV leaves are rich in flavonol glycosides and flavonols as major
active medicinal ingredients.'® Isoquercitrin is one of the most
abundant flavonol glycosides in AV leaves, exhibiting anti-
oxidant, anti-inflammatory, anticancer, and antidiabetic
activities.”>>> However, the anti-obesity effect and action
mechanism of this compound remain unclear. In the present
study, we used HFD-induced obese mice, which are considered
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suitable models for investigating dietary obesity, to investigate
the anti-obesity effect of an aqueous AV extract and purified
isoquercitrin. Furthermore, we used isoquercitrin to analyze
the mechanism of action. We found that isoquercitrin exerted
its anti-obesity effect on HFD-fed obese mice by targeting C-1-
tetrahydrofolate synthase, carbonyl reductase, and glutathione
S-transferase P and modifying the AMPK/SREBP-1c/fatty acid
synthase (FAS)/cluster of differentiation 36 (CD36) signaling
pathway in vivo.

2. Results

2.1. A. venetum L. aqueous extract prevents HFD-induced
obesity in mice in vivo

First, we observed variations in the body weight gain, food
intake, and water consumption of mice after treatment with
the aqueous extract of AV. We found that the HFD control
group maintained higher body weight gain and food intake
than the ND group (Fig. 1B and C, p < 0.001) but had a lower
water consumption rate (Fig. 1D, p < 0.001). Nonetheless, in
the treatment groups, which received HFD and AV aqueous
extracts at doses of 5 and 50 mg kg™", significant decreases in
body weight gain (Fig. 1B), food intake (Fig. 1C), and water
consumption (Fig. 1D) were observed compared to those in the
HFD control group (p < 0.05, p < 0.01, and p < 0.001). Second,
we sacrificed the mice and collected their plasma samples for
biochemical analysis after 1 month of trial. Blood glucose
levels were significantly lower in all the treatment groups than
the blood glucose level of the HFD control group (Fig. 1E, p <
0.001). Similarly, obese mice in the treatment groups showed
significantly lowered levels of TG, TC, LDL-C, and HDL-C, com-
pared with the HFD control group (Fig. 1E, p < 0.05, p < 0.01,
2 <0.01, and p < 0.001). These differences were consistent with
the differences between the HFD control and ND control
groups. Moreover, the weights of the livers of obese mice in
the AV aqueous extract-treated group were significantly lower at
all doses of the AV aqueous extract. However, epididymal fat
weight was significantly lower only for the 5 mg kg™ dose
when compared to the HFD group (Fig. 1F, p < 0.001).
Altogether, these results indicate that the AV aqueous extract
prevents HFD induced obesity and 5 mg kg™' is the best
concentration.

2.2. Isoquercitrin reduces HFD-induced obesity and obesity
parameters of mouse

We separated the active AV aqueous extract to purify isoquerci-
trin and conducted an anti-obesity animal trial. Using the
mouse model of obesity, we supplemented the obese mice
with isoquercitrin at doses of 0.1, 0.5, and 5 mg kg™*, the AV
aqueous extract at a dose of 5 mg kg™!, and metformin at a
dose of 140 mg kg™ as the positive control. We found that iso-
quercitrin reduced body weight gain in a dose-dependent
manner in the HFD-fed obese mice (Fig. 2A, p < 0.05, p < 0.01,
and p < 0.001), and these effects were consistent with those in
the groups treated with the AV aqueous extract (Fig. 24,

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 The chemical structure of isoquercitrin and the anti-obesity effects of the AV aq. extract on HFD-induced obese mice. (A) Chemical structure
of isoquercitrin and changes in (B) body weight, (C) food intake, (D) water consumption, (E) serum GLU, TG, TC, HDL and LDL levels and (F) organ
weight of obese mice after administering the AV aqg. extract at doses of 5, 50 and 200 mg kg™ for four weeks. Data are represented as the mean +

SEM at the corresponding time intervals. Each group has ten mice, and the experiment was performed in triplicate. #, ## and #*## correspond to the

significant differences when compared with the normal control at p < 0.05, p < 0.01, and p < 0.001. *, ** and *** point to the significant differences
in comparison with the HFD group at p < 0.05, p < 0.01 and p < 0.001.
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Fig. 2 Anti-obesity effects of isoquercitrin on HFD-induced obese mice. The changes in (A) body weight gain, (B) food intake, (C) water consump-
tion, (D) serum TG, TC, and GLU levels, and (E) ALT and AST enzyme levels in obese mice after administering isoquercitrin for five weeks. Data are
represented as the mean + SEM at the corresponding time points. The number of mice per group is eight, and the experiment is repeated three
times. ¥, ¥ and #*## represent the significant differences in comparison with the normal control at p < 0.05, p < 0.01, and p < 0.001. *, ** and ***
indicate the significant differences in comparison with the HFD group at p < 0.05, p < 0.01 and p < 0.001.

P < 0.01) and metformin (Fig. 2A, p < 0.001). Correspondingly, suggesting that isoquercitrin reduced obesity and obesity para-
isoquercitrin supplementation significantly reduced the food meters partly due to reduced food intake. However, water con-
intake of the obese mice in a dose-dependent manner com- sumption in the isoquercitrin- and metformin-treated groups
pared with that of the HFD control group (Fig. 2B, p < 0.001), was significantly higher than that in the HFD control group
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(Fig. 2C, p < 0.001 and p < 0.01). Obesity is regarded as a risk
factor for dyslipidemia, which is characterized by increased TG
and TC levels. Hence, we also evaluated the blood biochemical
parameters in the HFD control and isoquercitrin-treated
groups (ESI Table 17). Isoquercitrin at a dose of 5 mg kg™" sig-
nificantly reduced the plasma TG and TC levels of obese mice
compared with those in the HFD control group (Fig. 2D, p <
0.01 and p < 0.05). These reductions were comparable with
those in the ND and metformin-treated groups (Fig. 2D). In
obese individuals, no explicit symptoms were observed even
though the liver enzyme levels were elevated and the disease
advanced up to hepatic failure. Therefore, asymptomatic indi-
viduals with mildly elevated liver enzyme levels (ALT and AST)
presented risks of liver diseases, mainly nonalcoholic fatty
liver disease and hepatitis. In this regard, we demonstrated
that the plasma levels of ALT and AST were reduced signifi-
cantly after 5 mg kg™' isoquercitrin treatment in comparison
with those of the HFD control group (Fig. 2E, p < 0.001 and p <
0.05). These results indicated that isoquercitrin exerted an
anti-obesity effect on the obese mice and it is the main active
molecule of A. venetum L.

2.3. Isoquercitrin eliminates fatty liver and reduces
epididymal fat tissues

Liver weight correlates positively with body weight gain and
obesity, and fat accumulation in the liver leads to fatty liver
disease. Fatty liver results in liver injury, scar tissue, and
finally liver function abnormalities. The marked changes in
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liver weight due to HFD-induced obesity are displayed in Fig. 3
and ESI Table 2.7 Liver weight significantly increased in the
HFD control group in comparison with that in the ND control
group (Fig. 3A, p < 0.001). The reversal of increased liver
weight was statistically significant after isoquercitrin treatment
in obese mice at 0.5 and 5 mg kg™ " doses (Fig. 3A, p < 0.001
and p < 0.001). A similar trend of decreased liver weight was
observed in the groups treated with the AV aqueous extract and
metformin (Fig. 3A, p < 0.01 and p < 0.01). Visceral adipose
tissues show a higher lipolytic tendency, thus providing a
major supply of free fatty acids and contributing to obesity-
related comorbidities.”® Therefore, epididymal fat tissues were
weighed, and differences between the HFD and ND control
groups were observed. A significant increase in the weight of
epididymal fat tissues was observed in the HFD control group
(Fig. 3B, ESI Table 2,1 p < 0.001). However, isoquercitrin treat-
ment at doses of 0.5 and 5 mg kg ™" significantly reduced epidi-
dymal fat tissue weight compared to that in the HFD control
group (Fig. 3B, p < 0.01 and p < 0.01). AMPK has a pivotal role
in hepatic metabolism and maintains balanced levels of fats
and lipids in the body. As the AMPK activation is evaluated by
its phosphorylation,”® we measured AMPK activation in liver
tissues. Our experimental results indicated that the relative
protein expression of P-AMPK/AMPK was significantly reduced
in the livers of obese mice compared to that in control mice
(Fig. 3C, ESI Fig. 1,T p < 0.05); however, the relative expression
of P-AMPK/AMPK was significantly increased in the 5 mg kg™
isoquercitrin treated group (Fig. 3C, ESI Fig. 1,1 p < 0.05) when
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Fig. 3 Effects of isoquercitrin on the liver and adipose tissues of obese mice and AMPK activation. The changes in the (A) weight of the liver, (B) epi-
didymal fat weight and (C) relative protein expression of P-AMPK/AMPK in the liver of obese mice after isoquercitrin treatment. Shown are the mean
+ SEM and 8 mice are present in each group. ¥#, ## and #*## represent the significant differences in comparison with the normal control at p < 0.05,
p <0.01, and p < 0.001. *, ** and *** represent the significant differences in comparison with the HFD group at p < 0.05, p < 0.01 and p < 0.001 as
indicated.
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compared to the HFD control group. Overall, these results
implied that isoquercitrin reduced fatty liver and lessened visc-
eral fat burden in HFD-induced obese mice through the acti-
vation of AMPK.

2.4. Isoquercitrin inhibits gene expression-related
adipogenesis and TG and TC accumulation in the liver and the
inhibitor of SREBP-1c removes the anti-obesity effect of
isoquercitrin

The molecular mechanism was examined, and the liver tissues
of mice were analyzed to examine the mRNA expression of the
lipogenic transcription factor SREBP-1c, and adipogenesis
genes, such as FAS, SCD-1, and CD36. The HFD control group
showed significantly increased mRNA expression levels of
SREBP-1c, FAS, SCD-1, and CD36 genes in the liver tissues
compared with the ND control group (Fig. 4A, p < 0.001, p <
0.01, p < 0.001 and p < 0.001). Concurrently, the mRNA
expression of the same genes showed a significant decline
after supplementation with isoquercitrin at a dose of 5 mg
kg™ (Fig. 4A, p < 0.01, p < 0.01, p < 0.01 and p < 0.01) com-
pared with that in the HFD control group. Furthermore, we
used the competitive inhibitor of SREBP site 1 protease
(PF429242) to evaluate the effects of SREBP-1c inhibition on
body weight gain, food intake, and water consumption in vivo.
A significant decrease in body weight gain was observed when
5 mg kg~ isoquercitrin was administered alone in obese mice
compared with the body weight gain in the HFD control group
(Fig. 4B, p < 0.05 and p < 0.001). However, the concomitant
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administration of 5 mg kg™ isoquercitrin and 2.5 mg kg
PF429242 in obese mice did not show a significant effect on
body weight gain (Fig. 4B). Likewise, food intake and water
consumption in the isoquercitrin-treated group significantly
decreased (Fig. 4C and D, p < 0.001, p < 0.001 and p < 0.01),
whereas no significant differences in food intake and water
consumption were observed in the group that received isoquer-
citrin and PF429242 compared with the HFD control group
(Fig. 4C and D). Moreover, the effects of isoquercitrin on the
liver and epididymal adipose tissue of obese mice were dimin-
ished by PF429242 (ESI Table 37). Excessive amounts of free
fatty acids from the HFD fluxed into the liver tissues for lipo-
genesis and accumulated in the liver in the form of oil dro-
plets.”* Therefore, we measured the hepatic lipid levels of TG
and TC in the mice after administration of isoquercitrin alone
and after simultaneous administration of isoquercitrin and
PF429242. The HFD control group showed significantly higher
TG levels than the ND control group (Fig. 4E, p < 0.01), and a
prominent decline was observed in hepatic TG levels after iso-
quercitrin supplementation (Fig. 4E, p < 0.05). However, in the
group that received isoquercitrin and PF429242, the TG levels
in the liver tissues were comparable to those in the HFD
control group, and no significant difference was observed due
to SREBP-1c inhibition (Fig. 4E). Similar results were observed
for hepatic TC levels. A significant decrease in the hepatic TC
level was noted after isoquercitrin treatment (Fig. 4F, p < 0.01).
Nevertheless, this effect was diminished in the presence of
PF429242. These results demonstrated that isoquercitrin regu-
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Fig. 4 Effects of isoquercitrin on SREBP-1c related adipogenesis and hepatic lipid accumulation. (A) Gene expressions of SREBP-1c, SCD-1, FAS,
and CD36, and the effect of the SREBP-1c inhibitor on (B) body weight gain, (C) food intake, (D) water consumption, and hepatic (E) TG and (F) TC
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lated adipogenesis by modulating SREBP-1c in the liver of
obese mice.

2.5. Inhibitor of AMPK diminishes the anti-obesity effects of
isoquercitrin in mice in vivo

AMPK activation leads to Ser372 phosphorylation, which
represses SREBP-1c-related gene expression by limiting its clea-
vage and nuclear translocation and consequently leads to
reduced lipid buildup and lipogenesis.'® Therefore, after con-
firming the SREBP-1c-related gene expression changes due to
isoquercitrin treatment, we used one AMPK inhibitor, com-
pound C, to block AMPK activity in vivo and evaluated whether
the AMPK/SREBP-1c signaling pathway is involved in the anti-
obesity effects of isoquercitrin. The alterations in body weight
gain, food intake, water consumption, and liver and epididy-
mal fat weights after AMPK inhibition are displayed in Fig. 5A-
E and ESI Table 3.1 The body weight gain of obese mice was
significantly higher than that of ND control mice, and this
weight gain was reversed predominantly in obese mice after
isoquercitrin supplementation (Fig. 5A, p < 0.05 and p < 0.01).
However, the anti-obesity effects of isoquercitrin on obese
mice that received isoquercitrin and the AMPK inhibitor
diminished due to the inhibition of AMPK (Fig. 5A).
Additionally, food intake was reduced significantly in isoquer-
citrin-administered obese mice, and the intake rate was not
altered significantly after AMPK inhibition compared with that
in the HFD control group (Fig. 5B, p < 0.05). Water consump-
tion did not significantly change in the isoquercitrin- and
AMPK-inhibitor-treated groups compared with the HFD

O HFD W@ HFD+5 mg/kg IQ+Compound C
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control group (Fig. 5C). Moreover, we weighed the liver and
epididymal fat after sacrificing the mice. We observed that the
liver and epididymal fat weighed significantly lower in the iso-
quercitrin-treated group than those in the HFD control obese
mice (Fig. 5D and E, ESI Table 3,7 p < 0.001 and p < 0.001).
However, the liver and epididymal fat weights were comparable
to those in the HFD control group and did not differ signifi-
cantly in the AMPK-inhibited group (Fig. 5D and E, ESI
Table 31). These results illustrated that isoquercitrin regulated
SREBP-1c-related adipogenesis through AMPK in vivo.

2.6.
via reduction of GLUT2 levels in the intestine and liver

Isoquercitrin inhibits intestinal glucose uptake in mice

Glucose is mainly absorbed through intestinal epithelial cells.
Excessive glucose absorption through the intestine is the
primary reason for fat accumulation and obesity.>* In addition,
the excessive intestinal absorption of glucose may interfere
with the absorption of other essential nutrients and leads to
nutritional imbalance. To determine whether isoquercitrin
affects glucose uptake in the intestine of mice, we performed
an oral glucose tolerance test in vivo. First, we administered
glucose and isoquercitrin simultaneously and measured the
blood glucose concentration every 20 min. Isoquercitrin sig-
nificantly decreased the blood glucose concentration from
80 min to 120 min compared with the concentration in the
control group (Fig. 6A, p < 0.01, p < 0.01, and p < 0.01). Next,
we administered isoquercitrin to the mice and subsequently
performed glucose treatment after 10 min. The glucose con-
centration was significantly reduced by isoquercitrin (Fig. 6B,
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P < 0.01). Furthermore, we investigated the gene expression
levels of glucose transporters, such as GLUT1, GLUT2 and
GLUT4, in the intestines and livers of obese mice after admin-
istering isoquercitrin. The gene expression levels of GLUT1 and
GLUT4 in the intestine did not significantly change in the
obese mice. By contrast, GLUT2 gene expression significantly
increased compared with that in the normal control (Fig. 6C,
p < 0.01). After isoquercitrin treatment, GLUT1, GLUT2, and
GLUT4 gene expression in the intestines of the obese mice sig-
nificantly increased (Fig. 6C, p < 0.05, p < 0.05 and p < 0.01).
The gene expression levels of GLUT1 and GLUT4 in the livers of
the obese mice significantly decreased, whereas the GLUT2
gene expression in the liver was obviously increased compared
with that of the normal control (Fig. 6D, p < 0.01, p < 0.05, and
P < 0.05). Meanwhile, only GLUT1 gene expression was signifi-
cantly increased by isoquercitrin in the livers of the obese
mice (Fig. 6D, p < 0.001). These results suggested that the com-
pound inhibited the intestinal glucose uptake in mice and
decreased the blood glucose levels of the obese mice by regu-
lating GLUT gene expression in the intestine and liver.

2.7. Isoquercitrin did not affect the oxygen consumption rate
and reduced extracellular acidification rate in HeLa cells

We used an extracellular flux analyzer to determine whether
isoquercitrin affects the balance of glycolytic flux and mito-
chondrial respiration in HeLa cells. The oxygen consumption
rate (OCR) was not affected by isoquercitrin (Fig. 7A). However,

This journal is © The Royal Society of Chemistry 2022

the external cellular acidification rate (ECAR) decreased after
treatment with 10 pg mL™" isoquercitrin (Fig. 7B). These
results indicated that isoquercitrin mainly affected the glyco-
Iytic pathway and energy metabolism.

2.8. Isoquercitrin may target C-1-tetrahydrofolate synthase,
protein gamma lutamyltransferase E, aldo-keto reductase
family 1 member B1, carbonyl reductase, proteasome activator
complex subunit 3, and glutathione S-transferase P in HeLa
cells

To determine which proteins are the targets of isoquercitrin,
we investigated the thermal stability-shifted proteins treated
with isoquercitrin by using the 2DE-CETSA. After treatment
with DMSO or isoquercitrin and heating at 40 °C, 45 °C, 50 °C
and 55 °C, proteins in the cell lysates of HeLa cells were
labeled with different fluorescent dyes (Cy3 or Cy5) and sub-
jected to 2-D DIGE analysis. After the quantification of each
spot, melting curves of 693 spots reproducibly detected in all
gels were drawn. Among them six positive spots were observed
at 101, 76.7, 40.4, 30.3, 30.8, and 23.3 kDa, which indicated
thermal stabilization or destabilization upon isoquercitrin
treatment (Fig. 8A). These spots were excised and identified as
C-1-tetrahydrofolate synthase (no. 258), carbonyl reductase
(NADPH) 1 (no. 957), phosphoglycerate kinase 1, glutathione
S-transferase P (no. 1108), protein-glutamine gamma-glutamyl-
transferase E (no. 765), and aldo-keto reductase family
1 member B1 (890) by LC-MS/MS (Fig. 8B). These results indi-
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cated that these proteins are the potential target proteins of
isoquercitrin in HeLa cells.

2.9. Isoquercitrin targets C-1-tetrahydrofolate synthase,
carbonyl reductase, proteasome activator complex subunit 3,
and glutathione S-transferase P in the livers of mice

To understand whether these proteins are the potential target
proteins of isoquercitrin in mice, we treated mice with 5 mg
kg~ isoquercitrin for 1 week. The livers of the mice in the iso-
quercitrin-treated and control groups were collected. We used
specific antibodies for western blotting analysis after heating
at different temperatures such as 40 °C, 45 °C, 50 °C and
55 °C. The results are shown in Fig. 9. Interestingly, reductions
in the protein levels of C-1-tetrahydrofolate synthase and car-
bonyl reductase were observed in the isoquercitrin-treated
group (Fig. 9A and B, ESI Fig. 1 and 27). Meanwhile, only the

10930 | Food Funct., 2022,13,10923-10936

protein level of glutathione S-transferase P in the isoquerci-
trin-treated group significantly increased compared with that
in the control group (Fig. 9C, ESI Fig. 1 and 27). These results
suggested that these enzymes are the potential target proteins
of isoquercitrin to produce an anti-obesity effect on obese
mice.

3. Discussion

Obesity, a leading cause of hypertension, heart diseases, and
metabolic syndrome, is an alarming global health problem.
Functional food and ingredients can exert anti-obesity
effects.>® Apocynum venetum L. (Luobuma) is one of the drug-
homologous food plants in China. It is usually used as tra-
ditional Chinese tea, and the hepatoprotective, cardiotonic,

This journal is © The Royal Society of Chemistry 2022
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antioxidant, anti-inflammatory, anti-hypertensive, and anti-
depressant effects of this plant have been explored.'® Many fla-
vonol glycosides have been isolated from AV, and isoquercitrin
is one of the principal flavonol glycosides in AV leaves.
Isoquercitrin reduces ROS levels and inhibits lipid peroxi-
dation and adipocyte differentiation.?””*® In the present study,
to determine whether this plant has an anti-obesity effect and
which compounds are the main active components, we used
separation and purification techniques of natural product
chemistry. Obese mice induced with a HFD were used in
researching the active fractions, active single molecules, and
anti-obesity effect. Changes in the body weight gain, food
intake, water consumption, liver weight and blood parameters
of obese mice after treatment with the AV aqueous extract and
isoquercitrin are shown in Fig. 1-3 and ESI Tables 1 and 2.}
The results indicated that the AV aqueous extract had a signifi-
cant anti-obesity effect and isoquercitrin is one of the main
active compounds. Furthermore, in contrast to anti-obesity
agents,”® the AV aqueous extract and isoquercitrin not only
reduced body weight and fat accumulation but also limited
appetite and thirst in obese mice through the natural satiety
process, suggesting their bidirectional effects.

To understand the mechanism of action of this plant, we
used isoquercitrin as a small-molecule probe. AMPK is a
highly conserved enzyme that regulates cellular energy homeo-
stasis mainly by promoting glucose and fatty acid uptake. It is
an upstream kinase of SREBP-1c¢ and phosphorylates and inhi-
bits its activity by preventing its proteolytic degradation and
nuclear translocation."® SREBP-1c, an important transcription
factor controlling lipolysis and fatty acid synthesis, is a hall-
mark of hepatic lipid metabolism."” It regulates the expression
of central lipogenic enzymes (FAS and SCD1) and fatty acid

This journal is © The Royal Society of Chemistry 2022

importer protein (CD36) as downstream targets. Fatty liver in
obesity is directly associated with increased SREBP-1c
expression. In addition, isoquercitrin stimulates the AMPK sig-
naling pathway in rat H4IIE cells, prevents lipid metabolic dis-
order in vitro,>* and prevents NAFLD by modulating AMPK and
TGF-B signaling in vivo.>® Therefore, to obtain insights into the
anti-obesity effects of isoquercitrin, we focused on the AMPK/
SREBP-1 signaling pathway. The results of AMPK and
SREBP-1c inhibitor experiments and gene expression-related
adipogenesis (Fig. 3C, 4 and 5 and ESI Table 3}) indicated that
the AMPK/SREBP-1c signaling pathway contributes to the anti-
obesity effect of isoquercitrin.

Given the link between glucose metabolism and fat metab-
olism,*® excess glucose uptake increases the rate of fat syn-
thesis in the liver,*® and glycolysis and tricarboxylic acid cycle
play important roles.*" In the present study, we found that iso-
quercitrin is involved not only in fatty acid metabolism but
also in glucose metabolism. Therefore, we investigated the
effects of isoquercitrin on glucose uptake in the intestines of
mice. Changes in blood glucose concentration after the admin-
istration of isoquercitrin and the genes expression of GLUT
shown in Fig. 6 revealed that isoquercitrin prevented glucose
uptake in the intestine by regulating GLUT gene expression.
Furthermore, we investigated the effect of isoquercitrin on
glucose metabolism by measuring the extracellular acidifica-
tion rate. Significant reduction in the extracellular acidification
rate shown in Fig. 7 indicated that isoquercitrin inhibits the
glycolytic pathway in HeLa cells. To determine which protein
is targeted by this compound, we performed 2DE-CETSA ana-
lysis for the pre-identification of proteins. The results in Fig. 8
revealed that C-1-tetrahydrofolate synthase in the cytoplasm,
protein-glutamine gamma-glutamyltrasferase E, aldo-keto

Food Funct., 2022,13,10923-10936 | 10931
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reductase family 1 member B1, proteasome activator complex
subunit 3, citrate synthase in the mitochondria, and gluta-
thione S-transferase P may be the potential target proteins of
isoquercitrin in HeLa cells. To determine whether these pro-
teins are the potential target proteins in HeLa cells in vitro and
in vivo in mice, we used CETSA and western blotting to
confirm them in HeLa cells and mouse livers. The results in
Fig. 9 suggested that isoquercitrin targets multiple proteins,
such as C-1-tetrahydrofolate synthase, carbonyl reductase, and
glutathione S-transferase P to produce an anti-obesity effect.

C-1-Tetrahydrofolate synthase is an important component
of the folic acid metabolic pathway and affects lipid synthesis
given the association between C-1-tetrahydrofolate synthase
and fatty acid synthesis through an NDAPH-dependent mecha-
nism and thus plays an important role in lipid synthesis
metabolism.*> Carbonyl reductases are short-chain dehydro-
genases or reductases which are NADPH dependent and
mostly monomeric cytosolic enzymes with extensive substrate
specificity for many endogenous and xenobiotic carbonyl com-
pounds. They catalyze the reduction of endogenous steroids
and other aliphatic aldehydes and ketones.** Glutathione plays
an important role in protecting hepatocytes against toxic
injury in the liver. It is the most important antioxidant in the
mammalian liver. Glutathione transferases catalyze gluta-
thione conjugation to electrophilic compounds primarily pro-
duced from exogenous xenobiotics and endogenous sub-
stances. The glutathione conjugation reaction is the key step of
the mercapturic acid pathway, which is one of the most impor-
tant detoxification processes.*® These results revealed that iso-
quercitrin cuts off the supply of essential substances for fat
synthesis by targeting these enzymes.

In conclusion, an HFD-induced obese mouse model was
used in investigating the anti-obesity effect of the AV aqueous
extract and isoquercitrin and its mechanism of action. Both
ameliorated the symptoms of obese mice by inhibiting the
AMPK/SREBP-1¢/FAS/CD36 signaling pathway, glucose uptake,
and glycolysis flux. Moreover, we identified that C-1-tetrahydro-
folate synthase, carbonyl reductase, and glutathione S-transferase
P protein are potential target proteins of isoquercitrin, while
further research is required to identify their relationship.
Isoquercitrin elicited the same hypoglycemic effect as the first-
line drugs for diabetes in obese mice. Therefore, isoquercitrin
might be developed as a drug or an adjuvant to prevent or
treat obesity.

4. Materials and methods

4.1. General

Column chromatography was carried out using a reversed
phase (octadecylsilyl, ODS) open column (Cosmosil 75 Cig
OPN, Nacalai Tesque, Japan). Thin-layer chromatography (TLC)
analysis of samples was performed with precoated silica gel
plates (0.25 mm) and RP-18 (0.25 mm) plates. An Agilent
6224A accurate mass time-of-flight LC/MS system (Agilent
Technologies, Santa Clara, California, USA) was used for high-
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resolution electrospray ionization mass spectrometry. The
NMR spectrum was measured using a Bruker AV III-500
spectrometer (Bruker, Billerica, MA, USA). NMR chemical
shifts in ppm were set as the reference for methanol at iy
(3.30) and & (49.0).

4.2. Preparation of the aqueous extract of AV, extraction of
A. venetum L. and isolation and structural elucidation of
isoquercitrin

Dried AV leaves were bought from Korla, Xingjiang Mongolian
Autonomous Prefecture in Bayingolin, China. Approximately
90 g of the dried leaves were soaked in 300 mL of water and
boiled for 5 min. The liquid part was filtered with filter paper,
the filtrate was kept, and the residue was soaked in 250 mL of
water, boiled for 5 min, and filtered. Finally, the obtained
residue was soaked in 250 mL of water, boiled for 5 min, and
filtered. This process was repeated three times. The eluents
were combined and concentrated with a rotary evaporator.
Isoquercitrin was isolated by separating the obtained crude
water extract (5.937 g) with an ODS open column and eluted
with MeOH/H,O (20: 80, 25:75, 30:70, 35:65, 50:50, 70: 30,
90:10, and 100: 0). Five fractions were obtained. Next, 800 mg
of a fraction containing isoquercitrin was further separated
with an ODS open column and eluted successively with
MeOH/H,0 in ratios of 10:90, 11:89, 12:88, 13:87, 15:85,
20: 80, and 100 : 0. Another five fractions were obtained, where
144 mg of isoquercitrin was a component of a separated frac-
tion (3) as a pure compound. The chemical structure of iso-
quercitrin was identified by comparing the spectroscopic
results in the literature,®® 'H NMR (500 MHz, CD;OD, ESI
Fig. 31): 6y = 7.71 (1H, d, J = 2.3 Hz, H-2'), 7.59 (1H, dd, J = 8.4,
2.1 Hz, H-6"), 6.87 (1H, d, J = 8.4 Hz, H-5'), 6.38 (1H, d, J = 2.1
Hz, H-8), 6.19 (1H, d, J = 2.1 Hz, H-6), 5.25 (1H, d, J = 7.6 Hz,
H-1"), 3.72 (1H, dd, J = 11.9, 2.5 Hz, H-6"), 3.58 (1H, dd, J =
12.0, 5.5 Hz, H-6"), 3.48 (1H, m, H-3"), 3.42 (1H, m, H-2"), 3.35
(1H, m, H-4"), 3.21 (1H, m, H-5"); *C NMR (125 MHz,
CD;0D): § = 179.5, 165.9, 163.0, 158.9, 158.4, 149.8, 145.9,
135.6, 123.2, 123.1, 117.6, 115.9, 105.7, 104.3, 99.8, 94.7, 78.4,
78.1, 75.7, 71.2 and 62.5; HR-ESI-TF-MS, m/z 465.1022, calcu-
lated for C,1H,,01,(M + H)" 465.1028. The chemical structure
of isoquercitrin is shown in Fig. 1A.

4.3. Animal experimental design

Four or five week-old ICR male mice from Zhejiang Academy
of Medical Sciences, Hangzhou, China, were used for animal
experiments (animal production permit number: SCXK (Zhe)
2019-0002). The animals were kept in a clean facility with a
24 h light and dark cycle, and the room temperature was main-
tained at 23 + 1 °C for one week for adaptation. The animals
were fed with either a normal diet (ND) or HFD according to
the experimental design. The composition of the HFD was
24.2% crude protein, 42.1% carbohydrate, and 25.4% fat
(Biotech HD Co. Ltd, Beijing, China). All the animal experi-
ments were performed according to the guidelines of the
National Institutes of Health for the care and use of laboratory
animals. Standard experimental protocols were used according

This journal is © The Royal Society of Chemistry 2022
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to the requirements of the committee on the ethics of animal
experiments of Zhejiang University (animal use permit
number: SYXK (Zhe) 2018-0016, permit number:
ZJU20200090). Oral administration was performed, and MilliQ
water as a vehicle was used. In the first trial of the AV aqueous
extract, 50 male mice aged 6 weeks were divided into five
groups. The ND control group received water and ND, whereas
the other groups received water and the HFD ad Iibitum,
respectively. Three treatment groups received the AV aqueous
extract at doses of 5, 50, and 200 mg per kg body weight per
day for 5 weeks. However, in the isoquercitrin trial, 56 male
ICR mice at 5 weeks were divided into seven groups (ND
control, HFD control, HFD + 140 mg kg™' metformin as the
positive control group, HFD + 5 mg kg™' AV aqueous extract,
and HFD plus 0.1, HFD plus 0.5, and HFD plus 5 mg kg™ iso-
quercitrin groups). Each group had eight mice. Body weight,
food intake, and water consumption were recorded every week.
The blood samples of mice were collected from the orbital
venous sinus with a capillary tube, and the mice were sacri-
ficed by neck dislocation at the end of the animal experiments.
The heart, kidney, liver, spleen, pancreas, and white adipose
tissues were collected as samples and stored at —30 °C for
further analysis. All the experiments were repeated two times.

For the identification of the potential target protein of iso-
quercitrin in mice in vivo, six ICR mice at 6 weeks were divided
into control and treatment groups. The mice of both groups
received MilliQ water and isoquercitrin at a dose of 5 mg kg™*
day™, respectively. After the compound was applied for
1 week, the livers of mice were collected for the cellular
thermal shift assay and western blotting analysis.

4.4. Measurement of the biochemical indexes of blood

At the end of the experiments, plasma samples were sent to
Hangzhou Houai Biotechnology Co., Ltd (Hangzhou, Zhejiang
Province, China) to detect the levels of alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST), triglycerides (TG),
total cholesterol (TC), high density lipoprotein (HDL), low
density lipoprotein (LDL), and glucose in the plasma with a
Bio-Chemical Analyzer (COBAS 8000; Roche, Basel,
Switzerland) and assay kits (Roche, Basel, Switzerland)
successively.

4.5. SREBP-1c and AMPK inhibition experiments of mice

in vivo

For the SREBP-1c inhibition experiment, 40 male ICR mice at
6 weeks were divided into four groups. The mice of the ND
and HFD control groups received water, ND, or HFD
ad libitum. One treatment group received 5 mg kg™ day™" iso-
quercitrin. For the other groups, 5 mg kg™~ isoquercitrin was
administered, or the SREBP-1c specific inhibitor was intraperi-
toneally injected at a dose of 2 mg kg™' for 2 weeks.
Meanwhile, the mice of the treatment groups received the
HFD and water ad libitum. In the AMPK inhibition experiment,
a similar study design was used except for the fourth group,
which received isoquercitrin (5 mg kg™* day ') and the AMPK-
specific inhibitor at a dose of 4 mg kg™' through intraperito-
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neal injection. At the end of the experiment, the trial mice
were sacrificed, and the organs were collected for further
analysis.

4.6. Measurement of hepatic TG and TC levels

Approximately 200 mg of each liver sample obtained in the
end of the animal experiment was homogenized in physiologi-
cal saline at a 1:9 volume ratio. The homogenate was centri-
fuged, and the TG and TC contents in the supernatant were
measured with TG and TC assay kits (Beijing Beihuakangtai
Company, Beijing, China) according to the manufacturer’s
protocols, respectively.

4.7. Glucose uptake inhibition analysis

The experiment was performed as described in another
report.*® First, male ICR mice at 5 weeks were divided into two
groups and were fasted for 24 h. The mice were orally adminis-
tered with isoquercitrin via the co-administration or pretreat-
ment method. In the co-administration experiment, 12.5 mg of
p-glucose with or without isoquercitrin dissolved in distilled
water was administered to mice via oral gavage. In the pre-
treatment method, isoquercitrin (6.25 pM) and b-glucose
(12.5 mg) were dissolved in distilled water, respectively. The
p-Glucose solution was orally administered after the adminis-
tration of isoquercitrin and the vehicle for 10 min.
Subsequently, the blood glucose levels of mice were measured
at 5, 15, 30, 60, 90 and 120 min with a glucometer (Andon
Health, Tianjin, China) by using the blood collected from the
tip of the tail vein.

4.8. Real-time polymerase chain reaction (RT-PCR)

The collected and weighed liver and epididymal fat tissues
were immediately kept at —30 °C until further experimen-
tation. The frozen samples were subjected to RNA extraction,
quantification and cDNA synthesis using a method described
in previous studies.’” Approximately 50 mg of liver tissue of
each mouse was taken to extract RNA by using the Trizol
reagent (Invitrogen, California, USA). Reverse transcription
was carried out using approximately 2.5 pg of total RNA from
each sample. A HiFi-MMLV cDNA kit (Fermentas, Shenzhen,
China) was used. Real-time PCR analysis was performed using
a CFX96 Touch (Bio-Rad, Hercules, CA, USA) and SYBR Premix
EX Taq™ (Takara, Otsu, Japan). The mouse primers of
SREBP-1c, SCD-1, FAS, CD-36, GLUT1, GLUT2, GLUT4, and 18S
RNA employed for PCR analysis are revealed in ESI Table 4.f
The conditions for cDNA amplification were as follows: 95 °C
for 30 s, followed by 40 cycles for 5 s at 95 °C, and 34 s at
60 °C. After normalizing the data to 185 RNA levels, the 2744
formula was used to estimate the relative and trancripted
mRNA levels. Average values were considered after running the
samples in triplicate.

4.9. Target protein investigation for isoquercitrin by 2D gel
electrophoresis based proteome-wide CETSA

2DE-CETSA was performed according to a method previously
described in detail.*® Briefly, HeLa cell lysates (2 mg mL ™"
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protein) with compounds (50 pM) or DMSO were heated at an
indicated temperature for 5 min. The supernatants obtained
through the centrifugation of the resultant solutions were ana-
lyzed by 2-D DIGE. The log ratios of the test compound-treated
sample to the DMSO-treated sample in each spot signal were
calculated and analyzed by drawing melting curves. Afterward,
some spots with thermo-stability change were selected and
identified through LC-MS/MS.

4.10. Cellular thermal shift assay

To confirm the target proteins at cell and animal levels, the
protein samples of HeLa cells and livers of animals were pre-
pared as per the following step. CETSA was performed as
described in other reports.>® At first, HeLa cells, which were
purchased from Procell Life Science & Technology Co., Ltd
(Wuhan, China), were cultured in RPMI-1640 medium contain-
ing 1% penicillin-streptomycin solution and 10% fetal bovine
serum (CellMax Cell Technology Co., Ltd Beijing, China) for
five days after resuscitation. When the cells reached 80% cover-
age, approximately 1 x 10° HeLa cells were seeded in each
60 mm culture dish containing 5 mL of RPMI-1640 medium,
and incubated in 5% CO, at 37 °C for 24 h. On the next day,
the medium in the dishes was replaced with 5 mL serum-free
RPMI-1640 medium containing 0.5% DMSO and isoquercitrin
at 50 uM and the cells in the dishes were continually incubated
for 2 h, respectively. After that, the cells were then washed
thrice with PBS and lysed with RAPI lysis buffer (Cowin
Biotech, Beijing, China) containing 1% protease inhibitor
cocktail (Cowin Biotech, Beijing, China), and incubated on ice
for 20 min. The cell lysates were centrifuged, and the super-
natant was removed for the cellular thermal shift assay. HeLa
cell lysates (2 pg pL™" protein) were heated at an indicated
temperature for 5 min. The supernatants were obtained as the
samples for western blot analysis after centrifugation. In
addition, the fresh liver samples of mice in isoquercitrin and
control groups were obtained and lysed with PBS buffer. The
liver lysates (100 pg) of the control and treatment groups were
heated at an indicated temperature for 5 min. The super-
natants obtained through the centrifugation of the resultant
solutions were analyzed with western blot. Western blot ana-
lysis was used to detect changes in a target protein with
specific antibodies [anti-MTHFD1 and anti-PSME3 (*ab103698
and “ab157157, Abcam Trading Company Ltd, Shanghai,
China) for C-1-tetrahydrofolate synthase and proteasome acti-
vator complex subunit 3, and anti-CRB1 and anti-GSTP1 (*bs-
8632R and "bs-23151R, Bioss Antibodies Biotechnology Co.,
Ltd, Beijing, China) for carbonyl reductase and glutathione
S-transferase P]. The secondary antibodies horseradish peroxi-
dase-linked goat anti-rabbit (*CW0103, Cowin Biotech,
Beijing, China) for MTHFD1, GSTP1, CBR1, and PSME3, and
goat anti-mouse IgGs (“CW0102, Cowin Biotech, Beijing,
China) for p-actin (f*CW0096M, Cowin Biotech, Beijing, China)
were used in the present study. The antigens were detected
using an ECL western blot kit, whereas the protein bands were
analyzed using Image] (Version 1.42q, National Institutes of
Health, Rockville, MD, United States).
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4.11. Oxygen consumption rates and external cellular
acidification rate assay

Oxygen consumption rates (OCRs) and external cellular acidifi-
cation rates (ECARs) were measured with an Xfe96 extracellular
flux analyzer (Agilent), as described in another report.*°
Briefly, HeLa cells of third passage were seeded at a density of
10000 cells per well of an XFe96 cell culture microplate and
incubated for 24 h. Before the assay, the cells were equilibrated
for 1 h in a non-CO, incubator with RPMI 1640 (R1383, Sigma)
supplemented with 1% FCS and 0 mM glucose (for glucose
stimulation experiments) or 10 mM glucose. Injector ports
were used to deliver the reagents, including AA (the combined
treatment of 30 uM A769662 and 2 mM AICAR), and isoquerci-
trin at doses of 1, 3, and 10 pg mL™". Data were analyzed using
Wave (version 2.6; Agilent).

4.12. Statistical analysis

GraphPad Prism Biostatistics (GraphPad Prism, San Diego,
USA) was used to perform statistical analysis. Significant differ-
ences among animal experiments were determined using one-
way ANOVA, followed by Tukey’s multiple comparison test.
Data were represented as means = SEM and *p < 0.05 or
#p < 0.05 indicated statistical significance.
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CD36 Cluster of differentiation 36
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ECARs External cellular acidification rates

FAS Fatty acid synthase

GLUT Glucose transporter

HFD High fat diet
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ICR Institute of Cancer Research
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OCRs Oxygen consumption rates
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SREBP Sterol regulatory-element binding protein

RT-PCR  Real-time polymerase chain reaction

SCD-1 Stearoyl-CoA desaturase-1

TG Triglycerides

TC Total cholesterol

2-D DIGE Two-dimensional fluorescence difference gel

electrophoresis
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