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Abstract

Background and Aims: Alcohol-associated liver disease (ALD) accounts

for 70% of liver-related deaths in Europe, with no effective approved

therapies. Although mitochondrial dysfunction is one of the earliest

manifestations of alcohol-induced injury, restoring mitochondrial activity

remains a problematic strategy due to oxidative stress. Here, we identify

methylation-controlled J protein (MCJ) as a mediator for ALD progression

and hypothesize that targeting MCJ may help in recovering mitochondrial

fitness without collateral oxidative damage.

Approach and Results: C57BL/6 mice [wild-type (Wt)] Mcj knockout and

Mcj liver-specific silencing (MCJ-LSS) underwent the NIAAA dietary protocol

(Lieber-DeCarli diet containing 5% (vol/vol) ethanol for 10 days, plus a single

binge ethanol feeding at day 11). To evaluate the impact of a restored

mitochondrial activity in ALD, the liver, gut, and pancreas were charac-

terized, focusing on lipid metabolism, glucose homeostasis, intestinal per-

meability, and microbiota composition. MCJ, a protein acting as an

Abbreviations: 4HNE, 4-hydroxynonenal; APAP, Acetaminophen); Acc, Acetyl-CoA carboxylase; Ap-1, Activator protein-1; Acadl, Acyl-CoA Dehydrogenase Long
Chain; ALT, Alanine aminotransferase; Adh1, Alcohol dehydrogenase; AH, alcohol-associated hepatitis; ALD, alcohol-associated liver disease; ASH, alcohol-
associated steatohepatitis; Aldh2, Aldehyde dehydrogenase 2; AMPK, AMP-activated protein kinase; AST, Aspartate aminotransferase; Chrebp, Carbohydrate-
responsive element-binding protein; Cpt1a, Carnitine Palmitoyltransferase 1A; Ccl2, C-C Motif Chemokine Ligand 2; Ccl5, C-C Motif Chemokine Ligand 5; CLR,
Central Log-Ratio; Cxcl1, C-X-C Motif Chemokine Ligand 1; Cyp2e1, Cytochrome P450 Family 2 Subfamily E Member 1; DHE, Dihydroethidium; Dnm1l, Dynamin like
1; FasN, Fatty acid synthase; Fatp2, Fatty acid transport protein 2; FITC, Fluorescein isothiocyanate; GTT, Glucose tolerance test; GAPDH, Glyceraldehyde 3-
phosphate dehydrogenase; Ho-1, Heme oxygenase-1; Hamp, Hepcidin antimicrobial peptide; iNOS, Inducible nitric oxide synthase; IPA, Ingenuity pathway analysis;
Il-1b, Interleukin 1 beta; Il-10, Interleukin-10; IPGTT, Intraperitoneal glucose tolerance test; LPS, Lipopolysaccharide; LT, Liver transplantation; mTOR, Mammalian
target of rapamycin; MCJ-KO, Mcj knockout; MCJ-LSS, Mcj liver-specific silencing; MCJ, Methylation-controlled J protein; Mff, Mitochondrial fission factor; Fis1,
Mitochondrial fission protein 1; Mfn, Mitofusin; NIAAA, National Institute on Alcohol abuse and Alcoholism; OPA1, mitochondrial dynamin like GTPase (Opa1); Prkn,
Parkin; Ppara, Peroxisome proliferator-activated receptor alpha; Pparg, Peroxisome proliferator-activated receptor gamma; Pgc1a, Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; Pink1, PTEN induced kinase 1; ROS, Reactive oxygen species; Sqstm1, Sequestosome1; Sirt1, Sirtuin 1; Srebp, Sterol
regulatory element-binding protein 1; SDH2, Succinate dehydrogenase 2; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; Tlr, Toll-Like
receptor; Tlr4, Toll-Like receptor 4; Tfam, Transcription factor A, mitochondrial; Tnf, Tumor necrosis factor; Wt, Wild-type; ZO-1, Zonula occludens
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endogenous negative regulator of mitochondrial respiration, is down-

regulated in the early stages of ALD and increases with the severity of the

disease. Whole-body deficiency of MCJ is detrimental during ALD because it

exacerbates the systemic effects of alcohol abuse through altered intestinal

permeability, increased endotoxemia, and dysregulation of pancreatic

function, which overall worsens liver injury. On the other hand, liver-specific

Mcj silencing prevents main ALD hallmarks, that is, mitochondrial dysfunc-

tion, steatosis, inflammation, and oxidative stress, as it restores the NAD+/

NADH ratio and SIRT1 function, hence preventing de novo lipogenesis and

improving lipid oxidation.

Conclusions: Improving mitochondrial respiration by liver-specific Mcj

silencing might become a novel therapeutic approach for treating ALD.

INTRODUCTION

Alcohol-associated liver disease (ALD) contributes
significantly to the global burden of liver diseases[1,2]

and represents the second most common indication for
liver transplantation (LT) worldwide.[3] Currently, perma-
nent abstinence at early stages and LT at more
advanced stages are the unique options for these
patients.[4] Therefore, a better understanding of the
mechanisms mediating the initiation and progression of
this disease is vital, enabling the development of a
targeted therapy to treat or prevent it.

One of the earliest manifestations of hepatocyte
injury caused by alcohol is morphological and functional
changes in the mitochondria.[5] Following the use of
alcohol, the mitochondria increase oxygen consump-
tion, in part as an adaptive response to oxidize the toxic
metabolite acetaldehyde more rapidly and to increase
NAD+ supply for alcohol metabolism.[5] However, these
results in the formation of reactive oxygen species
(ROS) that alter mitochondrial activity and other signal-
ing pathways, leading to fat accumulation and
inflammation.[6] Consequently, preventing mitochondrial
dysfunction may be the firewall to delay or even stop
ALD progression.

Although alcohol abuse mainly affects the liver, ALD
is indeed a multisystemic disease.[7] Acetaldehyde
alters the gut barrier integrity and facilitates the trans-
location of bacterial products to the organism,[8] which
may affect other organs, such as the pancreas, even in
those patients with early ALD.[7] This highlights the
relevance of avoiding imbalances in alcohol metabolism
and maintaining mitochondrial homeostasis.

In this context, methylation-controlled J protein
(MCJ), also known as DnaJC15, is an endogenous
negative regulator of mitochondrial activity, as it
interacts with and inhibits the mitochondrial complex
I.[9] Its absence leads to increased respiration and ATP

synthesis, and stimulates the formation of respiratory
supercomplexes, thereby limiting the production of
ROS.[9–11] MCJ seems dispensable under homeostatic
conditions, and no altered phenotype is observed in Mcj
knockout (MCJ-KO) mice.[10] We have previously
shown that silencing of MCJ by specific GalNAc-siRNA
molecules enhances mitochondrial activity and ATP
synthesis and results in decreased ROS generation and
cell damage in NASH and DILI.[10,12]

In this study, we aimed to determine whether a lack
of MCJ would alleviate alcohol-induced liver injury and
halt its progression by preventing mitochondrial dys-
function. Surprisingly, following the NIAAA model
developed by Gao et al,[13] whole-body MCJ-KO mice
showed increased mortality due to a worst systemic
ethanol affection and pancreatic dysfunction caused by
endotoxemia. However, MCJ liver-specific silencing
(MCJ-LSS) proved to be hepatoprotective, as it reduced
hepatic injury and facilitated liver regeneration. Alto-
gether, results obtained from liver-specific Mcj silencing
further support the possibility of targeting mitochondrial
dysfunction as a therapeutic approach to ameliorate
ALD and accompanying systemic complications.

METHODS

Human samples

A public data repository was used to analyze the
expression of MCJ in patients. Patient data were
included in the study by Argemi et al, (2019).[14] Patients
(n= 61) were divided into different clinically relevant
stage groups: (1) patients with early alcohol-associated
steatohepatitis (ASH), who were nonobese with high
alcohol intake, and presented mild elevation of trans-
aminases and histologic criteria of steatohepatitis (Early
ASH, N= 11); (2) patients with histologically confirmed
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nonsevere alcohol-associated hepatitis (AH) who were
biopsied before any treatment (Nonsevere AH, N= 11);
(3) patients with histologically confirmed AH who were
biopsied before any treatment (Severe AH, N= 18); and
(4) explants from patients with AH who underwent early
transplantation (Explant AH, N= 11). Samples from
these groups were compared with fragments of non-
diseased human livers (Control N=10). Patients with
malignancies were excluded from the study. Clinical
characteristics of this cohort are described in the study
by Argemi et al.[14]

Experimental design

The animal procedures were performed in accordance
with the European Research Council for animal care and
use and the National Institute of Health Guide For Care
and Use of Laboratory Animals. The maximum authority
of the Country Council of Bizkaia and the Institutional
Animal Care and Use Committee of CIC bioGUNE
approved the animal procedures (REGA 48/901/000/
6106) (P-CBG-CBBA-218). MCJ-KO and wild-type (Wt)
mice were bred at the CIC bioGUNE AAALAC-accredited
animal facility. Adult (3-mo-old) male C57BL/6Jmice were
acquired from Charles River Laboratories and accommo-
dated into the AALAC-accredited CIC bioGUNE animal
facilities. All mice weremaintained at 21°C, 45% humidity,
and a 12/12 h light/dark cycle. Animal maintenance was
based on ad libitum access to water and the respective
diet. Experiments in this study employed the National
Institute on Alcohol abuse and Alcoholism (NIAAA)[13]

experimental model of ALD (Supplementary Methods,
http://links.lww.com/HEP/C649).

RESULTS

MCJ expression in human liver with severe
AH

Although mitochondrial dysfunction is known to play a
key role in the pathogenesis of ALD, to date, no studies
have investigated MCJ/DNAJC15 in ALD patients. To
this end, we compared MCJ expression in liver biopsies
from patients with early ASH, nonsevere and severe
AH, and explants undergoing LT. Our results showed
that, compared to healthy individuals, expression of
MCJ was downregulated in the early stages and
significantly increased in the explants of AH patients
undergoing LT (Figure 1A).

On the other hand, while none of the current animal
models can reproduce all major features of human ALD,
they remain a very useful tool to study this disease.[15]

Following the NIAAA dietary model (Supplemental
Figure 1a, http://links.lww.com/HEP/C648), which is
used to study early stages of alcohol steatohepatitis,[13]

we measured downregulated hepatic MCJ protein levels
(Figure 1B). Dysregulation of MCJ was further confirmed
using the DUAL dietary model by WB and gene
expression (Figure 1C, Supplemental Figure 1b, http://
links.lww.com/HEP/C648).[16]

In light of these results, we aimed to understand the
mechanism by which the expression of Mcj is regulated
after alcohol consumption. Mcj has been previously
reported to be epigenetically regulated in NAFLD.[12]

Therefore, we used bisulfite pyrosequencing to analyze
the DNA methylation status of a region of n base pairs
spanning its transcriptional start site. Absolute DNA
methylation level was heterogeneous among individual
CpG sites (Figure 1D). Of note, data analysis identified
2 CpG sites in which DNA methylation is higher in mice
exposed to alcohol than in control mice (Figure 1D),
which suggests that DNA methylation might play a role
in the downregulation of Mcj in response to alcohol
exposure.

Whole-body knockout of MCJ increased
ethanol consumption-induced liver injury

Based on previous studies that proved hepatoprotection
in MCJ-KO mice,[10,12,17,18] it was surprising to find
increased mortality in MCJ-KO mice (55%) compared to
Wt mice (15%) that were subjected to the NIAAA
protocol (Figure 2A). The histopathological evaluation
showed increased liver injury with more severe
steatosis, inflammation, and a final injury score of 3.7
in ethanol-fed MCJ-KO versus 2.3 obtained by ethanol-
fed Wt mice (Figure 2B). Significantly increased necrotic
areas, cleaved caspase-3, and TUNEL staining levels
were also observed in ethanol-fed MCJ-KO mice
(Figure 2C and Supplemental Figure 2a, http://links.
lww.com/HEP/C648), although no significant changes
were found for proapoptotic and antiapoptotic genes
(Supplemental Figure 2b, http://links.lww.com/HEP/
C648). Besides, serum ALT and bilirubin levels tended
to increase in MCJ-KO mice (Figure 2D, Supplemental
Fig 2c, http://links.lww.com/HEP/C648), while AST
remained unchanged (data not shown). In sum,
ethanol-fed MCJ-KO mice exhibit mildly increased
hepatocellular injury compared with ethanol-fed
Wt mice.

The study of lipid metabolism showed increased
hepatic steatosis in ethanol-fed MCJ-KO mice (Figure
2E, Supplemental Figure 2d, 2F, http://links.lww.com/
HEP/C648), together with an upregulated expression of
genes participating in lipid beta-oxidation and de novo
lipogenesis/accumulation, depicting an overall altered
metabolism (Supplemental Figure 2e, http://links.lww.
com/HEP/C648). Moreover, significantly increased
Glut2 expression levels were found in MCJ-KO mice
(Supplemental Figure 2d, http://links.lww.com/HEP/
C648). In line with previous results,[12] hepatic beta-
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oxidation was significantly enhanced in MCJ-KO mice
(Figure 2G).

Inflammation is another hallmark of ethanol-induced
liver injury.[19] No significant changes were observed
regarding the number or the composition of liver
infiltrating immune cells based on F4/80 staining (Sup-
plemental Figure 2d, http://links.lww.com/HEP/C648) and
flow cytometry (Supplemental Figure 2f, http://links.lww.
com/HEP/C648). In this line, NK cells, B cells, CD8+ T,
and CD4+T cells were the most represented populations,
with no evident changes between Wt and MCJ-KO mice.
Analysis of the expression of inflammatory cytokines just
revealed significantly increasedCcr2 levels in ethanol-fed
MCJ-KO mice (Supplemental Figure 2g. http://links.lww.
com/HEP/C648). Finally, we found no signs of liver
fibrosis in MCJ-KO mice (Supplemental Figure 2d, http://
links.lww.com/HEP/C648).

The metabolism of high concentrations of alcohol
results not only in acetaldehyde but also in the
production of ROS that alter mitochondrial activity and
other signaling pathways.[6] Analysis of the main

enzymes related to alcohol metabolism revealed
significantly increased Adh1 and Cyp2e1 mRNA levels
in MCJ-KO mice (Figure 2H), with a slight tendency
towards a reduced hepatic accumulation of both ethanol
and acetaldehyde (Supplemental Figure 2h, http://links.
lww.com/HEP/C648). As for ROS, MCJ-KO showed
higher levels of DHE staining, along with augmented
levels of 4HNE staining, a marker for lipid peroxidation,
as a consequence of increased hepatic steatosis and
ROS production (Figure 2I). We observed no
differences in the reduced (GSH)/oxidized (GSSG)
glutathione ratio, a potent antioxidant (Supplemental
Figure 2i, http://links.lww.com/HEP/C648). Finally, the
analysis of hepatic succinate dehydrogenase (SDH2)
activity (Figure 2J) and the oxygen consumption rate of
both complex I and complex II in isolated mitochondria
(Figure 2K) confirmed reduced mitochondrial function
on ethanol-fed MCJ-KO mice, together with down-
regulated expression of genes participating on
mitochondria quality control mechanisms, specifically
fusion, and mitophagy (Figure 2L).

F IGURE 1 MCJ expression is regulated in alcohol-associated liver injury. (A) Relative MCJ mRNA levels in liver biopsies from patients with
Early ASH (n= 11), Nonsevere AH (n=11), Severe AH (n=18), and Explanted AH (n=11), together with healthy control individuals (n=10).
Values represented as median ± range. U test was used to compare 2 groups. (B) Western blotting and densitometric quantification of MCJ in Wt
liver extracts with control (n=5) and NIAAA diet (n=5) and (C) with control (n= 7) and DUAL (n=7) diet. β-actin as a loading control. (D) CpG
islands methylation status analyzed by bisulfite pyrosequencing. *p< 0.05, **p< 0.01, and ****p<0.0001 versus control.
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F IGURE 2 Whole body MCJ-KO show increased liver injury after ethanol consumption. (A) Survived and Deceased Wt (Left panel) and MCJ-
KO (Right panel) mice following the NIAAA model. (B) Hepatic histopathological evaluation. (C) Quantification of Necrotic Areas (based on HE
staining), Cleaved Caspase-3 and TUNEL stained liver sections. (D) ALT and AST plasmatic levels. (E) Quantification of Sudan Red stained liver
sections. (F) Hepatic triglyceride content. (G) Hepatic fatty acid oxidation assay. (H) Heatmap showing the liver mRNA relative expression of
genes involved in alcohol metabolism: Adh1, Aldh2, and Cyp2e1. (I) Quantification and representative DHE and 4HNE stained liver sections. (J)
Hepatic SDH2 activity. (K) Oxygen consumption rate of mitochondrial complex I and complex II in freshly isolated hepatic mitochondria. (L)
Heatmap showing the liver mRNA relative expression of mitochondrial quality control genes: Tfam, Pgc1a, Mfn, Opa1, Fis1, Mff, Prkn, Pink1, and
Sqstm. (M) Hepatic LPS content. (N) Hepatic mRNA relative expression of genes involved in LPS recognition: Tlr, Ap-1, and Hamp. *p< 0.05,
**p<0.01, and ***p<0.001 versus Wt.
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The pathophysiology of ALD is closely related to the
effect of ethanol and its metabolites not only on the liver
but also on other organs such as the gut.[19] We found
significantly increased hepatic lipopolysaccharide (LPS)
concentrations, a Gram-negative bacteria-derived harm-
ful product (Figure 2M) that significantly elevated the
expression of Toll-like receptors (Figure 2N) involved in
recognition of LPS in ethanol-fed MCJ-KO mice,
suggesting an increased gut injury and presumably
endotoxemia.

Altogether, MCJ-KO mice showed increased mortal-
ity, liver injury, impaired mitochondrial respiration, and
an apparent gut injury following ethanol consumption.

Augmented intestinal permeability and
translocation of bacterial products in
ethanol-fed MCJ-KO mice

Alcohol leads to changes in the composition of the gut
microbiome, the disruption of the gut barrier, and
increased intestinal permeability, facilitating the trans-
location of microbial products.[20] Intestinal expression
of Mcj remained unchanged following the NIAAA model
(Figure 3A).

The histopathological evaluation of the colon showed
neither injury nor differences between control-fed Wt
and MCJ-KO mice, as shown[21] (Figure 3B). However,
it depicted focal ulceration, mononuclear cell infiltration,
and edema in the mucosa and the submucosa of MCJ-
KO mice, who displayed a mean injury score value of
3.42 versus 1.63 of Wt mice, indicating a more severe
lesion at the colon level (Figure 3B). Consistently, the
elevated expression of Tnf and Il-1ß (Figure 3C),
together with increased F4/80 staining levels in
ethanol-fed MCJ-KO mice (Figure 3D), confirmed that
whole-body lack of MCJ boosts a proinflammatory
response in the gut.

The V3-V4 regions of 16S rRNA amplicon sequenc-
ing identified alterations of the gut microbiota composi-
tion in ethanol-fed MCJ-KO mice, suggestive of
a dysbiosis event following ethanol consumption
(Figure 3E). Compared to Wt mice, higher levels of
Prevotella, a bacterium known to degrade mucin,
leading to gut barrier integrity disruption, and lower
abundance of Bifidobacteriaceae, Lactobacillaceae,
and Ruminococcaceae, which maintain mucosal
barrier integrity, were identified in ethanol-fed MCJ-KO
mice. The hypothesis of a dysbiotic event following
ethanol consumption is further supported by the
reduction of Ruminococcaceae and the increase of
Bifidobacteriaceae found in the gut microbiome of
control MCJ-KO mice compared to control Wt.

Indeed, evaluation of intestinal permeability with FITC-
labelled dextran showed higher serum levels in ethanol-
fed MCJ-KO mice (Figure 3F). Besides, reduced levels of
tight junction proteins (Zonula occludens) detected by

immunohistochemistry (Figure 3G) confirmed augmented
intestinal permeability and decreased junctional integrity
in these mice. In fact, higher serum levels of LPS were
measured in ethanol-fed MCJ-KOmice (Figure 3H), along
with an increased intestinal expression of Toll-like
receptors (Figure 3I).

Altogether, ethanol consumption caused a signifi-
cant dysbiosis event in ethanol-fed MCJ-KO mice,
inducing intestinal immune dysregulations, increas-
ing intestinal permeability, and facilitating the trans-
location of bacterial endotoxins. This “leaky” gut
might aggravate the hepatic injury and affect other
organs.

Dysregulation of pancreatic beta-cells and
hyperglycemia in ethanol-fed MCJ-KO mice

Chronic pancreatitis and endocrine dysfunctions are
common among individuals with alcoholism.[22,23]

Increased hepatic Glut2 expression (Supplemental
Figure 2d, http://links.lww.com/HEP/C648) along with
altered glucose levels in ethanol-fed MCJ-KO mice
suggested a possible pancreatic injury (Supplemental
Figure 3a, http://links.lww.com/HEP/C648).

Expression of Mcj was confirmed in both human
(Supplemental Figure 3b, http://links.lww.com/HEP/
C648) and mouse pancreatic islets (Supplemental
Figure 3c, http://links.lww.com/HEP/C648), without evi-
dent changes after alcohol insult. Following the ethanol
bolus at day 11, we performed an IP glucose tolerance
test (IPGTT), which revealed no differences between
control Wt and MCJ-KO mice. However, ethanol-fed
MCJ-KO mice were unable to handle their blood
glucose, reaching ≥ 600 mg/dL concentrations
(Figure 4A), which was accompanied by the death of
these animals. To elucidate whether MCJ-KO mice
already showed chronic pancreatic injury, an IPGTT
was performed at day 6, before the bolus. Ethanol-fed
MCJ-KO mice showed significantly higher glucose
levels, and they already exhibited worse glycemic
control (Supplemental. Figure 3d, http://links.lww.com/
HEP/C648). Accordingly, defective insulin secretion
was identified in ethanol-fed MCJ-KO mice compared
with Wt mice since insulin levels dropped significantly at
90 minutes of the IPGTT, matching with the start of the
hyperglycemic event (Figure 4B).

In accordance with reduced insulin levels, ethanol
consumption significantly decreased the number of
pancreatic islets, although we observed no differ-
ences between ethanol-fed groups (Supplemental
Figure 3e, http://links.lww.com/HEP/C648). Interest-
ingly, the histological evaluation of the pancreatic
islets showed an increasing trend in cleaved caspase-
3 staining and significantly increased iNOS levels
in ethanol-fed MCJ-KO mice (Figure 4C and
Supplemental. Figure 3f, http://links.lww.com/HEP/
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F IGURE 3 Increased intestinal permeability and translocation in ethanol-fed MCJ-KO mice. (A) Relative Mcj mRNA expression in gut tissue
from control and ethanol-fed Wt mice. (B) Gut histopathological evaluation. (C) Gut mRNA relative expression of Tnf and Il-1b. (D) Quantification
and representative F4/80 stained gut sections. (E) Central Log-Ratio (CLR) transformed abundance for the significant genera (FDR <10%) found
for the comparison between the gut microbiome of MCJ-KO mice versus Wt mice. For each genus, the distribution of the CLR-transformed is
represented for each of the 4 study groups using a combination of a violin plot for the general distribution and a boxplot for the summary
distribution, colored accordingly. (F) Serum FITC-Dextran levels. (G) Immunohistochemical representation of intestinal FITC-Dextran levels and
quantification and representative Zonula occludens stained gut sections. (H) Serum LPS content. (I) Gut mRNA relative expression of Tlr4.
*p<0.05, **p<0.01, and ***p<0.001 versus Wt.
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C648). We confirmed increased levels of cleaved
caspase-3 in pancreatic acinar cells following alcohol
consumption, without changes between ethanol-fed

groups (Supplemental Figure 3g, http://links.lww.com/
HEP/C648). Moreover, we found increased inflamma-
tory infiltration of immune CD4+T, CD8+T, and B cells

F IGURE 4 Augmented pancreatic injury and hyperglycaemia in ethanol-fed MCJ-KO mice. (A) Blood glucose levels and the resulting AUC
during the IPGTT (B) Insulin levels during the IPGTT. (C) Quantification and representative Cleaved caspase-3 and iNOS stained pancreatic beta
cell sections. (D) Pancreatic infiltrating total CD45+ cells and further characterization of CD4+, CD8+, and B cells populations using FACS. (E) ATP
content in isolated pancreatic islets. (F) Pancreatic SDH2 activity (G) A representative measurement of the oxygen consumption rate of freshly
isolated pancreatic islets. (H) In vitro static insulin release assay, using freshly isolated pancreatic islets. *p< 0.05, **p<0.01, and ****p<0.0001
versus Wt.
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in ethanol-fed MCJ-KO mice compared with Wt mice
(Figure 4D).

At the endpoint of the model, the pancreatic islets
were isolated, allowing the in vitro testing of their
functionality. As insulin secretion depends on ATP
production and Ca+2 signaling,[24] intracellular ATP
concentrations were measured. MCJ-KO islets pro-
duced significantly higher ATP levels in response to
glucose in basal and after ethanol MCJ-KO, although
these were lower in both groups following ethanol
consumption (Figure 4E). In line with this, the activity of
mitochondrial SDH2 was increased in the islets of
ethanol-fed MCJ-KO mice (Figure 4F), together with the
oxygen consumption rate (Figure 4G). However, the
static insulin release assay highlighted the reduced
glucose-sensing capacity of MCJ-KO islets, as higher
glucose levels were needed to release the same
amounts of insulin (Figure 4H).

Altogether the pancreas of ethanol-fed MCJ-KO
mice suffered 3 main insults: oxidative stress,
increased serum LPS, and inflammatory infiltration.
All these affect pancreatic islet’s function, causing
a decreased glucose-stimulated insulin secretion
sensitivity, defective insulin secretion, and thus
hyperglycemia.

MJC-LSS ameliorates liver injury and
avoids lipid accumulation following
ethanol use

We have seen that lack of MCJ results in increased
intestinal inflammation, permeability, and LPS leakage,
worsening the hepatic injury and causing the failure of
pancreatic beta-cells following alcohol consumption,
showing that ALD is a systemic affection. However,
based on previous studies where liver-specific MCJ
silencing proved to be hepatoprotective,[10,12,17,18] treat-
ment with liver-specific MCJ siRNA (MCJ-LSS) was
used to study liver damage following chronic and acute
ethanol abuse. Three-month-old Wt mice were treated
by i.v. tail vein injection with MCJ-LSS or siCtrl at day
5 of the NIAAA model (Supplemental. Figure 4a, http://
links.lww.com/HEP/C648), and the efficient knock-
down of MCJ protein expression was confirmed at
the end of the model (Supplemental. Figure 4b, http://
links.lww.com/HEP/C648). We also measured the
expression of Mcj in both hepatocytes and liver
resident macrophages, or Kupffer cells (KCs) which
allowed us to confirm the hepatocyte specificity of
MCJ-LSS (Supplemental. Figure 4c, http://links.lww.
com/HEP/C648).

Surprisingly, we obtained a 100% survival percentage
in both ethanol-fed siCtrl and MCJ-LSS treated groups
(Figure 5A). Importantly, ethanol-fed MCJ-LSS mice

showed reduced liver injury and increased hepatic
regeneration, as documented by significantly reduced
necrotic areas and lower cleaved caspase-3 and
TUNEL staining levels, along with increased PCNA
positive immunostainings (Figure 5B and Supplemental.
Figure 5a, http://links.lww.com/HEP/C648). The histopa-
thological analysis revealed that ethanol-fed siCtrl mice
show more severe hepatic lesions (steatosis and inflam-
mation), with a final score of 2 versus 1.3 obtained by
ethanol-fed MCJ-LSS mice (Figure 5C). In addition,
proapoptotic BAX protein levels were significantly
reduced in MCJ-LSS mice, and although antiapoptotic
BCL2 and BCL-XL showed opposite regulation,
regenerative PCNA was significantly augmented in MCJ-
LSS mice (Supplemental. Figure 5b, http://links.lww.com/
HEP/C648). No changeswere observed in serumALT and
AST levels; however, ethanol-fed MCJ-LSS mice showed
reduced bilirubin and increased prothrombin and albumin
levels (Supplemental. Figure 5c, http://links.lww.com/HEP/
C648), proving improved hepatic function.

In line with previous studies, liver-specific MCJ
silencing avoided lipid accumulation following ethanol
abuse (Figure 5D, Supplemental. 5d, (http://links.lww.
com/HEP/C648) and Figure 5E). Compared to siCtrl,
MCJ-LSS mice showed increased expression of the
genes involved in fatty acid oxidation and reduced
expression of those involved in de novo lipogenesis and
accumulation (Figure 5F). Increased fatty acid oxidation
activity in MCJ-LSS mice confirmed that metabolism
is oriented towards lipid catabolism (Figure 5G).
Additionally, improved mitochondrial function was
observed in MCJ-LSS mice, with increased SDH2

activity (Figure 5H) and mitochondrial respiration
(Figure 5I), together with higher expression of genes
coordinating mitochondrial biogenesis, fusion, and
mitophagy (Figure 5J).

The inflammatory response was also reduced in
MCJ-LSS mice based on reduced hepatic monocyte
infiltration (Figure 5K and Supplemental Figure 5d,
http://links.lww.com/HEP/C648), decreased levels of
the proinflammatory cytokines Tnf, Il-1b, and Ccr5,
and increased expression of antiinflammatory Il-10 and
Ho-1 compared to Wt mice (Figure 5L). No fibrotic
markers were detected (Supplemental. Figure 5d, http://
links.lww.com/HEP/C648).

Additionally, MCJ-LSS mice showed no differ-
ences related to ethanol accumulation and a slight
tendency towards reduced acetaldehyde content
(Supplemental Figure 5e, http://links.lww.com/HEP/
C648). No significant changes were observed in
mRNA levels of the main enzymes related to alcohol
metabolism (Supplemental. Figure 5f, http://links.
lww.com/HEP/C648). Importantly, the lack of MCJ
avoided excessive ROS production with significantly
lower DHE and 4HNE staining levels (Figure 5M). We
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F IGURE 5 Liver specific silencing of Mcj reduces liver damage and steatosis following the NIAAA model. (A) Survived and Deceased siCtrl
(Left panel) and MCJ-LSS (Right panel) mice. (B) Quantification of Necrotic Areas (based on HE staining), Cleaved Caspase-3, TUNEL, and
PCNA stained liver sections. (C) Hepatic histopathological evaluation. (D) Quantification of Sudan Red stained liver sections. (E) Hepatic
triglyceride content. (F) Heatmap showing the liver mRNA relative expression of genes involved in lipid metabolism: Fatp2, Cpt1a, Ppara, Acadl,
Acc, FasN, Srebp, Chrebp, and Pparg. (G) Hepatic fatty acid oxidation assay. (H) Hepatic SDH2 activity. (I) Oxygen Consumption Rate of
mitochondrial Complex I and Complex II in freshly isolated mitochondria. (J) Heatmap showing the liver mRNA relative expression of mitochondrial
quality control genes: Tfam, Pgc1a, Mfn, Opa1, Fis1, Mff, Prkn, Pink1, and Sqstm. (K) Quantification of F4/80 stained liver sections. (L) Heatmap
showing the liver mRNA relative expression of genes involved in inflammation: Tnf, Il-1b, Cxcl1, Ccl2, Ccl5, Ccr2, Ccr5, Il-10, and Ho-1. (M)
Quantification and representative DHE and 4HNE stained liver sections. *p<0.05, **p<0.01, and ***p< 0.001 versus Wt.
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could not observe any differences in the GSH/GSSG
ratio (Supplemental Figure 5g, http://links.lww.com/
HEP/C648).

For the study of systemic changes induced by
ethanol, we first confirmed that MCJ-LSS did not
affect the expression of Mcj in both intestine and
pancreatic islets (Supplemental 6a, b, http://links.lww.

com/HEP/C648). In contrast to MCJ-KO, MCJ-LSS
did not increase intestinal permeability (Figure 6A, B)
and serum LPS levels (Figure 6C), thus avoiding
further systemic effects. Indeed, both groups showed
similar glucose levels (Figure 6D), glycemic control
(Figure 6E), and pancreatic mitochondrial function
(Figure 6F, G).

F IGURE 6 Liver-specific silencing of Mcj does not induce a systemic alcohol injury. (A) Serum FITC-Dextran levels. (B) Quantification and
representative Zonula occludens stained gut sections. (C) Serum LPS content. (D) Serum glucose levels. (E) Blood glucose levels and the
resulting AUC during the IPGTT. (F) Pancreatic SDH2 activity. (G) A representative measurement of the oxygen consumption rate of freshly
isolated pancreatic islets.
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Thus, MCJ-LSS is hepatoprotective following chronic
and acute ethanol consumption, and it could be posed
as a new therapeutic approach to treat ALD.

MCJ-LSS inhibits mTOR activation
avoiding de novo lipogenesis

We aimed at understanding the exact mechanism by
which MCJ-LSS improves hepatic steatosis and ameli-
orates ALD. Thus, we performed high-throughput
proteomics liquid chromatography-mass spectrometry-
based analyses in ethanol-fed siCtrl and MCJ-LSS
mice. Ingenuity pathway analysis was used to identify
the major canonical pathways involved in the hepato-
protective effect of MCJ-LSS in ALD, suggesting mTOR
signaling and its downstream pathways, which play an
essential role in regulating lipid metabolism, fatty acid
oxidation, and de novo lipogenesis[25–27] to be altered
(Figure 7A). All the identified hepatic proteins were
exhibited in a Volcano Plot (Figure 7B). Among the 69
significantly differentially expressed proteins highlighted
within the plot, we focused on mTOR interactors.
Interestingly, we observed proteins whose expression
is upregulated due to mTOR activation in siCtrl mice
(COX1, SERPINA), and MCJ-LSS mice show proteins
that are positively regulated when the mTOR pathway is
inhibited (ATP2B, DMD).

To confirm these results, we studied the activation
levels of the mTOR pathway and its downstream
interactors in both siCtrl and MCJ-LSS mice by western
blot (Figure 7C). MCJ-LSS significantly reduced
mTORC1 phosphorylation and, therefore, its activation
compared to siCtrl mice. Following mTOR inhibition, the
phosphorylation of S6 protein (pS6), a downstream target
of mTOR, was also reduced in MCJ-LSS mice. mTORC1
regulates de novo lipogenesis by increasing the
expression of the main transcriptional factors for the
enzymes participating in lipid synthesis.[28] Expression of
transcriptional factors Srebp1 andChrebpwas previously
measured, and it was significantly reduced in MCJ-LSS
mice (Figure 5E). Moreover, increased activation of
AMPK (Figure 7C), whose downstream signaling
inhibits de novo lipogenesis[29] and enhanced fatty acid
oxidation (Figure 5G) were observed in MCJ-LSS mice.

Aberrant activation of mTORC1 has been previously
linked to defects in SIRT1, which appears downregulated
in ALD patients.[28,30] Silencing of MCJ significantly
augmented both hepatic SIRT1 activity (Figure 7D) and
expression (Figure 7E) compared to siCtrl mice. Besides,
since SIRT1 activity is NAD+ dependent, a significantly
higher NAD+/NADH ratio was found in MCJ-LSS mice
compared to siCtrl mice (Figure 7F).

Overall, our study shows that Mcj silencing
improves mitochondrial activity and helps recover an
appropriate NAD+/NADH ratio, which enhances lipid
beta-oxidation and by means of SIRT1 also avoids

mTORC1 activation and the subsequent de novo
lipogenesis. Thus, targeting mitochondrial dysfunction
prevents alcohol-mediated hepatic steatosis and ALD
progression, posing it as a potential therapeutic
approach for treating this disease.

DISCUSSION

Excessive alcohol consumption is the primary cause of
liver-related mortality in Western countries.[31] Based on
the recent data showing that lack of MCJ, a negative
regulator of the complex I in the mitochondrial electron
transport chain, boosts mitochondrial activity without
collateral ROS,[10,12,17,18] we aimed to study its effect in
ALD. Herein, we have shown both sides of the coin. On
the one hand, the whole body's lack of MCJ worsens
the systemic effects of ALD through intestinal inflam-
mation and altered permeability, increased endotoxe-
mia, and dysregulated pancreatic function, which
overall exacerbates liver injury. On the other hand,
liver-specific Mcj silencing reduces liver damage,
accelerates regeneration, and ameliorates main ALD
hallmarks: steatosis, inflammation, and ROS, thereby
halting its progression. Our data suggest that a lack of
hepatic MCJ prevents mitochondrial dysfunction and
metabolic alterations by improving mitochondrial activity
and restoring NAD+ levels together with SIRT1 function
without any additional ROS production.

Mitochondrial dysfunction is one of the earliest
indicators of alcohol-induced injury.[5] Our work has
attempted for the first time to study the implication of
MCJ in the initiation and pathophysiology of ALD, and to
do so, we chose the NIAAA model, developed by Gao
and colleagues, and the DUAL model, developed by
Benedé-Ubieto et al[13], both used to study the early
stages of ALD. In these mice, hepatic expression of Mcj
was decreased, seemingly due to hypermethylation of
the CpG islands found in the transcription starting site,
as Barbier-Torres et al[12] had observed. Based on
decreased Mcj expression, even in 23 and 52 weeks of
the DUAL model, new animal models are required to
further investigate the role of MCJ in advanced stages
of ALD. Interestingly, ALD patients exhibited differential
expression patterns depending on the severity and
chronicity of the disease, downregulated at early stages
and overexpressed in the later stages. In contrast to our
previous works where we have linked MCJ over-
expression with liver damage,[10,12,17,32] we hypothesize
that hepatic downregulation of MCJ at early ALD stages
might be an adaptive response to metabolize the
increasing alcohol intake.

The metabolism of high concentrations of alcohol
results not only in acetaldehyde, which has cellular toxic
effects, but also in the decreased NAD+/NADH ratio,
altering critical metabolic pathways.[6] Following the use
of alcohol, the mitochondria need to augment oxygen
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consumption as an adaptive response to oxidize the
toxic metabolite acetaldehyde more rapidly and to
increase NAD+ supply both for alcohol metabolism
and restore hepatic metabolism. This phenomenon is

named Swift Increase in Alcohol Metabolism.[5] Thus,
the downregulation of MCJ in the initial ALD states
would enhance mitochondrial respiration and help
metabolize the high amounts of alcohol. However, if

F IGURE 7 Silencing of MCJ inhibits mTOR activation via increased NAD+ and improved Sirt1 activity. (A) Ingenuity pathway analysis of top
canonical pathways. (B) Volcano plot showing all the identified hepatic proteins. Statistically significant proteins are shown in the corresponding
colors, and the highlighted proteins were identified as mTOR interactors. (C) Activated and total hepatic mTOR protein levels, together with
activated S6 protein levels, by western blotting and densitometric quantification. ß-actin as a loading control. (D) Hepatic SIRT1 activity. (E) Sirt1
hepatic mRNA relative expression. (F) Hepatic NAD+/NADH ratio. *p<0.05 versus Wt.
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alcohol consumption becomes chronic, mitochondrial
overactivation may lead to ROS overproduction.
Thus, repression of mitochondrial respiration by MCJ
overexpression may seem to be a mechanism to reduce
ROS production; however, it also reduces NAD+

generation, an essential cofactor for alcohol and
aldehyde dehydrogenases. Therefore, ethanol in this
condition would be primarily metabolized through
CYP2E1, which consumes NADPH, generates ROS,
and leads to toxic acetaldehyde accumulation, driving
disease progression.[33,34] Therefore, avoiding mito-
chondrial dysfunction and ROS overproduction by
silencing Mcj may be the firewall to delay or even
prevent ALD patients’ downfall.

Following the NIAAA model, whole-body MCJ-KO
mice showed nearly 4 times increased mortality when
compared to WT mice. It needs to be highlighted that
alcohol causes systemic disease.[7] However, the effect
of acetaldehyde and ROS lie far beyond the liver,
affecting other organs.[8] We did find slightly increased
hepatic injury in ethanol-fed MCJ-KO mice, but it was
moderate, mainly caused by mitochondrial dysfunction,
altered lipid metabolism, and augmented fatty acid
deposition.

Gut injury turned out to be the aggravating factor.
Translocation of bacterial endotoxins due to increased
immune infiltration, dysbiosis, and augmented intestinal
permeability contributed to hepatic apoptosis. Our
results confirm what Pascual-Itoiz et al[21] already
described; under inflammatory conditions, lack of MCJ
plays a detrimental role in the gut following the dextran
sulfate sodium model. In our study, ethanol-fed MCJ-
KO exhibits metabolic endotoxemia, a diet-induced,
2–3-fold increase in plasma LPS levels, associated with
low-grade systemic inflammation and worsening of the
disease.[35,36]

Ethanol-fed MCJ-KO mice also showed pancreatic
affliction. Chronic pancreatitis is common in people
suffering from alcoholism,[22] and metabolic endotoxemia
has been associated with diabetes mellitus.[37] Consis-
tently, the study of the endocrine pancreatic function
highlighted a worsened glycemic regulation in MCJ-KO
mice, along with defective insulin secretion. Metabolic
endotoxemia and ROS production seem to have blunted
the glucose-sensing capacity of MCJ-KO pancreatic
beta-cells, leading to increased blood glucose levels
that, in the worst cases, ended in fatal hyperglycemia.
Moreover, significantly increased expression of hepatic
glucose transporter Glut2 and several genes implicated
in the de novo lipogenesis, specially Chrebp, whose
expression is upregulated by substrate supply, suggest
that ethanol-fed MCJ-KO livers are taking high glucose
amounts and turning them into fatty acids, hence, the
augmented fatty acid deposition. Therefore, following
ethanol consumption, whole-body MCJ-KO mice do not
die due to their hepatic damage but because of systemic
injury, metabolic endotoxemia, and hyperglycemia.

On the contrary, MCJ-LSS did show hepatoprotec-
tive effects. Following the NIAAA model, lack of MCJ
significantly reduced hepatic injury, augmented liver
regeneration, and prevented mitochondrial dysfunction,
steatosis, inflammation, and ROS production. Besides,
MCJ-LSS shockingly increased the survival rate to
100%. No differences were found in blood LPS and
glucose levels when compared to siCtrl mice, confirm-
ing the deleterious role of MCJ in nonhepatic tissues
following ALD.

MCJ-LSS exerts hepatoprotective functions, enhanc-
ing lipid beta-oxidation, as already published by our
lab,[12] but also modulates de novo lipogenesis, shifting
lipid metabolism towards catabolism. Alcohol-induced
hepatic steatosis happens at early ALD stages, and it is
reversible, highlighting the opportunity for therapeutic
intervention to prevent ALD. In silico analysis of liquid
chromatography-mass spectrometry results showed
decreased enrichment of the mTOR and its downstream
pathways in MCJ-LSS mice. mTORC1 signaling plays a
vital role in regulating lipid metabolism, such as de novo
lipogenesis by augmenting the transcription of
SREBP1.[38] Chen et al[28] already showed that mTORC1
activity is enhanced in experimental animals and
ALD patients.[28] Interestingly, aberrant activation of
mTORC1 has been linked to defects in NAD+-dependent
SIRT1.[28,30] Ethanol exposure downregulates the
expression of SIRT1,[28] and its deacetylase activity is
sensitive to NADH redox state, so alterations in NAD+/
NADH ratio caused by alcohol metabolism also blunt its
function.[39] Thus, increased NAD+, by silencing Mcj,
restores both SIRT1 expression and activity, avoiding
mTOR activation and subsequent de novo lipogenesis.
Moreover, SIRT1 also activates AMPK,[29] whose down-
stream signaling inhibits ATP-consuming processes,
such as de novo lipogenesis, by phosphorylating and
inhibiting ACC, ChREBP, and SREBP1, key lipogenic
enzymes, and transcription factors.

Altogether, our study highlights the need for
targeted, specific therapeutic approaches. Liver-spe-
cific Mcj silencing ameliorates one of the earliest
indicators and possible drivers of ALD, mitochondrial
dysfunction, posing it as a potential therapeutic
approach for treating this disease. However, the
use of a drug that would modulate MCJ levels in a
broad range would be deleterious. Importantly,
Barbier-Torres et al[12], used FDA-approved nano-
particle-formulated and GalNAc-formulated siRNA to
efficiently target hepatic MCJ, laying the foundation for
a direct, fast, and already accessible therapeutic
approach that would halt, ameliorate, and even
prevent the progression of ALD.
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