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Abstract

Metabolic dysfunction-associated steatotic liver disease af-
fects roughly 38% of adults, yet approved agents do not 
correct the upstream redox-metabolic perturbations—a de-
pressed nicotinamide adenine dinucleotide (NAD+/NADH) ra-
tio, saturated lipid excess, and endoplasmic reticulum (ER) 
stress—that drive hepatocyte injury. Cytochrome b5 reduc-
tase 3 (CYB5R3) couples NADH oxidation to fatty acid desat-
uration, nuclear factor erythroid 2-related factor 2 (NRF2)-
linked antioxidant and cholesterol-handling pathways, NAD+/
sirtuin signaling, and ER-phagy, and is the sole electron 
input to mitochondrial amidoxime-reducing component 1 
(mARC1). This review grades every link in the axis across the 
steatosis–cirrhosis–hepatocellular carcinoma spectrum, re-
porting effect estimates with sample sizes and test statistics 
alongside a study-level appraisal of clinical relevance. The 
common MTARC1 p.A165T variant protects against all-cause 
cirrhosis (odds ratio, 0.91; 95% CI, 0.89–0.94; P = 2.3 × 
10−11; 12,361 cases, 790,095 controls), with lower hepatic 
fat, liver enzyme levels, and low-density lipoprotein choles-
terol levels. Germline mARC1 deletion reduces picrosirius red 
fibrosis area by 24–50% depending on diet, without altering 
histological disease activity, whereas partial protein reduc-
tion confers no protection. Critically, therapeutic hepatocyte-
directed knockdown loses its anti-fibrotic effect when started 
at higher disease burden and in the choline-deficient model: 
efficacy depends on the depth, compartment, and timing 
of inhibition. Deep, hepatocyte-restricted mARC1 inhibition 
by GalNAc-conjugated oligonucleotides—which also avoids 
a male-predominant cardiac liability—is therefore the most 
credible near-term strategy, only in pre-cirrhotic F2–F3 dis-
ease. CYB5R3 activation, and its combination with mARC1 
inhibition, remain unproven, and no clinical trial of this axis 
has been reported. Falsifiable in vivo and pharmac
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biomarker roadmaps are proposed, together with the effi-
cacy, delivery, and safety uncertainties specific to advanced 
cirrhosis and a non-invasive pharmacodynamic framework.
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Introduction
Metabolic dysfunction-associated steatotic liver disease (MA-
SLD) affects an estimated 38–39% of adults worldwide, and 
its progressive form, metabolic dysfunction-associated stea-
tohepatitis (MASH), drives fibrosis, cirrhosis, and hepatocel-
lular carcinoma (HCC); MASLD is now among the fastest-
growing indications for liver transplantation and incident 
HCC.1–7 A substantial minority of MASLD-related HCC arises 
before established cirrhosis, underscoring the oncogenic po-
tential of the pre-cirrhotic milieu.6,8

The 2024 approval of resmetirom for non-cirrhotic MASH 
with F2–F3 fibrosis was the first disease-modifying milestone 
in the field,9,10 but it acts on thyromimetic signaling rather 
than on the upstream redox-metabolic perturbations—nico-
tinamide adenine dinucleotide (NAD+/NADH) imbalance, 
saturated fatty acid excess, and endoplasmic reticulum (ER) 
stress—or the heritable determinants of progression, such 
as PNPLA3 p.I148M, TM6SF2 p.E167K, and the protective 
MTARC1 p.A165T variant.11–13 This motivates interest in tar-
gets positioned further upstream in hepatocyte injury.

This review advances a single central hypothesis: that the 
CYB5R3–mARC1 axis is an upstream redox-metabolic con-
trol node governing MASLD progression, whose most ma-
ture near-term therapeutic expression is deep, hepatocyte-
restricted mARC1 inhibition, while CYB5R3 activation and the 
proposed combination of CYB5R3 activation with mARC1 in-
hibition remain biologically motivated but untested. CYB5R3 
is an NADH-dependent diflavin oxidoreductase anchored to 
the ER and outer mitochondrial membrane (OMM); through 
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cytochrome b5, it supplies reducing equivalents to fatty acid 
desaturases, selected biosynthetic and drug-metabolizing 
cytochromes, and mARC1, and it participates in NAD+ re-
generation and antioxidant defense.14–16 The strongest hu-
man evidence implicating the pathway comes from mARC1: 
large biobank analyses show that partial loss of mARC1 func-
tion (MTARC1 p.A165T) protects against liver disease across 
ancestries and etiologies.11–13,17,18 Throughout, I distinguish 
three tiers of evidence—established in humans or in vivo; 
supported only by cell-based or preclinical data; and infer-
ential—and, where possible, attach quantitative effect esti-
mates. Table 1 grades every link in the axis by tier11,14–17,19–

30; Table 2 gives the quantitative synthesis,11,17,22–25,30–32 
and Table 3 appraises each pivotal study for clinical relevan
ce.11,20,22,24,25,28,31,32 I also state at the outset what the evi-
dence base does not contain: there are no clinical trials of 
this axis, and every interventional result cited here is pre-
clinical.

Molecular architecture and regulation of CYB5R3
CYB5R3 is a 301-amino-acid flavoprotein with a flavin adenine 
dinucleotide-binding domain and an N-terminal hydrophobic 
anchor that tethers it to the ER and OMM.14,16 It transfers 
electrons from NADH to cytochrome b5 isoforms (CYB5A, 
CYB5B), which reduce at least three acceptor systems: fatty-
acid desaturases and elongases (notably stearoyl-CoA desat-
urase 1 (SCD1) and ELOVL5/6 [elongation of very long-chain 
fatty acids protein 5/6]) that govern membrane phospholipid 
composition; cholesterol-biosynthetic and drug-metabolizing 
cytochromes; and ubiquinone, contributing to antioxidant 
capacity.14–16 A related but distinct NADPH-dependent reduc-
tase, cytochrome P450 oxidoreductase (POR/CPR), has sep-
arately been highlighted as an underappreciated regulator of 
hepatic lipid and redox metabolism in MASLD, illustrating the 
broader relevance of membrane reductases to this disease.33

Transcriptional control of CYB5R3 has been linked to nu-
clear factor erythroid 2-related factor 2 (NRF2), which binds 
antioxidant response elements in the promoter following 
electrophilic or apolipoprotein O (APOO)-associated stimuli, 
and to forkhead box (FOXO) factors that are inhibited by in-
sulin/phosphatidylinositol 3-kinase/protein kinase B (PI3K/
AKT) signaling and reactivated during fasting, coupling CY-
B5R3 expression to nutrient status.14–16 A reciprocal rela-
tionship with NAD+-dependent sirtuins has been proposed, 
whereby NAD+ generated through CYB5R3 activity supports 
SIRT1 function.14,30 A fourth regulatory layer is posttrans-
lational: CYB5R3 is a substrate for UFMylation by the ER-
membrane UFL1/UFBP1 ligase complex, which marks it as 
an ER-phagy receptor.19 A downstream link to suppression of 
NLRP3 inflammasome activation and stellate-cell activation is 
biologically plausible but, to date, remains inferential rather 
than directly demonstrated in the liver.

Lipid remodeling, cholesterol handling, and ER pro-
teostasis
Lipotoxicity in MASH depends less on absolute triglyceride 
content than on the balance between saturated fatty acids 
(SFAs) and long-chain polyunsaturated fatty acids (LC-PU-
FAs) in membrane and lipid-droplet phospholipids.14,34 Ex-
cess SFAs rigidify membranes, perturb the unfolded protein 
response, and can activate proapoptotic stress kinases. CY-
B5R3 supplies the reducing equivalents for SCD1-mediated 
Δ9 desaturation and for ELOVL5/6 elongation, and in cell and 
rodent systems, its activity helps restore membrane fluidity 
and limit ER stress.14–16

A complementary cholesterol-handling route has been de-
scribed in which APOO supports NRF2-dependent expression 
of CYB5R3 and biliary cholesterol elimination; hepatocyte 
APOO depletion reduced NRF2 signaling, lowered CYB5R3, 
and impaired cholesterol excretion through a low-density li-
poprotein (LDL)-receptor-independent mechanism, with phe-
notypes worsened on Ldlr- and Apoe-deficient backgrounds, 
and CYB5R3 reconstitution rescued the phospholipid-unsatu-
ration defect.15 This pathway is attractive for settings such as 
statin intolerance, although it has been characterized princi-
pally in mouse models and cells. CYB5R3 additionally acts, 
under ER stress, as a selective ER-phagy receptor directing 
damaged ER to lysosomal degradation.19 Whether this ma-
terially reduces stellate-cell-activating signals in the fibrotic 
liver is not yet established.

The CYB5R3–NAD+–sirtuin axis
By oxidizing NADH at the ER and OMM, CYB5R3 can expand 
the NAD+ pool available to NAD+-dependent sirtuins, prin-
cipally SIRT1 and SIRT3.14,30,35 SIRT1-mediated deacetyla-
tion of peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha (PGC-1α) and FOXO factors promotes 
mitochondrial biogenesis, fatty-acid oxidation, and antioxi-
dant gene expression. Mice co-overexpressing CYB5R3 and 
NAD(P)H:quinone oxidoreductase 1 (NQO1) (“RedTg” mice) 
display features reminiscent of caloric restriction—improved 
insulin sensitivity, enhanced mitochondrial respiration, re-
duced inflammation, and modest lifespan extension.30,36 
These findings are relevant to MASH, in which the hepatic 
NAD+/NADH ratio is typically depressed and NAD+-repletion 
strategies have shown preclinical promise.35 It must be em-
phasized that the RedTg phenotype reflects combined CY-
B5R3/NQO1 overexpression in a transgenic background and 
cannot be equated with the effect of a pharmacological CY-
B5R3 activator in established human disease.

Insulin resistance, CYB5R3, and fibrogenesis
Insulin resistance is among the strongest predictors of fi-
brosis progression in MASLD, and fibrosis stage—rather 
than steatohepatitis per se—is the histologic feature most 
tightly linked to liver-related mortality.37–39 A self-reinforcing 
model has been proposed in which hyperinsulinemia sup-
presses FOXO1-driven CYB5R3 transcription, reducing de-
saturase activity and amplifying the SFA accumulation that 
provoked insulin resistance.14,15 A consequent fall in NAD+/
NADH would impair respiratory-chain function, promote the 
release of danger-associated molecular patterns, and favor 
NLRP3 inflammasome and TGF-β-driven stellate-cell activa-
tion,37,38 while CYB5R3-derived ubiquinol and NRF2-depend-
ent antioxidant programs could counter the resulting reactive 
oxygen species.14–16 This framework is internally coherent 
and supported by individual observations, but the complete 
sequence has not been demonstrated end-to-end in human 
liver and should be regarded as a working model.

CYB5R3, mARC1, and HCC

Liver-specific evidence
The most direct liver evidence linking this axis to hepato-
carcinogenesis comes from mARC1. Transient knockdown of 
MTARC1 p.A165 lowered cell counts, averaged across three 
time points, by 34% in Hep3B2, 24% in Huh7, and 24% in 
HepG2 cells (P ≤ 0.01), and by 16% in HepaRG cells (P ≤ 
0.01 at 48 h; P < 0.001 at 72 h). CRISPR-Cas9 knockout in 



Journal of Clinical and Translational Hepatology 2026 3

Nam S.W.: CYB5R3–mARC1 redox axis in MASLD
Ta

b
le

 1
. 

 E
vi

d
en

ce
 o

n
 t

h
e 

C
Y

B
5

R
3

–
m

A
R

C
1

 a
xi

s 
ac

ro
ss

 t
h

e 
M

A
S

LD
–

ci
rr

h
os

is
–

H
C

C
 s

p
ec

tr
u

m
, 

g
ra

d
ed

 b
y 

st
re

n
g

th

D
om

ai
n

K
ey

 f
in

d
in

g
M

od
el

/
so

u
rc

e
Ev

id
en

ce
 t

ie
r

R
ef

er
en

ce
s

H
um

an
 g

en
et

-
ic

s 
(m

A
R
C
1)

M
TA

R
C
1 

p.
A
16

5T
 (

m
in

or
 a

lle
le

 f
re

qu
en

cy
 2

5%
 in

 t
he

 E
m

di
n 

di
sc

ov
er

y 
co

ho
rt

s;
 ∼

7%
 in

 E
as

t 
A
si

an
s)

: 
ge

no
m

e-
w

id
e-

si
gn

ifi
ca

nt
 

pr
ot

ec
tio

n 
ag

ai
ns

t 
al

l-
ca

us
e 

ci
rr

ho
si

s 
ac

ro
ss

 e
tio

lo
gi

es
, 

w
ith

 a
n 

al
le

lic
 s

er
ie

s 
ex

te
nd

in
g 

to
 t

he
 p

ro
te

in
-t

ru
nc

at
in

g 
p.

R
20

0T
er

U
K
 B

io
ba

nk
, 

Pa
rt

ne
rs

 B
io

ba
nk

, 
A
R
IC

 
an

d 
tw

o 
al

co
ho

l-
ci

rr
ho

si
s 

ca
se

-
co

nt
ro

l s
tu

di
es

 (
di

sc
ov

er
y)

; 
B
io

V
U

, 
Fi

nn
G

en
, 

M
ill

io
n 

Ve
te

ra
n 

Pr
og

ra
m

 
(r

ep
lic

at
io

n)
; 

n 
>

 8
00

,0
00

 t
ot

al

Es
ta

bl
is

he
d 

(h
um

an
)

Em
di

n 
et

 a
l. 

20
20

11
; 

In
ne

s 
et

 a
l. 

20
20

17
; 

G
ho

us
e 

et
 a

l. 
20

24
21

H
um

an
 h

ep
at

o-
cy

te
 b

io
lo

gy
M

A
R
C
1 

do
w

nr
eg

ul
at

io
n 

lo
w

er
s 

ne
ut

ra
l l

ip
id

 b
y 

in
-

cr
ea

si
ng

 b
et

a-
ox

id
at

io
n,

 u
pr

eg
ul

at
es

 f
er

ro
pt

o-
si

s-
su

pp
re

ss
or

 p
ro

te
in

s 
an

d 
lo

w
er

s 
R
O

S

Pr
im

ar
y 

hu
m

an
 h

ep
at

oc
yt

es
 

ge
no

ty
pe

d 
fo

r 
th

e 
ri
sk

 a
nd

 p
ro

te
c-

tiv
e 

al
le

le
s;

 f
ou

r 
he

pa
to

m
a 

lin
es

Es
ta

bl
is

he
d 

(h
um

an
 c

el
ls

)
C
io

ci
ol

a 
et

 a
l. 

20
25

22

In
 v

iv
o 

m
A
R
C
1 

lo
ss

C
om

pl
et

e 
m

A
R
C
1 

lo
ss

 r
ed

uc
es

 p
ic

ro
si

ri
us

 r
ed

 f
ib

ro
-

si
s 

ar
ea

 b
y 

24
–5

0%
 d

ep
en

di
ng

 o
n 

th
e 

di
et

ar
y 

m
od

el
, 

w
ith

 
lo

w
er

 C
ol

1a
1 

an
d 

Ti
m

p1
; 

th
e 

ef
fe

ct
 is

 n
ot

 s
ee

n 
w

ith
 p

ar
-

tia
l p

ro
te

in
 r

ed
uc

tio
n,

 w
he

n 
th

er
ap

eu
tic

 k
no

ck
do

w
n 

be
-

gi
ns

 a
t 

hi
gh

er
 d

is
ea

se
 b

ur
de

n,
 o

r 
in

 e
ve

ry
 d

ie
t

M
er

ck
; 

B
ro

ad
/B

ay
er

; 
ac

a-
de

m
ic

 (
m

ou
se

)
Es

ta
bl

is
he

d 
(i

n 
vi

vo
),

 w
ith

 
m

od
el

- 
an

d 
tim

in
g-

de
-

pe
nd

en
t 

lim
its

C
oy

ne
 e

t 
al

.2
02

52
5 ;

 
Ti

e 
et

 a
l. 

20
26

23

m
A
R
C
1-

ph
os

-
ph

ol
ip

id
 a

xi
s

m
A
R
C
1 

in
ac

tiv
at

io
n 

up
re

gu
la

te
s 

C
EP

T1
/P

EM
T,

 in
-

cr
ea

si
ng

 g
ly

ce
ro

ph
os

ph
ol

ip
id

s,
 r

ed
uc

in
g 

lip
id

-d
ro

p-
le

t 
si

ze
, 

en
ha

nc
in

g 
lip

ol
ys

is
/l

ip
op

ha
gy

M
ou

se
 K

O
, 

he
pa

to
cy

te
s,

 li
pi

do
m

ic
s

Es
ta

bl
is

he
d 

(i
n 

vi
vo

)
Ti

e 
et

 a
l. 

20
26

23

Th
re

sh
ol

d 
ef

fe
ct

M
ur

in
e 

A
16

8T
 r

ed
uc

es
 m

A
R
C
1 

pr
ot

ei
n 

w
ith

ou
t 

af
fe

ct
in

g 
m

R
N

A
, 

ye
t 

do
es

 n
ot

 r
ed

uc
e 

st
ea

to
si

s,
 in

fla
m

m
at

io
n 

or
 f

i-
br

os
is

 in
 e

ith
er

 s
ex

; 
he

te
ro

zy
go

us
 M

ta
rc

1 
m

ic
e,

 w
ho

se
 p

ro
-

te
in

 is
 c

om
pa

ra
bl

e 
to

 w
ild

 t
yp

e,
 a

re
 li

ke
w

is
e 

un
pr

ot
ec

te
d

M
ul

tip
le

 m
ou

se
 M

AS
H

 m
od

el
s

Es
ta

bl
is

he
d 

(i
n 

vi
vo

)
Pa

nd
ov

sk
i e

t 
al

. 
20

26
24

; 
Ti

e 
et

 
al

. 
20

26
23

C
ar

di
ac

 s
af

et
y

C
ar

di
om

yo
cy

te
-s

pe
ci

fic
 C

yb
5r

3 
de

le
tio

n 
ca

us
es

 m
al

e-
pr

ed
om

in
an

t 
fa

ta
l c

ar
di

om
yo

pa
th

y;
 m

an
da

te
s 

he
pa

to
cy

te
-s

el
ec

tiv
e 

de
liv

er
y

In
du

ci
bl

e 
ca

rd
ia

c 
K
O

 
m

ic
e;

 h
um

an
 T

11
7S

Es
ta

bl
is

he
d 

(i
n 

vi
vo

/h
um

an
)

C
ar

ew
 e

t 
al

. 
20

22
28

G
al

N
A
c 

de
liv

er
y

G
al

N
A
c-

si
R
N

A
 a

ch
ie

ve
s 

st
ro

ng
 h

ep
at

ic
 s

el
ec

tiv
ity

 a
nd

 d
u-

ra
bl

e 
kn

oc
kd

ow
n;

 M
TA

R
C
1-

ta
rg

et
in

g 
si

R
N

A
 p

ro
gr

am
s 

ar
e 

in
 p

re
cl

in
ic

al
 d

ev
el

op
m

en
t 

ac
ro

ss
 s

ev
er

al
 c

om
pa

ni
es

 (
pa

t-
en

t 
fil

in
gs

),
 a

nd
 n

o 
cl

in
ic

al
 t

ri
al

 h
as

 b
ee

n 
re

po
rt

ed

N
H

P;
 a

pp
ro

ve
d 

G
al

N
A
c 

ag
en

ts
Es

ta
bl

is
he

d 
(p

la
tf

or
m

)
Q

in
 e

t 
al

. 
20

25
29

C
al

or
ic

-r
es

tr
ic

-
tio

n 
m

im
ic

ry
C
YB

5R
3+

N
Q

O
1 

ov
er

ex
pr

es
si

on
 im

pr
ov

es
 in

su
lin

 s
en

si
tiv

-
ity

 a
nd

 m
ito

ch
on

dr
ia

l f
un

ct
io

n;
 m

ea
n 

lif
es

pa
n 

+
4.

2%
 (

P 
=

 
0.

04
);

 in
 t

he
 d

ie
th

yl
ni

tr
os

am
in

e 
m

od
el

, 
tu

m
or

 n
um

be
r, 

vo
l-

um
e 

an
d 

bu
rd

en
 a

ll 
re

du
ce

d 
(P

 =
 0

.0
3,

 P
 =

 0
.0

1,
 P

 =
 0

.0
1)

Re
dT

g 
tr

an
sg

en
ic

 m
ic

e
Pr

ec
lin

ic
al

D
ia

z-
R
ui

z 
et

 
al

. 
20

18
30

Li
pi

d 
de

sa
tu

ra
tio

n
C
YB

5R
3 

su
pp

lie
s 

el
ec

tr
on

s 
to

 S
C
D

1;
 lo

ss
 im

pa
ir
s 

S
FA

-
to

-L
C-

PU
FA

 c
on

ve
rs

io
n 

an
d 

pr
om

ot
es

 E
R
 s

tr
es

s
H

ep
at

oc
yt

e/
m

ou
se

 m
od

el
s

Pr
ec

lin
ic

al
M

ar
tin

-M
on

ta
lv

o 
et

 
al

. 
20

16
14

; 
S
ie

n-
do

ne
s 

et
 a

l. 
20

14
16

C
ho

le
st

er
ol

 h
an

dl
in

g
A
PO

O
-N

R
F2

-C
YB

5R
3 

su
pp

or
ts

 L
D

LR
-i

nd
ep

en
d-

en
t 

bi
lia

ry
 c

ho
le

st
er

ol
 e

lim
in

at
io

n
M

ou
se

 A
PO

O
-n

ul
l, 

he
pa

to
cy

te
s

Pr
ec

lin
ic

al
C
he

n 
et

 a
l. 

20
24

15

ER
-p

ha
gy

/f
i-

br
os

is
 li

nk
U

FM
yl

at
ed

 C
YB

5R
3 

ac
ts

 a
s 

ER
-p

ha
gy

 r
ec

ep
to

r;
 p

ro
-

po
se

d 
su

pp
re

ss
io

n 
of

 s
te

lla
te

-c
el

l a
ct

iv
at

io
n

C
el

l l
in

es
; 

in
fe

re
nc

e 
to

 li
ve

r
Pr

ec
lin

ic
al

 t
o 

H
yp

ot
he

si
s

Is
hi

m
ur

a 
et

 
al

. 
20

22
19

C
YB

5R
3 

ac
tiv

a-
to

r 
(T

H
II

)
TH

II
 im

pr
ov

es
 g

lu
co

se
 h

an
dl

in
g 

an
d 

be
ta

-c
el

l f
un

c-
tio

n 
(C

yb
5r

3-
de

pe
nd

en
t)

; 
no

 a
nt

i-
fib

ro
tic

 in
 v

iv
o 

da
ta

Ro
de

nt
 p

ha
rm

ac
ol

og
y

Pr
ec

lin
ic

al
M

ar
tin

-M
on

ta
lv

o 
et

 
al

. 
20

16
14

; 
W

at
an

ab
e 

et
 a

l. 
20

23
26

; 
W

at
a-

na
be

 e
t 

al
. 

20
24

27

H
C
C
 a

po
pt

os
is

 
m

ec
ha

ni
sm

C
YB

5R
3-

PA
R
P1

6-
PE

R
K
/I

R
E1

α 
ER

-s
tr

es
s 

ap
o-

pt
os

is
, 

ca
nc

er
-c

el
l-

se
le

ct
iv

e
N

S
C
LC

 c
el

ls
/x

en
og

ra
ft

s 
(n

ot
 li

ve
r)

H
yp

ot
he

si
s 

fo
r 

H
C
C

Im
 e

t 
al

. 
20

24
20

C
YB

5R
3 

ac
tiv

at
io

n 
+

 m
A
R
C
1 

in
hi

bi
tio

n
Pr

op
os

ed
 c

om
pl

em
en

ta
ri
ty

 o
f 

C
YB

5R
3 

ac
-

tiv
at

io
n 

+
 m

A
R
C
1 

in
hi

bi
tio

n
N

on
e 

(r
at

io
na

l o
nl

y)
H

yp
ot

he
si

s 
(u

nt
es

te
d)

N
on

e 
ye

t

Ev
id

en
ce

 t
ie

rs
: 

Es
ta

bl
is

he
d 

=
 h

um
an

 g
en

et
ic

s/
ce

lls
 o

r 
in

 v
iv

o 
kn

oc
ko

ut
 d

at
a;

 P
re

cl
in

ic
al

 =
 c

el
l-

 o
r 

si
ng

le
-m

od
el

 m
ec

ha
ni

st
ic

 d
at

a;
 H

yp
ot

he
si

s 
=

 e
xt

ra
po

la
te

d 
or

 u
nt

es
te

d.
 A

LT
, 
al

an
in

e 
am

in
ot

ra
ns

fe
ra

se
; 

AP
O

O
, 
ap

ol
i-

po
pr

ot
ei

n 
O

; 
AR

IC
, 

At
he

ro
sc

le
ro

si
s 

R
is

k 
in

 C
om

m
un

iti
es

 s
tu

dy
; 

C
EP

T1
, 

ch
ol

in
e/

et
ha

no
la

m
in

e 
ph

os
ph

ot
ra

ns
fe

ra
se

 1
; 

C
ol

1a
1,

 c
ol

la
ge

n 
ty

pe
 I

 a
lp

ha
 1

 c
ha

in
; 

C
YB

5R
3,

 c
yt

oc
hr

om
e 

b5
 r

ed
uc

ta
se

 3
; 

D
EN

, 
di

et
hy

ln
itr

os
a-

m
in

e;
 E

R
, 

en
do

pl
as

m
ic

 r
et

ic
ul

um
; 

G
al

N
Ac

, 
N

-a
ce

ty
lg

al
ac

to
sa

m
in

e;
 H

C
C
, 

he
pa

to
ce

llu
la

r 
ca

rc
in

om
a;

 I
R
E1

α,
 in

os
ito

l-
re

qu
ir
in

g 
en

zy
m

e 
1 

al
ph

a;
 K

O
, 

kn
oc

ko
ut

; 
LC

-P
U

FA
, 

lo
ng

-c
ha

in
 p

ol
yu

ns
at

ur
at

ed
 f

at
ty

 a
ci

d;
 L

D
LR

, 
lo

w
-d

en
si

ty
 li

po
pr

ot
ei

n 
re

ce
pt

or
; 

m
AR

C
1/

M
TA

R
C
1,

 m
ito

ch
on

dr
ia

l a
m

id
ox

im
e-

re
du

ci
ng

 c
om

po
ne

nt
 1

; 
M

AS
H

, 
m

et
ab

ol
ic

 d
ys

fu
nc

tio
n-

as
so

ci
at

ed
 s

te
at

oh
ep

at
iti

s;
 M

AS
LD

, 
m

et
ab

ol
ic

 d
ys

fu
nc

tio
n-

as
so

ci
at

ed
 s

te
at

ot
ic

 li
ve

r 
di

se
as

e;
 N

H
P,

 n
on

hu
m

an
 p

ri
m

at
e;

 N
Q

O
1,

 N
AD

(P
)H

:q
ui

no
ne

 o
xi

do
re

du
ct

as
e 

1;
 N

R
F2

, 
nu

cl
ea

r 
fa

ct
or

 e
ry

th
ro

id
 2

-r
el

at
ed

 f
ac

to
r 

2;
 N

SC
LC

, 
no

n-
sm

al
l-

ce
ll 

lu
ng

 c
an

ce
r;

 P
AR

P1
6,

 p
ol

y(
AD

P-
ri
bo

se
) 

po
ly

m
er

as
e 

fa
m

ily
 

m
em

be
r 

16
; 

PE
M

T,
 p

ho
sp

ha
tid

yl
et

ha
no

la
m

in
e 

N
-m

et
hy

ltr
an

sf
er

as
e;

 P
ER

K
, 
pr

ot
ei

n 
ki

na
se

 R
-l

ik
e 

en
do

pl
as

m
ic

 r
et

ic
ul

um
 k

in
as

e;
 R

ed
Tg

, 
C
YB

5R
3/

N
Q

O
1 

do
ub

le
-t

ra
ns

ge
ni

c 
m

ou
se

; 
R
O

S,
 r

ea
ct

iv
e 

ox
yg

en
 s

pe
ci

es
; 

SC
D

1,
 

st
ea

ro
yl

-C
oA

 d
es

at
ur

as
e 

1;
 S

FA
, 
sa

tu
ra

te
d 

fa
tt

y 
ac

id
; 

si
R
N

A,
 s

m
al

l i
nt

er
fe

ri
ng

 R
N

A;
 T

H
II

, 
te

tr
ah

yd
ro

in
de

no
in

do
le

; 
Ti

m
p1

, 
tis

su
e 

in
hi

bi
to

r 
of

 m
et

al
lo

pr
ot

ei
na

se
 1

; 
U

FM
yl

at
io

n,
 u

bi
qu

iti
n-

fo
ld

 m
od

ifi
er

 1
 c

on
ju

ga
tio

n.



Journal of Clinical and Translational Hepatology 20264

Nam S.W.: CYB5R3–mARC1 redox axis in MASLD
Ta

b
le

 2
. 

 Q
u

an
ti

ta
ti

ve
 s

yn
th

es
is

 o
f 

p
iv

ot
al

 e
vi

d
en

ce
 o

n
 t

h
e 

C
Y

B
5

R
3

–
m

A
R

C
1

 a
xi

s.
 R

eb
u

ilt
 in

 t
h

is
 r

ev
is

io
n

 f
ro

m
 t

h
e 

p
ri

m
ar

y 
so

u
rc

es

S
tu

d
y/

ev
id

en
ce

D
es

ig
n

 a
n

d
 s

am
p

le
 s

iz
e

Ef
fe

ct
 e

st
im

at
e 

(9
5

%
 C

I 
w

h
er

e 
d

er
iv

ab
le

)
P

-v
al

u
e 

or
 t

es
t 

st
at

is
ti

c
Ev

id
en

ce
 

ti
er

Em
di

n 
et

 a
l. 

20
20

11
/H

u-
m

an
 g

en
et

ic
s

M
ul

ti-
co

ho
rt

 G
W

A
S
 w

ith
 r

ep
li-

ca
tio

n.
 C

om
bi

ne
d 

12
,3

61
 a

ll-
ca

us
e 

ci
rr

ho
si

s 
ca

se
s/

79
0,

09
5 

co
nt

ro
ls

, 
8 

co
ho

rt
s.

 D
is

co
ve

ry
 

3,
75

4/
44

4,
79

1,
 5

 c
oh

or
ts

; 
re

pl
ic

at
io

n 
B
io

V
U

, 
Fi

nn
G

en
, 

M
ill

io
n 

Ve
te

ra
n 

Pr
og

ra
m

A
ll-

ca
us

e 
ci

rr
ho

si
s 

pe
r 

p.
A
16

5T
 a

lle
le

: 
O

R
 0

.9
1 

(9
5%

 C
I 

0.
89

–0
.9

4)
† ;

 D
is

co
ve

ry
 O

R
 0

.8
7;

 B
io

V
U

 
0.

92
; 

Fi
nn

G
en

 0
.8

9;
 M

V
P 

0.
92

; 
A
LT

 −
0.

02
5 

S
D

; 
A
LP

 −
0.

02
5 

S
D

; 
to

ta
l c

ho
le

st
er

ol
 −

0.
03

0 
S
D

; 
LD

L-
C
 

−
0.

02
7 

S
D

; 
H

ep
at

ic
 f

at
 o

n 
C
T 

(F
H

S
+

M
ES

A
) 

−
0.

08
 

S
D

; 
Ph

ys
ic

ia
n-

di
ag

no
se

d 
fa

tt
y 

liv
er

 O
R
 0

.8
3

C
ir
rh

os
is

 P
 =

 2
.3

 ×
 1

0−
11

; 
D

is
co

ve
ry

 P
 =

 8
.7

 ×
 1

0−
7 ;

 
B
io

V
U

 P
 =

 0
.0

45
; 

Fi
nn

G
en

 
P 

=
 0

.0
44

; 
M

V
P 

P 
=

 7
.4

 ×
 

10
−

5 ;
 A

LT
 P

 =
 3

.7
 ×

 1
0−

43
; 

A
LP

 P
 =

 1
.2

 ×
 1

0−
37

; 
TC

 P
 =

 
1.

9 
×

 1
0−

36
; 

LD
L-

C
 P

 =
 5

.1
 ×

 
10

−
30

; 
H

ep
at

ic
 f
at

 P
 =

 8
.2

 ×
 

10
−

6 ;
 f
at

ty
 li

ve
r 

P 
=

 1
.9

0 
×

 
10

−
8 ;

 H
et

er
og

en
ei

ty
 P

 =
 0

.6
4

Es
ta

bl
is

he
d 

(h
um

an
 

ge
ne

tic
s)

Em
di

n 
et

 a
l. 

20
20

11
/a

l-
le

lic
 s

er
ie

s

Pr
ot

ei
n-

tr
un

ca
tin

g 
p.

R
20

0T
er

 
ca

rr
ie

rs
 v

er
su

s 
no

n-
ca

rr
ie

rs
0 

ci
rr

ho
si

s 
ca

se
s 

am
on

g 
23

8 
R
20

0T
er

 c
ar

ri
er

s 
ve

rs
us

 1
7,

04
6 

am
on

g 
75

9,
02

7 
no

n-
ca

rr
ie

rs
P 

=
 0

.0
4

Es
ta

bl
is

he
d 

(h
um

an
 

ge
ne

tic
s)

In
ne

s 
et

 a
l. 

20
20

17
G

W
A
S
 f
or

 a
lc

oh
ol

-r
el

at
ed

 c
ir
-

rh
os

is
, 

di
sc

ov
er

y 
pl

us
 p

ha
se

-2
 

va
lid

at
io

n 
ac

ro
ss

 5
 E

ur
op

ea
n 

co
ho

rt
s;

 a
dj

us
te

d 
fo

r 
ag

e,
 

se
x,

 B
M

I,
 t

yp
e 

2 
di

ab
et

es

rs
26

42
43

8 
m

in
or

 A
 a

lle
le

, 
ad

ju
st

-
ed

 O
R
 0

.7
6 

(9
5%

 C
I 

0.
64

–0
.9

1)
†

P 
=

 0
.0

02
7

Es
ta

bl
is

he
d 

(h
um

an
 

ge
ne

tic
s)

C
io

ci
ol

a 
et

 
al

. 
20

25
22

si
R
N

A
 k

no
ck

do
w

n 
in

 p
ri
m

ar
y 

hu
m

an
 h

ep
at

oc
yt

es
 g

en
o-

ty
pe

d 
fo

r 
th

e 
ri
sk

 a
nd

 p
ro

te
c-

tiv
e 

al
le

le
s;

 f
ou

r 
H

C
C
 c

el
l l

in
es

; 
U

K
 B

io
ba

nk
 n

 =
 2

39
,0

75

70
%

 k
no

ck
do

w
n 

lo
w

er
ed

 n
eu

tr
al

 li
pi

d 
in

 r
is

k-
al

le
le

 
he

pa
to

cy
te

s 
on

ly
; 

β-
ox

id
at

io
n 

ne
ar

ly
 d

ou
bl

ed
 

un
de

r 
30

0 
µM

 o
le

at
e–

pa
lm

ita
te

; 
pr

ot
ec

tiv
e-

al
le

le
 

he
pa

to
cy

te
s 

ca
rr

y 
∼5

0%
 le

ss
 m

A
R
C
1 

pr
ot

ei
n;

 n
o 

ch
an

ge
 in

 A
po

B
10

0 
se

cr
et

io
n,

 m
ed

ia
 t

ri
gl

yc
er

-
id

e 
or

 d
e 

no
vo

 li
po

ge
ne

si
s;

 m
in

or
 a

lle
le

 a
ss

oc
i-

at
ed

 w
ith

 h
ig

he
r 

pl
as

m
a 

3-
hy

dr
ox

yb
ut

yr
at

e

Re
po

rt
ed

 a
s 

si
gn

ifi
ca

nt
 in

 t
he

 
pr

im
ar

y 
so

ur
ce

; 
U

K
 B

io
ba

nk
 

as
so

ci
at

io
n 

by
 R

EG
EN

IE
 a

d-
ju

st
ed

 f
or

 a
ge

, 
se

x,
 B

M
I 

an
d 

10
 p

ri
nc

ip
al

 c
om

po
ne

nt
s

Es
ta

bl
is

he
d 

(h
um

an
 

ce
lls

 a
nd

 
po

pu
la

tio
n)

Ko
vo

or
u 

et
 

al
. 

20
25

31
Tr

an
si

en
t 

kn
oc

kd
ow

n 
in

 4
 H

C
C
 

lin
es

; 
C
R
IS

PR
-C

as
9 

kn
oc

ko
ut

 in
 

H
ep

3B
2 

(>
90

%
 p

ro
te

in
 r

ed
uc

-
tio

n)
; 

su
bc

ut
an

eo
us

 x
en

og
ra

ft
 

in
 B

A
LB

/c
 n

ud
e 

m
ic

e,
 4

8 
da

ys

C
el

l c
ou

nt
 −

34
%

 (
H

ep
3B

2)
, 

−
24

%
 (

H
uh

7)
, 

−
24

%
 

(H
ep

G
2)

, 
−

16
%

 (
H

ep
aR

G
);

 K
no

ck
ou

t:
 p

ro
lif

er
a-

tio
n 

−
35

%
/−

41
%

/−
43

%
 a

t 
24

/4
8/

72
 h

; 
w

ou
nd

 
cl

os
ur

e 
in

hi
bi

te
d 

73
%

/5
5%

/6
0%

; 
Xe

no
gr

af
t 

tu
m

or
 

vo
lu

m
e 

−
45

%
; 

tu
m

or
 w

ei
gh

t 
−

38
%

; 
K
i-

67
 −

42
%

; 
Pr

ot
eo

m
ic

s:
 3

75
 u

p/
22

8 
do

w
n 

of
 8

,3
81

 p
ro

te
in

s

C
el

l c
ou

nt
 P

 ≤
 0

.0
1;

 P
ro

lif
er

a-
tio

n 
P 

<
 0

.0
01

, 
P 

≤
 0

.0
1,

 P
 <

 
0.

00
1;

 M
ig

ra
tio

n 
P 

<
 0

.0
01

, 
P 

≤
 0

.0
1,

 P
 ≤

 0
.0

1;
 V

ol
um

e 
P 

<
 0

.0
01

; 
w

ei
gh

t 
P 

<
 0

.0
5;

 
K
i-

67
 P

 <
 0

.0
5;

 P
ro

te
om

ic
s 

FD
R-

ad
ju

st
ed

, 
|l

og
2F

C
| 

≥
 0

.5
8

Pr
ec

lin
i-

ca
l (

liv
er

-
sp

ec
ifi

c)

C
oy

ne
 e

t 
al

. 
20

25
25

/
ge

rm
lin

e 
kn

oc
ko

ut

M
al

e 
M

ta
rc

1 
kn

oc
ko

ut
 v

er
su

s 
w

ild
 

ty
pe

. 
G

A
N

 d
ie

t 
32

 w
k,

 n
 =

 1
3–

14
. 

H
ig

h-
fa

t 
di

et
 w

ith
 3

0%
 f

ru
ct

os
e 

w
at

er
 2

0 
w

k,
 n

 =
 1

0–
13

. 
C
D

A
H

FD
 

an
d 

C
C
l 4

 a
dd

iti
on

al
ly

 t
es

te
d

G
A
N

: 
pi

cr
os

ir
iu

s 
re

d 
ar

ea
 ≈

−
50

%
; 

pl
as

m
a 

A
LT

 ↓
; 

C
ol

1a
1 

an
d 

Ti
m

p1
 ↓

; 
H

FD
-H

Fr
: 

pi
cr

o-
si

ri
us

 r
ed

 a
re

a 
−

24
%

; 
A
LT

 ↓
; 

liv
er

 t
ri
gl

yc
er

id
es

 
↓;

 S
te

at
os

is
, 

in
fla

m
m

at
io

n,
 b

al
lo

on
in

g 
an

d 
M

A-
S
LD

 a
ct

iv
ity

 s
co

re
 u

nc
ha

ng
ed

 in
 b

ot
h 

m
od

el
s

*P
 <

 0
.0

5,
 *

**
P 

<
 0

.0
01

 a
s 

re
po

rt
ed

 (
m

ea
n 

±
 S

EM
)

Es
ta

bl
is

he
d 

(i
n 

vi
vo

)

C
oy

ne
 e

t 
al

. 
20

25
25

/
th

er
ap

eu
tic

 
kn

oc
kd

ow
n

H
ep

at
oc

yt
e-

di
re

ct
ed

 G
al

-
N

A
c-

si
R
N

A
, 

Q
2W

 ×
 8

 w
k,

 
n 

=
 1

0–
13

, 
st

ar
te

d 
at

 d
if-

fe
re

nt
 d

is
ea

se
 b

ur
de

ns

G
A
N

 1
6 

w
k:

 7
5%

 m
R
N

A
 k

no
ck

do
w

n;
 c

ol
la

ge
n 

ar
ea

 
↓;

 f
ib

ro
si

s 
an

d 
in

fla
m

m
at

or
y 

ge
ne

 e
xp

re
ss

io
n 

↓;
 

pl
as

m
a 

A
LT

 a
nd

 A
S
T 

un
ch

an
ge

d;
 H

FD
-H

Fr
 1

2–
13

 w
k:

 
>

85
%

 k
no

ck
do

w
n;

 s
te

at
os

is
 a

nd
 b

al
lo

on
in

g 
↓;

 f
ib

ro
-

si
s 

tr
en

d 
on

ly
; 

G
A
N

 2
4 

w
k 

(h
ig

he
r 

bu
rd

en
):

 n
o 

ef
fe

ct
 

on
 a

ny
 li

ve
r 

en
dp

oi
nt

; 
C
D

A
H

FD
: 

no
 e

ff
ec

t 
on

 f
ib

ro
si

s

G
A
N

 1
6 

w
k 

si
gn

ifi
ca

nt
; 

H
FD

-
H

Fr
 f
ib

ro
si

s 
no

t 
si

gn
ifi

ca
nt

; 
G

A
N

 2
4 

w
k 

an
d 

C
D

A
H

FD
 n

ot
 

si
gn

ifi
ca

nt
; 

A
ut

ho
rs

’ c
on

cl
u-

si
on

: 
di

se
as

e 
bu

rd
en

 a
t 

th
e 

tim
e 

of
 in

te
rv

en
tio

n 
is

 c
ri
tic

al

Es
ta

bl
is

he
d 

(i
n 

vi
vo

),
 

in
cl

ud
in

g 
ne

ga
tiv

e 
re

su
lts (c

on
tin

ue
d)



Journal of Clinical and Translational Hepatology 2026 5

Nam S.W.: CYB5R3–mARC1 redox axis in MASLD

S
tu

d
y/

ev
id

en
ce

D
es

ig
n

 a
n

d
 s

am
p

le
 s

iz
e

Ef
fe

ct
 e

st
im

at
e 

(9
5

%
 C

I 
w

h
er

e 
d

er
iv

ab
le

)
P

-v
al

u
e 

or
 t

es
t 

st
at

is
ti

c
Ev

id
en

ce
 

ti
er

Pa
nd

ov
sk

i e
t 

al
. 

20
26

24
Fi

rs
t 

kn
oc

k-
in

 o
f 
th

e 
m

ur
in

e 
or

th
ol

og
ou

s 
su

bs
tit

ut
io

n 
m

A
R
C
1 

A
16

8T
; 

m
al

e 
an

d 
fe

m
al

e 
m

ic
e;

 
m

ul
tip

le
 M

A
S
H

 a
nd

 f
ib

ro
si

s 
m

od
el

s

m
A
R
C
1 

pr
ot

ei
n 

si
gn

ifi
ca

nt
ly

 r
ed

uc
ed

 w
ith

 u
nc

ha
ng

ed
 

m
R
N

A
; 

ne
ith

er
 s

ex
 s

ho
w

ed
 s

ig
ni

fic
an

tly
 r

ed
uc

ed
 

st
ea

to
si

s,
 in

fla
m

m
at

io
n 

or
 f

ib
ro

si
s 

in
 a

ny
 m

od
el

N
ot

 s
ig

ni
fic

an
t 

fo
r 

al
l 

liv
er

 e
nd

po
in

ts
Es

ta
bl

is
he

d 
(i

n 
vi

vo
, 

nu
ll 

re
su

lt)

Yi
n 

et
 a

l. 
20

26
32

W
ho

le
-b

od
y 

M
ta

rc
1 

kn
oc

ko
ut

 
(C

R
IS

PR
/C

as
9,

 C
57

B
L/

6J
).

 H
ig

h-
fa

t 
ve

rs
us

 lo
w

-f
at

 d
ie

t 
ob

es
ity

 
m

od
el

, 
m

al
e,

 1
6 

w
k,

 n
 =

 9
–1

1 
pe

r 
gr

ou
p.

 C
D

A
H

FD
, 

fe
m

al
e 

w
ild

-t
yp

e/
he

te
ro

zy
go

us
/k

no
ck

-
ou

t,
 2

 w
k,

 n
 =

 8
–1

5 
pe

r 
gr

ou
p 

(a
ls

o 
4 

an
d 

11
 w

k)
. 

U
nt

ar
ge

te
d 

m
et

ab
ol

om
ic

s 
n 

=
 9

–2
1 

pe
r 

gr
ou

p 
(5

81
 k

no
w

n 
m

et
ab

ol
ite

s)
. 

Pr
im

ar
y 

he
pa

to
cy

te
s,

 n
 =

 3
–4

 
in

de
pe

nd
en

t 
ex

pe
ri
m

en
ts

C
D

A
H

FD
 2

 w
k:

 li
ve

r-
to

-b
od

y-
w

ei
gh

t 
ra

tio
 5

.3
%

 v
er

-
su

s 
6.

6%
; 

liv
er

 w
ei

gh
t 

1.
15

6 
g 

ve
rs

us
 1

.3
98

 g
; 

pl
as

-
m

a 
A
LT

 1
79

.5
 v

er
su

s 
26

8.
1 

m
g/

dL
; 

pl
as

m
a 

tr
ig

ly
c-

er
id

es
 4

7.
4 

ve
rs

us
 6

0.
2 

m
g/

dL
; 

Li
pi

d-
dr

op
le

t 
ar

ea
 

14
.9

%
 v

er
su

s 
24

.6
%

 (
a 

39
%

 r
el

at
iv

e 
re

du
ct

io
n)

; 
Pr

of
ib

ro
tic

 g
en

es
: 

Tg
fb

1 
2.

4 
ve

rs
us

 3
.1

 f
ol

d,
 α

S
M

A
 

1.
4 

ve
rs

us
 2

.1
 f

ol
d,

 C
ol

1a
1 

9.
4 

ve
rs

us
 1

8.
6 

fo
ld

; 
In

fla
m

m
at

or
y 

ge
ne

s:
 T

nf
-α

 1
0.

9 
ve

rs
us

 1
4.

2 
fo

ld
; 

M
cp

1 
11

.4
 v

er
su

s 
16

.1
 f

ol
d;

 H
is

to
lo

gi
ca

l f
ib

ro
si

s:
 r

e-
du

ct
io

n 
w

as
 a

 t
re

nd
 o

nl
y;

 O
be

si
ty

 m
od

el
: 

liv
er

 m
as

s 
an

d 
ch

ol
es

te
ro

l l
ow

er
; 

no
 e

ff
ec

t 
on

 g
lu

co
se

 t
ol

er
an

ce
, 

fa
st

in
g 

gl
uc

os
e 

or
 in

su
lin

; 
H

ep
at

oc
yt

es
: 

fa
tt

y-
ac

id
 

up
ta

ke
 r

ed
uc

ed
 3

2%
; 

A
po

B
 s

ec
re

tio
n 

in
cr

ea
se

d;
 

H
ep

at
ic

 p
ho

sp
ha

tid
yl

ch
ol

in
e 

an
d 

ph
os

ph
at

id
yl

et
ha

-
no

la
m

in
e 

en
ri
ch

ed
 in

 b
ot

h 
se

xe
s 

at
 2

, 
4 

an
d 

11
 w

k

Li
ve

r-
to

-b
od

y-
w

ei
gh

t 
ra

tio
 

P 
<

 0
.0

00
1;

 li
ve

r 
w

ei
gh

t 
P 

=
 0

.0
05

1;
 A

LT
 P

 =
 0

.0
02

8;
 

tr
ig

ly
ce

ri
de

s 
P 

=
 0

.0
39

3;
 L

ip
id

-
dr

op
le

t 
ar

ea
 P

 =
 0

.1
58

7 
(n

ot
 

si
gn

ifi
ca

nt
);

 T
gf

b1
 P

 =
 0

.0
00

8;
 

αS
M

A
 P

 =
 0

.0
00

1;
 C

ol
1a

1 
P 

=
 0

.0
05

6;
 T

nf
-α

 P
 =

 0
.0

7 
an

d 
M

cp
1 

P 
=

 0
.0

7 
(n

ot
 s

ig
ni

fic
an

t)
; 

H
is

to
lo

gi
ca

l f
ib

ro
si

s 
P 

>
 0

.0
5 

(n
ot

 s
ig

ni
fic

an
t)

; 
G

ra
ph

Pa
d 

Pr
is

m
 1

0;
 u

np
ai

re
d 

tw
o-

ta
ile

d 
t 

te
st

, 
on

e-
w

ay
 o

r 
tw

o-
w

ay
 

A
N

O
VA

 w
ith

 p
os

t 
ho

c 
co

rr
ec

tio
n

Es
ta

bl
is

he
d 

(i
n 

vi
vo

) 
fo

r 
st

ea
to

si
s 

an
d 

pr
of

i-
br

ot
ic

 g
en

e 
ex

pr
es

si
on

; 
fib

ro
si

s 
en

dp
oi

nt
 

no
t 

m
et

Ti
e 

et
 a

l. 
20

26
23

G
lo

ba
l a

nd
 li

ve
r-

sp
ec

ifi
c 

M
ta

rc
1 

kn
oc

ko
ut

 p
lu

s 
A
AV

-m
ed

ia
te

d 
kn

oc
ko

ut
; 

m
al

e 
an

d 
fe

m
al

e 
m

ic
e.

 
C
D

A
H

FD
 7

–8
 w

k 
(g

lo
ba

l n
 =

 7
–9

/
gr

ou
p;

 li
ve

r-
sp

ec
ifi

c 
n 

=
 8

–1
1/

gr
ou

p;
 A

AV
 n

 =
 6

–8
/g

ro
up

).
 H

ig
h-

fr
uc

to
se

/h
ig

h-
fa

t 
di

et
 (

H
FH

FD
) 

te
st

ed
 s

ep
ar

at
el

y.
 R

N
A-

se
q 

n 
=

 
8/

gr
ou

p;
 T

M
T 

pr
ot

eo
m

ic
s 

n 
=

 4
/

gr
ou

p;
 li

pi
do

m
ic

s 
n 

=
 9

/g
ro

up

C
D

A
H

FD
: 

liv
er

-t
o-

bo
dy

-w
ei

gh
t 

ra
tio

 ↓
, 

he
pa

tic
 

tr
ig

ly
ce

ri
de

s 
↓ 

(c
ho

le
st

er
ol

 u
nc

ha
ng

ed
),

 A
LT

, 
A
S
T 

an
d 

to
ta

l b
ili

ru
bi

n 
↓,

 T
gf

b1
 a

nd
 I

l1
b 

↓,
 C

ol
1a

1,
 

S
pp

1 
an

d 
Ti

m
p1

 ↓
, 

C
O

L1
A
1 

pr
ot

ei
n 

↓ 
an

d 
S
ir
iu

s 
re

d 
st

ai
ni

ng
 ↓

; 
co

m
pa

ra
bl

e 
pr

ot
ec

tio
n 

in
 f

em
al

es
; 

H
et

er
oz

yg
ou

s 
m

ic
e 

sh
ow

ed
 n

o 
ph

en
ot

yp
ic

 d
iff

er
-

en
ce

 f
ro

m
 w

ild
 t

yp
e,

 m
at

ch
in

g 
th

ei
r 

un
ch

an
ge

d 
m

A
R
C
1 

pr
ot

ei
n;

 N
o 

si
gn

ifi
ca

nt
 p

he
no

ty
pe

 o
n 

H
FH

FD
; 

Pr
ot

ec
tio

n 
ab

ol
is

he
d 

in
 P

np
la

2/
Li

pa
 d

ou
bl

e-
kn

oc
ko

ut
 

liv
er

s 
an

d 
re

ve
rs

ed
 b

y 
C
EP

T1
/P

EM
T 

kn
oc

kd
ow

n

S
tu

de
nt

’s
 t

-t
es

t;
 *

P 
<

 0
.0

5,
 

**
P 

<
 0

.0
1,

 *
**

P 
<

 0
.0

01
; 

H
FH

FD
: 

no
t 

si
gn

ifi
ca

nt
; 

H
et

-
er

oz
yg

ot
es

: 
no

t 
si

gn
ifi

ca
nt

Es
ta

bl
is

he
d 

(i
n 

vi
vo

),
 

in
cl

ud
in

g 
ne

ga
tiv

e 
re

su
lts

D
ia

z-
R
ui

z 
et

 
al

. 
20

18
30

Re
dT

g 
m

ic
e 

ov
er

ex
pr

es
si

ng
 

C
YB

5R
3 

an
d 

N
Q

O
1.

 L
on

ge
v-

ity
 c

oh
or

t 
n 

=
 6

4 
w

ild
 t

yp
e/

n 
=

 
75

 R
ed

Tg
. 

D
ie

th
yl

ni
tr

os
am

in
e 

at
 

16
 d

ay
s 

w
ith

 h
ig

h-
fa

t 
di

et
 f

ro
m

 
w

ea
ni

ng
; 

M
R
I 

at
 9

 m
on

th
s 

(w
ild

 
ty

pe
 n

 =
 1

2,
 R

ed
Tg

 n
 =

 1
7)

Li
ve

r 
tu

m
or

 n
um

be
r 

25
.8

 ±
 4

.8
 v

er
su

s 
42

.7
 ±

 
5.

7;
 T

um
or

 v
ol

um
e 

44
9.

8 
±

 1
05

.4
 v

er
su

s 
94

2.
8 

±
 1

77
.5

 m
m

3 ;
 T

um
or

 b
ur

de
n 

21
.9

 ±
 4

.1
%

 v
er

-
su

s 
40

.6
 ±

 5
.6

%
 o

f 
liv

er
 v

ol
um

e;
 L

iv
er

 v
ol

um
e 

1,
84

8.
2 

±
 1

29
.1

 v
er

su
s 

2,
11

5.
6 

±
 2

20
.2

 m
m

3 ;
 

M
ea

n 
lif

es
pa

n 
+

4.
2%

; 
20

%
 s

ur
vi

va
l +

4.
8%

Tu
m

or
 n

um
be

r 
P 

=
 0

.0
3;

 t
um

or
 

vo
lu

m
e 

P 
=

 0
.0

1;
 t

um
or

 b
ur

de
n 

P 
=

 0
.0

1;
 L

iv
er

 v
ol

um
e 

P 
=

 
0.

27
 (

no
t 

si
gn

ifi
ca

nt
);

 L
ife

s-
pa

n 
P 

=
 0

.0
4 

(l
og

-r
an

k,
 χ

2  
=

 
3.

9)
; 

20
%

 s
ur

vi
va

l P
 =

 0
.0

1;
 

Tw
o-

ta
ile

d 
S
tu

de
nt

’s
 t

-t
es

t

Pr
ec

lin
ic

al
 

(i
n 

vi
vo

)

† T
he

 9
5%

 c
on

fid
en

ce
 i
nt

er
va

ls
 m

ar
ke

d 
w

ith
 a

 d
ag

ge
r 

ar
e 

de
ri
ve

d 
fr

om
 t

he
 r

ep
or

te
d 

po
in

t 
es

tim
at

e 
an

d 
p 

va
lu

e 
on

 t
he

 l
og

-o
dd

s 
sc

al
e 

us
in

g 
a 

no
rm

al
 a

pp
ro

xi
m

at
io

n 
be

ca
us

e 
th

e 
pr

im
ar

y 
re

po
rt

s 
pr

es
en

t 
th

ei
r 

co
nf

id
en

ce
 in

te
rv

al
s 

gr
ap

hi
ca

lly
 r

at
he

r 
th

an
 in

 t
ex

t.
 A

ll 
ot

he
r 

st
at

is
tic

s 
ar

e 
re

pr
od

uc
ed

 e
xa

ct
ly

 a
s 

re
po

rt
ed

 in
 t

he
 p

ri
m

ar
y 

so
ur

ce
. 

W
he

re
 a

 p
ri
m

ar
y 

st
ud

y 
di

d 
no

t 
re

po
rt

 a
 g

iv
en

 s
ta

tis
tic

 o
r 

w
he

re
 it

 c
ou

ld
 n

ot
 b

e 
ob

ta
in

ed
 f

ro
m

 t
he

 a
cc

es
si

bl
e 

re
co

rd
, 

th
e 

ce
ll 

st
at

es
 t

hi
s 

ra
th

er
 t

ha
n 

su
bs

tit
ut

in
g 

an
 i

nf
er

re
d 

va
lu

e.
 E

vi
de

nc
e 

tie
rs

: 
Es

ta
bl

is
he

d 
=

 h
um

an
 g

en
et

ic
s,

 h
um

an
 c

el
ls

, 
or

 i
n 

vi
vo

 k
no

ck
ou

t 
da

ta
; 

Pr
ec

lin
ic

al
 =

 c
el

l-
 o

r 
si

ng
le

-m
od

el
 m

ec
ha

ni
st

ic
 d

at
a;

 H
yp

ot
he

si
s 

=
 e

xt
ra

po
la

te
d 

or
 u

nt
es

te
d.

 A
LP

, 
al

ka
lin

e 
ph

os
ph

at
as

e;
 A

LT
, 

al
an

in
e 

am
in

ot
ra

ns
fe

ra
se

; 
B
M

I,
 b

od
y 

m
as

s 
in

de
x;

 C
C
l 4

, 
ca

rb
on

 t
et

ra
ch

lo
ri
de

; 
C
D

A
H

FD
, 

ch
ol

in
e-

de
fic

ie
nt

 
am

in
o 

ac
id

-d
ef

in
ed

 h
ig

h-
fa

t 
di

et
; 

C
I,

 c
on

fid
en

ce
 in

te
rv

al
; 

C
T,

 c
om

pu
te

d 
to

m
og

ra
ph

y;
 F

D
R
, 
fa

ls
e 

di
sc

ov
er

y 
ra

te
; 

FH
S,

 F
ra

m
in

gh
am

 H
ea

rt
 S

tu
dy

; 
G

A
N

, 
G

ub
ra

 A
m

yl
in

 N
A
S
H

 d
ie

t;
 H

FD
-H

Fr
, 
hi

gh
-f

at
 d

ie
t 

w
ith

 f
ru

ct
os

e 
w

at
er

; 
LD

L-
C
, 

lo
w

-d
en

si
ty

 li
po

pr
ot

ei
n 

ch
ol

es
te

ro
l;

 M
ES

A
, 

M
ul

ti-
Et

hn
ic

 S
tu

dy
 o

f 
At

he
ro

sc
le

ro
si

s;
 M

V
P,

 M
ill

io
n 

Ve
te

ra
n 

Pr
og

ra
m

; 
O

R
, 

od
ds

 r
at

io
; 

S
D

, 
st

an
da

rd
 d

ev
ia

tio
n;

 S
EM

, 
st

an
da

rd
 e

rr
or

 o
f 

th
e 

m
ea

n;
 T

C
, 

to
ta

l 
ch

ol
es

te
ro

l;
 ↑

, 
in

cr
ea

se
d;

 ↓
, 

de
cr

ea
se

d.

Ta
b

le
 2

. 
 (

co
nt

in
ue

d)



Journal of Clinical and Translational Hepatology 20266

Nam S.W.: CYB5R3–mARC1 redox axis in MASLD
Ta

b
le

 3
. 

 S
tu

d
y-

le
ve

l a
p

p
ra

is
al

: 
st

re
n

g
th

s,
 li

m
it

at
io

n
s,

 a
n

d
 w

h
at

 e
ac

h
 s

tu
d

y 
d

oe
s 

an
d

 d
oe

s 
n

ot
 s

u
p

p
or

t 
in

 c
lin

ic
al

 p
ra

ct
ic

e

S
tu

d
y

S
tr

en
g

th
s

Li
m

it
at

io
n

s
W

h
at

 it
 d

oe
s 

an
d

 d
oe

s 
n

ot
 

te
ll 

th
e 

cl
in

ic
ia

n
Em

di
n 

et
 

al
. 

20
20

11
/

H
um

an
 

ge
ne

tic
s

Ve
ry

 la
rg

e 
an

d 
ad

eq
ua

te
ly

 p
ow

er
ed

 (
12

,3
61

 
ca

se
s,

 7
90

,0
95

 c
on

tr
ol

s,
 8

 c
oh

or
ts

).
 

G
en

om
e-

w
id

e 
si

gn
ifi

ca
nt

 w
ith

 in
de

pe
nd

-
en

t 
re

pl
ic

at
io

n 
in

 t
hr

ee
 s

ep
ar

at
e 

bi
ob

an
ks

 
an

d 
no

 h
et

er
og

en
ei

ty
 (

P 
=

 0
.6

4)
. 

A
n 

al
le

lic
 s

er
ie

s 
—

 p
.A

16
5T

, 
p.

M
18

7K
 a

nd
 

tr
un

ca
tin

g 
p.

R
20

0T
er

 —
 s

up
pl

ie
s 

an
 

in
te

rn
al

 d
os

e–
re

sp
on

se
 a

rg
um

en
t.

 N
o 

ap
-

pa
re

nt
 e

xc
es

s 
of

 c
ar

di
ov

as
cu

la
r 

ev
en

ts

A
 c

om
m

on
 v

ar
ia

nt
 m

od
el

s 
lif

el
on

g 
pa

rt
ia

l i
nh

ib
i-

tio
n 

be
gi

nn
in

g 
be

fo
re

 d
is

ea
se

 o
ns

et
, 

w
hi

ch
 is

 n
ot

 t
he

 
ex

pe
ri
m

en
t 

of
 g

iv
in

g 
a 

dr
ug

 t
o 

a 
pa

tie
nt

 w
ho

 a
lr
ea

dy
 

ha
s 

fib
ro

si
s.

 T
he

 p
er

-a
lle

le
 e

ff
ec

t 
is

 s
m

al
l (

O
R
 0

.9
1)

, 
an

d 
th

e 
ef

fe
ct

 o
f 

co
m

pl
et

e 
in

hi
bi

tio
n 

is
 e

st
im

at
ed

 
on

ly
 in

di
re

ct
ly

 f
ro

m
 t

he
 t

ru
nc

at
in

g 
al

le
le

. 
C
ir
rh

o-
si

s 
w

as
 la

rg
el

y 
IC

D
-c

od
e 

as
ce

rt
ai

ne
d;

 c
oh

or
ts

 w
er

e 
pr

ed
om

in
an

tly
 o

f 
Eu

ro
pe

an
 a

nc
es

tr
y 

an
d 

th
e 

va
ri
an

t 
is

 f
ar

 le
ss

 c
om

m
on

 in
 E

as
t 

A
si

an
 p

op
ul

at
io

ns
 (

∼7
%

)

S
up

po
rt

s 
m

A
R
C
1 

as
 a

 c
re

di
bl

e 
ta

rg
et

 f
or

 
pr

ev
en

tin
g 

pr
og

re
ss

io
n 

in
 a

t-
ri
sk

 p
op

ul
at

io
ns

 
an

d 
su

pp
or

ts
 g

en
ot

yp
e 

as
 a

 s
tr

at
ifi

ca
tio

n 
va

ri
-

ab
le

. 
It

 d
oe

s 
no

t 
pr

ed
ic

t 
th

e 
be

ne
fit

 o
bt

ai
n-

ab
le

 b
y 

st
ar

tin
g 

an
 in

hi
bi

to
r 

in
 e

st
ab

lis
he

d 
di

se
as

e,
 a

nd
 it

s 
pe

r-
al

le
le

 e
ff

ec
t 

sh
ou

ld
 n

ot
 

be
 q

uo
te

d 
as

 a
n 

ex
pe

ct
ed

 t
re

at
m

en
t 

ef
fe

ct

C
oy

ne
 e

t 
al

. 
20

25
25

/I
n 

vi
vo

 e
ff

ic
ac

y

Fo
ur

 in
de

pe
nd

en
t 

di
se

as
e 

m
od

el
s 

(G
A
N

, 
H

FD
-f

ru
ct

os
e,

 C
D

A
H

FD
, 

C
C
l 4

) 
an

d 
tw

o 
or

-
th

og
on

al
 in

te
rv

en
tio

ns
 —

 g
er

m
lin

e 
kn

oc
k-

ou
t 

an
d 

th
er

ap
eu

tic
 h

ep
at

oc
yt

e-
di

re
ct

ed
 

G
al

N
A
c-

si
R
N

A
. 

G
ro

up
 s

iz
es

 o
f 

10
–1

4 
w

ith
 

pa
th

ol
og

is
t-

sc
or

ed
 h

is
to

lo
gy

. 
A
I-

as
si

st
ed

 
di

gi
ta

l p
at

ho
lo

gy
 a

dd
s 

zo
na

l f
ib

ro
si

s 
qu

an
-

tit
at

io
n,

 c
ol

la
ge

n 
fib

ri
lla

r 
pr

op
er

tie
s 

an
d 

fib
ro

si
s–

st
ea

to
si

s 
co

-l
oc

al
iz

at
io

n.
 N

eg
at

iv
e 

re
su

lts
 a

re
 r

ep
or

te
d 

al
on

gs
id

e 
po

si
tiv

e 
on

es

Th
e 

an
ti-

fib
ro

tic
 e

ff
ec

t 
is

 m
od

el
-d

ep
en

de
nt

 (
≈

50
%

 
G

A
N

 v
er

su
s 

24
%

 H
FD

-f
ru

ct
os

e)
 a

nd
 d

id
 n

ot
 e

xt
en

d 
to

 
th

e 
M

A
S
LD

 a
ct

iv
ity

 s
co

re
 in

 e
ith

er
 m

od
el

. 
H

ep
at

oc
yt

e-
di

re
ct

ed
 k

no
ck

do
w

n 
pr

od
uc

ed
 n

o 
si

gn
ifi

ca
nt

 e
ff

ec
t 

on
 

an
y 

liv
er

 e
nd

po
in

t 
w

he
n 

st
ar

te
d 

at
 h

ig
he

r 
di

se
as

e 
bu

r-
de

n 
(G

A
N

 2
4 

w
k)

 a
nd

 n
o 

ef
fe

ct
 o

n 
fib

ro
si

s 
in

 C
D

A
H

FD
. 

Pi
vo

ta
l a

rm
s 

us
ed

 m
al

e 
m

ic
e 

on
ly

. 
N

o 
m

od
el

 o
f 

ci
rr

ho
si

s 
an

d 
no

 t
es

t 
of

 r
eg

re
ss

io
n 

of
 e

st
ab

lis
he

d 
fib

ro
si

s

Th
e 

m
os

t 
cl

in
ic

al
ly

 d
ec

is
iv

e 
da

ta
se

t 
av

ai
l-

ab
le

: 
ef

fic
ac

y 
is

 c
on

tin
ge

nt
 o

n 
in

te
rv

en
-

in
g 

be
fo

re
 a

dv
an

ce
d 

di
se

as
e,

 n
ot

 m
er

el
y 

on
 a

ch
ie

vi
ng

 d
ee

p 
kn

oc
kd

ow
n.

 S
up

po
rt

s 
a 

pr
e-

ci
rr

ho
tic

 F
2–

F3
 t

ar
ge

t 
po

pu
la

tio
n,

 
ar

gu
es

 a
ga

in
st

 e
xp

ec
tin

g 
be

ne
fit

 in
 d

ec
om

-
pe

ns
at

ed
 c

ir
rh

os
is

, 
an

d 
im

pl
ie

s 
th

at
 a

ny
 

tr
ia

l m
us

t 
st

ra
tif

y 
by

 b
as

el
in

e 
fib

ro
si

s 
st

ag
e 

an
d 

pr
e-

sp
ec

ify
 t

he
 t

re
at

m
en

t 
w

in
do

w

Pa
nd

ov
sk

i e
t 

al
. 

20
26

24
/I

n 
vi

vo
, 

nu
ll

Th
e 

fir
st

 k
no

ck
-i

n 
of

 t
he

 m
ur

in
e 

or
th

o-
lo

gu
e 

of
 t

he
 h

um
an

 p
ro

te
ct

iv
e 

su
bs

tit
u-

tio
n,

 t
es

te
d 

in
 b

ot
h 

se
xe

s 
ac

ro
ss

 m
ul

tip
le

 
m

od
el

s 
—

 t
he

 c
or

re
ct

 e
xp

er
im

en
t 

fo
r 

as
ki

ng
 

w
he

th
er

 t
he

 v
ar

ia
nt

 it
se

lf 
is

 c
au

sa
l i

n 
vi

vo

A
 n

ul
l r

es
ul

t 
ca

nn
ot

 e
xc

lu
de

 a
 s

m
al

l e
ff

ec
t,

 a
nd

 
th

e 
de

gr
ee

 o
f 

pr
ot

ei
n 

re
du

ct
io

n 
ac

hi
ev

ed
 m

ay
 n

ot
 

co
rr

es
po

nd
 e

xa
ct

ly
 t

o 
th

at
 p

ro
du

ce
d 

by
 t

he
 h

u-
m

an
 a

lle
le

. 
M

ou
se

 a
nd

 h
um

an
 m

A
R
C
1 

bi
ol

og
y 

di
-

ve
rg

e1
8 ,

 w
hi

ch
 li

m
its

 in
fe

re
nc

e 
in

 b
ot

h 
di

re
ct

io
ns

Pa
rt

ia
l p

ro
te

in
 r

ed
uc

tio
n 

is
 in

su
ff

ic
ie

nt
. 

A
 

th
er

ap
eu

tic
 m

us
t 

ac
hi

ev
e 

de
ep

 k
no

ck
do

w
n,

 
ra

is
in

g 
th

e 
ba

r 
si

m
ul

ta
ne

ou
sl

y 
fo

r 
po

te
nc

y,
 

do
si

ng
 in

te
rv

al
 a

nd
 h

ep
at

oc
yt

e-
se

le
ct

iv
e 

de
liv

er
y 

—
 w

hi
ch

 m
ak

es
 t

he
 c

ir
rh

ot
ic

 d
e-

liv
er

y 
pr

ob
le

m
 m

or
e,

 n
ot

 le
ss

, 
im

po
rt

an
t

C
io

ci
ol

a 
et

 
al

. 
20

25
22

/
H

um
an

 
he

pa
to

cy
te

 
bi

ol
og

y

G
en

ot
yp

e-
m

at
ch

ed
 p

ri
m

ar
y 

hu
m

an
 

he
pa

to
cy

te
s,

 w
ith

 t
he

 e
ff

ec
t 

pr
es

en
t 

on
ly

 
in

 r
is

k-
al

le
le

 c
ar

ri
er

s,
 r

ep
lic

at
ed

 in
 f

ou
r 

ce
ll 

lin
es

 a
nd

 in
 a

 s
ec

on
d 

do
no

r, 
an

d 
an

ch
or

ed
 

to
 a

 p
op

ul
at

io
n-

sc
al

e 
bi

om
ar

ke
r 

as
so

ci
a-

tio
n 

(3
-h

yd
ro

xy
bu

ty
ra

te
, 

n 
=

 2
39

,0
75

)

S
ho

rt
-t

er
m

 s
iR

N
A
 in

 c
ul

tu
re

 d
oe

s 
no

t 
m

od
el

 c
hr

on
ic

 
ph

ar
m

ac
ol

og
ic

al
 in

hi
bi

tio
n;

 t
he

 p
op

ul
at

io
n 

as
so

ci
a-

tio
n 

us
es

 a
 c

ir
cu

la
tin

g 
pr

ox
y 

fo
r 

β-
ox

id
at

io
n 

ra
th

er
 

th
an

 a
 d

ir
ec

t 
m

ea
su

re
m

en
t;

 n
o 

fib
ro

si
s 

en
dp

oi
nt

Id
en

tif
ie

s 
β-

ox
id

at
io

n 
as

 t
he

 m
ec

ha
ni

sm
 

of
 li

pi
d 

lo
w

er
in

g 
an

d 
id

en
tif

ie
s 

3-
hy

dr
ox

y-
bu

ty
ra

te
 a

s 
a 

ca
nd

id
at

e 
ph

ar
m

ac
od

yn
am

ic
 

m
ar

ke
r 

of
 t

ar
ge

t 
en

ga
ge

m
en

t 
th

at
 c

ou
ld

 
be

 m
ea

su
re

d 
in

 a
n 

ea
rl
y-

ph
as

e 
tr

ia
l

Ko
vo

or
u 

et
 

al
. 

20
26

31
/

H
C
C
, 

liv
er

-
sp

ec
ifi

c

Th
e 

on
ly

 li
ve

r-
sp

ec
ifi

c 
in

te
rv

en
tio

na
l 

ev
id

en
ce

 li
nk

in
g 

th
e 

ax
is

 t
o 

he
pa

to
ca

r-
ci

no
ge

ne
si

s,
 c

om
bi

ni
ng

 k
no

ck
do

w
n 

an
d 

C
R
IS

PR
 k

no
ck

ou
t 

in
 h

um
an

 H
C
C
 li

ne
s 

w
ith

 x
en

og
ra

ft
 c

on
fir

m
at

io
n,

 t
w

o 
in

-
de

pe
nd

en
t 

cl
on

es
, 

pr
ot

eo
m

ic
 r

ea
d-

ou
t 

an
d 

a 
C
PT

1A
 r

es
cu

e 
ex

pe
ri
m

en
t 

th
at

 
tie

s 
th

e 
ph

en
ot

yp
e 

to
 β

-o
xi

da
tio

n

C
el

l l
in

es
 a

nd
 s

ub
cu

ta
ne

ou
s 

xe
no

gr
af

ts
 d

o 
no

t 
re

pr
od

uc
e 

th
e 

fib
ro

tic
, 

im
m

un
ol

og
ic

al
ly

 in
-

ta
ct

 m
ic

ro
en

vi
ro

nm
en

t 
in

 w
hi

ch
 h

um
an

 H
C
C
 

ar
is

es
; 

no
 o

rt
ho

to
pi

c 
or

 g
en

et
ic

al
ly

 e
ng

in
ee

re
d 

m
od

el
; 

no
 c

he
m

op
re

ve
nt

io
n 

en
dp

oi
nt

En
ou

gh
 t

o 
ju

st
ify

 m
A
R
C
1 

as
 a

n 
H

C
C-

re
le

va
nt

 t
ar

ge
t 

fo
r 

fu
rt

he
r 

st
ud

y;
 n

ot
 

en
ou

gh
 t

o 
su

pp
or

t 
an

y 
cl

ai
m

 a
bo

ut
 t

re
at

-
in

g 
es

ta
bl

is
he

d 
H

C
C
 in

 p
at

ie
nt

s

Im
 e

t 
al

. 
20

24
20

/
A
po

pt
os

is
 

m
ec

ha
ni

sm

A
 d

et
ai

le
d 

an
d 

in
te

rn
al

ly
 c

on
si

st
en

t 
m

ec
ha

-
ni

sm
 (

C
YB

5R
3 

→
 N

A
D

+
 →

 P
A
R
P1

6 
→

 P
ER

K
/

AT
F4

 a
nd

 I
R
E1

α/
JN

K
),

 w
ith

 s
ile

nc
in

g 
ex

pe
ri
-

m
en

ts
 d

em
on

st
ra

tin
g 

pa
th

w
ay

 r
ed

un
da

nc
y 

an
d 

ap
pa

re
nt

 c
an

ce
r-

ce
ll 

se
le

ct
iv

ity

D
em

on
st

ra
te

d 
en

tir
el

y 
in

 n
on

-s
m

al
l c

el
l l

un
g 

ca
nc

er
. 

N
o 

he
pa

to
cy

te
 o

r 
H

C
C
 r

ep
lic

at
io

n,
 a

nd
 t

he
 p

ro
po

se
d 

se
le

ct
iv

e 
w

in
do

w
 r

es
ts

 o
n 

th
e 

un
te

st
ed

 p
re

m
is

e 
th

at
 n

or
m

al
 h

ep
at

oc
yt

es
 h

av
e 

lo
w

 b
as

al
 E

R
 s

tr
es

s

C
ar

ri
es

 n
o 

w
ei

gh
t 

fo
r 

cl
in

ic
al

 d
ec

is
io

n-
m

ak
in

g 
in

 li
ve

r 
di

se
as

e 
at

 p
re

se
nt

. 
It

 is
 

in
cl

ud
ed

 a
s 

a 
hy

po
th

es
is

 t
o 

be
 t

es
te

d,
 

an
d 

th
is

 r
ev

ie
w

 d
oe

s 
no

t 
re

ly
 o

n 
it

(c
on

tin
ue

d)



Journal of Clinical and Translational Hepatology 2026 7

Nam S.W.: CYB5R3–mARC1 redox axis in MASLD

Hep3B2 cells achieved more than 90% reduction in mARC1 
protein and reduced intracellular neutral lipid (P < 0.001) 
while raising [3H]-palmitate oxidation (P ≤ 0.01); prolifera-
tion fell by 35%, 41%, and 43% at 24, 48, and 72 h, and 
wound closure was inhibited by 73%, 55%, and 60% at the 
same time points. In BALB/c nude mice, subcutaneous xeno-
grafts of knockout cells were 45% smaller in volume by day 
48 (P < 0.001) and 38% lower in weight (P < 0.05), with 
Ki-67 expression reduced by 42% (P < 0.05). Whole-cell 
proteomics of xenograft tumors detected 8,381 proteins, of 
which 375 were upregulated and 228 downregulated (FDR-
adjusted, |log2FC| ≥ 0.58), with suppression of oncogenic 
pathways and activation of antiproliferative proteins; knock-
down of CPT1A partially reversed the benefit, tying the phe-
notype to β-oxidation.31 Complementary chemopreventive 
data come from RedTg mice subjected to diethylnitrosamine. 
On magnetic resonance imaging nine months after carcino-
gen exposure (wild type n = 12, RedTg n = 17), the number 
of liver tumors was 25.8 ± 4.8 versus 42.7 ± 5.7 (P = 0.03), 
tumor volume was 449.8 ± 105.4 versus 942.8 ± 177.5 mm3 
(P = 0.01), and tumor burden was 21.9 ± 4.1% versus 40.6 
± 5.6% of liver volume (P = 0.01), while total liver volume 
did not differ (P = 0.27); inflammatory and pro-proliferative 
transcriptomic signatures were also reduced.30 Appraised 
for clinical relevance, the Kovooru dataset is the only liver-
specific interventional evidence tying this axis to hepatocar-
cinogenesis, and it is internally consistent across four cell 
lines, two clones, and an in vivo model; however, cell lines 
and subcutaneous xenografts do not reproduce the fibrotic, 
immunologically intact microenvironment in which human 
HCC arises, there is no orthotopic or genetically engineered 
model, and no chemoprevention endpoint was tested. It is 
sufficient to justify mARC1 as an HCC-relevant target for fur-
ther study and insufficient to support any claim about treat-
ing established HCC in patients (Table 3). Human descriptive 
context (CYB5R3 and MTARC1 expression and prognostic as-
sociations in public HCC datasets such as TCGA-LIHC and the 
Human Protein Atlas) is consistent with a tumor-restraining 
role but is correlative and hypothesis-generating only.

A lung-derived apoptotic mechanism, presented as a 
hypothesis
By contrast, the frequently cited ER-stress apoptotic mecha-
nism—in which CYB5R3 overexpression raises NAD+, ac-
tivates the ER mono-ADP-ribosyltransferase PARP16, and 
engages PERK–ATF4 and IRE1α–JNK signaling together 
with NOX4-derived oxidative stress to trigger cancer-cell-
selective apoptosis—was established in non-small-cell lung 
cancer cells and xenografts, not in hepatocytes.20 I there-
fore present this pathway (Fig. 1) explicitly as a mechanis-
tic hypothesis for HCC that requires validation in hepatocyte 
and liver-tumor systems before any therapeutic inference is 
drawn.20,30,31

Dual, context-dependent, and temporally specific ef-
fects
The axis is unlikely to act unidirectionally, and this nuance 
is central to its therapeutic interpretation. On the tumor-
restraining side, CYB5R3-driven ER-stress apoptosis (in the 
lung model) and mARC1-loss-driven restriction of neutral li-
pid22,31 and of reactive oxygen species and ferroptotic sus-
ceptibility22 would oppose tumor initiation. On the oppos-
ing side, the same NAD+-generating and lipid-desaturating 
functions of CYB5R3 could, in principle, support the anabolic 
and redox demands of an established, metabolically repro-
grammed tumor—so the desirable direction of intervention 
may differ between chemoprevention and treatment of an S
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Fig. 1.  The CYB5R3–PARP16 ER stress–apoptotic program: a lung-derived mechanism and the liver evidence that must replace it. Arrowheads denote 
stimulatory or activating interactions, and bar-headed lines denote inhibitory interactions; dashed and dotted lines denote preclinical and hypothesis-level evidence, 
respectively. (A) The apoptotic program characterized in non-small-cell lung cancer20: CYB5R3 overexpression raises NAD+ and activates PARP16, which engages three 
limbs—PERK–eIF2α–ATF4–CHOP, including the inhibitory action of phosphorylated eIF2α on global translation; NOX4-dependent H2O2 with glutathione depletion and 
caspase-9 intrinsic apoptosis; and IRE1α–TRAF2–ASK1–JNK—converging on apoptosis reported to be cancer-cell selective. (B) Signed perturbation experiments: silenc-
ing PERK or IRE1α partially rescues viability, whereas silencing ATF6 does not, indicating pathway redundancy. (C) The liver-specific evidence that actually supports 
the axis in HCC—MTARC1 ablation in HCC lines and xenografts,31 diethylnitrosamine chemoprevention in RedTg mice,30 and correlative human expression data. Panels 
A and B are hypothesis-level for HCC: this mechanism has not been demonstrated in hepatocytes or HCC, and the review does not rely on it. NSCLC, non-small-cell 
lung cancer; HCC, hepatocellular carcinoma; CYB5R3, cytochrome b5 reductase 3; NAD+, nicotinamide adenine dinucleotide, oxidized form; PARP16, poly(ADP-ribose) 
polymerase family member 16; PERK, protein kinase R-like endoplasmic reticulum kinase; ATF4, activating transcription factor 4; p-eIF2α, phosphorylated eukaryotic 
translation initiation factor 2 alpha; CHOP, C/EBP homologous protein; NOX4, NADPH oxidase 4; ROS, reactive oxygen species; H2O2, hydrogen peroxide; GSH, reduced 
glutathione; Mito ROS, mitochondrial reactive oxygen species; IRE1α, inositol-requiring enzyme 1 alpha; TRAF2, tumor necrosis factor receptor-associated factor 2; 
ASK1, apoptosis signal-regulating kinase 1; JNK, c-Jun N-terminal kinase; JNK-P, phosphorylated c-Jun N-terminal kinase; c-Jun, c-Jun transcription factor; AP-1, ac-
tivator protein 1; ATF6, activating transcription factor 6; MTARC1, mitochondrial amidoxime reducing component 1; DEN, diethylnitrosamine; TCGA-LIHC, The Cancer 
Genome Atlas liver hepatocellular carcinoma cohort; HPA, Human Protein Atlas;↑, increased; ↓, decreased.
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established tumor. Temporally and spatially, restoring CY-
B5R3/NAD+ and lowering mARC1 activity is most plausibly 
beneficial in the preneoplastic, redox-stressed parenchyma 
(chemoprevention), whereas effects in an established tu-
mor may be cell-type-specific across hepatocytes, activated 
stellate cells, and tumor-associated macrophages. Proposed 
effects on macrophage polarization remain speculative and 
are not relied upon. Defining this temporal-spatial and dual-
regulatory behavior is a priority for future hepatocyte- and 
tumor-specific studies.

The mARC1–CYB5R3 axis and the MTARC1 p.A165T 
variant

The N-reductive electron-transfer system
mARC1 (gene MTARC1) is a molybdo-flavoenzyme that, to-
gether with CYB5B and CYB5R3, forms a three-component 
N-reductive system on the OMM. CYB5R3 donates NADH-de-
rived electrons through cytochrome b5 to the molybdenum 
cofactor of mARC1, which reduces N-hydroxylated substrates 
(Fig. 2B). Because mARC1 is wholly dependent on the CY-
B5R3–cytochrome b5 relay, CYB5R3 is the rate-limiting elec-
tron input; conversely, mARC1 draws on the same NADH-
derived reductive flux used for desaturation and antioxidant 
regeneration, providing a biochemical rationale for crosstalk.

Human genetics and mechanisms of protection (quan-
titative)
The missense variant rs2642438 (c.493G>A; p.A165T) in 
MTARC1 has a minor allele frequency of approximately 25% 
in the predominantly Northern European discovery cohorts of 
Emdin and colleagues and approximately 7% in East Asian 
populations, with lower frequencies in African and admixed 
American groups.11,13 In the pivotal multi-cohort analysis 
by Emdin and colleagues (12,361 all-cause cirrhosis cases; 
790,095 controls across eight cohorts), each p.A165T allele 
was associated with lower odds of all-cause cirrhosis (odds 
ratio 0.91; 95% CI, 0.89–0.94; derived as described in the 
footnote to Table 2; P = 2.3 × 10−11). The estimate was con-
sistent across the discovery analysis (3,754 cases/444,791 
controls; OR 0.87, P = 8.7 × 10−7) and three independent 
replication cohorts (BioVU OR 0.92, P = 0.045; FinnGen OR 
0.89, P = 0.044; Million Veteran Program OR 0.92, P = 7.4 
× 10−5), with no evidence of heterogeneity (P = 0.64). The 
same allele was associated with lower alanine aminotrans-
ferase (ALT) (−0.025 SD; P = 3.7 × 10−43), lower alkaline 
phosphatase (−0.025 SD; P = 1.2 × 10−37), lower total cho-
lesterol (−0.030 SD; P = 1.9 × 10−36) and LDL cholesterol 
(−0.027 SD; P = 5.1 × 10−30), lower hepatic fat on computed 
tomography (−0.08 SD; P = 8.2 × 10−6), and lower odds of 
physician-diagnosed fatty liver (OR 0.83; P = 1.90 × 10−8), 
without an apparent increase in cardiovascular events.11 An 
allelic series strengthens the causal argument: among 238 
carriers of the protein-truncating p.R200Ter variant, there 
were no cases of cirrhosis, compared with 17,046 cases 
among 759,027 non-carriers (P = 0.04).11 An independent 
genome-wide association study confirmed MTARC1 as a pro-
tective locus in alcohol-related cirrhosis (rs2642438 minor A 
allele, adjusted OR 0.76, 95% CI 0.64–0.91 [derived], ad-
justed for age, sex, body mass index, and type 2 diabetes 
across five European cohorts; P = 0.0027), consistent with 
the broader cirrhosis-risk architecture defined by PNPLA3, 
MBOAT7, and MTARC1.17,21 These effect estimates, together 
with the preclinical findings below, are compiled in Table 2. 
Mechanistically, p.A165T destabilizes the protein and produc-
es partial loss of function—primary human hepatocytes ho-

mozygous for the protective allele carry approximately 50% 
less mARC1 protein than risk-allele homozygotes. Silencing 
MTARC1 by 70% in risk-allele primary human hepatocytes 
lowered intracellular neutral lipid levels and nearly doubled 
β-oxidation under a 300 µM oleate–palmitate load, without 
changes in ApoB100 secretion, medium triglycerides, or 
de novo lipogenesis. The same manipulation had no effect 
on protective-allele hepatocytes, and the finding was re-
produced in HepG2, Huh7, Hep3B2, and HepaRG cells. In 
239,075 UK Biobank participants, the minor allele was as-
sociated with higher plasma 3-hydroxybutyrate, a circulating 
proxy for β-oxidation.22 In the same primary hepatocytes, 
MTARC1 downregulation selectively upregulated ferroptosis-
suppressor proteins, with no change in ferroptosis drivers, 
and lowered cellular reactive oxygen species.22 Remodeling 
of lipid droplets and activation of lipophagy are reported sep-
arately in mouse models.23

A quantitative threshold: variant versus complete 
loss
An important nuance has emerged from in vivo work. The 
murine orthologous substitution A168T significantly lowers 
steady-state mARC1 protein levels without affecting mRNA; 
however, neither male nor female A168T mice showed sig-
nificantly reduced steatosis, inflammation, or fibrosis in any 
of several models of MASH and liver fibrosis, indicating that 
partial protein reduction alone is insufficient—consistent with 
the reported divergence of MTARC1 biology between humans 
and mice.18,24 Two independent lines of evidence now con-
verge on this threshold. Tie and colleagues found that Mtarc1 
heterozygous mice, whose mARC1 protein levels are com-
parable to those of wild-type mice, showed no phenotypic 
difference from wild-type mice on a choline-deficient amino 
acid-defined high-fat diet across every endpoint measured 
(n = 7–9 per group), whereas homozygous knockouts were 
robustly protected.23 Partial reduction of mARC1, whether 
produced by a variant or by haploinsufficiency, is therefore 
insufficient in mice.

The magnitude of the anti-fibrotic effect obtained with 
complete loss is model-dependent and requires careful inter-
pretation. In Coyne and colleagues, germline Mtarc1 knock-
out reduced picrosirius red-stained area by approximately 
50% on the Gubra Amylin NASH (GAN) diet at 32 weeks (n 
= 13–14 per genotype; P < 0.05), with lower Col1a1, Timp1, 
and plasma ALT levels, but by 24% on a high-fat diet sup-
plemented with fructose water at 20 weeks (n = 10–13). 
In neither model did steatosis, inflammation, ballooning, or 
the composite MASLD activity score change significantly.25 
The effect of mARC1 loss in these systems is therefore spe-
cific to fibrosis rather than a general improvement in stea-
tohepatitis, and its magnitude is model-dependent. A third 
program reinforces this model-dependence from the oppo-
site direction. Tie and colleagues showed robust protection 
on the choline-deficient amino acid-defined high-fat diet—
lower liver-to-body-weight ratio, hepatic triglycerides, ALT, 
aspartate aminotransferase (AST), and bilirubin levels; lower 
Tgfb1, Il1b, Col1a1, Spp1, and Timp1 expression; and re-
duced COL1A1 protein and Sirius red staining in both sexes—
yet no significant phenotype at all on a high-fructose/high-
fat diet, which they attributed to the choline dependence of 
the glycerophospholipid biosynthetic route through which the 
protection is mediated.23 Their protection was also abolished 
in Pnpla2/Lipa double-knockout livers and reversed by CEPT1 
or PEMT knockdown, establishing that it requires intact lipol-
ysis and lipophagy. Taken together with Coyne, the pattern is 
that mARC1 loss is anti-fibrotic in some dietary contexts but 
not others, and that the responsible mechanism is specific 
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Fig. 2.  The CYB5R3–mARC1 electron-transfer axis: signed mechanistic interactions and therapeutic entry points. Arrowheads denote stimulatory 
or activating interactions, and bar-headed lines denote inhibitory interactions; dashed lines denote preclinical evidence; every edge is annotated with the study 
that established it. (A) Upstream control of CYB5R3: insulin/PI3K/AKT signaling inhibits FOXO3a, whereas fasting and NRF2 provide stimulatory input. (B) The 
NADH→CYB5R3→cytochrome b5 relay and its three acceptor arms—mARC1, SCD1-dependent desaturation, and coenzyme Q—showing that CYB5R3 is the sole 
electron input on which mARC1 activity wholly depends, together with the downstream effectors each arm controls: mARC1 restrains lipid droplet size and CEPT1/
PEMT-dependent phospholipid remodeling and restrains β-oxidation while promoting mitochondrial superoxide, and the CYB5R3 arm acts through NAD+-dependent 
sirtuin signaling and, via SCD1, through the SFA→LC-PUFA balance that restrains ER stress; both converge on fibrogenesis. The two therapeutic entry points are 
annotated on the network itself: tetrahydroindenoindole (THII) activating CYB5R3 and GalNAc-conjugated siRNA inhibiting mARC1. CYB5R3, cytochrome b5 reduc-
tase 3; NRF2, nuclear factor erythroid 2-related factor 2; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; FOXO3a, forkhead box O3a; NADH, nicotinamide 
adenine dinucleotide, reduced form; mARC1/MTARC1, mitochondrial amidoxime reducing component 1; GalNAc-siRNA, N-acetylgalactosamine-conjugated small 
interfering RNA; SCD1, stearoyl-CoA desaturase 1; NAD+, nicotinamide adenine dinucleotide, oxidized form; SIRT1/3, sirtuin 1 and sirtuin 3; PGC-1α, peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha; FAO, fatty acid oxidation; SFA, saturated fatty acid; LC-PUFA, long-chain polyunsaturated fatty acid; ER 
stress, endoplasmic reticulum stress; MASH, metabolic dysfunction-associated steatohepatitis; CEPT1, choline/ethanolamine phosphotransferase 1; PEMT, phos-
phatidylethanolamine N-methyltransferase.
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rather than general.
A further distinction, which I regard as the most clinically 

consequential observation currently available for this target, 
separates germline deletion from therapeutic knockdown. 
Hepatocyte-directed N-acetylgalactosamine (GalNAc)-con-
jugated small interfering RNA (siRNA) administered after 
16 weeks of GAN diet achieved 75% knockdown of Mtarc1 
mRNA and significantly reduced collagen area and fibrosis-
associated gene expression, although plasma ALT and AST 
levels did not change. The identical intervention started at 24 
weeks, when disease burden was higher, produced no signifi-
cant effect on any liver endpoint; and in the choline-deficient 
amino acid-defined high-fat diet model, hepatocyte-specif-
ic knockdown had no effect on fibrosis at all, even though 
germline deletion in the same model did. The authors’ own 
conclusion is that disease burden at the time of intervention 
is critical for fibrosis prevention through loss of mARC1.25 Ef-
ficacy in this system is thus contingent not only on the depth 
of knockdown but also on when and in which compartment 
that knockdown is achieved. It is also worth stating what 
the a fourth does not show. Yin and colleagues reported sig-
nificant reductions in liver mass, plasma ALT, triglycerides, 
and profibrotic transcripts (Tgfb1, P = 0.0008; αSMA, P = 
0.0001; Col1a1, P = 0.0056) on a 2-week choline-deficient 
amino acid-defined high-fat diet; however, histological stea-
tosis (P = 0.1587), inflammatory gene expression (Tnf-α and 
Mcp1, both P = 0.07), and histological fibrosis (P > 0.05) 
did not reach significance, and they explicitly stated that 
this model does not induce meaningful fibrosis at 2 weeks.32 
Their study should therefore be cited for protection against 
steatosis and the profibrotic transcriptional program, not as 
a demonstration of anti-fibrotic efficacy.

Appraised critically, this body of work has real strengths 
for clinical inference: four independent disease models, two 
orthogonal interventions (germline deletion and therapeutic 
hepatocyte-directed knockdown), group sizes of 10–14 with 
pathologist-scored histology, and artificial intelligence–as-
sisted digital pathology that resolves zonal fibrosis, collagen 
fibrillar properties, and fibrosis–steatosis co-localization be-
yond the reach of conventional scoring. Its limitations bear 
just as directly on practice: the pivotal arms used male mice 
only, no model reached cirrhosis, regression of established 
fibrosis was never tested, and the negative results above de-
fine the outer boundary of the claim. What this evidence sup-
ports is prevention of progression in pre-cirrhotic disease; 
what it does not support is an expectation of benefit once 
advanced fibrosis is established. A study-level appraisal of 
this and the other pivotal studies is given in Table 3.

A testable roadmap for the combination hypothesis
It is biologically reasonable that increasing CYB5R3 activ-
ity and reducing mARC1 activity could be complementary: 
mARC1 loss diverts reductive flux toward desaturation while 
remodeling droplet phospholipids, and CYB5R3 activity could 
reinforce SFA→LC-PUFA conversion, cholesterol handling, 
and NAD+-dependent signaling. However, no published study 
has tested combined CYB5R3 activation plus mARC1 inhibi-
tion, and there is no direct evidence of synergy. Rather than 
leaving the proposal purely theoretical, I specify a falsifiable 
program.

In vitro (2 × 2 factorial)
Human hepatocyte systems—primary human hepatocytes 
(including PXB), HepG2/Huh7, and iPSC (induced pluripotent 
stem cell)-derived hepatocyte spheroids/organoids—are ex-
posed to a lipotoxic load and randomized across four arms: 

vehicle, CYB5R3 activation (tetrahydroindenoindole [THII] or 
genetic overexpression), MTARC1 knockdown (siRNA/ASO 
[antisense oligonucleotide]), and the combination. Readouts 
span neutral lipid (BODIPY), the SCD1 desaturation index, 
NAD+/NADH, mitochondrial respiration and superoxide (Sea-
horse/MitoSOX), β-oxidation flux, lipid-droplet morphol-
ogy, and lipidomic phosphatidylcholine species reflecting the 
CEPT1/PEMT axis. Synergy is assessed formally by Bliss in-
dependence or Loewe additivity.

In vivo (factorial)
Dietary MASH models (GAN, CDAHFD, HFD-HFr) receive 
hepatocyte-directed GalNAc-siRNA against MTARC1 with or 
without a hepatocyte-restricted CYB5R3 activator (or hepa-
totropic AAV-CYB5R3), in factorial arms powered for fibrosis 
endpoints. The primary endpoint is the fibrosis area (picro-
sirius red/collagen) with Col1a1/Timp1. Secondary endpoints 
include ALT, steatosis, and mitochondrial bioenergetics. A 
sex-balanced design is essential given the sex effects on both 
cardiac risk and progression.

Pharmacodynamic (PD) biomarker panel
Target engagement and pathway responses are tracked 
with a defined panel: for mARC1 engagement, accumula-
tion of specified N-hydroxylated substrate/prodrug mark-
ers; for CYB5R3/desaturation, serum SCD1 desaturation in-
dices (16:1n-7/16:0; 18:1n-9/18:0) and circulating sterol/
cholesterol-biosynthetic intermediates; for redox/energetics, 
the NAD+ metabolome and 3-hydroxybutyrate (β-oxidation); 
for phospholipid remodeling, phosphatidylcholine/phosphati-
dylethanolamine species (CEPT1/PEMT); and systemically, 
FGF21 and imaging PD (MRI-PDFF [magnetic resonance im-
aging proton density fat fraction], cT1 [iron-corrected T1]). I 
continue to label the combination as an untested hypothesis, 
but this roadmap renders it falsifiable.

Pharmacological activation of CYB5R3
THII is the best-characterized small-molecule activator of 
CYB5R3. It binds near the flavin adenine dinucleotide do-
main and increases catalytic turnover without transcription-
al upregulation, and in rodent studies, it improved glucose 
handling and β-cell function through a Cyb5r3-dependent 
mechanism.14,26,27 THII is also an antioxidant, and its CY-
B5R3-dependent and -independent actions have not been 
fully disentangled. Critically, no controlled study has demon-
strated that THII (or any CYB5R3 activator) reduces hepatic 
fibrosis in vivo, and its pharmacology in established MASH is 
unknown; it should be regarded as a tool compound and a 
medicinal chemistry starting point rather than a clinical can-
didate. Adjunctive routes to raising CYB5R3 activity include 
NRF2 activators and dietary isothiocyanates that induce CY-
B5R3 transcription,15,34 and insulin sensitizers that relieve 
FOXO1 suppression. A 2025 meta-analysis of 13 phase 2–3 
trials (n = 1,811) found that GLP-1 receptor agonists, par-
ticularly semaglutide, improved MASH resolution and fibro-
sis relative to placebo;40 any contribution of FOXO1-driven 
CYB5R3 upregulation to these benefits is speculative.

Hepatocyte-selective delivery and cardiac safety
Systemic modulation of CYB5R3 carries a defined cardiac li-
ability. Inducible cardiomyocyte-specific deletion of Cyb5r3 
in adult male mice causes cardiac hypertrophy, bradycardia, 
coenzyme Q depletion, and sudden death, whereas females 
are largely protected; a human partial loss-of-function vari-
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ant (T117S) is associated with worse outcomes in heart fail-
ure.28 Consequently, any oligonucleotide program targeting 
this axis—and any future systemic CYB5R3 activator—must 
achieve hepatocyte-restricted exposure (Fig. 2B). The Gal-
NAc–conjugate platform exploits the asialoglycoprotein re-
ceptor (ASGPR), expressed at very high copy numbers on 
hepatocytes and essentially absent on cardiomyocytes, to 
achieve strong hepatic selectivity with durable knockdown af-
ter subcutaneous dosing, as established by approved agents 
such as inclisiran.29 Several companies have filed patents on 
siRNA duplexes targeting MTARC1, but these programs re-
main preclinical, and no clinical trial of mARC1 inhibition has 
been reported. For small-molecule CYB5R3 activators, hepat-
ocyte-selective prodrug or nanoparticle strategies would be 
needed to avoid the male-predominant cardiac risk of global 
perturbation. A second selectivity requirement applies within 
the mARC family itself: mice lacking mARC2, the paralog 
that carries most N-reductive activity in rodents,18 develop 
rapidly progressing hindlimb paralysis at 7–10 weeks of age 
— although other groups have not reported a neurological 
phenotype — whereas mARC1-null mice are viable and fertile 
with no developmental abnormality.32 Any oligonucleotide or 
small molecule directed at this axis must therefore be selec-
tive for mARC1 over mARC2.

The advanced-cirrhosis gap: delivery, efficacy, and 
safety
A candid limitation of the current evidence is that all pivotal 
in vivo efficacy derives from pre-cirrhotic, mild-to-moderate 
MASH. The decompensated cirrhotic population encountered 
in clinical practice raises distinct concerns that the field has 
not yet addressed and that any development program must 
confront.

Delivery in the cirrhotic liver
GalNAc conjugates depend on hepatocyte ASGPR expression 
and adequate sinusoidal perfusion. In cirrhosis, hepatocyte 
ASGPR density falls, sinusoidal capillarization and pericellu-
lar fibrosis impede parenchymal access, and portosystemic 
shunting from portal hypertension diverts drug away from 
functional hepatocytes—together predicting reduced and 
more variable knockdown than in pre-cirrhotic livers. These 
considerations bear on dose, dosing interval, and the poten-
tial need for delivery systems less dependent on ASGPR den-
sity in advanced disease.

Efficacy in established fibrosis
Regression of established bridging fibrosis or cirrhosis has 
not been demonstrated for this target; the available signals 
concern prevention of progression, not reversal of an estab-
lished scaffold. I therefore position deep mARC1 inhibition as 
most credible for pre-cirrhotic F2–F3 disease, with cirrhosis-
stage efficacy an explicit open question requiring dedicated 
models (e.g., established-fibrosis reversal designs) and, ulti-
mately, cirrhotic-cohort trials.

Safety in impaired hepatic function
Sustained mARC1 inhibition in the failing liver raises specific 
concerns: accumulation of N-hydroxylated substrates and of 
prodrugs that require mARC1 for activation; potential effects 
on nitrite/nitric oxide reduction relevant to portal and sys-
temic hemodynamics; and altered handling in patients with 
sarcopenia, coagulopathy, or polypharmacy. Prudent early 
development would stratify dosing by hepatic function, incor-
porate cardiometabolic and hemodynamic monitoring, and 

either exclude decompensated patients or study them under 
dedicated safety protocols.

An integrated non-invasive PD framework
Clinical translation requires validated non-invasive readouts 
spanning several domains, distinguishing markers of target 
engagement from markers of disease modification. (i) Imag-
ing: MRI-PDFF and MR elastography, multiparametric MRI/
cT1, and vibration-controlled transient elastography with 
controlled attenuation parameter. (ii) Serum fibrogenesis: 
enhanced liver fibrosis score, PRO-C3 (N-terminal type III 
collagen propeptide), FIB-4 (fibrosis-4 index), and APRI 
(aspartate aminotransferase-to-platelet ratio index). (iii) 
Pathway-engagement PD markers: the SCD1 desaturation 
index, circulating sterol intermediates, the NAD+ metabo-
lome, 3-hydroxybutyrate, and target-specific N-hydroxylated 
substrate accumulation. (iv) Lipidomic signatures of CEPT1/
PEMT-driven phospholipid remodeling. (v) Genotype strati-
fication (MTARC1, PNPLA3, TM6SF2). Assembled prospec-
tively, these constitute an integrated PD evaluation system in 
which desaturation and substrate markers confirm engage-
ment, while imaging and fibrogenesis markers track modifi-
cation.

Sex, ancestry, and clinical-trial design
Sex modifies this biology in ways that bear on trial design. 
The cardiac phenotype of Cyb5r3 deletion is male-predomi-
nant,28 and the relative protection of premenopausal women 
from MASH progression may involve sex-specific regulation 
of hepatic redox pathways;37,38 sex-stratified randomization 
and capture of menopausal status are warranted. Population 
genetics adds a second axis: the ∼three-fold difference in 
p.A165T frequency between Northern Europeans and East 
Asians, and its lower frequency in African and Indigenous 
American populations, predicts variation in baseline mARC1 
activity and in the expected benefit from mARC1 inhibi-
tion.11,13 Adequate enrollment of under-represented popula-
tions is essential for generalizable conclusions.

Strengths, limitations, and clinical implications
The evidence base has clear strengths and equally clear 
boundaries, which I set out explicitly because they determine 
clinical relevance; Figure 3 maps the effect estimate and evi-
dence tier available at each disease stage, Table 3 gives the 
study-level appraisal, and the paragraphs below summarize 
what follows from both. The mARC1 human genetic evidence 
is unusually strong—large, multi-ancestry, genome-wide-sig-
nificant, and consistent across biobanks and etiologies, with 
effect estimates compiled in Table 2 and reinforced by an al-
lelic series in which a protein-truncating variant produced no 
cirrhosis among its carriers. Its principal limitation is that a 
common variant models lifelong, partial inhibition beginning 
before disease, which is not equivalent to acute pharmaco-
logical therapy of established disease; the per-allele effect 
is also small (OR 0.91) and should not be quoted as an ex-
pected treatment effect, and the variant is far less frequent 
in East Asian than in Northern European populations, which 
bears on where such a therapy would be tested. The depth-
of-knockdown threshold defined by the A168T mouse both 
clarifies the mechanism and raises the therapeutic bar. The 
in vivo efficacy evidence is more nuanced: the anti-fibrotic 
effect ranged from 24% to 50%, depending on the model, 
did not extend to histological disease activity, and—critically 
for practice—was absent when hepatocyte-directed knock-
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down was started at higher disease burden or applied in the 
CDAHFD model. Deep mARC1 inhibition is therefore best 
understood as a strategy for preventing progression in pre-
cirrhotic disease, which argues for an F2–F3 target popula-

tion, for stratification by baseline fibrosis stage, and for a 
prespecified treatment window in any trial. The CYB5R3 arm 
is weaker: much of it rests on transgenic overexpression 
(RedTg), single-model or non-hepatic data, and, for the HCC 

Fig. 3.  The CYB5R3–mARC1 redox node across the MASLD–cirrhosis–HCC continuum. (A) Disease stages are arranged from normal liver to HCC, each car-
rying the quantitative effect estimate available at that stage and an evidence-tier chip: hepatic fat −0.08 SD (P = 8.2 × 10−6) and physician-diagnosed fatty liver OR 
0.83 (P = 1.9 × 10−8) at the steatosis stage; ALT −0.025 SD (P = 3.7 × 10−43) at the steatohepatitis stage; picrosirius red area −50% (GAN) and −24% (HFD-HFr), 
n = 10–14 per arm, at the fibrosis stage, annotated to show that this endpoint was not met in Yin 2026; and all-cause cirrhosis OR 0.91 (95% CI 0.89–0.94; P = 2.3 
× 10−11) at the cirrhosis stage. (B) Signed edges show where each of the three therapeutic strategies is supported—deep mARC1 inhibition from steatosis through 
F3 fibrosis, CYB5R3 activation on mechanism alone, and the combination untested—together with a statement of where the evidence stops. CYB5R3, cytochrome b5 
reductase 3; NADH, nicotinamide adenine dinucleotide, reduced form; b5, cytochrome b5; SCD1, stearoyl-CoA desaturase 1; CoQ, coenzyme Q; NAD+, nicotinamide 
adenine dinucleotide, oxidized form; SIRT1/3, sirtuin 1 and sirtuin 3; MASLD, metabolic dysfunction-associated steatotic liver disease; MASH, metabolic dysfunction-
associated steatohepatitis; ALT, alanine aminotransferase; SD, standard deviation; OR, odds ratio; CI, confidence interval; HCC, hepatocellular carcinoma; mARC1/
MTARC1, mitochondrial amidoxime reducing component 1; CT, computed tomography; F1–F3, fibrosis stages 1–3; F4, fibrosis stage 4; wk, week.
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apoptosis mechanism, on lung-cancer experiments. It should 
also be stated plainly that there are no clinical trials of this 
axis: human evidence is genetic-epidemiological, and all in-
terventional evidence is preclinical. Key gaps for clinical prac-
tice include the absence of any in vivo demonstration that a 
CYB5R3 activator reduces fibrosis or prevents HCC; the lack 
of direct evidence for synergy between CYB5R3 activation 
and mARC1 inhibition; the untested efficacy, delivery, and 
safety of deep mARC1 knockdown in cirrhotic as opposed to 
pre-cirrhotic livers; and the need for validated PD biomark-
ers of pathway engagement. The accumulation of N-hydrox-
ylated substrates during sustained mARC1 inhibition and the 
long-term consequences of chronic hepatic redox modulation 
also require systematic safety evaluation.

Future directions: an urgent need for liver-specific 
evidence and collaborative research
A recurring theme of this review is that the mechanistic case 
for CYB5R3 in hepatocarcinogenesis remains disproportion-
ately thin outside a single tissue context. The most detailed 
apoptotic program attributed to CYB5R3—the PARP16–PERK/
IRE1α ER-stress cascade—has been demonstrated only in 
non-small-cell lung cancer,20 and the liver-specific evidence, 
though encouraging, rests on a small number of studies: 
MTARC1 knockout in HCC cell lines and xenografts31 and di-
ethylnitrosamine chemoprevention in RedTg mice.30 This is 
an insufficient foundation on which to build clinical develop-
ment, and I therefore argue explicitly that the field cannot 
advance on the strength of extrapolation from other tumor 
types. Direct, liver-specific validation is not merely desirable 
but urgently required.

Meeting this need will demand sustained effort from many 
investigators working in parallel. Priorities include: (i) rep-
lication of the CYB5R3–PARP16–PERK/IRE1α mechanism in 
hepatocyte and HCC systems, including patient-derived orga-
noids and orthotopic and genetically engineered mouse mod-
els with hepatocyte-conditional gain- and loss-of-function; 
(ii) resolution of the dual, context- and cell-type-dependent 
behavior of the axis—distinguishing chemoprevention from 
treatment of an established, metabolically reprogrammed tu-
mor, and hepatocyte from stellate-cell and tumor-associated 
macrophage contributions; (iii) human tissue studies that 
move beyond correlative expression (TCGA-LIHC, Human 
Protein Atlas) to functional and prognostic validation in well-
annotated MASLD-HCC cohorts; (iv) factorial in vivo testing 
of the CYB5R3-activation plus mARC1-inhibition combination 
with the PD biomarker panel proposed above; and (v) dedi-
cated evaluation of efficacy, delivery, and safety in advanced, 
cirrhotic livers rather than pre-cirrhotic models alone.

No single laboratory can span molecular mechanism, 
human genetics, delivery technology, and clinical transla-
tion simultaneously. Progress will therefore depend on col-
laboration—shared MASLD-HCC biobanks and multi-omics 
resources, standardized redox and PD assays, common re-
porting of quantitative effect sizes, and sex- and ancestry-
stratified study designs—across academic groups, population 
biobanks, and industry programs. I offer this review not as 
a settled account but as an invitation: the CYB5R3–mARC1 
axis is a biologically compelling yet still under-tested target 
and realizing (or refuting) its therapeutic promise for MASLD, 
cirrhosis, and HCC will require a coordinated, community-
wide research effort that is, at present, only beginning.

Conclusions
The CYB5R3–mARC1 axis integrates NADH-derived reduc-

ing equivalents with lipid remodeling, cholesterol handling, 
NAD+-dependent signaling, and ER quality control, and it is 
supported by unusually strong, quantifiable human genetic 
evidence on the mARC1 side. Convergent 2025–2026 in vivo 
data establish that near-complete mARC1 loss is anti-fibrotic 
in dietary MASH models—by 24–50% of picrosirius red area 
in the one program that quantified it, without a correspond-
ing change in histological disease activity—while also showing 
that the effect is diet-dependent, that it was not reached at 
all in a third program, that partial protein reduction is insuf-
ficient, and that therapeutic hepatocyte-directed knockdown 
loses its effect when started at higher disease burden. This 
points to deep, hepatocyte-restricted mARC1 inhibition as 
the most credible near-term clinical strategy in pre-cirrhotic 
F2–F3 disease specifically, for which GalNAc-conjugated oli-
gonucleotides offer a delivery solution that also mitigates the 
male-predominant cardiac liability of systemic perturbation. 
CYB5R3 activation and the proposed combination of CYB5R3 
activation with mARC1 inhibition are biologically motivated 
but presently unproven and should be pursued through the 
in vivo efficacy, synergy, and PD-biomarker studies outlined 
here. No clinical trial of this axis has yet been reported, and 
this should be borne in mind when weighing the strength of 
the genetic signal. Efficacy, delivery, and safety in advanced 
cirrhosis remain a defined gap, and sex- and ancestry-strat-
ified design will be essential at every stage. Positioned with 
appropriate caution, the axis is a promising addition to the 
emerging precision-hepatology toolkit rather than a substi-
tute for existing therapy.
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