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Adipose-Specific Lipin-1 Overexpression 
Renders Hepatic Ferroptosis and 
Exacerbates Alcoholic Steatohepatitis  
in Mice
Zhou Zhou,1 Ting Jie Ye,1,2 Gregory Bonavita,1 Michael Daniels,1 Noah Kainrad,1 Alvin Jogasuria,1 and Min You1

Lipin-1 is a Mg2+-dependent phosphatidic acid phosphohydrolase involved in the generation of diacylglycerol during 
synthesis of phospholipids and triglycerides. Ethanol-mediated inhibitory effects on adipose-specific lipin-1 expres-
sion were associated with experimental steatohepatitis in rodents. In the present study, using an adipose-specific 
lipin-1 overexpression transgenic (Lpin1 -Tg) mouse model, we tested a hypothesis that adipose-specific lipin-1 over-
expression in mice might dampen ethanol-induced liver damage. Experimental alcoholic steatohepatitis was induced 
by pair-feeding ethanol to Lpin1 -Tg and wild-type (WT) mice using the chronic-plus-binge ethanol feeding protocol. 
Unexpectedly, following the chronic-plus-binge ethanol challenge, Lpin1 -Tg mice exhibited much more pronounced 
steatosis, exacerbated inf lammation, augmented elevation of serum liver enzymes, hepatobiliary damage, and fibro-
genic responses compared with the WT mice. Mechanistically, overexpression of adipose lipin-1 in mice facilitated 
the onset of hepatic ferroptosis, which is an iron-dependent form of cell death, and subsequently induced ferroptotic 
liver damage in mice under ethanol exposure. Concurrently, adipose lipin-1 overexpression induced defective adi-
ponectin signaling pathways in ethanol-fed mice. Conclusion : We identified ferroptosis as a mechanism in mediating 
the detrimental effects of adipose-specific lipin-1 overexpression in mice under chronic-plus-binge ethanol exposure. 
Our present study sheds light on potential therapeutic approaches for the prevention and treatment of human alco-
holic steatohepatitis. (Hepatology Communications 2019;3:656-669).

Alcoholic liver disease (ALD) comprises a clin-
ical spectrum of detrimental conditions that 
include steatosis/steatohepatitis, hepatitis, 

fibrosis/cirrhosis, and liver cancer.(1) Alcoholic ste-
atohepatitis, an early stage of ALD, is a well-known 

risk factor for the development and progression of 
ALD.(1,2) Despite intense investigations, patho-
genic mechanisms of alcoholic steatohepatitis remain 
enigmatic, and there has been no effective therapy 
clinically.

Abbreviations: ALD, alcoholic liver disease; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; CK19, 
cytokeratin 19; E, ethanol; Fe, iron; Fe2+, ferrous, reduced form; FFA, free fatty acid; FGF, fibroblast growth factor; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; GSH, glutathione; GPX4, glutathione peroxidase-4; H&E, hematoxylin and eosin; HMW, high molecular weight; 
β-OHB, β-hydroxybutyrate; ICAM, intercellular adhesion molecule; LCN2, lipocalin-2; LPIN1, lipin-1; MCP, monocyte chemoattractant 
protein; MDA, malondialdehyde; MIP, macrophage inflammatory protein; mRNA, messenger RNA; NF-κB, nuclear factor kappa B; NADPH, 
nicotinamide adenine dinucleotide phosphate, reduced form; SAA1, serum amyloid A-1; SIRT1, sirtuin 1; TG, Lpin1 -Tg mice; Tg, transgenic; 
TIMP-1, metalloproteinase 1; WT, wild type.
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Lipin-1, a Mg2+-dependent phosphatidic acid 
phosphohydrolase (PAP), is a bifunctional molecule 
that regulates lipid metabolism in various tissues 
including liver and adipose.(3-5) Lipin-1-mediated 
PAP activity catalyzes the conversion of phosphatide 
to diacylglycerol, the immediate precursor of triacyl-
glycerol. Nuclear lipin-1 protein is capable of inter-
acting and regulating multiple pivotal transcription 
factors and cofactors.(3-5)

Lipin-1 plays a critical functional role in adipocyte 
development and maturation.(6-8) Lipin-1 is required 
during the initial stages of adipogenesis for the induc-
tion of key adipogenic factors, such as peroxisome 
proliferator-activated receptor α.(7,8) In mice, lipin-1 
deficiency impairs adipocyte differentiation and causes 
lipodystrophy, whereas the overexpression of lipin-1 in 
adipose tissue increases adipocyte triglyceride storage, 
enhances adipose mass, and promotes obesity.(7-11)

Several lines of evidence demonstrate that adipose 
lipin-1 and adiponectin, an adipocyte-derived hor-
mone, exhibit cross-regulation.(12-15) For instance, 
lipin-1 messenger RNA (mRNA) expression levels 
were positively correlated with adiponectin mRNA 
in both visceral and subcutaneous adipose tissues in 
human.(12) Decreased lipin-1 expression in visceral 
adipose tissue was associated with insulin resistance in 
polycystic ovary syndrome patients.(13) More impor-
tantly, adipose lipin-1 mRNA levels were decreased in 
adiponectin-deficient mice.(15)

Disrupted lipin-1 signaling contributes to the 
development and progression of alcoholic steato-
hepatitis in cell-specific or tissue-specific man-
ners.(14,16-22) Although hepatocyte-specific lipin-1 
exerted protective effects against ethanol-induced 
liver damage, myeloid-specific lipin-1 contributed 
to the ethanol-mediated inflammatory process in 
mice.(14,19) Using experimental ALD rodent models, 
we and others demonstrated that ethanol exposure 

specifically inhibited lipin-1 gene and protein expres-
sion in adipose tissues.(17,22) The ethanol-mediated 
inhibitory effects on lipin-1 were associated with the 
development of alcoholic fatty liver accompanied by 
reduced adiponectin production in the adipose tissues 
of mice.(17,22) Interestingly, lipopolysaccharide, one of 
the putative inducers of ALD, inhibited both lipin-1 
and adiponectin expression in the adipose of mice.(15)

Ferroptosis is an iron-dependent form of oxidative 
programmed cell death featuring glutathione (GSH) 
depletion, detrimental glutathione peroxidase-4 (GPX4) 
redox defense, disrupted glutamate antiporter xCT/
SCL7A11 (system Xc-), and increased levels of lipid 
hydroperoxides.(23,24) In recent years, ferroptosis has 
emerged as a central mediator of cell death, impli-
cated in multiple pathological processes including 
ischemia/reperfusion-induced kidney or liver damage, 
neurotoxicity, and neurodegenerative diseases.(23-28)

Ethanol-induced hepatocellular injury is associated 
with excessive iron accumulation, changes in the level 
of GSH, generation of reactive oxygen species and 
local inflammation, all of which can cause structural 
and functional damage of the liver.(1,2,29) Iron over-
load, GSH depletion, and the consequent lipid peroxi-
dation and inflammation are considered the hallmarks 
of ferroptosis.(23-25) Nonetheless, whether and how 
ferroptosis is involved in the pathogenic mechanisms 
of alcoholic steatohepatitis is presently unknown.

In the present study, using adipose tissue–specific 
lipin-1 overexpression transgenic (Lpin1 -Tg) mice in 
a chronic-plus-binge ethanol feeding protocol,(30,31) 
we tested a hypothesis that adipose-specific overex-
pression of lipin-1 might dampen ethanol-induced 
liver injury in mice. To our surprise, adipose lipin-1 
overexpression exacerbated steatohepatitis in mice 
in response to chronic-plus-binge ethanol challenge. 
We also presented evidence demonstrating that the 
detrimental effects of overexpressing adipose-specific 
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lipin-1 in ethanol-challenged mice were mediated, at 
least in part, through promoting hepatic ferroptosis.

Materials and Methods
animal stuDies

Lpin1 -Tg mice on the C57BL/6 background were 
kindly provided by Dr. Zhanxiang Zhou (University 
of North Carolina at Greensboro, NC).(30) Generation 
of  Lpin1 -Tg mice was described in detail in the pub-
lished study.(30) Male C57BL/6J mice were purchased 
from Jackson Laboratory.

A mouse model of chronic-plus-binge alcohol feed-
ing (also referred as the Gao-binge model) was used 
as previously described.(14,31) The 7-8-month-old 
male Lpin1 -Tg mice and their age-matched littermate 
wild-type (WT) controls were divided into four dietary 
groups: (1) WT control, (2) WT plus ethanol (identi-
cal to the control diet but with 5% weight per volume 
ethanol added), (3) Lpin1 -Tg control, and (4) Lpin1 -Tg 
plus ethanol. All mice were fed a Lieber-DeCarli liq-
uid diet (Bio-Serv, Frenchtown, NJ) for 5 days. Ethanol 
groups were then fed Lieber-DeCarli liquid diets 
containing 5% weight per volume ethanol for 10 days 
while control mice were pair-fed to their ethanol-fed 
counterparts for 10 days. At day 11, mice in the ethanol 
groups were gavaged a single dose of ethanol (5 g/kg 
body weight, 31.25% ethanol), whereas mice in con-
trol groups were gavaged an isocaloric dose of dextrin 
maltose. The mice were euthanized, and blood and 
tissue samples were collected 9 hours after gavage. For 
mice on the ethanol-containing diet, animal cages were 
placed on heating pads to maintain body temperature, 
to prevent ethanol-induced hypothermia. Liquid diets 
were freshly prepared from powder daily. During the 
feeding period, Lpin1 -Tg mice and their WT coun-
terparts were observed to consume similar volumes of 
ethanol-containing diets. All animal experiments were 
approved by the Institutional Animal Care and Use 
Committee at Northeast Ohio Medical University.

enZyme-linKeD 
immunosoRBent assays oF 
mouse seRum

Serum alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) levels were measured 

using ALT and AST assay kits (Pointe Scientific, 
Austin, TX). Serum alkaline phosphatase (ALP) lev-
els were determined using an ALP quantification kit 
(Biovision, Milpitas, CA). Plasma triglyceride and cho-
lesterol were determined using the Sigma Diagnostics 
Triglyceride and Infinity Cholesterol Reagent 
(Thermo Fisher Scientific, Waltham, MA). Plasma 
levels of total and high-molecular-weight (HMW) 
forms of adiponectin were determined with a Mouse 
Adiponectin Assay Kit (ALPCO, Salem, NH). Serum 
fibroblast growth factor 15 (FGF15) levels were ana-
lyzed with an enzyme-linked immunosorbent assay 
(ELISA) kit (LifeSpan Bio, Seattle, WA). Serum 
lipocalin-2 (LCN2) and serum amyloid A-1 (SAA1) 
concentrations were measured with ELISA kits from 
Abcam (Cambridge, MA). Serum β-hydroxybutyrate 
(β-OHB) was measured using a β-OHB colorimetric 
assay kit (Biovision, Milpitas, CA).

Histology
Liver tissue was fixed in 10% formalin and embedded 

in paraffin as described previously.(14,18) Hematoxylin 
and eosin (H&E) staining, sirius red staining, and 
Perls’ Prussian blue staining were performed with a 
commercial staining solution (Sigma-Aldrich, St. 
Louis, MO). Immunohistochemistry staining of cyto-
keratin 19 (CK19) was performed with a commercial 
primary antibody (Biocare Medical, LLC, Concord, 
CA, and Abcam), followed by a horseradish peroxi-
dase–based detection kit (Vector Laboratories, Inc., 
Burlingame, CA).

measuRement oF HepatiC 
lipiD

Liver cholesterol and triglyceride levels were mea-
sured using Infinity Cholesterol and Triglyceride 
Reagents (Thermo Fisher Scientific) as described 
previously.(14,18)

lipiD peRoXiDation assay
The hepatic lipid peroxidation assays were per-

formed as described previously.(19) The hepatic lipid 
peroxidation was expressed as the extent of malond-
ialdehyde (MDA) production using a thiobarbi-
turic reactive substances analysis kit from Cayman 
Chemical (Ann Arbor, MI).
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gpX enZyme aCtiVity assay
Liver GPX enzyme activity was analyzed with 

a commercialized colorimetric assay kit (Biovision, 
Milpitas, CA).

Bile aCiD analysis
Liver, gallbladder, and intestine bile acid con-

tents were analyzed with a Total Bile Acid Assay kit 
(Biovision, Milpitas, CA) as described previously.(32)

iRon assay
Hepatic iron contents were determined with a 

commercial iron assay kit from Abcam, according to 
the manufacturer’s instructions.(32)

gsH anD ReDuCeD FoRm 
oF niCotinamiDe aDenine 
DinuCleotiDe pHospHate 
assays

The hepatic GSH level was assessed using a 
GSH luminescent assay kit purchased from Promega 
(Madison, WI) according to the manufacturer’s 
instructions.(25) The hepatic reduced form of nico-
tinamide adenine dinucleotide phosphate (NADPH) 
level was assessed using a NADPH colorimetric assay 
kit purchased from Abcam.

pRotein analysis
Western blot analyses were performed on liver tis-

sue extracts as described previously.(14,18) The sirtuin 
1 (SIRT1) antibody was obtained from Millipore 
(07-131, Cleveland, OH). The LCN2 and SAA1 
antibodies were purchased from Abcam (Ab63929 
and Ab171030). The GPX4 and glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) antibodies 
were purchased from Proteintech Group (14432-1-
AP and 60004-1-Ig; Rosemont, IL).

Rna analysis
Total RNA was purified from tissues using 

TRIZOL (Invitrogen, Waltham, MA).(14,18) Quan-
titative real-time polymerase chain reaction assays 
were performed with the PowerUp SYBR Green 
qPCR Master Mix (Fisher Scientific, Chicago, IL) 

and BIO-RAD thermocycler systems (Bio-Rad 
Laboratories, Hercules, CA). Primer sets were either 
purchased or designed (Table 1).

statistiCal analysis
Data were analyzed using GraphPad Prism 7.0 

software (San Diego, CA) using two-tailed Student 
t  tests or one-way analysis of variance test followed by 
a Tukey post hoc  test. All data were expressed as the 
mean ± SEM. Significance was defined as P  < 0.05.

Results
aDipose-speCiFiC lipin-1 
oVeReXpRession eXaCeRBateD 
steatoHepatitis in miCe 
aFteR CHRoniC-plus-Binge 
etHanol CHallenge

The involvement of adipose-specific lipin-1 over-
expression in experimental alcoholic steatohepatitis 
was examined using WT and Lpin1 -Tg mice with a 
chronic-plus-binge ethanol feeding protocol.(14,31,32) 
Lpin1 -Tg mice fed with or without ethanol exhib-
ited a specific and significant approximate 1.8-fold 
increase in lipin-1 mRNA in adipose tissue com-
pared with the WT controls (Supporting Fig. S1A). 
Consist with our previous findings,(18) ethanol feeding 
to WT mice significantly increased hepatic  lipin-1 
mRNA expression levels compared with WT controls 
(Supporting Fig. S1B.). Hepatic lipin-1 mRNA levels 
in Lpin1 -Tg mice fed with or without ethanol were 
not altered compared with WT controls (Supporting 
Fig. S1B). Ethanol feeding caused a significant 
increase in the liver/body weight ratio in both WT 
and Lpin1 -Tg mice compared with their respective 
controls (Table 2). The percentage of white adipose 
tissue weight in body weight was not altered by the 
overexpression of lipin-1 in adipose or by the etha-
nol feeding (Table 2). Histology analysis revealed that 
adipocyte size were similar among the four groups 
(Supporting Fig. S1C).

Ethanol administration significantly increased the 
serum levels of free fatty acid (FFA), triacylglycerol, 
and β-OHB (Table 2). Adipose overexpression of 
lipin-1 partially but significantly attenuated elevations 
of serum FFA and triglyceride in accompany with a 
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slight lower level of β-OHB in the ethanol-fed mice 
in comparison with ethanol-fed WT mice (Table 2).

Liver triglyceride contents, serum markers of liver 
damage, AST, and ALT were significantly higher in 
the ethanol-fed WT mice compared with WT control 
mice (Fig. 1A-E). Surprisingly, in comparison with 
ethanol-fed WT mice, ethanol-fed Lpin1 -Tg mice 
showed the exacerbated onset and progression of ste-
atosis and liver damage, as revealed by marked accu-
mulation of lipid droplets, greater hepatic triglyceride 
contents, robustly augmented elevation of plasma 
ALT, and AST (Fig. 1A-E). Hepatic cholesterol con-
tents were unchanged in all groups (Table 2).

Ethanol-fed Lpin1 -Tg mice also exhibited hepato-
biliary damage, as demonstrated by substantially ele-
vated levels of serum ALP, an indicator of bile duct 
damage (Fig. 1F). Accordingly, immunohistochemi-
cal staining for CK19, a marker for cholangiocytes, 
showed more bile ducts in the center of fibrotic areas 
in the livers of ethanol-fed Lpin1 -Tg mice than in 
mice of the other three groups (Fig. 2A; Supporting 
Fig. S2A).

Immunohistochemical staining for sirius red dis-
played apparent fibrotic changes in the portal areas 
of the livers of ethanol-fed Lpin1 -Tg mice in com-
parison with livers of ethanol-fed WT mice (Fig. 2A; 
Supporting Fig. S2B). Accordingly, the mRNA expres-
sion levels of two markers of liver fibrosis, collagen 1α 
and tissue inhibitor of metalloproteinase 1 (Timp-1),  
were significantly enhanced in the ethanol-fed 
Lpin1 -Tg mice in comparison with ethanol-fed WT 
mice (Fig. 2B).

Collectively, these data demonstrated that adi-
pose-specific overexpression of lipin-1 exacerbated 
steatohepatitis, aggravated hepatobiliary damage, and 
induced mild fibrotic injury in response to chronic-
plus-binge ethanol challenge in mice.

lipin-1 oVeReXpRession 
in aDipose eXaCeRBateD 
inFlammatoRy Responses in 
etHanol-aDministeReD miCe

Adipose-specific lipin-1 overexpression augmented 
the ethanol-mediated increases in mRNA levels of 
multiple inflammation mediators, including tumor 
necrosis factor alpha (TNF-α), interleukin-1β (IL-
1β), monocyte chemoattractant protein 1 (MCP-1), 
macrophage inflammatory protein 1α (MIP-1α), 

taBle 1. pRimeR seQuenCe FoR  
Real-time pCR

Gene 
Abbreviations Direction Sequence

Collagen 1a Forward 5’-ACCTCAAGATGTGCCACTC-3’

Reverse 5’-TGCCTCCTCCAAACCAGAC-3’

FGF15 Forward 5’-GCAGTACCTGTACTCCGCTG-3’

Reverse 5’-GTTTTGGTCCTCCTCGCAGT-3’

E-selectin Forward 5’-AGCAGAGTTTCACGTTGCAGG-3’

Reverse 5’-TGGCGCAGATAAGGCTTCA-3’

GAPDH Forward 5’-TGACCTCAACTACATGGTCTACA-3’

Reverse 5’-CTTCCCATTCTCGGCCTTG-3’

IL-1β Forward 5’-TCGCTCAGGGTCACAAGAAA-3’

Reverse 5’-CATCAGAGGCAAGGAGGAAAAC-3’

ICAM-1 Forward 5’-CAATTTCTCATGCCGCACAG-3’

Reverse 5’-AGCTGGAAGATCGAAAGTCCG-3’

Lpin-1α Forward 5’-GGTCCCCCAGCCCCAGTCCTT-3’

Reverse 5’-GCAGCCTGTGGCAATTCA-3’

Lpin-1β Forward 5’-CAGCCTGGTAGATTGCCAGA-3’

Reverse 5’-GCAGCCTGTGGCAATTCA-3’

Lcn2 Forward 5’-TGGCCCTGAGTGTCATGTG-3’

Reverse 5’-CTCTTGTAGCTCATAGATGGTGC-3’

MCP-1 Forward 5’-TTAAAAACCTGGATCGGAACCAA-3’

Reverse 5’-GCATTAGCTTCAGATTTACGGGT-3’

MIP-1α Forward 5’-TGAGAGTCTTGGAGGCAGCGA-3’

Reverse 5’-TGTGGCTACTTGGCAGCAAACA-3’

MIP-1β Forward 5’-AACACCATGAAGCTCTGCGT-3’

Reverse 5’-AGAAACAGCAGGAAGTGGGA-3’

TIMP-1 Forward 5’-TCTTGGTTCCCTGGCGTACTCT-3’

Reverse 5’-GTGAGTGTCACTCTCCAGTTTGC-3’

Cyp7a1 Forward 5’-CACCATTCCTGCAACCTTCTGG-3’

Reverse 5’-ATGGCATTCCCTCCAGAGCTGA-3’

SAA1 Forward 5’-TTAGCTCAGTAGGTTGTGCTGCTGG-3’

Reverse 5’-ACAATGTTTCCCCAGAGAGCA-3’

AdipoR1 Forward 5’-TCCCAGGAACACTCCTGCTC-3’

Reverse 5’-CTTCTACTGCTCCCCACAGC-3’

AdipoR2 Forward 5’-AGCCTCTATATCACCGGAGCTG-3’

Reverse 5’-GCTGATGAGAGTGAAACCAGATGT-3’

TNF-α Forward 5’-AGGCTGCCCCGACTACGT-3’

Reverse 5’-GACTTTCTCCTGGTATGAGATAGCAAA-3’

VCAM-1 Forward 5’-TGAACCCAAACAGAGGCAGAGT-3’

Reverse 5’-GGTATCCCATCACTTGAGCAGG-3’

FGFR4 Forward 5’-TCCGACAAGGATTTGGCAGACC-3’

Reverse 5’-TGGCGGCACATTCCACAATCAC-3’

Akr1c6 Forward 5’-CTCACCATTATATTGCTGCCTGT-3’

Reverse 5’-TCTCTTTGCCATAGCGTTTTTCT-3’

Gls2 Forward 5’-GGTCTGCGCTATAACAAACTCT-3’

Reverse 5’-CATGACACTGCCTGACTCACA-3’

Slc1a5 Forward 5’-CATCAACGACTCTGTTGTAGACC-3’

Reverse 5’-CGCTGGATACAGGATTGCGG-3’

Adiponectin Forward 5’-TGTTCCTCTTAATCCTGCCAA-3’
Reverse 5’-CAAACCTGCACAAGTTCCCTT-3’
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MIP-1β, E-selectin, intercellular adhesion molecule-1 
(Icam-1), and vascular cell adhesion molecule-1 
(Vcam-1) in the ethanol-fed mice (Fig. 3A).

We further evaluated two major proinflammatory 
molecules, LCN2 and SAA1, which play detrimental 

roles in alcoholic steatohepatitis in rodents and 
human.(14,16)

LCN2 mRNAs were significantly elevated in the eth-
anol-fed WT and Lpin1 -Tg mice fed with or without 
ethanol (Fig. 3B). The ethanol-mediated increases in 

taBle 2. seleCteD paRameteRs in Wt anD LPIN1 -tg miCe FolloWing CHRoniC-plus-Binge 
etHanol FeeDing

Parameters WT WT + E Lpin1-Tg Lpin1-Tg + E

Starting body weight (g) 33.84 ± 0.63* 32.92 ± 1.41* 33.56 ± 0.82* 33.43 ± 0.91*

Final body weight (g) 31.67 ± 0.88* 30.40 ± 1.35*† 31.36 ± 0.89*† 29.01 ± 0.70†

Liver weight (g) 0.9633 ± 0.0335† 1.2980 ± 0.1158* 0.9013 ± 0.0637† 1.2100 ± 0.0678*

Liver weight/body weight (%) 3.052 ± 0.100† 4.263 ± 0.295* 2.840 ± 0.194† 4.152 ± 0.156*

WAT weight (g) 1.128 ± 0.087* 1.076 ± 0.056* 1.1250 ± 0.159* 0.9716 ± 0.1124*

WAT weight/body weight (%) 3.534 ± 0.198* 3.540 ± 0.099* 3.496 ± 0.422* 3.373 ± 0.435*

Liver cholesterol (µg/mg liver) 2.860 ± 0.170* 2.853 ± 0.207* 3.550 ± 0.339* 3.174 ± 0.177*

Serums

Triglycerides (mg/dL) 29.98 ± 2.32‡ 98.25 ± 12.67* 26.48 ± 2.71‡ 70.24 ± 5.76†

Cholesterol (mg/dL) 84.30 ± 6.42* 84.07 ± 1.22* 65.64 ± 12.48* 72.90 ± 4.04*

β-OHB (mM) 0.454 ± 0.052† 1.867 ± 0.522* 0.692 ± 0.113† 1.478 ± 0.193*

FFA (µmol/µL) 0.344 ± 0.060‡ 1.262 ± 0.096* 0.454 ± 0.093‡ 0.819 ± 0.115†

Note: Ten-week to 12-week-old male WT and adipose-specific Lpin1 -Tg mice were divided into four groups as follows: (1) pair-fed 
WT control; (2) ethanol-fed WT; (3) pair-fed Lpin1 -Tg control; and (4) ethanol-fed Lpin1 -Tg. Results are shown as means ± SEM 
(n = 5-12 mice). Means without a common symbol (e.g., *, …) differ, P <  0.05.
Abbreviations: WAT, white adipose tissue.

Fig. 1. Adipose-specific lipin-1 overexpression exacerbated the ethanol-induced liver injury. Male Lpin1 -Tg and WT mice were fed an 
ethanol-containing diet for 10 days followed by a single gavage of ethanol. Lpin1 -Tg and WT control mice were pair-fed with control 
diets without ethanol for 10 days followed by a single gavage of maltose. (A) Pictures of livers. (B) H&E (original magnification × 200) 
of liver sections. (C) Hepatic triglyceride levels. (D) Serum ALT. (E) Serum AST. (F) Serum ALP. Results are shown as means ± SEM 
(n = 5-9 mice). Means without a common letter differ, P <  0.05.
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hepatic protein expression and circulating LCN2 were 
slightly augmented in the ethanol-fed Lpin1 -Tg mice, 
but their levels did not reach statistical significance  
(Fig. 3C,D; Supporting Fig. S2C).

Although SAA1 mRNA was elevated in the etha-
nol-fed WT mice compared with WT controls, SAA1 
mRNA was normalized in the ethanol-fed Lpin1 -Tg 
mice (Fig. 3B). Surprisingly, hepatic gene and protein 
expression levels of SAA1 were drastically reduced in 
the ethanol-fed Lpin1 -Tg mice compared with WT 
controls (Fig. 3B,C; Supporting Fig. S2C). Interestingly, 
circulating SAA1 levels were induced slightly by ethanol 
administration to WT and Lpin1 -Tg mice to the same 
extent as WT control (Fig. 3D).  Taken together, these 
observations demonstrated that Lpin1 -Tg mice fed with 
ethanol were prone to developing hepatic inflammation.

aDipose-speCiFiC lipin-1 
oVeReXpRession eXaCeRBateD 
aBeRRant iRon Homeostasis 
in etHanol-FeD miCe

We investigated whether iron dysregulation exac-
erbated the ethanol-induced liver damage in mice 

with adipose-specific lipin-1 overexpression.(29) 
Ethanol feeding did not alter the total concentrations 
of iron and ferrous (Fe2+, reduced form) in the livers 
of WT mice compared with WT controls (Fig. 4A).  
Remarkably, hepatic iron (Fe) or Fe2+ concentrations 
were markedly augmented about 3-fold in the eth-
anol-fed Lpin1 -Tg mice compared with WT con-
trols and with ethanol-fed WT mice (Fig. 4A). Perls’ 
Prussian blue staining revealed that ethanol feeding 
caused formations of iron-positive hepatocytes around 
the central veins in the livers of WT mice, which were 
substantially augmented by adipose-specific lipin-1 
overexpression (Fig. 4B). Prominent iron staining was 
spotted in the bile duct areas around the portal veins 
in the livers of ethanol-fed Lpin1 -Tg mice (Fig. 4B).

Interestingly, the mRNA expression of intestinal 
ferroportin, an iron exporter, were markedly elevated 
in the ethanol-fed Lpin1 -Tg mice compared with 
all other groups, suggesting that ferroportin may be 
involved in exacerbated aberrant iron homeostasis in 
ethanol-fed Lpin1 -Tg mice (Supporting Fig. S2D).

Taken together, our results showed that adipose- 
specific lipin-1 overexpression caused iron over-
load in liver and altered hepatic iron distribution in 

Fig. 2. Adipose-specific lipin-1 overexpression induced liver fibrosis in ethanol-fed mice. Mice were fed as described in Fig. 1.  
(A) Sirius red and CK19 staining (original magnification × 100). (B) Relative liver mRNA levels of collagen 1α and TIMP-1. Results 
are shown as means ± SEM (n = 5-9 mice). Means without a common letter differ, P <  0.05.
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the ethanol-fed mice. The exacerbated aberrant iron 
homeostasis might contribute to liver injury and bile 
duct damage in Lpin1 -Tg mice in response to chron-
ic-plus-binge ethanol challenge.

lipin-1 oVeReXpRession in 
aDipose inDuCeD HepatiC 
FeRRoptosis in miCe aFteR 
etHanol FeeDing

We hypothesized that greater accumulation of 
iron and altered iron distribution in the livers of 

ethanol-fed Lpin1 -Tg mice might be involved in 
inducing ferroptosis, a form of iron-dependent cell 
death. Hepatic ferroptosis was assessed by measuring 
three markers of ferroptosis: lipid peroxidation, GSH, 
and NADPH.(25)

Ethanol feeding to WT mice mildly but signifi-
cantly generated oxidative stress, as demonstrated 
by the slight increase in hepatic MDA, a lipid per-
oxidation end product, compared with WT controls  
(Fig. 5A). Ethanol feeding to Lpin1 -Tg mice signifi-
cantly augmented hepatic MDA levels compared with 
all other groups (Fig. 5A).

Fig. 3. Adipose-specific lipin-1 overexpression exacerbated the ethanol-induced inflammatory responses in mice. Mice were fed as 
described in Fig. 1. (A) Relative liver mRNA levels of TNF-α, IL-1β, MCP-1, MIP-1α, MIP-1β, E-selectin, ICAM-1, and VCAM-1. 
(B) Relative liver mRNA levels of LCN2 and SAA1. (C) Representative western blot analysis of hepatic expression levels of LCN2 and 
SAA1. (D) Serum concentrations of LCN2 and SAA1. Results are shown as means ± SEM (n = 5-9 mice). Means without a common 
letter differ, P <  0.05.

Fig. 4. Adipose-specific lipin-1 overexpression exacerbated aberrant iron homeostasis in ethanol-fed mice. Mice were fed as described 
in Fig. 1. (A) Liver total Fe and Fe2+ concentrations. (B) Perls’ Prussian blue staining of liver sections (original magnification × 200). 
Results are shown as means ± SEM (n = 5-9 mice). Means without a common letter differ, P <  0.05.
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In comparison with the WT controls, liver GSH 
contents were not significantly altered in ethanol-fed 
WT mice and in Lpin1 -Tg control mice (Fig. 5B). 
Strikingly, hepatic GSH levels were the lowest in 
the ethanol-fed Lpin1 -Tg mice compared with the 
other three groups (Fig. 5B). Hepatic NADPH was 
not altered in WT mice fed with or without ethanol 
and in the Lpin1 -Tg control mice (Fig. 5C). However, 
ethanol administration to the Lpin1 -Tg mice caused 
significant decreases in hepatic NADPH levels com-
pared with ethanol-fed WT mice (Fig. 5C).

We further analyzed the mRNA expression of sev-
eral genes regulating ferroptosis. The mRNA expres-
sion of aldo-keto reductase family 1 member C6, a 
protein to eliminate the peroxidized lipid and prevent 
ferroptosis, was decreased by ethanol administration to 
WT mice and further significantly reduced in etha-
nol-fed Lpin1 -Tg mice compared with all other groups 
(Fig. 5D). Ethanol administration to Lpin1 -Tg mice 
increased mRNA abundances of glutaminase 2 (Gls2 ) 
and solute carrier family 1 (neutral amino acid trans-
porter) member 5 (Slc1a5 ), two molecules facilitating 
the ferroptosis process, compared with WT controls 

(Fig. 5D). Note that liver GPX4 gene and protein 
expression and enzymatic activity were not signifi-
cantly altered in these groups, implying involvement of 
GPX4-independent mechanisms (Supporting Fig. S3). 
Collectively, these data demonstrated that ferroptosis 
occurred in the livers of ethanol-fed Lpin1 -Tg mice.

aDipose-speCiFiC 
oVeReXpRession oF lipin-1 
eXaCeRBateD tHe etHanol-
meDiateD impaiRment 
oF aDipose aDiponeCtin 
anD HepatiC aDiponeCtin 
ReCeptoRs in miCe

Plasma circulating levels of total or HMW adi-
ponectin were not altered in the ethanol-fed WT or 
control Lpin1 -Tg mice compared with WT control 
mice (Fig. 6A). Strikingly, Lpin1 -Tg mice showed 
substantially higher serum concentrations of total and 
HMW adiponectin in response to ethanol challenge 
compared with other groups (Fig. 6A).

Fig. 5. Lipin-1 overexpression in adipose tissue–induced hepatic ferroptosis in the ethanol-fed mice. Mice were fed as described in  
Fig. 1. (A) Liver MDA contents. (B) Liver GSH contents. (C) Liver NADPH levels. (D) Relative liver mRNA levels of Akr1c6 , Gls2 , 
and Slc1a5 . Results are shown as means ± SEM (n = 5-9 mice). Means without a common letter differ, P <  0.05.
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The mRNA expression levels of adiponectin 
was not altered by ethanol feeding to the WT and 
Lpin1 -Tg mice compared with WT control mice, 
suggesting posttranscription regulation of adiponec-
tin in the ethanol-fed Lpin1 -Tg mice (Supporting  
Fig. S4A).

Lipin-1α is one of the variants generated through 
splicing lipin-1β with exon 7 skipping.(4,5,19) Ethanol 
feeding to WT mice mildly but significantly increased 
adipose lipin-1α mRNA abundance compared with 
WT control mice (Supporting Fig. S4B). Strikingly, 
the ethanol-mediated increases in lipin-1α mRNA 
levels were robustly augmented in the Lpin1 -Tg mice, 
suggesting that lipin-1α might be involved in the adi-
ponectin generation from the adipose of ethanol-fed 
mice (Supporting Fig. S4B).

The serum levels of leptin, another adipocyte- 
derived hormone, were significantly increased in the 
ethanol-fed WT and Lpin1 -Tg mice, to an extent sim-
ilar to their respective controls (Supporting Fig. S4C).

Although ethanol feeding significantly reduced 
hepatic mRNA expression levels of AdipoR2 compared 
with WT controls,(37) the decreases in hepatic AdipoR2 
were more pronounced in ethanol-fed Lpin1 -Tg mice 
(Fig. 6B). Taken together, our results demonstrated 

that adipose-specific lipin-1 overexpression markedly 
enhanced the circulating total and HMW adiponectin 
levels and reduced the mRNA abundance of hepatic 
AdipoR2 in the ethanol-fed mice.

aDipose-speCiFiC lipin-1 
oVeReXpRession eXaCeRBateD 
tHe impaiRment oF HepatiC 
siRt1 in Response to etHanol 
CHallenge in miCe

Disruption of SIRT1, an NAD+-dependent class 
III protein deacetylase, is a central mechanism under-
lying ALD.(33) Thus, we investigated the involvement 
of SIRT1 signaling in the exacerbated alcoholic ste-
atohepatitis by adipose-specific lipin-1 overexpression 
in mice.

Protein expression levels of SIRT1 were nearly 
depleted by ethanol administration to Lpin1 -Tg mice 
compared with all other groups (Fig. 6C; Supporting 
Fig. S5A). Given that adiponectin up-regulated 
SIRT1 through both Adipo R1/R2 in cultured hepatic 
cells,(17,33) the drastically decreased hepatic SIRT1 
protein levels in the ethanol-fed mice was likely due 
to an impaired hepatic adiponectin signaling.

Fig. 6. Adipose-specific overexpression lipin-1 in mice exacerbated the ethanol-mediated defective hepatic adiponectin signaling. 
Mice were fed as described in Fig. 1. (A) Serum concentrations of HMW and total adiponectin. (B) Relative liver mRNA levels of 
AdipoR1  and AdipoR2 . (C) Representative western blot analysis of hepatic expression levels of SIRT1, acetylated NF-κB, and NF-
κB. (D) Serum FGF15 levels. Results are shown as means ± SEM (n = 5-9 mice). Means without a common letter differ, P <  0.05. 
Abbreviations: Ac, acetylated.
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The ethanol-mediated increases in acetylated 
nuclear factor kappa B (NF-κB), which is a down-
stream target of SIRT1, were significantly augmented 
in the livers of ethanol-fed Lpin1 -Tg mice compared 
with the other three groups (Fig. 6C; Supporting Fig. 
S5B). Thus, hepatic SIRT1 enzymatic activity after 
ethanol administration was inhibited by adipose- 
specific lipin-1 overexpression in mice. Collectively, 
these results demonstrated that adipose specific over-
expression of lipin-1 severely inhibited hepatic SIRT1 
protein expression and disrupted SIRT1 signaling in 
mice after ethanol administration.

aDipose speCiFiC lipin-1 
oVeReXpRession CauseD 
DeFeCtiVe aDiponeCtin-FgF15 
aXis in etHanol-FeD miCe

FGF15, an ileum-derived hormone, and adiponec-
tin cross-regulated each other, and the adiponec-
tin-FGF15 axis was coordinately regulated by ethanol 
exposure in mice.(14,32,34) The substantially increased 
circulating adiponectin in the ethanol-fed Lpin1 -Tg 
mice led us to investigate whether ileum FGF15 was 
concomitantly elevated.

In comparison to the WT control mice, the serum 
levels of FGF15 were significantly decreased in eth-
anol-fed WT mice and Lpin1 -Tg mice fed with or 
without ethanol (Fig. 6D). Accordingly, ileum FGF15 
mRNA levels were decreased in the ethanol-fed WT 
mice and in Lpin1 -Tg mice fed with or without etha-
nol (Supporting Fig. S6A).

The mRNA expression of hepatic fibroblast 
growth factor receptor 4, a receptor for FGF15,(38) 
was reduced significantly in the ethanol-fed WT and 
ethanol-fed Lpin1 -Tg mice to the same extent as WT 
controls (Supporting Fig. S6A).

FGF15 is a negative regulator of hepatic Cyp7a1, 
the rate-limiting enzyme for bile acid synthesis in 
the liver.(35) The expression of hepatic Cyp7a1 was 
decreased drastically in both WT and Lpin1 -Tg 
mice after ethanol administration compared with 
WT controls (Supporting Fig. S6C). Consistently, 
hepatic bile acid contents and bile acid pool size were 
not significantly altered in WT and Lpin1 -Tg mice 
with or without ethanol feeding (Supporting Fig. S7). 
The unchanged hepatic bile acid in our chronic-plus-
binge mouse model differed from an earlier study.(34) 
Hepatic bile acid levels were significantly elevated 

in mice after 8 weeks of chronic ethanol feeding.(34) 
The discrepancy might be the results of different eth-
anol feeding protocols used in these studies. Taken 
together, these results demonstrated that adipose- 
specific lipin-1 overexpression caused defective adi-
ponectin-FGF15 axis in ethanol-fed mice.

Discussion
Ethanol-mediated inhibitory effects on adi-

pose-specific lipin-1 expression were associated with 
alcoholic fatty liver in rodents, suggesting that adi-
pose-specific lipin-1 overexpression might ameliorate 
ethanol-induced liver damage.(17,22) In the present 
study, using a Lpin1 -Tg mouse model, we unveiled an 
unexpected role of adipose-specific lipin-1 in exper-
imental alcoholic steatohepatitis in mice. We found 
that adipose-specific lipin-1 overexpression in mice 
enhanced steatosis, caused hepatobiliary damage, 
induced mild fibrosis, and exacerbated liver damage 
in response to chronic-plus-binge ethanol challenge. 
Mechanistically, the exacerbated steatohepatitis in the 
livers of ethanol-fed Lpin1 -Tg mice was associated 
with excessive iron accumulation, altered iron distri-
bution, reduced levels of GSH and NADPH, ele-
vated MDA levels, and impaired ferroptosis-related  
gene expression along with aggravated inflamma-
tory response, all of which indicated the presence 
of hepatic ferroptosis. Concurrently, adipose lipin-1 
overexpression induced defective adiponectin signal-
ing, including impaired adiponectin-SIRT1 signaling 
and disrupted adiponectin-FGF15 axis after ethanol 
administration in mice. Altogether, we found that 
adipose lipin-1 overexpression aggravated experimen-
tal alcoholic steatohepatitis in mice, through inducing 
ferroptotic liver damage (Fig. 7).

Although ethanol exposure rendered liver suscep-
tible to the ferroptic process in Lpin1 -Tg mice, eth-
anol administration to WT mice was not sufficient 
to steer the hepatic ferroptosis signaling cascade of 
events and induce hepatic ferroptosis. Aside from 
aberrant iron metabolism and lipid peroxidation sig-
naling, the coexistence of multiple factors is required 
to execute ferroptosis.(23-28) For instance, inactivation 
of GPX4 is essential for the execution of ferropto-
sis.(28) It was reported that hepatic GPX4 expression 
was decreased in livers of adolescent rats exposed to 
alcohol intermittent binge drinking.(36) Surprisingly, 
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we found that the GPX4 mRNA gene and protein 
expression levels as well as GPX4 enzymatic activity 
were not significantly altered in the livers of etha-
nol-fed WT or Lpin1 -Tg mice fed with or without 
ethanol. Depleting cysteine and repressing glutamate 
antiporter xCT/SCL7A11 are known to contribute to 
the ferroptosis process.(23,24) In this scenario, ethanol 
may sensitize liver to ferroptosis by depleting cysteine 
and repressing glutamate antiporter xCT/SCL7A11 
in Lpin1 -Tg mice. The detailed mechanisms of etha-
nol in promoting hepatic cell death and inducing liver 
damage through ferroptosis are currently under inves-
tigation in our laboratory.

The hepatic ferroptotic signaling in the liver dam-
age induced by adipose lipin-1 overexpression in eth-
anol-fed mice remains to be elucidated. We found 
that, despite circulating adiponectin being markedly 
elevated, adiponectin signaling was severely impaired 
in ethanol-fed Lpin1 -Tg mice. We speculate that adi-
pose-specific lipin-1-adiponectin axis may serve as a 
crucial mediator in the cross-communications among 
adipose, ileum, and liver in the ethanol-fed Lpin1 -Tg 
mice. Enhanced adipose lipin-1-adiponectin axis or 
defective adiponectin-SIRT1 or FGF15 signaling in 
ethanol-fed Lpin1 -Tg mice may directly or indirectly 
promote hepatic iron accumulation, drive hepatic fer-
roptosis, and cause ferroptotic liver damage.

We previously found that liver-specific deletion 
of SIRT1 dramatically augmented the production of 
hepatic MDA, a lipid peroxidation end product, and 
promoted hepatic inflammatory responses in etha-
nol-administrated mice.(20) Given that lipid perox-
idation is the hallmark of ferroptosis, we speculate 
that drastic reduction of SIRT1 protein expression 
and impairment of SIRT1 signaling may enhance 
ferroptosis in the livers of ethanol-fed Lpin1 -Tg 
mice.

Coordinated elevations of adiponectin and FGF15 
protected against ethanol-induced liver damage in 
mice.(14,32) However, ileum FGF15 mRNA and its cir-
culating levels were not elevated despite substantially 
increased levels of circulating adiponectin in the etha-
nol-fed Lpin1 -Tg mice. It is likely that the disrupted 
adiponectin-FGF15 axis exacerbated liver damage 
in the ethanol-fed Lpin1 -Tg mice. The hepatic fer-
roptotic process in ethanol-fed Lpin1 -Tg mice may 
also be triggered by the aberrant adiponectin-FGF15 
axis. The ethanol-mediated interplay between adipose 
lipin-1 and adiponectin-FGF15 axis warrants future 
investigation.

It remains unresolved how overexpression of adi-
pose-specific lipin-1 induces adiponectin production 
in the adipose of ethanol-fed mice. Lipin-1α and 
lipin-1β are two major variants generated by lipin-1 
pre-mRNA splicing.(4,5,19) In concordance with 
drastic elevation of circulating adiponectin, adipose 
mRNA expression of lipin-1α, but not lipin-1β, was 
robustly increased by ethanol feeding to Lpin1 -Tg 
mice. Accordingly, secretion of adiponectin protein 
into 3T3-L1 adipocytes culture medium was mark-
edly enhanced by overexpression of lipin-1α, but 
not of lipin-1β (M. You, unpublished observation). 
Therefore, we speculate that ethanol exposure may 
enhance the generation of lipin-1α through induc-
ing lipin-1 mRNA splicing and subsequently cause 
adiponectin release from adipose of ethanol-fed 
Lpin1 -Tg mice.

It is intriguing that hepatic SAA1 protein expres-
sion was markedly reduced in the ethanol-fed 
Lpin1 -Tg mice. Although hepatocytes are the major 
source of SAA1, SAA1 is also capable of mediating 
a crosstalk among hepatocytes, macrophages, and 
hepatic stellate cells (HSCs) in the injured liver.(39,40) 
Several lines of evidence suggest that SAA1 exerts 
an antifibrogenic effect. In a mouse model of carbon 
tetrachloride–induced hepatic fibrogenesis/cirrhosis, 

Fig. 7. Proposed role of adipose-specific lipin-1 in mediating the 
detrimental effects of ethanol in liver
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reducing serum SAA levels increased the severity of 
hepatic fibrosis.(39) SAA can also modulate fibrogenic 
responses in the liver by promoting HSC death under 
certain conditions.(40) It is possible that the reduced 
hepatic SAA1 protein expression may contribute to 
the fibrotic damage in Lpin1 -Tg mice in response  
to ethanol challenge. Additional studies are required to 
further dissect the mechanisms of SAA1 in mediating 
the fibrotic effects of adipose-specific lipin-1 and eth-
anol in liver.

The exacerbated liver damage in our chronic-plus-
binge mouse model differed from an earlier study.(30) 
Zhou et al. demonstrated that adipose lipin-1 over-
expression protected mice against 8-week chronic 
ethanol-induced liver injury.(30) Drinking patterns 
significantly influence the pathogenesis of ALD in 
humans.(1,2) The discrepancy could be the results of 
different ethanol feeding protocols used in these two 
studies (chronic plus binge versus chronic 8 weeks).

Another possible factor contributing to the dis-
crepancy between our observations and those of 
Zhou et al. could be the difference in adiponectin 
production in ethanol-fed Lpin1 -Tg mice. Notably, 
circulating adiponectin was markedly elevated in 
our chronic-plus-binge ethanol-fed Lpin1 -Tg mice, 
whereas adiponectin production was not altered in 
Lpin1 -Tg mice after 8 weeks of chronic ethanol 
feeding.(30) Furthermore, in contrast to the find-
ings of Zhou et al.,(30) the size of adipocyte was not 
changed in WT or Lpin1 -Tg mice after chronic-
plus-binge ethanol feeding. We speculate that the 
differential alterations of adipocyte size and adi-
ponectin production in these two studies could also 
lead to distinct responses of livers in Lpin1 -Tg mice 
to the ethanol challenge.

In summary, this study demonstrated that adi-
pose-specific lipin-1 overexpression accelerated iron 
accumulation, caused lipid peroxidation, reduced GSH 
and GAPDH, and promoted ferroptotic liver damage 
in mice after ethanol administration. Our findings 
shed light on mechanisms underlying the alcohol- 
induced liver damage. Ferroptotic signaling routes are 
amenable to pharmacological intervention with iron 
chelators (e.g., deferoxamine) and lipophilic antiox-
idants (e.g., ferrostatin-1 and liproxstatin-1).(23,24) 
Potential therapeutic strategies for human alcoholic 
steatohepatitis may be developed from either mod-
ifying adipose-specific lipin-1 or using ferroptosis 
antagonists.
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