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Suppressor of cytokine signaling 2 (SOCS2) plays an important role in fat deposition, skeletal muscle, central nervous system
development, and mitochondria biogenesis. Nevertheless, the regulatory mechanisms of SOCS2 on mitochondrial fatty acid
oxidation (FAO) remain unclear. Leptin could inhibit food intake and increase thermogenesis through leptin receptor (LepR),
which was present in the hypothalamus and certain peripheral organs, including adipose tissue. With strong interest, we focused
on the connection between leptin and SOCS2 and their effect on FAO in adipocytes. In our study, we found that the mRNA
level of SOCS2 and the protein levels of PGC-1a, CPT-1b, FAT, and p-ACC were elevated by leptin in the inguinal adipose
tissue of mice. On the contrary, the protein levels of FABP4, FATP1, and FAS were declined. The genes related to fatty acid
oxidation such as PGC-1a, NRF-1, TFAM, CPT-1b, AOX1, COX2, and UCP2 were attenuated by SOCS2, but elevated by leptin.
Moreover, fatty acid oxidation enzyme MCAD, LCAD, and Cyt C levels were reduced in response to SOCS2. These reductions
correspond well with the reduced release of free fatty acid and the reduction of mitochondrial complexes I and III by SOCS2.
Furthermore, JAK2/AMPK pathway-specific inhibitors could block the mitochondrial FAO; hence, this pathway was implied to
have a potential impact on FAO. Together, these studies suggested that SOCS2 had a negative effect on mitochondrial fatty acid

oxidation, and the LepR/JAK2/AMPK pathway played a crucial role in this process.

1. Introduction

The suppressor of cytokine signaling (SOCS), as an inhibitor
of cytokine signaling pathways, downregulates the signal path-
way Janus kinase/signal transducers and activators of tran-
scription (JAK/STAT) in several interconnected mechanisms
[1]. Our previous research showed SOCS3 inhibited the
JAK2/STATS3 signaling pathway and promoted inflammation
and apoptosis in the adipose tissue and liver [2, 3]. SOCS2,
another member of the SOCS family, is widely expressed in
the muscle, nerve, pancreas, and adipose tissues [4-6]. Several
studies also indicated that SOCS2 has important actions in
numerous physiological processes, such as fat deposition, skel-

etal muscle development, central nervous system develop-
ment, metabolism, immune response, mammary gland
development, cancer, and other cytokine-dependent processes
[7-11]. Our previous research showed that SOCS2 was an
important negative regulator of GH signaling in porcine
adipocytes (promotion of adipogenesis and inhibition of
lipolysis) and inhibited mitochondria biogenesis in C2C12
cells [2, 6]. Hence, we are interested to know if SOCS2 could
regulate fatty acid oxidation in mitochondria.

Leptin, an adipocyte-derived hormone, controls energy
balance and body weight via binding to leptin receptor
(LepR) [12]. Leptin receptor, a member of cytokine recep-
tor family, can activate the JAK tyrosine kinases (JAKI,
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JAK2, JAK3, and Tyk2) phosphorylation and strengthen
the STAT transcription factors [13, 14]. And it can also
be phosphorylated by JAK2 in turn [12]. SOCS3 is demon-
strated as a major negative regulator of both leptin and insu-
lin signaling, and SOCS3 overexpression in muscle also
suppresses leptin-regulated genes involved in fatty acid oxi-
dation and mitochondrial functions [15, 16]. Steinberg GR
et al. [17, 18] reported that SOCS3 could mediate skeletal
muscle leptin resistance which may contribute to the aber-
rant regulation of fatty acid metabolism observed in obesity.
SOCS2 was also reported to interact with LepR [19]. How-
ever, the function of this interaction in different tissues needs
to be further elucidated.

AMP-activated protein kinase (AMPK) is a key mole-
cule in energy homeostasis and acts as an important down-
stream effector of leptin signaling. Chronic administration
of leptin increases the expression of AMPK in the skeletal
muscle [18]. Leptin- or LepR-deficient rodents show a
decreased AMPK activity in the liver [20]. Leptin activates
the AMPK pathway and stimulates fatty acid oxidation by
blocking the effect of acetyl-CoA carboxylase (ACC) in the
skeletal muscle [21].

Mitochondrial fatty acid oxidation (FAO) is the major
pathway for the degradation of fatty acids and plays a piv-
otal role in generating ATP in various tissues [22]. FAO is
related with a series of enzymes, transporters, and other
facilitating proteins, such as fatty acid transport protein 1
(FATP1), carnitine palmitoyl transferase I-b (CPT1b),
medium-chain acyl-CoA dehydrogenase (MCAD), and
long-chain acyl-CoA dehydrogenase (LCAD), which carry
out the FA cellular uptake, mitochondria shuttle, and the
B-oxidation steps [23-26].

In our study, we contrasted the different roles of
SOCS2 and leptin in fatty acid oxidation and further
investigated the mechanism of SOCS2 on mitochondrial
fatty acid oxidation in mouse adipocytes. These data were
devoted to contributing to fundamental research of energy
homeostasis and the prevention and treatment of related
metabolic diseases.

2. Materials and Methods

2.1. Animal Experiment. Based on the guidelines and regula-
tions, all animal experimental procedures were approved by
the Animal Ethics Committee of Northwest A&F University
(Yangling, Shaanxi). Three-week-old C57BL/6] male mice
were purchased from the Laboratory Animal Center of the
Fourth Military Medical University (Xi’an, China). All ani-
mals were bred on-site at the College of Animal Science
and Technology, Northwest A&F University. They were
allowed ad libitum access to water and standard laboratory
mice chow. An animal room was maintained under con-
trolled conditions of temperature at 25°C + 1°C, humidity at
55+ 5%, and a 12 h-light/12 h-dark cycle.

For the leptin administration study, mice (all mice are
male) from four-week age were individually caged. After
daily body weight and temperature and food intake measure-
ment, murine leptin (PeproTech) (1 mg/kg body weight) or
saline was injected intraperitoneally from six-week to eight-
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week age, which were carried out at around 9:00 am every
day. The in vivo experiments were performed after 7 days
of leptin infection. The recombinant adenovirus overexpres-
sion vector of SOCS2 (Ad-SOCS2) and recombinant adeno-
virus interference vector of SOCS2 (sh-SOCS2) had been
constructed in our lab before [27]. Vehicle or Ad-SOCS2
and sh-SOCS2 were administered as a daily intraperitoneal
injection for 7 days. The purified adenovirus titer is 10"
PFU, and the injection volume of each mouse is 30 uL/d.
After two hours of the last injection, mice in various groups
were sacrificed using overdosed ethyl ether. Immediately,
the inguinal white adipose tissue (IWAT) was dissected and
kept for the studies as follows.

2.2. Primary Adipocyte Culture. The preadipocyte culture
was carried out according to our previous publication
[28]. In short, iIWAT were dissected from 6-week-old male
C57BL/6] mice, and visible connective fibers and blood ves-
sels were removed and washed three times with PBS contain-
ing 200 U/mL penicillin (Sigma, St. Louis, USA) and
200 U/mL streptomycin (Sigma, St. Louis, USA). Then, the
iWAT was finely minced (1 mm?) with scissors and incu-
bated in 10 mL digestion buffer containing Dulbecco’s mod-
ified Eagle medium (DMEM)/F12 (Gibco, USA), 100 mM
HEPES (Sigma, St. Louis, USA), 15% bovine serum albumin
(Sigma, St. Louis, USA), and 2mg/mL Type I collagenase
(Sigma, St. Louis, USA) in a shaking water bath at 37°C for
50 min. The digested tissue was filtered through nylon
screens with 250 ym and 70 ym mesh openings to remove
undigested tissues and large cell aggregates. The cell pellets
were centrifuged at 800x g for 7 min at room temperature
to separate floating adipocytes from cell pellets. Then, sus-
pend and wash the cell pellets twice with culture media
(DMEM/F12 with 15% bovine serum albumin and 100 nM
HEPES), and these stromal vascular cells were seeded into
35mm culture dishes at a density of 8 x 10* cells/dish and
incubated at 37°C under a humidified atmosphere of 5%
CO, and 95% air until confluence. The medium was changed
every other day. After reaching 95% confluence, cells were
induced to differentiate using DEME/F12 with 10% FBS
and 100nM insulin for 5-6 days until exhibiting a massive
accumulation of fat droplets [29].

2.3. Cell Viability Assay. Cell viability was determined by
using Cell Counting Kit 8 (CCK-8, Vazyme, China) assay
according to the instructions. The transfected cells were
seeded in a 96-well plate at a density of 2 x 10° and cultured
for 12h. 10 uL. CCK-8 solution was added into each well and
incubated for 1 hour at 37°C. Absorbance was quantified at
450 nm by Vector 5 (Bio-Tech Instruments, USA).

2.4. Fatty Acid Oxidation Measurement. Palmitate oxidation
to CO, and the incorporation of palmitate into lipids were
measured according to a previously published method [30,
31]. Adipocytes were washed in Krebs-Ringer bicarbonate
HEPES buffer (KRBH buffer: 135mM NaCl, 3.6 mM KClI,
0.5mM NaH,PO,, 0.5mM MgSO,, 1.5mM CaCl,, 2mM
NaHCO;, and 10mM HEPES, pH7.4) that contained 0.1%
BSA, preincubated at 37°C for 30min in KRBH 1% BSA,
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and washed again in KRBH 0.1% BSA. Cells were then incu-
bated for 3h at 37°C with fresh KRBH containing 1 4Ci/mL
[1-'*C] palmitate (Perkin Elmer, USA) bound to 1% BSA.
Oxidation measurements were performed by trapping the
radioactive CO, in a parafilm-sealed system. The reaction
was stopped by the addition of 40% perchloric acid through
a syringe that pierced the parafilm. For an in vivo study of
palmitate oxidation to CO, and the incorporation of palmi-
tate into different tissues, we used the modified method from
Buettner et al. [32]. Plasma and cell triglycerides (TG) and
free fatty acid (FFA) contents were determined by using com-
mercial ELISA kits (Jiancheng, China).

2.5. Mitochondrial Respiratory Activity. Adipocyte mito-
chondria were isolated using the Cell Mitochondria Isolation
kit (Beyotime, China). Cells were harvested and washed with
cool-PBS twice and then suspended in the ice-cold isolation
buffer for 15min. After the cells were homogenized, the
homogenate was centrifuged at 1,000x g for 10 min at 4°C.
The supernatant was collected and centrifuged at 11,000x g
for 10 min at 4°C. The mitochondria were collected in the
sediments. The activities of the mitochondrial complexes
were determined using the Mito Complex I and III Activity
Assay kits (GenMed Scientifics Inc., China).

2.6. Mitochondrial Content and Mitochondrial Damage
Assay. Fluorescent probe JC-1 (Beyotime, China) was used
to estimate mitochondrial membrane potential. Briefly, cells
were incubated with 5ug/mL JC-1 at 37°C for 10 min, then
washed twice with PBS and placed in fresh medium without
serum. Images of the cells were scanned by a Fluorescence
Microscope (Nikon TE2000-U, Japan). At the same time,
cells were gently harvested with trypsin and transferred on
ice to the flow cytometer. JC-1 was excited at 488 nm, and
the monomer signal (green) was recorded at 525nm (JC-1
monomer) on a flow cytometer using a minimum of 10,000
cells per sample. Simultaneously, the aggregate signal (red)
was recorded at 590 nm (JC-1 aggregates). The ratio of red/-
green fluorescent intensity was calculated.

Cyt C immunofluorescence analysis was performed 48 h
after plasmids transfection as previously described [33].
Cells were washed three times with PBS and fixed with
10% neutral formalin for 30 min and washed with PBS, then
incubated with the rabbit against rat Cyt C antibody (Boster
Biological Technology Co., China) (diluted 1:100 in PBS)
for 12h at 4°C. After the incubation, cells were washed twice
with PBS for 3min and then incubated with fluorescein
isothiocyanate-conjugated goat against rabbit IgG antibody
(Boster, China) (diluted 1:100 in PBS) for 1h at room tem-
perature and washed again in PBS. Finally, the cells were
illuminated with the appropriate laser line and photo-
graphed with a TE2000 Nikon fluorescence microscope
(excitation filter BP 450-490, a beam splitter FT510 and an
emission filter LP520, Tokyo, Japan).

Relative amounts of mtDNA copy number and nuclear
DNA copy number were detected using a QPCR method.
Pairs of primers for the COX2 mtDNA and nDNA 18S rRNA
were from our laboratory. The QPCR system was performed
according to the instructions (COX2 forward 5'—3': GG

GAAGCCTTCTCCAACC; COX2 reverse 5'—3': GAAC
CCAGGTCCTCGCTT). After treatment with the indicated
plasmids, ATP concentration was determined using the
Luciferase-based ATP-assay kit (Roche, Switzerland).

2.7. Cell Lipid Measurement. The Bodipy 493/503 staining
(Life Technology, CA) was used to visualize lipid droplet in
the adipocytes transfected with indicated plasmids. In brief,
cells were seeded in a 96-well plate at a density of 5x 10°
and cultured for 12 h. Then, cells were washed in PBS bufter,
fixed in 4% paraformaldehyde for 30 min. Bodipy dye was
diluted in PBS buffer to the final concentration of 1 mg/mL
and applied to cells for 15min. Then DAPI (4',6-diami-
dino-2-phenylindole) solution (10 ug/mL) was added and
incubated for 30 min. Digital images were obtained with a
Nikon TE2000-U Fluorescence Microscope (Tokyo, Japan).
The area of the stained cells with Bodipy and the droplet
diameter frequency distributions was measured by Image-
Pro Plus analyzer (Media Cybernetics, MD) in 10 random
microscopic fields (x40).

2.8. Enzyme-Linked Immunosorbent (ELISA) Assay. The con-
tents of fatty acid transporters and MCAD and LCAD levels
were determined using commercial ELISA kits (R&D Sys-
tems, USA). Adipose tissues were collected as described pre-
viously. The cells were collected after Ad-SOCS2 and sh-
SOCS?2 transfection and then disrupted by ultrasonication
(28 kHz, 30 min).

2.9. Real-Time PCR Analysis. Total RNA was extracted from
cells by using RNAiso Plus Reagent (TaKaRa, Dalian, China)
and used for synthesizing of the first-strand cDNA with Pri-
meScript® RT reagent Kit (TaKaRa, Dalian, China). Primers
for SOCS1, SOCS2, SCOS3, LepR, PGC-1a, NRF-1, TFAM,
AOX1, COX2, UCP2, and GAPDH were designed by Premier
5.0 software. GAPDH was used as the internal control. Real-
time PCR was performed with an iQ5 system (Bio-Rad,
USA) using a 20 uL reaction mixture containing 12.5uL
SYBR Premix Ex Taq™ Il (TaKaRa, Japan), 1uL forward
primer, 1uL reverse primer, 2uL template cDNA, and
8.5 uL ddH,0. A 274" method was chosen to analysis the
data (ACt = Ctwas for target gene and Ct for reference gene,
andAACt = ACtwas for the treatment group and -AACt for
the control group).

2.10. Western Blotting Analysis. Western blotting analysis
was performed as previously described [34]. Mouse adipo-
cytes were solubilized in adipocyte lysing buffer and incu-
bated for 40 min at 4°C, then the solution was centrifuged
at 12,000x g for 15min at 4°C, and the supernatants were
used for determination of protein concentration. Protein
samples (30 pug) were separated by electrophoresis on 12%
and 5% SDS-PAGE gels using slab gel apparatus and trans-
ferred to PVDF nitrocellulose membranes (Millipore, USA),
blocked with 5% skim milk powder/Tween 20/TBST at
room temperature for 2h. The membranes were then incu-
bated with primary antibodies against SOCS2, CPT-1b, p-
ACC, ACCl1, p-JAK2, JAK2, p-AMPK, AMPK, PGC-1a,
and GAPDH (Bioworld, China) at 4°C overnight. Following
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FiGure 1: The specific increase of SOCS2 in adipose tissue after leptin administration. Mice were intraperitoneally injected with leptin
(1 mg/kg body weight) or saline. (a) Rectal temperature of male mice was measured after leptin or saline treatment (1 = 6). (b). Effect of
leptin on food intake. Food intake was measured daily during leptin injection study (n =6). (c and d) Serum TG and FFA levels of mice
after leptin or saline injection (n = 6). Effects of leptin on FABP4 (e), PGC-1« (f), CPT-1b (g), p-ACC (h), and FATP1, FAS, and FAT (i).
Protein expression levels of inguinal adipose tissue after leptin or saline injection (n =4). (j) mRNA levels of SOCS1, SOCS2, and SOCS3
of inguinal adipose tissue after leptin or saline injection (n =4). All the protein levels (e-i) were detected by the ELISA test. Values are the
means + SD. *P <0.05, **P < 0.01.
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FiGure 2: Continued.
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FIGURE 2: SOCS2 reversed the promoting function of leptin on fatty acid oxidation. Eight-week-old male mice were intraperitoneally injected
with leptin (1 mg/kg body weight) or saline. (a) SOCS2 mRNA level in iWAT after Ad-SOCS2 or sh-SOCS?2 injection and leptin injection into
mice (n=4). Serum FFA (b) and TG (c) levels of mice after Ad-SOCS2 or sh-SOCS?2 injection and leptin injection (n =4). (d) Palmitate
incorporation into iWAT after Ad-SOCS2 or sh-SOCS2 injection and leptin injection (1 = 4). (e) Relative palmitate oxidation to CO, after
Ad-SOCS2 or sh-SOCS2 injection and leptin injection in iWAT (n =4). Protein expression levels of FABP4 (f), CPT-1b (g), and p-ACC
(h) in iWAT after Ad-SOCS2 or sh-SOCS2 injection and leptin injection (n=4). (i) Leptin receptor mRNA level in iWAT after Ad-
SOCS2 or sh-SOCS2 injection and leptin injection (1 =4). All the protein levels (f-h) were detected by the ELISA test. Values are the

means + SD. *P < 0.05, **P < 0.01.

this step, the appropriate HRP-conjugated secondary anti-
bodies (Baoshen, China) were added and incubated for
2h at room temperature. Proteins were visualized using
chemiluminescent peroxidase substrate (Millipore, USA),
and then, the blots were quantified using a ChemiDoc
XRS system (Bio-Rad, USA).

2.11. Statistical Analysis. Statistical analyses were conducted
using SAS v8.0 (SAS Institute, Cary, NC). Data were analyzed
using either one-way ANOVA or two-way ANOVA depend-
ing on the number of variables. Comparisons among individ-
ual means were made by Fisher’s least significant difference
(LSD). Data were presented as the mean + SD. Difference
was considered statistically significant (*P < 0.05, **P < 0.01).

3. Results

3.1. Leptin Promoted Fatty Acid Oxidation and SOCS2 mRNA
Level in Mouse Adipose Tissue. Figures 1(a) and 1(b) indicate
that leptin injection increased body temperature (P < 0.05)
and reduced food intake (P < 0.05) in mice. Meanwhile, lep-
tin elevated the serum FFA level (P < 0.05), but not triglycer-
ides (TG) (P>0.05) (Figures 1(c) and 1(d)). Fatty acid-
binding protein 4 (FABP4) protein level was reduced after
leptin treatment (P < 0.05, Figure 1(e)). Conversely, the pro-
tein levels of peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-la) (P <0.05), carnitine
palmitoyl transferase I-b (CPT-1b) (P <0.01), and p-ACC
(P <0.05) were increased as shown in Figures 1(f)-1(h).
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FIGURE 3: SOCS2 decreased mitochondrial fatty acid oxidation in mouse adipocytes. Four-week-old male mice were sacrificed, and stromal
vascular cells were isolated from iWAT. (a) Protein expression level of SOCS2 after 48 h treatment with control vector, Ad-SOCS2, or sh-
SOCS2 (n=4); GAPDH was used as the loading control. (b) mRNA levels of SOCS1 and SOCS3 in iWAT after 48 h treatment with
control vector, Ad-SOCS2, and sh-SOCS2 (n = 4). (c-j) Cells were transfected with different virus and induced to differentiation for 8 days
and harvest for analysis (n=4). (c) Bodipy staining; cells were carried out in mature adipocytes with respective treatment mentioned
above. (d, e). Cellular TG content and FFA content quantification. (f, g MCAD and LCAD protein levels. (h) Palmitate oxidation to CO,
was measured for 3h (n =4). (i) mRNA level of leptin receptor with qPCR. (j) Protein expression levels of CPT-1b, p-ACC, ACCl, p-JAK,
and JAK; GAPDH was used as the loading control. Values are the means + SD. *P < 0.05, **P < 0.01.

Fatty acid transport protein 1 (FATP1) and fatty acid synthase
(FAS) protein levels were declining. Conversely, fatty acid
translocase (FAT) level increased (P < 0.05, Figure 1(i)). Fur-
thermore, we found leptin injection increased SOCS2 mRNA
level (P < 0.05, Figure 1(j)).

3.2. SOCS2 Reversed the Promoting Function of Leptin on
Fatty Acid Oxidation. To clarify the function of SOCS2 on
fatty acid oxidation, in vivo gain or loss of function of SOCS2
was performed by intraperitoneal injection of recombinant
adenovirus vector Ad-SOCS2 or sh-SOCS2. The following
data provide evidence that the effects of leptin and SOCS2
are preserved in adipocytes. Our results indicated Ad-
SOCS2 injection enhanced the mRNA level of SOCS2
(P < 0.05, Figure 2(a)). Figure 2(b) shows SOCS2 inhibited
the release of FFA, but leptin reversed the effect (P < 0.05).

There was no apparent change of TG level detected in only
the Ad-SOCS2 and sh-SOCS2 treatment group (P > 0.05),
while the TG level was elevated along with the incubation
of leptin (P < 0.05, Figure 2(c)). The incorporation of [*C]-
palmitate into adipose tissues was remarkably increased in
the Ad-SOCS2 group but reduced after leptin injection, while
sh-SOCS2 was opposite to Ad-SOCS2 (P < 0.05, Figure 2(d)).
Figure 2(e) shows that [14C]—palmitate oxidation to CO, was
lower in the Ad-SOCS2 treatment group compared with con-
trol group and was significantly elevated by sh-SOCS2, but
the addition of leptin enhanced palmitate oxidation (P <
0.05). Forced expression of SOCS2 significantly downregu-
lated the protein levels of CPT-1b and p-ACC (P <0.05,
Figures 2(g) and 2(h)), while increasing the FABP4 protein
level (P < 0.05, Figure 2(f)). As shown in Figure 2(i), Ad-
SOCS?2 significantly decreased the leptin receptor level, the
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FI1GURE 4: SOCS2 reduced mitochondrial respiratory activity. (a) mRNA expressions of the mitochondrial function genes after transfection
with Ad-SOCS2 and sh-SOCS2 for 48h (n=4). (b, ¢) The activities of mitochondrial complexes I and III after vector delivery and
differentiation for 8 days (n =4). (d) Images of adipocytes Cyt C immunofluorescent staining after vector delivery and differentiation for 8
days (red). Scale bar: 100 um (n =4). (e) ATP level after vector delivery and differentiation for 8 days (n=4). (f) mtDNA copy number
after vector delivery and differentiation for 8 days (n=4). All the protein levels (b, c) were detected by the ELISA test. Values are the

means + SD. *P < 0.05, **P < 0.01.

addition of leptin extenuated the reduction caused by Ad-
SOCS?2 and sh-SOCS2 has the opposite effect (P < 0.05).

3.3. SOCS2 Decreased Mitochondrial Fatty Acid Oxidation in
Mouse Adipocytes. We then examined the influences of
SOCS?2 on fatty acid oxidation in mouse primary adipocytes.
Four-week-old male mice were sacrificed, and stromal vascu-
lar cells were isolated from iWAT. Firstly, we evaluate the
efficiency of Ad-SOCS2 or sh-SOCS2. After 48 h infection,
the SOCS2 protein level increased in the Ad-SOCS2 group
while decreased in the sh-SOCS2 group compared with the
control group (P < 0.05, Figure 3(a)). Either Ad-SOCS2 or
sh-SOCS2 had no effect on mRNA levels of SOCS1 and
SOCS3 (P > 0.05, Figure 3(b)). After 8 days of adipogenic dif-
ferentiation, overexpression of SOCS2 increased the accumu-
lation of lipid drops and TG level (P < 0.05, Figures 3(c) and
3(d)), yet decreased the release of FFA (P < 0.05, Figure 3(e)).
Moreover, the key enzymes of mitochondrial fatty acid oxi-
dation medium-chain acyl-CoA dehydrogenase (MCAD)
and long-chain acyl-CoA dehydrogenase (LCAD) levels were
both significantly reduced in response to overexpression of
SOCS2 and dramatically elevated by sh-SOCS2 (P <0.05,
Figures 3(f) and 3(g)). Ad-SOCS2 suppressed leptin receptor
mRNA level and palmitate oxidation to CO,, and sh-SOCS2
had an opposite effect (P < 0.05, Figures 3(h) and 3(i)). Ad-
SOCS2 significantly downregulated the protein levels of
CPT-1b, p-ACC, and p-JAK, while sh-SOCS2 could pro-
mote phosphorylation of CPT1b, ACC, and JAK (P < 0.05,
Figure 3(j)). These data implied that SOCS2 was a negative
regulator of mitochondrial fatty acid oxidation.

3.4. SOCS2 Reduced Mitochondrial Respiratory Activity. Com-
pared with the control group, mRNA levels of PGC-1a,
nuclear respiratory factor 1 (NRF-1), mitochondrial tran-
scription factor A (TFAM), aldehyde oxidase 1 (AOXI1),

cyclooxygenase-2 (COX2), and uncoupling protein 2 (UCP2)
were all significantly downregulated in the Ad-SOCS2 group
(P < 0.05, Figure 4(a)). Activities of mitochondrial complexes
I and III were both reduced by SOCS2 overexpression
(P < 0.05, Figures 4(b) and 4(c)). Cytochrome c (Cyt C) con-
tent was studied by immunofluorescent staining, and the
fluorescence intensity showed Ad-SOCS2 also inhibited Cyt
C expression, ATP level, and mitochondrial DNA (mtDNA)
copy number, while they were increased by sh-SOCS2
(P < 0.05, Figures 4(d)-4(f)).

3.5. SOCS2 Inhibited Leptin-Induced Fatty Acid Oxidation in
Mouse Adipocytes. As shown in Figure 3(i), Ad-SOCS2 sup-
pressed leptin receptor at the mRNA level, but the addition
of leptin had contrary function (P <0.05, Figure 5(a)).
Figures 5(b) and 5(c) show the addition of leptin elevated
the release of FFA and ['*C]-palmitate oxidation to CO.,,
but Ad-SOCS2 inhibited their levels and sh-SOCS2 had a
promotion effect (P <0.05). Increased p-ACC and CPT-1
levels by leptin were also reversed in the Ad-SOCS2 group
(P <0.05, Figures 5(d) and 5(e)). SOCS2 overexpression
increased the protein level of FABP4, sh-SOCS?2 could inhibit
it, and cotreatment with leptin and SOCS2 attenuated this
increased effect caused by Ad-SOCS2 (P < 0.05, Figure 5(f)).
Leptin dramatically increased the levels of PGC-1«, Cyt C,
and mitochondrial ATP, while Ad-SOCS2 had the reverse
function; sh-SOCS2 could further increase their expression
level on the basis of leptin treatment (P < 0.05, Figures 5(g)-
5(i)). Consistent with the in vivo experiment, these data indi-
cated SOCS2 inhibited leptin-induced fatty acid oxidation in
mouse adipocytes.

3.6. SOCS2 Aggravated Oligomycin-Induced Mitochondrial
Dysfunction. Oligomycin is an inhibitor of respiratory-
chain phosphorylation which dramatically decreased the
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FI1GURE 5: SOCS2 inhibited leptin-induced fatty acid oxidation in mouse adipocytes. Preadipocytes from mice iWAT were transfected with
control vector, Ad-SOCS2, and sh-SOCS?2 induced differentiation for 8 days, incubated with 100 nm leptin for 24 h on the last day before
being harvested. (a) mRNA level of leptin receptor after transfection and leptin treatment (n=4). (b) Cellular FFA content after
transfection and leptin treatment (n = 4). (c) Fatty acid oxidation. Palmitate oxidation to CO, was measured for 3 h after transfection and
leptin treatment (n =4). (d-h) p-ACC, CPT-1b, FABP4, PGC-1a, and Cyt C protein levels after transfection and leptin treatment (n = 4).
All the protein levels were detected by the ELISA test. (i) ATP level after transfection and leptin treatment (n = 4). Values are the means +
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level of mitochondrial ATP, inhibiting the mitochondrial
oxidation function. Oligomycin significantly reduced intracel-
lular ATP levels (P < 0.05, Figure 6(a)) without affecting cell
viability (P > 0.05, Figure 6(b)). SOCS2 overexpression exac-
erbated the impairment of mitochondrial respiration induced
by oligomycin, whereas sh-SOCS?2 elevated the ATP level and
[*C]-palmitate oxidation to CO,, repairing impaired mito-
chondrial oxidation function (P <0.05, Figures 6(c) and
6(d)). However, oligomycin did not have any effect on
SOCS2, leptin, and its receptor mRNA level (P >0.05,
Figures 6(e)-6(g)). The suppressed p-JAK level after oligo-
mycin treatment was further decreased by Ad-SOCS2
(P <0.05, Figure 6(h)). Combining Figures 6(i) and 6(j),

CPT-1b and p-ACC protein levels were both attenuated after
oligomycin treatment and were accentuated in the Ad-
SOCS2 group (P <0.05). These results indicated SOCS2
had an aggravating effect on oligomycin-induced mitochon-
drial dysfunction.

3.7. JAK2 Signaling Pathway Was Involved in SOCS2
Regulation of Mitochondrial Fatty Acid Oxidation. The level
of p-JAK2 was increased especially after treated with cou-
mermycin Al, which is a JAK2 signal activator (P <0.05,
Figure 7(a)). Coumermycin Al increased [14C]-pa1mitate
oxidation to CO, (P <0.05, Figure 7(b)). Figure 7(c) indi-
cates that coumermycin Al-induced-JAK2 signal activation
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F1GURE 6: SOCS2 aggravated oligomycin-induced mitochondrial dysfunction. Preadipocytes from mice iWAT were transfected with control
vector, Ad-SOCS2, and sh-SOCS2 induced differentiation for 8 days, incubated with 1 4M oligomycin for 1h before harvested. (a) Cell
viability was detected by CCK-8 kit after 1 uM oligomycin treatment 1h (n=4). (b) ATP level with 1 uM oligomycin treatment for 1h
(n=4). (c) ATP level after transfection and oligomycin incubation (n=4). (d) Fatty acid oxidation. Palmitate oxidation to CO, was
measured for 3 h after transfection and oligomycin incubation (1 = 4). (e-g) SCOS2 mRNA level, leptin, and its receptor mRNA level after
transfection and treatment with oligomycin. (h) p-JAK level after transfection and treatment with oligomycin. (i, j) Protein expression
levels of CPT-1b and p-ACC after transfection and treatment with 1M oligomycin for 1h (n=4). All the protein levels (h—j) were
detected by the ELISA test. Values are the means + SD. *P < 0.05, **P < 0.01.

increased the mRNA level of SCOS2 (P < 0.05), but reduced
leptin receptor mRNA level (P <0.05, Figure 7(d)). Then,
we detected the expression of p-ACC and CPT-1b, as
expected these two fatty acid oxidation marker genes expres-
sion increased significantly by coumermycin Al treatment.
But the increased p-ACC and CPT-1b levels induced by cou-
mermycin Al were reversed in Ad-SOCS2 group (P < 0.05,
Figures 7(e) and 7(f)). The FABP4 protein level went down
with the coumermycin Al treatment but rose after overex-
pressing SOCS2 (P < 0.05, Figure 7(g)). Moreover, ['*C]-pal-
mitate oxidation to CO, was upregulated by coumermycin
Al but reduced by Ad-SCOS2 and was elevated by sh-
SOCS2 (P < 0.05, Figure 7(h)). These data proved that forced

expression of SOCS2 abolished elevated mitochondrial func-
tion induced by the activation of JAK2. Figure 7(i) further
demonstrated that coumermycin Al increased the p-AMPK
level; however, Ad-SOCS2 downregulated it inversely. And
cotreatment of sh-SOCS2 and coumermycin Al could dra-
matically upregulate p-AMPK level (P < 0.05). Hence, we
speculated SCOS2 inhibited mitochondrial function through
the LepR/JAK2/AMPK signal pathway.

3.8. SOCS2 Reduced Mitochondrial Fatty Acid Oxidation
through Inhibiting JAK2/AMPK Pathway. To further confirm
the molecular mechanism of SOCS2 on mitochondrial fatty
acid oxidation, we measured the phosphorylation levels of
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FIGURE 7: JAK2 signaling pathway was involved in SOCS2 regulation of mitochondrial fatty acid oxidation. The mice were treated with
coumermycin Al, a JAK2 signal activator, and then were treated with saline, Ad-SOCS2, and sh-SOCS2. (a) p-JAK2 levels after 10 uM
coumermycin Al treatment for Omin, 10 min, 30 min, and 60 min (n=4). (b) Fatty acid oxidation. Cells were treated with 10 yM
coumermycin Al for 0 min, 10 min, 30 min, and 60 min, before palmitate oxidation to CO, was measured (n=4). (c) SOCS2 mRNA
expression levels after transfection with Ad-SOCS2 and sh-SOCS2 and 10 uM coumermycin Al treatment for 30 min (n =4). (d) Leptin
receptor mRNA level after transfection with Ad-SOCS2 and sh-SOCS2 and 10 uM coumermycin Al treatment for 30 min (n =4). (e-g)
Protein levels of p-ACC, CPT-1b, and FABP4 after transfection with SOCS2 and 10 uM coumermycin Al treatment for 30 min (n =4).
(h) Fatty acid oxidation. Palmitate oxidation to CO, was measured for 3h after transfection with SOCS2 and 10 uM coumermycin Al
treatment for 30 min (n =4). (i) p-AMPK level after transfection with SOCS2 and 10 yuM coumermycin Al treatment for 30 min (n = 4).
All the protein levels (a, e-g, i) were detected by the ELISA test. Values are the means + SD. *P < 0.05, **P < 0.01.

JAK2 and AMPK. Figure 8(a) shows overexpression of
SOCS2 reduced p-JAK2 and p-AMPK levels; sh-SOCS2 sig-
nificantly increases their levels (P <0.05). Additionally,
protein levels of CPT-1b, p-ACC/ACCI, and PGC-1a were
also elevated by Ad-SOCS2 (P < 0.05, Figure 8(b)). Treat-
ment with JAK2-specific inhibitor AZD1480 decreased
JAK2 phosphorylation and also reduced AMPK phosphor-
ylation (P <0.05, Figure 8(a)). Conversely, overexpression
of SOCS2 inhibited mitochondrial fatty acid oxidation
(P < 0.05, Figure 8(b)) along with the reduced p-JAK2 level.
Similarly, the AMPK-specific inhibitor Compound C

decreased AMPK phosphorylation but could not reduce
JAK2 phosphorylation (P < 0.05, Figure 8(c)). Still, the levels
of CPT-1b, p-ACC/ACCI, and PGC-1a were decreased by
Ad-SOCS2 and elevated by sh-SOCS2 as shown in
Figure 8(d) (P < 0.05).

4. Discussion

Our research proved that SOCS2 is the downregulator of lep-
tin signaling with the biochemical consequence of fatty acid
oxidation inhibition. SOCS proteins are negative regulators
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FiGure 8: SOCS2 reduced mitochondrial fatty acid oxidation through inhibiting the JAK2/AMPK pathway. (a) Protein levels of p-
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inhibitor) incubation for 2h (n=4). (b) Protein expression levels of CPT-1b, p-ACC, ACC1, and PGC-1a with Ad-SOCS2 or sh-SOCS2

transfection for 48h and 1nM AZD1480 incubation for 2h (n

=4). (c) Protein expression levels of p—]AKZTyr1°07’1008, JAK2, p-

AMPK™172 and AMPK with Ad-SOCS2 or sh-SOCS2 transfection for 48 h and 1 nM Compound C (AMPXK inhibitor) incubation for 1h
(n=4). (d) Protein expression levels of CPT-1b, p-ACC, ACC1, and PGC-1a with Ad-SOCS2 or sh-SOCS2 transfection for 48 h and 1 nM
Compound C incubation for 1h (n=4). GAPDH was used as the loading control in western blot. Values are the means + SD. *P < 0.05,

**P<0.01.

of cytokine signaling that function primarily at the receptor
level. SOCS2, as an intracellular protein induced by cytokines
and hormones, could modulate the immune response, neural
development, neurogenesis, and neurotrophic pathways [11,
35]. Many studies have proved that SOCS2 has complex bio-
logical functions [19, 36, 37], such as SOCS2 which has an
inhibitory effect on GH, interferon, and leptin signaling. It
has been reported that SOCS3 can be induced by high-dose
leptin [38]. The complicated interaction between SOCS2
with LepR implied a role of SOCS2 in inhibiting recruitment
of downstream signaling moieties [19]. Multiple studies have
shown that leptin can promote the expression of SOCS2 [36,
39]. Our research also proves that SOCS?2 is a key regulatory
molecule downstream of leptin and could be elevated by lep-
tin. However, Lavens et al. showed that the conservative Y985
and Y1077 patterns in the cytoplasmic domain of leptin
receptor have specific binding to CIS [19]. SOCS2 only inter-
acts with the Y1077 motif, but has a higher binding affinity,
and can interfere with the recruitment of CIS and STAT5a
at this site. In addition, although SOCS2 does not associate
with Y985 of the leptin receptor, SOCS2 can prevent the
interaction of CIS with this position and inhibit the binding
of leptin receptor to the target gene. And in Figures 2(i)
and 3(i) of our research, data also indicated that overexpres-
sion of SOCS?2 can significantly inhibit the expression of Lep-
tin receptor in adipocytes; this is consistent with those
previous studies. We demonstrate this negative feedback
mechanism causes the expression of SOCS2 to be increased
by leptin, and instead, SOCS2 inhibits the activity of leptin
receptor, which weakens the promotion of leptin on fatty
acid oxidation in adipocytes.

The data of our research indicated that leptin could pro-
mote lipolysis. Leptin directly inhibits intracellular lipid con-

centrations by reducing fatty acid, triglyceride synthesis, and
concomitantly increasing lipid oxidation [39, 40]. Studies
have shown that exogenous addition of leptin can lead to
inhibition of lipogenesis, increased hydrolysis of triglycer-
ides, and increased oxidation of fatty acids and glucose, and
activation of central leptin receptors also contributes to the
development of catabolic states in adipocytes [41, 42]. Our
data also show that FFA in plasma are elevated by leptin,
and lipolysis-related genes PGCla, CPT-1, p-ACC, FAT
can be upregulated by leptin. This implies that leptin could
promote lipolysis. Leptin increased FAO by stimulating the
activity of CPT-1 and inhibiting activity of ACC, respectively
[43, 44]. Inhibition of ACC will thus block fatty acid synthe-
sis and favor mitochondrial fatty acid uptake and oxidation,
resulting in lower intracellular fatty acid and triglyceride con-
centrations [45]. Recent research shows a novel mechanism
of leptin-induced FAO in the muscle tissue, in which leptin
stimulated fatty acid uptake to enhance fatty acid oxidation
via AMPK activation in both mouse muscle and cardiac
myocytes [46]. In our results, we also confirmed that leptin
suppressed fatty acid synthesis and increased SOCS2 expres-
sion in the adipose tissue.

Fatty acids are the main components of various types of
metabolic activities, and they are essential for the various cel-
lular functions of mammals. The body can maintain the sup-
ply of cellular fatty acids through various mechanisms.
Cellular fatty acid levels are highly dynamic and depend on
the metabolic needs of cells and organisms, which may be
affected by disease, fasting and feeding, exercise, and temper-
ature [47]. These factors determine the pathway of fatty acid
utilization, including mitochondrial FAO (-oxidation) as an
energy source or TG storage in LD. Studies have shown that
FAO is required for cold-induced heat generation in BAT
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FIGURE 9: Summary of SOCS2 in the regulation of mitochondrial
fatty acid oxidation via LepR/JAK2/AMPK signaling pathway.
SOCS2 and leptin play opposite roles in mitochondrial fatty acid
oxidation.

and oxidative stress and inflammation induced by a high-fat
diet in WAT [48, 49]. In addition, FAO is necessary to main-
tain active and resting BAT and thermogenesis program
[50]. Defects in FAO are thought to be related to obesity-
related metabolic disorders. There is evidence that during
obesity, the decreased ability of FAO in humans and rodents
leads to lipid accumulation and lipid toxicity [51, 52]. Some
studies have shown that increasing FAO can effectively com-
bat obesity and insulin resistance [53, 54]. In our study, we
demonstrated that silencing SOCS2 can promote FAO by
promoting the LepR/JAK2/AMPK signaling pathway in
mouse adipocytes and maintain the lipid metabolism activity
of adipocytes.

Taken together, our data indicated that silencing of
SOCS2 promoted mitochondrial fatty acid oxidation through
elevating phosphorylation levels of JAK2 and AMPK, accom-
panied with decreased expression of leptin receptor
(Figure 9). These results may provide a new insight into the
molecular mechanism by which fatty acid oxidation is regu-
lated by SOCS2 and implicate a new therapy against obesity
and related metabolic syndrome.
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