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Myeloid Fox01 depletion attenuates hepatic
inflammation and prevents nonalcoholic
steatohepatitis
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Hepatic inflammation is culpable for the evolution of asymptomatic steatosis to nonalcoholic steatohepatitis (NASH).
Hepatic inflammation results from abnormal macrophage activation. We found that Fox01 links overnutrition to hepatic
inflammation by regulating macrophage polarization and activation. Fox01 was upregulated in hepatic macrophages,
correlating with hepatic inflammation, steatosis, and fibrosis in mice and patients with NASH. Myeloid cell conditional Fox01
knockout skewed macrophage polarization from proinflammatory M1 to the antiinflammatory M2 phenotype, accompanied
by a reduction in macrophage infiltration in liver. These effects mitigated overnutrition-induced hepatic inflammation

and insulin resistance, contributing to improved hepatic metabolism and increased energy expenditure in myeloid cell
Fox01-knockout mice on a high-fat diet. When fed a NASH-inducing diet, myeloid cell Fox01-knockout mice were protected
from developing NASH, culminating in a reduction in hepatic inflammation, steatosis, and fibrosis. Mechanistically, FoxO1
counteracts Stat6 to skew macrophage polarization from M2 toward the M1 signature to perpetuate hepatic inflammation in
NASH. Fox01 appears to be a pivotal mediator of macrophage activation in response to overnutrition and a therapeutic target

Introduction

Nonalcoholic fatty liver (NAFL) affects approximately 30% of the
population worldwide and its prevalence increases on par with the
rising epidemic of obesity in both adults and children (1). While
NAFL remains benign in most cases, about 25% of patients with
NAFL evolve to nonalcoholic steatohepatitis (NASH) — a predis-
posing factor for fibrosis, cirrhosis, and hepatocellular cancer (2).
NASH, concomitant with its cardiometabolic comorbidities, is an
underlying cause for the overall and liver-associated mortality (3).
Nonetheless, the mechanism that catalyzes the transition from
benign steatosis to severe NASH remains elusive (4). A prevailing
notion is that hepatic inflammation secondary to abnormal activa-
tionofhepatic macrophagesisliable for the disease progression from
NAFL to NASH (5). Hepatic macrophages include resident Kupffer
cells and infiltrating macrophages, collectively constituting about
15% of the cell population in the liver (6, 7). In response to metabol-
ic stress such as overnutrition or endotoxin, hepatic macrophages
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for ameliorating hepatic inflammation to stem the disease progression from benign steatosis to NASH.

are activated, undergoing polarization toward the M1 phenotype
with proinflammatory cytokine profiles, as opposed to alternatively
activated M2 macrophages with antiinflammatory cytokine profiles
(8, 9). Proinflammatory cytokines act via a paracrine-dependent
mechanism to impair hepatic metabolism and insulin action in the
liver, contributing to NAFL in obesity and type 2 diabetes (10-14).
Consistent with this notion, chemical depletion of macrophages
in the liver mitigates hepatic inflammation, contributing to the
improvement of insulin sensitivity and prevention of NAFL in mice
with dietary obesity (15-17). Amelioration of insulin resistance with
insulin sensitizers is concomitant with the reduction in inflamma-
tion in insulin-resistant subjects with morbid obesity and type 2 dia-
betes (18-20). However, this notion is being challenged, as clinical
trials with antiinflammatory agents have not yet produced consis-
tent therapeutic effects on insulin resistance in patients with NASH
or type 2 diabetes (21-25). This highlights the knowledge gap in our
understanding of the molecular basis that links insulin resistance to
hepatic inflammation in NASH. It remains an open question as to
how tissue macrophages are skewed to undergo M1 polarization in
response to overnutrition, contributing to the induction of chronic
inflammation, insulin resistance, and NASH.

To address this fundamental question, we investigated FoxO1
regulation of macrophage activation and polarization. FoxO1 is a
key transcription factor that acts as a substrate of Akt to mediate
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the effects of insulin on target genes in diverse pathways, including
cell metabolism, proliferation, differentiation, and senescence (26,
27). In the absence of insulin, FoxO1 resides in the nucleus and acts
to enhance target gene expression. Apart from its trans-activation
mechanism, FoxO1 can act in the nucleus to suppress the expres-
sion of its target genes via a trans-repression mechanism (28-33). In
response to insulin, FoxO1 undergoes Akt-dependent phosphoryla-
tion, resulting in FoxO1 translocation from the nucleus to the cyto-
plasm (26, 27). This effect serves as an acute mechanism by which
insulin inhibits FoxO1 activity by precluding its cognate binding to
chromatin DNA in the nucleus, contributing to the inhibition of tar-
get gene expression (26, 27). Unchecked FoxO1 activity in hepato-
cytes, resulting from insulin resistance, is a contributing factor for
glucose and lipid disorders in obesity and type 2 diabetes (34-36).

Although FoxOl1 is expressed abundantly in myeloid cells,
including macrophages, the role of FoxO1 in macrophage homeo-
stasis and the contribution of macrophage FoxO1 to hepatic inflam-
mation are poorly characterized. Macrophage FoxO1 expression is
upregulated, coinciding with the induction of certain proinflam-
matory cytokines such as IL-1p in macrophages in obese mice (37,
38). Increased FoxO1 activity is also associated with the induction
of antiinflammatory cytokine IL-10 in endotoxin-stimulated mac-
rophages in vitro (39). Due to the lack of consensus about FoxO1
in macrophage polarization, it remains unknown whether FoxO1
in activated macrophages provokes tissue inflammation or pro-
tects against tissue inflammation in vivo. To characterize the role
of FoxO1 in macrophage activation and determine the macrophage
FoxOl1 contribution to hepatic inflammation and NASH, we gener-
ated myeloid cell conditional FoxOl-knockout (FoxO1-KO) mice,
followed by determining the effect of FoxO1 loss of function on
macrophage activation and polarization in response to overnutri-
tion and insulin resistance. To induce the transition of NAFL to
NASH, we fed mice a NASH-inducing diet, a dietary regimen that
recapitulates the dietary risk factor for NASH in humans (40). To
address the clinical significance of FoxO1 in hepatic inflammation
and NASH, we determined macrophage FoxO1 expression in liv-
er biopsies of patients with advanced NASH. Our studies identify
FoxOl1 as a pivotal factor that links insulin and nutrient signals to
macrophage polarization. FoxO1 inhibits M2 polarization by antag-
onizing Stat6 in macrophages, contributing to skewed M1 polar-
ization and perpetuating tissue inflammation. We conclude that
myeloid FoxO1 dysregulation, stemming from overnutrition and
insulin resistance, promotes macrophage M1 polarization, and this
effect triggers hepatic inflammation and catalyzes the evolution of
NAFL to NASH in obesity.

Results

FoxOI becomes deregulated in hepatic macrophages of dietary obese
mice. Obesity is associated with chronic low-grade inflammation
secondary to abnormal macrophage activation. To characterize the
role of FoxO1 in macrophage activation and hepatic inflammation
in obesity, we fed male C57BL/6 mice a high-fat diet (HFD, n=6) or
regular chow (RC, n = 6) for 8 weeks. HFD-fed mice, as opposed to
RC-fed littermates, developed obesity (Figure 1A) with a concomi-
tant induction of fasting hyperglycemia (Figure 1B), fasting hyper-
insulinemia (Figure 1C), and insulin resistance, as indexed by the
homeostatic model assessment for insulin resistance (HOMA-IR)
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(Figure 1D). We isolated hepatic macrophages from euthanized
mice, followed by the determination of FoxOl expression. We
detected a 6-fold increase in FoxO1 expression in hepatic macro-
phages, correlating with the induction of proinflammatory cyto-
kine profiles in liver macrophages of obese versus lean mice (Fig-
ure 1, E and F). FoxO1 was also markedly upregulated in adipose
macrophages, coinciding with the induction of proinflammatory
cytokine expression in the epididymal fat of obese mice (Figure
1, G and H). These data suggest that changes in FoxO1 expression
and activity may have important effects on macrophage homeosta-
sis, spurring the hypothesis that macrophage FoxO1 dysregulation
may link insulin resistance to abnormal macrophage activation and
hepatic inflammation in obesity.

MpFoxOI1-KO mice are protected from fat-induced glucose intol-
erance and insulin resistance. To address the above hypothesis, we
generated myeloid cell conditional FoxO1-KO mice by crossing
C57BL/6-FoxO1*" mice with C57BL/6-Lyz2-Cre mice, in which
Cre recombinase is expressed from the myeloid cell-specific lyso-
zyme 2 (Lyz2) promoter. To verify myeloid FoxO1 deletion, we pro-
cured hepatic macrophages from progenies, FoxOI1*/"-Lyz2-Cre
(designated MgFoxO1-KO) and FoxOI1*¥ (WT) littermates, fol-
lowed by the determination of macrophage FoxO1 mRNA and pro-
tein levels. MgFoxO1-KO mice, as opposed to WT littermates, had
nondetectable FoxO1 expression at both mRNA and protein levels
in hepatic macrophages (Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI154333DS1). As a control, we determined FoxO1l expression
in primary hepatocytes from MgFoxO1-KO and WT littermates,
demonstrating that hepatocyte FoxO1l expression remained
unchanged (Supplemental Figure 1). These results validate myeloid
FoxOl depletion in MgFoxO1-KO mice.

We then determined the effect of myeloid FoxO1 depletion
on metabolism. When fed on RC, MgFoxO1-KO (male, n = 11, 4
months old) and sex/age-matched WT littermates (n = 8) had sim-
ilar weight gain and blood glucose levels under both fed and fast-
ing conditions, accompanied by similar postprandial glucose dis-
posal (Supplemental Figure 2). MgFoxO1-KO and WT mice also
had similar plasma triglyceride (TG) and cholesterol levels. These
results indicate that myeloid FoxO1 depletion did not exert a sig-
nificant impact on glucose and lipid metabolism in RC-fed mice.

We reasoned that myeloid FoxO1 activity may not be critical
for regulating macrophage homeostasis under basal conditions in
the absence of metabolic stress or inflammatory stimuli, account-
ing for the lack of alterations in carbohydrate metabolism in RC-fed
MgFoxO1-KO mice. To address this issue, we fed MgFoxO1-KO
and WT mice (male, n = 8-10) an HFD to elicit metabolic stress,
followed by determining the effect of myeloid FoxO1 depletion on
insulin sensitivity and glucose metabolism. Both MgFoxO1-KO and
WT littermates developed morbid obesity, although MgFoxO1-KO
mice were associated with a small nonsignificant reduction (~10%)
in weight gain during a 34-week HFD feeding (Figure 2A). Both
MgFox01-KO and WT littermates had similar fat mass and equiv-
alent food intake on an HFD diet (Supplemental Figure 3). Howev-
er, MgFoxO1-KO mice, as opposed to WT littermates, had signifi-
cantly improved blood glucose profiles during a glucose tolerance
test (GTT) (Figure 2B). We measured plasma insulin levels at O
and 30 minutes after glucose injection during the GTT. HFD-fed

J Clin Invest. 2022;132(14):e154333 https://doi.org/10.1172/)C1154333



The Journal of Clinical Investigation

RESEARCH ARTICLE

A B C D
k%% *%
50 4 _— 160 - . 1.8 1 *%k 15 1 **
.I
- | —
s g Mo 2 15+ . "
—~ 401 o E o
= E 10 £ 124 x 101
£ 30+ - < 100 w (W = p
[ 2 804 5 0.9 4 3
z 8 [] 2 o
> 209 S 60 = ]
g ) g 061 my T 5
23] o - |
101 g v 8 034 "u
m 20" o u ﬁ
D Ll L] u Ll L] U‘D Ll Ll u Ll Ll
RC HFD RC HFD RC HFD RC HFD
E F
%%
a ] RC S 50,
g —_— ] HFD &
g 109 5 40
2 4 £
(1] - =
‘g_ ) 30 o
g 64 ]
8 & 209
(5] o
T 24 £ 10+
5] 2 o
T ol g g I
FoxO1 IL- 1[*3 IL-6 Ccr2 T RC HFD
G H *%
20 1 RC 200 -
1 HFD — < I
5 ]
< 15 E 150
z g
[+ = —
E % =
U 10 - v 100 A "
& @
7} [T} ]
8 8
8 59 2 501
2 2
(]_ U'—*—_=_—
FoxO1 IL-1p Ccr2 RC HFD

Figure 1. Fox01 expression is upregulated in hepatic and adipose tissue macrophages in dietary obese mice. C57BL/6 mice (male, 8 weeks old) were

fed RC and HFD for 8 weeks, followed by the isolation of hepatic macrophages from the liver and adipose stromal vascular cells (SVCs) from epididymal
adipose tissues. Total RNAs were prepared from hepatic macrophages and SVCs and analyzed by real-time gRT-PCR. (A) Body weight. (B) Fasting blood
glucose levels. (C) Fasting plasma insulin levels. (D) HOMA-IR. (E) Hepatic macrophage mRNA levels. (F) Hepatic macrophage TNF-a mRNA levels. (G) Adi-
pose SVC mRNA levels. (H) Adipose SVC TNF-a mRNA levels. Fasting blood glucose and plasma insulin levels were determined after 16-hour fasting. Data
are expressed as mean + SEM (n = 6). Statistical analysis in A-D, F, and H was performed using a 2-tailed, unpaired t test, and in E and G using a 1-tailed,

unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001.

WT mice developed severe fasting hyperinsulinemia, accom-
panied by blunt responses of insulin release to glucose injection
(Figure 2C). This effect was paralleled by significantly impaired
glucose profiles during an insulin tolerance test (ITT) (Figure 2D),
indicative of insulin resistance, as indexed by HOMA-IR in HFD-
fed WT mice (Figure 2E). In contrast, HFD-induced hyperinsu-
linemia was significantly reduced (fasting plasma insulin, 0.5 *
0.07 ng/mL in MgFoxO1-KO versus 1.8 + 0.35 ng/mL in HFD-fed
WT littermates, P < 0.01), with a concomitant restoration of glu-
cose-stimulated insulin secretion in MgFoxO1-KO mice (Figure
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2C). Furthermore, MgFoxO1-KO mice had significantly improved
insulin sensitivity, as evidenced by the improvement of blood glu-
cose profiles during ITT (Figure 2D) and reduction in HOMA-IR
(Figure 2E). HFD feeding also resulted in hypertriglyceridemia
in WT mice, but this effect was ameliorated in MgFoxO1-KO lit-
termates (plasma TG levels, 150 *+ 7 versus 174 + 6 mg/dL in WT
controls, P < 0.05) (Figure 2F). Likewise, HFD feeding resulted in
hypercholesterolemia in WT mice (Figure 2G). This effect was mit-
igated in HFD-fed MgFoxO1-KO mice, although the reduction in
plasma cholesterol levels did not reach a significant level (plasma
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Figure 2. Myeloid Fox01 depletion protects against HFD-induced insulin resistance and glucose intolerance. MgFox01-KO and WT littermates (male,

8 weeks old) were fed HFD for 34 weeks. (A) Body weight. (B) Glucose tolerance test. (C) Basal and glucose-stimulated insulin secretion. (B) Insulin
tolerance test. (E) HOMA-IR. (F) Plasma TG levels. (G) Plasma cholesterol levels. (H) Anti-Akt1, anti-p-Akt1(S473), and anti-actin immunoblots. WT and
MgFox01-KO mice were fasted for 16 hours after 3 months of HFD feeding, followed by intravenous injection of insulin (5 IU/kg) or saline. Mice were euth-
anized 5 minutes after insulin or saline injection. Liver tissues were procured for the preparation of total liver proteins. Aliquots of liver proteins (15 pg)
were analyzed by anti-Akt1 (or anti-Fox01) and anti-p-Akt1 (or anti-p-Fox01) immunoblotting, using anti-actin immunoblot as control. (1) Ratio of p-Akt1/
Akt1 protein levels, as quantified from H. (J) Anti-Fox01and anti-p-Fox01(5253) immunoblot. (K) Ratio of p-Fox01/Fox01, as quantified from ). Data are
expressed as mean + SEM (n = 8-12). Statistical analysis in A, B, and D-G was performed using a 2-tailed, unpaired t test, and in C, I, and K using 1-way
ANOVA with Tukey’s multiple-comparison test. *P < 0.05; ***P < 0.001. NS, not significant.

cholesterol levels, 182 10 mg/dL in MgFoxO1-KO versus 242 + 29
mg/dL in WT littermates). These results indicate that MgFoxO1-
KO mice, in spite of HFD-induced obesity, were protected from
developing HFD-induced insulin resistance, glucose intolerance,
hyperinsulinemia, and hyperlipidemia.

Myeloid FoxOl depletion improves hepatic insulin sensitivity in
dietary obese mice. To corroborate these studies, we injected insulin

intravenously into HFD-fed mice, followed by determining insu-
lin-stimulated phosphorylation of Akt and FoxOl proteins in the
liver. Insulin stimulated phosphorylation of Akt (Ser473) and FoxO1
(Ser253) in both groups. When compared with WT littermates,
MgFoxO1-KO mice had significantly higher amplitudes of insu-
lin-stimulated Akt and FoxO1 phosphorylation, culminating in the
ratios of p-Akt/total Akt (Figure 2, H and I) and p-FoxO1/total FoxO1
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(Figure 2, ] and K). These results suggest that myeloid FoxO1 deple-
tion contributes to the improvement of hepatic insulin sensitivity in
HFD-fed MgFoxO1-KO mice.

Myeloid FoxOl depletion reduces macrophage content in the liver
and adipose tissue in dietary obese mice. To address the hypothesis
that myeloid FoxO1 depletion would ameliorate hepatic inflam-
mation, we analyzed liver tissues by immunohistochemistry, using
an antibody against F4/80, a marker of macrophages (41). HFD-
fed MgFoxO1-KO mice, relative to HFD-fed WT littermates, had
a significantly reduced macrophage content in the liver (Figure 3,
A and B). This was paralleled by a significant reduction in plasma
levels of Mcpl, a key chemokine that regulates tissue macrophage
infiltration (Figure 3C). Similar results were observed in adipose
tissues, as reflected by the reduction in adipose macrophage den-
sity in MgFoxO1-KO mice (Figure 3, D and E). MgFoxO1-KO mice
also had significantly smaller adipocytes in visceral adipose tis-
sues secondary to the improvement of insulin resistance in HFD-
fed MgFoxO1-KO versus WT littermates (Figure 3F), in keeping
with the prevailing notion that smaller adipocytes are associated
with enhanced insulin sensitivity (42, 43).

FoxOl deficiency favors macrophage M2 polarization in
MpFoxOI-KO mice. To gain mechanistic insights into the improve-
ment of tissue inflammation (5), we investigated the role of FoxO1
in macrophage polarization. We isolated hepatic macrophages
from HFD-fed MgFoxO1-KO and WT littermates, followed by
FACS for sorting F4/80°*CD11b*CD11c¢*CD206" (M1 signature)
and F4/80°CD11b*CD206*CD11c” (M2 signature) macrophages.
We detected approximately 18% M1 macrophages and 14% M2
macrophages among total liver macrophages in HFD-fed WT
mice (Figure 3G). However, this effect was reversed in HFD-fed
MgFoxO1-KO mice (Figure 3H), culminating in a significant reduc-
tion in M1 macrophages (9%), along with a corresponding increase
in M2 macrophages (19%). As a result, the ratio of M2/M1 macro-
phages in the liver was significantly increased by 2-fold in HFD-fed
MgFox01-KO versus WT mice (Figure 31).

To corroborate these studies, we profiled hepatic expression
of key genes whose functions are characteristic of macrophage M1
versus M2 phenotypes in the liver and adipose tissues. We detect-
ed a significant upregulation of hepatic macrophage expression
of genes encoding IL-4, IL-10, Argl, CD163, IL-1ra, and CD206
that are characteristic of the macrophage M2 signature (Figure 3J).
This was accompanied by a significant reduction in the proinflam-
matory gene encoding Ccr2 in the liver of HFD-fed MgFoxO1-KO
mice (Figure 3K). Similar results were obtained from adipose tissue
macrophages, as evidenced by increased expression of antiinflam-
matory genes encoding IL-4 and IL-10 (Figure 3L), and decreased
expression of proinflammatory genes encoding Ccr2, Ccl2, Ccl3,
and Ccl7 in adipose stromal vascular cells of MgFoxO1-KO versus
WT littermates on HFD (Figure 3M). These results were consistent
with the reduction in Ccl2 (Mcp1) levels in plasma and diminution
of macrophage content in liver and adipose tissue (Figure 3, A-E),
suggesting that myeloid FoxO1 depletion ameliorates HFD-elicited
tissue inflammation by favoring macrophage M2 polarization and
reducing macrophage infiltration into the liver and adipose tissues.

Mpyeloid FoxOl depletion improves energy expenditure in dietary
obese mice. To determine the effect of myeloid FoxO1 depletion on
energy homeostasis, we subjected HFD-fed MgFoxO1-KO and WT
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littermates to metabolic cage studies. MgFoxO1-KO mice had signifi-
cantly lower respiratory exchange ratios (RERs) in both the dark and
light cycles (Figure 4A), indicative of an increased contribution of fat
to energy metabolism. Consistent with these results, we detected a
significantly higher mean rate of oxygen consumption in MgFoxO1-
KO versus WT littermates on HFD (Figure 4B), in line with the obser-
vation that HFD-fed MgFoxO1-KO mice, as opposed to HFD-fed WT
littermates, had relatively lower weight gain (Figure 2A) and signifi-
cantly enhanced whole-body insulin sensitivity (Figure 2E).

MpopFoxOI-KO mice are protected from developing HFD-induced
steatosis. We then hypothesized that myeloid FoxO1 depletion-
mediated improvement of hepatic inflammation and energy
expenditure would translate into a beneficial effect on hepatic
lipid metabolism. To address this hypothesis, we subjected liv-
er tissues to histological examination. HFD feeding resulted in
severe steatosis in WT mice (Figure 4C). This effect was amelio-
rated in HFD-fed MgFoxO1-KO mice (Figure 4D). To corroborate
these findings, we quantified hepatic lipid content, revealing that
MgFoxO1-KO, relative to WT littermates, had significantly lower
hepatic TG levels (Figure 4E). To gain insights into the underlying
mechanism, we showed that MgFoxO1-KO mice had a significant
reduction in hepatic expression of Srebp-Ic, Fas, and Ppar-y, 3 key
genes in lipogenesis (Figure 4F), with a concomitant induction of
hepatic expression of Ppar-a and Cptl, 2 key genes in fatty acid
oxidation (Figure 4G). MgFoxO1 KO also resulted in a significant
reduction in hepatic expression of Mttp and Apob (Figure 4H), 2
key lipid-binding proteins in VLDL-TG production, secondary to
the reduction in hepatic steatosis and improvement of insulin sen-
sitivity in HFD-fed MgFoxO1-KO mice.

Myeloid FoxOl depletion protects against diet-induced NASH.
Hepaticinflammationis a predisposing factor for the progression of
hepatic steatosis to NASH. To address the hypothesis that myeloid
FoxO1 inhibition would suppress hepatic inflammation to prevent
the progress of steatosis to NASH, we generated a NASH model
by feeding C57BL/6 mice (male, 6 weeks old) a NASH-inducing
diet. When compared with age- and sex-matched mice fed on RC
(n =7), mice fed on a NASH diet (n = 7) developed obesity (body
weight, 49 + 2.9 versus 37 + 1.6 g in RC control, P < 0.001), with
a concomitant induction of fasting hyperglycemia (blood glucose,
135 * 6 versus 105 + 7 mg/dL in RC control, P < 0.001) and fasting
hyperinsulinemia (plasma insulin, 2.09 * 0.75 versus 0.17 * 0.04
ng/mL in RC control, P < 0.001), suggestive of insulin resistance,
as reflected by HOMA-IR (17.3 + 6.6 versus 0.7 * 0.15 in RC control,
P <0.001) (Supplemental Table 1). NASH diet-fed mice, relative to
RC-fed controls, had significantly elevated plasma levels of TG (85
* 6 versus 58 10 mg/dL in RC control, P < 0.001) and cholesterol
(655 * 65 versus 176 + 9 mg/dL in RC control, P < 0.001), indicative
of hypertriglyceridemia and hypercholesterolemia. Furthermore,
NASH diet-fed mice developed steatosis and fibrosis, as evidenced
by liver histology (Supplemental Figure 4) and quantification of
hepatic TG and cholesterol contents (Supplemental Table 1). NASH
diet-fed mice had significantly higher hepatic TG content (567 +18
versus 244 * 56 mg/g protein in RC control, P < 0.001) and hepat-
ic cholesterol content (461 * 22 versus 34 * 4 mg/g protein in RC
control, P < 0.001). NASH diet-fed mice also developed hepatic
inflammation, as visualized by anti-F4/80 and anti-FoxO1 dual
immunohistochemistry, showing that NASH diet-fed mice had
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Figure 3. Myeloid Fox01 depletion protects against HFD-elicited tissue inflammation. MgFox01-KO and WT littermates (male, 8 weeks old) were fed

HFD for 34 weeks. Both groups of mice were then euthanized after 16-hour fasting. Liver and epididymal fat were procured for analysis. (A) Anti-F4/80
immunohistochemistry of liver sections (original magnification, x20). Scale bars: 50 um. (B) Percentage of F4/80 positively stained cells in liver. (C) Plasma
Mcp1 levels. (D) Anti-F4/80 immunohistochemistry in epididymal adipose tissue sections (original magnification, x10). Scale bars: 100 um. (E) Percentage
of F4/80 positively stained cells in adipose tissue. (F) Adipocyte cell size. (G) FACS analysis of hepatic macrophages isolated from HFD-fed WT mice. (H)
FACS analysis of hepatic macrophages isolated from HFD-fed MgFox01-KO littermates. (I) Ratio of M2/M1 macrophages in the liver. (J) Hepatic mRNA
expression profile of M2 macrophage signature. (K) Hepatic mRNA expression profile of M1 macrophage signature. (L) Adipose stromal vascular cell (SVC)
mRNA expression profile of M2 macrophage signature. (M) Adipose SVC mRNA expression profile of M1 macrophage signature. Data are expressed as
mean + SEM (n = 7-9). Statistical analysis in B, C, E, F, }, and L was performed using a 2-tailed, unpaired t test, and in I, K, and M using a 1-tailed, unpaired
t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. Myeloid Fox01 depletion improves energy expenditure and ameliorates steatosis in dietary obese mice. MgFox01-KO and WT littermates
(male, 8 weeks old) were fed an HFD for 34 weeks, followed by the determination of energy expenditure. (A) Respiratory exchange ratio (RER) in dark and
light cycles. (B) VO, consumption rates in dark and light cycles. (C) Oil Red O staining of liver sections of WT mice (original magnification, x20). Scale bar:
50 pum. (D) Oil Red O staining of liver sections of MgFox01-KO mice (original magnification, x20). Scale bar: 50 um. (E) Hepatic TG content. (F) Hepatic
expression of key lipogenic genes, as determined by real-time gRT-PCR assay. (G) Hepatic expression of key genes in fatty acid oxidation. (H) Hepatic
expression of genes in VLDL-TG production. Data are expressed as mean + SEM (n = 7-9). Statistical analysis in A, B, and H was performed using a 1-tailed,
unpaired t test, and in E-G using a 2-tailed, unpaired t test. *P < 0.05, **P < 0.01.

higher levels of macrophage infiltration and macrophage FoxO1
production in the liver (Supplemental Figure 5). These results
were corroborated by the determination of hepatic mRNA profiles,
demonstrating that hepatic expression of FoxO1 and inflammatory
cytokines IL-1f3, TNF-a, IL-6, Ccl2, and Ccl3, along with Ccr2, were
significantly upregulated in NASH diet versus RC mice (Supple-
mental Figure 4). Moreover, NASH diet-fed mice had significantly
elevated serum alanine transaminase (ALT) levels (129 * 16 versus
24 *+ 4 U/L in RC control, P < 0.001) (Supplemental Table 1), cor-
relating with the development of hepatic inflammation, steatosis,
and fibrosis in NASH diet-fed mice.

We then used this dietary NASH model to determine wheth-
er myeloid FoxO1 deficiency would mitigate hepatic inflamma-
tion and stem the disease progress from steatosis to NASH. We
fed MgFoxO1-KO and WT littermates a NASH-inducing diet.
Both groups developed obesity with similar weight gain, although

J Clin Invest. 2022;132(14):e154333 https://doi.org/10.1172/JC1154333

MgFoxO1-KO mice had relatively less weight during a 25-week
NASH diet feeding (Figure 5A). However, NASH diet-fed WT
mice manifested fasting hyperglycemia, fasting hyperinsulinemia,
glucose intolerance, insulin intolerance, and insulin resistance, as
reflected by the HOMA-IR index (Figure 5, B-F). These metabol-
ic abnormalities along with insulin resistance were significantly
improved in NASH diet-fed MgFoxO1-KO mice.

To assess the impact of myeloid FoxO1 depletion on the devel-
opment of NASH, we determined plasma lipid profiles and hepatic
fat content. NASH diet feeding resulted in hypercholesterolemia,
as evidenced by markedly elevated plasma cholesterol levels
in WT mice (Figure 5G). This effect was significantly mitigated
in MgFoxO1-KO mice. In contrast, plasma TG levels remained
unchanged (Figure 5H). We then subjected the liver to histological
examination. NASH diet-fed WT mice manifested severe steatosis
with NASH scores (nonalcoholic fatty liver disease activity score
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Figure 5. Myeloid Fox01 depletion protects against diet-induced NASH. MgFox01-KO and WT littermates (male, 6 weeks old) were fed a NASH diet for
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tion. (1) H&E staining of liver sections (original magnification, x20). Scale bars: 100 um. (J) Hepatic TG content. (K) Hepatic cholesterol content. (L) H&E
staining of liver sections (original magnification, x10). Scale bars: 100 pm. (M) Oil Red O staining of liver sections (original magnification, x10). Scale bars:
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performed using a 2-tailed, unpaired t test. *P < 0.05, **P < 0.01.

[NAS] = 2) concomitant with the development of lobular inflam-
mation, as revealed by liver histology and quantification of hepatic
TG and cholesterol contents (Figure 5, I-O). However, this NASH
diet-induced hepatic steatosis was significantly ameliorated, along
with a significant reduction in both NAS and lobular inflammation
in MgFoxO1-KO versus WT littermates (Figure 5, I-O).

To investigate the effect of myeloid FoxO1 depletion on fibrosis,
we subjected liver tissues to Sirius red staining. We detected a sig-
nificant reduction in fibrosis score in NASH diet-fed MgFox01-KO
versus WT littermates (Figure 6, A and B). NASH diet feeding also

resulted in significantly increased macrophage infiltration and hepat-
ic injury in the liver of WT mice, as visualized by anti-F4/80 immu-
nohistochemistry (Figure 6, C and D) and serum ALT levels (Figure
6E). However, this NASH diet-induced hepatic inflammation, steato-
sis, and fibrosis were significantly improved, along with mitigation
of hepatic injury, as reflected in the reduction in serum ALT levels in
MgFoxO1-KO mice (52 + 8 versus 129 * 16 IU/L in WT littermates, P
<0.001) (Figure 6, A-E). Consistent with the improvement of hepatic
inflammation, NASH diet-fed MgFoxO1-KO mice, relative to NASH
diet-fed WT littermates, had a significant upregulation of hepatic

J Clin Invest. 2022;132(14):e154333 https://doi.org/10.1172/)C1154333
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expression of IL-4, IL-10, and Arg1 that are characteristic of M2 mac-
rophages, accompanied by a significant downregulation of Trem2
and Ccr2, characteristic of M1 macrophages (Supplemental Figure 6).
To account for the reduction in fibrosis in MgFoxO1-KO mice,
we profiled hepatic expression of key genes involved in fibrosis. We
demonstrated that hepatic expression of TGF-, a key fibrogen-
ic factor along with its downstream targets Acta2, Collal, Col3al,
Timpl, Mmp2, Mmpl2, and Mmpl3 was significantly reduced in
MgFoxO1-KO versus WT littermates on a NASH diet (Figure 6F).
NASH diet feeding resulted in hepatocyte ballooning, a hallmark
of NASH, in the liver of WT mice (Figure 5, I and L). This effect was
accompanied by a significant induction of hepatocyte apoptosis in the
liver, as visualized by TUNEL staining (Figure 6, G and H). However,
this hepatocyte ballooning degeneration was completely prevented
(Figure 5,1and L), along with a significant reduction in the percentage
of apoptotic hepatocytes in the liver of NASH diet-fed MgFoxO1-KO
mice (Figure 6, G and H). To gain mechanistic insights into the reduc-
tion in hepatocyte apoptosis, we showed that MgFoxO1-KO mice, as
opposed to WT littermates, had significantly reduced expression of
proapoptotic genes coding for Bax, Bad, caspase 3, caspase 8, and
caspase 9 proteins in the liver, consistent with the improvement of
NASH in MgFoxQ1-KO mice on a NASH diet (Figure 61).
Mechanistic insights into the protective effect of myeloid FoxOI
depletion on NASH. To gain further mechanistic insights into the pro-
tective effect of myeloid FoxO1 depletion on NASH, we assayed liver
tissues of NASH diet-fed MgFoxO1-KO and WT littermates by RNA
sequencing (RNA-Seq), followed by comparative transcriptome
analysis (Supplemental Figure 7). This unbiased approach identi-
fied a total of 342 differentially expressed genes (DEGs; log,[fold
change] > 1.5, P, g < 0.05) (Figure 7A). These DEGs are in diverse
pathways (Supplemental Figure 8), culminating in the upregulation
of metabolic pathways in insulin receptor signaling in glucose and
lipid metabolism, DNA damage and repair, mitochondrial protein
complex biosynthesis, and energy homeostasis (Figure 7B). This
was accompanied by the downregulation of metabolic pathways in
lipid uptake and transport, lipid droplets, extracellular matrix orga-
nization, TNF-o superfamily cytokine production and regulation,
hepatic insulin resistance, oxidative stress, autophagy, and the epox-
ygenase P450 pathway (Figure 7B). Such DEG profiles are consistent
with the improvement of insulin sensitivity and reduction in hepatic
inflammation, steatosis, apoptosis, and fibrosis in NASH diet-fed
MgFoxO01-KO mice. To corroborate these results, we verified the
expression profiles of key genes involved in hepatic inflammation,
insulin action, steatosis, and fibrosis in both up- and downregulated
DEG lists, using a real-time qRT-PCR assay (Supplemental Figure 6).
Interestingly, at the top of the DEG list is the Trem2 gene whose
expression was significantly downregulated (Figure 7B), correlat-
ing with the attenuation of hepatic inflammation and amelioration
of NASH in MgFoxO1-KO mice. We validated these findings in the
liver of MgFoxO1-KO versus WT mice on both HFD and NASH
diet conditions (Supplemental Figures 6 and 9). A biomarker of
NASH-associated macrophages, Trem2 expression is markedly
upregulated in hepatic macrophages of both mice and humans
with NASH (44). Our data along with previous findings spotlight
the physiological importance of Trem2 in macrophage homeosta-
sis, suggesting that macrophage Trem2 deregulation may play a
pivotal role in the etiology of NASH.

The Journal of Clinical Investigation

Mechanism of FoxOlI-mediated inhibition of M2 macrophage polar-
ization. To understand the mechanism by which FoxO1 regulates
macrophage activation, we hypothesized that FoxO1 suppresses M2
macrophage polarization by antagonizing Stat6 — a key transcrip-
tion factor that functions to prime M2 macrophage polarization in
response to IL-4 or IL-13 (10, 11, 45). Consistent with this hypothesis,
FoxO1 and Stat6 are reciprocally regulated, culminating in increased
FoxOl activity and decreased Stat6 activity in activated macrophages
in obesity and type 2 diabetes (5, 10, 11, 26, 37, 38, 46). To address this
hypothesis, we performed a coimmunoprecipitation assay using anti-
FoxOl and anti-Stat6 antibodies, demonstrating that FOXO1 and
STAT6 proteins form complexes in human THP-1 macrophages (Fig-
ure 8, A-F). We then postulated that FoxO1 physically binds and func-
tionally inhibits Stat6 transcriptional activity. To test this hypothesis,
we determined the effect of FoxO1 on Stat6 activity by transfecting a
plasmid encoding the Stat6 target promoter-driven luciferase report-
er system into RAW264.7 macrophages that were pretransduced with
adenovirus expressing the ADA mutant (T24A/S253D/S316A) of
FoxO1 (Adv-FoxO1-ADA) or Adv-Empty vector. We chose to express
FoxO1-ADA because this constitutively active FoxO1 remains in the
nucleus irrespective of extracellular factors such as insulin or cyto-
kines in culture medium. This provided a gain-of-function approach
to determining the impact of FoxO1 on Stat6 activity in macro-
phages in response to IL-4, an antiinflammatory cytokine that acts
to trans-activate Stat6 for priming macrophages for M2 polarization
(10,11, 45). We showed that FoxO1 gain of function suppressed IL-4-
induced Stat6 activity in macrophages, as reflected in FoxO1-medi-
ated inhibition of luciferase activity in RAW264.7 cells (Figure 8G).

To corroborate these studies, we determined the inhibi-
tory effect of FoxO1 on Stat6 activity in THP-1 macrophages,
demonstrating that FoxO1 gain of function resulted in a signifi-
cant reduction in macrophage expression of STAT6 and its target
genes encoding PPAR-y, PPAR-3, ARG, FIZZ1, MRC1, MGL, and
CHI3LI1 (Figure 8H). In contrast, PPAR-a expression was increased
in IL-4-stimulated THP-1 macrophages with adenovirus-mediated
FoxO1-ADA production (Figure 8H).

We then replicated these studies in human primary hepatic
macrophages, derived from explanted liver specimens of deidenti-
fied donors. Adenovirus-mediated FoxO1-ADA production resulted
in a significant reduction in macrophage expression of STAT6 and
its targets, including PPAR-y, PPAR-3, ARG1, FIZZ1, MGL, and
CHI3L1 in human primary macrophages in the presence of IL-4
(Figure 81). These results suggest that FoxO1 acts to inhibit M2 mac-
rophage polarization by counteracting Stat6 activity and suppress-
ing the expression of Stat6 target genes in macrophages.

Macrophage FOXO1 is deregulated in the liver of human patients
with NASH. To address the clinical significance of macrophage
FOXOT1 activity in the pathogenesis of hepatic inflammation and
NASH, we determined hepatic FOXO1 expression in the liver of
patients with NASH. We obtained liver biopsies from humans with-
out (normal, n = 16) and with NASH (NASH, n = 16) in both sexes
(Supplemental Table 2). Histological examination of liver biopsies
revealed the presence of excess lipid deposition and fibrosis in the
liver of patients with NASH (Figure 9, A and B). We confirmed these
results by quantifying hepatic lipid content. Patients with NASH, as
opposed to normal subjects, had a marked elevation in hepatic TG
and cholesterol levels (Figure 9, C and D).
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Figure 7. Comparative transcriptomic
analysis. MgFox01-KO and WT litter-
mates (male, 6 weeks old) were fed a
NASH diet for 25 weeks. Mice in both
groups (n = 4/group) were euthanized
after 16-hour fasting. Aliquots of liver
tissues (10 mg) were used for preparing
total RNAs, which were analyzed by
RNA-Seq assay, followed by comparative
transcriptomic analysis. (A) Volcano

plot. Plotted are P values versus log,(fold
change) of 342 DEGs, of which 85 genes
were upregulated and 257 genes were
downregulated in the liver of MgFox01-
KO versus WT littermates. (B) Heatmap
of RNA-Seq gene counts. Shown are the
significant DEGs that are critical for insu-
lin action and hepatic metabolism.
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Figure 8. FOXO01 inhibits M2 macrophage polarization by antagonizing STAT6. Coimmunoprecipitation of FOX01and STAT6 in THP-1 macrophages.

(A) Anti-STAT6 immunoblot of the immunocomplex precipitated by control IgG and anti-STAT6 antibody. (B) Anti-FOX01immunoblot of the immunocom-
plex precipitated by control IgG and anti-STAT6 antibody. (C) Anti-STAT6 immunoblot of the immunocomplex precipitated by control IgG and anti-FOXO01
antibody. (D) Anti-FOXO1immunoblot of the immunocomplex precipitated by control IgG and anti-FOX01 antibody. (E) Anti-STAT6 immunoblot of input
control lysates for STAT6. (F) Anti-FOX01immunoblot of input control lysates for FOX01. (G) Macrophage STAT6 transcriptional activity in RAW264.7 cells.
(H) Macrophage mRNA levels in THP-1 macrophages. THP-1 macrophages were transduced with Adv-Fox01-ADA and Adv-Empty adenoviruses in culture
medium. After 24-hour incubation, THP-1 macrophages were analyzed by real-time gRT-PCR assay. (I) Macrophage mRNA levels in human primary macro-
phages. Human primary macrophages isolated from liver biopsies of deidentified human patients were transduced with Adv-Fox01-ADA and Adv-Empty
adenoviruses in culture medium. After 24-hour incubation, human macrophages were analyzed by real-time qRT-PCR assay. Data were obtained from at
least 3 independent experiments, and are expressed as mean + SEM. Statistical analysis in G was performed using 1-way ANOVA with Tukey’s multi-
ple-comparison test, in H using a 1-tailed, unpaired t test, and in I using a 2-tailed, unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant.

We then subjected liver biopsies to anti-FOXO1 and anti-F4/80
immunohistochemistry, revealing that FOXO1 protein levels were
increased in hepatic macrophages in the liver of patients with NASH
(Figure 9, E and F). We recapitulated this finding by real-time qRT-
PCR assay, revealing that hepatic mRNA expression of FOXO1, but
not FOXO3 and FOXO4, was significantly upregulated in patients
with NASH (Figure 9G). This effect was correlated with significantly
increased expression of mRNAs encoding proinflammatory cytokines
and chemokines such as IL-1p, IL-6, TNF-a, MCP1, CXCL9, CXCL10,
and CXCLI11 in the liver of patients with NASH. We also detected a
significant induction of hepatic expression of antiinflammatory cyto-
kine IL-10 mRNA in liver biopsies with NASH (Figure 9G). This effect

might reflect a compensatory action of IL-10 in response to hepatic
steatosis and inflammation. Furthermore, we showed that liver biop-
sies with NASH had a significant upregulation of fibrogenic genes
coding for TGF-B, ACTA2, and TIMP1 (Figure 9G), consistent with
NASH scores in patients with NASH (Supplemental Table 2). These
clinical data indicate that human FOXO1 becomes deregulated in
hepatic macrophages, correlating with the development of hepatic
inflammation, steatosis, and fibrosis in patients with NASH.

Discussion
NAFL is caused by excessive fat deposition in the liver and is prev-
alent in obesity. NAFL appears asymptomatic and innocuous, but

J Clin Invest. 2022;132(14):e154333 https://doi.org/10.1172/)C1154333
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Figure 9. FOXO01 is deregulated in hepatic macrophages of humans with NASH. Liver biopsies from humans without NASH (normal, n = 16) and with
advanced NASH (NASH, n = 16) were examined for FOXO1 expression in hepatic macrophages. (A) Liver biopsies from normal subjects were stained with
H&E, Oil Red 0, and trichrome (original magnification, x10). Scale bars: 100 pm. (B) Liver biopsies from patients with NASH were stained with H&E, Oil
Red O, and trichrome (original magnification, x10). Scale bars: 100 um. (C) Hepatic TG content. (D) Hepatic cholesterol content. (E) Anti-FOX01 and
anti-F4/80 dual immunohistochemistry of liver biopsies from normal subjects (original magnification, x20). Scale bars: 50 um. (F) Anti-FOX01and
anti-F4/80 dual immunohistochemistry of liver biopsies from patients with NASH (original magnification, x20). Scale bars: 50 um. (G) Hepatic mRNA
levels of liver biopsies of normal and NASH subjects, as determined by real-time gRT-PCR assay. Data are expressed as mean + SEM (n = 16). Statistical
analysis in C was performed using a 2-tailed, unpaired t test, and in D and G using a 1-tailed, unpaired t test. *P < 0.05, **P < 0.01.

its transition to NASH is fraught with deleterious effects on the liv-
er, which can predispose at-risk individuals to developing cirrho-
sis and liver cancer (2). There is clinical evidence that NASH with
advanced fibrosis is an independent risk factor for the liver-asso-
ciated mortality (3). Nonetheless, the mechanism underlying the

J Clin Invest. 2022;132(14):e154333 https://doi.org/10.1172/)C1154333

disease progression from NAFL to NASH remains unclear (4).
Although hepatic inflammation, characterized by proinflammato-
ry cytokine profiles secondary to abnormal macrophage activation,
is regarded as a contributing factor that catalyzes the transition
from NAFL to NASH (5), genetic factors that are responsible for
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abnormal macrophage activation in response to metabolic stress
such as overnutrition are poorly characterized. Here we showed
that one such genetic factor is FoxO1, whose activity in tissue mac-
rophages is functionally integrated with macrophage activation.
FoxO1was markedly upregulated in tissue macrophages in the liver
and adipose tissues, coinciding with the induction of proinflamma-
tory profiles and insulin resistance in dietary obese mice. Myeloid
FoxO1 depletion skewed macrophage polarization from proinflam-
matory M1 to the antiinflammatory M2 phenotype, accompanied
by a reduction in macrophage infiltration in the liver and adipose
tissue. These effects contributed to the reduction in hepatic inflam-
mation and improvement of insulin sensitivity in dietary obese
mice. As a result, mice with myeloid FoxO1 deficiency were pro-
tected from developing glucose intolerance, insulin resistance, and
fasting hyperinsulinemia in response to prolonged HFD feeding.
Furthermore, myeloid FoxOl-deficient mice, as opposed to WT
littermates, had significantly increased energy expenditure in both
light and dark cycles. This effect contributed to the improvement
of hepatic insulin sensitivity and lipid metabolism and ameliora-
tion of NAFL in HFD-fed MgFoxO1-KO mice. We recapitulated
these findings in myeloid FoxOl-deficient mice on a NASH diet.
Of striking significance, we showed that myeloid FoxO1 depletion-
mediated improvement of hepatic inflammation translated into a
significant beneficial effect on NASH, culminating in the reduction
in hepatic injury and fibrosis in myeloid FoxO1l-deficient versus
WT littermates on a NASH diet. Together, these results character-
ize FoxOl1 as a pivotal factor in regulating macrophage activation in
response to overnutrition, suggesting that myeloid FoxO1 dysreg-
ulation is liable for linking overnutrition to abnormal macrophage
activation and this effect perpetuates hepatic inflammation and
catalyzes the evolution of NAFL to NASH in obesity.

What is the clinical significance of these findings? There is evi-
dence that individuals harboring FOXO1 variants are associated with
increased risk of developing obesity and type 2 diabetes (47). These
findings, which were recapitulated in multiple ethnic groups, under-
score the physiological importance of human FOXO1 in metabolic
disease (47-50). Indeed, clinical studies revealed a marked upregula-
tion of hepatic FOXO1 activity in liver biopsies of patients with NASH
(51). Likewise, FoxO1 upregulation is detectable in the liver, correlat-
ing with the pathogenesis of NAFL, in a number of models including
dietary obese mice, diabetic db/db mice, and high fructose-fed ham-
sters (33, 36, 52). Nonetheless, these clinical and preclinical studies
fail to reveal the cell type in the liver that is responsible for NAFL. Our
studies illustrate the importance of hepatic macrophages with altered
FoxO1 activity in the pathogenesis of NASH. In response to obesity or
insulin resistance, FoxO1 activity is upregulated in hepatic and adi-
pose tissue macrophages, contributing to hepatic inflammation and
NASH. We reproduced this finding in the liver of dietary obese mice
and liver biopsies of human patients with NASH.

How does FoxO1 regulate macrophage activation? Critical for
abnormal macrophage activation is NF-kB, a nuclear factor that
acts downstream of TLR4 to mediate the stimulatory effect of pal-
mitates and LPS on proinflammatory genes (53). FoxO1 signaling
through TLR4 in macrophages potentiates inflammation in adipose
tissue of obese mice (38). FoxOl targets the IL-1B gene for trans-
activation to stimulate macrophage IL-1B production in response
to LPS (37), suggesting that FoxO1 directly promotes macrophage

The Journal of Clinical Investigation

M1 polarization in response to inflammatory stimuli. However, this
mechanism falls short of explaining why insulin resistance pro-
vokes macrophage activation (54). Although macrophage FoxO1
activity is upregulated, coinciding with the onset of proinflammato-
ry profiles in activated macrophages, FoxO1 neither interacts with
p50 or p65 subunits of NF-«B nor affects macrophage expression
of NF-«B subunits in inflammatory macrophages (37). These data
argue for additional mechanisms by which FoxO1 regulates macro-
phage activation. Here we revealed that FoxO1 acts to antagonize
Stat6 — a key nuclear factor that functions to prime macrophage
polarization toward the M2 phenotype. FoxOl gain of function
impairs the ability of Stat6 to promote macrophage M2 polarization.
We reproduced these findings in THP-1 macrophages and human
primary macrophages. Furthermore, we detected a significant
increase in the M2 macrophage population, concomitant with a cor-
responding decrease in the M1 macrophage population, in the liver
of HFD-fed MgFoxQ1-KO mice. As a result, MgFoxO1-KO mice,
relative to WT littermates, exhibited significantly reduced macro-
phage infiltration in the liver, in keeping with the observation that
hepatic Ccr2 expression along with plasma Mcpl1 levels was signifi-
cantly reduced in HFD-fed MgFoxO1-KO mice. Ccr2 is a target of
FoxO1 and is responsible for mediating the chemoattractant action
of Mcpl in regulating macrophage migration and infiltration (55).
These results elucidate the physiological importance of FoxO1 in
regulating macrophage activation and tissue infiltration. Mechanis-
tically, FoxO1 acts as an inhibitor of macrophage M2 polarization.
Increased FoxO1 activity, resulting from insulin resistance, acts to
suppress M2 polarization in favor of macrophage M1 polarization
in obesity (Figure 10). In support of this notion, Kubota et al. (56)
showed that IL-4 signaling through Irs2 inhibits FoxO1 activity in
macrophages. Myeloid Irs2 deficiency results in enhanced FoxO1
activity in macrophages, which impairs IL-4-induced M2 macro-
phage activation and predisposes to developing dietary obesity and
hyperinsulinemia in mice (56). In contrast, we showed that myeloid
FoxO1 deficiency protected mice from developing diet-induced
inflammation and insulin resistance, a beneficial effect that halted
the progression of NAFL to NASH in MgFoxO1-KO mice on a NASH
diet. Our findings along with_previous results reinforce the idea
that FoxO1 connects overnutrition and insulin resistance to abnor-
mal macrophage activation, contributing to chronic low-grade
inflammation and NASH in obesity.

Hepatic macrophages crosstalk to hepatocytes to affect hepat-
ic lipid metabolism. To gain further mechanistic insight into the
protective action of myeloid FoxO1 deficiency against overnutri-
tion-induced NASH, we performed comparative liver transcrip-
tome analysis of RNA-Seq data, detecting a total of 342 DEGs in
NASH diet-fed MgFoxO1-KO versus WT littermates. Among the
85 upregulated DEGs (Figure 7B), the energy homeostasis-associ-
ated gene (Enho) encodes adropin, a hepatokine whose function is
positively associated with energy metabolism. Adropin deficiency
is associated with steatosis and obesity (57). Conversely, transgen-
ic adropin overproduction or exogenous adropin administration
protects against fat-induced insulin resistance, glucose intoler-
ance, and steatosis in dietary obese mice (57). A second significant
DEG is Colgalt2 that encodes collagen f (1-O) galactosyltransfer-
ase 2, an enzyme that is critical for collagen glycosylation in the
endoplasmic reticulum. Colgalt2 deficiency aggravates hepatic
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obesity. Elevated VLDLR expression is associated
with hepatic endoplasmic reticulum stress and NAFL
in mice (62, 63). Conversely, Vidilr-deficient mice are
protected from developing HFD-induced steatosis

Overnutrition Insulin L4
IRa
.

IL4R +C
IRB L4Ra ¥

Insulin resistance - &

JAK

IRS2

'
|

G’

e

and obesity (64). Cidec encodes a lipid droplet-bind-
c ing protein, known as Fsp27, that acts in concert
with Plinl to promote lipid droplet enlargement and
storage in cells (65). Cidec is undetectable in normal
liver, but its expression is markedly induced in ste-
atotic liver (66). Hepatic Cidec knockdown protects
against fat-induced steatosis and obesity in mice
(67). Hepatic Cidec overexpression is associated with
alcoholic steatohepatitis in rodents and humans (68).
Mogatl encodes monoacylglycerol acyltransferase
(Mgat), a cytoplasmic enzyme that converts monoa-
cylglycerol to diacylglycerol (DAG), a lipid that acts
via PKC-¢ to dampen insulin signaling (69). Hepatic

y Mogatl knockdown enhances insulin sensitivity and

/ \ / \ improves glucose and lipid metabolism in 0b/0b and
dietary obese mice (70). We found that Cd36, Vidlr,

IL-1p Tird Ppar-y Ppar-5 Cidec, and Mogatl were significantly downregulated

\ |

M1 polarization

Figure 10. Fox01 antagonizes Stat6 to inhibit macrophage M2 polarization. In phys-
iological states, FoxO1 activity is inhibited by insulin via Akt-mediated FoxO1 protein
phosphorylation and nuclear exclusion. This effect maintains macrophage Fox01 activity
at basal levels. IL-4 signaling through IRS2 also inhibits Fox01 activity via the Akt-depen-
dent mechanism. In insulin-resistant states, loss of insulin inhibition results in increased
production of Fox01, which binds and inhibits Stat6 activity, contributing to the suppres-
sion of Stat6-targeted PPAR-y and PPAR-4 in macrophages. This action counteracts the
stimulatory effect of IL-4 on macrophage M2 polarization. In pathological states such as
obesity, unchecked Fox01 activity, resulting from insulin resistance, stimulates macro-
phage expression of IL-1f and TLR4, favoring macrophage M1 polarization. This effect
can act via a feed-forward mechanism to further instigate low-grade inflammation and
exacerbate insulin resistance in obesity. IRa, insulin receptor alpha subunit; IR, insulin
receptor beta subunit; IL-4Ra, interleukin 4 receptor alpha subunit; yC, gamma C subunit;
AKT, serine/threonine kinase; JAK, Janus-family kinase; C, cytoplasm; N, nucleus.

steatosis in mice on HFD (58). Using real-time qRT-PCR assay, we
further validated that both adropin and Colgalt2 were significantly
upregulated in the liver (Supplemental Figure 6), correlating with
the reduction in steatosis and amelioration of NASH in MgFoxO1-
KO mice. Our data characterize adropin and Colgalt2 as signifi-
cant factors in the pathogenesis of NASH.

Among the 257 downregulated DEGs (Figure 7B), we revealed
4 distinct genes (Cd36, Vldir, Cidec, and MogatI) whose functions
are critical for lipid metabolism. CD36, known as fatty acid trans-
locase, is responsible for facilitating intracellular fatty acid update
and trafficking. Hepatic CD36 overproduction increases fatty acid
intake, contributing to steatosis (59), whereas hepatic CD36 deple-
tion protects against fat-induced steatosis in HFD-fed mice (60).
Hepatic CD36 expression is upregulated in patients with obesity
and NAFL (61). Likewise, VLDLR functions to mediate intracellular
update of TG-richlipoprotein particles. Hepatic VLDLR expression,
which is maintained at the baseline, is significantly upregulated in
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in the liver, as verified further by real-time qRT-PCR
assay (Supplemental Figure 6), consistent with the
amelioration of NASH in MgFoxO1-KO mice.

In addition, our RNA-Seq assay detected a sig-
nificant reduction in Collal, the gene that encodes a
key enzyme responsible for type 1 collagen synthe-
sis (Figure 7B). This effect was accompanied by the
downregulation of Timp1, Mmp12, and Mmp13, three
key factors in extracellular matrix organization (Fig-
ure 7B). We further validated these findings by real-
time qRT-PCR assay (Figure 6F). Together, these
results corroborate the observation that MgFoxO1-
KO mice, as opposed to WT littermates, were protect-
ed from developing fibrosis in response to NASH diet
feeding (Figure 6, A and B).

Furthermore, we revealed a significant downregu-
lation of Trib3 and Cers6 (Figure 7B) whose gene prod-
ucts are characterized as negative regulators of insulin
sensitivity. Trib3 encodes tribbles homolog 3 that acts
to impair insulin action by inhibiting Akt activity in the liver (71).
Cers6 encodes ceramide synthase 6 that is responsible for synthesiz-
ing C16:00 ceramides, a sphingolipid that is characterized as a patho-
logical driver for insulin resistance (72, 73). Cers6 inhibition, stem-
ming from Cers6 knockout or Cers6 knockdown, suppresses C16:00
ceramide production and protects against steatosis and insulin resis-
tance in ob/0b and dietary obese mice (74). Using real-time qRT-PCR
assay, we confirmed that both Trib3 and Cers6 were downregulated
in the liver (Supplemental Figure 6), consistent with improved insulin
sensitivity in MgFoxO1-KO mice on HFD and NASH diets.

Strikingly, we detected a significant upregulation of 8 distinct
genes in the major urinary protein (Mup) superfamily, including
Mupl, Mup7, Mupl2, Mupl4, Mupl6, Mup21, Mup-ps6, and Mup-
ps15 (Supplemental Figure 7). Mups are of low molecular weight
(10-20 kDa) and belong to the lipocalin superfamily. This fam-
ily of proteins is characterized by an 8-stranded antiparallel p-
sheets forming an evolutionarily conserved barrel ligand-binding
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structure that is responsible for transporting small hydrophobic
molecules such as steroids, odorants, retinoids, and lipids (75).
Secreted mainly from the liver into the blood and excreted into
urine, Mups function as pheromones to promote aggression in
males and sexual attractiveness for females in rodents (75). Hepat-
ic Mup production is suppressed in insulin-resistant liver in obese
and diabetic mice (76). Likewise, hepatic expression of Mups is
markedly downregulated by caloric restriction in mice (77). In
contrast, intravenous injection of recombinant Mupl proteins
increases energy expenditure and physical activity, contributing to
the improvement of whole-body insulin sensitivity in obese mice
(76). Mup1 has been shown to suppress hepatic gluconeogenesis
and improve glucose metabolism in obese mice (78). Thus, apart
from their pheromonal action, Mups appear to play important roles
in regulating energy homeostasis. Intriguingly, hepatic upregula-
tion of the Mup superfamily is contrasted by the downregulation of
Cyp2-a4, Cyp2-a22, Cyp2-b9, Cyp2-b13, Cyp2-c38, Cyp2-c40, and
Cyp2-¢69, 7 distinct members of the Cyp2 subfamily (Supplemen-
tal Figure 7). The Cyp2 subfamily belongs to the cytochrome P450
enzyme family of heme-containing proteins, whose functions are
responsible for drug metabolism in the liver (79). These results
were new and unexpected, as little is known about the roles of
the Cyp2 superfamily in lipid metabolism. Although deregulation
of the Cyp2 superfamily is associated with NASH in humans, the
underlying pathophysiology is unknown (79). Further research is
warranted to understand the physiology of differential regulation
of the Mup versus Cyp2 superfamily in response to overnutrition
and determine their respective contributions to NASH.

We would like to acknowledge a limitation in this study. Due
to the ubiquitous nature of macrophages in tissue distribution, the
Lys2-Cre system is expected to mediate the deletion of loxP-floxed
genes in macrophages throughout the body. We noted that although
MgFox01-KO mice, relative to WT littermates, gained less weight,
there were no significant differencesin food intake and body weight
between MgFoxO1-KO and WT groups during a 34-week HFD
feeding. These results seem at variance with the observation that
MgFoxO1-KO mice had significantly increased energy expendi-
ture, which contributed in part to the reduction in hepatic steatosis
in MgFoxO1-KO mice on HFD. One potential variable accounting
for this discordance between energy expenditure and body weight
is Lys2-Cre-mediated FoxO1 depletion in tissue macrophages in
the whole body. Here we focused primarily on the delineation of
FoxO1 signaling in tissue macrophages in liver and adipose tissue,
owing to the fact that tissue macrophages in the liver and adipose
tissue collectively constitute the major source of total macrophages
(>90% tissue macrophages) and circulating cytokines in the body.
The brain also contains macrophages, known as microglial cells,
that have been shown to modulate central inflammation and feed-
ing in mice (80). Myeloid FoxO1 depletion in extrahepatic tissues
including the brain might affect overnutrition-induced weight
gain in MgFoxO1-KO mice. Another variable is urinary glucose
excretion, an alternative route whereby the body can lose calories
(81). It is possible that WT mice with HFD-induced hyperglycemia
would lose more calories through urinary glucose excretion. This
effect might offset the impact of increased energy expenditure on
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weight loss in MgFoxO1-KO versus WT littermates on HFD. Fur-
ther research is needed to characterize the role of FoxO1 in microg-
lia and macrophages in other peripheral tissues and determine its
impact on central inflammation and energy homeostasis.

In conclusion, our studies characterize FoxOl1 as a key factor
for regulating macrophage activation. Macrophage FoxO1 activity,
which remains at baseline in naive macrophages, is markedly upreg-
ulated in hepatic and adipose tissue macrophages in response to met-
abolic stress such as overnutrition and insulin resistance. This effect
promotes abnormal macrophage activation and perpetuates hepatic
inflammation, which exacerbates the disease progression from NAFL
to NASH in obesity. While FoxO1 is hailed as a potential therapeutic
target for metabolic disease (28, 82), our data suggest that pharma-
cological inhibition of FoxO1 activity in inflammatory macrophages
could curb abnormal macrophage activation and mitigate tissue
inflammation to improve insulin sensitivity and hepatic metabolism
for preventing the development of NASH in metabolic disease.

Methods

Further information about the methodology, including the statistical
analyses, is included in Supplemental Methods. Information about the
usage of chemical and biological reagents (Supplemental Table 3), anti-
bodies (Supplemental Table 4), mouse-specific primers (Supplemental
Table 5), and human-specific primers (Supplemental Table 6) are also
included in the online Supplemental Material.

Data availability. RNA-Seq data containing liver transcriptomes
of MgFoxO1-KO and WT littermates are available in the NCBI Gene
Expression Omnibus (GEO GSE203227).

Study approval. All studies involving the use of laboratory mice
were approved by the University of Pittsburgh Institutional Animal
Care and Usage Committee (IACUC protocol no. 19065278).

Author contributions

SL, TOU, and JY performed in vivo and in vitro experiments. GC,
XW, GMC, CZ, JG, R McConnell, KK, JP, AO, and ASG performed
in vitro experiments. DR conducted RNA-Seq data analysis. SS,
SPM, and ADS performed liver histology. R Muzumdar participat-
ed in study design. AT performed studies in human liver biopsies.
SL and HHD were responsible for conceptualization and data col-
lection, analysis, and interpretation. HHD supervised the study
and wrote the manuscript.

Acknowledgments

We thank Ronald DePinho for providing the FoxOI"%"* mice
and Kayla Williams for proofreading the manuscript. This work
is supported in part by UPMC Children’s Hospital of Pittsburgh
and NIH grant RO1DK120310 (to HHD). This project was partial-
ly supported by the Pilot and Feasibility Program sponsored by
NIH/NIDDK Digestive Disease Research Core Center grant P30
DK120531 (to SPM).

Address correspondence to: H. Henry Dong, UPMC Children’s
Hospital of Pittsburgh, Rangos Research Center, 4401 Penn Ave-
nue, Pittsburgh, Pennsylvania 15224, USA. Phone: 412.692.6324;
Email: dongh@pitt.edu.

J Clin Invest. 2022;132(14):e154333 https://doi.org/10.1172/)C1154333



The Journal of Clinical Investigation

s

o

w1

~

-]

Rl

10.

1

jary

12.

13.

14.

15.

16.

1

18.

19.

20.

N

. Rinella ME. Nonalcoholic fatty liver disease: a sys-

tematic review. JAMA. 2015;313(22):2263-2273.

. Friedman SL, et al. Mechanisms of NAFLD devel-

opment and therapeutic strategies. Nat Med.
2018;24(7):908-922.

Simon TG, et al. Mortality in biopsy-confirmed
nonalcoholic fatty liver disease: results from a
nationwide cohort. Gut. 2021;70(7):1375-1382.

. Loomba R, et al. Mechanisms and disease conse-

quences of nonalcoholic fatty liver disease. Cell.
2021;184(10):2537-2564.

. Olefsky JM, Glass CK. Macrophages, inflamma-

tion, and insulin resistance. Annu Rev Physiol.
2010;72:219-246.

Morinaga H, et al. Characterization of distinct
subpopulations of hepatic macrophages in HFD/
obese mice. Diabetes. 2015;64(4):1120-1130.
Krenkel O, Tacke F. Liver macrophages in tissue
homeostasis and disease. Nat Rev Immunol.
2017;17(5):306-321.

. Baffy G. Kupffer cells in non-alcoholic fatty

liver disease: the emerging view. ] Hepatol.
2009;51(1):212-223.

Obstfeld AE, et al. C-C chemokine receptor 2
(CCR?2) regulates the hepatic recruitment of
myeloid cells that promote obesity-induced
hepatic steatosis. Diabetes. 2010;59(4):916-925.
Saltiel AR, Olefsky JM. Inflammatory mechanisms
linking obesity and metabolic disease. ] Clin
Invest. 2017;127(1):1-4.

. Reilly SM, Saltiel AR. Adapting to obesity with

adipose tissue inflammation. Nat Rev Endocrinol.
2017;13(11):633-643.

Lackey DE, Olefsky JM. Regulation of metabo-
lism by the innate immune system. Nat Rev Endo-
crinol. 2016;12(1):15-28.

Lumeng CN, et al. Obesity induces a phenotypic
switch in adipose tissue macrophage polariza-
tion. J Clin Invest. 2007;117(1):175-184.

Coats BR, et al. Metabolically activated adipose
tissue macrophages perform detrimental and
beneficial functions during diet-induced obesity.
Cell Rep.2017;20(13):3149-3161.

Huang W, et al. Depletion of liver Kupffer cells
prevents the development of diet-induced
hepatic steatosis and insulin resistance. Diabetes.
2010;59(2):347-357.

Lanthier N, et al. Kupffer cell activation

is a causal factor for hepatic insulin resis-

tance. Am J Physiol Gastrointest Liver Physiol.
2010;298(1):G107-G116.

Song M, et al. Kupffer cell depletion protects
against the steatosis, but not the liver damage,
induced by marginal-copper, high-fructose diet
in male rats. Am ] Physiol Gastrointest Liver Physi-
0l.2015;308(11):G934-G945.

Rosenson RS, et al. Fenofibrate therapy ameliorates
fasting and postprandial lipoproteinemia, oxidative
stress, and the inflammatory response in subjects
with hypertriglyceridemia and the metabolic syn-
drome. Diabetes Care.2007;30(8):1945-1951.
Morin-Papunen L, et al. Metformin reduces
serum C-reactive protein levels in women with
polycystic ovary syndrome. ] Clin Endocrinol
Metab.2003;88(10):4649-4654.

Rautio K, et al. Rosiglitazone treatment alleviates
inflammation and improves liver function in
overweight women with polycystic ovary syn-

J Clin Invest. 2022;132(14):e154333 https://doi.org/10.1172/)C1154333

2

[y

22.

2

24.

2

26.

2

28.

29.

30.

3

—

32.

3

w

34.

35.

w

o

~N

drome: a randomized placebo-controlled study.
Fertil Steril. 2007;87(1):202-206.

. Goldfine AB, et al. A randomised trial of salsalate

for insulin resistance and cardiovascular risk fac-
tors in persons with abnormal glucose tolerance.
Diabetologia. 2013;56(4):714-723.

Hundal RS, et al. Mechanism by which high-dose
aspirin improves glucose metabolism in type 2
diabetes. ] Clin Invest. 2002;109(10):1321-1326.
Shoelson SE, et al. Inflammation and insulin
resistance. J Clin Invest. 2006;116(7):1793-1801.
Fleischman A, et al. Salsalate improves glycemia
and inflammatory parameters in obese young
adults. Diabetes Care. 2008;31(2):289-294.
Pollack RM, et al. Anti-inflammatory agents in the
treatment of diabetes and its vascular complica-
tions. Diabetes Care. 2016;39 suppl 2:5244-5252.
Accili D, Arden KC. FoxOs at the crossroads of
cellular metabolism, differentiation, and trans-
formation. Cell. 2004;117(4):421-426.

Barthel A, et al. FoxO proteins in insulin action
and metabolism. Trends Endocrinol Metab.
2005;16(4):183-189.

Langlet F, et al. Selective inhibition of FOXO1
activator/repressor balance modulates hepatic
glucose handling. Cell. 2017;171(4):824-835.
Armoni M, et al. FOXO1 represses peroxisome
proliferator-activated receptor-gammal and
-gammaz2 gene promoters in primary adipocytes.
Anovel paradigm to increase insulin sensitivity.
J Biol Chem.2006;281(29):19881-19891.

Kibbe C, et al. FOXO1 competes with carbo-
hydrate response element-binding protein
(ChREBP) and inhibits thioredoxin-interacting
protein (TXNIP) transcription in pancreatic beta
cells. ] Biol Chem. 2013;288(32):23194-23202.

. Dowell P, et al. Convergence of peroxisome

proliferator-activated receptor gamma

and Foxol signaling pathways. ] Biol Chem.
2003;278(46):45485-45491.

Fan W, et al. FOXOL1 transrepresses peroxisome
proliferator-activated receptor gamma trans-
activation, coordinating an insulin-induced
feed-forward response in adipocytes. J Biol Chem.
2009;284(18):12188-12197.

. QuS, et al. PPAR{alpha} mediates the hypo-

lipidemic action of fibrates by antagoniz-

ing FoxO1. Am ] Physiol Endocrinol Metab.
2007;292(2):E421-E434.

QuSS, et al. Aberrant Forkhead box O1 function
is associated with impaired hepatic metabolism.
Endocrinology. 2006;147(12):5641-5652.
Matsumoto M, et al. Impaired regulation of
hepatic glucose production in mice lacking the
forkhead transcription factor Foxol in liver. Cell
Metab. 2007;6(3):208-216.

36. Altomonte J, et al. Foxol mediates insulin action

37.

38.

39.

on apoC-III and triglyceride metabolism. J Clin
Invest. 2004;114(10):1493-1503.

Su D, et al. FoxO1 links insulin resistance to
proinflammatory cytokine IL-1beta production in
macrophages. Diabetes. 2009;58(11):2624-2633.
Fan W, et al. FoxO1 regulates Tlr4 inflammatory
pathway signalling in macrophages. EMBO J.
2010;29(24):4223-4236.

Chung S, et al. Distinct role of FoxO1 in M-CSF-
and GM-CSF-differentiated macrophages
contributes LPS-mediated IL-10: implication in

RESEARCH ARTICLE

hyperglycemia. J Leukoc Biol. 2015;97(2):327-339.
40. Wang X, et al. Hepatocyte TAZ/WWTRI pro-
motes inflammation and fibrosis in nonalcoholic
steatohepatitis. Cell Metab. 2016;24(6):848-862.
. McKnight AJ, et al. Molecular cloning of F4/80,
a murine macrophage-restricted cell surface gly-

4

juny

coprotein with homology to the G-protein-linked
transmembrane 7 hormone receptor family. ] Biol
Chem.1996;271(1):486-489.

42. Roberts R, et al. Markers of de novo lipogenesis
in adipose tissue: associations with small adipo-
cytes and insulin sensitivity in humans. Diabeto-
logia. 2009;52(5):882-890.

43. Salans LB, et al. The role of adipose cell size and
adipose tissue insulin sensitivity in the carbohy-
drate intolerance of human obesity. J Clin Invest.
1968;47(1):153-165.

44. Xiong X, et al. Landscape of intercellular cross-
talk in healthy and NASH liver revealed by
single-cell secretome gene analysis. Mol Cell.
2019;75(3):644-660.

45. Chawla A, et al. Macrophage-mediated inflam-
mation in metabolic disease. Nat Rev Immunol.
2011;11(11):738-749.

46. Ricardo-Gonzalez RR, et al. IL-4/STAT6
immune axis regulates peripheral nutrient
metabolism and insulin sensitivity. Proc Natl
Acad Sci US A.2010;107(52):22617-22622.

47. Mussig K, et al. Association of common genetic
variation in the FOXO1 gene with beta-cell
dysfunction, impaired glucose tolerance,
and type 2 diabetes. ] Clin Endocrinol Metab.
2009;94(4):1353-1360.

48. Muller YL, et al. Assessing FOXO1A as a potential
susceptibility locus for type 2 diabetes and obe-
sity in American Indians. Obesity (Silver Spring).
2015;23(10):1960-1965.

49. Gong L, et al. The FOXO1 gene-obesity interac-
tion increases the risk of type 2 diabetes mellitus
in a Chinese Han population. ] Korean Med Sci.
2017;32(2):264-271.

50. Karim MA, et al. Analysis of FOXO1A as a candi-
date gene for type 2 diabetes. Mol Genet Metab.
2006;88(2):171-177.

51. Valenti L, et al. Increased expression and activity
of the transcription factor FOXO1 in nonalcoholic
steatohepatitis. Diabetes. 2008;57(5):1355-1362.

52. Kamagate A, et al. FoxO1 mediates insulin-depen-

dent regulation of hepatic VLDL production in

mice. ] Clin Invest. 2008;118(6):2347-2364.

Shoelson SE, et al. Obesity, inflammation,

and insulin resistance. Gastroenterology.

2007;132(6):2169-2180.

54. Shimobayashi M, et al. Insulin resistance causes
inflammation in adipose tissue. J Clin Invest.
2018;128(4):1538-1550.

55. Kawano Y, et al. Loss of Pdk1-Foxo1 signaling
in myeloid cells predisposes to adipose tissue
inflammation and insulin resistance. Diabetes.
2012;61(8):1935-1948.

56. Kubota T, et al. Downregulation of macrophage
Irs2 by hyperinsulinemia impairs IL-4-indeuced

5

w

M2a-subtype macrophage activation in obesity.
Nat Commun. 2018;9(1):4863.

57. Kumar KG, et al. Identification of adropin as a

N

secreted factor linking dietary macronutrient
intake with energy homeostasis and lipid metab-

olism. Cell Metab.2008;8(6):468-481.
y



__JCI ¥

RESEARCH ARTICLE

58. Yang J, et al. Collagen B(1-O) galactosyltransfer-
ase 2 deficiency contributes to lipodystrophy and
aggravates NAFLD related to HMW adiponectin
in mice. Metabolism.2021;120:154777.

59. Steneberg P, et al. Hyperinsulinemia enhances
hepatic expression of the fatty acid trans-
porter Cd36 and provokes hepatosteatosis
and hepatic insulin resistance. ] Biol Chem.
2015;290(31):19034-19043.

60. Clugston RD, et al. CD36-deficient mice
are resistant to alcohol- and high-carbohy-
drate-induced hepatic steatosis. ] Lipid Res.
2014;55(2):239-246.

61. Miquilena-Colina ME, et al. Hepatic fatty acid
translocase CD36 upregulation is associated
with insulin resistance, hyperinsulinaemia
and increased steatosis in non-alcoholic
steatohepatitis and chronic hepatitis C. Gut.
2011;60(10):1394-1402.

62. Zarei M, et al. Hepatic regulation of VLDL receptor
by PPARB/5 and FGF21 modulates non-alcoholic
fatty liver disease. Mol Metab. 2018;8:117-131.

63.Jo H, et al. Endoplasmic reticulum stress induces
hepatic steatosis via increased expression of the
hepatic very low-density lipoprotein receptor.
Hepatology. 2013;57(4):1366-1377.

64. Goudriaan JR, et al. Protection from obesity in
mice lacking the VLDL receptor. Arterioscler
Thromb Vasc Biol. 2001;21(9):1488-1493.

65. Moreno-Navarrete JM, et al. CIDEC/FSP27 and
PLIN1 gene expression run in parallel to mito-
chondrial genes in human adipose tissue, both
increasing after weight loss. Int ] Obes (Lond).

2014;38(6):865-872.

66. Langhi C, Baldan A. CIDEC/FSP27 is regulated by
peroxisome proliferator-activated receptor alpha
and plays a critical role in fasting- and diet-induced
hepatosteatosis. Hepatology. 2015;61(4):1227-1238.

67. Rajamoorthi A, et al. Amelioration of diet-in-
duced steatohepatitis in mice following combined
therapy with ASO-Fsp27 and fenofibrate. J Lipid
Res. 2017;58(11):2127-2138.

68. Xu MJ, et al. Fat-specific protein 27/CIDEC
promotes development of alcoholic steatohep-
atitis in mice and humans. Gastroenterology.
2015;149(4):1030-1041.

69. Jornayvaz FR, Shulman GI. Diacylglycerol acti-
vation of protein kinase Ce and hepatic insulin
resistance. Cell Metab. 2012;15(5):574-584.

70. Lutkewitte AJ, et al. Multiple antisense oligo-
nucleotides targeted against monoacylglycerol
acyltransferase 1 (Mogat1) improve glucose
metabolism independently of Mogat1. Mol
Metab.2021;49:101204.

71. DuK, et al. TRB3: a tribbles homolog that inhibits
Akt/PKB activation by insulin in liver. Science.
2003;300(5625):1574-1577.

72. Chaurasia B, et al. Targeting a ceramide double
bond improves insulin resistance and hepatic
steatosis. Science. 2019;365(6451):386-392.

73. Hammerschmidt P, et al. CerS6-derived
sphingolipids interact with Mff and promote
mitochondrial fragmentation in obesity. Cell.
2019;177(6):1536-1552.

74. Raichur S, et al. The role of C16:0 ceramide in
the development of obesity and type 2 diabetes:

The Journal of Clinical Investigation

CerS6 inhibition as a novel therapeutic approach.
Mol Metab. 2019;21:36-50.

75. Hastie ND, et al. Multiple genes coding for the
androgen-regulated major urinary proteins of the
mouse. Cell. 1979;17(2):449-457.

76. Hui X, et al. Major urinary protein-1 increases
energy expenditure and improves glucose
intolerance through enhancing mitochondrial
function in skeletal muscle of diabetic mice. ] Biol
Chem.2009;284(21):14050-14057.

77. Dhahbi JM, et al. Temporal linkage between
the phenotypic and genomic responses to
caloric restriction. Proc Natl Acad SciU S A.
2004;101(15):5524-5529.

78.Zhou, et al. Identification of MUP1 as a regulator
for glucose and lipid metabolism in mice. ] Biol
Chem.2009;284(17):11152-11159.

79. Fisher CD, et al. Hepatic cytochrome P450
enzyme alterations in humans with progressive
stages of nonalcoholic fatty liver disease. Drug
Metab Dispos. 2009;37(10):2087-2094.

80. Kim JD, et al. Microglial UCP2 mediates inflam-
mation and obesity induced by high-fat feeding.
Cell Metab. 2019;30(5):952-962.

81. Rave K, et al. Renal glucose excretion as a func-
tion of blood glucose concentration in subjects
with type 2 diabetes--results of a hyperglycaemic
glucose clamp study. Nephrol Dial Transplant.
2006;21(8):2166-2171.

82. Tanaka H, et al. Effects of the novel Foxol inhib-
itor AS1708727 on plasma glucose and triglycer-
ide levels in diabetic db/db mice. Eur ] Pharma-
col.2010;645(1-3):185-191.

J Clin Invest. 2022;132(14):e154333 https://doi.org/10.1172/)C1154333



