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Abstract: Transgenic liver-specific inactivation of the carcinoembryonic antigen-related cell
adhesion molecule (CEACAM1) impairs hepatic insulin clearance and causes hyperinsuline-
mia, insulin resistance, elevation in hepatic and serum triglyceride levels, and visceral obesity.
It also predisposes to nonalchoholic steatohepatitis (NASH) in response to a high-fat diet. To
discern whether this phenotype reflects a physiological function of CEACAMI rather than the
effect of the dominant-negative transgene, we investigated whether Ceacam1 (gene encoding
CEACAMI protein) null mice with impaired insulin clearance also develop a NASH-like phe-
notype on a prolonged high-fat diet. Three-month-old male null and wild-type mice were fed
a high-fat diet for 3 months and their NASH phenotype was examined. While high-fat feeding
elevated hepatic triglyceride content in both strains of mice, it exacerbated macrosteatosis and
caused NASH-characteristic fibrogenic changes and inflammatory responses more intensely in
the null mouse. This demonstrates that CEACAM 1-dependent insulin clearance pathways are
linked with NASH pathogenesis.

Keywords: nonalcoholic steatohepatitis, CEACAM], high-fat diet, inflammation, apoptosis,
fibrosis

Introduction

Nonalcoholic fatty liver disease (NAFLD) constitutes a spectrum of diseases ranging
from benign hepatic steatosis to chronic nonalcoholic steatohepatitis (NASH) and
cirrhosis. The incidence of nonalchoholic fatty liver disease (NAFLD) is on the rise
worldwide, in part due to the increase in obesity.! The prevalence of NAFLD in the
United States is currently estimated at ~20%—25%, and in the morbidly obese popula-
tion, at ~75%-90%. NASH, its progressive form, is estimated to be present in ~3%—5%
of'the general population.>* Of these, ~3%—5% have progressed to cirrhosis, including
those with end-stage liver disease and/or primary liver cancer.**

Despite intense research efforts, mechanisms of the etiology and progression of
NAFLD remain poorly understood. This could be due in part, to the limitation of the
experimental animal models, which have been used to study the pathogenesis of the
disease.®’ Clearly, NAFLD is multifaceted and includes both genetic and environmental
factors.! It is generally agreed that visceral obesity and dysregulation in lipid metabolism
and hepatic immune response are involved in progression to NASH.® Although it is
likely that NAFLD shares common pathophysiology with type 2 diabetes and metabolic
syndrome, the role of insulin resistance in its pathogenesis remains controversial.”!’

Upon phosphorylation by the insulin receptor, carcinoembryonic antigen-related
cell adhesion molecule 1 (CEACAM1) promotes receptor-mediated insulin endocytosis
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and degradation in the hepatocyte, the main mechanism
of insulin clearance in the liver.!! Mice with liver-specific
dominant-negative transgenic inactivation of CEACAM1
(L-SACC1) and mice with global null mutation of the
Ceacaml gene (Ccl™) develop insulin resistance due to
impaired hepatic insulin extraction and hyperinsulinemia.'?
Chronic hyperinsulinemia results in increased hepatic lipid
production and output followed by substrate redistribution
to white adipose tissue and visceral obesity.

We have recently shown that L-SACC1 mice develop
spontaneous hepatic fibrosis, which becomes more intense
when the mice are fed a high-fat (HF) diet for 3 months."?
Moreover, other key features of NASH (inflammation,
oxidative stress, and apoptosis) are induced by sustained
HF intake.'® This could be due to complete loss of function
of CEACAMI or to the inability of the transgene-encoded
protein to become phosphorylated. To gain further insight
into the role of CEACAMI in the etiology and progression of
NAFLD, we have assessed the effect of whole body Ceacam1
gene deletion on the pathogenesis of NASH in response to
HF feeding. We herein report that Ceacam1 null mice (Ccl™")
exhibit key features of obesity-related NASH when fed a HF
diet for three months.

Materials and methods

Cell culture

Ccl”~ mice were backcrossed twelve times onto the
C57BL/6 (BL6) genetic background,™ kept in a 12-hour
dark/light cycle and fed a standard chow, ad libitum. All
procedures were approved by the Institutional Animal Care
and Utilization Committee. Three-month-old male mice
were fed ad libitum either a standard chow (2016 Teklad,
Harlan Laboratories), low fat (12%) regular diet (RD) or
a 45% HF diet (Research Diets, Catalog #D12451, New
Brunswick, NJ) for 3 months prior to sacrifice and pheno-
typic characterization.

Metabolic analysis

Following an overnight fast, mice were anesthetized with
sodium pentobarbital at 1100 h. Whole venous blood was
drawn from the retro-orbital sinuses to measure serum insulin
by radioimmunoassays (Linco Research, St Charles, MO),
serum-free fatty acids (FFA) by NEFA C kit (Wako Diag-
nostics, Richmond, VA) and serum triglycerides by Infinity®
Triglycerides (Sigma, St Louis, MO). Hepatic total choles-
terol and free cholesterol were measured using Infinity™
cholesterol reagent (Thermo Electron, Waltham, MA) and
free cholesterol reagent (Wako Diagnostics), respectively,'

and triglyceride content, as described previously.'® Visceral
adipose tissue was excised and weighed and visceral adiposity
expressed as percentage of total body weight.

Liver histology

Formalin-fixed, paraffin-embedded liver sections were
stained with hematoxylin-eosin (H&E) and assessed for the
degree of steatosis and lobular inflammation according to
the NASH scoring system recently proposed by the NIDDK-
NASH Clinical Research Network.!” Fibrosis was assessed
on deparaffinized and rehydrated slides in 0.1% solution of
Sirius Red (Sigma, Direct Red 80, St Louis, MO). TUNEL
assay was performed using the ApopTag Plus Peroxidase
Apoptosis Detection Kit (Chemicon International, Temecula,
CA). Tissue sections on the other half of the same slide served
as controls without terminal deoxynucleotidyl transferase
(TDT) enzyme following digestion with proteinase K to
account for nonspecific binding of enzyme conjugate.

Glutathione assay

Liver concentrations of reduced glutathione (GSH) were
assayed using the Bioxytech® GSH-400 kit (OXISResearch,
Portland, OR), as previously done."

Western analysis

Tissue lysates or serum (for apolipoprotein B [ApoB]) were
analyzed by 4%—12% gradient SDS-PAGE (Invitrogen,
Carlsbad, CA) prior to Western analysis with polyclonal
antibodies against caspase 3 (Cell Signaling Technology-
Cat#9662, Beverly, MA), ApoB48/100 (Chemicon Inter-
national, Temecula, CA), fatty acid synthase (FAS),'®
Niemann Pick type C1 (NPC1) (Abcam, Cambridge, MA),
p65 NF-kB phosphoserine (Ser 536) and p65 NF-kB (Cell
Signaling Technology, Beverly, MA), as previously done.'
For normalization, membranes were reprobed with mono-
clonal antibodies against RPS3 (ProteinTech Group, Inc.,
Chicago, IL) and a-actin (Sigma). All blots were incubated
with horseradish peroxidase-conjugated anti-IgG antibody
prior to protein detection by enhanced chemiluminescence
(ECL; Amersham Pharmacia Biotech, Piscataway, NJ) and
quantification by densitometry and Image J software (v.
1.40, NIH).

Semiquantitative real time polymerase
chain reaction-based gene expression

Total RNA in the liver was isolated with PerfectPure RNA
Tissue Kit (5 Prime, Gaithersburg, MD) and total RNA in the
adipose tissue was isolated with RNeasy Lipid Tissue Mini
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Kit (Qiagen, Valencia, CA) according to the manufacturer’s
protocol. cDNA was synthesized using ImProm-II"" Reverse
Transcriptase (Promega, Madison, WI) using 1 ug of total
RNA and primers for lipid catabolism, fibrosis and inflam-
matory markers, and as reference control, glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (Table 1). cDNA
was evaluated with real time quantitative polymerase chain
reaction (StepOnePlus™; Applied Biosystems, Foster City,
CA). The relative amounts of mRNA were calculated by
comparison to the corresponding standards and normalized
relative to GAPDH. Results are expressed in fold change as
mean + SEM.

Statistical analysis

Data were analyzed with SPSS software using one-
factor analysis of variance (ANOVA) and graphed with
GraphPad Prism 4 software. P < 0.05 was statistically
significant.

Results
High-fat diet alters hepatic insulin

and lipid metabolism in Cc/-- null mice

As previously reported,'** 6-month-old male Cc/~~ mice
exhibited visceral obesity and hyperinsulinemia (Table 2).
Consistent with increased visceral obesity, they also devel-
oped elevated serum levels of leptin and FFA (Table 2). HF
feeding for 3 months induced serum insulin levels by ~2-fold
in both strains of mice (Table 2).

Western analysis revealed hepatic FAS protein was
~2-fold higher in null than wild-type mice, regardless of
diet (Figure 1a). This could contribute to the significantly
higher hepatic triglyceride content in RD-fed null mice

(Table 2). Sustained HF intake induced hepatic triglyc-
eride level in both mouse strains, but decreased serum
triglyceride in Ccl~ null mice (Table 2). The lower gain

in adiposity in Cel™-

null mice in response to HF diet
(1.5- versus 3-fold increase in Ccl** wild-type mice from
the same genetic background [Table 2]) suggests that the

~~ null mice was due to a

lower serum triglyceride in Ccl
reduction in hepatic triglyceride output. This notion is,
in part, supported by the lower serum ApoB100/ApoB48
protein levels in HF-fed null compared to wild-type mice
(Figure 1b).

Liver total and free cholesterol were comparable in both
mouse strains on the low fat regular diet. Total cholesterol
was increased ~4-fold in both on the HF diet, with the
increase due to increased cholesterol esters (Table 2). The
protein level of hepatic NPC1, a late endosomal cholesterol
traffic protein, was decreased ~50% by HF diet in null, but
not wild-type mice (Figure 1a). Consistently, hepatic GSH
content in Cc/~~ mice was almost half that of Cc/”* mice
on the HF diet (Figure 1c¢).

Hepatic steatosis was increased in both strains on the
HF diet (Figure 2). Histological evaluation from differ-
ent fields revealed that fat infiltration was more diffuse in
livers from Ccl”~ as compared to Ccl”* wild-type mice
(panel 4 versus 2), which showed fat-free parenchyma
alternating with affected areas. In HF-fed Cc 77~ null mice,
the steatosis appeared to be predominantly macrovesicular
in addition to microvesicular hepatocyte fat accumulation.
However, the HF-fed wild-type Ccl?* livers exhibited
predominantly microvesicular steatosis with a mix of
macrosteatosis. No ballooning injury of the hepatocyte
was noted.

Table | Primer sequences used for quantitative real-time polymerase chain reaction (QRT-PCR)

Primer Forward sequence Reverse sequence
GAPDH CCAGGTTGTCTCCTGCGACT ATACCAGGAAATGAGCTTGACAAAGT
PPARO. TGCTGGTATCGGCTCAATAA TCCTGCCACTTGCTCACTAC
CYP2EI CCATCGGCACCATGGCGGTT GCCCGAAGCGCTTTGCCAAC
F4/80 CTTTGGCTATGGGCTTCCAGTC CAAGGAGGACAGAGTTTATCGTG
CD3 AGAGCAGCTGGCAAAGGTGGTGTC CAGCCATGGTGCCCGAGTCTAGC
CD4 TCACCTGGAAGTTCTCTGACC GGAATCAAAACGATCAAACTGCG
CD8 CTCTGGCTGGTCTTCAGTATGA TCTTTGCCGTATGGTTGGTTT
TNFa ACGGCATGGATCTCAAAGAC CGGACTCCGCAAAGTCTAAG

IL-6 GGCCTTCCCTACTTCACAAG ATTTCCACGATTTCCCAGAG

IL-4 AGGTCACAGGAGAAGGGACGCC TGCGAAGCACCTTGGAAGCCC
IL-13 TGTTTCGCCACGGCCCCTTC TGCTCAAGCTGCTGCCTGCC

IFNy ATGAACGCTACACACTGCATC CCATCCTTTTGCCAGTTCCTC
TGFB CAACAATTCCTGGCGTTACCTTGG GAAAGCCCTGTATTCCGTCTCCTT

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PPARc, peroxisome proliferator-activated receptor o; CYP2EI, cytochrome p450 enzyme; TNFa,
tumor necrosis factor-0; TGFp, transforming growth factor-f; IL, interleukins; IFNY, interferon gamma; TGFp, transforming growth factor-f3.
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Table 2 Effect of HF intake on serum and tissue biochemistry of 6-month-old male Cc/** and Ccl-- mice

Ccl** Ccl-"-
RD HF RD HF

Body weight, g 26.2+0.35 42.4 £ 049 29.3£0.78° 43.6 £ 1.32°
Visceral fat, % Bwt 1.33£0.15 3.87 £0.39: 2.57 + 0.44° 427 £037°
Serum insulin, pM 50.0 £ 2.00 123.0 + 37.0° 160.0 + 48.0° 387.0 £70.0**
Serum FFA, mEq/L 0.50 £0.10 1.09 £ 0.1 1.08 £0.10° 0.82+0.13
Serum TG, mg/dL 46.9 £7.00 46.4 + 4.84 38.1 £ 1.66 30.9 + 1.4320
Serum leptin, ng/mL 246 +£0.24 672+ 1.3% 8.01 +2.65° 72.0+2.22:
Hepatic TG, mg/g protein 979+ 132 224.+37.9° 169.0 £ 22.9° 296.0 + 48.8°
Hepatic total cholesterol (mg/g protein) 14.6 £ 0.88 59.6 + I1.12 14.7 £ 0.99 57.6 +9.39:
Hepatic free cholesterol (mg/g protein) 10.7 £ 0.68 12.1 £ 1.01 9.75 £ 0.86 10.9 £ 0.29
Hepatic cholesterol esters (mg/g protein) 3.86 + 0.68 475+ 10.12 4.96 £ 1.35 46.7 £9.23°

Notes: Male mice (n > 7; 3 months of age) were fed RD or HF for 3 months. Mice were fasted overnight and the serum and tissues removed and analyzed. Values are
expressed as mean * SEM. 2P < 0.05 HF versus RD; ®P < 0.05 Cc/~~ versus Cc/** in the same feeding group.
Abbreviations: Cc/™, global Ceacam| null mouse; Ccl ™, wild-type mouse from the same genetic background as Ccl”~ mice; RD, regular diet; HF, high-fat diet; TG,

triglyceride; FFA, free fatty acids.

High-fat diet induces an inflammatory
response in liver and adipose tissue

of Ccl~"~ null mice

H&E staining of liver sections revealed few inflammatory
islands with no significant change in hepatocellular archi-
tecture in both strains of mice on the RD (Figure 2, panels |
and 3). Upon HF feeding, Cc1** wild-type mice showed occa-
sional foci of inflammatory cells, mostly periportal (Figure 2,
panel 2 and Figure 3a, left panel), as opposed to Cc/7~ null
mice, which exhibited multiple foci of inflammatory cell infil-
trates in the hepatic lobules, as well as in the periportal areas
(Figure 2, panel 4 and Figure 3a, right panel). Consistently,
HF diet activated nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-«B) to a higher extent in Cc/7~than
Ccl”* livers, as indicated by a ~10-fold versus ~1.5-fold
increase in NF-xB phosphorylation (Figure 3b).

Consistent with macrophage recruitment to white adipose
tissue (WAT) in visceral obesity,*'?> RD-fed Ccl~~null mice
exhibited higher F4/80 and tumor necrosis factor-o. (TNFo)
mRNA levels in their WAT than their wild-type counterparts,
as assessed by semiquantitative reverse transcription poly-
merase chain reaction (RT-PCR) analysis (Table 3). Similarly,
hepatic TNFoo mRNA content is elevated in the Cc/~~ null
mouse. This could derive from resident hepatic macrophages,
the population of which appeared to be elevated based on the
higher F4/80 mRNA content in Cc/”~ mouse liver (Table
3), in addition to hepatic WAT infiltrates. Sustained HF diet
induced a further increase in the macrophage pool (F4/80)
and TNFo mRNA content in WAT and liver of both groups
of mice (Table 3).

mRNA content of CD4 was elevated in RD-fed Cel™~
null mice and remained elevated without further increase in

response to HF diet (Table 3). This suggests basal elevation
in CD4* T cell pool in null mice. Hepatic mRNA content of
transforming growth factor  (TGFp) and interferon-gamma
(IFNY) followed a similar change. Elevation in basal IFNY,
but not interleukin (IL)-4/IL-13 mRNA levels, suggests a
CD4" Thl, but not CD4* Th2 response, in RD-fed Ccl7~
mouse livers.

In agreement with the small degree of periportal inflam-
mation in HF-fed Cc/** wild-type mice (Figure 3a, left
panel), HF diet induced hepatic mRNA levels of proinflam-
matory TNFo and IFNYy cytokines (Table 3).

High-fat diet causes apoptosis

in Ccl~~ null mice

Excessive fatty acid B-oxidation and lipid w-peroxidation
promote oxidative stress in obesity.?** Consistently,
semiquantitative RT-PCR analysis revealed higher hepatic
mRNA levels of peroxisome proliferator-activated recep-
tor o (PPAR®) in RD-fed Cc/7~ null than Ccl”* wild-type
mice, and a further increase by HF intake in both strains of
mice (Table 4). This suggests that fatty acid B-oxidation was

elevated in Ccl7~

mouse liver. The mRNA levels of hepatic
CYP2EI, a member of the microsomal cytochrome p450
family involved in metabolism of long chain fatty acids
(lipooxygenation) and microsomal lipid ®-peroxidation, were
comparable in both RD-fed mouse strains, but underwent a
~2-fold increase by HF diet only in Cc/~~ null mice (Table 4).
Thus, it is likely that HF induced oxidative changes in the
null mouse, which in the presence of high TNFa levels,
predispose to cell death.?® Consistently, Western analysis
(Figure 4a) revealed higher caspase 3 cleavage in HF-fed
Ccl7~liver than other groups of mice. In addition to TUNEL
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Figure | Effect of HF diet on proteins related to hepatic lipid metabolism and on
hepatic glutathione (GSH) levels in male Cc/** and Ccl~~ mice. Male wild-type Ccl**
and Cc/~~ mice were fed a regular chow (RD) or a HF diet for 3 months, starting
at 3 months of age. A) Livers were then removed and analyzed by immunoblotting
(IB) with 0-FAS and 0-NPCl, followed by reimmunoblotting (relB) with a-actin and
a-RPS3 antibodies, respectively, to normalize for the amount of proteins loaded, as
described in Materials and Methods. The gel represents at least 3 mice per feeding
group. B) Serum (10 ng) was analyzed, as above, by immunoblotting using o-ApoB
antibody to detect ApoB100 and ApoB48 proteins. Although 2 mice are included in
the figure, these experiments were performed on at least 5 mice per feeding group.
C) Effect on hepatic GSH levels. N > 7 mice per feeding group. Values are mean + SEM.
3P < 0.005 HF versus RD. ®P < 0.05 Cc/ ™~ versus Ccl** in the same feeding group.
Abbreviations: Ccl™, global Ceacam| null mouse; Ccl*", wild-type mouse from
the same genetic background as Ccl™~ mice; RD, regular diet; HF, high-fat diet;
FAS, fatty acid synthase; NPCI, Niemann Pick type Cl; ApoB, apolipoprotein B;
GSH, glutathione; IB, immunoblotting; relB, reimmunoblotting.

stain (Figure 4b, panel 2 versus 1), this reveals enhanced
apoptosis in HF-fed null, but not wild-type mice.

Evaluating total NAS score from H&E liver sections
based on three histological features (steatosis, inflammation
and ballooning) following the Kleiner’s scoring system,?’
indicated that HF-fed Cc/”~ mice developed NASH (NAS
score of ~5), as opposed to the other groups, which scored
<2.75 (Table 5).

Development of early fibrosis

in Ccl-- null mice
In NASH, fibrosis usually starts in zone 3 as perivenular
and/or pericellular fibrosis, a pattern referred to as “chicken

H

AT

Figure 2 Effect of HF diet on liver histology in male wild-type Ccl** and Ccl”~ mice.
Liver histology was assessed in H&E stained sections (n > 4 mice per feeding group), as
described in Materials and Methods. Panel |: Ccl*, regular diet; Panel 2: Ccl**, HF diet;
Panel 3: Cc/ ™, regular diet; Panel 4: Cc/ ", diet. Representative sections are shown. In
HF-fed Ccl** (panel 2), the lipid infiltration alternates with normal liver parenchyma
and is predominantly microvesicular. In contrast, in HF-fed Cc/~~ (panel 4), the lipid
infiltration appears more diffuse and predominantly macrovesicular.

Abbreviations: Cc/~, global Ceacam!| null mouse; Ccl**, wild-type mouse from
the same genetic background as Cc |7~ mice; RD, regular diet; HF, high-fat diet; H&E,
hematoxylin-eosin.

wire” fibrosis. Sirius red stain revealed a “chicken wire”
pattern of collagen deposition in Ccl7~ (stage 2),*? but not
Ccl7* wild-type mice on the regular diet (Figure 5, panel 3
versus 1), in spite of elevated levels of the proinflammatory
IFNY cytokine, which decreases collagen synthesis.** Con-
sistent with the profibrogenic effect of IL-6 cytokine and
TGFf,* the mRNA content was higher in the liver of Cc/7~
than Ccl”* mice on the regular diet (Table 3). Sustained HF
feeding exacerbated these fibrogenic changes in Cc/” mice
(panel 4 versus 3) without causing further changes in IL-6
and TGF3 mRNA levels. Instead, HF induced serum leptin
(Table 2) and hepatic TNFao mRNA levels (Table 3), which
together could mediate progression of fibrosis and inflam-
mation in NASH.!

In Ccl**wild-type mice, HF elevated leptin (Table 2) and
hepatic TGFP and TNFo. (Table 3), without altering hepatic
IL-6 mRNA levels (Table 3). HF induced a small increase
in collagen production, as shown by Sirius red staining
(Figure 5, panel 2 versus 1).

Discussion

Farrell'® and others'' have shown that similar to L-SACC1
mice with liver-specific inactivation of CEACAMI1, mice
homozygous for null mutation of the Ceacam1 gene on the
C57BL/6 (BL6) genetic background manifest impairment
of insulin clearance and hyperinsulinemia. This leads to
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Figure 3 Effect of HF diet and genotype on the presence of liver inflammatory

infiltrate. a) Representative liver sections from n > 4 mice stained with H&E.

HF-fed Ccl~~ mouse livers (right panel) reveal increased perivascular and lobular
inflammatory cell infiltrate relative to livers from HF-fed Cc/** mice (left panel) that
had fewer and mostly portal inflammatory cell foci. b) Liver lysates were analyzed
by sequential immunoblotting (IB) with o-phospho-NF-kB (upper gel), followed by
a-NF-kB (lower gel) antibodies as an index of inflammation. The gel represents at
least 3 mice from each feeding group.

Abbreviations: Cc/~, global Ceacam| null mouse; Ccl**, wild-type mouse from
the same genetic background as Cc !~ mice; RD, regular diet; HF, high-fat diet;
H&E staining, hematoxylin-eosin staining; IB, immunoblotting; relB, reimmunoblotting.

insulin resistance and increases transcription of lipogenic
enzymes (including FAS) to promote de novo hepatic lipid
production.!® On the BL6 genetic background, Ceacam1 null

mutation causes preferential lipid redistribution to white
adipose tissue and an increase in visceral obesity.'?

The current studies show that sustained HF feeding of
Ccl7~mice caused lipid accumulation in hepatocytes despite
increase in fatty acid B-oxidation. Similar changes are seen
in L-SACC1 mice" and human NASH.?>* Ccl~~ mice also
developed NASH-characteristic fibrosis when fed a HF diet;
even on a regular chow diet, they exhibited low levels of
pericellular fibrosis. In response to a HF diet, which triggers
inflammation,**3¢ Cc/~~ mice exhibited other key features
of progressive NAFLD, including diffuse macrosteatosis,
inflammation and apoptosis, and possibly oxidative changes,
as suggested by increased hepatic CYP2EI protein levels.
These data provide further in vivo evidence that altered
CEACAMI-dependent insulin clearance pathways can
provide a link between insulin resistance and NASH devel-
opment, at least in mice with a BL6 genetic component
background.?” They also confirm that male BL6 mice are
susceptible to developing a NASH-like phenotype.*

Ceacaml null mutation did not affect total and free choles-
terol content in the liver. However, reduction of NPC1 protein
level in HF-fed Cc /7~ mice suggests increased partitioning of
free cholesterol from cytosolic lipid droplets to mitochondria.®
This could reduce mitochondrial GSH stores” and increase
sensitivity to the cytotoxic effect of the proinflammatory
cytokine, TNFa, the level of which was high in Cc17" livers,
resulting partly from steatosis-induced changes in the inflam-
matory milieu.*'*? Consistent with a role for TNFo-dependent
activation of IKK-f3 in oxidative stress and inflammation,* HF
diet activated NF-xB pathways to elicit a more robust inflam-
matory response in Ccl7~ than Ccl** mice.

Table 3 Effect of HF intake on the expression of selected genes related to inflammation in Cc/** and Cc/”~ mouse livers and white

adipose tissue (WAT)

Ccl** Ccl-
RD HF RD HF
WAT F4/80 422+ 555 262.+57.8° 67.6 +7.90° 610. £ 76.7*°
TNFo 0.03 £0.00 0.06 £+ 0.00° 0.05+0.01° 0.08 £0.01*
Liver F4/80 0.22 £0.08 0.42 £ 0.06* 0.37 £ 0.05° 0.74 £ 0.18*
TNFo 0.04 £ 0.01 0.14 £ 0.02* 0.09£0.01° 0.19 £0.02*
IL-6 (x 10-1) 0.06 + 0.02 0.07 £ 0.02 0.17 £0.03° 0.13 +0.00°
CD3 0.0l £0.00 0.02 £ 0.00 0.02 +0.00 0.02 £ 0.01
CD8 0.26 £0.09 0.42 £ 0.06 0.41 £ 0.04 0.48 £ 0.05
CD4 0.34 £ 0.05 0.47 £ 0.08 0.76 £ 0.07° 0.83 £ 0.08°
IL-4 0.12+0.01 0.12+0.01 0.13+£0.02 0.14+0.01I
IL-13 0.18 £0.01 0.15+0.02 0.18 £ 0.01 0.15+0.02
IFNYy (x 10-2) 0.07 £0.02 0.20 £ 0.04* 0.20 £ 0.02° 0.20 £ 0.04
TGFB 0.29 £0.07 0.56 +0.05* 0.54 £ 0.06° 0.56 +£0.02

Notes: Male mice (n > 7;3 months of age) were fed RD or HF for 3 months. Mice were fasted overnight, the tissues removed and gene expression assessed by semiquantitative
real-time PCR analysis.Values are normalized to GAPDH and expressed as mean units £ SEM.?P < 0.05 HF vs RD;*P < 0.05 Cc/ = vs Ccl** in the same feeding group.

Abbreviations: Cc/™, global Ceacaml

null mouse; Ccl**, wild-type mouse from the same genetic background as Cc/”~ mice; RD, regular diet; HF,

high-fat diet; WAT, white adipose tissue; TNFo, tumor necrosis factor-o; TGFp, transforming growth factor-B; IL, interleukins; IFNYy, interferon gamma;

IL, interleukins; TGF, transforming growth factor-f.
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Table 4 Effect of HF intake on hepatic expression of selected
genes related to lipid catabolism in Cc/** and Ccl~~ mice

Ccl** Ccl-
RD HF RD HF
PPARo 5.57 £ 0.64 9.50+0.33¢ 850+0.37° 10.9+0.67°
CYP2El  555.0+77.0 559.0+70.0 500.0+384 817.0 136.0°

Notes: Male mice (n > 7; 3 months of age) were fed RD or HF for 3 months.
Mice were fasted overnight, the tissues removed and gene expression assessed
by semiquantitative real time-PCR analysis. Values are normalized to GAPDH and
expressed as mean units £ SEM.?P < 0.05 HF vs RD;*P < 0.05 Cc/~~ vs Cc/**in the
same feeding group.

Abbreviations: Cc/ ™, global Ceacam| null mouse; Cc/**, wild-type mouse from
the same genetic background as Cc/”~ mice; RD, regular diet; HF, high-fat diet;
PPARO0, peroxisome proliferator-activated receptor o; CYP2EI, cytochrome p450
enzyme.

The population of CD4* T cells was basally higher in
Ccl7~than Ccl**mice fed a regular diet. This could, at least
in part, be due to Ceacam1 deletion in T cells, as suggested by
increased CD4* T pool in mice with conditional deletion of
Ceacaml in T cells,* but not in regular chow-fed L-SACC]1
mice with functional inactivation of Ceacaml, specifically in
hepatocytes."* The increase in CD4* T cell pool was accompa-
nied by elevation in hepatic mRNA content of IFNy without
changes in IL-4/IL-13 levels, suggesting increased production
of CD4" Th1, but not CD4" Th2 cytokine in Ccl7~ livers.*
Elevated basal leptin level and its inducing effect on TNFa.
could contribute to the increase in CD4* Thl response.*
Given that Ccl”~ mice lack the anti-inflammatory effect
of CEACAMI in T*7 and B* cells, it is likely that deletion
of Ceacam! in lymphocytes contributed to the more robust
inflammatory response to HF diet in mutant mice.

Consistent with insulin resistance being an independent
predictor for fibrosis in NASH,* chow-fed Ccl7~null mice
developed a low level of pericellular fibrosis. This could be
attributed to elevated hepatic content of the profibrogenic
factors, IL-6 and TGF,*** In addition to IL-6, leptin
increases transcription of TNFa,**! which, together with
IFNY, reduces collagen synthesis.*® The combined effect
of TNFo and IFNy inflammatory cytokines could limit
the profibrogenic effect of IL-6 and TGFf in RD-fed null
mice. HF feeding caused progressive fibrosis in parallel to
preferentially inducing TNFo. without changing [FNY levels.
TNFo triggers apoptosis, which in turn, leads to fibrosis and
inflammation.?®%%52 Thus, it is possible that further induction
in TNFo by HF diet activated caspase 3 to cause apoptosis
and subsequently, promote fibrosis more preferentially in
the null mouse. The increase in serum leptin levels could
exacerbate the fibrogenic effect of TNFo*!3

In contrast to the null mouse, fat feeding elevated hepatic
TGEF, but not IL-6 mRNA content in Cc/** wild-type mice.

It also failed to produce NASH-like fibrogenic changes in
these mice. IL-6 could be secreted basally from macrophages,
but also from B cells as part of the adaptive immune
response.’® Given that IL-6 release from B cells induces
differentiation of hepatic stellate cells to myofibroblasts to
mediate hepatic fibrosis in response to CCl4 in mice, inde-
pendently of T cell or antibody stimulation,* it is possible that
changes in hepatic IL-6 levels contributed to the differential
development of hepatic fibrosis in Ccl7~, but not wild-type
mice. This is in concordance with the positive correlation
between the severity of the disease in NASH patients and
hepatic IL-6 levels.>

Our data emphasize that loss of CEACAMI1 causes insu-
lin resistance, hepatic steatosis and visceral obesity, with a
subsequent increase in leptin production and release from
white adipose tissue. This, in turn, promotes production of
IL-6 and TNFa, which in addition to other adipokines, trig-
ger a proinflammatory state. In the absence of CEACAMI,
sustained HF feeding exacerbates the inflammatory response
and elevates hepatic TNFa content and its proapoptotic and
fibrogenic effect. This model illustrates that null mutation
of Ceacam] integrates metabolic, apoptotic, inflammatory,
and fibrogenic signals leading to progressive NAFLD. Given
that murine models rarely develop spontaneous fibrosis,'
the Ccl7~ mouse provides a unique tool to investigate the
effect of environmental factors on genetic predisposition to
NAFLD progression and sheds light on the pathogenesis of
NASH. The significance of this finding to human disease is
highlighted by the strong conservation of CEACAMI1 func-

RD HF

Cc1*"*
T —
& ) S
\B=cioy - & ;
Cc1"- : g ool Y
st 2 ) T
.‘i_ﬁr’,.f' 8P AN
Wpm j .‘f T T ( 1
R - 7/ ) 4

Figure 4 Effect of HF diet and genotype on liver fibrosis. Liver sections from
n > 4 mice per feeding group were stained with Sirius red. Panel 2: RD-fed Ccl7~
mice show mild pericellular fibrosis. Panel 4: HF-fed Ccl/~~ mice, show extensive
pericellular and perivascular fibrosis.

Abbreviations: Cc/ ™, global Ceacam| null mouse; Ccl**, wild-type mouse from
the same genetic background as Cc |7~ mice; RD, regular diet; HF, high-fat diet.
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Table 5 NAS score of Ccl**and Ccl”~ mice

Group/ Steatosis Inflammation Ballooning Total NAS Designation
number Micro/macro (0-3) Lobular  Portal (0-3) Hepatocytes (0-2) Score (8) NASH?=
Ccl** RD >4 0 0.5 0 0 0.5 No NASH
Cel** HF >4 2 0.625 0 0 2.6 No NASH

|
Ccl”-RD >4 0 0.625 0.125 0 0.75 No NASH
Ccl=-HF >4 2.75 1.25 0.625 0 4.625° NASH

Notes: Male mice (n > 4; 3 months of age) were fed RD or HF for 3 months. Scoring for NAS from H&E sections of liver tissues was evaluated following Kleiner’s scoring
system. The criteria included 3 major histological features, comprised of micro and macrosteatosis (0-3), inflammation involving the hepatic lobules as well as portal triads
(0-3), and hepatocyte ballooning (0-2). *The ~4.6 score in HF-fed Cc/~~mice supported the diagnosis of NASH in this group of mice. The other groups of a total NAS score

of <3 do not fit into the criteria of NASH.

Abbreviations: NASH, nonalcoholic steatohepatitis; H&E, hematoxylin-eosin; Ccl 7, global Ceacam| null mouse; Ccl "7, wild-type mouse from the same genetic background

as Ccl™~ mice; RD, regular diet; HF, high-fat diet.

tional domains in humans and rodents and by the reduction
of hepatic Ceacam1 mRNA levels in low aerobic capacity

a. Western analysis

Cc1** Cc17-

RD HF RD HF

IB: a-Caspase l: - -— —-|<— c-Caspase 3

RelB: a-Actin I--- -I<— Actin

b. Tunel stain

HF HF-c
1 1c
Cc1**
W g
2 2c
Cc1+ . .o
. Vg ]

Figure 5 Effect of HF diet and genotype on liver cell apoptosis. a) Liver lysates
were analyzed by sequential immunoblotting (IB) with antibodies against caspase
3 (upper gel),followed by ai-actin (lower gel) to detect cleaved caspase 3 (17 kdaltons)
as an index of apoptosis. The gel represents at least three mice from each feeding
group. b) Liver sections from n > 4 mice per feeding group were analyzed by TUNEL
staining for apoptotic cells, as described in Materials and Methods. Representative
sections are shown. Panel |: HF-fed Cc/** Panel 2, HF-Fed Ccl =", Apoptotic cells are
observed only in Cc/ " livers. Panels |-c and 2-c are negative controls without TDT
enzyme following digestion with proteinase K to account for nonspecific binding of
enzyme conjugate. Sections from mice on the regular diet are not shown because
there was little evidence of apoptosis in either genotype.

Abbreviations: Cc/™, global Ceacam!| null mouse; Ccl**, wild-type mouse from
the same genetic background as Cc/”~ mice; RD, regular diet; HF, high-fat diet; IB,
immunoblotting; relB, reimmunoblotting.

running rats that exhibit features of metabolic syndrome®’
and NASH.®
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