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Abstract

Adipose tissue dysfunction is closely associated with the development and
progression of nonalcoholic fatty liver disease (NAFLD). Recent studies have
implied an important role of prohibitin-1 (PHB1) in adipose tissue function. In
the current study, we aimed to explore the function of adipocyte PHB1 in the
development and progression of NAFLD. The PHB1 protein levels in adipose
tissues were markedly decreased in mice fed a high-fat diet (HFD) compared
to those fed a chow diet. To explore the function of adipocyte PHB1 in the
progression of NAFLD, mice with adipocyte-specific (adipo) deletion of Phb1
(Phb129P°~~ mice) were generated. Notably, Phb 724"~ mice did not develop
obesity but displayed severe liver steatosis under HFD feeding. Compared to
HFD-fed wild-type (WT) mice, HFD-fed Phb12¥P°~~ mice displayed dramati-
cally lower fat mass with significantly decreased levels of total adipose tissue
inflammation, including macrophage and neutrophil number as well as the
expression of inflammatory mediators. To our surprise, although liver steato-
sis in Phb124P°"~ mice was much more severe, liver inflammation and fibrosis
were similar to WT mice after HFD feeding. RNA sequencing analyses re-
vealed that the interferon pathway was markedly suppressed while the bone
morphogenetic protein 2 pathway was significantly up-regulated in the liver
of HFD-fed Phb124P°"~ mice compared with HFD-fed WT mice. Conclusion:
HFD-fed Phb129P°~~ mice display a subtype of the lean NAFLD phenotype
with severe hepatic steatosis despite low adipose mass. This subtype of
the lean NAFLD phenotype has similar inflammation and fibrosis as obese
NAFLD in HFD-fed WT mice; this is partially due to reduced total adipose tis-
sue inflammation and the hepatic interferon pathway.
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ADIPOCYTE PHB1 AND NAFLD

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the leading
cause of chronic liver diseases, affecting approximately
25% of the world's population.m Itencompasses a spec-
trum of clinical and histologic phenotypes from simple
steatosis to nonalcoholic steatohepatitis (NASH), which
can progress to cirrhosis and hepatocellular carcinoma
(HCC).

Accumulating evidence has revealed the central role
of adipose tissue in the complex crosstalk with the liver
in NAFLD pathogenesis.[z’?’] Several previous studies
have suggested that adipose tissue dysfunction, such
as adipose tissue inflammation, especially macrophage
and neutrophil infiltration, are tightly associated with
the progression!® and severity of NASH.! In addition,
insulin resistance, adipose tissue inflammation, and
adipokine release have been shown to play an import-
ant role in controlling hepatic steatosis.>® However,
how adipose tissue dysfunction promotes steatosis and
NASH remains obscure.

Prohibitin (PHB) is a highly conserved group of
proteins that are ubiquitously expressed in many cell
types and are closely associated with oxidative stress
and mitochondrial biology.[6] PHB1 and PHB2 are the
two highly homologous subunits of the eukaryotic mi-
tochondrial PHB complex and are involved in maintain-
ing mitochondrial stability.[ﬁl Hepatic PHB1 expression
is down-regulated in chronic cholestatic injurym and
in most HCC and cholangiocarcinoma.[sl Hepatocyte-
specific deletion of PHB1 resulted in spontaneous liver
injury, fibrosis, and HCC.®! Mechanically, PHB1 sup-
presses liver tumorigenesis by down-regulating cyclin
D1 expression’® and suppressing c-MYC, MAFG, and
c-MAF expression.[sl Recent studies have also identi-
fied the important roles of PHB1 in adipose tissue func-
tions,'°~1? such as adipocyte differentiation,!"® lipid
metabolism, and thermogenesis.”‘” Overexpression
of PHB1 in adipocytes leads to adipocyte hypertro-
phy and obesity.[1°'15] Conversely, genetic deletion of
Phb1 in adipocytes resulted in lipodystrophy and brown
adipose tissue adaptive thermogenesis defect.l'¥
Mechanically, PHB1 potently inhibits glucose and fatty
acid oxidation in adipocytes through inhibition of pyru-
vate carboxylase.”” In addition, PHB1 and annexin A2
form a complex with the fatty acid transporter CD36
in adipocytes that regulates the transportation of free
fatty acids (FFAs) into adipocytes.l'? Although adipo-
cyte PHB1 plays an important role in controlling adi-
pocyte functions, how adipocyte PHB1 affects NAFLD
development and progression remains unknown.

In the current study, we generated adipocyte-specific
(adipo) Phb1 knockout (Phb712¥P°~") mice and used
them to explore the roles of adipocyte PHB1 in mod-
ulating high-fat diet (HFD)-induced NAFLD. We ob-
served Phb7129P°™~ mice developed much more severe
liver steatosis than wild-type (WT) mice even though

only WT mice developed obesity. Interestingly, liver in-
jury and fibrosis were comparable between HFD-fed
WT and Phb7124P°~~ mice. RNA-sequencing (RNA-seq)
analyses identified several pathways that may contrib-
ute to the more severe steatosis but similar liver injury
and fibrosis in Phb12%P°™"~ mice compared to WT mice.

MATERIALS AND METHODS
Mice

Adiponectin Cre mice (stock no: 028020) were pur-
chased from the Jackson Laboratory (Bar Harbor,
ME). Phb1-floxed mice were generated as described.!
Homozygous Phb /1 mice were crossed with Adipo
Cre mice through several steps to generate AdipoCre*
Phb1oX/flox (ppp13diPo=I7y and AdipoCre™ Phb110%/ox |t
termate controls (defined as WT mice). Phb139P°™"~ and
WT mice (male, 7-8weeks of age) were fed an HFD
(60kcal% fat; D12492; Research Diets, New Brunswick,
NJ) for 3months and sacrificed for analyses. All animal
experiments were approved by the National Institute on
Alcohol Abuse and Alcoholism Animal Care and Use
Committee.

Serum analysis

Serum samples were prepared from the mouse blood
at sacrifice. Serum alanine aminotransferase (ALT) lev-
els were measured by ALT (serum glutamate pyruvate
transaminase [SGPT]) Kinetic Kit (Teco Diagnostics,
Anaheim, CA) according to the manufacturer's in-
structions. Serum leptin levels were measured by
using Mouse/Rat Leptin Quantikine Enzyme-Linked
Immunoassay Kit (R&D Systems, Minneapolis, MN)
following the manufacturer's protocol.

Plasma and hepatic lipid analysis

Plasma and hepatic triglyceride (TG) levels were meas-
ured using the TG Colorimetric Assay Kit (Cayman
Chemical, Ann Arbor, MI) according to the manufactur-
er's instructions. Plasma and hepatic cholesterol were
measured with the Cholesterol Fluorometric Assay Kit
(Cayman Chemical) according to the manufacturer's
instructions.

Histologic and immunohistochemical
analysis

Liver and adipose tissue samples were fixed in 10%
formalin and then paraffin embedded following stand-
ard procedure. We subjected 4-pm-thick paraffin
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sections to staining with hematoxylin and eosin (H&E)
or with sirius red dyes (Sigma, St. Louis, MO) or to
immunohistochemical staining for myeloperoxidase
(MPO) and F4/80 by using primary antibodies specific
to MPO (Biocare Medical, Concord, CA) or F4/80 (Cell
Signaling Technology, Danvers, MA).

Quantitative reverse-transcription
polymerase chain reaction

Total RNA was isolated and purified from liver tissues
or adipose tissues using TRIzol reagents (Thermo
Fisher, Waltham, MA) according to the manufactur-
er's instructions. One microgram of RNA was reverse
transcribed into complementary DNA (cDNA) using
the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher). Expression levels of messenger RNA
(mRNA) were measured by quantitative reverse tran-
scription polymerase chain reaction (RT-gPCR) with
the ABI7500 RT-PCR system (Applied Biosystems,
Foster City, CA). The 18S ribosomal RNA was used as
the invariant control. The primer sequences used for
PCR reactions are listed in Table S1. Results from the
RT-gPCR were subjected to statistical analysis.

Western blot analysis

Adipose tissues were homogenized in radio immuno-
precipitation assay buffer containing a cocktail of pro-
tease inhibitors (Santa Cruz Biotechnology, Dallas, TX)
according to the manufacturer's instructions. Protein
extracts were loaded onto 12% Bis-Tris protein gels
(Bio-Rad, Hercules, CA) and transferred onto nitrocellu-
lose membranes (Thermo Fisher). Protein bands were
visualized with Pierce Enhanced Chemiluminescence
Western Blotting Substrate (Thermo Fisher). The an-
tibody against p-actin was purchased from Abcam
(Cambridge, MA). The antibody against PHB1 protein
was purchased from Cell Signaling Technology.

Complete blood count test

Anticoagulated blood was collected from mice. A com-
plete blood count test was performed with the Hemavet
950 FS Hematology Analyzer (Drew Scientific, Dallas,
TX).

Oral glucose tolerance test

Phb129P°™"~ and WT mice were subjected to oral glucose
tolerance tests (OGTTs) following an overnight fasting,
and 0.75mg of glucose/g of body weight was delivered
by oral gavage of a 25% glucose solution dissolved in

sterile saline. Blood glucose was measured by cutting
the tail tips immediately before and at 15, 30, 60, 90,
and 120 minutes after glucose challenge.

RNA-seq analysis

Total RNA was extracted from whole livers using Trizol
(TRZ-100; Alkali Scientific). Liver RNA-seq was per-
formed using lllumina HiSeq at GENEWIZ (Azenta US,
Inc.). Sequence reads were trimmed to remove possi-
ble adapter sequences and nucleotides with poor qual-
ity using Trimmomatic (v.0.36).'®! Trimmed reads were
mapped to the Mus musculus GRCm38 reference ge-
nome available on ENSEMBL using Hisat2 (v2.2.0).['"]
Aligned reads were counted by FeatureCounts
(v2.0.0).l"®! Gene raw counts were normalized, and dif-
ferential expression analysis was performed with the R
package DESeq2 (v1.30.1)."® Genes with fold change
>1.5 and adjusted p<0.05 were put into gene set en-
richment analysis using the R package clusterProfiler
(v3.18.1).29 R package pheatmap (v1.0.12) was used to
create the heatmap plots. RNA-seq data are deposited
(GEO accession number: GSE 213355).

Statistical analysis

Results are expressed as mean+SEM and were ana-
lyzed using GraphPad Prism (v7.0a; GraphPad Software,
La Jolla, CA). Two group comparisons were performed
using the unpaired f test. p<0.05 was considered sig-
nificant. Data from multiple groups were compared with
one-way analysis of variance followed by Tukey's post
hoc test. p<0.05 was considered significant.

RESULTS

HFD feeding decreases PHB1 protein
expression in adipose tissue

To understand the function of adipocyte PHB1 in HFD-
induced fatty liver, mice were fed an HFD or chow diet
for 3 months. We first examined the expression of PHB1
proteins in adipose tissue in mice under HFD or chow
feeding. Western blot analysis showed that the protein
expression of PHB1 was significantly decreased in the
adipose tissue of HFD-fed mice compared to chow-fed
mice (Figure 1A,B). Interestingly, the mRNA level of
Phb1 in adipose tissue showed an increasing trend in
HFD-fed mice compared to chow-fed mice (Figure 1C),
suggesting that down-regulated PHB1 protein expres-
sion is regulated at the posttranslational levels in adi-
pose tissue. Given that obesity is accompanied with
increased number and size of differentiated mature
adipocytes, we further investigated whether PHB1
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FIGURE 1 Expression levels of PHB1 protein and Phb1T mRNA in adipose tissues. (A,B) PHB1 protein levels in adipose tissue of mice

fed a chow diet or an HFD. Protein band density quantitation is shown in panel B. (C) Phb71 mRNA levels in adipose tissue of mice fed a
chow diet or an HFD. Values represent mean+SEM. HFD, high-fat diet; MRNA, messenger RNA; PHB1, prohibitin-1. **p<0.01

was involved in the differentiation of adipocytes. We
analyzed the expression of Phb1 in 3T3L1 cells during
adipocyte differentiation. mMRNA levels of Phb1 were
increased in differentiated 3T3L1 cells compared to
those in preadipocytes, as illustrated in Figure S1A.

Adipocyte Phb1 deletion leads to
reduced adipose tissue mass, reduced
total adipose inflammation, and adipose
dysfunction after HFD feeding

Given that adipose tissue plays an essential role in the
pathogenesis of fatty liver diseases, we further investi-
gated the roles of adipocyte PHB1 in the progression
of fatty liver by using Phb7124P°~~ mice (confirmed gen-
otyping in Figure S1B). Phb1 deletion was confirmed
by significantly reduced mRNA levels of Phb1 in the
adipose tissue of Phb124P°™~ mice (Figure S1C). PHB1
has been shown to play an important role in control-
ling adipocyte differentiation and function,™™! but how
adipocyte PHB1 affects NAFLD remains obscure.
To answer this question, we fed WT and Phb7139Po~"~
mice an HFD diet for 3 months. Phb729P°™~ mice were
resistant to HFD-induced weight gain (Figure 2A).
Moreover, the OGTT showed improved glucose toler-
ance in Phb72%P°~ mice under the HFD (Figure S2).
In addition, we observed dramatically decreased size
and weight of epididymal white adipose tissue (WAT),
subcutaneous WAT, renal WAT, and brown adipose
tissue in Phb129P°™" mice compared with WT mice
(Figure 2B,C). Histochemical staining analysis of

epididymal WAT revealed the decreased size of adi-
pose tissue in Phb124P°~~ mice compared to that in WT
mice (Figure S3A). Serum leptin levels were highly ele-
vated in WT mice after HFD feeding, but such elevation
was blunted in Phb734P°"~ mice (Figure 2D); this is con-
sistent with the reduced fat mass in Phb724P°”~ mice
compared with WT mice under an HFD (Figure 2B,C).
Serum levels of TG and cholesterol were comparable
between WT and Phb134P°"~ mice under HFD feeding
(Figure 2E).

Interestingly, adipose fibrosis was found in WAT
from Phb7129P°~~ mice under chow or HFD feeding; this
was more severe in Phb72%P°”~ mice than in WT mice
(Figure 3A,B). Consistent with adipose tissue dystro-
phy, genes responsible for lipid droplet formation, such
as diacylglycerol o-acyltransferase 1 (Dgat1) and peril-
ipin 1 (Plin1), were down-regulated in Phb724P°"~ mice
compared with WT mice (Figure 3C, graphs on left).
The expression of genes responsible for TG synthe-
sis, such as peroxisome proliferator-activated receptor
gamma (Pparg) and sterol-regulatory element binding
protein 1C (Srebp1c), was comparable between WT and
Phb129P°~"~ mice (Figure S3B). Interestingly, expres-
sion levels of genes responsible for lipolysis, such as
hormone-sensitive lipase (Hs/) and adipose TG lipase
(Atgl), were also down-regulated in Phb12%P°" mice
compared with WT mice, which might be a compen-
sation mechanism to maintain adipose tissue mass in
Phb129P°~"~ mice (Figure 3C, graphs on right).

Histochemical staining analysis of epididymal WAT
revealed a similar infiltration of macrophages and
neutrophils under both the chow diet and the HFD
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(Figure 4A). The infiltrated macrophages and neutro-
phils in adipose tissue were identified by F4/80 and
MPO staining, respectively (Figure 4A). The relative
numbers of macrophages (Figure 4B) and neutrophils
(Figure 4C) were analyzed by quantifying the positive
area for F4/80 and MPO staining, respectively. Notably,
the relative numbers of macrophages and neutro-
phils per field were comparable in the adipose tissue
of WT and Phb724P°~~ mice (Figure 4B,C, graphs on
left). Because the fat mass was markedly reduced in
Phb139P°™"" mice, further analysis showed that the rel-
ative numbers of macrophages and neutrophils in total
adipose tissue were dramatically reduced in the adi-
pose tissue of Phb129P°™"" mice compared to those in
WT mice (Figure 4B,C, graphs on right). Furthermore,
analysis of genes corresponding to inflammatory me-
diators in adipose tissue per the same mRNA loading
showed comparable expression levels between WT
and Phb729P°"~ mice (Figure 4D), while the relative ex-
pressions of these genes in total adipose tissues was
accordingly much lower in HFD-fed Phb129P°™" mice
compared to HFD-fed WT mice because of the much
smaller fat mass in Phb124P°"~ mice compared to WT

mice (data not shown). These results suggest that ad-
ipocyte Phb1 deletion leads to reduced total adipose
inflammation after HFD feeding.

Adipocyte Phb1 deletion leads to severe
liver steatosis

Given that adipose tissue dysfunction is closely as-
sociated with the development and progression of
NAFLD,*® we further determined the effects of adi-
pocyte Phb1 deletion in the HFD-induced fatty liver.
We compared the liver weight and TG content of WT
and Phb712¥P°~~ mice under both the chow diet and the
HFD. Liver weight and total TG in the whole liver were
significantly higher in Phb12%P°™"~ mice than in WT mice
(Figure 5A,B). H&E staining analyses further revealed
increased lipid accumulation in Phb12P°™ mouse
liver compared with that in WT mice (Figure 5C,D).
Cholesterol levels in the whole livers were compara-
ble between WT and Phb72%P°~~ mice under the HFD
(Figure S4). Analysis of genes involved in lipid metabo-
lism showed higher mRNA levels of stearoyl-coenzyme
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A (CoA) desaturase-1 (Scd?) and Cd36 in Phb139Po~"~
mice than those in WT mice under a chow diet while
lower mRNA levels of Ppara, fatty acid binding protein
1 (Fabp1), and Fabp5 in Phb124P°”~ mice than those in
WT mice under the HFD (Figure 5E).

Liver inflammation and fibrosis were
comparable between WT and Phb13diPo~/
mice under the HFD

Severe liver steatosis always leads to increased liver
inflammation; thus, we further investigated liver in-
jury, inflammation, and fibrosis in Phb12%P°™" mice. To
our surprise, serum ALT levels were comparable be-
tween WT and Phb72%P°”~ mice under both the chow
diet and HFD (Figure 6A). Intrahepatic macrophage
and neutrophil infiltration as well as liver fibrosis were
also similar between WT and Phb724P°”~ mice under
the HFD, as evidenced by F4/80, MPO, and sirius
red staining (Figure 6B). In agreement with a simi-
lar number of MPO* neutrophils in the liver between
WT and Phb139P°™"" mice, serum levels of neutrophil-
recruiting chemokine C-X-C motif chemokine ligand 1
(CXCL1) were comparable between these two groups
(Figure 6C). We further analyzed genes involved in liver
inflammation and fibrosis by RT-qPCR (Figure 6D). Our
results showed that hepatic F4/80 levels were lower in
Phb139P°™"" mice compared with WT mice under HFD

or chow diet feeding. Hepatic interleukin 6 (//6) levels
were also lower in Phb129P°™" mice compared with
WT mice under chow diet feeding (Figure 6D, graphs
on left), suggesting liver inflammation is not enhanced
in Phb129P°~ mice despite enhanced steatosis com-
pared to WT mice. Interestingly, hepatic expression of
several genes responsible for liver fibrosis did not show
a significant difference between WT and Phb7139Po/~
mice (Figure 6D, graphs on right). Hepatic mRNA levels
of actin alpha 2, smooth muscle (Acta2) showed an in-
creasing trend while the mRNA levels of collagen type
| alpha 2 (Col1a2) and Col3a1 tended to decrease in
Phb129P°~~ mice compared to WT mice under the HFD,
as illustrated in Figure 6D. However, these differences
were not statistically significant.

The NAFLD phenotype in Phb12%P°™~ mice
is associated with dysregulation of the
interferon and bone morphogenetic
protein 2 pathways

The above-mentioned interesting results prompted us
to investigate the molecular mechanisms underlying
the greater severity of steatosis, notwithstanding simi-
lar inflammation and fibrosis in Phb124P°~~ mice com-
pared to WT mice. To this end, we performed RNA-seq
analyses of liver tissues from WT and Phb 724%™~ mice
under HFD feeding. A volcano plot of RNA-seq data
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was created to visualize the genes that were signifi-
cantly altered in the livers between HFD-fed WT and
Phb139P°~"~ mice (Figure 7A). We observed that the
expression of serine (or cysteine) peptidase inhibitor,
clade A, member 3C (Serpina3c) was dramatically up-
regulated in Phb129P°"~ mice compared with that in WT
mice under the HFD. Given Serpina3 is up-regulated in
activated hepatic stellate cells (HSCs) compared with
quiescent HSCs,?" our data suggest a potential higher
responsiveness of Phb12¥P°™~ mice to recurrent profi-
brogenic stimulation compared to WT mice. Hepatic
expression of cell death-inducing DFFA like effector
A (Cidea) was greater in HFD-fed Phb724P°"" mice
compared with HFD-fed WT mice. Furthermore, acyl-
CoA thioesterase 3 (Acot3) was markedly decreased
in Phb7124P°~~ mice compared with WT mice. CIDEA
has been shown to promote steatosis by acting as an

important sensor of dietary FFAs to mediate saturated
FFA-induced very low-density lipoprotein lipidation and
lipid accumulation,’?? and ACOT3 is a PPAR« target
and catalyzes the hydrolysis of acyl-CoA esters to pro-
duce FFA and CoA.”?® Thus, we speculated that the
increased expression of Cidea and decreased expres-
sion of Acot3 may be responsible for the severe liver
steatosis in Phb12P°~~ mice under the HFD.

Next, we performed gene set enrichment analysis
(GSEA) and evaluated hallmark gene sets. As illustrated
by GSEA and heatmap analysis, we observed that the
interferon (IFN)-a/y response pathways were markedly
down-regulated in Phb7124P°~~ mice compared with WT
mice (Figure 7B), while bone morphogenetic protein 2
(BMP2)-target genes were up-regulated in Phb724P0~/
mice compared with WT mice (Figure 7C). Given
the important role of the IFN and BMP2 pathways in
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FIGURE 5 HFD-induced steatosis is more severe in Phb73P°~~ mice than WT mice. WT and Phb712%P°~ mice were fed a chow diet
or an HFD for 3months. (A) Liver weight of mice was measured at sacrifice. (B) Total triglyceride levels in liver tissues. (C) Hematoxylin and
eosin staining of liver sections (scale bars, 200 um). (D) Lipid droplets in liver tissue were quantified. (E) Quantitative reverse-transcription

polymerase chain reaction analyses of hepatic genes related to lipid metabolism in liver tissues of WT and Phb

124iPo~I mice. Values represent

mean+SEM. Acc1, acetyl-coenzyme A carboxylase 1; Acox1, acyl-coenzyme A oxidase 1; adipo, adipocyte specific; CD, chow diet; Cpt,
carnitine palmitoyltransferase; Fas, fatty acid synthase; Fatp, fatty acid transport protein; Fgf21, fibroblast growth factor 21; HFD, high-fat diet;
KO, knockout; mRNA, messenger RNA; PHB1, prohibitin-1; Ppar, peroxisome proliferator-activated receptor; Scd1, stearoyl-coenzyme A
desaturase-1; Srebp1c, sterol-regulatory element binding protein 1C; TG, triglyceride; WT, wild type. *p<0.05; **p<0.01; ***p<0.001

controlling NAFLD development, the lean NAFLD phe-
notype observed in Phb7124P°~ mice may be attributed
to alterations of both pathways.

DISCUSSION

In the current study, we investigated the function of
adipocyte PHB1 in the development and progression
of NAFLD and uncovered several interesting findings.
We demonstrated that mice with adipocyte-specific de-
letion of Phb1 displayed a subtype of the lean NAFLD
phenotype with low adipose fat mass and severe liver

steatosis under an HFD. Although liver steatosis in
Phb129P°~ mice was severe, liver inflammation and
fibrosis were comparable to WT mice. Our study fur-
ther revealed several potential molecular mechanisms
that can be attributed to the lean NAFLD phenotype in
HFD-fed Phb129P°"~ mice, as summarized in Figure 8.

Adipose tissue plays an important role in controlling
whole-body energy homeostasis.?! It can store fat for
future energy use and also prevent harmful effects of
excess fat accumulation in other tissues, such as the
liver.?*! Several studies have suggested that fat tissue
loss leads to an excess of lipid overflow to the liver,
resulting in liver steatosis. For example, fat-specific
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protein 27 (Fsp27) is responsible for lipid droplet for-
mation in adipocytes. Mice with adipocyte-specific de-
letion of Fsp27 were resistant to HFD-induced obesity
but presented with marked hepatosteatosis and ele-
vated ALT levels.®! Moreover, adipose-specific Ppar
knockout mice led to lipodystrophy and develop fatty
liver under a chow diet.?®! In our study, the adipose tis-
sue mass was dramatically decreased in Phb724Po~/"
mice compared with WT mice. The reduced fat mass
in Phb7129P°~~ mice was consistent with a previous re-
port.““] In addition, we found decreased expression of
genes responsible for lipid droplet formation, such as
Dgat1 and Plin1, in Phb124P°”~ mice compared to WT
mice, and this may contribute to decreased adipose
tissue mass and reduced size of adipocytes in these
Phb139P°~"" mice. It is reasonable to speculate that the
limited volume of adipose tissue leads to excess FFA

overflow into liver, which is responsible for the severe
hepatic steatosis in Phb712¥P°7" mice. In addition, our
data showed that HFD feeding decreased PHB1 protein
expression in adipose tissue, which might contribute to
the development of fatty liver by attenuating the adipo-
cyte storage function. Interestingly, HFD feeding did not
reduce Phb1 mRNA but instead slightly increased it in
adipose tissue. These results suggest that the expres-
sion of PHB1 is regulated at posttranslational levels in
adipose tissue. PHB1 has been reported to undergo
several posttranslational modifications, including phos-
phorylation, ubiquitination, and cysteine oxidation.?"]
For example, PHB1 protein expression level can be
up-regulated by long-palate, lung, and nasal epithelium
clone 1 (LPLUNC1), which stabilizes PHB1 by inhibit-
ing PHB1 ubiquitination.[28] The posttranslational mod-
ification of PHB1 in adipose tissue has not been well
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FIGURE 7 IFN pathway and BMP2 pathway are involved in the pathogenesis of fatty liver in Phb72%P°~~ mice. WT and Phb124P°™~ mice

were fed a chow diet or an HFD for 3 months, and liver tissue was subjected to RNA sequencing analysis. (A) Volcano plot of differentially
expressed genes in the liver of WT and Phb729P°”~ mice. The x axis specifies the log, FCs, and the y axis specifies the -log,, p value
(KO compared to WT). Blue dots represent down-regulated genes (log,[FC]<-1 and p<0.05), and red dots represent up-regulated genes
(log,[FC]>1 and p<0.05). (B) GSEA and heatmap of IFN pathway-related genes. (C) GSEA and heatmap of BMP2-related genes: Acot3,
acyl-coenzyme A thioesterase 3; adipo, adipocyte specific; Apol9, apolipoprotein L 9; BMP2, bone morphogenetic protein 2; Cidea, cell
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studied. It will be interesting to explore the mechanisms
that regulate PHB1 at the transcriptional, posttranscrip-
tional, and posttranslational levels in adipose tissue in
the future.

Although NAFLD is usually associated with obesity,
it has recently been recognized that people who are
not obese can also develop NAFLD; this is known as
“lean NAFLD.”?®! The global prevalence of lean NAFLD
is approximately 5.1%), which accounts for 19.2% of the
NAFLD population.[29] Accumulating evidence sug-
gests that lean NAFLD can progress to advanced liver
disease in the absence of overweight/obesity.[3°] There
is growing interest in understanding the mechanisms
underlying lean NAFLD pathogenesis; however, the

natural history of lean NAFLD has not been charac-
terized, and there are no accepted animal models for
lean NAFLD. Patients with lean NAFLD are suggested
to have accelerated liver progression and worse mor-
tality[sﬂ; yet, other studies suggest that patients with
lean NAFLD tend to have less severe liver histologic
features and better outcomes.?°*? These controver-
sial data are probably due to the difficulty in selecting
proper NAFLD controls for comparison.

Lean NAFLD is defined as NAFLD that develops
in patients with a body mass index (BMI)<25kg/m? or
BMI<23kg/m? for Asians.2® Even though the patho-
genesis of lean NAFLD is not fully understood, some
major factors likely contribute to fat accumulation in
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FIGURE 8 Schematic illustration of the proposed role of adipocyte PHB1 in HFD-induced NAFLD. In WT mice, HFD feeding induces
obesity, adipose tissue expansion, and an excess flow of free fatty acids arising from adipose tissue into the liver. Adipose tissue expansion
causes adipocyte death and inflammation, exposing the liver to inflammatory mediators and leading to obese NAFLD development. In

Phb 129~ mice, adipose tissue mass is not increased by HFD feeding causing more fat deposition in the liver and severe steatosis. The
low fat mass in Phb129P°™~ mice results in markedly reduced inflammatory mediators produced from the total adipose tissue, which might

be responsible for the comparable liver inflammation and injury in Phb
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mice despite the much more severe steatosis compared to

WT mice. Our study suggested that Phb72%P°"~ mice might represent a subtype of lean NAFLD. adipo, adipocyte specific; FFA, free fatty
acid; HFD, high-fat diet; IFN, interferon; NAFLD, nonalcoholic fatty liver disease; PHB1, prohibitin-1; WT, wild type. Created in BioRender.
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the liver in patients with lean NAFLD, including genetic
predisposition, fat distribution, and metabolic dysfunc-
tion.®¥ Due to the diverse underlying etiologies that
contribute to the development of lean NAFLD, lean
NAFLD probably includes several subtypes. Vilarinho
et al.B% proposed two major subtypes of lean NAFLD,
referred to as type 1 (individuals who have visceral ad-
iposity and insulin resistance but normal BMI) and type
2 (individuals in which hepatic steatosis results from
a monogenic disorder and therefore with rare genetic
variants driving disease). According to this classifica-
tion, patients with selective loss of adipose tissues due
to lipodystrophy belong to type 2 lean NAFLD.®! Our
study demonstrated that mice with adipocyte-specific
deletion of Phb1 displayed a phenotype with low fat
mass and severe liver steatosis under an HFD, repre-
senting a subtype of lean NAFLD in patients; this may
be a useful mouse model to study the pathogeneses of
a subtype of lean NAFLD.

Severe steatosis is expected to induce more liver in-
jury and inflammation; interestingly, although liver ste-
atosis in Phb12%P°~~ mice was severe in our study, liver
inflammation and fibrosis were mild and similar to WT
mice under the HFD. It is well known that TG accumu-
lation in the liver in response to excess FFA overflow is
one characteristic of NAFLD that has been considered

historically as the “first hit” in NAFLD development.®!
The mechanisms underlying the shift from hepatic
steatosis into NASH remain incompletely understood.
Several studies have suggested the different roles of
specific lipid types in liver damage, inflammation, and
hepatocyte apoptosis. For example, evidence indicated
that saturated fatty acids (SFAs) are potentially cyto-
toxic by triggering apoptosis. SCD1, the enzyme that
converts SFAs to monounsaturated fatty acids (MUFAs)
exhibits a protective effect against SFA lipotoxicity.®”]
A previous study found that genetic or pharmacologic
inhibition of SCD1 sensitized hepatocytes to apoptosis
and that SCD1 knockout mice accumulated less TGs
but showed increased hepatocyte apoptosis and liver
injury under a methionine- and choline-deficient diet.%
In our study, the hepatic expression of SCD1 was sig-
nificantly increased in Phb7124P°™~ mice; this might re-
sult in a trend toward MUFA formation, leading to liver
adaption and benign liver steatosis. In addition, the dra-
matically decreased fat mass in Phb729P°"~ mice may
lead to reduced FFA flow from adipose tissue into the
liver, which may be responsible for altered lipid com-
partmentation in the liver of Phb129P°™"" mice. It will be
interesting to analyze lipid compartmentation, particu-
larly the ratio of monounsaturated to saturated FFAs in
the liver of Phb129P°~~ mice in the future.
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It is well accepted that adipose tissue inflamma-
tion plays an important role in promoting NASH.B!
Adipose tissue expansion in obesity causes hypoxia,
inflammation, and subsequent adipocyte death, which
triggers chronic and low-grade inflammation, expos-
ing liver tissue to inflammatory cytokines that cause
secondary inflammation in the liver.®?! Our previous
study suggested that adipocyte death causes hepato-
cyte injury and inflammation in the liver and acceler-
ates NASH progression.[‘m] In our study, inflammatory
cell numbers and gene expression levels of inflamma-
tory mediators in adipose tissue were similar between
WT and Phb12¥P°~~ mice when the same amount of
adipose tissues were compared; however, because of
the dramatically reduced adipose tissue mass, HFD-
fed Phb129P°"~ mice had markedly lower levels of total
adipose tissue inflammation than HFD-fed WT mice.
Thus, we speculate that Phb1 adipocyte deficiency led
to reduced production of proinflammatory mediators
from adipose tissue, thereby protecting liver from de-
veloping liver inflammation and fibrosis, despite severe
liver steatosis.

Adipose tissue may also affect NAFLD progression
by secreting adipokines, such as leptin and adiponec-
tin. In patients with lipodystrophy, leptin treatment was
found to improve insulin sensitivity and reduce hepatic
TG content.*"! Profibrogenic activities of leptin in liver
have also been reported.[42] For example, an animal
model with leptin deficiency, such as obese (ob)/ob
mice and leptin-resistant rats, do not develop liver fi-
brosis.*?l Rotundo et al.*®! have reported that serum
levels of leptin are significantly higher in patients with
NAFLD with higher BMI. Interestingly, leptin levels were
positively related to the severity of liver fibrosis in clas-
sic NAFLD but not in lean NAFLD, suggesting that the
lower leptin levels in individuals with lean NAFLD may
not be able to accelerate liver fibrosis. In our study, we
did not observe significantly increased liver fibrosis in
Phb129P°™"" mice despite their marked increased liver
steatosis. Our data showed that the lower serum lev-
els of leptin in Phb12%P°™"~ mice may contribute to slow
liver fibrosis progression. Apart from leptin, adipose tis-
sue secrets various adipokines into circulation that are
involved in the pathogenesis of NAFLD. For example,
S100A8/A94 and secreted protein acidic and rich in
cysteine-like protein 1 (SPARCL1),®! which are gener-
ated from adipose tissue, have been reported to drive
the progression from liver steatosis to NASH. Although
we have not measured these adipokines and inflam-
matory mediators in our study, we speculate that the
abnormal adipose tissue function in Phb739P°"" mice
might lead to the alteration of adipokines and thus reg-
ulate NAFLD progression. Measurement of adipokines
is needed to explore the differences in the adipokines
generated from WT and Phb724P°"~ mice. It will also be
interesting to examine whether treatment of hepatocytes
with the supernatants of WT and Phb724P°7~ adipose

tissue extracts will generate different effects on fat me-
tabolism and inflammatory responses in hepatocytes.

Extracellular vehicles (EVs) from adipose tissues
have recently been indicated to play an important role
in the crosstalk between adipose tissue and liver. For
example, adipose tissue macrophage (ATM)-EVs from
obese mice containing precursor microRNA (miR)-155
are taken up by hepatocytes, leading to increased insu-
lin resistance by suppressing PPARg, while treatment
of obese mice with ATM-EVs from lean mice improves
insulin resistance.®! We speculate that PHB1 defi-
ciency in adipose tissue may result in alteration of the
contents of EVs released from adipose tissue that are
involved in the regulation of liver function. It will be in-
teresting to further explore the contents of EVs, espe-
cially microRNAs, in EVs that are derived from adipose
tissue in Phb12¥P°~~ mice in the future.

Our RNA-seq analyses identified two altered path-
ways that may explain similar liver inflammation and
fibrosis in Phb1°%P°™~ and WT mice under HFD feed-
ing despite more severe steatosis in the former group.
First, the interferon (IFN) pathway is markedly down-
regulated in the liver of Phb124P°™"~ mice compared to
WT mice under HFD feeding. The IFN pathway has
been implicated in the development and progression
of NAFLD, as supported by both genetic evidence
and animal studies. For example, the IFN lambda 4
rs368234815 TT>8G variant is associated with se-
verity of fibrosis in patients with NAFLD.*’! Deletion
of IFN alpha and beta receptor subunit 1 (/fnar1) in
hepatocytes worsened liver steatosis and inflamma-
tion in mice under a methionine-choline—deficient
diet.® Knocking down of stimulator of IFN genes
(STING) resulted in attenuated liver inflammation in
NAFLD." Thus, the suppressed IFN pathway likely
explains mild liver inflammation but severe steatosis
in HFD-fed Phb72¥P°”~ mice. The reasons behind the
suppressed IFN pathway in the liver of Php13diPo~=
compared to WT mice remain obscure. Further
studies are needed to analyze the serum levels of
inflammatory cytokines. Second, the BMP pathway
is up-regulated in the liver of Phb129P°”~ mice com-
pared to WT mice under an HFD. BMPs belong to the
transforming growth factor beta (TGF-p) family, which
plays important roles in liver fibrosis. Hepatic BMP2
is mainly expressed in parenchymal hepatocytes and
activated HSCs, and it inhibits TGF-p1-induced HSC
activation, thereby reducing liver fibrosis.®% It has
been reported that BMP signaling accelerates the de-
velopment of hepatic steatosis by regulating hepatic
DGAT2 expression and activity.[50] Thus, we specu-
lated that the up-regulated BMP2 target genes may
explain the increased fat content but mild liver fibrosis
in the liver of Phb124P°~~ mice. Further studies are
needed to explore the mechanisms underlying the
functions of the IFN pathway and BMP signaling in
regulating lipid metabolism in Phb7124P°”~ mice.
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