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Adiponectin is an adipokine that exerts insulin-sensitiz-
ing and anti-inflammatory roles in insulin target tissues
including liver. While the insulin-sensitizing function of
adiponectin has been extensively investigated, the pre-
cise mechanism by which adiponectin alleviates diet-in-
duced hepatic inflammation remains elusive. Here, we
report that hepatocyte-specific knockout (KO) of the
adaptor protein APPL2 enhanced adiponectin sensitivi-
ty and prevented mice from developing high-fat diet–in-
duced inflammation, insulin resistance, and glucose
intolerance, although it caused fatty liver. The improved
anti-inflammatory and insulin-sensitizing effects in the
APPL2 hepatocyte–specific KO mice were largely re-
versed by knocking out adiponectin. Mechanistically,
hepatocyte APPL2 deficiency enhances adiponectin
signaling in the liver, which blocks TNF-a–stimulated
MCP-1 expression via inhibiting the mTORC1 signaling
pathway, leading to reduced macrophage infiltration
and thus reduced inflammation in the liver. With results
taken together, our study uncovers amechanism under-
lying the anti-inflammatory role of adiponectin in the liv-
er and reveals the hepatic APPL2–mTORC1–MCP-1 axis
as a potential target for treating overnutrition-induced
inflammation in the liver.

Obesity is a major medical problem worldwide. It is associat-
ed with insulin resistance, type 2 diabetes, and nonalcoholic
fatty liver disease (NAFLD). It is currently believed that

overnutrition-induced chronic inflammation is one of the
key mechanisms underlying obesity-induced metabolic dis-
eases (1,2).

Adiponectin is an adipose tissue–derived hormone that
possesses antidiabetes and anti-inflammatory functions
(3). Circulating levels of adiponectin are inversely associ-
ated with obesity and type 2 diabetes. Administration of
adiponectin into diabetic mouse models restores insulin
sensitivity by improving glucose metabolism (4). Adipo-
nectin has also been shown to exert an anti-inflammatory
role by suppressing inflammatory responses in macro-
phages, adipocytes, and endothelial cells (5). A number of
studies reveal an inverse correlation of circulating adipo-
nectin levels with liver inflammation (6) and NAFLD (7);
however, the molecular mechanism underlying the anti-
inflammatory action of adiponectin, especially in hepato-
cytes, remains largely unknown.

Adiponectin exerts its beneficial effects via binding to its
plasma membrane receptors, including AdipoR1, AdipoR2,
and T-cadherin (3,8). While AdipoR1 is ubiquitously ex-
pressed in most tissues, AdipoR2 is primarily expressed in
the liver (9) and T-cadherin is absent in hepatocytes under
physiological conditions (10). APPL1 and APPL2 are two
scaffold proteins that bind directly to AdipoR1/R2. The
binding of APPL1 with AdipoR1 and AdipoR2 positively me-
diates adiponectin signaling (11) and facilitates the cross
talk between adiponectin and insulin signal pathways (12).
APPL2, an APPL1 isoform displaying 54% identity in
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protein sequences (13), interacts with multiple receptors
and signaling molecules in cells, including AdipoR1 and Adi-
poR2 (13), Rab5 (14), NuRD/MeCP1 (14), GIPC1 (15), and
FSHR (16). In contrast to APPL1, APPL2 negatively regu-
lates adiponectin signaling and function by blocking the
binding of APPL1 to the adiponectin receptors (13). Muscle-
specific ablation of APPL2 increases insulin sensitivity and
promotes insulin-induced glucose uptake (17). Human stud-
ies have linked single nucleotide polymorphisms on the
Appl2 gene with high cardiovascular risk (18), obesity (19),
and NAFLD occurrence (20). However, the physiological role
of APPL2 in liver is currently unknown.

In the current study, we report the function of APPL2 in
diet-induced inflammation and insulin resistance in the liv-
er. Our results demonstrate a critical role of adiponectin sig-
naling in preventing inflammation and macrophage
infiltration in the liver and identifies TNF-a–induced MCP-1
as a key target of adiponectin’s action in hepatocytes.

RESEARCH DESIGN AND METHODS

Animal Experiments
APPL2HepKO mice and their Loxp controls were fed a regu-
lar diet or a high-fat diet (HFD). For HFD feeding, 8-
week-old male knockout (KO) mice and their control lit-
termates were fed a 60% HFD (60% fat; Research Diets,
New Brunswick, NJ) for 12 weeks. For examination of in-
sulin signaling in vivo, the KO and Loxp control mice fed
HFD for 12 weeks were fasted overnight and then in-
jected with 1 unit/kg human insulin (Humulin R; Eli Lilly,
Indianapolis, IN) or an equal volume of saline. Five mi-
nutes postinjection, liver and epididymal fat tissues were
collected and stored at �80�C. For collection of skeletal
muscle tissues, the mice were injected for 10 min. Hyper-
insulinemic-euglycemic clamp studies were performed on
animals fed with HFD for 8 weeks as previously described
(21).

Statistical Analysis
The Western blot images were quantified with the Nation-
al Institutes of Health ImageJ software. All results are
presented as mean ± SD, and P values were calculated
with Student t test, one-way ANOVA, or two-way ANOVA
with Tukey multiple comparison test with use of the
GraphPad Prism 7 software (*P < 0.05, **P < 0.01, and
***P < 0.001).

Data and Resource Availability
The data sets generated during the current study are
available from the corresponding author on reasonable
request.

RESULTS

Generation and Characterization of Hepatocyte-
Specific APPL2 KO Mice
To investigate the physiological role of APPL2 in liver, we
generated hepatocyte-specific APPL2 KO (APPL2HepKO)

mice by crossing APPL2 Loxp mice (Supplementary Fig.
1A and B) with albumin promoter–controlled cre-express-
ing mice. APPL2 deficiency in the liver was confirmed by
Western blot analysis (Supplementary Fig. 1C). The KO
mice were viable and fertile, born at the expected Mende-
lian ratios, and showed no significant differences in their
body weight (Supplementary Fig. 1D), food intake
(Supplementary Fig. 1E), and body composition
(Supplementary Fig. 1F) compared with their control
littermates under normal chow feeding.

To determine effects of APPL2 on glucose and lipid me-
tabolism, we performed glucose and insulin tolerance
tests. APPL2HepKO mice showed a trend of improvement
in glucose tolerance (Supplementary Fig. 1G) and signifi-
cant enhancement of insulin sensitivity (Supplementary
Fig. 1H) compared with their Loxp wild-type littermates,
suggesting that hepatic APPL2 plays an inhibitory role in
systematic insulin action. Consistently, there was a trend
of reduced fasting insulin levels in the KO mice in compari-
son with their controls (Supplementary Fig. 1I). No changes
in fasting glucose levels (Supplementary Fig. 1J) and pyru-
vate-stimulated glucose production (Supplementary Fig. 1K)
were observed between the KO and control mice. A trend
of reduced TAG levels, but not free fatty acid (FFA) levels,
was observed in the sera of the KO mice (Supplementary
Fig. 1L), suggesting that APPL2 regulates TAG metabolism
in the liver.

To investigate the role of APPL2 in regulating energy
homeostasis, we measured O2 consumption and found a
significant increase in O2 consumption in APPL2HepKO

mice compared with their controls (Supplementary Fig.
1N). Since there were no changes in food intake
(Supplementary Fig. 1E), body weight (Supplementary
Fig. 1D), and resting metabolic rate (Supplementary Fig.
1P), this enhancement was likely due to elevated locomo-
tor activity (Supplementary Fig. 1M). The KO mice also
showed a significant increase in respiratory quotient
(Supplementary Fig. 1O), suggesting carbohydrate as a fa-
vorable energy source for APPL2-deficient mice.

APPL2HepKO Mice Are Resistant to HFD-Induced
Insulin Resistance
For investigation of the effect of APPL2 on diet-induced in-
sulin resistance, APPL2HepKO mice and the Loxp controls
were fed with an HFD for 14 weeks. The KO mice displayed
no significant difference in body weight (Supplementary Fig.
2A), food intake (Supplementary Fig. 2B), body composition
(Supplementary Fig. 2C), fasting glucose levels (Fig. 1B), or
glucose tolerance (Fig. 1C) compared with their Loxp control
littermates. However, APPL2 deficiency led to reduced fast-
ing insulin levels (Fig. 1A) and greatly improved insulin tol-
erance (Fig. 1D), suggesting an inhibitory role of APPL2 in
regulation of insulin sensitivity. The effects of hepatic
APPL2 on insulin sensitivity appear cell autonomous, as no
significant difference in serum levels of adiponectin and
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leptin was observed between the KO and control mice
(Supplementary Fig. 2D and E).

By hyperinsulinemic-euglycemic clamp study, we found
that glucose infusion rates and total glucose disposal rates

were significantly enhanced in HFD-fed APPL2HepKO mice
in comparison with the controls (Fig. 1E and 1F). Insulin-
induced suppression of hepatic glucose production (HGP)
was increased in the KO mice (Fig. 1G). Consistent with
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Figure 1—Deletion of hepatic Appl2 gene protects themice fromHFD-induced insulin resistance. A: Fasting blood insulin levels of APPL2HepKO

and Loxp mice under 14 weeks HFD. B: Fasting blood glucose levels. C: Glucose tolerance test (GTT) on male mice. D: Insulin tolerance test
(ITT) on the male mice. E–G: Hyperinsulinemic-euglycemic clamp study. Glucose infusion rates (GIR) (E), total glucose disposal (TGD) (F), and
suppression of HGP (G) during hyperinsulinemic-euglycemic clamp. Serum levels of TAG (H) and FFA (I). O2 consumption (J) and respiratory
quotient (K) with calorimetric analysis. All results are presented asmean ± SD, and P values were calculated with use of two-way ANOVA or Stu-
dent t test (*P < 0.05, **P < 0.01, and ****P < 0.0001). AUC, area under the curve; glbm, grams lean body mass; LCVO2, adjusted oxygen
consumption now accounting for lean mass; RQ, respiratory quotient.
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improved systemic insulin sensitivity, APPL2 deficiency
resulted in reduction of serum TAG and FFA levels (Fig.
1H and I). These findings indicate that deletion of the
Appl2 gene in hepatocytes enhances insulin sensitivity in
insulin target tissues such as muscle, fat, and the liver.

While the resting metabolic rate and core body tempera-
ture of APPL2HepKO mice were comparable with those of
the Loxp mice (Supplementary Fig. 2G and H), APPL2HepKO

mice showed a significant increase in respiratory quotient
(Fig. 1K), a trend of increased activity (Supplementary Fig.
2F), and enhanced UCP-1 expression in brown adipose tis-
sue (Supplementary Fig. 2P). O2 consumption levels of the
KO mice were elevated during the dark cycle (Fig. 1J).

These data suggest that enhanced activity- and diet-in-
duced thermogenesis caused the increase in energy expen-
diture in APPL2HepKO mice.

Hepatic APPL2 Deficiency Reduces HGP and
Promotes Lipid Accumulation
Consistent with enhanced insulin sensitivity in the liver
(Fig. 1G), HFD-fed APPL2HepKO mice showed a significant
decrease in HGP in the pyruvate tolerance test (Fig. 2A).
Blood glucagon levels and hepatic glucagon signaling
were comparable between the KO and Loxp mice
(Supplementary Fig. 2J and K). These data suggest that
APPL2 deficiency causes a reduction in gluconeogenesis

H&E

Loxp

Oil Red-O

C

D

F

Fasn
ACC

GAPDH

LoxpL

SCD-1

G6Pase PEPCK

1

2

0

R
el

at
iv

e
m

R
N

A
ex

pr
es

si
on

(fo
ld

)

Loxp
APPL2HepKO

A B

**

(min.)

PTT (HFD)
400

300

200

100

0
0 30 60 120

G
lu

co
se

(m
g/

dL
) *

180

Loxp (n=7)
APPL2HepKO (n=7)

E
R

el
at

iv
e

m
R

N
A

le
ve

ls
(F

ol
d)

** *

ACC1Fasn ChrebpACC2 Srebp1

APPL2HepKO

APPL2HepKO

0

Li
ve

rT
AG

(�
g/

m
g)

*

Loxp

20

10

30

APPL2HepKO

3

1

2

3

4

1

2

3

4

5

10

15

20

2

4

6

0

1

2

3

4

Loxp
APPL2HepKO

R
el

at
iv

e
pr

ot
ei

n 
ex

pr
es

si
on

/G
AP

D
H ** **

**

FSANACC SCD1

1

2

3

4

1

2

0

1

2

3

4

Loxp
APPL2HepKO

Figure 2—APPL2HepKO mice have reduced gluconeogenesis and enhanced lipogenesis under HFD feeding. A: Pyruvate tolerance test
(PTT) of the KO and Loxp mice under 14 weeks HFD. B: mRNA expression of gluconeogenic genes in the mouse liver tissues. C: Hematox-
ylin-eosin (H&E) staining of the mouse liver tissues. Lipid accumulation in liver tissues was detected by Oil Red O staining. The scale bar
indicates 50 mm. D: TAG contents in the mouse liver tissues. E: mRNA levels of lipogenic genes in liver tissues. F: Protein levels of lipogen-
ic genes in the mouse liver tissues. Bar graphs represent the relative protein expression over the levels of GAPDH. All results are presented
as mean ± SD, and P values were calculated with use of two-way ANOVA or Student t test (*P < 0.05 and **P< 0.01). hr, hour

1306 APPL2 and Anti-inflammation Role of Adiponectin Diabetes Volume 70, June 2021

https://doi.org/10.2337/figshare.14195288
https://doi.org/10.2337/figshare.14195288
https://doi.org/10.2337/figshare.14195288
https://doi.org/10.2337/figshare.14195288
https://doi.org/10.2337/figshare.14195288


and this effect is independent of systemic glucagon
levels and hepatic glucagon signaling. In line with
this, the KO mice had significantly lower mRNA lev-
els of glucose-6 phasphatase (G6PC) compared with
the controls (Fig. 2B) but had no changes in gene ex-
pression related to glycolysis (Supplementary Fig. 2I).
These findings reveal hepatic APPL2 to be a regulator
of HGP in the liver.

We next investigated the effects of hepatic APPL2 defi-
ciency on lipid metabolism. While hepatic KO of the Appl2
gene led to a reduction of serum TAG and FFA (Fig. 1H
and I), elevated lipid accumulation (Fig. 2C) and TAG con-
tents (Fig. 2D) were detected in the liver of the KO mice in
comparison with their controls under HFD feeding. Inter-
estingly, hepatic levels of diglyceride, which is implicated in
promoting hepatic lipotoxicity (22) and insulin resistance
(23), were comparable between two genotypes of mice
(Supplementary Fig. 2O). Consistent with the increased
lipid accumulation, genes involved in lipogenesis such as
carbohydrate-responsive element–binding protein (CHREBP),
sterol regulatory element–binding transcriptional factor 1
(SREBP1), and acetyl-CoA carboxylase 2 (ACC2) were signifi-
cantly increased in the liver of the KO mice (Fig. 2E). The
levels of proteins involved in lipogenesis such as ACC, FASN,

and stearoyl-CoA desaturase (SCD-1) were also increased in
APPL2-deficient liver (Fig. 2F). Of note, no significant dif-
ference was observed in the expression of other lipid met-
abolic genes between the KO and control mice, including
lipid uptake (CD36 and lipoprotein lipase [LPL]) and lipid
export (ABCA1, ABCA6, APOB, and APOE) as well as fatty
acid oxidation and ketone body generation (carnitine
palmitoyltransferase 1 [CPT1], acyl-CoA dehydrogenase
medium chain [ACADM], medium-chain acyl-CoA dehy-
drogenase [MCAD], and hydroxymethylglutaryl-CoA syn-
thase [HMGS2]) (Supplementary Fig. 2L–N). Together,
these data indicate that deletion of the Appl2 gene in hep-
atocytes protected the mice from diet-induced hyperlipid-
emia despite these mice displaying enhanced lipogenesis
and more lipid accumulation in the liver.

Hepatic APPL2 Deficiency Promotes Insulin Sensitivity
and Adiponectin Signaling in Liver
To investigate the mechanisms underlying hepatic APPL2-
regulated glucose and lipid metabolism, we investigated
the effects of APPL2 deficiency on insulin sensitivity in the
liver. Insulin-stimulated Akt phosphorylation at Thr308 and
Ser473 was significantly enhanced in the liver, epididymal
fat, and skeletal muscle of the KO mice (Fig. 3A and
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Supplementary Fig. 3A and B), concurrently with enhanced
phosphorylation of GSK3b, a downstream target of Akt
(Fig. 3A). These data indicate that APPL2 negatively regu-
lates insulin signaling in mouse liver. Additionally, we in-
vestigated the role of APPL2 on adiponectin signaling by
treating primary hepatocytes isolated from the KO mice or
their controls with 50 mmol/L AdipoRon, an adiponectin
mimetic (24). AdipoRon had a greater stimulatory ef-
fect on AMPK phosphorylation in APPL2 KO primary
hepatocytes in comparison with the control cells (Fig.
3B). In contrast, overexpression of APPL2 blocked
adiponectin-stimulated AMPK phosphorylation in
primary hepatocytes (Fig. 3C).

To investigate the regulation of APPL2 expression un-
der overnutrient conditions, we detected APPL2 levels in
the livers of mice fed HFD or chow diet. While hepatic
APPL2 expression was similar between HFD- and chow-
fed mice (Supplementary Fig. 6A), higher levels of APPL2
were detected on the plasma membrane of liver tissues
from HFD-fed mice in comparison with those under chow
diets (Supplementary Fig. 6B), suggesting that accumula-
tion of APPL2 on the plasma membrane under HFD con-
ditions might sequester and thereby prevent APPL1 from
interacting with adiponectin receptors. Consistent with
this, systemic injection of adiponectin in mice induced
significantly higher levels of APPL1 binding to the adipo-
nectin receptors in livers of the KO mice in comparison
with the controls (Supplementary Fig. 6C). Together,
these results reveal an inhibitory role of APPL2 in reg-
ulating adiponectin signaling and insulin sensitivity in
hepatocytes.

APPL2HepKO Mice Are Resistant to HFD-Induced
Inflammation in Liver Tissues
Because APPL2 deficiency promoted fatty liver (Fig. 2C),
we examined whether the enhanced lipid accumulation in
the liver is associated with increased inflammation. Sur-
prisingly, levels of F4/80 staining, an indicator of macro-
phages, were significantly less in the liver of the KO mice
in comparison with the controls (Fig. 4A), indicating that
hepatic APPL2 deficiency prevents diet-induced macro-
phage infiltration in mouse liver. While there was no sig-
nificant difference in the mRNA levels of several M2
macrophage markers between APPL2HepKO and control
mice (Supplementary Fig. 4A), expression levels of M1
macrophage markers, such as F4/80, were significantly re-
duced in the liver tissues of the KO mice in comparison
with their controls (Fig. 4B). Additionally, we found that
this anti-inflammatory effect of APPL2 deficiency in liver
seems to have limited impact on systemic inflammation,
as the levels of inflammatory factors in sera were compa-
rable between the Loxp and the KO mice (Supplementary
Fig. 4B). Collectively, these data demonstrate that APPL2
deficiency in hepatocytes protects mice against diet-in-
duced liver inflammation in spite of severe fatty liver.

To define the mechanism by which APPL2 deficiency
prevents diet-induced inflammation, we performed
RNA-sequencing analysis to profile gene expression in
the livers of HFD-fed KO and control mice. This study
led to identification of 438 genes whose expression
levels were significantly different (P < 0.05) between
the KO and the control mice. Gene functional analysis
revealed that genes involved in innate immunity,
phosphoproteins, and immunity were the top three
systems with significant changes in gene expression
(Fig. 4C). Quantitative RT-PCR experiments showed
that many of the genes involved in innate immunity
were reduced in the liver of the KO mice in compari-
son with the controls (Supplementary Fig. 4C). Given
that hepatic MCP-1, a macrophage-attracting factor, is
known to stimulate innate immunity and inflamma-
tion in the liver (25,26), we examined MCP-1 levels in
the liver tissues and found that both mRNA (Fig. 4B)
and protein (Fig. 4D) levels of MCP-1 were significant-
ly reduced in the KO mice in comparison with the con-
trols. The reduction of MCP-1 expression is specific to
the liver, since the levels of this cytokine were compa-
rable in epididymal white adipose tissue, subcutaneous
white adipose tissue, and skeletal muscle tissues be-
tween the KO and control mice (Supplementary Fig.
4D–F)

TNF-a is one of the major stimulators of the innate
immune response in hepatocytes (27). High levels of
TNF-a are reported in obese humans (28,29) and mice
with diet-induced obesity (30) and are associated with
chronic liver inflammation. While TNF-a–stimulated
MCP-1 secretion has been reported in vascular endo-
thelial cells (31) and adipocytes (32), it is unclear
whether TNF-a can stimulate MCP-1 expression in
hepatocytes. By treating mouse primary hepatocytes
with TNF-a, we found that TNF-a stimulation greatly
enhanced MCP-1 expression (Fig. 4E). This stimulato-
ry effect was significantly reduced in APPL2-deficient
hepatocytes (Fig. 4E). Conversely, overexpression of
APPL2 in mouse primary hepatocytes remarkably pro-
moted TNF-a–stimulated MCP-1 expression (Fig. 4F).
These data demonstrate that TNF-a is a stimulator of
MCP-1 expression in mouse hepatocytes and that
APPL2 promotes the effect of TNF-a on MCP-1
expression.

Consistent with the role of MCP-1 as a potent factor at-
tracting monocytes/macrophages (33,34), less macrophage
infiltration was observed in liver tissues of HFD-fed KO
mice in comparison with the controls (Fig. 4A). To deter-
mine the impact of APPL2-promoted MCP-1 expression in
liver, we treated primary hepatocytes isolated from the KO
and control mice with TNF-a to stimulate inflammatory
cytokine expression. The cells were then incubated with
bone marrow–derived macrophages (BMDMs), and the mi-
gration rates of BMDMs were detected. BMDMs cocultured
with APPL2-deficient primary hepatocytes showed a
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significantly reduced migration rate compared with those
cocultured with control hepatocytes (Fig. 4G). To further
determine whether the APPL2-induced hepatic cytokines
play a role in liver inflammation, we incubated BMDMs
with conditioned medium collected from TNF-a–treated
hepatocytes isolated from control or KO mice. As shown in
Fig. 4H, the mRNA levels of CD11c, IL-1b, and MCP-1
were significantly lower in the BMDMs treated with condi-
tioned media from APPL2-deficient hepatocytes than in
those from controls. Taken together, these findings indi-
cate that hepatic APPL2 is a key molecule promoting MCP-
1 production in hepatocytes, leading to enhanced macro-
phage infiltration, proinflammatory gene expression, and
consequent liver inflammation.

APPL2 Blocks the Anti-inflammatory Effect of
Adiponectin in Hepatocytes
We next investigated the role of adiponectin in TNF-
a�stimulated MCP-1 expression in hepatocytes. Treating
mouse primary hepatocytes with AdipoRon, a synthetic
small-molecule agonist for adiponectin receptors (24),
completely blocked TNF-a�stimulated MCP-1 expression
(Fig. 5A). While abrogation of APPL2 expression in hepato-
cytes ameliorated TNF-a–stimulated MCP-1 expression,
AdipoRon treatment further diminished the role of TNF-a
in MCP-1 expression (Fig. 5A). Conversely, overexpression
of APPL2 in hepatocytes reduced the inhibitory effect of
adiponectin on TNF-a–induced MCP-1 expression (Fig.
5B). These results suggest that TNF-a–stimulated MCP-1
expression in hepatocytes is a target of adiponectin action
and that APPL2 promotes HFD-induced liver inflammation
by blocking adiponectin signaling in hepatocytes.

To examine the signaling pathway(s) mediating TNF-
a–induced MCP-1 expression, we treated primary hepato-
cytes with various inhibitors, including IKKb inhibitor for
NF-kB, rapamycin for mTORC1, LY294002 for phosphati-
dylinositol 3-kinase, SB203580 for p38 MAPK, and
PD98059 for MAPKK. While treatment with inhibitors for
IKKb, p38 MAPK, phosphatidylinositol 3-kinase, and
MAPKK had marginal effects on TNF-a–stimulated MCP-1
expression (Supplementary Fig. 5), inhibition of mTORC1
signaling by rapamycin abrogated TNF-a–induced MCP-1
expression (Fig. 5C), which is comparable to the effect of
AdipoRon treatment (Fig. 5A). Consistently, TNF-a treat-
ment stimulated phosphorylation of S6K1, a downstream
signal molecule of mTORC1, and rapamycin treatment
was sufficient to block the effect of TNF-a–induced
S6K1 activation to the same extent as for AdipoRon
(Fig. 5D). Collectively, these data indicate that
mTORC1-S6K1 signaling mediates TNF-a–stimulated
MCP-1 expression in hepatocytes.

We next investigate the mechanism by which adiponec-
tin blocks TNF-a–stimulated mTORC1-S6K1 signaling in
hepatocytes. It has been reported that mTORC1 signaling
can be inhibited by AMPK via phosphorylation and activa-
tion of TSC2, a negative regulator of mTORC1, in

HEK293 (human embryonic kidney) cells (35). Since the
expression levels of APPL2 are negatively associated with
adiponectin-stimulated AMPK phosphorylation in primary
hepatocytes (Figs. 3B and C and 5E), we asked whether
AMPK-induced phosphorylation of TSC2 at Ser1345 is the
major converging point by which adiponectin and
mTORC1 pathways regulate TNF-a–induced MCP-1 ex-
pression in hepatocytes. As showed in Fig. 5F, AdipoRon
treatment failed to abrogate TNF-a�stimulated MCP-1
expression in cells overexpressing a dominant-negative
mutant (S1345A) of TSC2 in comparison with cells overex-
pressing wild-type TSC2. These data suggest that adiponec-
tin suppresses TNF-a–stimulated mTORC1-S6K1 signaling
by promoting AMPK-regulated TSC2 activity.

Deletion of ADIPOQ Gene in APPL2HepKO Mice Largely
Diminishes the Anti–Insulin Resistance and Anti-
Inflammation Phenotypes
To investigate the contribution of adiponectin to the anti-
insulin resistance and anti-inflammation phenotypes ob-
served in APPL2HepKO mice, we deleted ADIPOQ gene in
APPL2-deficient mice. Under HFD conditions, hepatic
APPL2 and adiponectin double KO (APPL2HepKO/AdKO)
mice showed body weight gain and fasting glucose levels
similar to those of APPL2HepKO mice (data not shown).
While there was no difference in the glucose tolerance be-
tween the double KO mice and APPL2HepKO mice (Fig. 6A),
the double KO mice showed impaired insulin tolerance
compared with APPL2-deficient mice (Fig. 6B). Strikingly,
deletion of the adiponectin gene in APPL2HepKO mice re-
versed the HFD-induced proinflammatory gene expression
(MCP-1 and TNF-a) and M1 macrophage infiltration
markers (F4/80 and CD11c) in comparison with APPL2-
deficient mice (Fig. 6C). Consistent with the stimulatory
role of adiponectin in lipogenesis (36), APPL2 deficien-
cy–induced lipid accumulation was reduced in the liver
of the double KO mice (Supplementary Fig. 7). These
data demonstrate that the anti-inflammatory and anti–
insulin resistance phenotypes observed in the APPL2--
deficient mice are largely due to enhanced adiponectin
action in hepatocytes.

DISCUSSION

The liver is a major target organ of adiponectin action
(3,7,9,37). While the insulin-sensitizing role of adiponectin
has been extensively investigated in the liver (4,12,37,38),
the mechanisms underlying the anti-inflammatory action
of adiponectin are still largely unexplored. In the current
study, we show that hepatocyte-specific disruption of
APPL2 enhanced adiponectin signaling and protected mice
from diet-induced insulin resistance. Despite more lipid ac-
cumulation in the liver, APPL2HepKO mice are resistant to
diet-induced macrophage infiltration and liver inflamma-
tion. Mechanistically, obesity-induced APPL2 membrane
translocation blocks adiponectin–AdipoR1/2–APPL1–AMPK
signaling in hepatocytes. This inhibition mitigates the
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inhibitory effect of adiponectin on TNF-a–triggered MCP-1
expression in liver via the mTORC1-S6K1 pathway and in-
duces diet-induced liver inflammation and insulin resistance
(Fig. 6D).

The liver is a major organ for developing overnutrition-
induced chronic inflammation (26). As heterogeneous tis-
sue, various cell types including hepatocytes participate in
the progression of chronic inflammation in liver (39). In
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this study, we reveal that deletion of the Appl2 gene in
hepatocytes is sufficient to protect mice from diet-in-
duced macrophage infiltration and suppress innate immu-
nity–related gene expression in the liver. We also
demonstrate a paracrine role of hepatic APPL2 in regula-
tion of the liver microenvironment by showing hepatic
APPL2 deficiency to be sufficient to reduce microphage
migration and APPL2-controlled hepatocytic secretome
contributing to the inflammatory status of monocytes/
macrophages. Collectively, our studies reveal that hepatic
APPL2 is a key molecule regulating the gene expression in
innate immunity and controlling macrophage infiltration
and liver inflammation.

MCP-1, also known as CCL2, is a potent monocytes/
macrophages-attracting factor for recruiting immune cells
to peripheral tissues in response to inflammation (25,40).
While elevated MCP-1 in the liver has been shown to con-
tribute to the development of hepatic steatosis and insu-
lin resistance in HFD-fed mice (26,33,40,41) as well as
liver injury in humans (42), the mechanism underlying
diet-induced hepatic MCP-1 expression is unknown.
Among the suppressed innate immunity–related genes in
the liver of APPL2HepKO mice, MCP-1 is a downstream
target of APPL2 in hepatocytes. This is evidenced by the
fact that APPL2HepKO mice showed reduced MCP-1 ex-
pression in both liver tissues and primary hepatocytes
and that overexpression of APPL2 in primary hepatocytes
is sufficient to promote TNF-a–stimulated MCP-1 expres-
sion. Since enhanced serum levels of TNF-a are observed
in obese humans (29,43,44) and rodents (45–47), our
finding uncovers a link between TNF-a and hepatic MCP-
1 expression and demonstrates a role of APPL2 in pro-
moting this regulation.

Hepatic TAG accumulation is associated with nonalco-
holic steatohepatitis development (48). However, it re-
mains unclear whether TAG accumulation is sufficient to
promote liver injury and inflammation. Cases of hepatic
TAG accumulation in human subjects are not always asso-
ciated with liver injury, suggesting that factors other than
TAGs are required for triggering of hepatic inflammation
(49). Consistently, FFAs, diglycerides, and endotoxins
have been reviewed as lipotoxic molecules, as they can in-
duce liver injury in the presence of TAG accumulation
(50). In this study, we showed that deletion of Appl2 gene
in hepatocytes was sufficient to induce more fat accumu-
lation, less inflammation, and improved insulin sensitivity
in comparison with the control mice under HFD condi-
tions. Interestingly, the levels of diglyceride in liver tis-
sues of APPL2HepKO mice were comparable with those of
control mice. These results suggested that TAG accumula-
tion, without elevation of lipotoxic intermediates, is not
sufficient for inducing inflammation. In support of this
view, APPL2HepKO mice were less responsive to TNF-
a–stimulated MCP-1 expression and had reduced macro-
phage infiltration in the liver. The protective effects of
APPL2 deficiency on diet-induced inflammation are

largely dependent on hepatic adiponectin signaling, since
adiponectin treatment blocked TNF-a–induced MCP-1 ex-
pression and overexpression of APPL2 was sufficient to
impair the inhibitory role of adiponectin in hepatic in-
flammation. Deletion of the adiponectin gene in
APPL2HepKO mice reversed the diet-induced anti-inflam-
matory and severe fatty liver phenotypes in APPL2HepKO

mice. Together, our study indicates that TAG accumula-
tion in liver is uncoupled with inflammation as long as
hepatic adiponectin signaling is intact.

It has been well-known that adiponectin possesses
anti-inflammatory and antifibrogenic properties in the liv-
er (7,51). While several signaling pathways have been sug-
gested to mediate the anti-inflammatory effect of
adiponectin in liver, such as PPARa (52) and IL-10 (53),
the molecular targets and the underlying mechanism of
adiponectin’s anti-inflammatory action in liver remain
largely unclear. By using APPL2HepKO mice as a model sys-
tem, we demonstrate that enhanced adiponectin signaling
by deletion of hepatic Appl2 gene is the major mechanism
by which APPL2HepKO mice are protected from diet-in-
duced macrophage infiltration and liver inflammation.
First, adiponectin-stimulated AMPK phosphorylation was
enhanced and blocked in APPL2-deficient and APPL2-
overexpressed hepatocytes, respectively. Additionally, the
anti-inflammatory phenotype of APPL2HepKO mice is
largely dependent on adiponectin expression, since the
deletion of ADIPOQ gene in the KO mice reverses the ex-
pression of F4/80, CD11c, MCP-1, and TNF-a in the liver.
Furthermore, treating primary hepatocytes with adiponec-
tin was sufficient to suppress TNF-a–stimulated MCP-1
expression, and overexpression of APPL2 reduced the in-
hibitory effect of adiponectin in primary hepatocytes.
These results demonstrate that MCP-1 is a direct target
of adiponectin action in hepatocytes and that APPL2 pro-
motes MCP-1 expression and inflammation in liver by
blocking adiponectin signaling.

Several signal pathways have been proposed to mediate
TNF-a action, including NF-kB (32,54), p38 MAPK (55),
AKT/PKB (31), and AP-1 (54) pathways in adipocytes and
vascular endothelial cells. Our study suggests that these
pathways play a limited role in mediating TNF-
a–stimulated MCP-1 expression in primary hepatocytes.
Instead, we found that TNF-a–induced and adiponectin-
suppressed MCP-1 expression is largely dependent on
mTORC1-S6K1 signaling. This is demonstrated by the fact
that treating primary hepatocytes with rapamycin, an in-
hibitor of mTORC1 (56), was sufficient to block TNF-
a–stimulated MCP-1 expression. In line with this, levels of
TNF-a–stimulated S6K1 phosphorylation were reduced in
primary hepatocytes isolated from APPL2HepKO mice. While
mTORC1 signaling is required for TNF-a–stimulated MCP-
1 expression in HeLa cells (57), our study provides the first
evidence that the mTORC1-S6K1 pathway in hepatocytes
mediates TNF-a signaling to promote MCP-1 expression.
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Given that adiponectin-stimulated AMPK phosphoryla-
tion, which has been reported to inhibit mTORC1-S6K sig-
naling in C2C12 myotubes (58), was enhanced in APPL2-
deficient hepatocytes, we investigate the role of adiponec-
tin-induced APMK activity in mediating the inhibitory role
of adiponectin in TNF-a–stimulated mTORC1–MCP-1 sig-
naling. By overexpression of TSC2 (S1345A), a dominant-
negative mutant that blocks AMPK-induced TSC2 phos-
phorylation and promotes mTORC1 signaling (35), we
found that the inhibitory effect of adiponectin on TNF-
a–stimulated MCP-1 expression was diminished. These
data suggest that TSC2, a regulatory molecule upstream of
mTORC1, is at the crossroads of adiponectin-AMPK signal-
ing and TNFa–mTORC1–MCP-1 signaling in hepatocytes.
Consistent with this view, overexpression of APPL2, which
is sufficient to inhibit adiponectin-stimulated AMPK phos-
phorylation in hepatocytes, promotes TNFa-induced MCP-
1 expression. In conclusion, our data pinpoint the mecha-
nism by which hepatic adiponectin signaling blocks the
stimulatory effect of TNF-a on MCP-1 expression by tar-
geting on TSC2, a site upstream of mTORC1, in
hepatocytes.

The role of adiponectin in regulating hepatic lipid me-
tabolism remains controversial. Adiponectin-deficient mice
were resistant to HFD-induced fatty liver (59), although
the KO mice exhibited HFD-induced insulin resistance
(60–62). Consistently, adiponectin transgenic mice exhib-
ited improved insulin sensitivity but an increase in adiposi-
ty (38). Overexpression of adiponectin in ob/ob mice
caused a significant expansion of the fat mass but im-
proved systemic insulin sensitivity (63). These studies sug-
gest a stimulatory role of adiponectin in both insulin
sensitivity and lipogenesis. On the other hand, several
studies reported an inhibitory role of adiponectin in hepat-
ic lipid accumulation. Adiponectin-activated AMPK inhibits
acetyl-CoA carboxylase (ACC), a rate-limiting enzyme in de
novo lipogenesis (64). Overexpression of AdipoR2 in liver
enhanced fatty acid oxidation and reduced TAG levels via
PPAR-a pathways (52). By using APPL2HepKO mice as a
model system, we demonstrate that enhanced adiponectin
signaling in hepatocytes promotes insulin sensitivity, lead-
ing to an increase in hepatic de novo lipogenesis and lipid
accumulation. Consistent with this view, we observed that
the lipid accumulation in the liver of APPL2HepKO mice was
alleviated in the liver tissue from APPL2HepKO/AdKO mice.
It is interesting to note that APPL2HepKO mice were resis-
tant to diet-induced hyperlipidemia, despite the fact that
they have more severe fatty liver compared with the con-
trols. This could be due to enhanced insulin sensitivity in
other peripheral tissues such as skeletal muscle tissues.
With results taken together, we demonstrate that hepatic
adiponectin signaling controls systemic lipid metabolism
by promoting lipid biosynthesis in the liver and normaliz-
ing lipid levels in circulation.

Adiponectin can improve liver glucose metabolism by
lowering HGP and suppressing gluconeogenesis gene

expression (4,37,65). Consistent with the inhibitory role
of APPL2 in adiponectin signaling and glucose uptake in
skeletal muscles (13,17), we show that deletion of Appl2
gene in hepatocytes alleviated HFD-induced HGP and im-
proved insulin sensitivity. The mechanism underlying the
beneficial effects of APPL2 deficiency on insulin sensitivi-
ty could be due to increased adiponectin signaling ob-
served in the primary hepatocytes of APPL2HepKO mice. In
agreement with this, the anti–insulin resistance pheno-
type of APPL2HepKO mice is largely dependent on adipo-
nectin expression, since deletion of ADIPOQ gene in
APPL2-deficient mice reversed the improved insulin sensi-
tivity. It is worth noting that human genetic studies re-
veal associations of single nucleotide polymorphisms in
Appl2 gene with higher cardiovascular disease risk (18),
overweight and obesity (19), NAFLD (20), and type 2 dia-
betes (66). Our study suggests that targeting APPL2, an
inhibitory protein in adiponectin signaling (13), is an at-
tractive approach to enhancing insulin sensitivity and im-
proving glucose metabolism.

In summary, we demonstrate an in vivo role of hepatic
APPL2 in promoting diet-induced inflammation and insu-
lin resistance. By identifying innate immune factors, such
as MCP-1, as targets of adiponectin action in hepatocytes,
we reveal a mechanism by which adiponectin and adipo-
nectin signaling prevent diet-induced chronic inflamma-
tion in the liver.
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