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In brief

Sangineto et al. investigate the
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of circulating monocytes in patients with
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also identified in liver monocyte-derived
macrophages through transcriptomic
analysis. Inmunometabolic modulation
via SDH inhibition attenuates
inflammation both in vitro and in vivo,
ameliorating MASH.
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SUMMARY

Monocytes (Mos) are crucial in the evolution of metabolic dysfunction-associated steatotic liver disease
(MASLD) to metabolic dysfunction-associated steatohepatitis (MASH), and immunometabolism studies
have recently suggested targeting leukocyte bioenergetics in inflammatory diseases. Here, we reveal a pecu-
liar bioenergetic phenotype in circulating Mos of patients with MASH, characterized by high levels of glycol-
ysis and mitochondrial (mt) respiration. The enhancement of mt respiratory chain activity, especially complex
Il (succinate dehydrogenase [SDH]), is unbalanced toward the production of reactive oxygen species (ROS)
and is sustained at the transcriptional level with the involvement of the AMPK-mTOR-PGC-1a axis. The mod-
ulation of mt activity with dimethyl malonate (DMM), an SDH inhibitor, restores the metabolic profile and
almost abrogates cytokine production. Analysis of a public single-cell RNA sequencing (scRNA-seq) dataset
confirms that in murine models of MASH, liver Mo-derived macrophages exhibit an upregulation of mt and
glycolytic energy pathways. Accordingly, the DMM injection in MASH mice contrasts Mo infiltration and

macrophagic enrichment, suggesting immunometabolism as a potential target in MASH.

INTRODUCTION

Metabolic dysfunction-associated steatohepatitis (MASH), the
inflammatory subtype of metabolic dysfunction-associated
steatotic liver disease (MASLD), represents a social and eco-
nomic global burden with a growing incidence; it is predicted
to become the first cause of liver transplantation in the United
States by 2025, and its prevalence in European countries is ex-
pected to increase by more than 40% by 2030."* MASH, previ-
ously known as non-alcoholic steatohepatitis, is characterized
by steatosis, hepatocyte ballooning degeneration, and lobular
inflammation, and it can further evolve to liver cirrhosis, a condi-
tion complicated by hepatocellular carcinoma.®* Although some
studies reported that, according to the “multiple hit” hypothesis,
several factors are involved in MASLD progression, such as insu-
lin resistance, adipokines, high-fat (HF) diet, redox unbalance,
and lipid metabolism dysregulation, the precise mechanisms
that trigger the evolution of simple steatosis to MASH are still
poorly understood.® However, the direct involvement of innate
immunity as a key factor is recently emerging.® Kupffer cells
(KCs), the resident liver macrophages (MdJs), are activated by
gut-derived pathogen-associated molecular patterns (PAMPs)
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(e.g., lipopolysaccharide [LPS]) or damage-associated molecu-
lar patterns (DAMPs), such as lipid peroxidation products gener-
ated by oxidative stress, via pattern recognition receptors. The
consequence is the initiation of liver inflammation with the pro-
duction of cytokines (e.g., interleukin [IL]-13 and tumor necrosis
factor [TNF]-a), chemokines (e.g., CCL-2) and reactive oxygen
species (ROS),”® leading to the recruitment of infiltrating mono-
cytes (Mos), which generate a new resident population of MJs.
These Mo-derived MJs (Mo-M®s) perpetuate and orchestrate
inflammation in MASH.®'® Recent studies of immunometabo-
lism report that immune cells, including Mos, reprogram their
bioenergetic phenotype to support inflammation. It is known
that resting and regulatory phenotypes (e.g., M2 Ms or regula-
tory T cell ymphocytes) rely on oxidative phosphorylation, while
immune “effectors’ (e.g., M1 MQs or Th17 lymphocytes) meta-
bolically shift toward a glycolytic metabolism.""'? The reason
probably lies in the requirement of rapid ATP production and
the synthesis of signaling molecules during the pro-inflammatory
activity.">'* However, the potential role of immunometabolism in
chronic diseases is potently emerging,'® although it is very little
explored in hepatic diseases.'® Therefore, considering the
importance of Mo activity in determining MASLD progression
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and the urgent need to discover novel potential targets in MASH,
we investigated the bioenergetic profile of circulating Mos in pa-
tients with MASH.

RESULTS

MASH Mos show a metabolic reprogramming

Considering the importance of Mos in the inflammatory orches-
tration in MASH, we dissected the bioenergetic profile of MASH
patient Mos ex vivo by using a Seahorse XF HS Mini Analyzer
(Agilent Technologies). The “glycolysis rate assay” (Agilent
Technologies) permits calculating glycolysis with extreme preci-
sion, subtracting the mitochondrial-derived acidification, and
revealing rapid metabolic switches not detectable in lactate as-
says, hence making it a valuable method to give information
about bioenergetic phenotypes. Interestingly, glycolysis,
measured by proton efflux rate, was significantly higher in
MASH Mos compared to healthy control (Ctrl) Mos (Figures 1A
and 1B). The injection of rotenone and antimycin A, inhibitors
of mitochondrial complexes | and lll, respectively, shows the
capability of cells to augment glycolysis in response to mito-
chondrial ATP deprivation, a process known as compensatory
glycolysis. MASH Mos displayed a considerable increase of
compensatory glycolysis, highlighting a propensity to supply a
large amount of energy by glycolysis (Figure 1C). Mitochondrial
respiration was determined by the oxygen consumption rate
(OCR) at the basal state and after inhibitor injection (i.e., oligomy-
cin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
[FCCP], and rotenone/antimycin A). Interestingly, MASH Mos
displayed a significant increase of basal respiration (Figures 1D
and 1E). Moreover, the block of ATP synthase with oligomycin
permitted us to estimate the quote of respiration devoted to
ATP production, highlighting that the mitochondrial respiration
gain observed in MASH Mos was not completely finalized to
ATP synthesis and instead generated a considerable proton
leak (Figures 1D-1H). The injection of the uncoupler FCCP can
dissipate the proton gradient and maximize the OCR, assessing
the maximum capacity that the electron transport chain (ETC)
can achieve, namely the maximal respiration. Interestingly,
MASH Mos reached very high levels of maximal respiration
(Figures 1D and 1F). Overall, these data underline that MASH
Mos present a hypermetabolic state characterized by a consid-
erable increase of glycolysis and mitochondrial respiration
enhancement associated with proton leak. This bioenergetic
phenotype was linked to a pro-inflammatory activity, as shown
by the higher expression of /l-18 and Tnf-« (Figure 1), which
was in line with serum levels (Figure 1J).

In order to define whether a MASH serum mediator could
affect the Mo metabolic profile, we exposed Ctrl Mos to the
serum of patients with MASH and obtained a bioenergetic profile
very similar to MASH Mos in terms of both glycolysis and mito-
chondrial respiration (Figures 2A and 2B). Since it is known
that patients with MASH show intestinal barrier defects, hence
hypothesizing a role of PAMPs in the MASH Mo bioenergetic
profile, we treated Ctrl Mos with MASH serum and TAK-242, a
selective inhibitor of Toll-like receptor 4 (TLR4). Very interest-
ingly, the TLR4 inhibition abolished the bioenergetic repurposing
and cytokine expression induced by patients’ sera (Figures 2A-

2 Cell Reports Medicine 5, 101564, May 21, 2024

Cell Reports Medicine

2C). In order to corroborate this observation, we stimulated Ctrl
Mos with LPS, observing again the induction of the hypermeta-
bolic state characterized by an increase of glycolysis and mito-
chondrial respiration with proton leak (Figures 2D-2F). Along
these lines, we might speculate that TLR4 activation, probably
due to circulating LPS and/or other PAMPs/DAMPs, plays a
pivotal role in Mo pro-inflammatory activity and the related bio-
energetic reprogramming observed in patients with MASH. Of
note, circulating LPS levels were much higher in subjects with
MASH (Figure 2G).

Mitochondrial dysfunction in MASH Mos

In a second step, we decided to explore the mitochondrial func-
tion. In line with the increase of basal and maximal mitochondrial
respiration, the spectrophotometric analysis revealed that
MASH Mos were characterized by the enhancement of ETC
complex | and complex Il enzymatic activity (Figure 3A). How-
ever, the mitochondrial respiratory chain is also the major source
of ROS under pathological conditions,'” and here, we have
shown a considerable proton leak in MASH Mos. Therefore,
quantifying the H,O, production rate by using pyruvate/malate
(for complex 1) and succinate (for complex Il) as mitochondrial
substrates, we found that MASH Mos showed high levels of
peroxide production from both complex | and complex Il activ-
ities (Figure 3B). Moreover, the Oxyblot analysis (Millipore
Bioscience Research Reagents) revealed that the total quantity
of oxidized proteins in mitochondria was significantly higher in
the Mos of subjects with MASH (Figure 3C). Overall, these data
suggested that MASH Mos presented mitochondrial dysfunction
with ROS production and consequent oxidative stress. The
expression studies conducted by using the PrimePCR array
Mitochondria Energy Metabolism Plus (Bio-Rad Laboratories)
showed that out of 78 targets analyzed (Table S1), 39 genes
were significantly dysregulated. In particular, only 7 genes
were downregulated, while 32 genes were upregulated, in
MASH Mos compared to Ctrl Mos (Figures 4A and S1). Most
of these genes encode for ETC subunits such as NADH:ubiqui-
none oxidoreductase (Nduf), Ubiquinol-cytochrome c reductase
(Ugcr), Cytochrome c oxidase (Cox), and ATP synthase (Atp5)
(Figure S1; Table S1), and in particular, 3 out of 4 Succinate de-
hydrogenase (Sdh) subunits were more expressed in MASH Mos
as well (Figure 4B). In accordance with this, the protein levels of
complex |, I, and V subunits were more represented in MASH
Mos (Figure 4C). It was interesting to note that Transcription fac-
tor A, mitochondrial (Tfam), a key activator of the mitochondrial
genome transcription, and Peroxisome-proliferator-activated re-
ceptor-gamma coactivator-1a (Pgc1-«), a master regulator of
the mitochondrial biogenesis,'®'® were both significantly upre-
gulated in patient Mos (Figure 4D). It is conceivable to believe
that in MASH Mos, the transcription and production of ETC sub-
units support the requirement to increase mitochondrial respira-
tion, which is in turn mostly addressed to ROS production. Very
importantly, by analyzing potential mediators of metabolic adap-
tations in pro-inflammatory leukocytes, we found a significant in-
crease of mammalian target of rapamycin (mTOR) (total and
phosphorylated) and PGC-1a. with a reduction of 5° AMP-acti-
vated protein kinase (AMPK) phosphorylation (Figure 4E). On
the contrary, protein kinase B (Akt) phosphorylation and
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Figure 1. MASH Mos show metabolic reprogramming

(A-H) Glycolysis determined by measuring PER (A-C) and mitochondrial respiration determined by measuring OCR (D-H) in healthy control (Ctrl) and MASH Mos
(n = Ctrl: 5, MASH: 8; each subject analyzed in duplicate).

(I) Relative mRNA expression of pro-inflammatory cytokines (//-78 and Tnf-«) in Ctrl and MASH Mos (n = 6 per group) determined by gPCR.

(J) IL-1B and TNF-a protein levels in serum of Ctrls and patients with MASH determined by ELISA (n = Ctrl: 5, MASH: 10).

Data are expressed in mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 according to two-tailed Student’s t test. Mo, monocyte; PER, proton
efflux rate; OCR, oxygen consumption rate.

hypoxia-inducible factor 1 alpha (HIF-1¢) were not different be- 1o activation.?’ Interestingly, a similar profile (i.e., low phos-
tween Ctrl and MASH Mos (Figure 4E). This is important, aslower  pho-AMPK [p-AMPK], high mTOR, and PGC-1a) with ETC sub-
AMPK phosphorylation favors mTOR activity, which is known to  unit transcription was exhibited by Ctrl Mos when exposed to
be involved in glycolysis induction during macrophagic M1 po- LPS (Figures 4F and S2), suggesting again a role of TLR4
larization.?® Moreover, mTOR has been associated with PGC-  activation, while the exposure of MASH Mos to everolimus, an

Cell Reports Medicine 5, 101564, May 21, 2024 3



¢? CellPress

OPEN ACCESS

>

Rotenone +

Antimycina ~ 2DG

ol
'
'
'
'
'
'

%

s oo N
a 3 a 8 B
I 7 999

-e- Ctrl

~+~ Ctr+MASH serum

-#- Ctrl+TAK-242+MASH serum

<

PER (pmol/min/1*10°cells)

Cell Reports Medicine

basal glycolysi

Hxrk

P y glycoly

Sk

ok

250

N
=3
=3

-
a
=)

-

a

S

-
o
=3

=

=]
=3

o

o
o
)

0
©
o
P
=3
|5
b
<
e
E
°
£
]
4
w
o

PER (pmol/min/1*10° cells)

0 20 4 60 80 & & & & &
. . & L G
Time (minutes) DR DR
S S
SN SN
& & & &
o &
[9)
basal respiration maximal respiration
B
~ 409 ek .80 —_
Rotenone + 0 — - - N
w oligomycin  FCCP  Antimycin A 3 H ok 3
3 80 H : H = Ctrl o 304 e e
o ' ' ' ° % 60 ‘®
- | 1 : e S
> i ' ' ~+ Ctrl+MASH serum * X *
T 80 H : b b= = =
= H d = Ctrl+TAK-242+MASH serum E 20 E 20 E
EoF R 3 3 3
E 20 ; g 104 fl, 20 E
2 H o © x
o : ; : 8 8 8
ég 0t T T T 1 0- 0
0 20 40 60 80 X a
S & e & &
Time (minutes) o aq}“ eq;s" © ,)e“) ,)e‘")
S *
IR & &
S & o
& W [l
Gl &
& &
D & <t
P Rotenone +
» AntimycinA ~ 2-DG basal glycolysi y glycolysi
3 400 ' . v LA
L i ! -= Ctrl & 300 & 400
> ' : - LPS 2 . z
¥ 300 ' ' L o arkx
S B ' > ‘S 300
£ ! e g
£ 200 i h s <
3 P £ 2o
13 ' ' ° °
100 100
O R £ £
o : : & i
a 0 T T ¥ 1 a g a o
0 20 40 60 80 N M N H
Time (minutes) [V N [0 N
E o proton leak
i _ Rotenone + basal respiration maximal respiration
I oligomycin AntimycinA  2-DG 15+
3 150 ' : : & 50 7 150 0 :
o ! : ' = Ctrl 2 . 3 ]
2 ' ' ' Q 3 o
= ' ' : -+ LPS L 40 P oo
£ 100 : ; 1 ° 2, + 10
= ' ' 5 * 100 LI
£ ! ] = 30 = s
£ : | 2 £ £
= ' £ £ £
g 50 3 20 3 S 5
£ ) E £ 50 g
= S =
O 0 T T T 1 o 5 8
o o 20 40 60 80 ° o o 0-
Time (minutes) N Q &
& & & & & &
G 254 *
.
20
Jary
£ 15
=)
o
o 10
o
-
5
oL
& @
‘Q'

4

Cell Reports Medicine 5, 101564, May 21, 2024

= -
=) o
1 1

o
1

Relative expression

TNF-a

Relative expression
N

Relative expression
N

S & & S & &
(9 aéo ,,0‘0 ) ..,0‘0 ao&
B X &
s S
P X
& ¥ o8 *:h
.\§. s
& &
proton leak ATP-linked

wkk

Hhkk

ot

e

N
@

N
=)

-
o

10

OCR (pmol/min/1 *10° cells)

Hohdok

Relative expression

G
. T T
& &

& &

ATP-linked

w
T

N
<

-
=3
1

OCR (pmol/min/1*1 0° cells)

o
I

*

(legend on next page)



Cell Reports Medicine

mTOR-selective inhibitor, restored MTOR and PGC-1a levels,
with no improvement in AMPK phosphorylation, confirming a
link between mTOR and PGC-1a (Figure 4G). Collectively, these
findings suggest that in MASH Mo metabolism, the AMPK-
mMTOR-PGC-1a axis is primarily involved.

DMM modulates MASH Mo bioenergetics and reduces
cytokine production

Considering the immunometabolic alterations observed in
MASH Mos, we questioned whether targeting the cellular bio-
energetic, to control Mo inflammatory activity, might be a po-
tential strategy for MASH. To do this, Mos have been treated
with dimethyl malonate (DMM), a molecule that inhibits SDH ac-
tivity. In fact, Mills et al. recently demonstrated that the activity
of SDH, a key enzyme in the Krebs cycle and in the ETC (as
complex ll), is crucial in promoting metabolic reprogramming
and pro-inflammatory activity in M@s,??> and SDH inhibition
with DMM has been reported to exert important immunomodu-
latory effects.”®> Moreover, we have shown that in MASH
Mos, SDH is highly expressed, and its activity is augmented
and unbalanced toward hydrogen peroxide production. There-
fore, we examined the bioenergetic profile of MASH Mos
exposed to DMM, which significantly dampened glycolysis
and compensatory glycolysis (Figures 5A-5C). Moreover, as
shown by OCR levels (Figure 5D), DMM-treated Mos showed
normal levels of basal and maximal respiration (Figures 5E
and 5F), with a consequent control of proton leak (Figures 5G
and 5H), compared to untreated Mos. As expected, the produc-
tion of the pro-inflammatory cytokines IL-13 and TNF-a was
reduced, as demonstrated by qPCR (Figure 5I) and ELISA (Fig-
ure 5J). Interestingly, DMM increased p-AMPK levels and
reduced mTOR and PGC-1a, underlining again the role of the
AMPK-mTOR-PGC-1a pathway in the metabolic and pro-in-
flammatory activity in MASH Mos (Figure 5K). Accordingly,
the expression of most dysregulated ETC subunits and Tfam
was restored by DMM (Figures S3A and S3B). Considering
the demonstrated ability of DMM to modulate bioenergetic
and pro-inflammatory function in M@s by reducing ROS pro-
duction,”*?® we have exposed healthy Mos to hydrogen
peroxide. Interestingly, we observed a dose-dependent induc-
tion of mTOR and PGC1-a protein levels, with AMPK dephos-
phorylation, by increasing the amount of H,O, (50, 125, and
250 uM) (Figure 5L), confirming the role of oxidative stress as
important in metabolic and pro-inflammatory signaling. Overall,
these data suggested that SDH inhibition with DMM was able to
modulate the energetic phenotype and reduce cytokine pro-
duction in Mos isolated from patients with MASH.
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Energy metabolism pathways in liver M@s
Recent studies have demonstrated that during MASH develop-
ment, KCs are depleted and mostly replaced by Mo-M@s.?%728
Mos infiltrate the liver and differentiate into two major subsets
of resident M@s (almost indistinguishable from KCs) and lipid-
associated M@s (LAMSs).?° Here, we analyzed data from the pub-
lic repository of a single-cell RNA sequencing (scRNA-seq) data-
set deposited by Remmerie et al.?” in order to assess differences
in terms of energy metabolism pathways among Mo-M@ popu-
lations. In particular, we dissected data from liver CD45" cells
of mice fed a Western diet for 24 weeks, since at this time, the
macrophagic scenario is still characterized by the presence of
non-inflammatory resident KCs (Res-KCs) and enriches with
pro-inflammatory Mos, transitioning populations, and LAMs.?”
From our analysis, we identified 29 clusters, 9 of which localized
in the Mo-M@ portion (based on the expression of Mafb, Ly6c2,
Fcgri1, and Adgre1) (Figure S4). With the expression of charac-
teristic markers,?”*°*° we identified cluster 7 as Res-KCs (ex-
pressing genes like Timd4, Clec4f, Vsig4, and Cd163), cluster 5
as LAMs (expressing genes such as Spp?, Gpnmb, and
Trem?2), and cluster 7 as Mos (expressing Ly6c2), while cluster
1 exhibited an intermediate profile between Mos and LAMs,
with high expression of Ccr2, and hence is a population of tran-
sitioning Mos (t-Mos) likely containing CCR2-dependent LAMs®®
(Figure 6A). Mo-derived KCs were probably represented in clus-
ter 9, as it included a population of cells expressing Clec4f but
not Timd4 (data not shown). Analyzing the mitochondrial energy
metabolism (MEM) pathway, we found that Mos, t-Mos, and
LAMs presented an upregulated profile compared to Res-KCs
(Figure 6B). The volcano plots, showing the MEM differentially
expressed genes (DEGs) of the three main infiltrating subsets
in comparison with Res-KCs, highlighted that out of 89 genes
composing the MEM pathway, LAMs had 25 DEGs (19 upregu-
lated and 6 downregulated), t-Mos had 43 DEGs (38 upregulated
and 5 downregulated), and Mos had 49 DEGs (43 upregulated
and 6 downregulated) (Figure 6C). In accordance with this, the
glycolytic pathway (GLY) was prominently enhanced in Mo-
M@s (Figure 6D). As shown by volcano plot, 6 genes out of 20
were significantly upregulated in LAMs, 5 genes in t-Mos,
and 3 genes in Mos, against only 1 or 2 downregulated genes
(Figure BE). Collectively, these results underline the enhance-
ment of MEM and GLY pathways in recruited Mos and M@s,
along with their already demonstrated pro-inflammatory role
compared to normal resident M@s.?”

These observations were further corroborated by analysis of
Seidman et al.’s dataset, RNA-seq performed on sorted MQs
of HF-high cholesterol (HC)-fed mice.”® Although some

Figure 2. Metabolic reprogramming in Mos is induced by TLR4

(A-C) Glycolysis determined by measuring PER (A), mitochondrial respiration determined by measuring OCR (B), and relative expression of //-18 and Tnf-«
determined by gPCR (C) in Mos of Ctrls untreated or stimulated with 10% MASH serum for 4 h + pre-treatment with the TLR4 inhibitor TAK-242 (1 uM) for 1 h

(8 experiments performed in duplicate).

(D-F) Glycolysis determined by measuring PER (D), (E) mitochondrial respiration determined by measuring OCR (E), and relative expression of /I-18 and Tnf-«
determined by gPCR (F) in Mos of Ctrls untreated or stimulated with LPS (50 ng/mL) for 4 h (3 experiments performed in duplicate).
(G) Quantification of endotoxin (LPS) concentration in serum of Ctrls and patients with MASH determined by using the Pierce Chromogenic Endotoxin Quant Kit

(Thermo Fisher Scientific) (n = 6 per group).

Data are expressed in mean + SEM; *p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001 according to two-tailed Student’s t test or one-Way ANOVA followed by
post hoc analysis (Bonferroni test). LPS, lipopolysaccharide; Mo, monocyte; PER, proton efflux rate; OCR, oxygen consumption rate.
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o X 0“\ B3 as shown by ALT serum levels (Figure 7B)
\g \g and lower hepatic steatosis (Figures 7C
and 7D), compared to vehicle-treated
mice, although with no significant change
in body weight or liver/body weight ratio
c (Figures 7E and 7F). As is already known,
DNP CT MAEH Cfrl MA_SH C:I MA_'S_H (itrl M'L_\SH CT MASH Ct_rl MA_SH the addition of cholesterol to the HF diet in
mice is efficient to induce a human-like
— MASH, since both metabolic and inflamma-
tory alterations are well represented.®'*?
. BE— Moreover, the HF-HC diet induces the
recruitment of Mos, enriching the macro-
i o— 0 phagic population in the liver.?®*® Interest-

contaminations might exist in these sorted cell populations,®” we
can describe again an upregulation of MEM and GLY in Mo-MOs
compared to normal KCs (Figure S5).

DMM reduces hepatic inflammation in a murine model of
MASH

Considering the hypermetabolic state of circulating Mos in pa-
tients with MASH and the possibility of targeting their mitochon-
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ingly, we found an increase of F4/80+ cells
in the liver of HF-HC-fed mice, which was
significantly counteracted by the adminis-
tration of DMM (Figure 7G). Moreover, Dae-
men et al. recently demonstrated that Mo-
M@s tend to form crown-like aggregates
(CLA),** and here we found that DMM dras-
tically reduced the number of macrophagic
CLAs in the liver (Figure 7H). In line with his-
tological features, we found a significant hepatic downregulation
of both pro-inflammatory cytokines, /I-16 and Tnf-«, after DMM
treatment, and Mcp-1 was also reduced by DMM, underlining
the importance of this cytokine for Mo recruitment in MASH pro-
gression (Figure 71). In accordance with this, the expression of
Cd163, Timd4, and Clec4f demonstrated that KC markers were
reduced in HF-HC-fed mice except for the DMM-treated ones (Fig-
ure 7J). On the contrary, the expression of Mo-MJ markers,
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Figure 4. Mitochondrial activity is sustained at the transcriptional level in MASH Mo

(A) Heatmap plot of Mo differential expressed genes involved in mitochondrial energy metabolism from the comparison between Ctrl and MASH patients (n= 3 per
group); high expression is indicated in red and low expression is indicated in violet. (B) Relative mMRNA expression of Sdh subunits in Ctrl and MASH Mo (n= 3 per
group). A and B determined by gPCR using PrimePCR™ array “Mitochondria Energy Metabolism Plus” (Bio-Rad Laboratories Inc). (C) Pictures of protein levels
of respiratory chain complexes |, Il and V and B-actin as loading control, in Ctrl and MASH Mo determined by Western blot analysis (n= 4 per group; 1 MASH
patient vs 1 ctrl performed on gel 1; 3 MASH patients vs 3 ctrls performed on gel 2). (D) Relative mRNA expression of Pgc-1a and Tfam in Ctrl and MASH Mo
determined by gPCR (n= 3 per group). (E) Pictures of protein levels of AKT, p-AKT, HIF-1a, AMPK, p-AMPK, mTOR, p-mTOR, PGC-1«, and B-actin as loading
control, in Ctrl and MASH patients Mo, determined by Western blot analysis (n=2 per group). (F) Pictures of protein levels of AMPK, p-AMPK, mTOR, p-mTOR,
PGC-1a, and B-actin as loading control, in Ctrl Mo untreated or treated with LPS (50 ng/mL) for 4 h, determined by Western blot analysis (n= 2 per group). (G)
Pictures of protein levels of AMPK, p-AMPK, mTOR, p-mTOR, PGC-1a, and B-actin as loading control, in MASH Mo untreated or treated with mTOR inhibitor,
everolimus (10 nM) for 4 h, determined by Western blot analysis (n= 2 per group). Data are expressed in mean + SEM; *p<0.05, according to two-tails student’s
t-test. SDH, Succinate dehydrogenase; AKT, Protein kinase B; p-AKT, phosphor-protein kinase B; HIF-1a, Hypoxia-inducible factor 1-o; PGC-1a, Peroxisome
proliferator-activated receptor-gamma coactivator-1a; TFAM, Transcription Factor A, Mitochondrial; AMPK, AMP-activated protein kinase; p-AMPK, phospho-
AMP-activated protein kinase; mTOR, mechanistic target of rapamycin kinase; phospho-mTOR, mechanistic target of rapamycin kinase; LPS, lipopolysac-
charide; Mo, Monocytes.

to MASH.%3° KCs, the resident M@s in the liver and probably the
first cells activated by PAMPs and DAMPs, play a key role in the
initiation of hepatic inflammation.®® However, some studies
recently reported the importance of Mos in MASLD progression,
as they infiltrate the liver in response to KC depletion and tissue
damage, generating a population of Mo-M@s that perpetuate
and orchestrate the inflammation. In fact, along the progression
of steatosis, the KC population extinguishes, and the liver be-
comes repopulated by Mos and Mo-M@s.”%"*® However, there
are still no promising immune interventions, and the global inci-
dence of MASH is growing, constituting a healthcare burden.?*°
Here, we reported the potentialities of a Mo immunometabolism

including Cx3cr1 and Ccr2, and LAM markers, including Gpnmb,
Trem2, and Spp1, was significantly upregulated in HF-HC vehicle
mice and restored to normal levels by DMM administration (Fig-
ure 7K). Taken together, our results suggested that the administra-
tion of an immunometabolic modulator inhibited the hepatic
macrophagic enrichment in a MASH model, reducing inflamma-
tion, steatosis, and cellular damage.

DISCUSSION

The contribution of innate immunity recently emerged as a
driving force in the pathogenesis of MASLD and its progression

Cell Reports Medicine 5, 101564, May 21, 2024 7
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study in MASH. Mos, as well as other immune cells, reprogram
their bioenergetic phenotype to support inflammation, as
demonstrated in pathological conditions such as autoimmune
diseases and critical infections.’®~*? On the contrary, very little
is known about immunometabolic alterations in chronic and
metabolic diseases, such as type 2 diabetes mellitus, cardiovas-
cular diseases, or hepatitis.*>™*> Here, we dissected circulating
Mo bioenergetics, demonstrating that MASH Mos were charac-
terized by metabolic reprogramming and pro-inflammatory ac-
tivity. In particular, Mos in patients with MASH presented high
levels of glycolysis and elevated mitochondrial respiration asso-
ciated with dysfunction and oxidative stress. The enzymatic ac-
tivity of ETC complex | and complex Il was indeed significantly
enhanced, although it led to high hydrogen peroxide production.
In accordance, some authors have previously demonstrated that
peripheral blood mononuclear cells (PBMCs) in patients with
MASH exhibit oxidative stress.“® The production of ROS in leu-
kocytes is an important signaling pathway for the inflammatory
activity.46 Therefore, it is conceivable to believe that the mito-
chondrial dysfunction observed in MASH Mos is finalized to
the production of pro-inflammatory stimuli, the ROS. Recently,
Akhter et al. demonstrated that exposing human PBMCs to
hydrogen peroxide promotes the expression of TLR2/4 and the
activation of mitogen-activated protein kinase/nuclear factor
kB signaling.”” Moreover, it has been recently reported that
blocking mitochondrial ROS production with MitoTEMPO ex-
erted protective effects in a murine model of MASLD by modu-
lating myeloid-derived suppressor cell recruitment.*®> Ma et al.
suggested instead a role of lipid metabolism and mitochondrial
ROS production in CD4* lymphocytes for the progression of
MASLD to hepatocellular carcinoma.“® Following these observa-
tions, we believe that the study of cellular metabolism in leuko-
cytes might be a promising field to explore in MASLD. Here,
we decided to focus on Mos because of their central role in in-
flammatory orchestration, and we tried to target cellular bioener-
getics. We have in fact observed that mitochondrial respiration in
MASH Mos was sustained by mitochondrial biogenesis as
demonstrated by TFAM and PGC-1« induction, and accordingly,
several ETC subunits were significantly upregulated. The mech-
anisms underlying the relationship between inflammatory activa-
tion, glycolysis, and mitochondrial activity are very complex and
involve biochemical intermediates, HIF proteins, non-coding
RNAs, cellular energy sensors, and others.?® In particular, we
observed a very considerable induction of mTOR in MASH

¢ CellP’ress

OPEN ACCESS

Mos, probably promoted by lower AMPK phosphorylation. The
mTOR activity might explain the glycolytic enhancement
and, as recently demonstrated, the induction of mitochondrial
biogenesis via PGC-1a.?'*> Accordingly, the inhibition of
mTOR consistently reduced PGC-1a levels. As already stated,
several ETC subunit genes were upregulated, and, in particular,
3 out of 4 Sdh subunits (i.e., Sdha, Sdhb, and Sdhc) were more
expressed, confirming that the higher activity of complex Il
was supported at the transcriptional level as well. In line with
this, Mills et al. have recently demonstrated that the activity of
SDH, also known as complex ll, is crucial in promoting metabolic
rewiring and inflammatory activity in M@s activated by LPS. The
authors showed that the inhibition of SDH restores ETC function,
reducing ROS production and HIF-1a activity for the transcrip-
tion of cytokines and glycolysis genes.?” Therefore, we exam-
ined the bioenergetic profile of MASH Mos after in vitro exposure
to DMM, an SDH inhibitor, demonstrating a decrease of both
glycolysis and mitochondrial respiration and abrogation of cyto-
kine production. Of note, treatment with DMM restored
p-AMPK-mTOR-PGC-1a levels, while the exposure to H,O,
enhanced the mTOR-PGC-1a activity, confirming a role of this
pathway in bioenergetic repurposing.

Overall, we might speculate that circulating PAMPs or DAMPs
in MASH activate Mos by inducing a positive feedback mecha-
nism where the increase of mitochondrial activity generates
ROSs, which in turn induce mTOR and PGC-14. to transcription-
ally sustain glycolysis and mitochondrial respiration, promoting
again more oxidative stress. Along these lines, the modulation
of mitochondrial metabolism might be the key to control immune
activation.

In a second step, we questioned whether metabolic reprog-
ramming could represent a characteristic of liver M@s since, dur-
ing the development of MASH, the KC population is replaced by
Mo-M@s.?%?83* Seidman et al. firstly described that myeloid cell
diversity in MASH is sustained by Mo recruitment and occupa-
tion of different anatomic niches.”® More recently, Remmerie
et al. and Guilliams et al., through scRNA-seq and spatial prote-
omics, further characterized a hepatic macrophagic scenario
during MASH,?"*° describing several populations and transi-
tional subsets. In MASH murine models, livers enrich with Mos,
which differentiate into LAMs and Mo-derived KCs (similar to
Res-KCs) passing through transitioning phenotypes.® Analyzing
the public scRNA-seq dataset of Remmerie et al.,>” we found
that Mos, t-Mos, and LAMs exhibited a prominent upregulation

Figure 5. SDH inhibition effect on MASH Mo bioenergetic and cytokine production

(A-H) Glycolysis determined by measuring PER (A-C) and mitochondrial respiration determined by measuring OCR (D-H) in Ctrl and MASH Mos + DMM (10 mM)
for 4 h (experiments performed by 3 Ctrls and 3 patients, each subject studied in duplicate).

(I) Relative mRNA expression of pro-inflammatory cytokines (IL-1p and TNF-a) in Ctrl and MASH Mos + DMM (10 mM) for 4 h (n = 4 experiments performed in

duplicate) determined by gPCR.

(J) IL-1p and TNF-o protein levels in Mo supernatants of Ctrls and MASH patients + DMM (10 mM) for 4 h determined by ELISA (n = 4 per group).

(K) Pictures of protein levels of AMPK, p-AMPK, mTOR, p-mTOR, and PGC-1a and B-actin as loading control in MASH Mos untreated or treated with DMM
(10 mM) for 4 h (n = 2 per group).

(L) Pictures of protein levels of AMPK, p-AMPK, mTOR, p-mTOR, and PGC-1a and B-actin as loading control in Ctrl Mos untreated or treated with increasing
concentrations of H,O, (50, 125, and 250 uM) for 4 h.

Data are expressed in mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 according to one-way ANOVA followed by post hoc analysis (Bonferroni
test). DMM, dimethyl malonate; IL-1B, interleukin-1p; TNF-o, tumor necrosis factor-a; Mo, monocyte; AMPK, AMP-activated protein kinase; p-AMPK, phospho-
AMP-activated protein kinase; mTOR, mechanistic target of rapamycin kinase; phospho-mTOR, mechanistic target of rapamycin kinase; PGC-1a, peroxisome
proliferator-activated receptor-gamma coactivator-1a; PER, proton efflux rate; OCR, oxygen consumption rate..
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(A) Hierarchical clustering and heatmap of indicated markers in clusters 4, 5, 1, and 7 obtained by clustering analysis of scRNA-seq dataset from mice fed a

Western diet for 24 weeks.

(B) Hierarchical clustering and heatmap analyses of 89 genes included in MEM pathway.

(C) Volcano plot representing MEM DEGs in LAMs vs. Res-KCs, t-Mos vs. Res-KCs, and Mos vs. Res-KCs with a p < 0.05 and a fold change (FC) > 1.5.

(D) Hierarchical clustering and heatmap analyses of 20 genes included in GLY pathway.

(E) Volcano plot representing GLY DEGs in LAMs vs. Res-KCs, t-Mos vs. Res-KCs, and Mos vs. Res-KCs with ap < 0.05 and a FC > 1.5. scRNA-seq data for liver
CD45* cells in a mouse fed a Western diet for 24 weeks were used from the GEO database (GEO: GSE156057). Differences were detected with Wilcoxon rank-
sum test by using ASAPV7 (Swiss Institute of Bioinformatics). MEM, mitochondrial energy metabolism; GLY, glycolysis; DEGs, differentially expressed genes;
LAMSs, lipid associated macrophages; Mo, monocyte; t-Mo, transitioning-monocyte; Res-KCs, resident Kupffer cells.

of genes included in MEM and glycolysis pathways compared to
Res-KCs. This is important, as the inflammatory nature of LAMs
compared with KCs is demonstrated,>”*° and the analysis of
metabolic pathways suggests that metabolic reprogramming is
crucial and probably fuels Mo infiltration and differentiation in
the liver.

Therefore, following these results, we finally investigated the
potential effect of targeting immunometabolism by using a pre-
clinical model of MASH. We have shown that the injection of
DMM exerted immunomodulatory effects in vivo, as hepatic
inflammation was considerably reduced and the macrophagic
enrichment in the liver was inhibited. In particular, the expression
of Mo-M@ markers was restored or significantly reduced by
DMM, highlighting that targeting cellular bioenergetics con-

10  Cell Reports Medicine 5, 101564, May 21, 2024

trasted the Mo infiltration and differentiation in MASH livers.
Moreover, steatosis and cellular damage were also ameliorated
in DMM-treated mice. In conclusion, our findings suggest that
targeting Mo immunometabolism in MASH might be considered
for a promising therapeutic approach, and research on new
modulators of cellular metabolism is needed to open a new field
in the treatment of MASH.

Limitations of the study

Further studies are necessary to find novel molecules able to
specifically target Mo or macrophagic subset metabolism.
The study highlights the cellular bioenergetic reprogramming
in Mos and the possibility of targeting it to improve MASH.
However, further studies are needed to highlight specific
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Figure 7. DMM reduces hepatic inflammation in a preclinical model of MASH

(A) Experimental design (drawn with BioRender.com).

(B) Serum ALT levels (Ctrl groups: n = 4; HF-HC groups: n = 10).

(C and D) Histological determination of hepatic steatosis with representative pictures of H&E staining (Ctrl groups: n = 4; HF-HC groups: n = 10).
(E) Body weight of mice (Ctrl groups: n = 4; HF-HC groups: n = 10).

(F) Liver weight/body weight ratio of mice (Ctrl groups: n = 4; HF-HC groups: n = 10).

(legend continued on next page)
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metabolites involved, and we cannot completely exclude a
pleiotropic effect of DMM on other immune cells. In addition
to this, although we have excluded a direct effect of DMM on
lipid accumulations in hepatocytes (HepG2) in vitro (Figure S6),
we cannot completely exclude a direct (mild) effect of DMM on
hepatic steatosis.
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(G) Representative pictures and quantification of F4/80 staining in the liver of control and HF-HC mice determined by immunohistochemistry (Ctrl groups: n = 4;
HF-HC groups: n = 5).

(H) High-magnification representative picture and quantification of crown-like macrophagic infiltrates determined by F4/80 staining on mice liver (Ctrl groups:
n = 4; HF-HC groups: n = 5).

(I) Relative mRNA expression of pro-inflammatory cytokines (//-18 and Tnf-«) and MCP-1 (Ccl-2) in the liver of control and HF-HC mice determined by qPCR (Ctrl
groups: n = 4; HF-HC groups: n = 5).

(J) Relative mRNA expression of KC markers (Cd163, Timd4, and Clec4f) in the liver of control and HF-HC mice determined by qPCR (Ctrl groups: n = 4; HF-HC
groups: n = 5).

(K) Relative mRNA expression of Mo-M@ markers (Ccr2, Cx3cr1, Gpnmb, Trem2, and Spp1) in the liver of control and HF-HC mice determined by gPCR (Ctrl
groups: n = 4; HF-HC groups: n = 5).
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(Ser2448)

Mouse monoclonal anti-mTOR, Clone
L27D4

Rabbit monoclonal anti-HIF-1a. (D2U3T)
Rabbit monoclonal anti-AKT(11E7)

Rabbit anti-phospho-Akt (Ser473) (D9E)
XP® mAb

Rabbit monoclonal anti-PGC1-a. (3G6)

Rabbit monoclonal anti-AMPK-a, phospho
(Thr172), Clone 40H9

Rabbit polyclonal anti-AMPKa
Mouse monoclonal anti-B-actin

Mouse monoclonal anti-NDUF6B
[21C11BC11]

Mouse monoclonal anti-SDHB [21A11AE7]
Mouse monoclonal anti-ATPB, Clone 3D5

Rabbit monoclonal anti-F4/80 (D2S9R) XP®
mAb

PE Mouse Anti-Human CD14

Clone MoP9

Cell signaling Technology
Cell signaling Technology

Cell signaling Technology
Cell signaling Technology
Cell signaling Technology

Cell signaling Technology
Cell signaling Technology

Cell signaling Technology
Sigma-Aldrich
Abcam

Abcam
Abcam
Cell signaling Technology

BD Pharmingen

Cat# 2971; RRID: AB_330970

Cat# 4517; RRID: AB_1904056

Cat# 14179; RRID: AB_2622225
Cat# 4685; RRID: AB_2225340
Cat# 4060S; RRID: AB_2315049

Cat# 2178; RRID: AB_823600
Cati# 2535; RRID: AB_331250

Cat# 2532; RRID: AB_330331
Cat# A1978; RRID: AB_476692
Cat# ab110244; RRID: AB_10865349

Cat# ab14714; RRID: AB_301432
Cat# ab14730; RRID: AB_301438
Cat# 70076; RRID: AB_2799771

Cat# 562691; RRID: AB_2737725

Chemicals, peptides, and recombinant proteins

Lipopolysaccaride from Escherichia coli
0111:B4

Dimethyl malonate

Vectastain R.T.U. Elite ABC Reagent
Protein Block

DAKO Liquid DAB+ Substrate Chromogen
system

DRAQ7™ Dye

Oil red O (1-([4-(Xylylazo)xylyl]azo)-2-
naphthol, 1-[2,5-Dimethyl-4-(2,5-
dimethylphenylazo)phenylazo]-2-naphthol)
6R-[[(2-chloro-4-fluorophenyl)amino]
sulfonyl]-1-cyclohexene-1-carboxylic acid,
ethyl ester (TAK-242)

Sigma-Aldrich

Sigma-Aldrich
Vector

Spring Bioscience
DAKO

Thermo Fisher Scientific
Sigma-Aldrich

Cayman Chemical

Cat# LPS25

Cat# 136441; CAS: 108-59-8
Cat# PK-7100

Cat# DPB-125

Cat# K3468

Cat# D15106
Cat# 00625; CAS: 1320-06-5

Cat# 13871; CAS: 243984-11-4

Critical commercial assays

Pierce™ Chromogenic Endotoxin Quant Kit

EasySep™ Human CD14 Positive Selection
Kit 1l

Oxyblot Protein Oxidation Detection Kit
Human IL-1p ELISA Kit
Human TNF-o ELISA Kit

Thermo Fisher Scientific
Stemcell Techonologies

Sigma-Aldrich
R&D systems
R&D systems

Cat# A39552
Cat# 17858

Cat# S7150
Cat# DY201
Cat# DY210

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

HepG2 ATCC HB-8065
Experimental models: Organisms/strains

Mouse: C57BL6/129SvJ The Jackson Laboratory 101045
Oligonucleotides

Human Primers See Table S3 N/A

Mouse Primers See Table S3 N/A

Software and algorithms

GraphPad Prism 10

Agilent Seahorse Analytics
Fiji software (ImagedJ, NIH)
FlowJo

Morpheus

ASAP (Automated Single-cell Analysis
Portal)

GraphPad Software

XF Software

Fiji Software
FlowJo Software
Morpheus Software

Swiss Institute of Bioinformatics

http://www.graphpad.com.scientific-
software/prism/

https://www.agilent.com/
https://imagej.net/software/fiji/downloads
https://www.flowjo.com/

https://software.broadinstitute.org/
morpheus/

https://asap.epfl.ch/

BioRender BioRender Software https://www.biorender.com/

Other

GSE156057 GEO datasets NCBI https://www.ncbi.nim.nih.gov/geo/query/
acc.cgi?acc=GSE156057

GSE128337 GEO datasets NCBI https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE128338

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be requested from the Lead Contact, Dr. Moris Sangineto (email: moris.
sangineto@unifg.it).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources
table
® This paper does not report original code
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

CD14" monocytes isolation from PBMCs

26 patients with MASH (determined by liver histology) and 15 age-matched healthy subjects were enrolled for circulating Mo isola-
tion. Baseline characteristics of patients are indicated in Table S2. Exclusion criteria were: oncologic diseases, other concomitant
causes of liver diseases (e.g., viral, autoimmune, toxic, alcoholic), autoimmune diseases. Peripheral blood mononuclear cells
(PBMCs) were isolated and resuspended in EasySep Buffer (Stemcell Technologies, Grenoble, France). Then, monocytes were pu-
rified by using the EasySep Human CD14 Positive Selection Kit Il (Stemcell Technologies, Grenoble, France) according to manufac-
turer’s instructions. Briefly, PBMCs were resuspended in EasySep Buffer, the EasySep EasySep Human CD14 Positive Selection
Cocktail Il was added to sample for 10 min and then, the EasySep Dextran RapidSpheres 50100, were incubated with the cell sus-
pension for 3 min. After the addition of EasySep Buffer, the suspension was placed into the EasySep Magnet and incubated for 5 min,
and to increase purity, this step was repeated twice. CD14" fraction purity was checked by flow cytometry, as shown in Figure S7A.
Harvested monocytes were immediately used. All subjects enrolled have signed a letter of informed consent in accordance with the
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World Medical Association Declaration of Helsinki. Human sample and data collections have been performed in agreement with the
guidelines of the Ethics Committee of the “Policlinico Riuniti” of Foggia (permit No. 649/2022) and the European Data Protec-
tion Laws.

Animal experiments

All the experiments were performed in accordance with the Italian National Laws (DL 116/92) and the European Communities Council
Directives (86/609/EEC), after the approvement of the Italian Minister of Health. 6 weeks old male wild type (C57BL/6) mice (from The
Jackson Laboratory ©) were maintained at the animal facility of University of Foggia, in individual cages with a 12 h light/12 h dark
cycle and fed with chow diet (CD) (Mucedola srl, Milan, Italy) or high fat-high cholesterol diet (HF-HC; 60% cocoa butter +1.25%
cholesterol) (Mucedola srl, Milan, Italy) for 8 weeks to induce MASH. From week 6 to the end of experiment (week 8), CD and HF-
HC fed mice were divided into two groups and intraperitoneally injected with DMM (160 mg/kg) or vehicle (PBS) on alternate days
(Figure 7A), in order to evaluate the effect of DMM in vivo. At the end of the study (8 weeks), mice were sacrificed, and blood and
liver samples were collected and stored at —80°C or fixed in 10%-buffered formalin for histology.

Cell lines

Human hepatocellular carcinoma cells (HepG2), obtained from American Type Culture Collection (ATCC), were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) (Gibco) supplemented with 10% heat-inactivated (FBS) (Gibco) and 1% of P/S (Sigma Al-
drich) at 37°C and 5% CO.. All cells were grown under 5% CO, at 37°C. Cell cultures were checked for mycoplasma contamination
using the MycoStrip Mycoplasma detection kit (Invivogen).

METHOD DETAILS

Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were immediately isolated from peripheral venous EDTA-blood of MASH patients
(n = 26) and healthy controls (n = 15) using Lymphoprep (Stemcell Technologies, Grenoble, France) with density gradient centrifu-
gation according to the manufacturer’s procedure. Briefly, 20 mL of blood were diluted to a 1:1 volume ratio with the EasySep Buffer
(Stemcell Technologies, Grenoble, France), layered on top of 15 mL of Lymphoprep and centrifuged at 1200xg for 10 min at 25°C. The
harvested mononuclear cells were collected, resuspended in EasySep Buffer and washed twice in the same buffer, with sequential
centrifugation, at 250xg for 10min and 200xg for 10min, respectively. Finally, the pellet was freshly used for isolation of CD14* mono-
cytes (Mo).

CD14* Mo stimulation
CD14* Mo were plated in 6 well plates and in Seahorse XF HS Miniplates (Agilent Technologies) precoated with poly-L-lysine, at den-
sity of 2x10° and 1x10° cells per each well, respectively, and exposed to DMM (10 mM) or PBS for 4 h, prior to perform bioenergetics
analysis and RNA isolation for expression studies. The concentration of DMM was based on a previous study conducted on mono-
cytes,*? after having excluded negative effects on cell vitality with trypan blue staining and living cell count with TC10 Automated Cell
Counter (Bio Rad Laboratories Inc, Segrate (Ml), Italy) (Figure S7B). To evaluate the contribution of circulating factors to Mo activa-
tion, CD14* Mo of healthy controls were plated in RPMI medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Gibco), and 1% penicillin and streptomycin (P/S; Sigma Aldrich) for 1h to allow the attachment; after 1 h medium was replaced
with fresh RPMI supplemented with 10% MASH or healthy controls serum (as a replacement of FBS) for 4h. Moreover, serum-treated
cells were pre-exposed to TAK-242 (Cayman chemical), a specific inhibitor of TLR4 signaling, at 1 uM for 1 h to study the involvement
of TLR4. In another experimental setting, CD14" Mo of healthy controls were stimulated with LPS (Escherichia coli 0111:B4, Sigma-
Aldrich) (50 ng/mL).

To study the role of mTOR to induce PGC-1a, MASH Mo were treated with everolimus (Stem Cell Techonolgies), a selective mTOR
inhibitor, at the concentration of 10nM for 4 h.

Concentrations of LPS, TAK-242 and everolimus were based on previous authoritative studies.’®>?
Bioenergetic studies
To measure glycolysis and mitochondrial respiration, proton efflux rate (PER) and oxygen consumption rate (OCR) were respectively
quantified by using the Seahorse XF HS Mini Analyzer (Agilent Technologies) according to the manufacturer’s instructions. The car-
tridge plate was hydrated with sterile water and incubated overnight (37°C, CO,-free); the assay medium (Seahorse XF RPMI assay
medium, pH 7.4 containing 1 mM pyruvate, 2 mM glutamine and 10 mM glucose) was prepared immediately before assay. CD14* Mo
were freshly isolated from healthy subjects and MASH patients and analyzed the same day on different runs, loading 1-2 Ctrls with
1-2 MASH samples simultaneously on each plate. 1 x 10° Mo/well were plated in duplicate on the XF HS Mini cell culture microplate
precoated with poly-L-lysine. Glycolytic activity was monitored by measuring PER after sequential injection rotenone/antimycin A
and 2-deoxy-glucose (2-DG) by using the “Seahorse XF Glycolytic Rate Assay Kit” (Agilent Technologies). OCR was measured under
basal conditions as well as after three serial injections of oligomycin, FCCP and rotenone/antimycin A by using the “Seahorse XF Cell
Mito Stress Test kit” (Agilent Technologies). Analysis was performed with Agilent Seahorse Analytics software and data were
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normalized to total cellular protein using BCA protein assay (Thermo Fisher Scientific), reporting protein concentration directly to Agi-
lent Seahorse Analytics software for automatic normalization.

Mitochondrial respiratory chain complexes activity

The mitochondria-enriched fractions from cell suspension were prepared as previously reporte with minor adjustments. Briefly,
cells were washed with ice-cold phosphate-buffered saline medium and centrifuged at 3500 rpm for 6 min at 4°C. Supernatant was
removed and the cell pellet was resuspended in 10 mM/L Tris, pH 7.6, with protease and phosphatase inhibitors (Sigma-Aldrich),
freeze thawed thrice in liquid nitrogen. Cells were also mechanically disrupted with a 2-mL glass/Teflon potter on ice. The concen-
tration of mitochondria enriched cell suspension was estimated by Bradford assay. The enzymatic activities of mitochondrial
complexes were performed spectrophotometrically, by following variations in the UV-VIS absorbance of colorimetric substrates
or reaction products by using NanoDrop One (Thermo Fisher Scientific).

d23,31

Complex | assay

Complex | was measured spectrophotometrically at 600 nm as previously reported.>® 35 ug of each enzyme solution was mixed with
complex | buffer (25 mM/L potassium phosphate, 3.5 g/L fatty acid free BSA), 60 uM/L 2,6-Dichlorophenolindophenol (DCIP),
70 pM/L decylubiquinone (DBH), 1.0 puM/L antimycin-A) and incubated for 3 min at 37°C. Then, we added 10 mM/L NADH and
measured the absorbance for 4 min at 37°C. Later the reference was measured in the presence of 2.5 uM rotenone. Enzyme activity
was calculated with molar extinction coefficient (g) for the DCPIP (19.1 mM~" cm™).

Complex Il assay

Complex Il was measured spectrophotometrically at 600 nm as previously reported.®* 40 ug of each cell suspension was incubated
with complex Il buffer (25 mM KH2PO4 (pH 7.8), 2 mM EDTA, 1 mg/mL fatty acid free BSA), 10 mM succinate, 50uM DBH, 1 mM KCN,
4 uM rotenone, and 10 uM antimycin A, 0.2 mM ATP) for 10 min. After the addition of 80 uM DCIPIP, the change in absorbance at
600 nm was recorded for 2 min for reference. The addition of 10 mM malonate inhibits the oxidation of succinate. Enzyme activity
was calculated with € for the DBH (16 mM~" cm™).

Measurement of mitochondrial H,0, production

The rate of peroxide production was determined in human Mo. H,O, production was measured at 37°C following the oxidation of
Amplex Red by horseradish peroxidase using 5 mM pyruvate plus 1 mM malate or 5 mM succinate as respiratory substrates. The
fluorescence of supernatants was measured using 530 nm as excitation wavelength and 590 nm as emission wavelength in filter
max F5 multimode microplate reader (Beckman Coulter; DTX 880 Multimode Detector). The rate of peroxide production was calcu-
lated using a standard curve of H,0,.

Circulating LPS measurement

Circulating LPS in serum of MASH patients (n = 10) and healthy controls (n = 7) was determined using Pierce Chromogenic Endotoxin
Quant Kit (Thermo Fisher scientific), an endpoint amebocyte lysate assay that quantifies endotoxins (LPS). According to the manu-
facturer’s protocol, serum was collected from blood, centrifuged at 1300g for 15 min and then stored at —20°C. Serum samples were
1:50 diluted with endotoxin-free water and subsequently heated to 70°C for 15 min to inactivate inhibitory proteins. The amount of
LPS was quantified by the addition of a chromogenic substrate; the activated protease, catalyzed the release of p-nitroaniline (pNA),
spectrophotometrically detected at 405 nm in filter max F5 multimode microplate reader (Beckman Coulter; DTX 880 Multimode De-
tector). LPS levels (EU/mL) were calculated based on the standard curve.

Expression studies

Total RNA was isolated from human monocytes and mice livers using QlAzol Lysis Reagent (Qiagen). Equal amounts of RNA were
reverse transcribed to cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems) according to the manufac-
turer’s instructions. Real-time PCR was performed, using Sso Advanced universal SYBR green supermix on a Bio-Rad CFX96 Real-
Time system as previously reported,?® using primers listed in Table S3 and PrimePCR array “Mitochondria Energy Metabolism Plus”
(Bio-Rad Laboratories Inc, Segrate (Ml), Italy). The cycle threshold (Ct) was determined, and the relative gene expression was calcu-
lated with the AACT method. The gene expression was normalized to human or mouse B-actin.

External datasets analysis

ScRNA-seq dataset for liver CD45* cells from a mouse fed a western-diet for 24 weeks was downloaded from GEO dataset
(GSE156057).?” Processing of data was done by using the web-based platform ASAP (Swiss Institute of Bioinformatics).>® Following
the Seurat pipeline of ASAP, outlier cells were discarded based on 3 parameters (UMl/reads and number of expressed genes). Then
counts were normalized with the LogNormalize Seurat function. High variable genes (HVG) were found with the Dispersion Seurat
function selecting 2000 top variable features. The Scaling Seurat function was used to scale and center features. The Principal
Component Analysis, clustering and UMAP were performed using the Seurat pipeline. For the clustering, 50 principal components
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were used from PCA and 0.8 was used as the resolution parameter. Differential gene expression was assessed using the Wilcoxon
Rank-Sum Test. Differentially expressed genes (DEGs) were determined by p value < 0.05 and fold change > 1.5.

We selected a set of genes representing key metabolic proteins in Glycolysis and Mitochondrial energy metabolism (identified by
searching the SBI databases; see Table S4). Hierarchical clustering and heatmap analyses were performed using a Versatile matrix
visualization and analysis software Morpheus (https://software.broadinstitute.org/morpheus/).

Another analysis was conducted on normalized RNA-seq data for different Myeloid Cell populations in HF-HC fed mice, down-
loaded from GEO database (GSE128337).%°

Differentially expressed genes (DEGs) in Glycolysis and Mitochondrial energy metabolism were determined by p value < 0.05 (with
two-tailed Student’s t test) and fold change >1.5 (Table S5). Hierarchical clustering and heatmap analyses were performed as
described above.

Flow cytometry

A PE mouse anti-human CD14 antibody (BD Pharmigen) was used to detect the purity of cells isolated by CD14 positive selection
(Figure S5). We performed FACS analysis on Canto2 cytometers (Becton Dickinson). We analyzed flow cytometry data using
FlowdJo software (Becton Dickinson). Cell viability was measured by DRAQ7 dye (Thermo Fisher Scientific) staining exclusion.

Western blot analysis

Lysates from monocytes with equal amounts of protein (30 ng) were loaded in 8%, 10% or 12% SDS-PAGE, transferred to a nitro-
cellulose membrane (Bio-Rad Laboratories Inc, Segrate (MI), Italy) and blocked with 5% bovine serum albumin (BSA) in Tris-buffered
saline containing 0.1% Tween 20 (TBST) for 1 h at room temperature. Then, membranes were incubated overnight at 4°C with these
following primary antibodies: Complex | subunit NDUFB6 monoclonal antibody (Abcam, ab110244), Complex Il subunit SDHB mono-
clonal antibody (Abcam, ab14714), Anti-ATPB antibody (3D5) - Mitochondrial Marker (Complex V beta subunit) (Abcam, ab14730),
mTOR (1:1000, Cell Signaling Technology), p-mTOR (1:1000, Cell Signaling Technology), PGC-1a (1:1000, Cell Signaling Technol-
ogy), AMPK (1:1000, Cell Signaling Technology), p-AMPK (1:1000, Cell Signaling Technology), AKT (1:1000, Cell Signaling Technol-
ogy), p-AKT (Cell Signaling Technology, 1:1000), HIF-1« (1:1000, Cell Signaling Technology) and B-actin (1:1000, Thermo Fisher
Scientific) as loading control. Therefore, membranes were incubated with the appropriate HRP-conjugated secondary antibody
(1:2000, Cell Signaling Technology) for 1 h at room temperature and bands were detected by the Clarity Western ECL Blotting Sub-
strate using a ChemiDoc MP system (Bio-Rad Laboratories Inc, Segrate (M), ltaly) and quantified by the Image Lab Software.

Histology

Sections of formalin-fixed, paraffin-embedded mice liver samples were stained with haematoxylin/eosin and blind-analysed by a
pathologist in order to quantify hepatic steatosis by calculating the percentage of cells with macrovesicular and microvesicular stea-
tosis, as described in a previous work.>%°"

F4/80 immunohistochemistry

Mice liver sections were stained as previously described."® Briefly, after deparaffinization of slides in xylene and dehydration in an
ethanol gradient, the antigen unmasking with sodium-citrate buffer (pH = 6) was performed. To quench endogenous peroxidase ac-
tivity, sections were incubated with peroxidase blocking reagent (3% H,O, in methanol) for 10 min and rinsed with H,O for 5 min.
Then a protein blocking was executed with Protein Block ready to use (Spring Bioscience). Primary antibody was rabbit anti-F4/
80 (Cell Signaling Technology), while the secondary antibody was a Biotinylated anti-rabbit antibody (Vector Laboratories, Inc.).
Finally, the sections were incubated for 30 min with R.T.U. Vectastain, stained with DAB (Dako, Santa Clara, CA) and counterstained
with hematoxylin (Leica Biosystem). The F4/80 positivity was quantified with Fiji software (ImageJ, NIH) and subsequent conversion
in optical density (OD). A pathologist counted the number of F4/80+ cell aggregates in at least 10 high power field.

Western blot analysis of oxidized proteins

The analysis of oxidized proteins was performed by western blot using an Oxyblot Protein Oxidation Detection kit (Sigma-Aldrich), as
previously described.®? The same amounts of proteins (25 1g) were reacted with dinitrophenylhydrazine (DNPH) for 20 min, followed
by neutralization with a solution containing glycerol and 2-mercaptoethanol, resolved in 12% SDS-polyacrylamide gel electropho-
resis. After the transfer to a nitrocellulose membrane, a blocking step with 1% BSA and incubation with a rabbit anti-DNPH antibody
(1: 150) at 4°C overnight followed. After washing, the membrane was incubated with the secondary antibody (1:2000, Cell Signaling
Technology) conjugated to horseradish peroxidase and detected by Clarity Western ECL Blotting Substrate using a ChemiDoc MP
system (Bio-Rad Laboratories Inc, Segrate (Ml), Italy). The test provides a qualitative analysis of the total protein oxidation state
change.

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of IL-18 and TNF-o were measured in Mo supernatants and serum by an ELISA kit, (R&D Systems, Minneapolis,
MN, USA). Briefly, according to the assay protocol, 96-well microplates were coated with 100 pL of specific capture antibody and
incubated overnight at room temperature. The microplates were washed three times with a wash buffer (0.05% Tween 20 in PBS)
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and blocked with 300 pL per well of blocking reagent (1% BSA in PBS, pH 7.0-7.2) 1 h at room temperature; after three washes, the
samples and standards were added to each well and incubated for 2 h at room temperature. A biotin-conjugated detection antibody
was added to each well, incubated for 2 h; after three washes, 100 pL of Streptavidin-HRP were added and incubated in the dark for
20 min and then, 100 pL of a Substrate Solution (1:1 mixture of H>O, and tetramethylbenzidine), incubated in the dark for 20 min. The
reaction was stopped by the addition of 50 uL of a Stop Solution (2N H,SO,) to each well and the absorbance was measured at
450 nm using a filter max F5 multimode microplate reader (Beckman Coulter; DTX 880 Multimode Detector).

HepG2 stimulation and Oil Red O staining

HepG2 (4x10° cells/well) were plated in 6 well-plates in DMEM complete medium for 24 h to allow attachment. After 24h medium and
unattached cells were removed and replaced with fresh DMEM and supplemented with 8% intralipid (Baxter) to induce the steatotic
condition and simultaneously treated with DMM (10 mM and 20 mM) for 48 h. To measure lipid droplets accumulation, cells were
stained with Oil Red O (ORO). Briefly, cells were rinsed in PBS, fixed in 4% paraformaldehyde for 1 h, washed twice with ddH,O
and permeabilized with 60% isopropyl alcohol for 5 min. Then, cells were dried and stained with Oil Red O for 30 min at room tem-
perature, rinsed with ddH,O and photographed. Staining intensity was measured by Fiji software (Imaged) and converted to optical
density (OD). To quantify lipid accumulation, ddH,O was removed, cells were completely dried and Oil Red O dye was eluted by add-
ing 100% isopropanol, incubated for 10 min with gently shaking. The isopropanol with Oil Red O was pipetted up and down several
times and absorption at 500 nm was measured using 100% isopropanol as blank, with NanoDrop One (Thermo Fisher Scientific).

QUANTIFICATION AND STATISTICAL ANALYSIS
GraphPad PRISM 10 was used for statistical analysis. Unpaired two-tailed Student’s t test and one-way analysis of variance followed
by post hoc Bonferroni test were used when appropriate. Results are shown as mean + standard error of mean (SEM). Details of the

statistical analyses (n of samples, n of experiments, and test used) can be found in the main text and figure captions. Statistical sig-
nificance thresholds were set at *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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