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Abstract

Objectives: Hepatocytic CEACAM1 plays a critical role in NASH pathogenesis, as bolstered 

by the development of insulin resistance, visceral obesity, steatohepatitis and fibrosis in mice 

with global Ceacam1 (Cc1) deletion. In contrast, VECadCre+Cc1fl/fl mice with endothelial loss 

of Cc1 manifested insulin sensitivity with no visceral obesity despite elevated NF-κB signaling 

†Address correspondence to: Prof. Sonia M. Najjar, PhD. Professor and Endowed Eminent Research Chair, Heritage College of 
Osteopathic Medicine; Irvine Hall, 1 Ohio University; Athens, OH 45701-2979; Tel: 740-593-2376; najjar@ohio.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Credit authorship Contribution statement
H.T.M., H.E.G., R.A., H.L.S., J.K.L., G.D.B., M.S.J., A.D.L., B.B.S., I.A-P., T.S.S., S.V., and S.D. researched data. H.T.M., planned 
and organized experiments, collected and analyzed data, and drafted the manuscript. H.E.G., S.V. and S.D. contributed to the 
preparation of the illustrations. B.B.S., H.M., L.A.vG, A.Z. and S.D. discussed data and edited the manuscript. S.M.N. oversaw the 
work, including its conception and study design, analyzed data, led scientific discussions and reviewed/edited the manuscript.

Declaration of competing interest
None declared.

HHS Public Access
Author manuscript
Metabolism. Author manuscript; available in PMC 2024 July 01.

Published in final edited form as:
Metabolism. 2023 July ; 144: 155562. doi:10.1016/j.metabol.2023.155562.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and increased systemic inflammation. We herein investigated whether VECadCre+Cc1fl/fl male 

mice develop hepatic fibrosis and whether this is mediated by increased production of endothelin1 

(ET1), a transcriptional NF-κB target.

Methods: VECadCre+Et1.Cc1fl/fl mice with combined endothelial loss of Cc1/Et1 genes were 

generated. Histological and immunohistochemical analyses were conducted on their livers and on 

liver tissue biopsies from adult patients undergoing bariatric surgery or from patients with NASH 

diagnosis receiving liver transplant.

Results: Hepatic fibrosis and inflammatory infiltration developed in VECadCre+Cc1fl/fl 

liver parenchyma. This was preceded by increased ET1 production and reversed with 

combined endothelial loss of Et1. Conditioned media from VECadCre+Cc1fl/fl, but not 

VECadCre+Et1.Cc1fl/fl primary liver endothelial cells activated wild-type hepatic stellate 

cells; a process inhibited by bosentan, an ETAR/ETBR dual antagonist. Consistently, 

immunohistochemical analysis of liver biopsies from patients with NASH showed a decline in 

endothelial CEACAM1 in parallel with increased plasma endothelin1 levels and progression of 

hepatic fibrosis stage.

Conclusions: The data demonstrated that endothelial CEACAM1 plays a key role in preventing 

hepatic fibrogenesis by reducing autocrine endothelin1 production.
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1. Introduction

Hepatic fibrosis is a critical pathology in non-alcoholic steatohepatitis (NASH), a leading 

cause of liver-related death worldwide [1]. It is characterized by stellate cells activation 

involving extracellular matrix accumulation [2]. To date, there is no FDA-approved specific 

therapeutic modality against fibrotic liver disease, owing to our limited knowledge of key 

underlying mechanisms and to disease heterogeneity [3–6]. Moreover, most of the animal 

models fail to replicate faithfully the human disease [2]. Whereas metabolic abnormalities 

are implicated in NAFLD and related drugs are repurposed against fibrosis [7], the role of 

insulin resistance in hepatic fibrosis has not been fully resolved. Accordingly, the need for 

therapies directed primarily against hepatic fibrosis remains largely unmet [4].

Carcinoembryonic Antigen-related Cell Adhesion Molecule1 (CEACAM1) is a 

transmembrane glycoprotein that is expressed in all liver cells, including hepatocytes and 

endothelial cells. Obese subjects with insulin resistance and NAFLD manifest reduction in 

hepatic CEACAM1 levels [8] and CEACAM1 level constitute a key determinant of liver 

donor quality [9]. Consistent with its role in promoting insulin clearance in hepatocytes, 

mice with global (Cc1−/−), or with liver-specific deletion/inactivation of CEACAM1 

display impaired insulin clearance with resultant hyperinsulinemia-driven insulin resistance 

and NASH features, including chicken-wire bridging fibrosis [10, 11]. Hepatic fibrosis 

develops in parallel with hyperinsulinemia-driven induction of plasma endothelin1 (ET1) 

with a reciprocal suppression of nitric oxide (NO) production [11]. This could tip the 

vasomotor balance towards contractility, which would activate hepatic stellate cells (HSC) 

to cause fibrosis [2]. Rescuing CEACAM1 in hepatocytes reversed hyperinsulinemia and 

endothelial dysfunction in parallel to ET1 levels and hepatic fibrosis in Cc1−/− nulls [11, 

12]. Collectively, this assigns a protective role for hepatocytic CEACAM1 against hepatic 

fibrosis.

Hepatic fibrosis also implicates a cascade of biochemical changes in endothelial cells, 

including disruption of their integrity and mesenchymal transformation, loss of fenestration 

in the sinusoid, recruitment of neutrophils and defective autophagy [13, 14]. Consistent 

with the role of endothelial cell CEACAM1 in promoting cell differentiation [15] and 

regulating barrier function [16], Cc1−/− mice develop endothelial and vascular dysfunction 

[12, 16]. Similarly, mice with endothelial loss of Ceacam1 (VECadCre+Cc1fl/fl) exhibit 

disturbed endothelial cell junctions and endothelial dysfunction (characterized by reduced 

eNOS-dependent NO production) together with increased circulating cytokine levels driven 

by hyperactivated NF-κB pathways in endothelial cells [17].

Despite their heightened pro-inflammatory state, VECadCre+Cc1fl/fl mice did not exhibit 

insulin resistance or hepatic steatosis. Thus, we sought to examine whether they 

develop hepatic fibrosis and to delineate the underlying mechanisms in the absence of 

hyperinsulinemia.

Muturi et al. Page 3

Metabolism. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Materials and methods

2.1. Generation of mice

As previously detailed [17], VECadCre+Cc1fl/fl (hereafter VECad+Cc1fl/fl) were generated 

by crossing Ceacam1(Cc1)loxp/loxp with mice expressing Cre under the transcriptional 

control of VECadherin promoter (Jackson Laboratories, Bar Harbor, ME). Mice were 

backcrossed with C57BL/6J.Endothelin1loxp/loxp(Et1loxp/loxp) mice, generated by Prof. 

M.Yanagisawa (University of Tsukuba, Japan) [18] and generously provided by Dr. 

D.E.Kohan (University of Utah). Mice were then bred to homozygosity and analyzed by 

qRT-PCR using gene-specific primers (Table S1) to identify VECad+Et1.Cc1fl/fl double 

mutants and their double-Flox littermates (VECad–Et1.Cc1fl/fl) (Table S2).

Mice were housed in a 12h-light/dark cycle and fed ad libitum a standard chow (Harlan 

Teklad 2016; Haslett, MI). Only male mice were examined per approved protocols 

(16-11-011 and 16-H-025) at Ohio University.

2.2. Isolation of primary cells and media transfer

Primary liver endothelial cells (LEC) were isolated from ketamine/xylazine-anesthetized 

2-to-3–month-old mice [12] and hepatic stellate cells (HSC) from mice of ≥8 months of 

age [19]. Cells were maintained at 37°C-5%CO2 in DMEM (Gibco Lab, Gaithersburg, MD) 

supplemented with 10% fetal bovine serum, 1% gentamycin, and 1% antibiotic/antimycotic 

(Gibco).

HSC from VECad−Cc1+/+ controls were incubated in 6-well plates in DMEM (Gibco) 

at 50–60% confluence. Media were collected and cells washed with PBS (Gibco) before 

re-incubation for 24h in the collected control media or in media from single or double LEC 

mutants or their controls. Cells were incubated with nilotinib (1μM) (Sigma-Aldrich, St 

Louis MO) [20] to inhibit platelet-derived growth factor-B (PDGF-B) or bosentan (10μM) 

(Sigma-Aldrich), an ETA/ETB receptor dual antagonist [21].

Liver sinusoidal endothelial cells (LSECs) were isolated as detailed in supplemental data 

[22]. Briefly, cells were collected from perfused livers, purified on a Percoll density 

gradient, and incubated in 24-well collagen-coated plates for 3 days before being subjected 

to analysis of gene expression in cells and endothelin1 levels in media.

2.3. Evaluation of clinical human liver biopsies

Routine standard of care human liver tissue biopsies were obtained from adult male patients 

undergoing bariatric surgery or from patients with a NASH diagnosis receiving an orthotopic 

liver transplant. All research was conducted in accordance with both the Declarations of 

Helsinki and Istanbul and was approved by IRB-protocols (201700650 and 201900298) at 

the University of Florida. All subjects were recruited and consented between August 2019 

and December 2021 (Table S3). Patients or the public were not involved in the design, 

or conduct, or reporting, or dissemination plans of the research. Blood and tissue samples 

were deidentified after collection and prior to analysis. Biopsies were immediately stored 

in 10% buffered formalin for 24h, paraffin embedded (FFPE), sectioned and then processed 
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for regular histological evaluation by a blinded clinical pathologist. Fibrosis was graded per 

Brunt Criteria [23].

As detailed in Supplemental data, FFPE sections were analyzed by immunohistochemical 

staining with mouse anti-CD68 and rabbit anti-MPO, and by triple immunofluorescence 

staining with rabbit anti-CEACAM1 and mouse anti-CD31, followed by Alexa Fluor 488 

anti-rabbit IgG (H+L) and Alexa Fluor 555 anti-mouse IgG (H+L).

3. Results

3.1. Hepatic inflammation

Like Cc1−/− nulls [11], H&E-staining of liver sections revealed no parenchymal ballooning 

or altered hepatocellular architecture in 8-month-old VECad+Cc1fl/fl mice (Fig. 1A, panel 

d). Unlike Cc1−/− [11]; however, their liver sections displayed no lipid deposition (Fig. 

1A, panel d), and their hepatic and plasma triacylglycerol levels were normal (Table 1). 

Consistent with normal plasma insulin and NEFA [17], their livers manifested unchanged 

mRNA levels of lipogenic genes [Srebp-1c and fatty acid synthase (Fasn)] and of Cd36 fatty 

acid translocase (Table S4).

Mutant livers displayed mononuclear inflammatory foci formation in the perivascular areas 

at 8 (Fig. 1A, panel d vs a-c), but not at 3–6 months of age (Figs. S2A and S3A). This 

was likely facilitated by increased endothelial cell permeability, marked by lower hepatic 

VE-Cadherin protein level in their liver endothelial cells (LEC), owing to a rise in ADAM10 

metalloprotease [17]. Accordingly, Western analysis showed lower VE-Cadherin with a 

reciprocally higher ADAM10 levels in VECad+Cc1fl/fl liver lysates relative to their Flox 

(VECad−Cc1fl/fl), Cre (VECad+Cc1+/+) and wild-type (VECad−Cc1+/+) controls starting at 

8 months of age (Figs. 2A.a and S4A vs S3B).

8-month-old VECad+Cc1fl/fl livers exhibited an elevation in macrophage pool [increased 

F4/80 mRNA levels (Table S4)], activation and recruitment [elevated immunostained Mac2 

and CD68 respectively (Fig. 1B–C, panels d vs a-c)]. Immunohistochemical (IHC) analysis 

of MPO demonstrated neutrophil accumulation in perivascular areas in VECad+Cc1fl/fl, 

but not in control livers (Fig. 1D, panel d vs a-c). Accordingly, the expression of hepatic 

neutrophil markers (MPO, Elastase, S100A8 and PR3) was higher in mutant livers (Table 

S4). Consistent with increased T-cell lymphocytes recruitment to injured liver [24], mRNA 

(Table S4) and protein levels of pro-inflammatory CD4+T and CD8+T cells were higher in 

VECad+Cc1fl/fl livers (Fig. 1E–F, panels d vs a-c). In contrast, there was no increase in the 

anti-inflammatory Treg immunostain (Foxp3) (Fig. 1G, panel d vs a-c), or in hepatic Foxp3 

and IL-10 expression (Table S4). Together with elevated hepatic IFNγ and unaltered IL-4 

and IL-13 mRNA levels (Table S4), this points to CD4+Th1 response in mutants.

NF-κB was basally activated (phosphorylated) in VECad+Cc1fl/fl LEC (Fig. S5A) and [17]. 

This resulted from reduced Shc sequestration by CEACAM1 and the reciprocal increase 

in its coupling to the vascular endothelial growth factor receptor [25]. Consistently, NF-

κB was more activated in 8-month-old VECad+Cc1fl/fl livers (Figs. 2A.b and S4B) to 

contribute to their higher levels of hepatic (Table S4) and plasma pro-inflammatory IL-6 

Muturi et al. Page 5

Metabolism. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and TNFα cytokines at this age (Table 1 vs Table S5). IL-6 could activate Stat3-mediated 

pro-inflammatory pathways in LEC (Fig. S5A) and in 8-month-old mutant livers (Figs. 

2A.b and S4B). Combined with NF-κB activation by TNFα, this could induce Tlr2/4 and 

Mcp-1/Ccl2 transcription (Tables S4 and S6) while repressing that of Irf-8 to induce Cd11b+ 

macrophage pool [26].

3.2. Hepatic fibrosis

Consistent with the role of endothelial CEACAM1 in promoting cell differentiation [15], 

the expression of endothelial cell markers (Cd31 and Tie2) was repressed in mutant LEC 

reciprocally to the increase in mesenchymal genes expression (α-Sma, Fsp-1, Snail and 

Slug) (Table S6). Consistently, α-SMA protein level was higher in mutant LEC (Fig. S5B) 

and livers (Fig. 2A.c) starting at 6 months (Fig. S3B), concomitantly with the activation of 

the canonical TGFβ–Smad2/3 profibrogenic pathway (Fig. 2A.c, Smad2 not shown). This 

was supported by reduced expression of TGFβ–Smad2/3 inhibitor, Smad7 (Tables S4 and 

S6), and by increased protein content of its downstream target, SNAIL, in mutant LEC 

(Fig. S5B) [27]. Mutant LEC manifested increased proliferation [marked by elevated PCNA 

protein levels (Fig. S5C)] to contribute to elevated Ki67 immunostaining in the perivascular 

region of mutant livers (Fig. 1H, panel d vs a-c)]. This points to increased myofibroblastic 

features of mutant LEC.

Endothelial loss of Ceacam1 caused a progressive reduction in NO bioavailability by 

deactivating Akt/eNOS pathway in LEC [17]. Consistently, NADPH oxidase-1 and -4 

(Nox1, Nox4) expression was ~two-to-threefold higher in mutant livers (Table S4) and LEC 

(Table S6), and NAD/NADH level was higher in VECad+Cc1fl/fl livers (Table 1). Together 

with increased plasma 8-isoprostane levels at 6–8 months of age (Tables 1 and S5), this 

points to increased oxidative stress and lipid peroxidation in VECad+Cc1fl/fl mice.

Because oxidative stress synergizes with TGFβ signaling to induce liver injury [13], we 

examined whether VECad+Cc1fl/fl mice developed hepatic fibrosis. Sirius Red stain showed 

an extensive periportal (arrowhead) and interstitial (arrow) chicken-wire pattern of collagen 

deposition in VECad+Cc1fl/f livers starting at 8 months (Fig. 2B vs S3A, panels d vs a-c) 

with a brunt score of 3 vs 0–1 in controls. Consistently, the expression of pro-fibrogenic 

genes (α-Sma, Col6α3, procollagen 1, Tgfβ) was higher in mutant livers (Tables S4 and S8) 

and LEC (Table S6). This could drive liver injury [increased Txn, Nqo, Nrf1 and Hgf mRNA 

levels (Table S4)] and dysfunction [progressive increase in plasma alanine transaminase 

(ALT) and aspartate aminotransferase (AST) in VECad+Cc1fl/fl mice at 6–8 months of age 

(Tables 1 and S5)].

Activation of MAP kinase, NF-κB and TGFβ-Smad pathways contribute to the regulation 

of the expression of the matrix metalloproteinases (MMPs) and the Tissue Inhibitor of 

Metalloproteinases (TIMPs) [28] that are involved not only in the inflammatory response 

to injury and myofibroblast activation to produce collagen, but also in the resolution of 

excess collagen and other extracellular matrix components during tissue remodeling [29]. 

Consistently, VECad+Cc1fl/fl mice displayed elevated hepatic protein levels of MMP2, 

MMP9, MMP13 and TIMP1 (Fig. 2A.d) and plasma levels of MMP2 and TIMP1, but not 

MMP13 (Table 1) relative to their Flox controls. Whereas MMP9 and TIMP1 promote 
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fibrosis (with TIMP1 stimulating myofibroblast activation and inhibiting excess matrix 

resolution), MMP2 antagonizes it by increasing collagen clearance [30]. In contrast, 

MMP13 promotes both myofibroblast activation and collagen clearance [29, 30]. Thus, it 

is possible that unaltered MMP13 plasma levels in VECad+Cc1fl/fl mice reflects the tipping 

of its activity towards its pro-fibrogenic action. Regardless, together the data suggest that 

endothelial loss of CEACAM1 causes hepatic fibrosis by increasing collagen production and 

regulating a net effect of MMPs and TIMPs that favors fibrosis.

3.3. Endothelin1 release from VECad+Cc1fl/fl endothelial cells

ET1, predominantly produced in endothelial cells, promotes fibrosis via multiple 

mechanisms [31]. Thus, we investigated the effect of endothelial Ceacam1 deletion 

on autocrine ET1 production. Depleting Ceacam1 activated NF-κB in LEC [17] and 

subsequently, induced the expression of its targets, ET1 and its receptor A (ETAR), by 

four-to-sevenfold (Tables S4 and S6) [32]. NF-κB could also induce the transcription of 

hypoxia inducible factor-1α (HIF-1α) [33] in LEC (by ~8-fold) (Table S6) to elevate its 

protein levels (Fig. 3A.a). HIF-1α could provide a positive feedback mechanism on ET1 

transcription [34] to contribute to its higher content in LEC media (Fig. 3A.b) and in plasma 

of VECad+Cc1fl/fl relative to controls starting at 6 months of age (Tables 1 and S5).

Similarly, plasma levels of the pro-fibrogenic platelet-derived growth factor-B (PDGF-B) 

were elevated in VECad+Cc1fl/fl mice relative to their control littermates starting at 6 months 

(Tables 1 and S5). Activated NF-κB could stimulate Pdgf-B transcription directly [35] or 

indirectly via activating HIF-1α [33] to yield an ~7-fold increase in its expression (Table 

S6) and release into mutant LEC media (Fig. 3A.b). Reciprocally, HIF-1α could induce 

Tlr3 and Tlr4 transcription [36] to activate NF-κB and subsequently, stimulate Tlr2 and 

Tlr9 expression [32] in mutant LEC (Table S6) and livers (Table S4). Combined activation 

of TLR3/TGFβ and TLR9/NF-κB pathways with repressed expression of Smad7 by IFN-β 
(Tables S4 and S6) could induce Pdgf-B transcription [37].

As in [17], Ceacam1 deletion caused an increase in Ras-MAPK activation in LEC (Fig. 

3A.a). This could induce HIF-1α levels (Fig. 3A.a) and activation to stimulate the 

transcription of stromal cell-derived factor (SDF-1α) and PDGF-B [34] (Table S6), and 

elevate their levels in VECad+Cc1fl/fl LEC media (Fig. 3A.b) and plasma starting at 6 

months (Tables 1 and S5). Moreover, CXCR4 transcription (~10-fold) (Table S6) and 

phosphorylation by SDF-1α binding (Fig. 3A.a) were induced in mutant LEC. With CXCR7 

expression being reciprocally repressed (Table S6), this points to a preferential activation 

of SDF-1α/CXCR4 signaling to contribute to the high PDGF-B production in mutant LEC 

[38].

In addition to PDGF-B, mutant LEC manifested an ~7-fold increase in PDGFR-β expression 

versus a 2-to-4-fold increase in the expression of PDGF-A,-C,-D, and PDGFR-α (Table S6). 

Thus, Ceacam1 deletion caused a more stimulatory effect on PDGF-B/PDGFR-β than other 

family members.

Muturi et al. Page 7

Metabolism. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.4. Conditioned media from VECad+Cc1fl/fl LEC activate wild-type hepatic stellate cells

Because ET1 and PDGF-B induce fibrogenesis [20, 31], we then examined whether media 

transferred from VECad+Cc1fl/fl LEC (KO-Med) could activate wild-type (WT) HSC. As 

Fig. 4A–B shows, incubating WT-HSC with KO-Med repressed peroxisome proliferator-

activated receptor-γ (PPARγ) expression, indicating higher HSC activation, relative to 

incubating HSC in media from wild-type LEC (WT-Med) and in regular culture media 

(Reg-Med) (Fig. 4A–B, – bars of KO-Med vs Reg-Med and WT-Med). Consistently, KO-

Med induced the mRNA levels of PDGF-B and its receptor, α-SMA, FSP-1 and Desmin 

by two-to-fourfold. Supplementing the media with nilotinib (nilo) (Fig. 4A), an inhibitor 

of PDGFR-β tyrosine kinase [20] or with bosentan (BOS) (Fig. 4B), a dual antagonist of 

ETAR/ETBR [21], reversed HSC activation by KO-Med (Figs. 4A and 4B, respectively, + vs 

– bars).

3.5. Combined loss of endothelin1 reverses hepatic fibrosis in VECad+Cc1fl/fl mice

Given the pro-fibrogenic and the pro-inflammatory functions of ET1, we then investigated 

whether its rise causes hepatic fibrosis in VECad+Cc1fl/fl mice. To this end, we examined 

whether its combined deletion from endothelial cells (Fig. S1 and Table S2) would reverse 

the histopathological abnormalities caused by loss of endothelial Ceacam1. As expected, 

ET1 levels were negligible in LEC from VECad+Et1.Cc1fl/fl double mutants compared to 

their double-Flox controls (VECad–Et1.Cc1fl/fl) (Table S7) and in their media (Fig. 3B.b). 

This translated into negligible plasma ET1 levels in 9-month-old mutants relative to their 

age-matched double-Flox and double-Cre (VECad+Et1.Cc1+/+) controls (Table 2).

As Fig. 2B reveals, there was no significant collagen deposition in the liver sections of 

9-month-old double VECad+Et1.Cc1fl/fl mutants (Panel f) and their double-Flox controls 

(Panel e) (Brunt fibrosis score of 0–1), as it did in VECad+Cc1fl/fl single mutants (Panel 

d, fibrosis score of 3). Consistently, α-Sma mRNA (Table S7) and protein levels (Fig. 

2A.c) were normalized in parallel to TGFβ–Smad2/3 inactivation in VECad+Et1.Cc1fl/fl 

relative to VECad+Cc1fl/fl livers. Similarly, the expression of other pro-fibrogenic genes 

were normalized in LEC (Table S7) and liver lysates (Table S8) of double versus single 

mutants. Consistently, combined loss of endothelial Et1 and Cc1 reversed the increase in 

plasma (Table 2) and hepatic levels of MMPs and TIMP1 (Fig. 2A.d) and hepatic injury 

(Table S8), and restored liver function [normal ALT and AST levels (Table 2)] caused by 

loss of endothelial Ceacam1.

In contrast to single mutants, conditioned media from VECad+Et1.Cc1fl/fl failed to induce 

the mRNA levels of α-Sma, Fsp-1, desmin and PPARβ/δ, and to repress PPARγ mRNA 

levels in WT-HSC (Fig. 4B). This ET1–free conditioned media exhibited normal PDGF-

B levels (Fig. 3B.b), as expected from normal HIF-1α levels, and restored MAPK and 

SDF-1α/CXCR4 signaling [34, 38] in LEC from VECad+Et1.Cc1fl/fl mice (Fig. 3B.a). 

This translated into normal plasma PDGF-B levels in double mutants (Table 2). Together, 

this demonstrated that the rise in ET1 played a key role in hepatic fibrosis in mice with 

endothelial loss of Ceacam1, and that this was partly mediated by increased PDGF-B 

production.
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Elevated ET1 levels inactivate eNOS to lower NO bioavailability [39]. Consistently, its 

deletion restored NO production, as reflected by normal NO levels in the LEC media 

(Fig. 3B.b) and plasma (Table 2) of VECad+Et1.Cc1fl/fl relative to single VECad+Cc1fl/fl 

mutants. It also normalized hepatic NAD/NADH and plasma 8-isoprostane levels (Table 2). 

Together with normalization of Nox-1/4 mRNA levels in LEC (Table S7) and livers (Table 

S8), the data demonstrated that the double mutation reversed the redox imbalance caused by 

the loss of endothelial Ceacam1 alone.

Consistent with NF-κB activation by ET1 [40], Et1 co-deletion blunted hepatic NF-κB 

activation (Fig. 2A.b). This repressed the transcription (Tables S7 and S8) and plasma 

levels (Table 2) of IL-6 and TNFα pro-inflammatory cytokines. Accordingly, the expression 

of pro-inflammatory genes were normalized in LEC (Table S7) and livers (Table S8) of 

double mutants, and H&E staining did not detect inflammatory infiltration in their liver 

sections (Fig. 1A, panel f vs d). As expected from inactivation of TGFβ and NF-κB [41], 

the combined endothelial loss of Et1 with Ceacam1 restored the expression of endothelial 

markers [VE-Cadherin (Fig. 2A.a) and Cd31 and Tie2 (Table S7)] with a reciprocal 

reduction in α-SMA protein level (Fig. 2A.c), and the mRNA of other mesenchymal genes 

[Fsp-1, Snail and Slug (Table S7)]. This limited LEC proliferation as reflected by the 

absence of Ki67 immunostaining in the double mutant livers (Fig. 1H). By recovering 

VE-Cadherin protein levels (Fig. 2A.a), endothelial Et1 deletion restored LEC membrane 

integrity to impede macrophage and neutrophil recruitment and infiltration, as supported by 

the loss of Mac2, CD68, and MPO immunostaining in the livers of double mutants (Figs. 

1B–D, panels f vs d). Additionally, the double mutants exhibited a loss of immunostained 

CD4+T and CD8+T cells (Fig. 1E–F, panels d vs a-c). Together, this underscores the critical 

role of elevated ET1 production in the pathogenesis of hepatic fibrosis caused by endothelial 

CEACAM1 loss.

3.6. Reduced endothelial CEACAM1 expression in patients with progressive fibrosis

We next examined whether hepatic CEACAM1 expression is reduced in patients 

with fibrosis. Patients were predominantly non-Hispanic whites (24:4:8 non-Hispanic 

whites:Hispanics:Non-Hispanic Blacks) (Table S3). IHC analysis detected a progressive 

increase in MPO and CD68 immunostaining as fibrosis stage increased from 0 to 4 (Fig. 

5A), with most FS4 patients having cirrhosis driven by NASH.

Reciprocally, immunofluorescence analysis (Fig. 5B) showed a progressive decline in 

CEACAM1 expression in CD31+ endothelial cells (top and middle graph) with no change 

in CD31+ cell number (lower graph) as fibrosis advanced (lower graph). This inversely 

correlated with an increase in plasma ET1 (Fig. 5C).

To further examine the CEACAM1/ET1 axis in humans, we re-analyzed a scRNA 

sequencing data set consisting of healthy liver samples (n=5) and liver cells isolated from 

explants of patients with advanced fibrosis-cirrhosis (n=4) driven by NASH and alcoholic 

steatohepatitis without viral hepatitis [42]. The patient with primary biliary cholangitis was 

not included because this data set did not contain many LSECs. We used the annotated 

data [42, 43] to subset and recluster the mesenchymal, endothelial and small hepatocyte 

populations (Fig. 6A) using cell-type specific markers (Fig. 6B). The regular LEC and 
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LSEC populations express VECadherin (Cdh5) at similar levels and cells percentages. 

CEACAM1 was detected predominantly in LSECs (as opposed to 11% of LEC pool) and 

to a lesser extent in small hepatocytes of healthy human livers while being virtually absent 

in LSECs (and small hepatocytes) from cirrhotic livers (Fig. 6C). Reciprocally, ET1 was 

almost undetected in LSECs from healthy individuals but was remarkably high in LSECs 

from cirrhotic patients (Fig. 6C). Interestingly, ET1 levels in the regular LEC pool did not 

change with the disease state (Fig. 6C). Finally, only a small portion of CEACAM1+LSECs 

expressed ET1 in healthy and diseased livers (Fig. 6D, 21.7% and 37.5%, respectively).

3.7. Increased Endothelin1 production in liver sinusoidal endothelial cells from 
VECad+Cc1fl/fl mice

Since CEACAM1 was detected predominantly in human LSECs by comparison to the 

regular LEC pool, we then examined the effect of deleting Ceacam1 on ET1 production 

and cell damage from murine LSECs. Depleting Ceacam1 (Table S2) caused an ~2-fold 

increase in Et1 levels in the LSEC media (Fig. 7A) and mRNA content (Fig. 7B). In contrast 

to ETBR, ETAR (Etar) mRNA was significantly increased in VECad+Cc1fl/fl LSECs (Fig. 

7B). This effect of Ceacam1 deletion was absent in LSECs from VECad+Et.Cc1fl/fl double 

mutants, consistent with a key role for the amplification of ET1 pro-fibrogenic signaling in 

LSECs of single mutant mice. In contrast to their Flox LSEC controls, the mRNA levels of 

cell damage marker genes in chronic liver disease (Fabp4, vwf and vwfa1) [43] were higher 

in LSECs from VECad+Cc1fl/fl, but not VECad+Et.Cc1fl/fl mice (Fig. 7C).

4. Discussion

The current studies demonstrated that loss of endothelial CEACAM1 caused hepatic 

fibrosis. Fibrosis in VECad+Cc1fl/fl mice with endothelial loss of Ceacam1 was marked 

by a net effect of changes in MMPs and TIMPs that tips the balance towards increased 

deposition of collagen fibers during extracellular remodeling. Fibrosis was mediated by 

increased endothelin1 production, as supported by reversed phenotype with combined loss 

of endothelin1 and Ceacam1 genes in endothelial cells. Increased endothelin1 production 

in VECad+Cc1fl/fl mice was not only from the general LEC pool, but also from their 

LSECs in parallel to increased expression of signature LSEC cell damage genes in chronic 

liver disease [43]. These findings in mice were further supported by scRNA-sequencing 

analysis showing lower CEACAM1 mRNA levels in LSECs of patients with advanced 

fibrosis/cirrhosis in parallel to increased endothelin1 production. Moreover, endothelial 

CEACAM1 gradually decreased with advancement of fibrosis in inverse correlation with 

plasma endothelin1 levels in patients regardless of their ethnicity.

VECad+Cc1fl/fl mice displayed endothelial dysfunction, increased plasma cytokine levels 

(TNFα and IL-6) levels while maintaining insulin sensitivity [17]. The current studies 

showed that these mice also developed spontaneous hepatic bridging fibrosis and 

perivascular inflammatory infiltration without hepatic steatosis. As in Cc1−/− nulls [11] and 

NASH patients [24, 26], inflammation in VECad+Cc1fl/fl livers was marked by a CD4+Th1 

response. This agrees with the well-characterized loss of the anti-inflammatory function of 
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LSECs during HSC activation [44], and with the reported reduction of Ceacam1 expression 

in LSECs of experimentally cirrhotic mice [22].

Endothelial loss of Ceacam1 also disturbed VE-Cadherin/β-catenin complex formation to 

cause barrier malfunction and facilitate trans-endothelial leukocyte migration [16] which 

could contribute to HSC activation and hepatic fibrosis [2]. Consistent with HIF-1α 
repressing VE-Cadherin to promote endothelial cell permeability in part by inducing 

endothelin1 and its A receptors [45], the combined loss of endothelin1 restored VE-

Cadherin levels in endothelial cells and subsequently, restricted macrophage and neutrophil 

infiltration to VECad+Cc1fl/fl liver parenchyma.

Exclusive reconstitution of CEACAM1 to hepatocytes reversed hyperinsulinemia-driven 

endothelin1 production in parallel to hepatic fibrosis in Cc1−/− nulls [11, 12]. 

Reversed hepatic fibrosis in VECad+Cc1fl/fl livers upon concomitant endothelin1 deletion 

demonstrated a distinct anti-fibrotic role for endothelial CEACAM1 mediated by 

reducing autocrine endothelin1 production independent of its anti-hyperinsulinemic role in 

hepatocytes.

Mechanistically, loss of endothelial CEACAM1 reduced Shc sequestration and caused a 

reciprocal increase in its coupling to vascular endothelial growth factor [25] and insulin 

receptors [17] followed by activation of its downstream NF-κB pathways, which could 

induce endothelin1 and PDGF-B directly [35] or indirectly via HIF-1α–mediated pathways 

[33, 34]. Endothelin1, in turn, can provide a positive feedback mechanism to activate 

HIF-1α, MAPK and SDF-1α/CXCR4 signaling pathways leading to PDGF-B production. 

Elevated PDGF-B/PDGFR-β signaling synergizes with MAPK and NF-κB [32] to cause 

proliferation of mesenchymal cells as well as resident HSC and their activation. The role 

of PDGF-B in this process was supported by activation of wild-type HSC by conditioned 

media of VECad+Cc1fl/fl endothelial cells in the absence of nilotinib, a PDGFR-β tyrosine 

kinase inhibitor. Given that nilotinib also inhibits TGFβ, it is possible that this small 

molecule inhibited PDGF-B synthesis via TGFβ [37] in addition to inhibiting its signaling 

via PDGFR-β receptors.

Moreover, the expression of MMPs and TIMPs is regulated at least partly by the coordinated 

effort of MAP kinase, NF-κB and TGFβ-Smad pathways [28] that are activated in 

CEACAM1-depleted endothelial cells, as shown in the current and previous reports [17]. 

Increased levels of circulating MMPs and TIMP1 in parallel to endothelin1 have been found 

in patients with metabolic syndrome and cardiovascular disease [46, 47]. Whether the loss 

of endothelial Ceacam1 is implicated in this association is not clear and warrants further 

investigation.

5. Strengths and Weaknesses

The current studies provide an in vivo demonstration of a novel mechanistic link between a 

distinct CEACAM1/endothelin1 signaling module in endothelial cells and hepatic fibrosis, 

a critical modality of NASH. This was supported by the gradual decrease in endothelial 

CEACAM1 levels as the fibrosis stage progressed in patients with NASH. Given that 
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these cells could be more easily targeted than hepatocytes [44], endothelial CEACAM1 

can become a marker of disease progression and a basis for pharmacogenomic therapy 

with limited side effects. Despite this progress, NASH is a heterogenous disease with a 

progressive clinical course and our patient collection, albeit extensive, may fail to capture 

such complexity. In addition, our data do not allow for conclusions based on gender, 

race, ethnicity or socioeconomic factors that affect the course of the disease in humans. 

Further analysis is required to translate our observations to human NASH diagnosis, fibrosis 

progression, and treatment.

6. Conclusions

The current findings assign a key role for endothelial cell CEACAM1 in preventing 

hepatic injury and fibrosis by reducing autocrine endothelin1 production independent of 

its metabolic role in hepatocytes.
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CEACAM1
Carcinoembryonic Antigen-related Cell Adhesion Molecule1

Cc1 −/− 

Global Ceacam1 knockout mice

VECad+(Et1).Cc1fl/fl
VECadherin-Cre transgenics with homozygous null Cc1 without or with endothelin1 (Et1) 

alleles

VECad–(Et1).Cc1fl/fl
Flox littermate controls

VECad–(Et1).Cc1 +/+ 
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Wild-type littermate controls

VECad+(Et1).Cc1+/+

VECadherin-Cre littermate controls
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Highlights

• Mice with endothelial loss of CEACAM1 causes hepatic fibrosis

• Hepatic fibrosis is mediated by endothelin1 production in endothelial cells

• Endothelial CEACAM1 is reduced with progression of fibrosis in NASH 

patients

• Plasma endothelin1 is increased with progression of fibrosis in NASH 

patients

Muturi et al. Page 16

Metabolism. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Histological and immunohistochemical analysis.
Livers were removed from 8-month-old VECad+Cc1fl/fl male mice, their 3 littermate 

controls and 9-month-old VECad+Et1.Cc1fl/fl male mice and their VECadCre–Et1.Cc1fl/fl 

double littermate Flox controls (n=4–5/genotype). (A) H&E staining of liver sections to 

identify foci of inflammatory cell infiltrates (arrowheads) in single mutants (panel d) but 

not in their littermate controls (panel a-c) or double mutants (panel f) and their double Flox 

controls (panel e). (B-H) liver sections were subjected to immunohistochemical analysis 

with: (B) Mac-2 to assess macrophage recruitment and (C) CD68 macrophage activation, 

(D) MPO to determine neutrophil accumulation, (E-F) CD4 and CD8 to immunostain 

T cells, (G) FoxP3 to evaluate anti-inflammatory Treg pool, and (H) Ki67 to examine 
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proliferation. Representative images taken at 50μm magnification are shown with insets at 

20μm.
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Fig. 2. Analysis of fibrosis.
Livers from mice described in Fig. 1 were excised to carry out: (A) Western Blot analysis 

on liver lysates from VECad+Cc1fl/fl male mice (lane 3–4) and their VECad−Cc1fl/fl 

littermate Flox controls (lane 1–2), and from VECad+Et1.Cc1fl/fl double mutants (lane 

7–8) and their VECad–Et1.Cc1fl/fl double Floxed controls (lane 5–6). Representative gels 

indicate the protein levels of VE-Cadherin and ADAM10, normalized against GAPDH 

applied on parallel gels (panel a), the activation (phosphorylation) of NF-κB and Stat3 

inflammatory pathways using phospho-antibodies normalized against total loaded NF-κB 

and Stat3 proteins analyzed on parallel gels (panel b), α-SMA protein levels, normalized 

against tubulin, and the amount of phosphorylated Smad3 normalized against total protein 

loaded to assess TGFβ activation (panel c), and MMP-2, -9, -13 and TIMP-1 protein 

content, normalized against tubulin (panel d). Gels represent two different mice/genotype. 

The apparent molecular mass (kDa) is indicated at the right hand-side of each gel. Each 

group represent 2 different mice/genotype. Gels were scanned using image J (v1.53t) 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. (B) Sirius Red staining was 

performed to detect interstitial and bridging (arrow) chicken-wire deposition of collagen 

fibers in VECad+Cc1fl/fl (panel d). Representative images are shown. 8–10 randomly 

selected high-power fields (20x) per sample were imaged and quantified with ImageJ 

(v1.53t) to determine the percentage of Sirius red (SR) stain area within the whole area 

of imaged hepatic tissue. Briefly, each image was RGB-stacked, subjected to standardized 

thresholding of individual channel to isolated Sirius Red stain and then quantified as %area. 

Image quantifications were averaged and the mean within each experimental group was 

plotted in the accompanying graph.
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Fig. 3. 
Analysis of primary liver endothelial cells. Liver endothelial cells (LEC) were prepared from 

2-month-old VECad+Cc1fl/fl single mutants (A) and VECad+Et1.Cc1fl/fl double mutants 

(B) with their respective Flox controls. In panels a, Western blot analysis was performed 

on LEC lysates, as described in the legend to Fig. 2 with lane 1–2 depicting 2 different 

LEC preparations from control mice and lane 3–4 from mutant mice. Band densities were 

calculated as in the legend to Fig. 2 and represented in the accompanying graphs. In panels 

b, levels of NO, SDF-1α, PDGF-B and ET1 in LEC media were determined in triplicate. 

Values were expressed as mean ± SEM. *P<0.05 vs controls.
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Fig. 4. 
Activation of hepatic stellate cells by media transferred from liver endothelial cells. (A) 

Primary hepatic stellate cells (HSC) from wild-type (WT) mice were incubated with either 

regular media (Reg-Med), media transferred from LEC of WT controls (WT-Med) or media 

transferred from LEC of VECad+Cc1fl/fl mice (KO-Med) in the presence (+) or absence 

(−) of Nilotinib (Nilo), an inhibitor of PDGFR-B kinase. HSC activation was determined 

by qRT-PCR analysis of mRNA levels of genes relative to Gapdh in triplicate. Values 

were expressed as mean ± SEM. *P< 0.05 vs Reg-Med and WT-Med without Nilo, †P< 

0.05 vs KO-Med without Nilo. (B) same as A, but in addition to KO-Med, media was 

also transferred from LEC of VECad+Et1.Cc1fl/fl mice (DKO-Med) in the presence (+) or 

absence (−) of Bosentan (Bos), a dual antagonist of endothelin1 receptor-A and -B.
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Fig. 5. 
Analysis of biopsies of liver sections and plasma from patients at different stages of fibrosis. 

(A) Representative images of immunohistochemical analysis of myeloperoxidase+ (MPO+) 

and CD68+ cells in human liver biopsies graded by a blinded pathologist with fibrosis 

stage 0 (FS 0; n=7), fibrosis stage 2 (FS 2; n=6) and fibrosis stage 4 (FS 4; n=12). The 

number of positive cells per 5 randomly selected high-power fields were blindly quantified 

in quadruplicate assessments, averaged and plotted for each sample. Data are presented as 

Tukey box-and-whisker plots: whiskers are inner fences at 1.5 times the interquartile range. 

Boxes represent the interquartile ranges, dots outlying values and lines the median values 

for each study group. P<0.05 are indicated. (B) Triple immunofluorescence analysis and 

quantification of CEACAM1 in CD31+ micro-vessels of human liver biopsies graded by a 

blinded pathologist with FS 0 (n=7), FS 2 (n=7) and FS 4 (n=9). CD31 is shown in red 

(Alexa Fluor 555), CEACAM1 in green (Alexa Fluor 488) and Dapi nuclear staining in 

blue. The number of double positive CEACAM-1/CD31 micro vessels, the number of single 

CD31 positive micro-vessels and the percentage of double positive CEACAM1/CD31 micro 

vessels per 5 high power fields were quantified. (C) ELISA in duplicate of ET1 levels in 

plasma of patients with FS 0 (n=15), FS 2 (n=7) and FS 4 (n=14). Data were analyzed and 

presented as in (A) above.
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Fig. 6. 
Reclustering of different cell populations in the liver explants. (A) Uniformed Manifold 

Approximation and Projection (UMAP) visualization of annotated clusters in the healthy 

and cirrhotic livers. (B) Dotplot of expression of cell-type specific markers in each annotated 

cluster. (C) Violin plot representing CEACAM1 and ET1 mRNA levels in endothelial cells, 

LSECs and hepatocytes from scRNA-sequencing data from human livers. The expression 

levels in red represent healthy liver (n=5) explants and those in teal represent cirrhotic liver 

(n=4) explants. (D) Venn diagram of gene expression of CEACAM1 (grey section) and ET1 

(white section) expressed in healthy and cirrhotic LSECs. The overlapping region (light 

grey) represents the cells positive for both CEACAM1 and ET1.

Muturi et al. Page 23

Metabolism. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. Analysis of liver sinusoidal endothelial cells (LSECs).
LSECs were isolated from mice at 2–3 months of mice, allowed to grow for 3 days in 3 

separate wells of 24-well plates before (A) the media was collected to assess ET1 levels 

and cells were lysed for qRT-PCR analysis of mRNA levels of genes involved in (B) ET1 

signaling and (C) cell damage. Measurements were done in duplicate. Values were expressed 

as mean ± SEM. *P<0.05 vs control/each genotype and †P<0.05 VECad+Cc1fl/fl.ET1fl/fl vs 

VECad+Cc1fl/fl.
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Table 1:

Plasma and tissue biochemistry in male VECadCre+Cc1fl/fl mice and their control littermates at 8 months of 

age

VECadCre−Cc1+/+ VECadCre+Cc1+/+ VECadCre−Cc1fl/fl VECadCre+Cc1fl/fl

Hepatic TG (μg/mg protein) 54.3 ± 2.9 59.9 ± 3.8 60.4 ± 4.8 54.4 ± 5.1

Plasma TG (mg/dl) 69.0 ± 3.9 70.2 ± 4.2 72.8 ± 4.5 69.8 ± 4.5

Plasma IL-6 (pg/ml) 3.7 ± 0.4 4.1 ± 0.3 7.2 ± 1.0 39.1 ± 4.8*†‡

Plasma TNFα (pg/ml) 12.5 ± 2.4 15.2 ± 2.9 10.6 ± 2.9 25.9 ± 3.1*†‡

Hepatic NAD/NADH 1.1 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 3.3 ± 0.2*†‡

Plasma 8-Isoprostane (pg/ml) 5.1 ± 0.4 4.8 ± 0.3 5.6 ± 0.4 14.0 ± 0.6*†‡

Plasma ALT (mU/ml) 39.6 ± 2.4 31.8 ± 2.0 37.6 ± 5.0 66.9 ± 5.9*†‡

Plasma AST (mU/ml) 135.8 ± 10.9 112.2 ± 12.0 130.5 ± 15.2 186.9 ± 16.8*†‡

Plasma MMP2 (ng/ml) 836.1 ± 30.1 753.3 ± 22.1 774.3 ± 52.8 1279. ± 160.*†‡

Plasma MMP13 (pg/ml) 324.7 ± 69.2 263.1 ± 86.9 272.2 ± 83.1 295.2 ± 58.6

Plasma TIMP1 (pg/ml) 1.8 ± 0.2 1.5 ± 0.1 1.5 ± 0.2 3.3 ± 0.6*†‡

Plasma endothelin1 (pg/ml) 4.8 ± 1.2 4.5 ± 1.2 4.2 ± 1.3 8.8 ± 0.3*†‡

Plasma SDF-1α (ng/ml) 47.5 ± 2.4 45.4 ± 1.8 44.9 ± 3.6 82.8 ± 5.3*†‡

Plasma PDGF-B (ng/ml) 5.0 ± 0.3 4.7 ± 0.3 5.2 ± 0.3 12.8 ± 0.7*†‡

Male mice (8 months of age, n=5/genotype) were fasted from 5:00 p.m. until 11:00 a.m. the next morning before blood was drawn and tissues were 
excised. Values are expressed as mean ± SEM.

*
P<0.05 vs VECadCre–Cc1+/+,

†
P<0.05 vs VECadCre+Cc1+/+,

‡
P<0.05 vs VECadCre–Cc1fl/fl.
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Table 2:

Plasma and tissue biochemistry of male VECadCre+Et1.Cc1fl/fl double mutant mice and their double Flox and 

double Cre control littermates at 9 months of age

VECadCre+Et1.Cc1+/+ VECadCre-Et1.Cc1fi/fi VECadCre+Et1.Cc1fi/fl

Body weight (BW) (g) 31.4 ± 0.3 30.1 ± 0.1 29.6 ± 0.5

% WAT/BW 2.3 ± 0.3 2.1 ± 0.4 2.2 ± 0.3

Hepatic TG (μg/mg protein) 57.2 ± 3.1 59.4 ± 3.6 56.9 ± 2.8

Plasma TG (mg/dl) 71.0 ± 4.7 69.9 ± 4.1 70.2 ± 3.5

Plasma endothelin1 (pg/ml) 6.1 ± 0.2 5.5 ± 1.2 Negl

Plasma MMP2 (ng/ml) 826.9 ± 45.6 843.8 ± 59.9 757.8 ± 23.3

Plasma MMP13 (pg/ml) 234.4 ± 89.1 246.6 ± 41.7 305.9 ± 64.4

Plasma TIMP1 (pg/ml) 1.4 ± 0.2 1.7 ± 0.7 1.4 ± 0.1

Plasma ALT (mU/ml) 39.7 ± 7.8 39.9 ± 5.2 35.9 ± 3.5

Plasma AST (mU/ml) 140.3 ± 11.9 136.1 ± 13.5 144.1 ± 10.4

Plasma PDGF-B (ng/ml) 6.0 ± 0.5 5.6 ± 0.4 5.4 ± 0.3

Plasma NO (μM) 35.1 ± 1.5 34.5 ± 1.0 35.4 ± 0.9

Hepatic NAD/NADH 1.3 ± 0.3 1.1 ± 0.2 1.4 ± 0.4

Plasma 8-Isoprostane (pg/ml) 5.5 ± 0.4 5.2 ± 0.5 4.9 ± 0.3

Plasma IL-6 (pg/ml) 3.7 ± 0.9 5.5 ± 1.9 6.1 ± 1.8

Plasma TNFα (pg/ml) 9.6 ± 2.7 10.8 ± 3.3 9.9 ± 2.9

Male mice (9 months of age, n=5/genotype) were fasted from 5:00 p.m. until 11:00 a.m. the next morning before blood was drawn and tissues were 
excised and plasma was processed. White adipose tissue (WAT) was collected and calculated relative to body weight (BW) to determine visceral 
adiposity. Values are expressed as mean ± SEM.
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