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Conditional deletion of CEACAM1 in hepatic
stellate cells causes their activation
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ABSTRACT

Objectives: Hepatic CEACAM1 expression declines with advanced hepatic fibrosis stage in patients with metabolic dysfunction-associated
steatohepatitis (MASH). Global and hepatocyte-specific deletions of Ceacam1 impair insulin clearance to cause hepatic insulin resistance and
steatosis. They also cause hepatic inflammation and fibrosis, a condition characterized by excessive collagen production from activated hepatic
stellate cells (HSCs). Given the positive effect of PPARg on CEACAM1 transcription and on HSCs quiescence, the current studies investigated
whether CEACAM1 loss from HSCs causes their activation.
Methods: We examined whether lentiviral shRNA-mediated CEACAM1 donwregulation (KD-LX2) activates cultured human LX2 stellate cells. We
also generated LratCre þ Cc1fl/fl mutants with conditional Ceacam1 deletion in HSCs and characterized their MASH phenotype. Media transfer
experiments were employed to examine whether media from mutant human and murine HSCs activate their wild-type counterparts.
Results: LratCre þ Cc1fl/fl mutants displayed hepatic inflammation and fibrosis but without insulin resistance or hepatic steatosis. Their HSCs,
like KD-LX2 cells, underwent myofibroblastic transformation and their media activated wild-type HSCs. This was inhibited by nicotinic acid
treatment which blunted the release of IL-6 and fatty acids, both of which activate the epidermal growth factor receptor (EGFR) tyrosine kinase.
Gefitinib inhibition of EGFR and its downstream NF-kB/IL-6/STAT3 inflammatory and MAPK-proliferation pathways also blunted HSCs activation in
the absence of CEACAM1.
Conclusions: Loss of CEACAM1 in HSCs provoked their myofibroblastic transformation in the absence of insulin resistance and hepatic
steatosis. This response is mediated by autocrine HSCs activation of the EGFR pathway that amplifies inflammation and proliferation.

� 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD),
formerly termed non-alcoholic fatty liver disease, currently represents
the most common cause of chronic liver disease worldwide [1]. MASLD
spans a broad spectrum of metabolic disease with hepatic fibrosis
defining its most aggressive form, Metabolic dysfunction-associated
steatohepatitis (MASH), together with inflammation, hepatocyte dam-
age, and apoptosis. Hepatic fibrosis is on the rise and currently con-
stitutes a leading etiology in patients with MASH, partly because of
limited targeted therapy [2,3]. This necessitates the need for further
studies exploring its molecular and cellular basis.
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Histologically, hepatic fibrosis in patients with MASH is characterized
by early lesions of perisinusoidal collagen deposition, followed by
portal and eventually, bridging fibrosis [4]. It implicates the activation
of hepatic stellate cells (HSCs) located in the Space of Disse between
liver sinusoidal endothelial cells (LSECs) and hepatocytes. HSCs
represent approximately 10% of resident liver cells. In healthy liver,
PPARg activation maintains HSCs quiescent and containing large lipid
droplets filled with vitamin A as retinyl esters (RE), triacylglycerols (TG)
and cholesteryl esters (CE) [5]. Following transdifferentiation into
proliferative, contractile, inflammatory myofibroblasts with enhanced
extracellular matrix (ECM) production, HSCs lose their retinoid content
[6]. This is associated with reduced PPARg and reciprocal elevation in
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Abbreviations

CEACAM1 Carcinoembryonic Antigen-related Cell Adhesion
Molecule 1 protein in mice and humans

CEACAM1 Human gene encoding CEACAM1 proteins
Ceacam1 Gene encoding CEACAM1 protein in mice
LratCre þ Cc1fl/fl Stellate cell-specific Ceacam1 mutants
LratCre e Cc1þ/þ Wild-type controls
LratCre þ Cc1þ/þ LratCre controls
LratCre e Cc1fl/fl Ceacam1 Floxed controls
HSCs Hepatic Stellate Cells
KD-LX2 LX2 human hepatic stellate cell line with shRNA-

mediated suppression of CEACAM1
Scr-LX2 Control LX2 cell line with scramble RNA
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the level of PPARb/d [7,8], which could be activated by all trans-
retinoic acid [9] and PUFA [10] to increase HSCs proliferation via
inducing the p38 and JNK MAPK pathways [8]. Further studies are
needed to fully identify the factors that cause HSCs activation [11].
Virtually every liver cell contributes to HSCs activation, and they all express
the Carcinoembryonic Antigen-related Cell Adhesion Molecule 1 (CEA-
CAM1), with a dominant expression in hepatocytes where it promotes
insulin clearance. Depletion of Ceacam1 gene globally [12] or exclusively
in hepatocytes [13], causes chronic hyperinsulinemia, emanating chiefly
from reduced insulin clearance, followed by hepatic insulin resistance,
steatohepatitis and visceral obesity. It also provokesHSCs activation and a
characteristicMASH-likefibrosis [14,15]. Fed a high-fat diet, mice lacking
CEACAM1 in hepatocytes develop advanced hepatocellular injury
accompanied by chicken-wire fibrosis and apoptosis [14,16]. Recipro-
cally, liver-specific rescuing of CEACAM1 reverses metabolic dysregu-
lation and hepatic fibrosis in global Cc1�/� null mice [14]. In contrast,
CEACAM1 loss in endothelial cells promotes hepatic fibrosis, driven by
increased production of endothelin1, without insulin resistance or hepatic
steatosis [17]. Consistent with these data in genetically-modified mice,
patients with MASH exhibit a progressive loss of CEACAM1 in liver [15]
and particularly in LSECs [17] as the disease advances.
CEACAM1 is also expressed in pericytes [18], including HSCs [19].
Herein we investigated whether its loss of CEACAM1 in HSCs induces
their activation and sought to uncover underlying mechanisms.

2. MATERIALS AND METHODS

2.1. Generation and metabolic phenotyping of LratCre þ Cc1fl/fl

mice
As detailed in Supplemental data, Cc1loxp/loxp mice were crossed with
LratCre transgenic mice expressing a Cre recombinase driven by
mouse lecithin-retinol acyltransferase (Lrat) promoter [20]. Stellate
cell-specific deletion of Ceacam1 in C57BL/6Jxhomozygotes
(LratCre þ Cc1fl/fl) was confirmed by PCR reaction using gene-specific
primers (Fig. S1). As littermate controls, this study used homozygotes
of wild-type Ceacam1 allele with (LratCre þ Cc1þ/þ) or without Cre
(LratCre e Cc1þ/þ), and homozygotes of Ceacam1-floxed allele
without Cre (LratCree Cc1fl/fl) to rule out potential confounding effects
of floxing and introducing Cre recombinase.
Per institutionally approved protocols, animals were housed in a 12-h
dark-light cycle and fed standard chow ad libitum. Male mice were
kept in cages with Alpha-dri bedding before undergoing metabolic
phenotyping [intraperitoneal (IP) glucose and insulin tolerance tests-
GTT and ITT, respectively]. Following recovery, mice were fasted for
18 h, anesthetized with an IP injection of pentobarbital (1.1 mg/kg BW),
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and their retro-orbital venous blood was drawn and tissues extracted
for biochemical evaluation (Supplemental data).

2.2. Liver histology and immunohistochemical analysis
As detailed in Supplemental data, fixed liver sections were stained with
hematoxylin-eosin (H&E) or with 0.1% Sirius Red stain to evaluate he-
patic fibrosis. Images were taken using Nikon Eclipse 90i Microscope
and 10 randomly selected high power fields (20�) per sample were
imaged with ImageJ (v1.53t) to quantify Sirius Red stain as % area [17].
For immunohistochemical (IHC) analysis, liver sections underwent
antigen-retrieval, blocking with rabbit or mouse serum, stained over-
night at 4 �C with specific antibodies, blotted with species-specific
biotinylated secondary antibodies before being hematoxylin-
counterstained [17]. Images were taken using Nikon Eclipse 90i Mi-
croscope and evaluated blindly to count positively stained cells in 5
fields/mouse at 40� magnification.

2.3. Determination of CEACAM1 levels in human HSCs
Human HSC RNA expression values for CEACAM1 were obtained from
El Taghdouini et al., GSE68001 [21]. In that study, cells were isolated
from healthy donor tissue; briefly, quiescent HSCs (qHSCs) were sorted
as CD32�CD45�UVþ cells using a FASCAria (BD Biosciences, San
Jose, CA). Activated HSCs (aHSCs) were obtained by plating qHSCs in
DMEM (Gibco) supplemented with 20% FBS, and after two days in
DMEM with 10% FBS. Microarray data was imported and normalized in
RStudio using the Affy R package. The expression of CEACAM1 was
extracted from the dataset and imported in Graphpad Prism as
normalized CEACAM1 expression.

2.4. Media transfer experiments in primary murine hepatic stellate
cells
Primary HSCs were isolated from �8-month-old control LratCre e
Cc1fl/fl (recipient cells) and mutant mice LratCre þ Cc1fl/fl (donor cells)
[22]. Cells were cultured in 12-well-plates for 5e10 days.
LratCre þ Cc1fl/fl donor cells were washed twice and incubated in
phenol red-free DMEM-10% FBS media before treating with nicotinic
acid (NA, 500 mM) (SigmaeAldrich) or buffer alone for 24 h. Media
were collected, centrifuged at 380 xg for 3 min to remove cell debris
and the “conditioned media” were transferred to the twice-washed
LratCre e Cc1fl/fl recipient HSCs. 24 h later, cells were lysed for
mRNA analysis (see below). In some experiments, 10 mM Gefitinib
(SigmaeAldrich), an EGFR tyrosine kinase inhibitor [23], or dimethyl
sulfoxide (DMSO-vehicle) were added to recipient cells for additional
24 h before cell lysis. Media levels of fatty acids (NEFA-C enzymatic
colorimetric assay; Wako, Richmond, VA), interleukin-6 (ELISA Kit,
ab222503, Abcam) and TNFa (ELISA Kit, ab100747, Abcam) were
determined per manufacturer instructions [17].

2.5. Experiments with LX2 cells with stable downregulation of
human CEACAM1 expression
The immortalized human hepatic stellate LX2 cell line was infected
with a human CEACAM1 shRNA lentiviral construct to establish a KD
line with stable knockdown of hCEACAM1 and scramble control (Scr),
as detailed in Supplemental data.
For lipid analysis, KD-LX2 and Scr-LX2 cells were seeded in 6-well-
plates (4 � 104 cells/well) for 48 h before being stained with Nile Red
(SigmaeAldrich) and evaluated with densitometry by Image J software
to measure lipid content [24]. Media was collected to determine free
glycerol levels using Glycerol Assay Kit (BioVision, Milpitas, CA) [24].
Media transfer from KD-LX2 to Scr-LX2 controls was performed as
above and levels of fatty acids (NEFA-C enzymatic colorimetric assay;
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Regulation of CEACAM1 expression. (A) immortalized human LX2 hepatic stellate cells were treated with DMSO (�) (white bars), 1 mM Rosiglitazone (Ro) (grey bars),
5 mM Retinoic Acid (RA) (black bars), Ro plus RA (hatched bars), and 10e100 nM of GW501516 for 24 h before being subjected to qRT-PCR analysis of CEACAM1 (CC1) mRNA
levels. Data are expressed as mean � SEM; *P < 0.05 vs vehicle (�). (B) to analyze the transcriptional regulation of Ceacam1 promoter activity in LX2 cells, wild-type (nts �1100)
mouse Ceacam1 promoter and block mutants (small letters) of the PPRE (nts �557 and �551) (eDPPRE) site were subcloned into pGL4.10 promoterless plasmid. Luciferase
activity was measured in triplicate in response to DMSO (e, white bars), retinoic acid (RA, black bars) or GW501516 (GW, vertical bars). PPREx3-TK-luc and PGL3-RARE-Luc were
used as positive controls for PPRE and RXR, respectively. PGL4.10 empty vector was used as a negative control. Luciferase light units are expressed as mean � SEM in relative
light units. *P < 0.05 treatment vs vehicle. (C) CEACAM1 mRNA was evaluated in cells isolated from healthy donor tissues: quiescent HSCs (qHSCs, white bars) were sorted, plated
in DMEM-FBS to be activated (aHSCs, Black bars). Microarray data were imported and CEACAM1 expression was normalized. Data are expressed as mean � SEM; *P < 0.05 vs
qHSCs.
Wako, Richmond, VA), interleukin-6 (ELISA-ab178018, Abcam) and
TNFa (ELISA-ab181421, Abcam) were determined per manufacturer
instructions.
Cell growth was determined by MTT assay (SigmaeAldrich) and
absorbance read at 570 nm in 96-well plates. Cell growth was
calculated as percent of growth in the presence of effector minus basal
growth divided by maximum growth in complete medium.
MOLECULAR METABOLISM 88 (2024) 102010 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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2.6. Immunoprecipitation and Western blot analysis
As previously described [17], cells were Triton-lysed and subjected to
SDS-PAGE followed by Western blot analysis using antibodies as listed in
Supplemental data. Proteins were detected by chemiluminescence,
scanned and their density normalized against tubulin (Cell Signaling) or
the total amount of proteins of the signaling molecule applied on parallel
gels.
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For immunoprecipitation, 100 mg of protein lysates were precleared
with 20 ml mixture of protein G and A sepharose beads (Invitrogen,
Carlsbad, CA) at 4 �C for 2 h. Proteins were immunoprecipitated from
the precleared lysates by incubation with 2 mg of their specific anti-
bodies overnight at 4 �C, centrifuged and analyzed by SDS-PAGE and
Western blot analysis.

2.7. Quantitative real-time-PCR (qRT-PCR)
Total RNA was isolated with PerfectPure RNA Tissue Kit (Fisher Sci-
entific, Waltham, MA). cDNA was synthesized by iScript cDNA Syn-
thesis Kit (Bio-Rad), using 1 mg of total RNA and oligodT primers
(Table S1). cDNA was evaluated with qRT-PCR (StepOne Plus, Applied
Biosystems, Foster City, CA), and mRNA was normalized to GAPDH,
unless otherwise mentioned.

2.8. Statistical analysis
Data were analyzed using one-way ANOVA analysis with Bonferroni
correction or two-tailed Student-t-test using GraphPad Prism 6 soft-
ware. Data were presented as means � SEM. P < 0.05 was
considered statistically significant.

3. RESULTS

3.1. Regulation of CEACAM1 expression in human hepatic stellate
cells
Rosiglitazone (Ro) elevated CEACAM1 mRNA levels by w2-to-3efold
in human LX2 HSCs (Figure 1A). This likely resulted from the tran-
scriptional activation of Ceacam1 promoter by the binding of liganded
PPARg to the functional and well-conserved PPAR response element/
retinoic acid receptor recognition site (PPRE/RXRa) between ntse557
and e543 in Ceacam1 promoter [25]. A similar effect was exerted by
retinoic acid (RA) either alone or combined with rosiglitazone
(Figure 1A). As Figure 1B shows, RA induced the luciferase activity of
PGL3-RARE-Luc (positive control) and of the wild-type mouse Cea-
cam1 promoter (�1100pLuc) without affecting that of the empty
vector (PGL4.10) [*P < 0.05 vs vehicle-treated (�)]. Specifcity of the
activation of RXR by RA was demonstrated by its stimulatory effect on
the promoter activity of the construct harboring a mutation on the PPRE
response element alone without altering RXR (eDPPRE). In contrast,
activating PPARd by GW501516 (100 nM) repressed CEACAM1 pro-
moter activity (Figure 1B) and its mRNA levels (Figure 1A) in LX2 cells.
Mutating the PPRE response element on Ceacam1 promoter abolished
the repressive effect of GW501516 (Figure 1B).

3.2. Loss of CEACAM1 activates human LX2 stellate cells
Activated primary human HSCs (aHSCs) exhibited lower (by >80%)
CEACAM1 mRNA levels relative to quiescent cells (qHSCs) (Figure 1C).
To test whether CEACAM1 loss mediated HSC activation, we examined
whether lentiviral shRNA-mediated repression of CEACAM1 by >90%
(Figure 2A. i and ii) could activate LX2-HSCs. Consistent with the loss of
lipid content during HSC activation [26e28], knocking down CEACAM1
markedly reduced Nile red-stained fat-laden droplets relative to
scrambled controls (Figure 2B.i KD vs Scr in the graphical presentation
of densitometry analysis). The lost cellular fat was recovered as free
glycerol in the KD-LX2 culture media (Figure 2B.ii). As predicted based
on the known features of HSC activation, KD-LX2 cells exhibited lower
mRNA levels of enzymes catalyzing retinyl ester (RE) synthesis [lecithin-
retinol acyltransferase (LRAT)] and lipolysis [lysosomal acid lipase-LAL
(LIPA), 29] (Figure 2B.iii). Reciprocally, they manifested elevated
mRNA of enzymes catalyzing PUFA-triacylglycerol (PUFA-TG) synthesis
[27], such as PUFA-specific fatty acid-CoA synthase 4 (ACSL4) [30], and
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of lipogenic genes such as SREBP-1c and fatty acid synthase (FASN),
DGAT1 (the last enzyme in TG synthesis) and ATGL (TG lipase). Whether
the activity of these enzymes is affected remains unclear.
Activated HSCs undergo proliferation and resist apoptosis [26,31].
Consistently, knocking down CEACAM1 markedly increased LX2 pro-
liferation, as assessed by MTT assay (Figure 2C.i). It also led to w2-
fold higher mRNA levels of a-smooth muscle actin (a-SMA or ACTA2)
and COL1a1, markers of mesenchymal cell activation (myofibroblastic
transformation) [26] (Figure 2C.ii). The latter could result from
increased activation of TGFb canonical signaling pathway, as assessed
by Western blot analysis of phosphorylated Smad2/3 (Figure 2D). This
demonstrated that CEACAM1 loss activated KD-LX2 cells.

3.3. Delineating the mechanism underlying LX2 activation by
CEACAM1 deletion
Following phosphorylation by epidermal growth factor (EGFR) and insulin
(IR) receptors, CEACAM1 sequesters Shc and reduces its coupling to the
receptors to suppress downstream Shc/MAPK-mediated cell growth and
proliferation pathways [32,33]. Consistently, insulin (100 nM) treatment
for 5 min stimulated IRb and MAPK phosphorylation in both groups of
cells (Figs. S2BeC, þ vs e insulin), and induced their proliferation, as
assessed by MTT assay (Fig. S2D, þ vs e insulin). In the absence of
insulin, KD-LX2 cells manifested a higher basal phosphorylation of
MAPK, but not IRb (Figs. S2BeC), in parallel to higher cell growth
relative to their Scr-LX2 controls (Fig. S2D). This implicated an IR-
independent pathway in KD-LX2 basal activation.
We then examined whether the FAs released from KD-LX2 cells
(Figure 3A.i, black vs white bar)], could stimulate EGFR pathways [33] to
activate HSCs [34]. As Figure 3B.i shows, incubating Src-LX2 in the
conditioned media of KD-LX2 cells (Scr/Cond) markedly reduced CEA-
CAM1 (CC1) mRNA levels (w75%) (grey vs white bar; P < 0.05). This
likely resulted from increased PPARb/d expression (Figure 3B.ii) and its
activation by the released FAs. Consistently, blocking lipolysis by
nicotinic acid (NA) normalized FA levels in KD-LX2 media (Figure 3A.i,
diagonally-hatched vs white and vertically-hatched bars) and subse-
quently, restored CEACAM1 mRNA levels in Scr/Cond (Figure 3B.i,
horizontally-hatched vs vertically-hatched bar).
Western blot analysis revealed higher EGFR phosphorylation in KD and
Src/Cond cells in the absence of NA (Figure 3C.i, e lanes 1 and 5 vs
lane 3), but not in its presence (Figure 3C.i, þ vs e lanes/cell group).
This demonstrated that EGFR was activated in response to FA-
containing conditioned media. Consistent with reduced CEACAM1
level, CEACAM1/Shc binding was lower in Scr/Cond than Scr cells, as
demonstrated by its repressed detection in the Shc immunopellet
(Figure 3C.ii, e lane 5 in Scr/Cond vs e lane 3 in Scr). This led to a
reciprocal recovery of Shc in the EGFR immunopellet of Scr/Cond
relative to Scr cells (Figure 3C.iii, e lane 5 in Scr/Cond vs e lane 3 in
Scr), and activation of downstream MAPK pathways (Figure 3C.iv, e
lane 5 in Scr/Cond vs e lane 3 in Scr) and NF-kB (Figure 3C.v, e lane
5 in Scr/Cond vs e lane 3 in Scr). This induced cell proliferation, as
assessed by elevated PCNA protein levels (Figure 3C.vi, e lane 5 in
Scr/Cond vse lane 3 in Scr) and MTT assay (Figure 3B.v, grey vs white
bar). Additionally, PPARg1mRNA levels were lowered in Scr/Cond-LX2
cells (Figure 3B.iii, grey vs white bar), as expected during HSC acti-
vation and in contrast to the rise in PPARb/d levels [35], which was
likely activated by the excess FAs produced in KD-LX2 and Src/Cond-
LX2 cells (Table S2). Consistent with increased myofibroblastic
transformation, ACTA2 mRNA levels were induced by wtwo-to-
threefold in KD and Scr/Cond LX2 cells (Figure 3B.iv, grey and black vs
white bar). Reversal of these processes in Scr/Cond cells by NA
treatment (þ vs e lanes in Scr/Cond) further supported a role for FAs
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: Activation of LX2 human hepatic stellate cells by CEACAM1 deletion. (A) LX2 cells were subjected to shRNA-mediated knockdown of CEACAM1 (KD) and (i) analyzed by
qRT-PCR in triplicate to assess the decrease in CEACAM1 mRNA in KD-LX2 (black bars) vs Scr-LX2 scrambled control cells (white bars). mRNA was normalized to GAPDH mRNA
and data represented as mean � SEM; *P < 0.05 vs Scr-LX2; (ii) CEACAM1 protein levels were assessed by immunoblotting (Ib) the upper half of the membrane with a-CEACAM1
(a-CC1) antibody and the lower half with a-tubulin to normalize per loaded proteins. (B) to examine lipid metabolism, (i) cells were grown in at least 3 plates/stable line, stained
with Nile Red to depict fat (yellow) droplets. Positive fat stains were evaluated by densitometry, presented as % area graphically as mean � SEM; *P < 0.05 vs Scr-LX2; (ii) free
glycerol level was assayed in the media of the stained cells as a measure of lipolysis. Experiments were done in triplicate. Data are expressed as mean � SEM; *P < 0.05 vs Scr-
LX2; (iii) qRT-PCR mRNA analysis of genes implicated in lipid metabolism was performed in triplicate. Values are expressed as mean � SEM. *P < 0.05 vs Scr-LX2. (C) to assess
LX2 activation, (i) KD-LX2 and Scr-LX2 cells were subjected to MTT assay in triplicate. Data represent mean � SEM; *P < 0.05 vs Scr-LX2; (ii) qRT-PCR analysis was performed in
triplicate to assess ACTA2 and COL1a1 mRNA levels as markers of fibrogenic activity. Data represent mean � SEM; *P < 0.05 vs Scr-LX2. (D) to examine TGFb signaling, cell
lysates were immunoblotted with a-phosphoSmad2 or a-phosphoSmad3 antibody (a-pSmad) followed by re-immunoblotting (re-Ib) with a-Smad 2 or a-Smad 3 antibodies,
respectively, for normalization.
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release from activated KD-LX2 in the autocrine activation of EGFR-Shc-
MAPK to increase HSCs proliferation.
Interleukin-6 (IL-6), a transcriptional target of NF-kB, was also elevated
in KD media (Figure 3Aii, black vs white bar). Consistent with the anti-
inflammatory effect of NA [36] and its inhibition of IL-6 production [37],
NA treatment reversed IL-6 level in KD media (Figure 3Aii,þ vs e lane)
without affecting that of TNFa (Figure 3Aiii, þ vs e lane). Because IL-6
transactivates EGFR [38], we then tested whether the rise in IL-6
contributed to EGFR basal activation in KD-LX2 and Scr/Cond-LX2
cells. To this aim, we carried out media transfer experiments in the
absence and presence of Gefitinib, an EGFR tyrosine kinase inhibitor
[23]. As Fig. S3A shows, Gefitinib inhibited EGFR phosphorylation in KD-
LX2 and Scr/Cond-LX2 cells (þ vs e lanes). In parallel, it reduced
PPARb/d (Fig. S3B) and reciprocally induced PPARg1 mRNA levels in
these cells (Fig. S3C, horizontally-hatched vs grey bar in Scr/Cond-LX2
and diagonally-hatched vs black bar in KD-LX2 cells) to stimulate their
CEACAM1mRNA levels (Fig. S3D). This was associated with the ability of
Gefitinib to prevent Scr/Cond-LX2 activation, as demonstrated by
reduction and normalization of ACTA2 mRNA levels (Fig. S3E) and their
cell proliferation (Fig. S3F, þ vs e lanes).

3.4. Activation of primary HSCs from Cc1�/� null mice
In support of HSCs activation when their CEACAM1 is absent, primary
HSCs from global Cc1�/� nulls exhibited higher mRNA levels of
Figure 3: Scr-LX2 activation by conditioned media from KD-LX2 cells. Src-LX2 and KD-LX2
media were collected to assay levels of fatty acids (i), IL-6 (ii) and TNFa (iii). Data represe
treated vs untreated/cell group. (B) media of KD-LX2 cells (conditioned media) were tran
analysis of the mRNA of CC1, PPARb/d, PPARg1 and ACTA2 (Figure 3B.i-iv) and cell g
treated KD and Scr/Cond vs untreated Scr-LX2 cells; yP < 0.05 NA-treated vs untreated/ce
vs NA-treated Scr and NA-treated Scr/Cond cells. The latter indicates that although NA tre
completely restore their values to those in Scr-LX2 controls, as it did in Scr/Cond cells. This
(iii) levels in these donor KD-LX2 cells. (C) Western blot analysis of EGFR signaling in cell
against (i) phospho-EGFR (a-pEGFR), (iv) phospho-MAPK (a-pMAPK), (v) phospho-NF-kB
normalization. (ii) some lysates were subjected to immunoprecipitation (Ip) with Shc antibo
(a-Shc). (iii) Lysates were subjected to immunoprecipitation (Ip) with a-pEGFR antibody fo
separate experiments. The apparent molecular mass (kDa) is indicated at the right hand-
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Pparb/d, Pcna, and Acta2 than HSCs from wild-type mice (Table S3).
They also exhibited higher Srebp-1c and Fasn mRNA levels. More-
over, their media induced the mRNA levels of these genes in wild-
type HSCs (Table S3). NA treatment normalized these parameters
in HSCs from Cc1�/� and Cc1þ/þ/Cond cells (Table S3). This pro-
posed that CEACAM1 loss in HSCs activated them and caused their
myofibroblastic transformation to contribute to hepatic fibrosis in
Cc1�/� nulls [14].

3.5. LratCre þ Cc1fl/fl mice with conditional deletion of Ceacam1 in
HSCs are insulin sensitive
Because Ceacam1 loss in endothelial cells and hepatocytes could also
contribute to hepatic fibrosis in Cc1�/� nulls [14], we then assessed
the effect of deleting Ceacam1 exclusively from HSCs on hepatic
fibrosis. To this end, we generated LratCre þ Cc1fl/fl mice with con-
ditional deletion of Ceacam1 in HSCs, as demonstrated by their intact
Ceacam1 expression in bone marrow macrophages, hepatocytes and
liver endothelial cells (Figure 4A). Triple immunofluorescence stain of
liver tissue sections showed specific deletion of CEACAM1 (Red) in
Desminþ stellate cells in LratCre þ Cc1fl/fl mice but not in their control
mice or in other cells (such as ATP1A1þ/ABCB11þ hepatocytes or
CD31þ endothelial cells) where CEACAM1 expression was intact
(Fig. S4). These mice exhibited normal body weight, visceral fat mass,
plasma NEFA and triacylglycerol levels (Table 1). LratCre þ Cc1fl/fl
cells were incubated with nicotinic acid (NA) (þ) or with vehicle (�) for 24 h before (A)
nt mean � SEM; *P < 0.05, KD-LX2 vs Scr-LX2 cells/treatment type; yp < 0.05, NA-
sferred to pre-washed Scr group (Scr/Cond) before cells were harvested for qRT-PCR
rowth by MTT assay in triplicate and repeated twice (Figure 2B.v). *P < 0.05 un-
ll group; xP < 0.05 untreated Scr/Cond vs untreated KD, and {P < 0.05 NA-treated KD
atment decreased the mRNA of PPARb/d and ACTA2 as well as cell growth, it did not
is likely due to persistent absence of CEACAM1 (and low PPARg1) with sustained TNFa
s described above: liver lysates were subjected to immunoblotting (Ib) with antibodies
(a-pNF-kB), and (vi) a-PCNA and in parallel gels, with their specific antibodies for
dy followed by immunoblotting (Ib) with antibodies against CEACAM1 (a-CC1) and Shc
llowed by immunoblotting (Ib) with a-Shc and a-EGFR antibodies. Gels represent two
side of each gel.
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Figure 4: Metabolic phenotyping of LratCre þ Cc1fl/fl mice. (A) Primary cells were isolated from male mutants and their littermate controls (n ¼ 2 mice/genotype) at 2e4 months
of age except for HSCs which were isolated from mice at 8 months of age (n ¼ 5/genotype). Ceacam1 mRNA levels were analyzed by qRT-PCR in triplicate and normalized to 18s.
Values are expressed as mean � SEM. (BeC) 10-month-old male mice (n � 7e8/genotype) were injected intraperitoneally with insulin or glucose to assess glucose disposal in
response to insulin (B) and glucose (C). Values were expressed as mean � SEM. (D) Livers were removed from 8- and 10-month-old Lrat þ Cc1fl/fl male mice and their 3 littermate
controls (n ¼ 4e5/genotype), sectioned and stained with H&E staining to identify foci of inflammatory cell infiltrates in mutants (panel d) and their littermate controls (panels aec).
Values are expressed as mean � SEM in the accompanying inflammatory foci quantification graph. *P < 0.05 mutants vs the 3 littermate controls.
mice exhibited normal hepatic insulin clearance (steady-state C-pep-
tide/insulin molar ratio) and normo-insulinemia relative to their control
counterparts (Table 1). They also showed normal tolerance to exog-
enous glucose and insulin (Figure 4B,C, respectively), with normal
fasting and fed blood glucose levels (Table 1). Consistent with normo-
insulinemia, hepatic triacylglycerol levels were normal (Table 1) and
H&E stain did not detect lipid droplet deposition in liver sections
(Figure 4D.d). Moreover, the mRNA levels of genes involved in fatty
acid transport (CD36 translocase) and lipogenesis [Srebp-1c, and fatty
acid synthase (Fasn)] were normal (Table S4). Together, this
MOLECULAR METABOLISM 88 (2024) 102010 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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demonstrated that conditional Ceacam1 deletion from HSCs did not
cause insulin resistance or hepatic steatosis, consistent with intact
expression of CEACAM1 in hepatocytes.

3.6. Increased inflammation in LratCre þ Cc1fl/fl livers
H&E staining indicated diffused mononuclear inflammatory foci in the
liver parenchyma of LratCre þ Cc1fl/fl mutants without ballooning or
altered hepatocellular architecture starting at 10 months of age, as
shown by the lack of inflammatory foci at 8 months of age [Figure 4D.d
(and graph)].
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Table 1 e Plasma and tissue biochemistry in mice at 10 months of age.

LratCreeCc1þ/þ LratCre þ Cc1þ/þ LratCreeCc1fl/fl LratCre þ Cc1fl/fl

Body weight (g) 29.4 � 2.2 26.7 � 1.2 28.3 � 1.7 28.5 � 1.1
% WAT/BW 1.9 � 0.9 1.6 � 0.5 1.2 � 0.4 1.2 � 0.3
NEFA (mEq/l) 0.5 � 0.1 0.6 � 0.1 0.4 � 0.1 0.5 � 0.1
TG (mg/dl) 48.4 � 8.9 50.4 � 6.5 42.8 � 13.2 43.4 � 7.0
Insulin (pM) 80.5 � 10.7 74.7 � 4.7 73.7 � 2.1 78.5 � 7.0
C-peptide (pM) 198.6 � 36.4 193.1 � 36.7 177.9 � 22.6 219.4 � 45.6
C/I molar ratio 2.3 � 0.3 2.6 � 0.3 2.4 � 0.3 2.9 � 0.7
Fast Glucose (mg/dl) 67. � 9. 60. � 6. 71. � 6. 64. � 5.
Fed Glucose (mg/dl) 116. � 7. 118. � 4. 112. � 6. 116. � 9.
Hepatic TG (mg/mg) 58.7 � 8.7 65.5 � 9.2 59.1 � 9.9 58.7 � 15.2

Blood was drawn from male mice (10 months of age, n� 5/genotype) at 2100 h to assess fed glucose levels. Following a recovery period of 3 days, mice were fasted overnight before
blood was drawn and tissues were excised at 1100 h in the next morning. Except of blood glucose levels, other values refer to plasma levels, unless otherwise mentioned. Hepatic TG
is measured as mg/mg protein. Values are expressed as mean � SEM. BW: Body weight; WAT: white adipose tissue; %WAT/BW: visceral obesity; C/I: Steady-state C-peptide/Insulin
molar ratio as a measure of hepatic insulin clearance; NEFA: Non-esterified fatty acid; TG: Triacylglycerol.

Original article
Immunohistochemical (IHC) analysis revealed an increase in macro-
phage recruitment (CD68) and activation (Mac2) [Figure 5A.i-ii (and
graphs), panels d vs a-c, respectively]. It also showed elevated
immunostained myeloperoxidase (MPO) levels [Figure 5A.iii (and
graph), panel d vs a-c], which together with increased mRNA of MPO
and elastase (Table S4), demonstrated an increase in neutrophil
accumulation in the liver parenchyma of mutant livers. In addition to
MPO, a granulocyte-specific transcription factor (STAT3) was activated
(phosphorylated) at 10 months (Figure 5B), but not at 8 months of age
Figure 5: Increased inflammation in LratCre þ Cc1fl/fl livers. (A) livers were removed fro
genotype) and subjected to (A) immunohistochemical (IHC) analysis with: (i) CD68 to asse
evaluate neutrophil accumulation, CD4 (iv) and CD8 (v) to immunostain T cells and (vi) Foxp
magnification are shown with insets at 20 mm. Values are expressed as mean � SEM in th
(aec). (B) liver lysates were subjected to immunoblotting (Ib) with antibodies against the
added proteins, gels were analyzed by SDS gel electrophoresis in parallel and proteins
genotype. (C) liver lysates (n ¼ 6/each genotype) were analyzed in duplicate by qRT-P
mean � SEM. *P < 0.05 vs all three controls. (D) Male mice (8 and 10 months of age, n
next morning and their plasma IL-6 and TNFa levels were analyzed. Values are expresse
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(Fig. S5A). This likely resulted from thew2-to-3-fold concomitant rise
in hepatic IL-6 mRNA levels (Figure 5C vs Fig. S5B) and in the plasma
levels of this pro-inflammatory cytokine (Figure 5D).
Consistent with IL-6 as a transcriptional target of NF-kB, the p65(NF-
kB) subunit was basally activated (phosphorylated) in the livers of 10-
month-old (Figure 5B), but not 8-month-old (Fig. S5A) LratCre þ Cc1fl/
fl mutants. This likely resulted from reduced Shc sequestration in the
absence of CEACAM1 and the reciprocal increase in its coupling to
EGFR [33]. In addition to IL-6, activated p65(NF-kB) could induce Mcp-
m 10-month-old LratCre þ Cc1fl/fl mutants and their three controls (n ¼ 4e5 mice/
ss macrophage recruitment, (ii) Mac-2 to examine macrophage activation, (iii) MPO to
3 to determine the anti-inflammatory Treg pool. Representative images taken at 50 mm
e accompanying quantification graph. *P < 0.05 mutants (d) vs the 3 littermate controls
phosphorylated p65 subunit of NF-kB (a-pNF-kB), and a-pStat3. To normalize against
immunoblotted with specific antibodies. Representative gels include 2 different mice/
CR using gene-specific primers and normalized to Gapdh. Values are expressed as
� 6/genotype/age group) were fasted overnight before blood was drawn at 1100 in the
d as mean � SEM. *P < 0.05 vs all three controls.
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1/Ccl2 transcription [39], as shown in Figure 5C, to recruit monocytes/
macrophages into active inflammatory foci in mutant livers. Together
with IL-6, Ccl2 could induce CD11bþ macrophage pool (Figure 5C)
and its differentiation toward the M2 type [40,41], which is partly
mediated by elevated levels of IL-4/IL-13 type 2 cytokines (Figure 5C).
Together with no increase in the mRNA levels of Th1-derived cytokine
IFNg (Figure 5C) or in plasma TNFa levels (Figure 5D), this points to the
mounting of an M2 response in mutant livers, mediated partly by
sustained IL-6/STAT3 phosphorylation [42]. In contrast to macro-
phages, IHC (Figure 5A.iv-v) and qRT-PCR (Table S4) analyses revealed
no significant increase in pro-inflammatory CD4þT and CD8þT
lymphocytes. Moreover, there was no increase in the anti-
inflammatory Treg immunostain (Foxp3) (Figure 5A.vi), or in hepatic
IL-10 expression (Table S4). Thus, liver injury in LratCreþ Cc1fl/fl mice
was associated with a Th2 response marked by elevated IL-4/IL-13
secretion by hepatic lymphocytes that could activate infiltrated
myeloid cells (macrophages and neutrophils) to induce their M2 genes
expression.

3.7. Spontaneous fibrosis in LratCre þ Cc1fl/fl livers
Because activated hepatic macrophages could initiate and maintain
the myofibroblastic transformation of HSCs [41], we then tested
whether LratCre þ Cc1fl/fl mice developed hepatic fibrosis. Based on
Sirius Red staining, LratCre þ Cc1fl/fl, but not their controls, devel-
oped an extensive interstitial chicken-wire pattern of collagen
deposition starting at 10 months of age (Figure 6A.d vs a-c, and vs
Fig. S6A.d at 8 months). Consistently, the mRNA levels of pro-
fibrogenic genes (Acta2, Col1a1, Col3a1, and Tgfb) were induced
in the livers of 10-month-old (Figure 6B.i), but not 8-month-old
(Fig. S6B) mutants. Hepatic fibrosis could be mediated by the acti-
vation of the canonical TGFbeSMAD2/3 profibrogenic pathway, as
demonstrated by SMAD2 phosphorylation (Figure 6C) with no change
in the expression of its inhibitor, Smad7 (Figure 6B) at 10 months but
not at 8 months of age (Fig. S6C).
Activated HSCs modulate the extracellular matrix (ECM) composition,
mediated by MAPK, NF-kB and TGFb-SMAD2/3 pathways. This in-
volves the regulation of the expression of the matrix metalloproteinases
(MMPs) and the tissue inhibitor of metalloproteinases (TIMPs) that are
implicated in the production as well as the resolution of excess
collagen and other ECM components. Consistently, 10-month-old
LratCre þ Cc1fl/fl livers displayed higher mRNA (Figure 6B.i) and
protein levels (Figure 6C) of MMP9, MMP13 and TIMP1 relative to
controls. They also exhibited aw2-fold increase in the mRNA levels of
hepatic Mmp 2, Timp 2 and Timp 3 (Figure 6B.i). Whereas MMP9,
TIMP1 and TIMP2 are pro-fibrogenic, MMP2 and TIMP3 block fibro-
blastic activation and increase collagen clearance [43]. MMP13 can
promote collagen production as well as its clearance [43].
Coupled with oxidative stress, TGFb signaling could cause hepato-
cellular injury [44]. Consistently, mutant livers manifested higher
mRNA levels of genes implicated in oxidative stress (Nox1 and Nox4)
(Table S4) and hepatocytes injury (Txn, Nqo, Nrf1 and Hgf)
(Figure 6B.ii). This could drive liver dysfunction, as determined by
higher plasma alanine transaminase (ALT) and aspartate amino-
transferase (AST) content in 10-month-old but not 8-month-old mu-
tants as compared to control mice (Figure 6D).

3.8. Conditioned media from LratCre þ Cc1fl/fl HSCs activates
wild-type HSCs via an EGFR-mediated mechanism
As above, NA treatment blocked the release of FAs (Figure 7A. i, þ vs
e lane) and IL-6 (Figure 7A.ii, þ vs e lane) into the media of
LratCre þ Cc1fl/fl HSCs (KO). Thus, we next examined whether media
MOLECULAR METABOLISM 88 (2024) 102010 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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from KOeHSCs (Cond) could activate wild-type (WT) HSCs and
whether this could be blocked by NA treatment. As Figure 7B.i shows,
incubating WT-HSCs with media from KO HSCs (WT/Cond) repressed
Ceacam1 expression by w65% relative to WT-HSCs incubated in
regular culture media (e lanes, grey vs white bar). This likely resulted
from increased Pparb/d and reduced Pparg1 expression (Figure 7B.ii-
iii, respectively, e lanes, grey vs white bars).
This reciprocal change in Pparb/d and Pparg1 expression, together
with higher expression of Acta2 (Figure 7B.iv) and Pcna (Figure 7B.v) in
WT/Cond than WT cells in regular media (grey vs white bars)
demonstrated a higher myofibroblastic activation and proliferation of
WT/Cond than WT cells. Furthermore, NA treatment reversed these
changes in Pparb/d, Pparg1, Acta2 and Pcna mRNA levels in parallel
to restoring Ceacam1 expression in WT/Cond (Figure 7B.i-vi, þ vs e
bars, horizontally-hatched vs vertically-hatched bars). Gefitinib had a
similar effect on the mRNA of these genes in WT/Cond (Figure 7B.vii-
x, þ vs e bars, horizontally-hatched vs vertically-hatched bars).
Table S5 shows that KOeHSCs exhibited 2-to-4efold reduction in the
mRNA levels of Lrat and Lal/Lipa, with a reciprocalw12-fold increase
in Acsl4/Acsl1 and an w4-to-6efold increase in the mRNA levels of
Dgat1 and Atgl. It is likely that the increase in FAs release activated
PPARb/d to reduce Ceacam1 expression in WT/Cond cells. This would
lower Shc sequestration and elevate its reciprocal coupling with EGFR
to activate downstream pro-fibrogenic and proliferation pathways
(increased Acta2 and Pcna, respectively). Reversal of these changes in
lipid metabolism in WT/Conds by Gefitinib further demonstrated that
EGFR activation mediated the myofibroblastic transformation of HSCs
by Ceacam1 loss.

3.9. Conditioned media from young LratCre þ Cc1fl/fl HSCs
activates wild-type HSCs
To further investigate whether deleting Ceacam1 can cell-
autonomously activate HSCs before other liver cells could be injured,
we examined whether media from KOeHSCs derived from 4 month-
old mice could activate WT-HSCs. As Figure 8Ai shows, KOeHSCs
from young mice released w2-fold higher FAs than their WT coun-
terparts. Incubating the latter with KO conditioned media stimulated
their FA release. In contrast, IL-6 levels was significantly lower in these
young KOeHSCs relative to WT-HSCs which released less IL-6 upon
their incubation with the conditioned media (Figure 8Aii). The higher FA
in these young KOeHSCs did not affect PPARb/d mRNA levels, but
could have activated them, as demonstrated by their significantly lower
Ceacam1 mRNA levels relative to WT (Figure 8B), which could also
result from their lower PPARg1 mRNA levels. Nevertheless, incubating
WT-HSCs in the media of young KOeHSCs yielded a remarkable
decrease in Ceacam1 levels (WT/Cond) in parallel to elevated FA and
low IL-6 levels in the conditioned media (Figure 8B). Consistent with
HSC activation, mRNA levels of Acta2 and Col1a1 were elevated in WT/
Cond cells (Figure 8B). Thus, HSCs devoid of Ceacam1 bears an
intrinsic ability to cause stellate cell activation independently of other
liver cell types.

4. DISCUSSION

The current study demonstrated that CEACAM1’s expression in
cultured human LX2-HSCs is supported by autocrine PPARg and ret-
inoic acid transcriptional upregulation, and that activation of primary
human HSCs significantly repressed CEACAM1 expression. On the
other hand, loss of CEACAM1 in LX2 and primary murine HSCs acti-
vated them. This was manifested by reduced PPARg1 and retinoic acid
levels with reciprocal elevation in PPARb/d and PUFA-TG content,
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Figure 6: Spontaneous hepatic fibrosis in LratCre þ Cc1fl/fl mice. Livers were removed from 10-month-old LratCreþ Cc1fl/fl male mice and their 3 littermate controls (n ¼ 4e5/
genotype). (A) Sirius red staining revealed increased deposition of interstitial chicken-wire pattern of collagen fibers in mutants (panel d) vs their littermate controls (panels aec).
Values are expressed as mean � SEM in the accompanying quantification graph. *P < 0.05 mutants vs the 3 littermate controls. (B) liver lysates (n ¼ 6/each genotype) were
analyzed in duplicate by qRT-PCR using gene-specific primers and normalized to Gapdh to assess mRNA levels of genes involved in inflammation (i) and in hepatocytes injury (ii).
Values are expressed as mean � SEM. *P < 0.05 vs all three controls. (C) Western Blot analysis of liver lysates from LratCre þ Cc1fl/fl male mice (lanes 7e8) and their LratCre e
Cc1þ/þ (lanes 1e2), LratCre þ Cc1þ/þ (lanes 3e4) and LratCre e Cc1fl/fl (lanes 5e6) controls. Phosphorylated Smad2 (a-pSmad2) normalized against a-Smad2. The protein
levels of a-MMP9, a-MMP13 and a-Timp1 were normalized against a-Tubulin. Gels represent two different mice/genotype. The apparent molecular mass (kDa) is indicated at the
right hand-side of each gel. (D) Male mice (8 and 10 months of age, n � 6/genotype/age group) were fasted overnight before blood was drawn at 1100 in the next morning and
their plasma ALT and AST levels were analyzed. Values are expressed as mean � SEM. *P < 0.05 vs all three controls.

Original article
respectively. Because CEACAM1 inhibits FASN activity under normo-
insulinemic conditions [45], suppressing Ceacam1 transcription by
PPARb/d [25] (and by the loss of PPARg), likely mediated the increase
in TG synthesis in mutant HSCs. In light of the anti-lipogenic and anti-
fibrogenic effect of FASN inhibitors [46], the current data propose a key
role for HSCs’ CEACAM1 in preventing hepatic fibrosis.
CEACAM1 expression is highest in hepatocytes. Its deletion in these
cells impaired hepatic insulin clearance to cause hyperinsulinemia-
10 MOLECULAR METABOLISM 88 (2024) 102010 � 2024 The Authors. Published by Elsevier GmbH. T
driven insulin resistance, de novo lipogenesis and inflammation [15].
It also caused hepatic fibrosis, whereas hepatocytes-specific rescuing
of CEACAM1 reversed steatosis and fibrosis in parallel to restoring
insulin sensitivity in Cc1�/� null mice. This points to a key role for
hyperinsulinemia-driven steatosis in hepatic fibrosis caused by CEA-
CAM1 loss in hepatocytes [31]. In contrast, Ceacam1 deletion from
endothelial cells caused hepatic fibrosis in the absence of insulin
resistance and hepatic steatosis [17]. The phenotype was driven by
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Figure 7: EGFR-mediated activation of LratCre þ Cc1fl/fl HSCs. Primary HSCs were isolated from �8 LratCre þ Cc1fl/fl mice (KO) and a combination of wild-type (LratCre e Cc1þ/

þ, LratCre þ Cc1þ/þ and LratCre e Cc1fl/fl) mice (WT); all at �8 months of age. Cells were treated with (þ) or without (�) NA and the media were collected and combined to
assess (A) FA (i), IL-6 (ii) and TNFa (iii) levels. Values are mean � SEM. *P < 0.05 KO (�) vs WT (�); yP < 0.05 NA-treated vs untreated/mouse group. (B) the conditioned KO
media was transferred to WT HSCs (WT/Cond) for 24 h, while a parallel set of WT-HSCs was incubated in regular culture media and the mRNA levels were analyzed by qRT-PCR
analysis. In some experiments, conditioned media without NA were transferred to WT-HSCs and the cells were treated with or without Gefinitib (vi-x). Cells were harvested for qRT-
PCR analysis in triplicate of the mRNA levels relative to Gapdh. Values are expressed as mean � SEM; *P < 0.05 untreated KO and WTCond vs WT in regular media; yP < 0.05
treated vs untreated/cell group; xP < 0.05 untreated WT/Cond vs untreated KO in regular media, and {P < 0.05 treated KO vs treated WT in regular media and treated WT/Cond
cells.
hyperactivation of the vascular endothelial growth factor (VEGFR)/NF-
kB pathway and increased synthesis of endothelin1 and of its pro-
fibrogenic signals via its receptor A in HSCs. Inflammation in this
endothelial cell mutant preceded hepatic fibrosis and implicated
macrophage activation in addition to mounting a Th1 response by T
lymphocytes.
Like its deletion from endothelial cells, conditional deletion of Ceacam1
from HSCs caused hepatic fibrosis in the absence of insulin resistance
and hepatic steatosis. However, it occurred concurrently to inflam-
mation and was mediated by activation of EGFR by FA and IL-6, a
transcriptional target of NF-kB. Sustained activation of the IL-6/STAT3
pathway could mediate the mounting of a Th2/M2 response in
LratCreþ Cc1fl/fl livers, as in Stat1 nulls that exhibited activation of the
MOLECULAR METABOLISM 88 (2024) 102010 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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M2 macrophage pool without a significant increase in pro-
inflammatory T lymphocytes [47].
In addition to EGFR/NF-kB pathway, the EGFR/MAPK proliferative
pathway was also activated in KD-LX2 HSCs devoid of CEACAM1.
This resulted from the increased coupling of Shc to EGFR when its
reciprocal sequestration by CEACAM1 was absent [33], as with
respect to VEGFR [48] and the insulin receptor [32]. Thus, activation
of NF-kB and the MAPK pathways downstream of these growth factor
receptors constitutes a unifying mechanism underlying hepatic
fibrosis when their shared substrate, CEACAM1, is lost. This agrees
with the reported PPARb/d-driven HSCs proliferation and hepatic
fibrosis via activation of the P38-JNK MAPK pathway in LX2 and
murine HSCs [8].
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Figure 8: HSCs from 4-month-old LratCre þ Cc1fl/fl mice activate wild-type HSCs. Primary HSCs were isolated from LratCre þ Cc1fl/fl mice (KO; n ¼ 8) and WT controls (n ¼ 15);
all at 4 months of age. On day 5, media was switched to phenol-free DMEM-10%FBS for another 24 h at which point conditioned (Cond) media from KO cells was collected and
transferred to some WT cells (WT/Cond) for 24 h. (A) FA and IL-6 content in media was collected and (B) cells were harvested to assess mRNA levels by qRT-PCR in triplicate
relative to 18s. Values are expressed as mean � SEM; *P < 0.05 vs WT and xP < 0.05 WT/Cond vs KO.
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EGFR is implicated in HSCs activation [34,49] as demonstrated by the
reversal of hepatic fibrogenesis, hepatocyte proliferation and liver
injury in experimental models of hepatic fibrosis by inhibitors of EGFR
tyrosine kinase activity [50,51]. Yet, inhibiting EGFR phosphorylation to
curb hepatic fibrosis has not gained traction at the clinical setting.
Instead, targeting inflammation and lipogenesis constitutes the main
current therapeutic approach, particularly at the early stages of the
disease [2,3]. This includes the use of a combinational therapy of
PPARg agonists and incretins to retard/attenuate hepatic fibrosis in
patients with MASLD/MASH [52]. It is likely that the effectiveness of
these drugs is mediated, at least partly, by the transcriptional acti-
vation of CEACAM1 [16], which would in turn, counter inflammation in
immune cells [53] and lipogenesis in hepatocytes (by inhibiting FASN
and limiting chronic hyperinsulinemia).
We have previously shown that hepatic CEACAM1 expression is pro-
gressively reduced with advancing fibrosis stages in patients with
MASH [15]. Moreover, single cell RNA-sequencing showed lower
CEACAM1 expression in hepatocytes and LSECs of patients with
fibrosis/cirrhosis [17]. The current study demonstrated that activation
of primary human HSCs repressed CEACAM1 expression and that
deleting CEACAM1 from immortalized human LX2 activated them. The
hepatic fibrosis phenotype of LratCre þ Cc1fl/fl mutants concurrent to
inflammatory infiltration to their liver parenchyma and the ability of
their HSCs to cause fibrosis even at a young age in the absence of
inflammatory effectors, further emphasized the regulation of hepatic
fibrosis by CEACAM1’s loss in HSCs, independently of its paracrine role
in other liver cells. The underlying mechanisms converge at the level of
NF-kB inflammation and MAPK proliferation pathways downstream of
EGFR in HSCs (and in hepatocytes at the basal state) and of VEGFR in
endothelial cells. Consistent with elevated serum IL-6 levels in patients
with advanced hepatic fibrosis [54], loss of CEACAM1 in HSCs caused
an elevation in plasma IL-6 levels concurrently wth hepatic fibrosis in
12 MOLECULAR METABOLISM 88 (2024) 102010 � 2024 The Authors. Published by Elsevier GmbH. T
LratCre þ Cc1fl/fl mutants. Together, this proposes that inducing
CEACAM1 expression could constitute an effective therapeutic
approach to curb fibrosis, not only in early stages of the disease, but
also at a later stage.
In summary, the current report provides an in vivo demonstration of a
novel mechanistic link between a distinct CEACAM1/EGFR/NF-kB
signaling module in murine HSCs and hepatic fibrosis, an advanced
component of MASH. This was supported by studies in human LX2
HSCs demonstrating an autocrine regulation of hepatic fibrosis by the
loss of CEACAM1 in stellate cells. Further analysis is required to
translate our observations to MASH pathogenesis in humans.
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