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1 | INTRODUCTION

Metabolic  dysfunction-Associated Steatotic Liver
Disease (MASLD), previously known as non-alcoholic
fatty liver disease, is a heterogenous disease ranging
from hepatic steatosis to steatohepatitis, fibrosis and
apoptosis (MASH-Metabolic dysfunction-Associated
SteatoHepatitis, previously known as NASH). Its global
incidence has risen in parallel to increased obesity, al-
though some patients are not obese." Whether hepatic
insulin resistance is implicated in hepatic fibrosis/in-
jury remains debatable in spite of the documented re-
versal effect of insulin sensitizers and incretins on these
pathologies.”

When phosphorylated by the insulin receptor,
CarcinoEmbryonic Antigen-related Cell Adhesion
Molecule 1 (CEACAM1) partakes in the insulin-receptor
complex to induce the rate of insulin's endocytosis in
hepatocytes and targeting to degradation. This promotes
hepatic insulin clearance® and binding of CEACAM1 to
fatty acid synthase (FASN) to mediate repression of its
enzymatic activity in response to incoming insulin pulses
in the portal vein.* Consistently, mice with liver-specific
mouse gene encoding CEACAMI1 protein (Ceacaml)
deletion (AlbuminCre + Cc" or AlbCre + Cc1™) de-
velop impaired hepatic insulin extraction with resul-
tant chronic hyperinsulinemia at 2months of age. This
is followed by hepatic insulin resistance at 6-7 months
with elevated FASN expression owing to increased
hyperinsulinemia-induced SREBP-1c transcriptional ac-
tivity.> Subsequently, hepatic lipid production increases
followed by its redistribution to adipose tissue to increase
visceral obesity and the release of lipolysis-derived non-
esterified fatty acids (NEFA) at 9 months of age.’ The
phenotype of AlbCre + Cc1" demonstrates that reduced
insulin clearance can cause hyperinsulinemia-driven

AlbuminCre + Cc1livers showed inflammation, fibrosis and hepaticinjury, with
more advanced bridging and chicken-wire hepatic fibrosis under high-fat condi-
tions. Media transferred from hepatocytes isolated from mutant mice activated
control HSCs, likely owing to their elevated endothelinl content. Interestingly,
hepatic CEACAM1 levels were lower in the livers of patients with MASH and
declined gradually with advanced fibrosis stage.

Conclusions: Hepatic CEACAM1 levels declined with progression of MASH
in humans. The phenotype of AlbuminCre + Ce™ mice assigned a key role to
CEACAM1 loss from hepatocytes in hepatic fibrosis independently of other liver

fibrosis stage, hepatic stellate cells, insulin extraction, insulin resistance, steatohepatitis

hepatic insulin resistance with steatohepatitis and vis-
ceral obesity. It also shows that hepatic insulin resis-
tance can precede NEFA release and is not simply a
consequence thereof.

Mice with global CeacamI null deletion (Ccl ) phe-
nocopy AlbCre + Cc'"' mutants insofar as the disease be-
gins with reduced insulin clearance at 2months of age. In
contrast to AlbCre + Ccl™™! mutants, Ccl ~~nulls develop
hepatic insulin resistance together with visceral obesity
and elevated lipolysis-derived NEFA release at 6 months.°
At this age, they manifest spontaneous pericellular hepatic
fibrosis.” Given the key role that NEFA plays in MASH,?
hepatic fibrosis in global Ccl™~ nulls was hypothesized
to be secondary to their elevated NEFA levels. However,
blocking lipolysis with nicotinic acid did not prevent he-
patic fibrosis in Cc17/~, emphasizing the primary role of
CEACAM1 loss in their hepatic fibrosis.

Hepatic fibrosis emanates from excessive collagen
production in activated myofibroblastic hepatic stellate
cells (HSCs). The latter can result from injured hepato-
cytes or endothelial cells. Endothelial loss of Ceacaml
causes hepatic fibrosis in the absence of insulin resis-
tance or hepatic steatosis.” In humans, the level of endo-
thelial CEACAMI1 progressively decreases with advanced
fibrosis stage.” Thus, we herein investigated whether
AlbCre + Cc mutants with hepatocytes-specific loss of
Ceacam1 develop hepatic fibrosis independently of other
hepatic cells.

2 | METHODS
2.1 | Mice

The generation of AlbuminCre + ce (AlbCre + Cc or
Alb + Cc C57BL/6J)micewithlossof Ceacam1primarily
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in hepatocytes has been reported.” Per approved institu-
tional protocols, male mutants with their Floxed AlbCre-
Ce (AlbCre-Cc™) controls were kept in a 12-h dark/
light cycle and fed ad-libitum either a standard chow (RD)
for 8 months or a 45% high-fat (HF) diet (Research Diets,
D12451, New Brunswick, NJ) for 3months starting at
5months of age.

2.2 | Metabolic phenotyping

Metabolic phenotyping was conducted on male mice
kept in cages with Alpha-dri bedding (Shepherd Specialty
Papers) for 1-2days. To assess biochemical parameters,
retro-orbital venous blood was drawn after 18h fasting
into heparinized micro-haematocrit capillary tubes (22-
362566, Fisherbrand, Waltham, MA), and liver excised
to determine hepatic triacylglycerol as previously de-
scribed.’ Plasma was analysed by ELISA for insulin and C-
peptide (ALPCO, Salem, NH) and endothelin-1 (Abcam,
Cambridge, MA). NEFA (Wako, Richmond, VA) and tria-
cylglycerol (Pointe Scientific, Canton, MI) were assayed
by enzymatic colorimetric assays.

2.3 | Insulin metabolism and action
Overnight-fasted mice were anaesthetized with pento-
barbital (1.1mg/kg body weight) before receiving an
intraperitoneal dextrose injection of 3g/kg BW of 50%
Dextrose, USP (Hospira Inc. Lake Forest, IL). Retro-
orbital blood was drawn at 0, 30,120 min post-injection
to measure blood glucose, insulin and C-peptide levels
during intraperitoneal glucose tolerance test (IPGTT).
Hepatic insulin clearance was measured as the ratio of the
area under the curve (AUC) (calculated by the trapezoid
method) of C-peptide/Insulin during IPGTT time points.*’
Insulin secretion was assessed as a ratio of AUC of insulin
from 0 to 30 min over the corresponding AUC for glucose
(AUC-Ins;y/AUC-Glu,),"! and Insulin Sensitivity Index
(ISI) was calculated by the Matsuda method since few
IPGTT time points were used.'?

2.4 | Liver histology in mice

Livers were sectioned, formalin-fixed paraffin-embedded
(FFPE) and stained with haematoxylin-eosin (H&E) for
assessing NAFLD activity score (NAS), as described."® To
assess fibrosis, deparaffinized and rehydrated slides were
stained with 0.1% Sirius Red stain (Direct Red 80, Sigma-
Aldrich, St Louis, MO) and imaged by Nikon Eclipse 90i
Microscope (Nikon, Melville, NY), as described.’
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For immunohistochemical analysis, FFPE sections
were deparaffinized in xylene, progressively rehydrated
in alcohol gradient before quenching peroxidases with 3%
H,0, and. heat-induced antigen-retrieval using 10 mM so-
dium citrate buffer (pH6.0) or Tris-buffer (pH10.0), per
antibody requirement. The Abcam antibodies [a-CD68
(1:150), Mac2 (1:250), MPO (1:1000), CD4 (1:1000), CDS
(1:2000), and «-Ki67 (1:100, monoclonal)] and a-Cleaved
Caspase 3 (1:200, Cell Signalling, Danvers, MA) were used.
This was followed by blotting with InmPRESS HRP horse
anti-mouse or anti-rabbit (Vector labs, Newark, CA) for
30min before being treated with 3,3’-Diaminobenzidine
(DAB, Vector labs) and haematoxylin counterstain (Vector
labs). Sections were evaluated blindly and positively
stained cells were counted in five fields/mouse at 40x
magnification.

2.5 | Primary cell isolation and
media transfer

Primary hepatocytes® and liver sinusoidal endothelial
cells (LSEC)’ were isolated from ketamine/xylazine-
anaesthetised 2-3-month-old mice, and HSCs from
8-month-old mice and incubated at 37°C/5%CO,.’

LSEC were incubated in EBM2 media-15% fetal bovine
serum (FBS), 0.04% glutamine, and bullet kit (Cambrex,
Lonza Biosciences, Walkersville, MD).

Hepatocytes were maintained in DMEM (Gibco Lab,
Gaithersburg, MD)-10% FBS, 1% glutamine, and 1% pen-
icillin/streptomycin (Gibco). HSCs from controls were
incubated in six-well plates in DMEM with 10% FBS,
0.04% gentamycin, 1% antibiotic/antimycotic (Gibco)
at 50%-60% confluence. Media were collected and cells
washed with PBS (Gibco) before re-incubation for 24h in
the collected regular media or in conditioned media from
hepatocytes isolated from control or mutant mice.

2.6 | Western blot analysis

Liver lysates from mice were analysed by SDS PAGE
followed by immunoprobing with antibodies against
phosphoSmad2 (Ser465/467-1:1000), phosphoStat3
(Y705-1:1000), phosphoNF-kB (S536-1:500) and CHOP
(L63F7-1:1000) (Cell Signalling). To normalize per
total proteins loaded, proteins were analysed on paral-
lel gels and probed with polyclonal antibodies against
a-tubulin monoclonal antibody, o-Smad2, «a-Stat3
and a-NF-xB (Cell Signalling). Blots were incubated
with horseradish peroxidase-conjugated donkey anti-
rabbit IgG or anti-mouse IgG antibody (GE Healthcare
Life Sciences, Chicago, IL) and detected by Enhanced
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RD HFD RD
Alb-Cct"?  Alb-Cc'  Alb+ Ce'?
Body weight (g) 30.3+0.6 40.6+1.6°  350+1.3
% Liver/BW 4.4+0.3 3.4+0.2 4.5+0.4
% WAT/BW 1.7+0.2 56+0.3" 2.8+0.1%
NEFA (mEgq/L) 0.5+0.0 0.9+0.1° 0.7+0.1%
Insulin (pmol/L) 31.6+1.8 55.9+6.1"  455+1.3°
C-peptide (pmol/L) 370+91 521+174°  534+187
C/I molar ratio 14.5+1.5 9.5+1.2° 8.8+1.2%
Triacylglycerol (mg/dL)  55.1+7.2 56.6+11.0  53.5+6.4
Hepatic TG (ug/mg) 65.2+6.2 218.7+41.5° 97.8+11.5°

TABLE 1 Plasma and tissue

HFD
biochemistry.

Alb+Cc"
49.2+0.7*°
5.4+0.2%
7.5+1.8%P
0.8+0.1
103.2+£9.4*°
1246 +120*°
11.3+0.6
78.1+£12.6
430.0£90.1%P

Note: Male mice were fed HFD or kept on RD for 3 months starting at 5months of age (n=5/genotype/
feeding group). Mice were fasted from 5:00 PM until 11:00 AM the next morning before blood was drawn
and tissues were excised. Except for blood glucose and tissues, values (mean +SEM) refer to plasma

levels.
ip<.5 Alb+Ccversus Alb-Ce™! per each feeding group.

Pp <.05 HED versus RD/genotype, %“WAT/BW denotes visceral adiposity; steady-state C/I molar ratio
denotes C-peptide/Insulin molar ratio as a measure of basal insulin clearance; TG denotes triacylglycerol;

hepatic TG was measured in pg/mg protein.

Chemiluminiscent Substrate (Thermo Scientific,

Rockford, IL).

2.7 | Quantitative real-time-PCR
(qRT-PCR) analysis

Total RNA was isolated with NucleoSpin RNA, Mini kit
(MACHEREY-NAGEL Inc. Allentown, PA). cDNA was
synthesized by iScript cDNA Synthesis Kit (Bio-Rad), using
1pg of total RNA and oligodT primers. cDNA was evalu-
ated with qRT-PCR (StepOne Plus, Applied Biosystems,
Foster City, CA), and mRNA was normalized against 18s.

2.8 | Statistical analysis

Data were analysed using one-way ANOVA analysis with
Bonferroni correction or two-tailed Student's ¢-test using
GraphPad Prism6 software and presented as mean + SEM.
p <0.05 was considered statistically significant.

2.9 | Evaluation of clinical human
liver biopsies

Routine standard of care human liver tissue biopsies were
obtained from adult male and female patients undergo-
ing bariatric surgery, orthotopic liver transplantation with
a MASH diagnosis or from donor livers not placed for
transplantation. Research was conducted in accordance
with the Declarations of Helsinki and Istanbul, and was

approved by IRB-protocols (201700650 and 201900298)
at the University of Florida. Subjects were provided con-
sent between August 2018 and December 2021 (Table S2).
Neither patients nor the public were involved in the de-
sign, conduct, reporting, or dissemination plans of the re-
search. Tissue samples were deidentified after collection
and prior to analysis. Biopsies were split and either imme-
diately flash frozen and stored at —80°C or stored in 10%
buffered formalin for 24h, paraffin embedded (FFPE),
sectioned and then processed for regular histological eval-
uation by two blinded clinical pathologists. Histology as-
sessment of MASLD/MASH stage of disease severity was
performed according to the Nonalcoholic Steatohepatitis
Clinical Research Network Scoring System, including
a detailed fibrosis grading.'* Flash frozen biopsies were
homogenized with PBS +0.3% NP-40 (v/v), including pro-
tease inhibitors and protein extracted by centrifugation.
Homogenate supernatants were diluted and CEACAM1
protein levels were assessed with Human CEACAM1/
CD66a according to manufacturer's instructions [DuoSet
ELISA kits (R&D Systems, Minneapolis, CA)].

3 | RESULTS

3.1 | Compromised hepatic insulin
clearance and insulin action in
AlbCre + CcP"" mice

As previously reported,’ 8-month-old AlbCre + Cemice
exhibited elevated body weight, visceral adiposity and
plasma NEFA levelscompared to their control counterparts
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(Table 1). Whereas HF feeding induced body weight and
visceral obesity in mutants and controls, it did not affect
NEFA levels in mutants, but it differentially increased
their liver weights (Table 1).

As expected,” AIbCre+Ccl™ mice also exhibited
chronic hyperinsulinemia resulting mainly from reduced
hepatic insulin clearance (Table 1-lower steady-state C-
peptide/insulin molar ratio relative to controls). HFD
repressed insulin clearance in control mice, but not in mu-
tants (Table 1). To further assess insulin clearance, blood
glucose and plasma insulin and C-peptide levels were
measured at 0-120min post-intraperitoneal glucose in-
jection (Figure 1A-C). As Figure 1A shows, liver-specific

(A) Glucose
(mg/dix102)

Ceacaml deletion adversely affected glucose tolerance
under both RD and HFD feeding conditions despite
higher insulin levels (Figure 1B). C-peptide excursion
was normal in RD-fed mutant mice (Figure 1C), sup-
porting normal insulin secretion (Figure 1E- unchanged
AUC-Ins;,/AUC-Glus, from 0 to 30min). Accordingly,
AlbCre+ Cc™ mutants exhibited comparable fasting
blood glucose levels relative to controls under both feed-
ing conditions (Figure 1D).

Insulin clearance, assessed by the ratio of AUC of C-
peptide/Insulin during IPGTT, was ~2-fold lower in RD-
fed mutants than controls (Figure 1F). Whereas HFD
significantly lowered insulin clearance in control mice,

+ Alb—Cc1™"-RD
® Alb-Cc171-HFD
<+ Alb+Cc17- RD
®* Alb+Cc1 - HFD

*§

AUC (x10%)
O = N W »

o =2 N W »

(B) Insulin
(pMx102)

T T 1

AUC (x10%)

(©) C-peptide
(pMx102)

=
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30 60 90 120 (min)

FIGURE 1 Insulin metabolism.
(A-C) Glucose, insulin and C-peptide

-
[$)]
o

levels were measured at 0, 30 and

120 min post i.p. injection of glucose in
age-matched 8-month-old mice fed with
regular diet (RD) or high fat diet (HFD)

in the last 3 months (n=3-4/genotype/
feeding group). Accompanying graphs
represent area under the curve (AUC). (D)
Fasting blood glucose (E) insulin secretion
(ratio of Insulin AUC at 0-30 min/
Glucose AUC at 0-30 min) (F) insulin
clearance (C-peptide AUC/Insulin AUC)
and (G) Insulin Sensitivity Index was

also measured. Values were expressed

as means+ SEM. *p<0.05 Alb + Ce"?
versus Alb-Cc per each feeding group.

a
o

Glucose (mg/dl)
o 8

(D) Fasting blood

(F) Insulin Clearance
(C-pep AUC/Ins AUC)
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(G) Insulin
Sensitivity

$p<.05 HED versus RD/genotype.

Alb-Cc11 Alb+Cc11

Alb-Cc11 Alb+Cc1i/f
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likely to contribute to the compensatory response to insu-
lin resistance (see below), it did not cause further reduc-
tion in hepatic insulin clearance in mutant mice, similarly
to steady-state insulin clearance (Table 1). In the absence
of significant changes in insulin secretion, the higher
basal hyperinsulinemia and insulin accumulation in mu-
tants at the late time points post-glucose injection under
both feeding conditions (Figure 1B) were likely caused by
impaired hepatic insulin clearance.

Glucose intolerance caused by liver-specific Ceacam1
deletion was accompanied by insulin resistance, as as-
sessed by the lower ISI in RD-fed mutants relative to their
controls (Figure 1G). HF consumption lowered insulin
sensitivity in both strains of mice (Figure 1G).

3.2 | Elevated hepatic steatosis and
inflammation in AlbCre + Cc’"' mice

As Table 1 shows, hepatic triacylglycerol levels were
higher in RD-fed AlbCre+ Ce™* than controls, and
HFD caused a substantial increase in fat accumulation
in both strains leading to ~2-fold higher fat accumula-
tion in AlbCre+ Ccl™ livers than controls (Table 1). As
previously reported,” H&E staining of liver sections of
8-month-old RD-fed AlbCre+Cc™ mice showed dif-
fused micro- and macro-vesicular fat deposition across
the liver parenchyma unlike their AlbCre-Cc1™ controls
(Figure 2A and accompanying graph b vs. a). HFD am-
plified predominantly micro-vesicular deposition in con-
trols as opposed to macro-vesicular deposition in mutants
(Figure 2A and graph c and d, respectively).

H&E staining also revealed few mononuclear inflam-
matory islands with no significant change in hepatocel-
lular architecture in RD-fed AlbCre+Ccl™ mutants
(Figure 2A, panel b vs. a). Whereas HFD caused an in-
crease in inflammatory infiltration of few islands into
the parenchyma of AlbCre-Ccl™" controls (Figure 2A,
panel c), its effect on mutant mice was more pronounced,
causing multiple foci of lobular inflammatory islands
(Figure 2A, panel d, arrows). The NAS score was 2-fold
higher in RD-fed AlbCre + Ce™ mice than their RD-fed
controls (p <0.05), and HFD elevated it from 3 to 5 in mu-
tants (Table accompanying Figure 2A). This suggested ad-
vancement of MASH in HFD-fed mutants.

As in global Cc1™~,” NF-kB was basally activated
(phosphorylated) in 8-month-old AlbCre+ Cc™ livers,
more strongly when fed with a HFD, as demonstrated by
Western blot analysis of liver lysates with a-phosphoNF-xB
antibody (Figure 2B). This likely contributed to the
higher mRNA levels of hepatic pro-inflammatory TNF«
and IL-6" cytokines than controls (Figure 2C). IL-6
production could lead to activation of Stat3-mediated

pro-inflammatory pathways in mutant livers, as demon-
strated by Western analysis with a-phopshoStat3 antibody
(Figure 2B). The data support the critical role of hepatic
CEACAML1 in regulating the inflammatory milieu of the
liver."

Immunohistochemical (IHC) analysis of CD68 and
Mac2 revealed more intense macrophage recruitment
(Figure S1A) and activation (Figure 3A, panel b vs. a
and d vs. c), respectively, in the liver parenchyma of
8-month-old RD- and HFD-fed AlbCre + Cc1’" mice than
controls. In support of increased innate immune response
in AlbCre+ Ccl™! mice, immunostaining of MPO indi-
cated neutrophil accumulation in the lobular areas of mu-
tant, but not control livers (Figure 3B, panel bvs. a and d
vs. ). Consistently, the mRNA levels of CD68 and S100A8,
a neutrophil marker, were ~2-fold higher in RD-fed mu-
tants than controls (Figure S1B). Additionally, mRNA
(Figure S1B) and protein levels of pro-inflammatory
CD4+T and CD8+T cells were higher in AlbCre + Cc1/'"
livers (Figure 3C,D, panel b vs. a and d vs. c). In contrast,
the hepatic expression of the anti-inflammatory Treg Foxp3
mRNA levels was not altered (Figure S1B). Together, this
demonstrated increased T-cell lymphocytes recruitment
to injured liver.'®

3.3 Devel%ment of hepatic fibrosis in
AlbCre + CcP" mice

Consistent with CEACAM1 downregulating EGFR/
MAPK-dependent cell proliferation pathways,'” THC
analysis revealed elevated Ki67 staining in the livers of
HFD-fed AlbCre+ Ccl™ mice (Figure 3E, panel d vs.
a-c), as in the livers of L-SACC1 transgenics with liver-
specific inactivation of CEACAM1."” Because liver pro-
liferation can drive fibrosis,'® we stained liver sections
with Sirius Red to detect collagen fibres. As Figure 4A
shows, RD-fed AlbCre + Cc1V! mutants, but not their
controls, developed periportal fibrosis (panel b vs. a)
that was amplified in response to HFD with more in-
terstitial bridging and chicken-wire collagen deposition
(Figure 4A panel d vs. b, and accompanying table, Brunt
score of 2.3 vs. 1.5 in controls). In contrast, control mice
exhibited minimal fibrosis under both feeding condi-
tions [Brunt score of 0.1 (RD)-0.4(HFD)] (Figure 4A;
Table 1). Consistently, mRNA levels of pro-fibrogenic
genes (a-Sma, Tgff} and Desmin) were higher (by ~>2-
fold) in mutant livers relative to controls under both
feeding conditions (Figure 4B). Whereas mRNA of
Collal and Col3al were not significantly elevated in
the livers of RD-fed mutants (Figure 4B, green vs. red
bars), they were induced by HFD (Figure 4B, black vs.
blue bars). Hepatic fibrosis could be mediated in part

ASUAOIT SuUOWWO)) dANeAI) d[qeoridde oy £q pauIdA0S a1 s9[ONIR YO SN JO SN 10] AIRIQIT AUIUQ AS[IAA UO (SUONIPUOD-PUB-SULID)/WOY A1 ATRIqI[aut[uoy/:sdny) Suonipuo) pue swia, ay) 39S *[$707/90/Sz] U0 A1eiqr SuruQ A[IA “LLIH1199/1 111 01/10p/wod Ka[im’ Kreiqrjaut[uoy/:sdny woiy papeojumod ‘L ‘0T ‘T9ETSIET



ZAIDI ET AL.

(A) H&E staining
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Genotype Diet Mice Steatosis Inflammation Ballooning | Total NAS
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FIGURE 2 Histological and biochemical analysis of inflammation. Livers were removed from 8-month-old mice following feeding

either a regular chow (RD) diet or a HFD diet for 3 months. (A) H&E staining of liver sections to identify foci of inflammatory cell infiltrates.

Accompanying table represents NAS (n=3-6 mice/genotype/feeding group). Scoring was performed independently by 2-3 different

scientists based on NIH guidelines. In the accompanying graph, the areas of lipid vesicles were assessed using Image J (v1.53t) in five fields/

mouse at 20x magnification and means +SEM in pixel” unit were presented. *p <.05 Alb + cc™versus Alb-Ce™ per feeding group;

$p<.05 HED versus RD per genotype; 'p <.05 macrovesicles versus microvesicles per genotype. (B) Western blot analysis was performed

on liver lysates from randomly picked two mice/genotype/feeding group. Representative gels indicate the activation (phosphorylation) of

NF-kB and Stat3 inflammatory pathways using phospho-antibodies normalized against total NF-kB and Stat3 loaded proteins, respectively.

Numbers to the right of the gels indicate apparent molecular mass (kDa). Gels were scanned and the density of the test band was divided

by that of its corresponding loading control and represented in arbitrary units (a.u) in the accompanying graph. Values were expressed as
means + SEM. *p<.05 Alb + cet™versus Alb-Cel™! per feeding group; ¥p <.05 HFD versus RD per genotype. (C) qRT-PCR analysis of Tnfa
and II-6 mRNA in liver lysates normalized to 18s. Values were expressed as means +SEM. *p <.05 versus Alb-Cc1™,

by the activation of the canonical TGFf-Smad2/3 pro-
fibrogenic pathway, as indicated by increased Smad2
phosphorylation (Figure 4C) with no significant change
in the mRNA levels of Smad7, a TGFp-Smad2/3 inhibi-
tor (Figure 4B, black vs. blue bars).

Increased synthesis of endothelin-1 (ET1) and of its
receptors A (ETAR)19 mediates proliferation of HSCs,
whereas that of ET3R elicits antiproliferative activity
in HSCs.” Consistent with NF-kB activation in RD-fed
AlbCre + Cc1V livers, their plasma levels of ET1, a tran-
scriptional target of NF-kB,* were ~2-fold higher than
their controls starting at 6 months of age (Figure 4D),
and preceding the onset of hepatic fibrosis at 8 months.
HFD significantly induced its hepatic mRNA level and
that of Etar by ~3.5-fold, elevating the Etar/Etbr ratio

by ~1.5-2 fold in mutant mice (Figure 4B, black vs. blue
bars). Furthermore, incubating primary HSCs from con-
trol mice in conditioned media from hepatocytes iso-
lated from RD-fed AlbCre + Cc1/"/! mutants, but not their
AlbCre-Cc1V controls, led to their activation, as indi-
cated by the ~2-fold increase in their a-Sma and Pparp/s
mRNA levels (Figure 4E). This could be caused by the
pro-fibrogenic ET1, the level of which was increased by
~3-fold in the conditioned media from mutant hepato-
cytes without a change in the pro-inflammatory IL-6
levels (Figure 4F).

Further emphasizing the primary role of CEACAM1
loss from hepatocytes in HSCs activation independently
of its role in endothelial cells,’ Ceacaml expression in
these extra-hepatocytic cells was unaltered (Figure 4G).
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FIGURE 3 Immunohistochemical analysis of inflammation and cell proliferation. Livers were removed from 8-month-old Alb + Ce""

mice (panels b, d), and their littermate controls (panels a, c) (n=6/genotype/feeding group) and their sections subjected to IHC analysis to

detect inflammatory cells (A-D) using (A) Mac2 for macrophage activation, (B) MPO to determine neutrophil accumulation and (C, D) CD4

and CD8 to immunostain T cells. (E) Sections were immunostained with Ki67 to examine cell proliferation. Representative images were

taken at 50 pm magnification and shown with insets at 20 pm. Number of positively stained cells were counted in five fields/mouse at 40x

magnification and means + SEM were presented graphically. *p <.05 Alb + cet™versus Alb-Cel™! per feeding group; ¥p <.05 HFD versus

RD per genotype.

Consistently, the expression of cell damage markers (vwf,
vwfal and Fabp4)** in the liver sinusoidal endothelial
cells of AlbCre+ Cel™ mutants were intact relative to
their controls (Figure 4H).

Increased fibrosis could drive liver injury in mutant
mice, as indicated by the higher Nrfand Txn mRNA levels
in RD-fed and Hgf, Nrf, Nqo and Txn in HF-fed mutants
(Figure 5A). The higher nicotinamide adenine dinucle-
otide phosphate reduced oxidase 4 (Nox4) mRNA levels
(Figure 5A) pointed to possible contribution of elevated
oxidative stress with TGFp signalling to induce more pro-
gressive liver injury in mutants.”

Consistent with the well-characterized contribution of
apoptosis to cell injury, IHC analysis of liver sections with
cleaved Caspase 3 (Cl-Caspase 3) detected apoptotic cells
in HFD-fed mutants, but not in HFD-fed control livers or

RD-fed mutants (Figure 5B, panel d vs. a-c). Moreover,
hepatic CHOP protein content was higher in liver ly-
sates of HFD-fed than RD-fed mutants (Figure 5C). This
demonstrated that the rise in apoptosis in null livers by
HF feeding contributed to their more robust liver injury
and fibrosis. Together, the data assigned a major role for
hepatocytic CEACAM1-dependent pathways in protecting
against hepatocyte injury and apoptosis.

3.4 | Reduced hepatic CEACAM1
expression in patients with
MASH and fibrosis

We have recently reported that CEACAM1 expression
in endothelial cells gradually declines with advanced
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FIGURE 4 Analysis of fibrosis. Livers were removed from 8-month-old mice (n = 6/genotype/feeding group). (A) Sirius Red staining
was performed to detect interstitial (panel b) and bridging (panel d) deposition of collagen fibres in mutant mice. Representative images
were taken at 50 um magnification. Accompanying table shows fibrosis scoring per Brunt criteria. (B) mRNA analysis of fibrotic markers
in liver tissues normalized to 18s from RD-fed controls (red bars) and mutants (green bars) and from HFD-fed controls (blue bars) and
mutants (black bars). Values were expressed as means +SEM. *p <.05 versus Alb-Ce ™! (C) Western blot analysis was performed on liver
lysates as in the legend to Figure 2. Representative gels indicate the activation (phosphorylation) of a-phosphoSmad2 antibody normalized
against total loaded Smad2 proteins. Number to the right of the gels indicate apparent molecular mass (kDa). Gels were scanned and the
density of the test band was divided by that of its corresponding loading control and represented in arbitrary units (a.u) in the accompanying
graph. (D) plasma ET1 levels in RD-fed Alb-Cc1"? (red bars) and Alb + Cc" mice (green bars) at 3, 6 and 9 months of age. Values were
expressed as mean + SEM. *p < .05 versus AlbCre-Cc"" controls. (E) Primary hepatic stellate cells (HSCs) from control mice were re-
incubated with their collected regular media (white bar), media transferred from AlbCre-Ce™* control hepatocytes (grey bars) or media
from AlbCre + Cc’ mutant hepatocytes (orange bar). HSCs activation was determined by qRT-PCR analysis of a-Sma and Pparf/s
relative to 18s in duplicate. (F) ET1 and IL-6 content was assessed in conditioned media. Values were expressed as mean +SEM. *p <.05
versus AlbCre-Cc1"" control media and $p <.05 versus regular media. (G) gRT-PCR analysis of Ceacaml mRNA levels in hepatocytes and
endothelial cells normalized to 18s. Values were expressed as mean + SEM. *p < .05 versus AlbCre-Cc™. (H) qRT-PCR analysis of mRNA
levels of genes marking cell damage in LSECs performed in duplicate. Values were expressed as mean + SEM.

fibrosis stage in patients, capturing the fibrosis pheno- 4 | DISCUSSION

type in mice with endothelial loss of Ceacam1.’ Thus, we

next examined whether hepatic expression changes with Ceacam1 deletion predominantly from hepatocytes caused
fibrosis progression in obese patients and in patients with ~ hyperinsulinemia-driven hepatic insulin resistance and
a MASH diagnosis (Table S2). Although the patient pool  steatohepatitis followed by visceral obesity and increased
was mainly Non-Hispanic (Whites and Blacks), some lipolysis-derived NEFA in AlbCre+ Ce™ mice.> The
Hispanics were also included. We observed a significant current studies demonstrated that it also caused spon-
reduction in the expression of CEACAMI1 in patients taneous interstitial periportal hepatic fibrosis that pro-
who developed MASH versus patients without MASH gressed into bridging fibrosis when mutant mice were fed
(p=.0001) (Figure 6A). Moreover, hepatic CEACAM1 a high-fat diet. On the other hand, liver-specific rescuing
protein content progressively declined with advancement =~ of CEACAMI1 reversed hepatic fibrosis and injury in ad-

of fibrosis (Figure 6B). These observations indicate an in- dition to insulin resistance and steatohepatitis in global
verse relationship between hepatic CEACAMI1 expression Cc1™/~ nulls under both feeding conditions.” The gain-of-
and progressive liver fibrosis. function and the loss-of-function models assign a major
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role to hepatocytic CEACAM]1, not only in terms of pro-
moting insulin sensitivity, but also in protecting against
hepatic fibrosis. These observations in mice promote an
intriguing hypothetical mechanism for the inverse rela-
tionship between hepatocytic CEACAM1 levels and the
progression of fibrosis stage in patients with MASH, as
shown in the current studies and as supported by single
cell RNA-sequencing data in human livers.’

The development of fibrosis in 8-month-old
AlbCre+ Cc™ mice followed hepatic insulin resis-
tance, as determined previously by hyperinsulinemia-
euglycemia clamp analysis.” This is supported by the
current study that assessed for the first time, insulin resis-
tance by low ISI together with altered insulin metabolism
during IPGTT, as done during oral glucose tolerance test
(OGTT) in humans.!! The data confirmed that hyperin-
sulinemia in AlbCre+ Cc mice was mainly driven by
reduced hepatic insulin clearance without a significant
change in insulin secretion, which under IPGTT, assess
integrated acute and second-phase insulin release. These

observations in mice agree with Bril et al.* reporting on
hyperinsulinemia in patients with MASH and fibrosis
being a correlate of reduced hepatic insulin clearance
(measured during OGTT) rather than increased insulin
secretion.

Adipocytes-derived effectors play a significant role in
the pathogenesis of hepatic fibrosis in humans.® Thus, it
is possible that increased plasma NEFA contributed to the
development of fibrosis in RD-fed AlbCre + Ce™ mice.
However, the progression of fibrosis in response to HFD
was not directly related to NEFA, since HFD did not elevate
NEFA levels relative to controls. Instead, it was associated
with increased inflammation, which would in turn, cause
hepatocellular injury.*” In support of the well-documented
metabolic and immune regulation by CEACAM1 in the
liver,?® it is reasonable to speculate that the enhanced
pro-inflammatory state in AlbCre + Cc livers is a man-
ifestation of the immune response to hyperinsulinemia-
driven hepatic steatosis, which in turn alters the hepatic
inflammatory milieu.*’
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(A) Hepatic CEACAM1 protein levels in patients with MASH
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FIGURE 6 Analysis of CEACAMI1 protein levels in patients
with MASH. Total hepatic CEACAM1 protein expression was
quantified by ELISA in total protein extracts of liver biopsies
from human subjects and assessed by (A) the presence (n=32) or
absence (n=75) of a biopsy-proven MASH disease stage and (B)
different stages of fibrosis: FO (n=55), F1 (n=25), F2 (n=6) and
F3-4 (n=22).

Because liver-specific inactivation of CEACAMI1
caused progressive fibrosis in HFD-fed transgenic mice,”’
it is likely that deleting the anti-inflammatory long-
isoform of CEACAM1 contributed to the increased in-
flammatory response to CEACAM1 loss from hepatocytes.
The mechanistic underpinning of this relationship has
been described: Upon its phosphorylation by epidermal
growth factor receptor (EGFR), CEACAM1 sequesters
Shc to repress downstream signalling pathways. When
CEACAMLI is deleted, Shc coupling to EGFR is increased,
as we have reported under basal and hyperinsulinemic
conditions in hepatocytes.!” This leads to activation of
MAPkinase and NF-kB pathways. The former induces
proliferation and the latter leads to increased transcrip-
tion of inflammatory markers such as TNFo and IL-6'*
which in turn, activate NF-kB and Stat3, respectively.
Consistent with hyperinsulinemia-driven endothelin-1
production,28 this also leads to the synthesis of endo-
thelin-1 and its pro-fibrogenic A receptor to cause vaso-
constriction, which could induce HSCs activation and
collagen formation.” Accordingly, the conditioned media

of mutant hepatocytes containing elevated endothelin-1
with normal IL-6 levels activated HSCs in the absence of
any damage to LSEC derived from mutant mice. Together
with elevation in plasma endothelin-1 preceding hepatic
fibrosis, this indicates that CEACAM1 loss in hepatocytes
independently caused HSCs activation and hepatic fibro-
sis in RD-fed AlbCre + Ce"" mice.

In conclusion, the current studies demonstrated that
hepatocytes-specific deletion of Ceacam1 reduced hepatic
insulin clearance to cause hyperinsulinemia-driven insu-
lin resistance and steatohepatitis, in addition to hepatic fi-
brosis. Because the latter occurred in the absence of LSEC
damage unlike the insulin sensitive normo-insulinemic
mice with endothelial loss of CEACAM]1,’ this assigned
a primary role to compromised hepatocytic CEACAM1
function in hepatic fibrosis independent of its role in en-
dothelial cells. Furthermore, CEACAM1 protein levels
were low in patients with MASH and progressively de-
clined with advanced fibrosis stage. This proposes that
incretins and PPARy agonists reverse hepatic fibrosis in
patients with MASLD/MASH,Z’24 at least in part, by acti-
vating Ceacam] transcription.*
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