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Aberrant liver sirtuin 1 (SIRT1), a mammalian NADþ-dependent protein deacetylase, is implicated in the
pathogenesis of alcoholic liver disease (ALD). However, the role of intestinal SIRT1 in ALD is presently
unknown. This study investigated the involvement of intestine-speciﬁc SIRT1 in ethanol-induced liver
dysfunction in mice. Ethanol feeding studies were performed on knockout mice with intestinal-speciﬁc
SIRT1 deletion [SIRT1i knockout (KO)] and ﬂox control [wild-type (WT)] mice with a chroniceplusbinge ethanol feeding protocol. After ethanol administration, hepatic inﬂammation and liver injury
were substantially attenuated in the SIRT1iKO mice compared with the WT mice, suggesting that intestinal SIRT1 played a detrimental role in the ethanol-induced liver injury. Mechanistically, the hepatic
protective effect of intestinal SIRT1 deﬁciency was attributable to ameliorated dysfunctional iron
metabolism, increased hepatic glutathione contents, and attenuated lipid peroxidation, along with
inhibition of a panel of genes implicated in the ferroptosis process in the livers of ethanol-fed mice.
This study demonstrates that ablation of intestinal SIRT1 protected mice from the ethanol-induced
inﬂammation and liver damage. The protective effects of intestinal SIRT1 deﬁciency are mediated, at
least partially, by mitigating hepatic ferroptosis. Targeting intestinal SIRT1 or dampening hepatic
ferroptosis signaling may have therapeutic potential for ALD in humans. (Am J Pathol 2020, 190: 82
e92; https://doi.org/10.1016/j.ajpath.2019.09.012)

Alcoholic liver disease (ALD) is an alcohol-associated
pathologic process characterized by a range of liver disorders from steatosis, steatohepatitis, hepatitis, ﬁbrosis/
cirrhosis, to hepatocellular carcinoma and liver failure.1,2
Studies in rodents and humans have demonstrated that
excessive alcohol consumption induces pathophysiological
conditions in multiple organs. Ethanol-induced liver dysfunctions are driven by organ crosstalk via intestineeliver,
adiposeeliver, or adiposeeintestine-liver axis.1e3 Thus,
identifying functional signaling molecules in the ethanolmediated interorgan communications can lead to novel
therapeutic strategies in treating human ALD.
Gut is one of the major metabolic organs involved in the
development and progression of ethanol-induced liver
damage.1e3 Alcohol intake induces liver dysfunction by
breaking barrier integrity and function of small intestine and

by promoting growth of intestinal pathogenic bacteria and
harmful metabolites (eg, lipopolysaccharides).1,2 Ethanol
exposure damages the liver by impairing ﬁbroblast growth
factor (FGF) 15/19, an ileum-derived hormone, and by
disrupting FGF 15/19-mediated signaling.4e6 Altered intestinal microbiota and abnormal bile acid metabolism are
also involved in the pathogenesis of ALD.4
Sirtuin 1 (SIRT1), a class III histone deacetylase, plays
critical and controversial roles in intestinal inﬂammation
and development of colitis.7e10 Intestinal SIRT1 deﬁciency
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leads to abnormal gut microbiota, reduces inﬂammation,
and protects mice from colitis.7 On the contrary, intestinal
SIRT1 deﬁciency in mice increases concentrations of fecal
bile acid, which in turn alter gut microbial composition,
enhance intestinal inﬂammation, and increase susceptibility
to colitis.8,9 More important, intestine-speciﬁc SIRT1 regulates the homeostasis of extra-intestinal organs (eg, liver).
For instance, intestine-speciﬁc ablation of SIRT1 alters
systemic homeostasis of bile acid by increasing biosynthesis
of hepatic bile acid and by attenuating hepatic accumulation
of bile acids, and thus, protects mice from bile
acideinduced liver damage.9
Hepatic SIRT1 has been identiﬁed as a protective player
against alcoholic steatohepatitis in rodents and humans.11,12
Ablation of SIRT1 in hepatocytes exacerbated the development of steatosis, inﬂammation, and ﬁbrosis in mice after
ethanol consumption.12 Treatment with a SIRT1 activator,
resveratrol, impeded alcoholic fatty liver disease in mice
experiments.13 Nevertheless, it is still unknown whether
intestinal SIRT1 acts as a coordinator in the guteliver
crosstalk and contributes to the development and progression of alcoholic steatohepatitis.
In this study, with the use of an intestine-speciﬁc SIRT1
knockout mouse model (SIRT1iKO) and a chroniceplusbinge ethanol feeding protocol,14 we investigated the roles
of intestinal SIRT1 in ethanol-induced liver dysfunction.
We demonstrate that intestinal deﬁciency of SIRT1 protects
mice from the ethanol-induced liver damage by attenuating
a novel form of iron-dependent cell death, ferroptosis.

Materials and Methods

control; ii) WT plus ethanol (identical to the control diet but
with 5% v/w ethanol added); iii) SIRT1iKO control; iv)
SIRT1iKO plus ethanol (SIRT1iKO þ E). All female mice
were ﬁrst fed a liquid control diet (Lieber-DeCarli formulation; Bioserv, Flemington, NJ) for 5 days. Ethanol groups
were then fed a liquid diet containing 5% v/w ethanol for 10
days, whereas control mice were pair-fed to their ethanolfed counterparts for 10 days. At day 11, the ethanol
groups were given a single oral gavage of ethanol (5 g/kg
body weight, 31.25% ethanol), whereas WT or SIRT1iKO
control mice were given an isocaloric gavage of dextrin
maltose. No signiﬁcant differences were found in food
intake among the WT and SIRT1iKO mice groups fed with
or without alcohol during the ethanol feeding period. Mice
blood and tissues were collected after euthanasia. All animal
experiments were approved by the Institutional Animal Care
and Use Committee at Northeast Ohio Medical University.

Serum and Liver Tissue Analysis
Serum analyses were performed with a SpectraMax i3x
microplate reader (Molecular Devices, Sunnyvale, CA).
Serum alanine transaminase (ALT) and aspartate aminotransferase (AST) levels were measured with ALT and AST
assay kits (BioVision, Milpitas, CA). Serum lipocalin 2
(LCN2) levels were measured by using a Lipocalin-2 Mouse
ELISA (enzyme-linked immunosorbent assay) Kit (R&D
Systems, Minneapolis, MN). Serum amyloid A 1 (SAA1)
levels were measured by using a SAA1 Mouse ELISA Kit
(R&D Systems). Liver cholesterol and triglyceride levels
were measured as described previously.5,6,12

Reagents
Histologic Analysis
Antibodies of lipocalin 2 (LCN2) and serum amyloid A1
(SAA1) were purchased from Abcam (Cambridge, MA).
SIRT1 antibody was purchased from MilliporeSigma
(Cleveland, OH). Antibodies of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and b-actin were purchased from
Cell Signal Technology (Beverly, MA).

Animal Model of ChronicePlus-Binge Alcohol Feeding
The intestinal-speciﬁc SIRT1 KO mice (SIRT1iKO) were
kindly gifted by Dr. Xiaoling Li (National Institute of
Environmental Health Sciences/NIH, Research Triangle
Park, NC). These SIRT1iKO mice were produced by
crossing mice carrying a SIRT1 exon 4 ﬂoxed allele
(Sirt1ﬂox/ﬂox) with Villin-cre mice (The Jackson Laboratory,
Bar Harbor, ME) in a C57BL/6 background.8,9
Our study used 10- to 12-weekeold female SIRT1iKO
and female ﬂox control [wild-type (WT)] mice. These female mice were subjected to a chronic plus a single binge
ethanol feeding protocol [referred as the National Institute
on Alcohol Abuse and Alcoholism (NIAAA) model].14
Mice were divided into four dietary groups: i) WT
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Liver or intestine tissues were ﬁxed in 10% formalin and
embedded in parafﬁn. Sections of 4-mm thickness were prepared before staining.5,6 Hematoxylin and eosin staining and
Prussian Blue staining were performed with a commercial
staining kit (Sigma, St. Louis, MO).15 Immunohistochemistry
staining of myeloperoxidase (MPO) was performed with a
primary MPO antibody (Biocare Medical, Pacheco, CA) and
a horseradish peroxidaseebased secondary detection kit
(Vector Laboratories, Burlingame, CA).

MPO Activity Assay
Liver MPO activity was determined by using assay kits
(Biovision, Milpitas, CA) as described previously.5,6

Lipid Peroxidation Assay
Liver concentrations of malondialdehyde (MDA), one of the
end products of lipid peroxidation, was measured with a
lipid peroxidation assay kit (Cayman, Ann Arbor, MI).5,6,12
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Iron Assay

Table 1

Iron concentrations were measured with an Iron Assay Kit
(ab83366; Abcam) according to the manufacturer’s
instructions.5,15

Gene

Direction Sequence

Nos2

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

Gapdh

þ

GSH and NADP and NADPH Assays
Hepatic glutathione (GSH) level was assessed with a GSH
luminesce assay kit (Promega, Madison, WI) according to the
manufacturer’s instructions.15 Hepatic nicotinamide adenine
dinucleotide phosphate (NADP)þ and NADPH concentrations
were assessed with a NADPH colorimetric assay kit (Abcam).

Il1b
Icam1
Cisd1
Cisd2

GPX Activity Assay

Lcn2

Liver glutathione peroxidase (GPX) enzyme activity was
analyzed with a commercialized colorimetric assay kit
(Biovision).15

Ly6g

RNA Isolation and Quantitative RT-PCR

Tnfa

Total RNA was puriﬁed from tissues with the use of TRIzol
(Invitrogen, Waltham, MA).5,6,12 Levels of mRNA were
determined by quantitative RT-PCR on a Bio-Rad thermocycler systems (Bio-Rad Laboratories, Hercules, CA).
Relative mRNA levels were calculated with the comparative
cycle threshold method and were normalized to the levels of
GAPDH mRNA. Primer sets were either purchased or
custom designed (Table 1).

Primer Sequence for Real-Time PCR

Saa1

Vcam1
Acsl4
Ncoa4
Dpp4
Rpl8

50 -GTTCTCAGCCCAACAATACAAGA-30
50 -GTGGACGGGTCGATGTCAC-30
50 -TGACCTCAACTACATGGTCTACA-30
50 -CTTCCCATTCTCGGCCTTG-30
50 -TCGCTCAGGGTCACAAGAAA-30
50 -CATCAGAGGCAAGGAGGAAAAC-30
50 -CAATTTCTCATGCCGCACAG-30
50 -AGCTGGAAGATCGAAAGTCCG-30
50 -GAGAGTAACGGCCTTTTTGTGA-30
50 -GCTGTGCGAGTTGAGTGGAT-30
50 -GACAGCATCACCGGGTTCG-30
50 -CTCATTCACCACCTTGGGATTTT-30
50 -TGGCCCTGAGTGTCATGTG-30
50 -CTCTTGTAGCTCATAGATGGTGC-30
50 -TGCGTTGCTCTGGAGATAGA-30
50 -CAGAGTAGTGGGGCAGATGG-30
50 -TTAGCTCAGTAGGTTGTGCTGCTGG-30
50 -ACAATGTTTCCCCAGAGAGCA-30
50 -AGGCTGCCCCGACTACGT-30
50 -GACTTTCTCCTGGTATGAGATAGCAAA-30
50 -TGAACCCAAACAGAGGCAGAGT-30
50 -GGTATCCCATCACTTGAGCAGG-30
50 -CTCACCATTATATTGCTGCCTGT-30
50 -TCTCTTTGCCATAGCGTTTTTCT-30
50 -GAACCATCAGGACACATGGAAA-30
50 -GGAGCCATAGCCTTGGGT-30
50 -TTTAAAGAGTACCTTTCGGGTCA-30
50 -CAAGAGAACAAACAGTCGGTCA-30
50 -AAGGCGCGGGTTCTGTTTT-30
50 -GCTCTGTCCGCTTCTTGAATC-30
50 -CATTCTGAGCATTAGTGACGAGG-30
50 -CTGCCTGAACACGTCCACAT-30
50 -GCGCCTCCATCAGTCTTTG-30
50 -ATTCATCTGTGCGGTACGCTC-30
50 -GCGTAAACGCTTCGAGATGTT-30
50 -TTTTTATGGCGGGAAGTAGACTG-30
50 -CTTCGGGAGGCTGTGTATCG-30
50 -CACCATTCCAGAACTGAGAGC-30
50 -TTCTGCCTTACTCAATACGGGT-30
50 -AGGGCACTTCAACATTGCTCT-30
50 -CTGCATCAGTGTTATCTCGGC-30
50 -CACCAGAACCAGCAACTCCTA-30
50 -CTGTGGATTTTCGGGTACGG-30
50 -CCCCTATGGAAGGTGTCTCC-30
50 -GGTCTGCGCTATAACAAACTCT-30
50 -CATGACACTGCCTGACTCACA-30
50 -CATCAACGACTCTGTTGTAGACC-30
50 -CGCTGGATACAGGATTGCGG-30

Western Blot Analysis

Cars

Proteins were extracted from mouse liver or intestine tissue
samples. Protein concentrations were determined with a
Pierce BCA Protein Assay Kit (Thermo Scientiﬁc, Waltham, MA). Primary antibodies and secondary antibodies
linked with horseradish peroxidase were used for detection
as previously described.5,6,15

Got1

Statistical Analysis

Atp5G3

Statistical signiﬁcance between two groups was determined
with a two-tailed t-test, and statistical signiﬁcance between
multiple groups was determined with one-way analysis of
variance, followed by a Tukey post hoc test with the use of
GraphPad Prism software version 8 (GraphPad Software Inc.,
San Diego, CA). Data were presented as means  SEM;
P < 0.05 was considered to be statistically signiﬁcant.

Chac1

Results

Western blotting analyses conﬁrmed the removal of intestinespeciﬁc SIRT1 protein in mice (Figure 1A and Supplemental
Figure S1A). The protein levels of hepatic SIRT1 in SIRT1iKO mice was normal (Supplemental Figure S1, B and C).
Hematoxylin and eosin histologic analysis revealed that
removal of intestinal SIRT1 in mice did not alter intestinal
morphologic structure (Supplemental Figure S1D).8,9

Ablation of Intestine-Speciﬁc SIRT1 Protects Mice from
Ethanol-Induced Liver Injury
Consistent with published ﬁndings,8,9 the SIRT1iKO mice on
the C57BL/6 background appeared healthy under a chow diet.
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Tp53
Acsf2
Ireb2

Gls2
Slc1a5

F, forward; R, reverse.
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Figure 1

Intestinal sirtuin 1 (SIRT1) deﬁciency protects mice from ethanol (E)-induced liver injury. Female SIRT1 intestinal-speciﬁc knockout (Sirt1iKO)
and wild-type (WT) mice were fed an ethanol-containing diet for 10 days, followed by single gavage of ethanol. Sirt1iKO and WT control mice were fed control
diets without ethanol for 10 days, followed by a single gavage of maltose. A: Western blot analysis of intestinal SIRT1. B: Serum alanine transaminase (ALT). C:
Serum aspartate aminotransferase (AST). D: Liver triglycerides (TGs). E: Liver cholesterol. F: Hematoxylin and eosin of liver sections. Data are expressed as
means  SEM. n Z 4 to 9 mice. *P < 0.05 versus pair-fed WT mice; yP < 0.05 versus ethanol-fed WT mice; zP < 0.05 versus intestinal SIRT1 knockout
(SIRT1iKO) mice. Original magniﬁcation, 200. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

The involvement of intestinal SIRT1 in ethanol-induced
liver damage was studied by challenging female SIRT1iKO
and WT mice with ethanol.14 In comparison with the WT
controls, serum ALT levels were increased by approximately ﬁvefold in the ethanol-fed SIRT1iKO mice
(Figure 1B). However, the elevation of serum ALT associated with ethanol feeding in the SIRT1iKO mice was
attenuated to nearly the levels of WT control mice
(Figure 1B). Concordantly, the levels of serum AST in the
ethanol-fed SIRT1iKO mice were reduced to lower than that
in WT mice fed with or without ethanol (Figure 1C).
Hepatic triglyceride concentrations were increased in
ethanol-fed WT and ethanol-fed SIRT1iKO mice to the same
extent as WT control mice (Figure 1D). Hepatic cholesterol
concentrations were also similar in both ethanol-fed WT and
ethanol-fed SIRT1iKO mice (Figure 1E). Liver histologic
analysis conﬁrmed similar steatosis in both WT and SIRT1iKO mice after ethanol consumption, suggesting that
ethanol-induced hepatic lipid accumulation in mice may be
independent of intestine-speciﬁc SIRT1 (Figure 1F). Taken
together, these results demonstrated that intestinal SIRT1
deﬁciency ameliorated the ethanol-induced liver injury
without signiﬁcant alterations in steatosis in mice.

Intestinal SIRT1 Deﬁciency Alleviates Inﬂammation in
Ethanol-Fed Mice
SIRT1 is a master repressor of inﬂammation in multiple
organs, including liver and small intestine.7e13 It was
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investigated whether intestinal SIRT1 deﬁciency had any
impacts on the ethanol-induced hepatic and intestinal inﬂammatory responses in mice.
MPO activity was robustly increased in the livers of
ethanol-fed WT mice compared with WT controls
(Figure 2A). Ethanol feeding to SIRT1iKO mice decreased
the hepatic MPO activity to the levels of WT control mice
(Figure 2A). Although MPOþ neutrophils inﬁltrated the
livers of ethanol-fed WT mice signiﬁcantly higher than WT
controls, the neutrophil inﬁltration was greatly diminished
in the livers of ethanol-fed SIRT1iKO mice compared with
ethanol-fed WT mice (Figure 2B). Ethanol-fed SIRT1iKO
mice also exhibited the lowest mRNA levels of hepatic
neutrophil marker lymphocyte antigen 6 complex, locus G
(Ly6G) among all groups (Figure 2C). It is important to note
that the hepatic Ly6G mRNA levels were higher in
SIRT1iKO mice on a control diet than WT control mice
(Figure 2C).
The mRNAs of hepatic tumor necrosis factor-a (TNF-a),
inducible nitric oxide synthase (iNOS), IL-1b, vascular cell
adhesion molecule (VCAM)-1, and intercellular adhesion
molecule (ICAM)-1 were higher in the ethanol-fed WT mice
than in the WT controls (Figure 2D). However, mRNAs for
these inﬂammatory cytokines were attenuated in the livers
of ethanol-fed SIRT1iKO mice compared with WT control
or ethanol-fed WT mice (Figure 2D). In comparison with
WT controls, ethanol feeding to WT mice markedly
increased mRNAs of intestinal iNOS and TNF-a
(Figure 2E). The mRNA levels of intestinal inducible nitric
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Figure 2 Intestinal sirtuin 1 (SIRT1) deﬁciency ameliorates hepatic inﬂammation in ethanol (E)-fed mice. Mice were fed as described in Figure 1. A:
Hepatic myeloperoxidase (MPO) activity. B: Liver MPO staining of liver sections. Arrows indicate MPO-positive cell staining. Insets magnify local staining
details. C: Relative mRNA levels of Ly6G. D and E: Relative mRNA levels of hepatic (D) and intestinal (E) vascular cell adhesion molecule (VCAM), tumor necrosis
factor (TNF)-a, inducible nitric oxide synthase (iNOS), IL-1b, and intercellular adhesion molecule (ICAM). Data are expressed as means  SEM. n Z 4 to 9
mice. *P < 0.05 versus pair-fed wild-type (WT) mice; yP < 0.05 versus ethanol-fed WT mice; zP < 0.05 versus intestinal SIRT1 knockout (SIRT1iKO) mice.
Original magniﬁcation: 200 (main images); 400 (insets).

oxide synthase and tumor necrosis factor-a were diminished
in the SIRT1iKO mice after the ethanol feeding (Figure 2E).
However, the mRNAs for intestinal VCAM-1 and IL-1b
and ICAM-1 were not altered by the ethanol feeding to
SIRT1iKO mice in contrast to ethanol-fed WT mice
(Figure 2E). These results demonstrated that SIRT1iKO
mice were partially resistant to the ethanol-induced hepatic
and intestinal inﬂammation, particularly hepatic neutrophilic
inﬂammation.

Intestinal SIRT1 Deﬁciency Blocks the Ability of
Ethanol to Induce LCN2 and SAA1 in Mice
LCN2 and SAA1 are two major players in inﬂammation and
tissue injury, especially in ethanol-induced liver damage.12,16e20 Thus, we hypothesized that LCN2 and SAA1
might be involved in the diminished inﬂammatory process
and hepatic improvement in the ethanol-fed SIRT1iKO
mice.
The serum levels of LCN2 and SAA1 were markedly
increased in the ethanol-fed WT mice compared with the
WT controls (Figure 3, A and B). SIRT1iKO mice on a
control diet also displayed signiﬁcantly higher serum concentrations of LCN2 and SAA1 than the WT controls
(Figure 3, A and B). Strikingly, the ethanol feeding to
SIRT1iKO mice reduced serum LCN2 and SAA1 to nearly
the levels of WT control mice (Figure 3, A and B).
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The mRNA and protein expression levels of hepatic and
intestinal LCN2 and SAA1 were examined in these mice. In
comparison with WT control mice, mRNA and protein
levels of hepatic and intestinal LCN2 and SAA1 were
elevated in WT mice after the ethanol administration
(Figure 3, CeF, and Supplemental Figure S2, AeD). In line
with lower circulating levels of LCN2 and SAA1, gene and
protein expression levels of hepatic and intestinal LCN2 and
SAA1 were reduced by feeding ethanol to SIRT1iKO mice
compared with WT or ethanol-fed WT mice (Figure 3,
CeF, and Supplemental Figure S2, AeD). Taken together,
these results showed that intestinal SIRT1 deﬁciency
blocked the ability of ethanol to induce gene and protein
expression and circulation of hepatic and intestinal LCN2
and SAA1 in mice.

Intestinal SIRT1 Deﬁciency in Mice Ameliorates the
Ethanol-Induced Iron Metabolism Dysfunction
Iron metabolism dysfunction is implicated in the pathogenesis of ALD. To dissect mechanisms underlying the
protective effects of SIRT1iKO mice, hepatic iron contents
were measured.
Consistent with our recent ﬁndings, hepatic concentrations of iron (Fe) and ferrous (Fe2þ) in ethanol-fed WT
mice were signiﬁcantly increased in comparison with WT
control mice (Figure 4A). However, intestinal SIRT1
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Figure 3

Intestinal sirtuin 1 (SIRT1) deﬁciency reduces circulating levels of lipocalin-2 (LCN2) and serum amyloid A1 (SAA1) in the ethanol (E)administrated mice. Mice were fed as described in Figure 1. A: Serum levels of LCN2. B: Serum levels of SAA1. C: Relative mRNA levels of hepatic LCN2 and
SAA1. D: Western blot analysis of hepatic LCN2 and SAA1. E: Relative mRNA levels of intestinal LCN2 and SAA1. F: Western blot analysis of intestinal LCN2 and
SAA1. Data are expressed as means  SEM. n Z 4 to 9 mice. *P < 0.05 versus pair-fed wild-type (WT) mice; yP < 0.05 versus ethanol-fed WT mice; zP < 0.05
versus intestinal SIRT1 knockout (SIRT1iKO) mice.

deﬁciency normalized the ethanol-mediated elevation of
hepatic iron (Fe) and ferrous (Fe2þ) levels to nearly that of
WT control levels (Figure 4A). Consistently, Prussian blue
staining showed that ethanol feeding to WT mice caused a
prominent hepatic iron staining compared with WT controls, whereas less iron staining was spotted in ethanol-fed
SIRT1iKO mice (Figure 4B). The hepatic iron (Fe) was
slightly increased in the SIRT1iKO mice fed a control diet
compared with WT control mice, although without reaching statistical signiﬁcance (Figure 4, A and B). Intestinal
SIRT1 deﬁciency did not alter intestinal iron concentrations
in mice fed with or without ethanol (Supplemental
Figure S2E).
The mRNA levels of CDGSH iron sulfur domain (CISD)
1 and CISD2, two redox active iron-sulfur (2Fe-2S) proteins
involved in the ethanol-induced abnormality of iron metabolism, were next analyzed.5 Although ethanol feeding to
WT mice did not alter hepatic CISD1 mRNA abundance
compared with WT control mice, ethanol-fed SIRT1iKO
mice exhibited the lowest mRNA levels of hepatic CISD1 in
comparison with the other three groups (Figure 4C).
Although hepatic CISD2 mRNA levels were signiﬁcantly
higher in the ethanol-fed WT mice, ethanol feeding to
SIRT1iKO mice reduced hepatic CISD2 mRNA levels to
nearly that of the WT control levels (Figure 4C). Similarly,
intestinal CISD1 and CISD2 mRNA levels were the lowest
in the ethanol-fed SIRT1iKO mice compared with their
respective other three groups (Figure 4D). Taken together,
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the results demonstrated that intestinal SIRT1 deﬁciency
ameliorated the ethanol-induced iron metabolism dysfunction by attenuating accumulation of hepatic iron in mice.

Intestinal SIRT1 Deﬁciency Inhibits Hepatic
Ferroptosis in Ethanol-Administrated Mice
Ferroptosis is a new form of iron-dependent programed cell
death characterized by the formation of lethal lipid peroxidation.21,22 In liver, iron is vital in ferroptosis.21,22 Therefore, we hypothesized that attenuated hepatic accumulation
of iron in the ethanol-fed SIRT1iKO mice might mitigate
ferroptosis and, consequently, reduce inﬂammation and liver
injury. Known biomarkers of ferroptosis, including hepatic
lipid peroxidation, GSH, the ratio of NADPþ/NADPH, and
GPX activity were determined.15,21e23
Ethanol feeding to WT mice signiﬁcantly elevated levels
of hepatic MDA, a lipid peroxidation end product
(Figure 5A). However, the MDA levels in ethanol-fed
SIRT1iKO mice were reduced to the WT control levels
(Figure 5A). In comparison with the WT controls, liver
GSH contents were signiﬁcantly reduced in ethanol-fed WT
mice, but were slightly increased in SIRT1iKO control mice
(Figure 5B). Strikingly, hepatic GSH levels were robustly
increased in the ethanol-fed SIRT1iKO mice compared with
all other groups (Figure 5B). Accordingly, liver NADPþ/
NADPH ratio in ethanol-fed SIRT1iKO was highest
compared with all other groups (Figure 5C). In comparison
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Figure 4

Intestinal sirtuin 1 (SIRT1) deﬁciency ameliorates aberrant iron homeostasis in ethanol (E)-fed mice. Mice were fed as described in Figure 1. A:
Liver iron (Fe) and ferrous (Fe2þ) concentrations. B: Prussian Blue staining of liver sections. Arrows indicate iron-positive cell staining. Boxed areas indicate
local staining details, magniﬁed in the insets. C: Relative mRNA levels of hepatic CISD1 and CISD2. D: Relative mRNA levels of intestinal CISD1 andCISD2. Data
are expressed as means  SEM. n Z 4 to 9 mice. *P < 0.05 versus pair-fed wild-type (WT) mice. Original magniﬁcation: 200 (main images); 400 (insets).
CISD, CDGSH iron sulfur domain; iKO, intestinal SIRT1 knockout.

with WT control mice, hepatic GPX activity was signiﬁcant
decreased by feeding ethanol to WT or SIRT1iKO mice to a
similar extent, suggesting involvement of GPX4independent mechanisms in mediating effects of intestinal
SIRT1 deﬁciency on ethanol-induced ferroptosis
(Figure 5D).
To further dissect mechanisms underlying the attenuated
ferroptosis in the livers of ethanol-fed SIRT1iKO mice,
hepatic mRNA levels of several molecules that have been
implicated in promoting ferroptosis were analyzed by
quantitative real-time PCR.20e36 In comparison with WT
control mice, ethanol feeding to WT mice signiﬁcantly
elevated the mRNAs of genes encoding Acyl-CoA synthetase family member 2, glutathione-speciﬁc gammaglutamylcyclo transferase 1, glutaminase 2, and iron-responsive
element binding protein 2 (Figure 6A). Ethanol feeding also
increased, but without reaching statistical signiﬁcance for
mRNAs encoding tumor protein 53, Cysteinyl tRNA synthetase, Solute carrier family 1 member 1 in ethanol-fed WT
mice compared with WT controls (Figure 6A). Furthermore,
in comparison with WT controls, mRNAs for acyl-CoA
synthetase long-chain family member 4, nuclear receptor
coactivator 4, dipeptidyl-dippeptidase-4, ribosomal protein
L8, glutamic-oxaloacetic transaminase 1, ATP synthase, Hþ
transporting, mitochondrial Fo complex subunit C3 (subunit
9) were either unchanged or slightly reduced in ethanol-fed
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WT mice (Figure 6B). Strikingly, intestinal SIRT1 deﬁciency effectively attenuated mRNAs of all above molecules
to levels signiﬁcantly lower than those in WT control or
ethanol-fed WT mice (Figure 6). Collectively, these results
supported the hypothesis that intestinal SIRT1 deﬁciency
mitigated hepatic ferroptosis and alleviated the liver damage
in mice after ethanol challenge.

Discussion
The present study uncovered a previously unknown detrimental role of intestine-speciﬁc SIRT1 in ethanol-induced
liver inﬂammation and injury. Intestinal SIRT1 deﬁciency
drastically attenuated circulating levels of LCN2 and SAA1,
two pivotal proinﬂammatory molecules, contributing to a
diminished hepatic inﬂammatory response and protected
mice from liver injury after ethanol consumption. Mechanistically, intestinal deﬁciency of SIRT1 alleviated the
ethanol-induced liver injury in mice by ameliorating
dysfunctional iron metabolism, enhancing GSH levels,
elevating NADPþ/NADPH contents, attenuating lipid peroxidation along with reduced expression of a panel of genes
involved in ferroptosis in mice after ethanol challenge. Our
ﬁndings suggest that the protective effect of intestinal
SIRT1 deﬁciency against the ethanol-induced liver
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Figure 5 Intestinal sirtuin 1 (SIRT1) deﬁciency mitigates hepatic ferroptosis in the ethanol
(E)-fed mice. Mice were fed as described in
Figure 1. A: Liver malondialdehyde (MDA) contents. B: Liver glutathione (GSH) contents. C:
Hepatic NADPþ/NADPH. D: Liver glutathione
peroxidase (GPX) activity. Data are expressed as
means  SEM. n Z 4 to 9 mice. *P < 0.05 versus
pair-fed wild-type (WT) mice; yP < 0.05 versus
ethanol-fed WT mice. iKO, intestinal SIRT1
knockout.

inﬂammation and injury is, at least partially, mediated by
inhibition of hepatic ferroptosis (Figure 7).
Ethanol-fed WT mice displayed ferroptosis-based panel of
biomarkers such as iron overload, lipid peroxidation, inhibition of GPX activity, induction of the ferroptosis-related
gene expression, and inﬂammation, supporting that ethanol is
capable of regulating hepatic ferroptotic machinery. However, it remains unsolved how ethanol involves in hepatic
ferroptosis. The regulatory mechanisms of ferroptosis are
complicated and incompletely understood. Multiple factors
in iron and redox metabolism contribute to ferroptosis.
For instance, small molecule erastin activates ferroptosis
by depleting cysteine, inhibiting GSH synthesis, and
inactivating GPX4.21,22 Iron also plays a driving role in hepatic ferroptosis.21,22 Furthermore, iron-induced ferroptosis
is distinctly different from erastin-induced ferroptosis in
liver.22 Thus, it is tempting to speculate that a combination of
iron overload and increased lipid peroxidation along with
attenuation of GSH concentration and GPX activity and induction of multiple ferroptosis-related molecules may be
sufﬁcient to steer the ferroptosis signaling cascades and ultimately induce liver injury in ethanol-fed WT mice.
Sex-speciﬁc susceptibility to ALD is well documented.1e3 Clinical and animal models have demonstrated that females experience more extensive liver injury
than males. Our preliminary studies revealed that, unlike
female SIRT1iKO mice, intestinal SIRT1 deﬁciency had
minimal effects on the liver damage in male mice in
response to ethanol challenge (M. You, unpublished
observation). Of interest, augmented iron concentrations
were found in the livers of ethanol-fed female mice
compared with ethanol-fed male mice.15,37 It is possible
that the sex-speciﬁc responses in hepatic iron contents may
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lead to the sex differences in ferroptosis and liver damage
in mice after ethanol challenge. The detailed mechanisms
underlying sex differences in ferroptosis and their relationship with ethanol-induced liver damage are currently
under investigation in our laboratory.
Another interesting ﬁnding of our study is the lower
mRNA expression levels of CISD1 and CISD2 in the livers
of ethanol-fed SIRT1iKO. CISD1 protein levels were also
substantially reduced in the livers of ethanol-fed SIRT1iKO
mice compared with WT control mice (M. You, unpublished observations). CISD1 and CISD2 are pivotal regulators of iron metabolism.38 Owing to [2Fe-2S] clusters,
CISD1 and CISD2 can be sources of cellular free iron.38 In
addition, CISD1 and CISD2 are known regulators of ferroptosis in cultured cancer cells.39,40 The ethanol-induced
hepatic iron overload may be mediated through releasing
[2Fe-2S] clusters in CISD1 and/or in CISD2. In this scenario, intestinal SIRT1 deﬁciency may attenuate hepatic
CISD1 and/or CISD2 protein, which, in turn, block the
ability of ethanol to release [2Fe-2S] clusters to induce iron
accumulation and to generate ROS, ultimately mitigating
ferroptosis.
This study suggests that LCN2eSAA1 axis may serve as
a pivotal endocrine mediator in the cross-communications
between gut and liver in mice after ethanol intake. The
diminished LCN2eSAA1 axisemediated signaling could
be a major contributing factor to improvements observed in
the livers of ethanol-fed SIRT1iKO mice. LCN2 is an
important regulator in iron metabolism.41 The ability of
LCN2 to regulate iron metabolism depends on whether
LCN2 is bound to iron-laden siderophores.41 The ironloaded LCN2-siderophore (Holo-LCN2) serves as an iron
donor and is required for delivery of iron to cells/tissues. On
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Figure 6

Intestinal sirtuin 1 (SIRT1) deﬁciency mitigates expression of hepatic ferroptosis-inducing genes in the ethanol (E)-fed mice. Mice were fed as
described in Figure 1. A and B: Relative hepatic mRNA levels of Tp53, Acsf2, Cars, Ireb2, Chac1, Gls2, and Slc1a5 (A) and Acsl4, Ncoa4, DPP4, Rpl8, Cot1, and
ATP5G3 (B). Data are expressed as means  SEM. n Z 4 to 9 mice. *P < 0.05 versus pair-fed wild-type (WT) mice; yP < 0.05 versus ethanol-fed WT mice;
z
P < 0.05 versus intestinal SIRT1 knockout (SIRT1iKO) mice.

the contrary, the LCN2esiderophore complex without iron
(Apo-LCN2) functions as an iron chelator and chelates iron
from cells/tissues. Ethanol-mediated hepatic iron overload
may be, at least in part, mediated by increasing generation
of Holo-LCN2. In this scenario, intestinal SIRT1 deﬁciency
may reduce hepatic iron concentrations by attenuating HoloLCN2 or increasing generation of Apo-LCN2. Given that
LCN2 and SAA1 are concomitantly up-regulated by
ethanol, it is likely that ethanol may also trigger hepatic
ferroptosis indirectly via a LCN2eSAA1 axisemediated
iron deposition. Furthermore, LCN2 drives ethanol-

Figure 7 Schematic diagram of proposed mechanisms that underlie the
protective effects of intestinal sirtuin 1 (SIRT1) deﬁciency against the
ethanol-induced ferroptotic liver damage. Fe, iron; Fe2þ, ferrous; GSH,
glutathione; LCN2, lipocalin 2; SAA1, serum amyloid A1.
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mediated neutrophilic inﬂammation in rodents and
humans.18 Ferroptotic cell death is associated with neutrophil inﬂammation.42 Thus, the lower level of LCN2 in the
ethanol-fed SIRT1iKO mice might be a response for the
iron deprivation, attenuated neutrophilic information, and
diminished ferropotic liver injury. Further studies are
needed to investigate whether and how the LCN2eSAA1
signaling is involved in regulating iron metabolism and
ferroptosis process in the context of experimental ALD.
It is intriguing that SIRT1iKO mice on a control diet
exhibited higher levels of circulating LCN2 and SAA1
compared with WT control mice. Intestinal SIRT1 regulates
gut microbiota and is involved in inﬂammatory process.8
Gut microbiota is involved in regulating LCN2 and
SAA1.43,44 It is logical to speculate that the intestinal SIRT1
deﬁciencyeinduced alteration of gut microbiota may
contribute to the elevated levels of circulating LCN2 and
SAA1 in SIRT1iKO mice on a control diet.
In contrast to hepatic deﬁciency of SIRT1,12 which
exacerbated experimental alcoholic steatohepatitis, deletion of intestinal SIRT1 protected mice from the ethanolinduced liver damage, highlighting the cell-/tissue-speciﬁc
nature of SIRT1 functions in alcoholic steatohepatitis.
SIRT1 in intestinal tract has major impacts on gut
microbiome.7e9 Alcohol intake impairs intestinal microbiota and alters gut microbiota composition, thereby
contributing to liver dysfunctions.4 Intestinal SIRT1 deﬁciency may normalize intestinal microbiota or restore the
symbiotic balance in the ethanol-fed mice and attenuate
inﬂammation and ultimately protect mouse liver from the
damaging effects of ethanol.
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Conclusions
The evidences provided in this study suggest a detrimental
role of intestine-speciﬁc SIRT1 in alcohol-induced liver
inﬂammation and injury. We have identiﬁed a novel
guteliver interaction in ALD. More important, we have
demonstrated that the iron-driven ferroptosis is involved in
the development and progression of alcoholic steatohepatitis. Our ﬁndings suggest that reducing iron accumulation
with iron chelators or inhibiting ferroptosis in liver may be
plausible therapeutic approaches to alleviate ethanolinduced liver damage in humans.
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