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Approach and Results: Wild-type and methylation-controlled J protein
knockout (MCJ-KO) mice were fed for 6 weeks with either control or a choline-
deficient, L-amino acid—defined, high-fat diet (CDA-HFD). One mouse of each
group acted as a donor of cecal microbiota to GF mice, who also underwent
the CDA-HFD model for 3weeks. Hepatic injury, intestinal barrier, gut
microbiome, and the associated fecal metabolome were then studied. Fol-
lowing 6 weeks of CDA-HFD, the absence of methylation-controlled J protein,
an inhibitor of mitochondrial complex | activity, reduced hepatic injury and
improved gut-liver axis in an aggressive NASH dietary model. This effect was
transferred to GF mice through cecal microbiota transplantation. We suggest
that the specific microbiota profile of MCJ-KO, characterized by an increase in
the fecal relative abundance of Dorea and Oscillospira genera and a reduc-
tion in AF12, Allboaculum, and [Ruminococcus], exerted protective actions
through enhancing short-chain fatty acids, nicotinamide adenine dinucleotide
(NAD*) metabolism, and sirtuin activity, subsequently increasing fatty acid
oxidation in GF mice. Importantly, we identified Dorea genus as one of the
main modulators of this microbiota-dependent protective phenotype.
Conclusions: Overall, we provide evidence for the relevance of
mitochondria—microbiota interplay during NASH and that targeting it could be
a valuable therapeutic approach.

INTRODUCTION

Mitochondrial dysfunction, together with oxidative stress
and gut microbiota alteration, facilitates progression to
NASH.[ In fact, it is known that the gut-liver axis is
disrupted in NAFLD, although the specific microbiome
signature associated with NAFLD and NASH has not
been completely elucidated.®!

Recent studies have revealed a possible bidirec-
tional interaction between mitochondrial dysfunction
and gut microbiota.¥! Dysregulation of mitochondrial
functionality and the resulting increase in reactive
oxygen species (ROS) may affect the gut microbiota
by modulating the integrity of the intestinal barrier and
thereby triggering the immune response. Oppositely,
gut microbiota is known to regulate mitochondrial
biogenesis, and microbial metabolites may also affect
mitochondrial respiration.®! Therefore, targeting mito-
chondrial dysfunction could be the firewall to maintain a
proper gut-liver axis, thereby delaying or even prevent-
ing NASH progression.

Methylation-controlled J protein (MCJ), or DnaJC15,
is an endogenous negative regulator of the mitochon-
drial complex 1°. Its absence increases respiration and
adenosine triphosphate (ATP) synthesis and stimu-
lates the formation of respiratory supercomplexes,
limiting the production of oxidative stress,5-8 as
demonstrated in NASH.[8-"0 Besides, MCJ deficiency

modifies the regulatory relationship between host
mitochondria and gut microbiota during ulcerative
colitis, affecting disease severity.l'"l Therefore, the
Mcj-deficient mouse represents a reliable model to
study the contribution of hepatic mitochondria to gut
dysbiosis and the altered gut-liver axis in NAFLD
and NASH.

In this study, we aim to evaluate the effect of MCJ
deficiency in a dietary mouse model of NASH, considering
modifications of intestinal microbiota composition as a
driving force, and to further determine if the hepatopro-
tective phenotype observed in methylation-controlled J
protein knockout (MCJ-KO) mice could be transferred to
germ-free (GF) mice through cecal microbiota trans-
plantation (CMT).

METHODS
Experimental design

All procedures were performed in accordance with the
ARRIVE guidelines and European Research Council
guidelines for animal care and approved by CIC bioGUNE
and University of Ledn's institutional animal care and use
commitees (OEBA-ULE-003-2018 and CIC bioGUNE
CBBA/IACUC [REGA 48/901/000/6106, P-CBG-CBBA-
218]) followed by the competent authorities (Junta de
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Castilla y Ledn and Diputacion de Bizkaia, respectively).
CIC bioGUNE is accredited by AAALAC Intl.

A Model: donor mice selection

Wild-type (WT) (n = 14) and MCJ-KO (n = 19) male mice
aged 6 weeks with C57BL/6 background were housed at
CIC bioGUNE animal facility. Animals were fed a control
diet or an L-amino acid with 60% kcal from fat, 0.1%
methionine, and choline-deficient high-fat diet (CDA-
HFD) (A06071302 Research Diets) for 6 weeks. Mice
were then anesthetized with isoflurane 2.5% and
euthanized by exsanguination using cardiac puncture.
Cecal content was immediately preserved in skim milk
(10%) with cysteine as reducing agent (0.5g/L),
immersed in liquid nitrogen, and stored at —80°C until
microbiota transplant. One mouse from each experimen-
tal group of Model A was selected as the gut microbiota
donor based on the parameters specified in Table S1.

B Model: transplantation of gut microbiota

The 6-week-old GF male C57BL/6J mice (n = 60) were
housed in a specific pathogen-free animal facility at the
University of Ledn. All mice were maintained under
constant temperature, humidity, and light conditions
and fed irradiated chow and autoclaved water ad
libitum. After the acclimation period, the animals were
transplanted with a single oral gastric gavage of 100 pl
of the donor cecal content. Mice were divided into eight
groups based on the four different types of donor
transplanted microbiota and diet (Figure S1). After
3weeks, all animals were euthanized by cardiac
puncture under isoflurane anesthesia.

Sample collection

Liver, gut, brown adipose tissue and epididymal white
adipose tissue (WAT), and fecal and cecal content of
mice from Models A and B were collected, immediately
immersed in liquid nitrogen, and stored at —80°C for
posterior analysis. Blood was drawn and centrifuged at
6000 rpm for 10 min to obtain plasma.

RESULTS

Hepatic mitochondria improve intestinal
barrier integrity and infer a particular gut
microbiome signature in a lean-NASH mice
model

Intestinal permeability was increased in WT mice after
6 weeks of CDA-HFD, shown by augmented serum

fluorescein isothiocyanate (FITC)-dextran levels com-
pared with control (Figure 1A). Interestingly, significantly
decreased FITC-dextran permeability in CDA-HFD—fed
MCJ-KO mice suggested a possible protective effect
(Figure 1A). The histological evaluation presented no
significant differences in ileum tissue on mucosal
thickness, crypts depth, and villus height (Figure S3A).

Tight junction proteins analysis revealed significantly
decreased messenger RNA (mRNA) levels of Occludin
and Zonula occludens 1 (Zo-1) (Figure 1B), claudin-1
positive immunostaining (Figure S3B), ZO-1 positive
immunofluorescence (Figure 1C), and occludin protein
levels (Figures 1D and S3C) in CDA-HFD—fed WT mice
compared with both control and CDA-HFD—fed MCJ-KO
mice, confirming improved junctional integrity in mice
lacking MCJ, which may avoid bacterial and microbial
product translocation.

The measurement of serum endotoxin and proinflam-
matory cytokines showed significantly reduced Lipid A
plasma protein levels, a component of the lipopolysac-
charide (Figures 1E and S3D), together with decreased
proinflammatory IL-6 and TNF plasma concentration
(Figure 1F) in CDA-HFD/KO group compared with WT.

Regarding gut-liver axis signaling, intestinal mRNA
expression of Farnesoid X receptor, a nuclear bile acid
receptor that regulates the secretion of antibacterial
peptides, was increased in CDA-HFD—fed WT mice,
compared with both control and CDA-HFD/KO group,
and no changes were observed in G Protein-Coupled
Bile Acid Receptor-1 expression (Figure S3E). Besides,
liver mRNA levels of Toll-like receptor-4 (Tir-4) and
NOD, LRR-, and pyrin domain-containing protein 3
(NIrp3), sensors of gut microbiota-derived hepatotoxic
or immunostimulatory compounds, were increased
because of CDA-HFD intake; Mcj deficiency prevented
Nirp3 upregulation (Figure 1G).

Altogether, MCJ deficiency counteracts the loss of
intestinal barrier integrity, reduces the translocation of
bacterial products, and modulates the inflammasome
response in NASH.

Our group has previously demonstrated that the
absence of MCJ ameliorates NAFLD.! Because
previous studies have described CDA-HFD as an
aggressive model of lean NASH,"? we proceeded to
analyze the role of MCJ in fatty liver disease under
this diet. Firstly, liver histological analysis following
CDA-HFD showed a high degree of microvesicular and
macrovesicular steatosis, accompanied with inflam-
matory foci (Figure S2A). CDA-HFD also increased
serum hepatic aminotransferase levels (Figure S2B).
Importantly, both liver and WAT weight to body weight
ratios were lower in CDA-HFD—fed MCJ-KO mice
compared with WT (Figure S2C). Besides, lack of MCJ
significantly reduced hepatic mRNA expression of the
main proinflammatory cytokines, such as C-C chemo-
kine receptor 5 (Ccrb), II-1p, -6, and Tnf (Figure S2D).
Regarding liver fibrosis, a significant reduction in the
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FIGURE 1 Effect of methylation-controlled J protein knockout (MCJ-KO) genotype on gut-liver axis and microbiota composition. (A) Fluo-

rescein isothiocyanate (FITC)-dextran serum levels. (B) Occludin and Zonula occludens 1 (Zo-1) gut messenger RNA (mRNA) relative expression.

(C) Quantification and representative ZO-1—stained ileum sections. (D) Densitometry analysis of Occludin levels in the ileum expressed as

relativized to control-fed WT group (C/WT). (E) Densitometry analysis of Lipid A plasma levels expressed as relativized to choline-deficient, L-

amino acid—defined, high-fat diet (CDA-HFD)/wild type (WT). (F) IL-6 and TNF plasma concentration. (G) NOD, LRR-, and pyrin domain-

containing protein 3 (NIrp3) and Toll-like receptor-4 (Tir-4) hepatic mRNA relative expression. (H) Principal Coordinates Analysis plot based on
Bray—Curtis' dissimilarity index at operational taxonomic unit (OTU) level. Differences in the relative abundance at genus level between WT and
MCJ-KO mice fed with control (I) and CDA-HFD (J). (K) Linear discriminant analysis effect size at genus and species level of WT and MCJ-KO
mice (threshold = 2.0 and p < 0.05). At least n = 6 were used in each experimental group. *p < 0.05, **p < 0.01, **p < 0.001 versus C/WT;
#p < 0.05, #p < 0.01 versus CDA-HFD/WT
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collagen content analyzed by Sirius Red stain (Fig-
ure S2E) and the expression of the profibrogenic
Collagen type 1 alpha 1 chain (Col1a1) and Trans-
forming growth factor beta (Tgf-$) in MCJ-KO mice
also confirmed a remarkable deceleration in the
development of fibrosis in the absence of MCJ
(Figure S2F).

The gut microbiome also determines NAFLD
susceptibility.['3! Therefore, fecal microbiota composi-
tion in A Model was analyzed.

A principal coordinate analysis (PCoA) based on
Bray—Curtis index at operational taxonomic unit (OTU)
level showed that the bacterial communities clustered
separately along the first axis according to the diet
(F = 27.39; p < 0.0001), whereas the second axis
score plot suggested a possible cluster according to the
genotype (F = 1.99; p = 0.082), mainly observed in the
control diet—fed groups (Figure 1H).

After 3 weeks, CDA-HFD intake resulted in an
increased microbiota diversity calculated by Shannon
diversity index, whereas MCJ deficiency tended to
decrease it (Figure S4A). The gut microbiota profile at
phylum level was significantly modified because of diet
and genotype (Figure S4B). Despite diet hugely
modified gut microbiota composition also at the genus
level, a specific profile was identified associated with
the MCJ-KO genotype. The relative abundance of
AF12, Anaeroplasma, Christensenella, Coprococcus,
[Ruminococcus], and Turicibacter decreased in MCJ-
KO group fed with control diet, whereas Dorea
and Oscillospira showed an opposite pattern compared
with  WT mice (Figure 1I). Furthermore, changes
associated with the MCJ-KO genotype depending on
CDA-HFD feeding were also observed, pointing out an
increase in Bacteroides genus and a reduction in
Bilophila, Lactobacillus, and [Ruminococcus] (Figure 1J).
Interestingly, some bacteria showed a genotype-
dependent effect regardless of diet, that is, Dorea
increased and AF12, Allobaculum, and [Ruminococcus]
decreased in MCJ-deficient mice (Figure 1K). The
differences at OTU level associated with MCJ-KO
genotype were studied by linear discriminant analysis
effect size analysis (Figure S4C).

This gut microbiota profile associated with MCJ-KO
genotype on NASH development could play a key role
in the hepatoprotective effect, avoiding fibrosis pro-
gression and preserving gut barrier integrity.

Gut microbiota transplantation from MCJ-
KO mice to CDA-HFD—fed GF mice
ameliorates hepatic injury

To study if the protective effects observed in CDA-
HFD-fed MCJ-KO mice were due to a specific micro-
biome signature and, therefore, transferable, GF mice
were subjected to CMT and fed CDA-HFD diet for

3 weeks (Figure S1). Individual values of the selected
donors are depicted in Table S1.

CDA-HFD diet caused early NAFLD stages on
transplanted GF mice, with increased hepatic steatosis,
incipient inflammation, and ballooning, according to the
histological evaluation (Figure 2A). Inflammation was
attenuated in the MCJ-KO CDA-HFD—fed donor (dCDA-
HFD/KO) transplanted GF mice (Figure 2A). Besides,
reduced hepatic triglycerides content (Figure 2B)
and lower serum aminotransferase levels (Figure 2C)
were also found in dCDA-HGF/KO transplanted mice
compared with WT CDA-HFD-fed donor group. The
study of proinflammatory cytokines confirmed these
results, as expression of Ccr, lI-1p, lI-6, and Tnf was
significantly downregulated following the CMT from
MCJ-KO donors (Figure 2D). Moreover, in both MCJ-
KO control diet—fed donor (dC/KO) and dCDA-HFD/KO
receiver groups, fibrosis development was delayed, with
significantly reduced alpha-smooth muscle actin stain-
ing (Figure 2E) and expression of Col1al, matrix
metallopeptidase 9 (Mmp9), and Tgf-f (Figure 2F)
compared with their WT microbiota transplanted
counterparts.

Altogether, CDA-HFD—fed GF mice subjected to
CMT from MCJ-KO donors showed reduced NASH
progression. Thus, the hepatoprotective effect observed
in MCJ-KO mice is transferable through gut microbiota
transplantation.

MCJ-KO microbiota signature is transferable
through CMT and preserves intestinal barrier
integrity in CDA-HFD—fed GF mice

To determine the effect of CMT from MCJ-KO donors on
gut barrier integrity and gut-liver axis, histological and
gene expression studies were performed in GF mice fed
with CDA-HFD. lleum histological analysis showed no
significant differences (Figure 3A). However, the relative
expression of Claudin-1 and Zo-1 was increased in GF
mice from MCJ-KO donors (Figure 3B), together with
decreased liver mRNA levels of Nirp3 and Tir-4
(Figure 3C). Thus, the capacity of MCJ deficiency to
counteract the upregulation of these genes, which was
demonstrated in A Model, was also observed after CMT.

Venn diagrams were used to depict the transference of
cecal microbiota at OTU level from each donor to every
recipient group of GF mice. Around 50% of all OTUs were
shared between every donor and both corresponding
recipients, whereas others were shared at least with one of
the receiver groups (Figure 3D). CDA-HFD—fed recipients
showed a slightly decreased alpha diversity based on
Shannon index compared with control-fed receivers, but
this difference only reached significance for those groups
transplanted with microbiota from WT donors (Figure S5A).
Besides, PCoA based on the Bray—Curtis index at OTU
level in GF mice fed with CDA-HFD revealed a clear
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high-fat diet (CDA-HFD)—fed germ-free (GF) mice on gut-liver axis and gut microbiota composition. (A) Hematoxylin and eosin—stained gut
sections (x100), histological evaluation. (B) Claudin-1 and Zonula occludens 1 (Zo-1) gut messenger RNA (mRNA) relative expression. (C) NOD,
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separation of the cecal microbiota considering the donor's
genotype according to the first axis (Fgonor_genotype = 8.29;
p < 0.0001). However, the diet of the donors operated as
another factor to discriminate bacterial communities
(Faonor_diet = 7.44; p < 0.0001) (Figure 3E). Additionally, a
PCoA based on Bray—Curtis index comparing all exper-
imental groups was also performed (Figure S5B).

Microbiota composition analysis at phylum level in
transplanted GF mice was influenced either by the diet or
by donor's diet and genotype (Figure S5C). As in A Model,
diet and genotype induced widespread changes in the gut
microbial community structure at the phylum level (Fig-
ure S4C). At the genus level, the intestinal microbiota
profile associated with MCJ-KO genotype (Figure 3F) was
transferred through CMT to GF mice fed with CDA-HFD
(Figure 3G). In A Model, the relative abundance of AF12
and [Ruminococcus] showed a decreased pattern with the
MCJ-KO genotype, whereas Dorea and Oscillospira
showed an opposite trend (Figure 3F). The same gut
microbiota profile was observed in the relative abundance
of those genera in GF mice fed with CDA-HFD (Figure 3G)
and control diet (Figure S5D).

Lack of MCJ increases hepatic NAD*
availability which is transferable through
CMT, enabling augmented fatty acid oxidation

MCJ deficiency enhances lipid beta oxidation, amelio-
rating hepatic steatosis in diet-induced NAFLD
models.”®! Thus, we aimed to confirm the same effects
in MCJ-KO mice (A Model). CDA-HFD—-fed MCJ-KO
mice showed significantly increased hepatic expression
of Fatty acid transport protein 2 (Fatp2) and Acyl-CoA
dehydrogenase long chain (Acadl) (Figure 4A), pointing
out an enhanced lipid beta oxidation activity. Moreover,
the availability of nicotinamide adenine dinucleotide
(NAD") is essencial for fatty acid oxidation, since a
heavily increased ratio of reduced nicotinamide adenine
dinucleotide (NADH) to oxidized (NAD*) nicotinamide
dinucleotide favors its inhibition. Analysis of the
enzymes that take part in the NAD metabolism
showed an increase in hepatic Nicotinamide
phosphoribosyltransferase (Nampt) and Sirtuin (Sirt) 1
relative expressions in CDA-HFD MCJ-KO mice
compared with WT (Figure 4B). Interestingly, the
measurement of hepatic NAD*, NADH, and their ratio
exhibited a significantly increased NAD* availability in
CDA-HFD—fed MCJ-KO mice (Figure 4C).

We then aimed to study whether this increased NAD*
availability had also been transferred through CMT to
GF mice fed with CDA-HFD. Hepatic expression of
Nampt and Sirt1 was significantly higher in GF mice
receiving MCJ-KO microbiota (Figure 4D), along with
significantly increased NAD™* availability (Figure 4E).
Therefore, we measured the fatty acid oxidation activity
and the expression of Fafp2 and Acad! in the liver,

confirming significantly increased activity in those GF
mice subjected to MCJ-KO microbiota transplantation
(Figure 4F,G).

To identify possible insights about the specific
mechanisms by which the MCJ-KO metagenome exerts
its hepatoprotective effect, correlation analyses were
performed based on hepatic, metagenomic, and metab-
olomic results. Interestingly, in A Model, positive
correlations between the relative abundance of Dorea
genus and hepatic (1) NAD*/NADH ratio and (2) Sirt1
expression were observed (Figure 4H,l). Besides,
hepatic Sirt1 and Nampt expression levels were also
positively correlated with the relative abundance of
Dorea in B Model (Figure 4J).

Therefore, increased availability of NAD* found
in the liver of MCJ-KO mice is transferable through
CMT, enabling increased hepatic fatty acid oxidation
and reduced NAS score and intrahepatic lipid
accumulation.

The specific microbiome signature of MCJ-
KO mice, linked with a concrete
metabolome profile, favors intestinal NAD*
biosynthesis

After confirming the common microbiome signature
between both models, we analyzed their fecal
metabolome to identify possible mechanisms in which
the gut microbiota is exerting this hepatoprotective
effect.

In A Model, a principal component analysis (PCA)
revealed a clear separation of metabolites according to
the diet based on the first axis (38.6%) as well as a
slight separation that was due to genotype (12%)
(Figure 5A). Moreover, partial least square discrimin-
ant analysis was employed to identify metabolites
discriminating WT and MCJ-KO mice that had been
fed with control (Figure S6A) and CDA-HFD (Fig-
ure S6B), showing a certain metabolite profile associ-
ated with MCJ deficiency. The contribution of specific
metabolites to each group was denoted by the
Variables Importance in Projection (VIP) scores, show-
ing the top 15 metabolites with higher VIP scores in
animals fed with control diet (Figure S6C) and with
CDA-HFD (Figure S6D). Although some metabolites
that were allowed to discriminate between MCJ-KO and
WT genotype were different between control and CDA-
HFD—fed animals, others like riboflavin, isovalerylcarni-
tine, hexose, and indole were shared. The metabolites
that were significantly related to MCJ deficiency
independently of the diet were cytidine and riboflavin,
whereas others like adenosine, carnitine, gentisic acid,
or hyodeoxycholate were also modified by genotype
without reaching significance (Figure 5B). Additionally,
MCJ deficiency in control-fed mice was associated with
a significant decrease in deoxycholic acid and a
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desthiobiotin, and sorbitol (Figure 5C). However, MCJ
deficiency in CDA-HFD—fed mice did not report any

acid was

although a slight increase in betaine, bicine, and N-
acetylneuraminic

observed, whereas
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FIGURE 5

Fecal metabolomic analysis of A Model. (A) Principal component analysis of metabolite profiles. PC1 and PC2 values are shown in

parentheses. Shaded areas denote sample clusters according to diet and genotype. (B) Differences in the metabolites between wild-type (WT)
and methylation-controlled J protein knockout (MCJ-KO) mice independently of the diet. (C) Differences in the metabolites between WT and MCJ-
KO mice fed with control diet. (D) Differences in the metabolites between WT and MCJ-KO mice fed with choline-deficient, L-amino acid—defined,
high-fat diet (CDA-HFD). *p < 0.05. (E) Fecal concentration of the main short-chain fatty acids: acetate, butyrate, propionate, and isobutyrate. (F)
Pearson's correlation coefficients, p values, and linear relationships of Dorea relative abundance and the peak area of adenosine, betaine, and

riboflavin. At least n = 5 were used in each experimental group

pantothenic acid and 4-aminobenzoic acid showed an
opposite trend (Figure 5D).

In addition, the measurement of fecal short-chain
fatty acids (SCFAs), one of the main metabolites related
to gut microbiota functionality that are involved in the
maintenance of gut barrier integrity, hepatic lipid
metabolism, and inflammation,['! revealed that MCJ-
KO mice significantly augmented their content with the
diet, whereas CDA-HFD—fed WT mice showed reduced
SCFAs when compared with control. Remarkably,
CDA-HFD—-fed MCJ-KO mice exhibited significantly
increased propionate and isobutyrate concentrations
compared with CDA-HFD—fed WT (Figure SE).

Furthermore, a positive correlation was found
between the relative abundance of Dorea, one of the
main genera that characterizes the MCJ-KO gut micro-
biota signature, and the adenosine, betaine, and
riboflavin levels, metabolites directly related to MCJ-
KO genotype (Figure 5F).

To determine if the specific metabolomic profile
associated with MCJ deficiency was also transferable
through CMT to the B Model, the fecal metabolome of
the transplanted GF mice was analyzed. The PCA
showed that metabolites were clustered according to
the diet based on the second axis (19.4%) but also a
distribution caused by the gut microbiota was
observed along the third axis (8.8%) related to the
donor diet (Figure S7A). Furthermore, a second PCA
was performed to identify the metabolome clustering in
CDA-HFD, observing the effect of diet and genotype of
the donors (Figure S7B). Additionally, adenosine,
indole, isovalerylcarnitine, and riboflavin were partially
increased in dC/KO recipients, resembling the profile
observed in MCJ-KO mice (A Model) and suggesting a
slight transferable effect through CMT (Figure S7C).

These results suggested that the specific metabo-
lome related to MCJ deficiency observed in A Model
was not completely transferred and maintained in GF
mice, although some metabolite patterns, such as
adenosine or riboflavin, were still detected in all GF
mice groups and could be involved in the enhancement
of NAD* metabolism.

To confirm that increased hepatic NAD* availability
found in CDA-HFD—fed GF mice receiving MCJ-KO
microbiota was due to a gut microbiome signature of
MCJ deficiency, we measured expression of the main
enzymes related to NAD* metabolism and NAD™ levels
in the gut. Interestingly, intestinal expression of Nampt
and Sirt1 was significantly increased in GF mice

transplanted with MCJ-KO microbiota (Figure 6A)
along with gut total NAD levels and the NAD*/NADH
ratio (Figure 6B). Indeed, the dCDA-HFD/KO
transplanted group exposed the highest intestinal
NAD*/NADH ratio, confirming increased availability of
NAD™. Intriguingly, a positive correlation between Dorea
relative abundance and gut NAD total levels was
observed (Figure 6C). Intestinal Sirt7 expression was
also positively correlated with the relative abundance of
Dorea genus (Figure 6D), similar to what happened with
hepatic Sirt1 levels. Besides, the same pattern was
observed in the A Model with CDA-HFD—fed MCJ-KO
mice (Figure 6E-G), suggesting a possible role of this
bacteria in the NAD signaling pathway.

Altogether, our study shows that a specific
microbiome signature derived from Mcj-deficient
mice and its particular metabolism is able to delay
NASH progression in a diet-induced NAFLD model
and that this hepatoprotection is transferable
through CMT.

Validation of the role of Dorea genus in a
human cohort of patients with NAFLD

Additionally, Dorea stands out as one of the most
relevant genera to understand the role of gut micro-
biota modulation in the protective effect against
NAFLD development exerted by MCJ deficiency. This
is not only due to its higher abundance in MCJ-KO
mice and its complete transmission to GF mice but
also because the correlation analysis pointed out that
this genus is one of the main contributors of the
observed effect. Therefore, we performed an analysis
of publicly available human information to validate the
relevance of this genus in human disease. Data from a
cohort of twins and patients with cirrhosis!'®! was
analyzed following the approach of Lee et al.l'd
Patients were divided according to their body mass
index (BMI) into obese (BMI > 30; n = 71) and
nonobese (BMI < 30; n = 121), and interestingly, in
the subset of nonobese subjects, the fecal abundance
of Dorea was significantly lower with the presence of
NAFLD (p = 0.026), whereas no significant differences
were observed in patients with obesity (p = 0.636)
(Figure S8). These findings could point to a specific
change in gut microbiota composition in patients
with lean NASH, characterized by a decrease of
Dorea genus.
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FIGURE 6 Intestinal nicotinamide adenine dinucleotide (NAD*) metabolism in both B and A Models. B Model, gut: (A) Relative messenger
RNA (mRNA) expression of NAD* synthesis enzymes nicotinamide phosphoribosyltransferase (Nampt) and Sirtuin (Sirt) 1. (B) Levels of total NAD
(NADt), reduced nicotinamide adenine dinucleotide (NADH) and NAD*/NADH ratio. (C,D) Pearson's correlation coefficient, p value and linear
relationship of the relative abundance of Dorea and (C) total NAD and (D) relative mRNA expression of Sirt7 in animals fed with choline-deficient,
L-amino acid—defined, high-fat diet (CDA-HFD) (blue line and dots). A Model, gut: (E) mRNA relative expression of NAD* synthesis enzymes
Nampt and Sirt1. (F) Levels of NADt, NADH, and NAD*/NADH ratio. At least n = 6 were used in each experimental group. *p < 0.05; **p < 0.01,
***p < 0.001 versus CDA-HFD/wild type (WT). (G) Pearson's correlation coefficient, p value, and linear relationship of the relative abundance of
Dorea and the relative mRNA expression of Sirt1 in animals fed with CDA-HFD (black line and squares)

DISCUSSION play key roles in that transition.!'! Recent data show

that the lack of MCJ, an endogenous inhibitor of
It is currently believed that 10%—20% of all subjects mitochondrial complex |, boosts mitochondrial activity
with NAFLD develop NASH, but the pathophysiology in NASH.! Moreover, the involvement of MCJ in the
remains unclear.['”l Mitochondrial dysfunction, oxida- gut microbiota-host interplay during ulcerative colitis
tive stress, and gut microbiota alterations potentially has been previously described.l''! Therefore, we
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aimed to study the effect of increased mitochondrial
activity in the gut-liver axis during NASH and to
determine if the hepatoprotective phenotype observed
in MCJ-KO mice might be microbiota-related and
therefore transferred to GF mice recipients
through CMT.

In line with our previous findings,! lack of MCJ after
CDA-HFD for 6 weeks counteracted inflammation and
fibrosis, reinforcing the potential protective effect of
MCJ deficiency in NAFLD development. Although the
role of the gut-liver axis in NASH progression has been
profoundly reported,? the effects of MCJ-KO in the gut
status and gut microbiota composition had not been
investigated. In our study, under steatotic conditions,
MCJ deficiency increased expression of the main tight
junction proteins and decreased endotoxin (Lipid A) and
proinflammatory cytokines levels in plasma. Interest-
ingly, MCJ-KO mice showed improved gut-liver axis
status with downregulated hepatic TIr-4 and Nirmp3,
sensors of potential gut microbiota-derived hepatotoxic
or immunostimulatory compounds.l'®! Therefore, an
improved mitochondrial activity, caused by MCJ defi-
ciency, counteracted the altered gut-liver axis that
characterizes NAFLD progression because it reinforced
the gut barrier and diminished the translocation of
bacterial product to the portal blood circulation that
aggravates liver inflammation and accelerates disease
progression.!9

Furthermore, MCJ-KO mice exhibited a specific gut
microbiota composition independently of the diet,
characterized by an increase in Dorea genus and a
reduction in AF12, Allobaculum, and [Ruminococcus].
In these terms, some studies have shown the implica-
tion of Dorea genus in NAFLD.20l However, in both
cases, research was focused on subjects with obesity,
and a positive correlation between Dorea and BMI was
demonstrated. Therefore, the decrease in this genus
might be attributed to the metabolic status instead of
liver disease.?122] |n fact, the analysis of a public cohort
of patients with NAFLD showed that Dorea is signifi-
cantly decreased in patients with NAFLD who are
nonobese compared with those with no NAFLD. Addi-
tionally, CDA-HFD has been reported as an aggressive
dietary model of lean NASH, producing an advanced
status of the disease without promoting obesity.!'?
Thus, in our study, the increase in Dorea genus in
CDA-HFD/KO mice could be involved in the observed
protective effect. Besides, the abundance of Dorea has
been reported to increase after a treatment with a
multistrain probiotic, associated with the reduction of the
hepatic fat fraction.2®l Additionally, Allobaculum was
associated with high-fat diet-feeding in NAFLD mice
models,['324] and Ruminococcus abundance has been
widely related to NAFLD development,32% reinforcing
our results. However, it is noteworthy that, in our study,
the particular microenvironment and the consequent
specific metabolism caused by the genotype could

certainly be shaping the gut microbiotal?®! in an MCJ-
KO-dependent way, resulting in a microbiota signature.

Related to the specific microbiome signature in MCJ-
KO mice, fecal metabolome analysis showed an
increase in adenosine, cytidine, or riboflavin independ-
ently of the diet, whereas other metabolites, such as
betaine, tended to increase in CDA-HFD—fed MCJ-KO
mice. Enhanced mitochondrial activity might be the
reason for the high levels of both adenosinel?®! and
betaine.l27281  Adenosine exerts anti-inflammatory
effects and is implicated in the control of intestinal
barrier function.?8! Besides, different studies have
demonstrated the antioxidant properties and the bene-
ficial role of betaine in NAFLD development because of
its ability to scavenge ROS, protect mitochondria
complex Il, and regenerate mitochondrial glutathione
levels.[27:28] Betaine also improves small intestine status
and intestinal permeability as well as consolidates the
tight junctions in acute liver failure, shaping the gut
microbiota composition in mice.2% Interestingly, signifi-
cantly increased fecal concentrations of propionate and
isobutyrate were found in CDA-HFD—fed MCJ-KO mice,
two of the main SCFAs linked to beneficial effects on
human health. Indeed, treatment with SCFAs has
shown antioxidant effects, downregulation of proinfl-
ammatory mediators, maintenance of gut barrier
integrity, and increased mitochondrial respiratory
capacity.[14:30.31]

Importantly, our analysis showed a positive correla-
tion between adenosine and betaine and the abun-
dance of Dorea genus, one of the main taxa associated
with MCJ-KO genotype, suggesting the regulation of
Dorea abundance by these metabolites, as has
previously been shown.’233 |n summary, the abun-
dance of these metabolites could be determining an
MCJ-KO specific microbial signature, mainly increasing
the gut fithess of Dorea genus species.

The CMT from MCJ-KO mice to CDA-HFD—fed GF
mice ameliorated the hepatic injury and induced a
partial restoration of gut barrier integrity and gut-liver
axis status, demonstrating that the protective effect of
the genotype is transmissible by the microbiota.
Previous experiments in GF mice have proved that
the inflammatory status may be transmissible through
the microbiota and that the adaptations induced by a
genetic variant may have an impact on gut microbiota
susceptible to being replicated in gnotobiotic
recipients.[34-3¢1 Moreover, the same patterns observed
in A Model on the relative abundance of AF12, Dorea,
Oscillospira, and [Ruminococcus] were detected in B
Model, corroborating that the hepatoprotective effect
was mediated by this specific microbiome signature.

We next tried to understand how this bacterial
community, shaped by the MCJ-KO—-dependent metab-
olome, could have protective effects both in the gut and
in the liver following a dietary NASH model. We have
already described how the lack of MCJ increases the



HEPATOLOGY

| 1667

mitochondrial activity and ATP production,® affecting
NAD metabolism. A significantly increased NAD*/
NADH ratio was observed in MCJ-KO mice, both in
liver and intestinal tissues, and, interestingly, also in
CDA-HFD-fed GF mice after CMT from MCJ-KO
genotype. NAD™ not only plays a key role in energy
metabolism and fueling mitochondrial function but is
also a precursor for NADPH, an important component of
the antioxidant defense system.’] In fact, NAD* has
been proposed as a potential target to prevent and
reverse NAFLD.[38 NAD* precursors have been found
to improve hepatic mitochondrial function and decrease
oxidative stress in preclinical models of NAFLD, and
its repletion also prevents progression to NASH.40l |n
line with these findings, CDA-HFD—fed MCJ-KO (A
Model) and GF mice (B Model) showed improved
mitochondrial function and higher lipid beta oxidation
activity in their livers. Additionally, the contribution of gut
microbiota in NAD* biosynthesis and regulation has
been slightly described.*!! In our study, the increased
levels of NAD* observed in the liver and the gut were
associated with a higher abundance of Dorea genus not
only in MCJ-KO mice but also in GF mice. Based on
previous studies, we hypothesize that increased levels
of SCFAs found in CDA-HFD—fed MCJ-KO mice might
be enhancing intestinal metabolism and thus enabling
the augmented NAD* levels.’% Overall, these data
point out a possible mechanism underlying the protec-
tive effect of MCJ-KO gut microbiota during NASH
development.

Additionally, NAD* also serves as a substrate for a
wide range of enzymes, including SIRT.8! Hepatic
SIRT1 activity reduces de novo lipogenesis and
enhances beta oxidation,*? and in the gut, SIRT1
exerts anti-inflammatory effects in acute intestinal
inflammation,3l  maintaining gut barrier function.4
We observed significantly higher hepatic and gut mMRNA
levels of Sirt1 in CDA-HFD—fed MCJ-KO (A Model) as
well as in GF mice transplanted with MCJ-KO micro-
biota and fed with CDA-HFD (B Model). In fact, as in the
case of the NAD*/NADH ratio, positive correlations
were observed, both in liver and gut tissues, between
Sirt1 expression and Dorea abundance in the two
models. Hydrogen is capable of avoiding downregula-
tion of sirtuins as well as restoring mitochondrial NAD*
production,s! and Dorea is a hydrogen-producer
genus.“®l Thus, the abundance of Dorea observed in
our study could be promoting an augment of hydrogen
levels and, consequently, an enhancement in SIRT1
activity and NAD™ biosynthesis, mediating the protec-
tive effect in NAFLD development.

Currently, there is not an efficient approved therapy
to halt or reverse lean NASH. Considering its increasing
prevalence along with the severity of patients with lean
NASH, therapeutic alternatives are strictly required.
Herein, MCJ deficiency and the consequently improved
mitochondrial activity reshape a specific and protective

microbiome signature able to delay the disease
progression in an aggressive NASH-lean dietary model.
Overall, these results highlight the importance of
mitochondria—microbiota crosstalk in NASH and point
to therapeutic strategies based on microbiota trans-
plantation, paving the way for different approaches.
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