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Nonalcoholic fatty liver disease (NAFLD) is one of the most
common chronic liver diseases worldwide. However, the
molecular mechanisms that promote dysregulation of hepatic
triglyceride metabolism and lead to NAFLD are poorly
understood, and effective treatments are limited. Leukemia
inhibitory factor (LIF) is a member of the interleukin-6 cyto-
kine family and has been shown to regulate a variety of phys-
iological processes, although its role in hepatic triglyceride
metabolism remains unknown. In the present study, we
measured circulating LIF levels by ELISA in 214 patients with
biopsy-diagnosed NAFLD as well as 314 normal control
patients. We further investigated the potential role and
mechanism of LIF on hepatic lipid metabolism in obese mice.
We found that circulating LIF levels correlated with the
severity of liver steatosis. Patients with ballooning, fibrosis,
lobular inflammation, and abnormally elevated liver injury
markers alanine transaminase and aspartate aminotransferase
also had higher levels of serum LIF than control patients.
Furthermore, animal studies showed that white adipose tissue—
derived LIF could ameliorate liver steatosis through activation
of hepatic LIF receptor signaling pathways. Together, our
results suggested that targeting LIF-LIF receptor signaling
might be a promising strategy for treating NAFLD.

Nonalcoholic fatty liver disease (NAFLD) has become one of
the most common chronic liver diseases worldwide (1),
causing a heavy burden to society. It is characterized by
accumulation of excessive triglycerides (TGs) in the hepato-
cytes and closely related to insulin resistance and
cardiometabolic risk factors (i.e., abdominal obesity, dyslipi-
demia, and hyperglycemia) (2-5). NAFLD can further develop
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into nonalcoholic steatohepatitis (NASH) characterized by
persistent liver injury and inflammation, which can progress to
hepatic fibrosis, liver cirrhosis, and hepatocellular carcinoma
(1, 6, 7). However, the molecular mechanisms of NAFLD
remain to be further determined. Furthermore, it is important
to seek new potential therapeutic targets.

Leukemia inhibitory factor (LIF) is a member of the
interleukin (IL)-6 cytokine family, which plays important
roles in the regulation of many different physiological and
pathological processes. It induces activation of signal trans-
ducer and activator of transcription (STAT) and mitogen-
activated protein kinase (MAPK) pathways by binding to
its receptor—LIF receptor (LIFR) (8). Notably, previous
studies have shown that LIF can regulate the self-renewal of
embryonic stem cells and the tumorigenesis (9, 10). For
instance, LIF secreted from pancreatic stellate cells acts on
cancer cells to regulate cancer cell differentiation, and
changes in the circulating LIF levels are significantly corre-
lated with tumor response to therapy (11). In addition,
recent studies suggest that LIF might be involved in meta-
bolic regulation (12-15). It has been shown that central LIF
gene therapy suppresses food intake and decreases body
weight and serum leptin in animal models (13). Florholmen
et al. reported that LIF stimulates glucose transport in
isolated cardiomyocytes (16). Besides, Edwin et al. found
that LIF could induce human [-cell differentiation in
response to increased metabolic demands (17). However, its
role in the regulation of hepatic TG homeostasis has not
been explored. In the present study, through human studies
and animal experiments, we found that serum LIF levels
were significantly associated with severity of NAFLD and
LIF treatment could alleviate fatty liver through binding to
LIFR and activating the STAT3 signaling pathway. There-
fore, our results may provide a potential therapeutic target
for the treatment of fatty liver and related metabolic
disorders.
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LIF protects against NAFLD

Results

Circulating LIF concentration is associated with NAFLD/NASH

Although the potential functions of LIF on energy meta-
bolism has been recently studied (14, 18), its role in hepatic
lipid metabolism is still unknown. Therefore, we first explored
the association between serum LIF levels and NAFLD. A total
of 528 human subjects, including 314 normal subjects and 214
biopsy-proven NAFLD patients, were recruited in the current
study. The clinical and biochemical variables of subjects are
summarized in Table 1. Interestingly, patients with NAFLD
had higher serum LIF levels than the non-NAFLD subjects
(Table 1 and Fig. 1A). Furthermore, patients with simple
steatosis and NASH had higher levels of serum LIF than their
healthy controls. There was no significant difference between
patients with simple steatosis and those with NASH (p > 0.05)
(Table 2 and Fig. 1B). Further analysis showed that patients
with NAFLD activity score (NAS) NAS=>3 had higher levels of
serum LIF than those with NAS<2 (Fig. 1C). It is worth noting
that serum LIF concentration was higher in obese patients
than those in nonobese patients (Fig. 1D). Compared with
patients with normal serum alanine transaminase (ALT) and
aspartate aminotransferase (AST), patients with elevated ALT
and AST levels had higher levels of serum LIF (Fig. 1, E and F).
Likewise, patients with ballooning, fibrosis, or lobular inflam-
mation had elevated serum LIF levels compared with their
controls (Fig. 1, G-I). Furthermore, Spearman correlation
analysis showed that serum LIF levels were positively associ-
ated with serum TG, low-density lipoprotein (LDL), ALT,
AST, glycated hemoglobin, and homeostasis model assessment
of insulin resistance (HOMA-IR) (Fig. 1, J-O). These results
indicated that LIF might be involved in the development of
NAFLD.

Identification of LIF as a white fat-enriched protein

To further investigate the role of LIF in lipid metabolism
and fatty liver, the tissue expression of LIF in C57BL/6 mice

was detected by quantitative PCR (qPCR) analysis. qPCR
analysis showed that LIF mRNA expression was enriched in
epididymal white adipose tissue (eWAT) and presented at a
marginally high level in inguinal white adipose tissue (iWAT)
(Fig. 2A). In contrast, its expression in other tissues, including
the liver, brown adipose tissue, skeletal muscle, and heart, was
much lower than in WAT (Fig. 24). To determine LIF
expression in obesity-associated NAFLD, the mRNA and
protein levels of LIF in the adipose tissues of mice fed a high-
fat diet (HFD) for 16 weeks were evaluated. Compared with
mice fed a normal chow diet (NCD), the mRNA (Fig. 2B) and
protein (Fig. 2, C and D) levels of LIF were significantly
increased in the iWAT and eWAT of HFD mice. Similarly, LIF
expression in adipose tissue was markedly increased in 0b/ob
(leptin-deficient) mice compared with lean mice (Fig. SI,
A-C). Furthermore, serum LIF concentrations were signifi-
cantly elevated in HFD and 0b/0b mice (Figs. 2E and S1D).
Pearson correlation analysis showed that protein levels of LIF
in WAT were positively correlated with circulating LIF con-
centrations (Figs. 2F and S1E). In isolated adipocytes and
stromal vascular fractions (SVFs) from eWAT, similar pattern
of differential expression of LIF was identified. In isolated
mature adipocytes, the expression of LIF was dramatically
higher in HFD mice than in NCD mice (Fig. 2, G and H). In
agreement, the LIF mRNA levels were significantly elevated in
subcutaneous adipose tissue and visceral adipose tissue of
obese individuals (Fig. 2, I and ). Collectively, elevated serum
LIF levels may be largely attributed to its increased expression
in WAT in obesity.

Overexpression of LIF in adipose tissue protects mice from
NAFLD

To further address whether increased LIF level in WAT
could affect the development of obesity-associated fatty liver,

adenovirus particles carrying LIF gene were multipoint-
injected into iWAT on both sides of HFD-induced obese

Table 1
Clinical characteristics of patients with NAFLD and healthy subjects

Variables Control NAFLD p-value p-value®
Sample size 314 214 -
Age (years) 43.0£11.9 424+11.1 0.577 -
Gender (female n, %) 201 (64.0) 42 (19.6) <0.001 -
BMI (kg/m?2)" 21.9 (20.3-24.0) 26.5 (24.6-28.7) <0.001 -
Systolic BP (mmHg) 112.8+11.6 128.9+£14.6 <0.001 <0.001
Diastolic BP (mmHg) 74.5+10.9 84.1+10.2 <0.001 <0.001
Triglycerides (mmol/L)® 0.90 (0.72-1.19) 1.91 (1.36-2.93) <0.001 <0.001
Total cholesterol (mmol/L) 4.48+0.62 5.25+1.21 <0.001 <0.001
LDL-c (mmol/L) 2.50+0.53 3.03+£0.93 <0.001 <0.001
HDL-c (mmol/L) 1.55+0.38 0.99+0.21 <0.001 <0.001
FPG (mmol/L)" 47 (4.4-5.0) 5.3 (4.9-6.1) <0.001 <0.001
HbAlc (%)° 5.3 (5.1-5.4) 5.8 (5.4-6.6) <0.001 <0.001
HOMA-IR" 0.79 (0.60-1.04) 1.84 (1.19-2.83) <0.001 <0.001
ALT (U/L)° 15 (12-20) 48 (28-79) <0.001 <0.001
AST (U/L) 19 (17-23) 32 (24-49) <0.001 <0.001
ALP (U/L) 60 (49-72) 79 (67-93) <0.001 <0.001
GGT (U/L) 15 (10-21) 53 (33-85) <0.001 <0.001
LIF (pg/ml)h 8.54 (5.53-12.38) 12.64 (8.62-17.06) <0.001 <0.001

Abbreviations: ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate aminotransferase; BMI, body mass index; BP, blood pressure; FGP, fasting plasma glucose;
GGT, y-glutamyl transpeptidase; HbAlc, glycated hemoglobin; HDL-c, high-density lipoprotein cholesterol; HGB, hemoglobin; HOMA-IR, homeostasis model assessment of
insulin resistance; LDL-c, low-density lipoprotein cholesterol; LIF, leukemia inhibitory factor; PLT, platelet; RBC, red blood cell; WBC, white blood cell.

Data are presented as the mean + SD or median (interquartile range).
“ adjusted for age gender and BML
b Analysis performed on log-transformed data.
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Figure 1. Serum LIF levels are elevated in patients with NAFLD/NASH. A, serum LIF concentration in normal subjects (n = 314) and NAFLD subjects
(n = 214). B, serum LIF concentration in normal subjects (n = 314), NAFL subjects (n = 107), and NASH subjects (n = 107). C, comparison of serum LIF levels in
patients with NAFLD with different grades (NAS<2 [n = 338], 3<sNAS<4 [n = 122], NAS=>5 [n = 68]). D, serum LIF concentration in nonobese subjects (n = 457)
and obese subjects (n = 71). E, serum LIF levels in subjects with (n = 401) and without (n = 127) normal ALT. F, serum LIF levels in subjects with (n = 459) and
without (n = 69) normal AST. G, concentration of serum LIF in subjects with the presence (n = 361) or absence (n = 167) of ballooning. H, concentration of
serum LIF in subjects with the presence (n = 387) or absence (n = 141) of fibrosis. /, concentration of serum LIF in subjects with the presence (n = 345) or
absence (n = 183) of lobular inflammation. J-O, association between serum LIF concentration and triglycerides, LDL, ALT, AST, HbA1c, and HOMA-IR
(n = 528). *p < 0.05, **p < 0.01, *** p < 0.001. For /-N, spearman correlation analysis was used. ALT, alanine transaminase; AST, aspartate aminotrans-
ferase; HbA1c, glycated hemoglobin; HOMA-IR, homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein; LIF, leukemia inhibitory
factor; NAFL, nonalcoholic fatty liver; NAFLD, nonalcoholic fatty liver disease; NAS, NAFLD activity score; NASH, nonalcoholic steatohepatitis.

mice (Fig. 34) to mimic the fold change of circulating LIF
levels of obese mice. As shown in the Figure 3B, forced
overexpression of LIF was observed in iWAT of HFD mice, but
not in other metabolic organs (Fig. S2A). HFD-Ad-LIF mice
exhibited a significant increase in circulating LIF concentra-
tion (Fig. 3C). There was no significant difference in body
weight between the two groups, but the mass of iWAT
significantly decreased in HFD-Ad-LIF mice (Fig. 3, D and E).
Furthermore, histological examination revealed that the
inflammation in iWAT was significantly improved in the
Ad-LIF mice compared to the Ad-GFP mice (Fig. 3F). Addi-
tionally, metabolic status and inflammatory responses in the

SASBMB

adipose tissues were assessed. Consistent with the hematoxylin
and eosin (H&E) results, several proinflammatory cytokines
such as Tnfa, 1lI-6, Cxcll0, and Ccl2 were significantly
decreased in the iWAT of Ad-LIF mice (Fig. 3G). The fatty
acid P oxidation genes, including Ppara and Cptla, were also
dramatically decreased in Ad-LIF mice compared to those in
the control condition, while the expressions of AcoxI and Lcad
genes were not significantly changed (Fig. 3H). These results
suggest that LIF may reduce WAT mass and relieve inflam-
mation and lipotoxic damage (19). Chronic inflammation in
adipose tissue has been well established to promote insulin
resistance in obesity (20). Glucose tolerance test (GTT) and

J. Biol. Chem. (2022) 298(6) 101946 3
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Figure 1. Continued

insulin tolerance test (ITT) revealed that overexpression of LIF
ameliorated glucose tolerance and insulin sensitivity (Fig. 3, 1
and /). Lipolysis is defined as the sequential hydrolysis of
triacylglycerol stored in cell lipid droplets to supply fatty acids
(FAs) and glycerol as energy substrates for other organs and
associated with hyperlipidemia, insulin resistance, and obesity
(21, 22). The phosphorylation of hormone-sensitive lipase, a
key enzyme for lipolysis, at Ser853 in iWAT was significantly
decreased in Ad-LIF mice, while the Ser565 and Ser660
phosphorylation were unaffected (Fig. 3K). Furthermore, the
serum free fatty acid (FFA) concentration was unchanged

(Fig. S2C). These results suggest that lipolysis might not be the
main factor that mediates the actions of LIF. In addition,
serum TG and total cholesterol levels were also significantly
reduced in Ad-LIF mice (Figs. 3L and S2D).

To further explore the reason behind the improved meta-
bolism after LIF overexpression, we examined the metabolic
changes in the liver. Although there was no significant
difference in liver weight between the two groups (Fig. 3M),
Ad-LIF-injected HFD mice exhibited marked improvement on
hepatosteatosis as shown by H&E staining (Fig. 3N) and liver
TG contents (Fig. 30). Hepatic TG storage was regulated by

Table 2
Clinical characteristics of patients with NAFLD and healthy subjects

Variables Control Non-NASH NASH
Sample size 314 107 107
Age (years) 43.0£11.9 42.3£11.4 42.5£11.0
Gender (female n, %) 201 (64.0) 21 (19.6)° 21 (19.6)*
BMI (kg/m?)° 21.9 (20.3-24.0) 26.0 (24.5-28.1) 27.1 (24.6-29.4)
Systolic BP (mmHg) 112.8+11.6 128.1+15.2% 129.8+14.0"
Diastolic BP (mmHg) 74.5+10.9 83.4+10.0° 84.8+10.4°
Triglycerides (mmol/L)" 0.90 (0.72-1.19) 1.79 (1.18-2.50)* 2.18 (1.63-3.10)
Total cholesterol (mmol/L) 4.48+0.62 4.89+1.04° 5.61+1.26"
LDL-c (mmol/L) 2.50+0.53 2.83+0.79" 3.24+1.02°
HDL-c (mmol/L) 1.55+0.38 1.00+0.21% 0.99+0.20°
FPG (mmol/L)" 4.7 (4.4-5.0) 5.2 (4.9-6.0)* 5.4 (4.9-6.2)"
HbAlc (%)° 5.3 (5.1-5.4) 5.8 (5.4-6.6)* 5.9 (5.4-6.6)"
HOMA-IR" 0.79 (0.60-1.04) 1.52 (1.01-2.31) 2.20 (1.38-2.06)"
ALT (U/L)" 15 (12-20) 39 (25-62)° 61 (38-90)°
AST (U/L) 19 (17-23) 29 (23-36)° 38 (27-56)"
ALP (U/L) 60 (49-72) 74 (63-92)* 85 (70-96)"
GGT (U/L)® 15 (10-21) 44 (27-78)° 58 (41-109)

LIF (pg/ml)°

8.54 (5.53-12.38)

11.98 (8.62-15.02)" 13.28 (8.62-17.92)"

Abbreviations: ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate aminotransferase; BMI, body mass index; BP, blood pressure; FGP, fasting plasma glucose;
GGT, y-glutamyl transpeptidase; HbAlc, glycated hemoglobin; HDL-c, high-density lipoprotein cholesterol; HGB, hemoglobin; HOMA-IR, homeostasis model assessment of
insulin resistance; LDL-c, low-density lipoprotein cholesterol; LIF, leukemia inhibitory factor; PLT, platelet; RBC, red blood cell; WBC, white blood cell.

Data are presented as the mean + SD or median (interquartile range).
“ p< 0.01 compared with control.
b Analysis performed on log-transformed data.
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(B-F) C57BL/6J mice were fed normal chow diet (NCD, n = 6) or high-fat diet (HFD, n = 7) for 16 weeks. B, relative mRNA levels of Lif in brown adipose tissue
(BAT), inguinal white adipose tissue (iWAT), and epididymal white adipose tissue (€WAT) in NCD and HFD mice. C, protein levels of LIF in iWAT determined
by ELISA in NCD and HFD mice. D, protein levels of LIF in eWAT determined by ELISA in NCD and HFD mice. E, serum LIF concentration in NCD and HFD
mice. F, association between serum LIF concentration and eWAT LIF levels in mice (n = 13, including 6 NCD mice and seven HFD mice). G-H, relative mRNA
levels of Lif in stromal vascular fraction (SVF) and adipocyte fraction (Ad) isolated from eWAT from C57BL/6J mice were fed NCD (n = 5) or HFD for 12 weeks
(n = 3)./, relative mRNA levels of LIF in subcutaneous adipose tissue (SAT) from normal subjects and obese patients (n = 6). J, relative mRNA levels of LIF in
visceral adipose tissue (VAT) from normal subjects (n = 3) and obese patients (n = 4). Data are presented as mean * SD. *p < 0.05; **p < 0.01, *** p < 0.001.
For F, spearman correlation analysis was used. LIF, leukemia inhibitory factor.

the balance of de novo lipogenesis (DNL), FFA p-oxidation,
and lipid uptake and release (23). The expression levels of
genes for DNL including Srebp-1c, Fasn, Scdl, and Accl were
decreased in the Ad-LIF-injected HFD (Fig. 3P); the expression
levels of genes for FFA oxidation including Ppara, Cptla,
Mcad, and Acoxl and lipid transport genes including Cd36,
Fatpl, Fatp2, Mttp, Apob, and Apoe showed no significant
differences (Fig. 3, Q—R). Besides, expression levels of genes
involved in esterification process, including Lpinl, Lpin2,
Lpin3, Agpatl, Agpat2, Agpat3, Dgatl, Dgat2, Gpatl, Pemt,
and Cesld, remained unaltered or minorly changed (Fig. 3S).
Consistently, overexpression of LIF significantly suppressed
gluconeogenic enzymes like G6pase, Pepck, and Pcx and in-
flammatory genes expression in the liver (Fig. 3, T-U).
High-carbohydrate diets (HCDs) provide a large number of
substrates for the de novo fat synthesis (24). To further explore
the mechanism of LIF in the regulation of DNL, adenovirus
particles carrying LIF gene were multipoint-injected into
iWAT on both sides in HCD-induced mice. Forced over-
expression of LIF was observed in the iWAT of HCD mice

SASBMB

(Fig. S3A). The circulating LIF concentration was significantly
increased in the HCD-Ad-LIF mice (Fig. S3B). There was no
significant difference in body weight between the two groups
(Fig. S3C). The LIF mRNA expression was not upregulated in
Ad-LIF mice compared with the controls (Fig. S3D). Although
there was no significant difference in liver weight between the
two groups (Fig. S3E), HCD-Ad-LIF mice showed improved
hepatic steatosis in H&E staining (Fig. S3F) and reduced liver
TG contents (Fig. S3G). Consistently, hepatic Srebp-ic
expression was significantly reduced in the HCD-Ad-LIF mice
(Fig. S3H).

LIF activates the STAT3 signaling pathway

To further explore the potential mechanism of LIF, several
signaling pathways were tested by Western blotting. LIF
treatment resulted in marked activation of STAT3 signaling
pathway in the livers of mice with iWAT-overexpression LIF,
as shown by enhanced phosphorylated STAT3; however, the
AMP-activated protein kinase (AMPK), mammalian target for

J. Biol. Chem. (2022) 298(6) 101946 5
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Figure 3. Overexpression of LIF in adipose tissue protects mice from NAFLD. C57BL/6J mice fed a NCD or HFD for 12 weeks were administrated with
adenovirus containing GFP or LIF through multipoint-injected into iWAT and sacrificed in a fed state at day 14 post injection (n = 5). A, illustration of the
strategy used to achieve modulation of LIF levels in iWAT via adenoviral delivery. B, protein levels of LIF determined by ELISA in iWAT of HFD mice
administrated with Ad-GFP or Ad-LIF. C, serum LIF levels in two groups of HFD mice. D-E, body weight (D) and iWAT weight (E) in two groups of HFD mice.
F, representative H&E staining of iWAT sections of HFD mice (100 x magnification). G-H, relative mRNA levels of genes involved in inflammation (G) and FFA
-oxidation (H) in iWAT. |, intraperitoneal insulin tolerance test (IPITT). Mice were fasted for 6 h before the experiment at day 5 post injection, and all mice
were treated with intraperitoneal injection of 1 U/kg insulin. J, intraperitoneal glucose tolerance test (IPGTT). Mice were fasted for 16 h before the
experiment at day 10 post injection, and all mice were treated with intraperitoneal injection of 1 g/kg glucose. K, protein levels of key lipolytic proteins in
iWAT from Ad-GFP and Ad-LIF mice. L, serum TG levels in two groups of HFD mice. M, liver weight in two groups of HFD mice. N, representative H&E staining
of liver sections of HFD mice (200 x magnification). O, liver TG contents in two groups of HFD mice. P-U, expression of genes involved in de novo synthesis
(P), B-oxidation (Q), lipid transport (R), esterification process (S), gluconeogenesis (T), and inflammation (U) in the livers of two groups. V, Western blot
analysis of expression of STAT3, mTOR, AMPK, and JNK pathways in the livers of two groups. Data are presented as mean * SD. *p < 0.05; **p < 0.01, *** p <
0.001. AMPK, AMP-activated protein kinase; FFA, free fatty acid; GFP, green fluorescent protein; iWAT, inguinal white adipose tissue; H&E, hematoxylin and
eosin; HFD, high-fat diet; JNK, c-Jun N-terminal kinase; LIF, leukemia inhibitory factor; mTOR, mammalian target for rapamycin; NAFLD, nonalcoholic fatty
liver disease; NCD, normal chow diet; STAT3, signal transducer and activator of transcription 3; TG, triglyceride.
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Figure 3.

rapamycin (mTOR), and c-Jun N-terminal kinase (JNK)
signaling pathways were unaffected (Fig. 3V). Likewise, over-
expression of LIF activated the STAT3 signaling pathway in
the HCD-feeding mice (Fig. S31). Thus, these results indicated
that forced expression of LIF in iWAT could ameliorate liver
steatosis by activating the STAT3 signaling pathway.

To confirm the in vivo findings, the effects of recombinant
LIF protein on cellular TG accumulation in HepG2 cells and

SASBMB

Continued

mouse primary hepatocytes (MPHs) were examined. The
effect of LIF on the SREBP-Ic mRNA was determined in
HepG2 cells under low-glucose (LG) or high-glucose (HG)
plus insulin condition which promotes de novo synthesis. In
agreement, recombinant LIF protein significantly reduced
cellular TG contents induced by HG plus insulin in HepG2
and MPHs (Figs. 44 and S4A). The expression levels of
SREBP-1c gene were reduced by LIF treatment (Figs. 4B and
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Figure 4. LIF activates the STAT3 signaling pathway in vitro. A, cellular TG contents. HepG2 cells were exposed to high glucose (HG, 30 mM) plus insulin
(100 nM) or low glucose (LG, 5 mM) as a control for 48 h and then were treated with recombinant human LIF protein (10 ng/ml) or phosphate-buffered
saline (PBS) as a vehicle control for 1.5 h. B-E, expression of genes involved in de novo synthesis (B), B-oxidation (C), lipid transport (D), and esterification
process (E) in HepG2 cells. HepG2 cells were treated with recombinant LIF protein (10 ng/ml) or PBS for 1.5 h, with preincubation with HG (30 mM) plus
insulin (100 nM) or LG (5 mM) for 48 h. F, Western blot analysis of expression of STAT3, mTOR, AMPK, and JNK pathways. HepG2 cells were treated with
recombinant LIF protein (10 ng/ml) or PBS for 0.5 h, with preincubation with HG (30 mM) plus insulin (100 nM) or LG (5 mM) for 48 h. G, Western blot
analysis of expression of STAT3. HepG2 cells were treated with recombinant LIF protein (10 ng/ml) or PBS for 0.5 h, with or without preincubation with S31
to 201 (100 uM), a STAT3 inhibitor, for 24 h. H and |, cellular TG contents (H) and expression of genes involved in de novo synthesis (/). HepG2 cells were
treated with recombinant LIF protein (10 ng/ml) or PBS for 1.5 h, with preincubation with HG (30 mM) plus insulin (100 nM) for 24 h, with or without
preincubation with S31 to 201 (100 uM) for 24 h. n = 3 per each group. Data are presented as mean + SD. *p < 0.05; **p < 0.01, *** p < 0.001. AMPK,
AMP-activated protein kinase; JNK, c-Jun N-terminal kinase; LIF, leukemia inhibitory factor; mTOR, mammalian target for rapamycin; STAT3, signal transducer
and activator of transcription 3.
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S4B). Meanwhile, the related genes involved in B-oxidation,
lipid transporters, and esterification process were not affected
(Fig. 4, C-E). Consistently, LIF treatment resulted in marked
activation of STAT?3 signaling pathway, as shown by enhanced
phosphorylated STAT3, while the AMPK, mTOR, and JNK
signaling pathways were unaffected (Figs. 4F and S4C).

Previous studies have demonstrated that the antisteatotic
effect of STAT3 is mediated, at least in part, through inhibition
of sterol regulatory SREBP-1c, a master transcription factor in
the control of FA and TG synthesis (25). The mRNA levels of
SREBP-1c were also inhibited in HepG2 cells treated with LIF
and in the livers of LIF-overexpressing mice (Figs. 3P and 4B).
To determine whether STAT3 activation was indispensable for
the antisteatotic effects of LIF, S31-201, a STAT3 inhibitor,
was used to block STAT3 function. S31-201 significantly
inhibited LIF-induced activation of STAT3 in vitro (Fig. 4G).
These data showed that S31-201 abrogated the effects of LIF
on cellular TG contents and lipogenic gene expression (Fig. 4,
H and I). Furthermore, either S31-201 or LIF showed little
effects on [(-oxidation, lipid transporters, and esterification
process (Fig. S5, A-C).

LIF alleviates hepatic lipid accumulation via LIFR

To explore whether LIF regulates lipogenesis through LIFR,
which is the receptor for LIF, an siRNA against LIFR were
transfected in HepG2 cells. Knockdown of LIFR significantly
inhibited the phosphorylation of STAT3 (Fig. 54) and elimi-
nated the decline of cellular TG levels caused by recombinant
LIF protein (Fig. 5B). Consistently, lipogenic genes were
downregulated after LIF treatment and significantly upregu-
lated after siLIFR intervention (Fig. 5C). In addition, there were
no obvious effects on B-oxidation genes, lipid transport genes,
and esterification process (Fig. S6, A-C). These findings sug-
gest that LIF could activate the STAT3 pathway by binding to
LIFR, thereby inhibiting the de novo FA synthesis pathway.

LIF protects against NAFLD

Hepatic LIFR expression is reduced in obese mice

The critical role of hepatic LIFR in lipid metabolism was
further investigated. The mRNA and protein levels of LIFR were
significantly downregulated in the livers of db/db mice,
compared with that in the lean mice (Fig. 6, A and B). To
explore whether the downregulation of hepatic LIFR represents
a more general feature of obesity-related hepatosteatosis, its
expressions in 0b/ob mice and HFD-induced obese mice were
also examined. In agreement, the mRNA and protein levels of
LIFR were markedly decreased in the livers of 0b/0b and HFD
mice compared with their corresponding controls (Fig. 6, C—F).
Furthermore, LIFR expression was also downregulated both at
mRNA and protein levels in the liver of methionine/choline-
deficient diet mice (Fig. 6, G and H). The hepatic expression
of LIFR in human samples was analyzed using immunohisto-
chemistry. Compared with normal controls, the significantly
lower LIFR expression was observed in the liver sections of
NAFLD patients (Fig. 6I). Collectively, these data suggest that
the downregulated expression of hepatic LIFR is involved in the
development of NAFLD.

Hepatic LIFR protects obese mice against hepatic steatosis

Since overexpression of endogenous LIF alleviated hepatic
lipid accumulation in obese mice, whether hepatic LIFR
overexpression had similar effects was assessed. To test this,
HFD mice were injected with LIFR (HFD-Ad-LIFR) or control
(HFD-Ad-GFP) adenovirus via tail vein injection (Fig. 7A). As
shown in Figure 7, B and C, forced overexpression of LIFR was
observed in livers of HFD mice, but not in other metabolic
organs (Fig. S7A). Body weight and liver weight were not
altered between the two groups (Fig. 7, D and E). Compared to
Ad-GFP controls, Ad-LIFR-injected HFD mice exhibited
marked improvement on hepatosteatosis as shown by H&E
staining (Fig. 7F). Furthermore, LIFR overexpression dramat-
ically decreased hepatic TG accumulation (Fig. 7G). Serum
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Figure 5. LIF alleviates hepatic lipid accumulation via LIFR. A, Western blot analysis expression of STAT3 pathway in HepG2 cells transfected with LIFR
siRNA or NC siRNA for 48 h and treated with recombinant LIF protein (10 ng/ml) or PBS for 0.5 h. B and C, cellular TG contents (B) and expression of genes
involved in de novo synthesis (C). HepG2 cells were transfected with LIFR siRNA or NC siRNA for 48 h, treated with HG (30 mM) plus insulin (100 nM) for 24 h,
with recombinant LIF protein (10 ng/ml) or PBS for 1.5 h. n = 3 per each group. Data are presented as mean + SD. *p < 0.05; **p < 0.01, *** p < 0.001. HG,
high-glucose; LIF, leukemia inhibitory factor; LIFR, LIF receptor; NC, nitrocellulose; STAT3, signal transducer and activator of transcription 3; TG, triglyceride.
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Figure 6. Hepatic LIFR expression is reduced in obese mice. A and B, relative mRNA levels (A) and protein levels (B) of LIFR in the livers of lean and db/db
mice aged 12 weeks (n = 4). C and D, relative mRNA levels (C) and protein levels (D) of LIFR in the livers of lean and ob/ob mice aged 12 weeks (n = 7). E and
F, relative mRNA levels (E) and protein levels (F) of LIFR in the livers of C57BL/6 mice fed an NCD or HFD for 16 weeks (n = 4). G and H, relative mRNA levels
(G) and protein levels (H) of LIFR in the livers of C57BL/6 mice fed an NCD or methionine-/choline-deficient diet (MCD) for 4 weeks (n = 4). /, immuno-
histochemistry staining of LIFR in human normal and NAFLD liver tissues (200 x magnification). Data are presented as mean * SD. *p < 0.05; **p < 0.01,
*** p < 0.001. HFD, high-fat diet; LIFR, leukemia inhibitory factor receptor; NCD, normal chow diet.

total cholesterol levels were also significantly reduced in Ad-
LIFR-injected HFD mice (Fig. S7B). To explore systemic in-
sulin sensitivity, the ITT and GTT were performed and
revealed a significant improvement in insulin resistance and
glucose intolerance in HFD-Ad-LIFR mice (Fig. 7, H and I).
Consistently, overexpression of LIFR in the livers of HFD mice
significantly suppressed the lipogenic genes (Fig. 7)), as well as
inflammatory genes (Fig. S5B), without obvious effects on p-
oxidation genes and lipid transport genes (Fig. S7, C-E). In line
with the improvement of blood glucose, expression levels of
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gluconeogenic genes were significantly downregulated in
Ad-LIFR-injected HFD mice (Fig. S7F).

Consistent with the results observed in the HFD mice, 0b/0b
mice administrated with Ad-LIFR also displayed significantly
reduced liver and serum TG contents (Fig. S8, A—H). Similarly,
overexpression of LIFR significantly improved insulin sensi-
tivity and reduced the expression of genes involved in lipo-
genesis, gluconeogenesis, and inflammation (Fig. S8, I-0).
Consistently, the STAT3 pathway was significantly activated;
meanwhile, Srebp-Ic  expression was inhibited after
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Figure 6. Continued

overexpression of LIFR (Fig. S8, K and P). Together, these
results demonstrated that hepatic overexpression of LIFR
could improve obesity-associated liver steatosis.

Discussion

The essence of NAFLD is the imbalance between the utili-
zation of FAs and the secretion of very-low-density lipopro-
tein, that is, the progression of DNL is enhanced to form
excessive TGs in the liver, FA oxidation is impaired, or very-
low-density lipoprotein is abnormally secreted (26, 27).
SREBP-1c and carbohydrate response element—binding pro-
tein are the key transcription factors in the DNL process, and
SREBP-1c is the main regulatory factor which upregulates
genes involved in TG synthesis (3). Besides, the expression of
SREBP-1c can be mediated by several signaling pathways,
including STAT3 signaling (25, 28). Importantly, in obese
subjects, the STAT3 phosphorylation is suppressed and
SREBP-1c expression is upregulated in the liver (25). In the
present study, we identified LIF as a white fat—enriched
secreted protein that attenuated hepatic steatosis through
activation of hepatic STATS3 signaling. Firstly, the levels of LIF
in WAT and serum were increased in obese mice models and
patients with NAFLD. Furthermore, circulating LIF levels were
significantly and positively correlated with metabolic risk fac-
tors. Secondly, overexpression of LIF in WAT ameliorated
hepatosteatosis and insulin resistance in obese mice. Thirdly,
LIF inhibited SREBP-1c expression through activating the
STAT3 signaling pathway, which in turn attenuated TG
accumulation in the liver. Therefore, our results indicated that
LIF might protect against obesity-associated NAFLD.

Previous studies have shown that LIF regulates many bio-
logical processes (9, 10, 17, 29). It has been documented that
LIF was highly expressed in tumor tissues and circulating LIF
levels were significantly increased in patients with pancreatic
cancer and nasopharyngeal carcinoma (11, 30). Additionally,
LIF was also identified as a tumor-secreted molecule that
promotes adipose tissue and body weight loss in cachectic
settings (15). Interestingly, our studies showed that increased
WAT expression and circulating LIF levels were associated
with the obese state. We found that the expression of LIF in
WAT were significantly upregulated at both mRNA and pro-
tein levels, and serum LIF level was also significantly increased
in ob/ob mice and HFD mice. In humans, we provide novel
clinical evidence that circulating LIF concentrations were

SASBMB

significantly increased in subjects with NAFLD and were
significantly associated with severity of NAFLD and metabolic
risk factors. Moreover, our data demonstrated that there was
wide variation of circulating LIF levels in mice and humans
because of the differences in different species. Besides, we
performed additional analysis showing that LIF levels were
correlated with the NAS. These results suggest that changes in
LIF levels may occur in the early stage of NAFLD. Further
studies are needed to explore the effect of LIF in the NASH
model. In addition, we found that the expression of LIF in
human WAT was upregulated. Notably, despite high endog-
enous levels in obese mice, elevated circulating LIF concen-
trations improved fatty liver and insulin resistance in vitro and
in vivo. Given that LIF is enriched in WAT, we injected ade-
noviruses expressing LIF directly into iWAT of HFD mice. To
mimic the fold change of circulating LIF levels in the disease
state, we chose a relatively low dose of injected adenovirus. As
a result, LIF overexpression in iWAT ameliorated HFD-
induced adipose inflammation, inhibited FA oxidation in
iWAT, reduced insulin resistance, elevated serum LIF, and
alleviated hepatic steatosis. Although hepatic LIF mRNA
expression was not upregulated in Ad-LIF mice, the results
suggested that the improvements of liver metabolic homeo-
stasis would be mainly due to the elevated serum LIF levels
after overexpression of LIF in iWAT. Furthermore, recombi-
nant LIF protein ameliorated cellular TG accumulation and
lipogenic gene expression induced by HG plus insulin. Thus,
these results suggested that LIF might affect metabolic
processes via autocrine, paracrine, or endocrine signaling.
LIF signals to target cells through LIFR, which is composed
of a signal peptide followed by three main domains. LIFR binds
with several IL-6 cytokine family members, including LIF,
oncostatin-M, cardiotrophin-1, ciliary neurotrophic factor,
neuropoietin, and cardiotrophin-like cytokine factor 1 (31).
Currently, LIFR has received extensive attention mainly in the
field of tumors, and it plays a role in inhibiting the prolifera-
tion and metastasis of cancer (31). LIFR signal is an important
link between IL-6 family cytokines and systemic metabolic
regulation. Our data demonstrated that LIFR was significantly
downregulated in the livers of obese mice and patients with
NAFLD. Overexpressing LIFR in obese mice activated the
STAT3 signaling pathway, improved fatty liver and insulin
resistance, and downregulated the expression of hepatic in-
flammatory genes. Moreover, knockdown of LIFR in HepG2
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Figure 7. LIFR overexpression improves lipid metabolism and hepatic steatosis. C57BL/6J mice were fed an NCD or HFD for 12 weeks. Mice were
administrated with adenovirus containing GFP or LIFR through tail vein injection and sacrificed in a fed state at day 14 post injection (n = 5). A, illustration of
the strategy used to achieve modulation of LIFR levels in liver. B and C, relative mRNA levels (B) and protein levels of LIFR (C) in the livers of Ad-GFP and
Ad-LIFR mice. D and E, body weight (D) and liver weight (E) in two groups of HFD mice. F, representative H&E staining of liver sections (200 x magnification).
G, liver TG contents in two groups of HFD mice. H, IPITT. Mice were fasted for 6 h before the experiment at day 5 post injection, and all mice were treated
with intraperitoneal injection of 1 U/kg insulin. /, IPGTT. Mice were fasted for 16 h before the experiment at day 10 post injection, and all mice were treated
with intraperitoneal injection of 1 g/kg glucose. J, relative mRNA levels of genes involved in de novo synthesis in two groups of mice. K, Western blot analysis
of expression of STAT3, mTOR, AMPK, and JNK pathway in the livers of Ad-GFP and Ad-LIFR mice. Data are presented as mean + SD. *p < 0.05; **p < 0.01,
*** p < 0.001. AMPK, AMP-activated protein kinase; GFP, green fluorescent protein; H&E, hematoxylin and eosin; HFD, high-fat diet; IPGTT, intraperitoneal
glucose tolerance test; IPITT, intraperitoneal insulin tolerance test; JNK, c-Jun N-terminal kinase; LIFR, leukemia inhibitory factor receptor; mTOR, mammalian
target for rapamycin; NCD, normal chow diet; STAT3, signal transducer and activator of transcription 3.

cells weakened the beneficial effects on cellular lipid accu-
mulation of exogenous LIF. Therefore, our data indicated that
LIF-LIFR signal may play a role in the obesity-associated
NAFLD.

In addition, our data showed that levels of LIF in WAT and

NAFLD and obese individuals because of the reduced
expression of FGF receptors in liver and WAT (32-34);
meanwhile, exogenous FGF21 administered at pharmacologic
doses improves metabolic parameters and induces weight loss
in obese mice (32). Our findings suggested that obesity-related

serum were elevated in obese 0b/0ob mice, HFD mice, and
obese human. In contrast, hepatic expression of LIFR was
reduced in NAFLD models. Therefore, our data suggested that
reduced expression of LIFR in the liver more likely contributed
to elevated circulating LIF levels in vivo. Elevated serum LIF
levels in obesity may be attributed to a compensatory response
to reduced LIFR expression in the liver, which is similar to
FGF21 as previously reported (32-34). Previous studies
showed that serum FGF21 levels were elevated in patients with
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NAFLD may be a state of “LIF resistance” in that hepatic LIFR
expression was decreased. Furthermore, our results showed
that LIF mRNA expression was enriched in WAT and protein
levels of LIF were positively correlated with circulating LIF
concentration in an animal model. These results indicated that
WAT might be an important source of LIF. However, we
cannot exclude the possibility that LIF derived from other
tissues might also be involved in the regulation of hepatic lipid
homeostasis.
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It has been reported that hypothalamic anti-LIF antibody
treatment impaired glucose tolerance (18), while recombinant
LIF protein treatment increased muscle glucose uptake (14). In
consistency, our data suggested that LIF-LIFR enhanced
glucose tolerance and insulin sensitivity in HFD and ob/ob
mice, at least in part, via suppression of gluconeogenesis.
Further research needs to determine the role and mechanism
of LIF-LIFR in the process of glucose metabolism. At the
mechanistic level, it is known that LIF-LIFR can activate many
signaling pathways, including STAT3, MAPK, AKT, ERK1/2,
and mTOR pathways (35, 36). Our study showed that
LIF-LIFR activated the STAT3 signaling pathway to suppress
SREBP-1c and other downstream target genes related to TG
synthesis, contributing to reduce TG contents in the liver of
obese mice. However, our data indicated that LIF treatment
had no effect on the other signaling pathways in hepatocytes.
Thus, the biological functions of LIF and signaling pathways
activated by LIF might be variable in different tissues and
disease states. Although our study showed that LIF could
improve the metabolic phenotype, further studies are war-
ranted to explore the long-term beneficial and potential
adverse effects of LIF in NAFLD due to its carcinogenic effects
(11, 15, 30). On the other hand, activation of LIFR might be an
alternative therapeutic target for the treatment of NAFLD.

Our research has several limitations. First, in this study, we
injected adenovirus expressing LIF into iWAT of HFD mice to
promote the secretion of LIF instead of using adipose tissue—
specific transgenic mice. However, we successfully achieved
LIF overexpression in iWAT which resulted in increased
circulating LIF levels. Second, although LIF only activated the
STATS3 signaling pathway in hepatocytes, we could not exclude
the possibility that LIF induces the activation of other pathways.
Label-free phosphor-proteomic analysis might help to explore
novel signaling in response to LIF treatment. Third, the popu-
lation study was based on cross-sectional data with a relatively
limited sample size; further prospective cohort studies with
larger sample size need to determine the causal association
between circulating LIF and NAFLD and metabolic disorders.

Conclusions

The present study demonstrated that LIF was an important
regulator of liver TG homeostasis. Downregulation of hepatic
LIFR expression may contribute to the increased circulating LIF
levels in obesity. Exogenous LIF attenuated hepatic steatosis and
insulin resistance in a diet-induced mouse model of NAFLD.
Therefore, our findings may provide a new therapeutic target for
NAFLD. In view of the carcinogenic effects of LIF, it may be
impractical to directly use LIF as a therapeutic target. However,
it may be applied to target LIFR into the treatment of NAFLD if
new compounds that targets LIFR can be developed to avoid
carcinogenic effects of LIF.

Experimental procedures
Animal experiments

Male C57BL/6] mice aged 8 to 10 weeks, leptin-deficient 0b/
ob and leptin receptor—deficient db/db mice were obtained
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from Nanjing Biomedical Research Institute of Nanjing Uni-
versity (Nanjing). For HED feeding, C57BL/6] mice were fed a
diet containing 60% fat, 20% carbohydrate, and 20% protein
(D12492, Research Diets). For HCD feeding, C57BL/6] mice
were fed a diet containing 10% fat, 70% carbohydrate, and 20%
protein (M21040805, MolDiets) for 8 weeks. For NASH diet
feeding, C57BL/6] mice were fed a methionine- and choline-
deficient diet (A02082002B, Research Diets) for 4 weeks. The
mice were sacrificed in a fed state. The animal protocol was
reviewed and approved by the Animal Care Committees of
Southern Medical University.

Human samples

A total of 214 patients with biopsy-proven NAFLD and 314
healthy controls were included in our study. The NAFLD
group consisted of 107 patients with nonalcoholic fatty liver
(NAFL) and 107 patients with NASH. The diagnosis of
NAFLD was based on the following four histopathological
features, including hepatic macrovesicular steatosis, hepato-
cellular ballooning, lobular inflammation, and stage of fibrosis.
The NAS was calculated according to the Kleiner scoring
system. Serum samples were obtained from healthy controls
and patients with NAFLD. The HOMA-IR measures were
conducted in Nanfang Hospital of Southern Medical Univer-
sity. Serum insulin concentrations were measured using elec-
trochemiluminescence immunoassay (Roche Elecsys Insulin
Test, Roche Diagnostics). The HOMA-IR value was calculated
as the level of fasting glucose (measured in millimoles per
liter) x the level of fasting insulin (measured in microunits per
milliliter) divided by 22.5. For analysis of hepatic LIFR
expression in humans, liver tissues were collected from the
normal cohort and NAFLD. The subcutaneous adipose tissue
and visceral adipose tissue tissues were recruited from
additional cohort at Nanfang Hospital of Southern Medical
University. The clinical characteristics of participants are
presented in Table 1. All subjects provided written informed
consent for this study. The human study was approved by
institutional review boards of the First Affiliated Hospital of
Wenzhou Medical University and Nanfang Hospital of
Southern Medical University, in line with the ethical guidelines
of the 1975 Declaration of Helsinki. The methods were carried
out in accordance with the approved guidelines.

Immunohistochemical assessment

Human liver biopsies (0.5-1 cm®) were fixed in 10% neutral
buffered formalin, dehydrated, and embedded in paraffin. The
sections were deparaffinized and rehydrated, and endogenous
peroxidase activity and background binding were inhibited
using 3% hydrogen peroxide in methanol and 1% bovine
serum, respectively. The slides were immunoprobed with LIFR
antibodies (ab202847, Abcam) in a dilution of 1:300. Images
were taken using an inverted microscope under x 200
magnification (each group contained three samples).

Measurement of serum and tissue LIF

Human serum LIF levels were measured using a commer-
cially available enzyme-linked immunosorbent assay (ELISA)
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kit according to the manufacturer’s protocol (DLFO0OB, R&D).
The sensitivity of the assay is 5.36 pg/ml. Mouse serum LIF
levels were measured using a commercially available ELISA kit
according to the manufacturer’s protocol (ml002284, ML Bio).
The minimum detectable dose of mouse LIF is typically less
than 1.0 pg/ml. For ELISA measurements of tissue LIF, eWAT
and iWAT were rinsed with ice-cold phosphate-buffered saline
(PBS; 0.01 M, pH=7.4) to remove excess blood thoroughly.
Fresh-frozen samples were homogenized in PBS buffer con-
taining antiprotease cocktail (Beyotime). The volume depends
on the weight of the tissue. Ten microliters of PBS would be
appropriate to 1 mg of tissue pieces. Homogenates were snap
frozen, thawed on ice, and centrifuged for 5 min at 5000g to
get the supernatant at 4 °C.

Mature adipocytes and SVF separation

eWAT was dissected from lean and HFD-fed obese C57BL/
6] mice. The tissues were minced into ~2- to 3-mm pieces and
digested in PBS supplemented with 10 mM CaCl,, 2.4 U/ml
Dispase II, and 2 mg/ml type II collagenase for 30 min at 37 °C
with gentle agitation. Digested tissues were filtered through
100-pm nylon filters into 50-ml conical tubes followed by
centrifugation at 500g for 5 min. The precipitation part
containing the SVF was transferred into another tube using a
needle syringe. The combined precipitation was centrifuged at
4000 rpm for 5 min to obtain cell pellets containing the SVF
for RNAs. The top layer containing mature adipocytes was
washed again with Dulbecco’s modified Eagle’s medium
(DMEM; Gibco) buffer and used for total RNA isolation. After
the final removal of infranatant, the adipocyte fraction was
lysed for RNAs.

Primary hepatocyte isolation

MPHs were isolated from 6- to 8-week-old male C57BL/6]
mice by collagenase perfusion. Freshly prepared hepatocytes
were suspended in DMEM supplemented with 10% fetal bovine
serum (FBS, Excell) and 1% penicillin—streptomycin and then
seeded at a final density of 0.5 x 10° cells/well in 6-well plates.
After 6 h, cells were washed with PBS, and the medium was
replaced with fresh 10% FBS HG DMEM complete medium.

Cell culture

HepG2 cells and MPHs were cultured in DMEM supple-
mented with 10% FBS, 100 IU/ml penicillin, and 100 pg/ml
streptomycin and incubated at 37 °C in a 5% CO, atmosphere.
Cells were evenly seeded onto 6-well plates and incubated for
24 h. For the in vitro model of cellular steatosis, HepG2 cells
and MPHs were incubated in glucose-free DMEM supple-
mented with 0.25% bovine serum albumin overnight and
exposed to high glucose (30 mM) plus insulin (100 nM) to
induce cellular TG accumulation or low glucose (5 mM) as a
control for 24 to 48 h and then treated with 10 ng/ml
recombinant human LIF protein (Sino Biological, 14,890-
HO8H) or recombinant mouse LIF protein (10 ng/ml, Sino
Biological, 50,755-M08H). To further investigate the role of
STAT3 activation, HepG2 cells were treated with S31 to 201
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(100 pM) (S1155, Selleck), a STAT3 inhibitor, to block STAT3
function and then exposed to recombinant LIF protein or
vehicle control. To silence LIFR expression in HepG2 cells, a
negative control siRNA was purchased from RIBOBIO
(siN0000001, Guangzhou) and siRNA targeting LIFRs
(siLIFRs) were synthesized by RIBOBIO (Guangzhou) with the
following sequences: siLIFR 5-CGATCACAATCAACAA
TTT-3". siRNA was transferred into cells using advanced
transfection reagent (AD600025, ZETA LIFE) according to the
manufacturer’s instructions.

Adenovirus

Adenoviruses using CMV promoter expressing murine LIFR
gene or green fluorescent protein (GFP) (Ad-LIFR and
Ad-GFP) were constructed by Genechem Company. Over-
expression of LIFR or GFP in the liver of HFD mice were
achieved by means of tail vein injection of Ad-LIFR or Ad-GFP
(1 x 10° plaque-forming units [pfu] for each mouse). Adeno-
virus particles carrying LIF or GFP (Ad-LIF and Ad-GFP) were
multipoint-injected into iWAT on both sides of HFD-induced
obese mice (3 x 107 pfu on each side, Genechem Company).
Mice were sacrificed at day 14 post injection in the fed state.

Glucose and insulin tolerance tests

C57BL/6] mice were fed HED for 12 weeks and then given
the adenovirus constructs. The ITTs were performed on the
fifth and the GTTs were performed on the 10th day after the
adenovirus injection. For ITT, mice were injected intraperi-
toneally with insulin after a 6-h fast. For GTT, mice were
injected intraperitoneally with glucose after a 16-h fast. Blood
glucose levels were determined by a glucose meter (ACCU-
CHEK, Roche) by tail venipuncture immediately before (0 min)
and after (30, 60, 90, and 120 min) insulin or glucose injection.

Quantitative real-time PCR

Total RNA was isolated from cells or tissue using TRIzol
(Thermo Fisher Scientific). The reverse transcription products
of total RNA from each sample were prepared using the RT
reagent kit (Takara) according to the manufacturer’s protocol.
The SYBR Real-time PCR Master Mix kit (Yeason) was used
for mRNA amplification, and the amplification reactions were
run on a LightCycler 480 Instrument (Roche). Data calculated
by quantitative real-time PCR were analyzed by the 244
method. Primers used for the analyses are shown in Table S1.

Western blot

Tissues or cells were homogenized with RIPA buffer
(Beyotime) on ice, and supernatants were harvested. Cell lysate
protein was quantified by the BCA Protein Assay Kit (Pierce)
and separated on 10% polyacrylamide gels, which were then
transferred to nitrocellulose membranes (Millipore, Billerica,
MA). After blocking with 5% skim milk, the membranes were
incubated with the indicated primary antibodies overnight at 4
°C and then with secondary antibodies for 1 h at room tem-
perature (RT) in dark. Finally, the protein expression signals
were visualized by Odyssey imaging systems (LI-COR). Anti-
bodies used are shown in Table S2.
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Serum lipid and liver TG assays

Blood was collected from the mice via the orbital venous
plexus. Serum TG (Applygen Technologies Inc), total choles-
terol (Nanjing Jiancheng Bio), and serum FFA (ML Bio) levels
were determined according to the manufacturer’s instructions.
The intracellular and liver lipids were extracted using a tri-
glyceride assay kit (Applygen Technologies Inc). Briefly,
approximately 20 mg of liver tissue was homogenized and then
the homogenate was centrifuged at 3000 rpm for 5 min. The
subsequent step followed the manufacturer’s instructions.

Liver slice collection and histopathological analysis

Apportion of freshly extracted liver tissue was cut into ~3-mm
slices and washed in PBS at RT, fixed in 4% w/v para-
formaldehyde for 10 min at RT, and then incubated for 6 h at
4.°C. After a PBS rinse, the samples were dehydrated in 80%, 90%,
95%, and 100% ethanol solutions for 1 h each at 4 °C and finally in
dimethyl benzene at RT. Paraffin immersion was at 60 °C for 2 h
and then embedding at 4 °C. A rotary microtome was used for
cutting 5-pm sections at 4 °C. The sections were then depar-
affinized and prepared for H&E staining (Servicebio). Images
were acquired under a Leica microscope (Leica DMi8-M).

Statistical analysis

All data were analyzed using SPSS 22.0 (IBM Corp). Data
from mice are presented as mean * standard deviation (SD);
for data on human subjects, data are presented as means + SD
or median (interquartile range) for continuous variables or
number and percentage for categorical variables. Data that
were not normally distributed were logarithmically trans-
formed before analysis. When comparing two groups, un-
paired two-tailed Student’s ¢ test was used to determine
statistical significance. When more than two groups were
compared, two-way analysis of variance (ANOVA) followed by
multiple comparisons was applied. Group differences were
evaluated using the general linear model for continuous vari-
ables and the chi-squared test for categorical variables.
Multivariable logistic regression models were used to examine
the association of circulating LIF levels with risks of NAFLD.
Correlation analysis was performed using the Pearson corre-
lation. Two-sided values of p <0.05 were considered statisti-
cally significant. *, **, and *** represent p < 0.05, p < 0.01, and
p < 0.001, respectively.
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This study includes no data deposited in external
repositories.
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