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Abstract Carcinoembryonic antigen-related cell adhesion
molecule 1 (CEACAMI) regulates insulin sensitivity by pro-
moting hepatic insulin clearance and mediating suppression
of fatty acid synthase activity. Feeding C57BL/6] male mice
with a high-fat (HF) diet for 3—4 weeks triggered a >60%
decrease in hepatic CEACAM1 levels to subsequently impair
insulin clearance and cause systemic insulin resistance and
hepatic steatosis. This study aimed at investigating whether
lipolysis drives reduction in hepatic CEACAM1 and whether
this constitutes a key mechanism leading to diet-induced
metabolic abnormalities. Blocking lipolysis with a daily in-
traperitoneal injection of nicotinic acid in the last two days
of a 30-day HF feeding regimen demonstrated that white
adipose tissue (WAT)-derived fatty acids repressed hepatic
CEACAMI1-dependent regulation of insulin and lipid me-
tabolism in 3-month-old male C57BL/6] mice. Adenoviral-
mediated CEACAMI1 redelivery countered the adverse
metabolic effect of the HF diet on insulin resistance, he-
patic steatosis, visceral obesity, and energy expenditure. It
also reversed the effect of HF diet on inflammation and fi-
brosis in WAT and liver.ll This assigns a causative role for
lipolysis-driven decrease in hepatic CEACAMI level and its
regulation of insulin and lipid metabolism in sustaining sys-
temic insulin resistance, hepatic steatosis, and other abnor-
malities associated with excessive energy supply.—Russo,
L., H. E. Ghadieh, S. S. Ghanem, Q. Y. Al-Share, Z. N. Smiley,
C. Gatto-Weis, E. L. Esakov, M. F. McInerney, G. Heinrich, X.
Tong, L. Yin, and S. M. Najjar. Role for hepatic CEACAM1
in regulating fatty acid metabolism along the adipocyte-
hepatocyte axis. J. Lipid Res. 2016. 57: 2163-2175.

This work was supported by the following grants from the National Institutes of
Health: National Institute of Diabetes and Digestive and Kidney Diseases Grants
RO1 DK054254 (S.M.N.), ROI DK083850 (S.M.N.), K99/R00-DK077449
(L.Y.), RO1 DK099593 (L.Y.), and R15 DK103196 (M.F.M.); and National
Heart, Lung, and Blood Institute Grant RO1 HL.112248 (S.M.N.). The content
is solely the responsibility of the authors and does not necessarily represent the of-
ficial views of the National Institutes of Health. The work was also supported by
Jellowships from the American Heart Association (14POST20480294 [L.R.])
and the Middle-East Diabetes Research Center (H.E.G. and S.S.G.). No conflict
of interest relevant to this work was reported.

Manuscript received 16 September 2016 and in revised form 17 October 2016.

Published, JLLR Papers in Press, October 24, 2016
DOI 10.1194/jlr. M072066

Copyright © 2016 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

Supplementary key words carcinoembryonic antigen-related cell ad-
hesion molecule 1 e insulin resistance ® nicotinic acid ® lipolysis ® insu-
lin clearance

Circulating insulin levels, in part determined by hepatic
insulin clearance, regulate insulin action (1-3). Insulin
clearance, which occurs mostly in liver and to a lower ex-
tent in kidney, but not in skeletal muscle or white adipose
tissue (WAT), plays a pivotal role in promoting insulin sen-
sitivity (4). If impaired, it contributes to mounting hyperin-
sulinemia in obese humans (5, 6), thus constituting a risk
factor for metabolic syndrome (7, 8).

Our studies on the carcinoembryonic antigen-related
cell adhesion molecule 1 (CEACAM]1), a transmembrane
glycoprotein that is highly expressed in liver and kidney,
but not WAT or skeletal muscle (9), support these find-
ings. Upon its phosphorylation by the insulin receptor,
CEACAMI promotes insulin clearance by upregulating re-
ceptor-mediated insulin uptake into clathrin-coated pits
and degradation in hepatocytes (10). Moreover, it medi-
ates a downregulatory effect on mouse fatty acid synthase
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(Fasn) activity in response to acute rise in insulin in the
first hour of refeeding following an overnight fast (11).
This positions CEACAMI to contribute to the regulation of
fatty acid oxidation until glycogen repletion is complete
(12). Mice with null deletion of Ceacaml (Ccl™’”) or with
liver-specific inactivation of CEACAMI1 develop hyperinsu-
linemia, caused by impaired insulin clearance, followed by
insulin resistance, hepatic steatosis, and visceral obesity
(13-16). Normal acute-phase insulin release to glucose
and intact B-cell function support the observation that
chronic hyperinsulinemia is mainly driven by impaired in-
sulin clearance in CcI”/” mutants (15).

Studies in mice (17), dogs (18), and humans (19) dem-
onstrated that defective hepatic insulin clearance is in-
volved in dietinduced insulin resistance. Providing a
Western-style diet caused rapid hepatic insulin resistance
in healthy young South Asian men but not Caucasians, in
association with altered insulin clearance in the Asian
group (19). We have shown that high fat (HF) reduced
hepatic CEACAM1 level by >60% and impaired insulin
clearance in WT mice within 3 weeks to introduce meta-
bolic abnormalities that were prevented by forced trans-
genic fat-inducible CEACAM1 overexpression in liver (17).
The clinical implication of our studies is underscored by
the observed low hepatic CEACAMI level in obese, insulin-
resistant subjects with fatty liver disease (20).

Dietary fatty acids can reach the liver via chylomicrons in
addition to lipolysis in WAT. In uncomplicated human
obesity with low-grade insulin resistance, lipolysis-derived
fatty acids are mainly removed by oxidation in the liver
(21). Lipolysis occurs within few days of the initiation of HF
intake, owing to dysregulated hypothalamic control, even
in the absence of insulin resistance in WAT (22). This
could cause rapid hepatic insulin resistance (portal hy-
pothesis) via several mechanisms (23), including protein
kinase Cd-mediated pathways (24). With persistent nutri-
tional burden, hepatic lipotoxicity and systemic insulin re-
sistance develop in parallel to the progression of a
proinflammatory state in WAT (25).

Release of fatty acids during an acute intralipid infusion
reduced hepatic CEACAMI1 levels and impaired insulin
clearance (24). Thus, we herein investigated the role of li-
polysis-derived fatty acids in the suppression of CEACAM1
by HF diet and assessed the significance of this mechanism
in diet-induced metabolic abnormalities.

MATERIALS AND METHODS

Mice maintenance

C57BL/6] mice were kept in a 12 h dark/light cycle. As re-
ported (17), male mice (3 months old) were housed as 3—4 mice/
cage and fed ad libitum for 30 days a standard chow [regular stan-
dard diet (RD)] or an HF diet deriving 45:35:20% calories from
fat-carbohydrate-protein (catalog #D12451, Research Diets). On
day 28, some HF-fed mice were subjected to a once daily intraperi-
toneal injection of nicotinic acid (NA) [200 mg/kg body weight
(BW) /day] (Sigma-Aldrich) for 2 days (26, 27). The Institutional
Animal Care and Utilization Committee approved all procedures.
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Metabolic parameters

Mice were overnight fasted, and their retroorbital venous
blood was drawn at 1100 h the following morning to assess blood,
plasma, and tissue biochemistry, as previously described (17).

Insulin and glucose tolerance tests

Mice were fasted for 6 h before being injected intraperitoneally
with Human Regular Insulin (0.75 U/kg BW, Novo Nordisk) (for
insulin tolerance) or glucose (1.5 g/kg BW of 50% dextrose solu-
tion, Dextrose Injection, USP). Glucose was measured in tail
blood at 0-180 min postinjection.

Indirect calorimetry analysis

Mice were individually caged for 5 days (CLAMS system, Co-
lumbus Instrument), and their spontaneous physical activity was
determined on the X-(locomotor), Y-(ambulatory), and Z-
(standing) axes (17). Oxygen consumption (VO,), CO, produc-
tion (VCOy), and heat production were sampled every 20 min and
normalized to lean mass. The respiratory exchange rate (RER)
was calculated as the VCO,/VOy ratio. Heat production was calcu-
lated as Cv x VO, normalized to lean body mass; with Cv (calorific
value) being: 3.815 + 1.232 x RER. Data were represented as mean
+ SEM of light (700 h-1900 h) and dark (1900 h-700 h) cycles.

Fatty acid synthase activity

As previously described (11), livers were homogenized in buf-
fer containing 20 mM Tris (pH 7.5), 1.0 mM EDTA, 1.0 mM DTT,
and phosphatase and protease inhibitors (11). Following centrifu-
gation at 12,500 g for 30 min, 10 pl of the supernatant was added
to 65 pl of the reaction mix. This contains: 166.6 wM acetyl-CoA,
100 mM potassium phosphate (pH 6.6), 0.1 wCi [14C] malonyl-
CoA (Perkin Elmer, Waltham, MA), and 25 nmol malonyl-CoA, in
the absence (negative controls) or presence of 500 uM NADPH
(Sigma Aldrich). A 1:1 chloroform-methanol solution was used to
stop the reaction. Following centrifugation, the supernatant was
vacuum-dried, and the pellet resuspended in 200 pl of water-satu-
rated butanol. To reextract the upper layer, 200 pl of ddH,O was
added followed by vortexing and spinning for 1 min. The butanol
layer was extracted, dried, and counted for the incorporation of
radiolabeled malonyl-CoA into palmitate. Fasn activity was calcu-
lated as cpm of c) incorporated per microgram of cell lysates,
and the protein concentration was determined by Bio-Rad pro-
tein assay.

Ex vivo palmitate oxidation

As previously described (28) with some modifications, mice
were fasted overnight and anesthetized, and the liver removed,
weighed, and homogenized in 10 mM Tris (pH 7.2), 300 mM su-
crose, and 2 mM EDTA. Then 1 ml of the homogenate was added
to a sealed beaker containing 1 ml of solution A and left at 30°C
for 45 min. Solution A: 0.2 mM of [1-"*C]palmitate (0.5 mCi/ml)
(American Radiolabeled Chemicals Inc.) and 2 mM ATP in incu-
bation buffer (100 mM sucrose, 10 mM Tris-HCI, 5 mM potassium
phosphate, 80 mM KCI, 1 mM MgCly, 2 mM L-carnitine, 0.1 mM
malic acid, 0.05 mM CoA, 1mM dithiothreitol, 0.2 mM EDTA, and
0.5% BSA, pH 7.4). Benzothonium hydroxide (Sigma-Aldrich)
was added to a basket attached to the sealed beaker and the reac-
tion was terminated with perchloric acid to recover the radioac-
tive acid soluble metabolites (29). Trapped COy radioactivity and
the partial oxidation products were measured by liquid scintilla-
tion in CytoCint (MP Biomedicals). The oxidation rate was ex-
pressed as the sum of total and partial fatty acid oxidation
expressed in nanomoles per gram per minute.



Gomori-trichrome staining

Trichrome stain was performed on formalin-fixed adipose tissue
using the Thermo Scientific Richard-Allan Scientific Chromaview-
advanced Testing (30). Adipose tissue was fixed in 10% formalin
and replaced by 70% ethanol before undergoing blocking in paraf-
fin. Sections were deparaffinized at 60°C and hydrated in deionized
water. Slides were then stained with Bouin’s Fluid at 56°C for 45
min, followed by rinsing in deionized water to remove the yellow
color. Slides were placed in Working Weigert’s Iron Hematoxylin at
room temperature for 10 min followed by Trichrome Stain for 15
min, dehydrated sequentially in 1% acetic acid solution for 1 min,
95% ethanol for 30 s, and 100% ethanol for 1 min (twice). Sections
were cleared in xylene 3 times for 1 min each and mounted.

Immunofluorescence

Whole WAT was formalin-fixed for 24 h, transferred to Dulbec-
co’s PBS (Sigma-Aldrich) at 4°C, and permeabilized in 1% Tri-
tonX-100/PBS for 15 min before staining macrophages with rat
anti-mouse F4/80 (Invitrogen) and detecting with donkey anti-rat
IgG-conjugated to Alexa-Fluor488. Tissues were incubated with
primary antibodies overnight at 4°C then washed 3x with PBS-
Tween20 before applying the secondary stain for 2 h at room tem-
perature and washing 3x in PBS-Tween. Stained samples were then
counterstained for 25 min at room temperature with 5 pM
BODIPY-558/568 (Molecular Probes) and Hoechst stain/4’,6-di-
amidino-2-phenylindole (DAPI) (Invitrogen) to visualize lipid and
nuclei, respectively. Samples were placed on a coverslip and imaged
using a Leica-TCS-SP5 laser-scanning microscope equipped with
conventional solid-state and a Ti-sapphire tunable multiphoton la-
ser (Coherent). Images were acquired in the 3D-XYZ plane in 4 pm
steps with a 63x objective (NA-0.70) using the sequential scan mode
to eliminate any spectral overlap in individual fluorophores. Specifi-
cally, Alexa-Fluor488 was excited at 488 nm with collection at 500—
558 nm. The BODIPY-558/568 dye was excited at 561 nm and
collected at 567-609 nm. Selected images are a 2D-representation of
the 3D-laser scanning confocal microscopy-image stack as labeled.

Western blot analysis

Proteins were analyzed by SDS-PAGE and immunoprobing
with polyclonal antibodies against a-Fasn (Cell Signaling Tech-
nology), phospho-Akt (Ser'”), and phospho-Akt2 (p-Akt2) fol-
lowed by a-Akt or a-Akt2, respectively; custom-made polyclonal
antibodies raised in rabbit against mouse CEACAM1 (a-mCCl1
Ab3759) (17), rat CEACAMI [(aP5(488)], and phoshpo-CEACAM1
(a-pCC1) (24). For normalization, monoclonal antibodies against
actin or GAPDH (Santa Cruz Biotechnology) were used. Blots
were incubated with horseradish peroxidase-conjugated goat anti-
mouse or anti-rabbit IgG (GE Healthcare Life Sciences, Amer-
sham) antibodies and subjected to ECL (Amersham Pharmacia
Biotech) and quantification by densitometry and Image ] software
(v. 1.40, National Institutes of Health).

For coimmunoprecipitation, liver lysates (35 pg) were immu-
noprecipitated with a-Fasn antibody, followed by analysis on 5%
SDS-PAGE and sequential immunoblotting with a-mCC1 and a-
Fasn antibodies.

Primary hepatocytes isolation and fatty acid treatment

Hepatocytes were isolated by perfusing liver (1 ml/min) with
Collagenase-Type II (1 mg/ml) (Worthington) (13). Cells were
dispensed in Williams-E complete media (Gibco) containing 10
mM lactate, 10 nM dexamethasone, 100 nM insulin (Sigma Al-
drich), 10% FBS, and 1% penicillinstreptomycin (Gibco). Cells
were plated onto 12-well plates at 2.5 x 105/well and incubated at
37°C in Williams-E medium for 24 h before switching to phenol
red-free Williams-E medium-supplemented with 10% dialyzed

FBS, 1% penicillin-streptomycin for 24 h. A fatty acid mixture
resembling the dietary fat composition (0.1 mM) was added for
24 h: 0.035 mM palmitate, 0.045 mM oleate, 0.02 mM linoleate-2
mM insulin-free BSA (Sigma Aldrich) at a 1:5 ratio], supple-
mented with 10 mM lactate.

Luciferase assay

As described (12), Hepal-6 mouse-derived cells were seeded at
4.0 x 10° into 6-well plates and at ~60-70% confluence, a 24 h
transfection was performed with 500 ng of promoter constructs
containing the WT sequence spanning 1100 nucleotides or the
APPRE/RXR mutant carrying a mutation between nucleotides
—-557 and 543 (5-CAATTCTATGAAATC-3") and 10 ng of renilla
luciferase (pRL-TK, Promega) using Fugene 6 (Promega). Empty
pGL4.10 vector was used as negative control. Cells were then se-
rum-starved, treated with ethanol (Veh) or 0.1 mM FA (above) for
24 h. Luciferase activity was assessed using the Dual-Luciferase
Reporter Assay System (Promega).

Adenovirus preparation and cell transduction

The construction of the adenovirus vectors harboring WT and
the phosphorylation-defective serine503-to-alanine (S503A) rat
CEACAMI1 mutant was described (15). Adenoviruses were pro-
duced in 293AD packaging cells (Agilent Technologies) following
LipofectAMINE-mediated transfection (Invitrogen) and concen-
trated by ultracentrifugation in cesium chloride gradient (31).
Adenoviral-mediated CEACAMI1 overexpression was confirmed
by transducing primarz mouse hepatocytes prepared from
C57BL/6] mice at 1 x 10" particles/well of a 6-well plate for 36 h.
CEACAM1 level was determined by immunoblotting with anti-rat
CEACAMI antibody (24).

Tail-vein injection of recombinant adenovirus to redeliver
CEACAML to the liver

Two-month-old C57BL/ 6] mice were HF fed for 20 days before
being subjected to adenoviral infection by tail-vein injection of 1 x
10" particles/mouse and housed individually for 21 days. The con-
trol group was injected with adenovirus construct bearing green
fluorescent protein control cDNA (Ad-GFP) at the same viral ti-
ter. Insulin and glucose tolerance were performed 13 and 16 days
postinjection, as described below. Mice were subjected to indirect
calorimetry before being euthanized at 21 days postinjection.

Real-time quantitative RT-PCR

Total RNA was isolated with PerfectPure RNA Tissue Kit (5
PRIME Inc.) and cDNA was synthesized by iScript cDNA Synthesis
Kit (BIO-RAD), using 1 ug of total RNA and oligodT primers (sup-
plemental Table S1). cDNA was evaluated with quantitative RT-
PCR (qRT-PCR; StepOne Plus, Applied Biosystems), and mRNA
was normalized to 18S or Gapdh, as previously described (17).

Statistical analysis
Data were analyzed by one-way ANOVA with Bonferroni cor-

rection, using GraphPad Prism 6 software. P < 0.05 was statisti-
cally significant.

RESULTS

NA inhibits lipolysis and causes fat accumulation in WAT

To investigate the role of adipocyte-derived fatty acids in
diet-iinduced metabolic abnormalities, mice were HF fed
and treated with NA or saline (S) in the last 2 days of feed-
ing. Relative to RD, HF induced BW, visceral and total fat
mass, including brown adipose tissue (BAT) mass with a
reciprocal decrease in lean mass (Table 1, HF-S vs. RD-S).

Diet-induced lipolysis and hepatic insulin clearance 2165



TABLE 1.

Effect of NA on plasma and tissue biochemistry

RD-S HF-S HF-NA
BW (g) 24.7+0.9 29.2 +1.0° 28.0 +0.3"
% Fat mass (NMR) 0.8+0.2 6.7+1.3" 10.1 0.5
% Lean mass (NMR) 71.5+0.4 67.6 +1.2" 64.6 £ 0.5""
% Visceral fat (WAT/BW) 0.8+0.2 2.2 +0.4° 2.7+0.2
% BAT/BW 35+0.6 85+ 1.1 11.0 £ 0.9°
Hepatic triacylglycerol (pg/mg) 36.3 £ 4.1 56.5 + 5.8" 32.1 +3.0"
Plasma NEFA (mEq/1) 0.6+0.1 0.9+0.1 0.6 +0.0"
Plasma triacylglycerol (mg/dl) 109.1 +£10.2 1344+ 12.1 120.3 £13.3
Plasma insulin (Ins) (pM) 64.4+5.8 89.0 + 8.0" 62.2 +5.0°
Plasma C-peptide (pM) 475.4+98.2 514.3 +123.1 548.2 + 114.2
Plasma C-peptide/Ins molar ratio 6.0+0.4 4.1+0.4" 6.5+ 0.4
Fasting blood glucose (mg/dl) 101 £ 4 99 +8 99 + 12
Fed blood glucose (mg/dl) 101+3 127 + 3° 101 + 8
Fed plasma leptin (ng/ml) 0.7+0.1 35+1.1° 2.8 + 0.4

Male mice (n = 6-10/feeding/treatment group) were fed RD or HF diet for 30 days. In the last 2 days of feeding,
mice were treated with NA, and their body fat composition evaluated by nuclear magnetic resonance (NMR; Bruker
Optics). Except for leptin and fed blood glucose levels, mice were fasted overnight for 18 h and their tissues extracted
to assess visceral and brown fat mass relative to BW, and blood was drawn to determine plasma levels of NEFA,

triacylglycerol, Ins, and C-peptide levels. Values are expressed as mean + SEM.

“P<0.05 versus RD-S.
"P< 0.05 HF-NA versus HF-S.

Consistently, HF increased fasting plasma NEFA (Table 1)
and the mRNA level of hormone sensitive lipase (Hsl) in
WAT (12.7 + 0.56 in HF-S vs. 6.77 £ 1.07 in RD-S mice; P<
0.05). As expected, NA treatment restored plasma NEFA
(Table 1) and Hsl mRNA levels (3.75 + 0.60 in HF-NA vs.
12.7 + 0.56 in HF-S mice; P< 0.05) but maintained the gain
in visceral obesity and BW in response to HF (Table 1).
Consistently, plasma leptin levels remained elevated in HF-
NA relative to RD-S mice (Table 1).

Histological analysis of hematoxylin and eosin (H and E)-
stained WAT sections (Fig. 1A) confirmed the maintenance
of adipocytes’ expansion to accommodate fat storage in WAT
derived from HF-NA mice (adipocyte size of 2,078 + 86 me
in HF-NA vs. 1,848 + 91 in HF-S and 576 + 23 in RD-S).

NA reverses diet-induced fibrosis in WAT

Because visceral obesity is associated with increased fibro-
sis in WAT in rodents (32, 33) and humans (34), we then
examined whether NA treatment modulates HF-induced
fibrosis in WAT. HF induced the mRNA levels of profibro-
genic effectors: endotrophin/Col6a3, a protein that pro-
motes metabolic derangement and fibrosis in adipose tissue
(33), a-smooth muscle actin (a-Sma), and transforming
growth factor-B (Tgf-B) (supplemental Table S2; HF-S vs.
RD-S). In contrast, HF lowered the mRNA level of Smad7
that inhibits TGF- signaling (35, 36) (supplemental Table
S2; HF-S vs. RD-S). NA treatment reversed the effect of HF,
with a lesser extent in Col6a3 mRNA relative to other mark-
ers (supplemental Table S2). This translated into limiting
HF-induction of collagen deposition in WAT by NA, as indi-
cated by Trichrome-C staining (Fig. 1B).

NA induces macrophage inflammation in WAT of HF-fed
mice

qRT-PCR analysis in WAT revealed induction of mRNA
of macrophages (CD68 and F4/80) and TNF-a by HF, but
without significantly changing the expression of other
proinflammatory markers such as interleukin (IL)-18,
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IL-6, and IFN-y (supplemental Table S2). NA further in-
duced the mRNA levels of these markers by ~2- to 3-fold.
Immunofluorescence analysis of F4/80 (green) in WAT
showed evidence of macrophage inflammation in HF-S
and HF-NA compared with RD-S mice (Fig. 1C-viii and ix
vs. vii). In contrast to RD-fed mice (Fig. 1Cx), HF induced
macrophage staining around the adipocytes (gray), but to
a higher extent in NA-treated versus saline-treated mice
(Fig. 1Cii vs. xi), indicating increased macrophage in-
flammation by NA. Despite fewer macrophages; however,
HF-S mice displayed higher plasma NEFA levels than HF-
NA (Table 1).

NA reverses diet-induced insulin resistance

Consistent with our previous report (17), HF caused in-
sulin resistance, as indicated by fed hyperglycemia (Table
1) and intolerance to exogenous insulin in HF-S versus
RD-S [Fig. 2A and accompanying graph of the area under
the curve (AUC)]. Both glucose levels (Table 1) and insu-
lin tolerance (Fig. 2A) were restored by NA treatment. To
further examine insulin action, we refed mice for 7 h after
an overnight fast to allow insulin release (Fig. 2B-i). Immu-
noblotting (Ib) with phosphoAkt antibody (symbol-pAkt)
revealed blunted insulin’s ability to phosphorylate Akt at 7
h of refeeding (RF) relative to overnight-fasted mice (F) in
lysates from liver (Fig. 2B-ii), but not WAT (Fig. 2B-iii) of
HF-fed mice. NA treatment restored insulin-induced Akt
phosphorylation in liver (Fig. 2B-ii) but blunted it in WAT
of HF-fed mice (Fig. 2B-iii).

NA restores insulin clearance in HF-fed mice

Western blot analysis of liver lysates revealed reduction
of CEACAM1 (CC1) protein level by ~>60% in HF-S versus
RD-S mice (Fig. 2C-i). This was restored by NA treatment
(Fig. 2C-, HF-NA vs. RD-S). Subsequently, this normalized
insulin clearance, assessed by the higher steady-state C-pep-
tide/insulin molar ratio (Table 1; HF-NA vs. HF-S) and
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Fig. 1. Effect of NA on fat accumulation, fibrosis and inflamma-

tion in WAT. A: H and E staining of the WAT from mice fed ad libi-
tum either with an RD or an HF diet for 30 days. In the last 2 days of
feeding, RD-fed mice were administered a once daily intraperito-
neal injection of saline (S) while HF-fed mice were treated with ei-
ther saline or NA (n > 6 mice/feeding/treatment group). B:
Trichrome C (Trich-C) stain was used to assess fibrosis in WAT.
Black staining indicates nuclei. Cytoplasm and fibers are in red. Col-
lagen is shown in blue. Representative images from three sections/
mouse are shown (20x magnification). C: Whole WAT was stained
with BODIPY 558/568 to detect lipid (gray) for staining of adipo-
cytes and with anti-F4,/80 to detect macrophages (green). Nuclei from
cells, including macrophages and adipocytes, were stained with
DAPI (blue). All images were captured using laser scanning confo-
cal microscopy with a 63x objective and are 2D projections of a 3D
image z-stack. Increased DAPI staining indicating cellular inflam-
mation is observed in HF-NA (#7) compared with RD-S (i) or HF-S
() treated animals. F4/80 staining was elevated in HF-NA (ix) com-
pared with HF-S (viii) indicating increased inflammation in HF-NA
treated mice, while there was no F4/80 staining in RD-S. The overlay

lowered plasma insulin levels (Table 1), in parallel to re-
storing insulin sensitivity (Fig. 2A).

Supporting a direct effect of fatty acids on hepatic
CEACAMI expression, treating primary hepatocytes with
0.1 mM of a fatty acid mixture (FA) with a composition re-
sembling that of the dietary fat reduced CEACAMI1 protein
level (Fig. 2C-ii). Consistent with our previous observations
(12), the downregulatory effect of FA appears to be medi-
ated by Ppara activation, as demonstrated by the ability of
FA (0.1 mM) to reduce the transcriptional activity of
Ceacaml WT promoter (—1,100), but not of the construct
harboring a mutation of the sole active Ppar response ele-
ment (PPRE/RXR) located between nucleotides —557 and
-543 (Fig. 2D).

NA restores lipid metabolism in the liver of mice fed an
HF diet

HF increased fat accumulation in liver, as shown by H
and E analysis (Fig. 3A, HF-S vs. RD-S) and the high hepatic
triacylglycerol content (Table 1). While this could be at-
tributed, at least in part, to reduced fatty acid flux from the
adipose tissue to the liver, we investigated whether NA
could also affect fatty acid synthesis and B-oxidation in
liver. Given the ~3-fold increase in hepatic fatty acid oxida-
tion in HF-S (Fig. 3B; 3.31 + 0.22 vs. 1.07 = 0.07 nmol/g/
min in RD-S; P < 0.05), hepatic steatosis could in part, re-
sult from elevated Fasn protein levels (Fig. 3C-ii), and activ-
ity (Fig. 3C-) in response to basal hyperinsulinemia (Fig.
2B-i) (87). NA treatment significantly reversed fat accumu-
lation in liver (Fig. 3A; HF-NA vs. HF-S) and hepatic triacyl-
glycerol levels (Table 1; HF-NA vs. HF-S) in parallel to
reversing basal hyperinsulinemia (Fig. 2B-i) and Fasn level
(Fig. 3C-i). Consistent with a previous report (11), the
acute rise of insulin release at refeeding (RF) downregu-
lates Fasn activity relative to fasting (F) in RD-S mice (Fig.
3C-). This occurred in parallel to induced CEACAMI
phosphorylation as shown by immunoblotting with anti-
phospho-CEACAMI1 (a-pCCl) antibody (Fig. 3CHi), fol-
lowed by its increased binding to Fasn, as shown by its
detection in coimmunoprecipitation (Co-IP) with the Fasn
immunopellet from RD-S mice (Fig. 3CHii). In contrast,
under chronic hyperinsulinemic conditions and in re-
sponse to HF, insulin failed to phosphorylate CEACAMI
and induce its binding to Fasn to decrease its activity in
HF-S. In HF-fed mice, NA restored refeeding-induced
CEACAMI phosphorylation (Fig. 3C-i) and its binding to
Fasn (Fig. 3C-iii) to downregulate its activity (Fig. 3C-). To-
gether with maintaining the rise in fatty acid B-oxidation
(Fig. 3B; 4.39 + 0.52 in HF-NA vs. 1.07 = 0.07 nmol/g/min
in RD-S; P < 0.05), NA’s ability to restore the suppressive
effect of insulin on Fasn activity could counter the effect of
HF diet on fat deposition in liver.

shows that nuclei and macrophages surrounding adipocytes are in-
creased in the HF-NA treated mice (xiivs. xi) indicating increased
inflammation in the HF-NA treated mice compared with the HF-S
treated or RD-S treated mice. Representative images from three sec-
tions per mouse per each staining are shown. The scale bar on the last
panel of each stain represents scale bar in all other panels per stain.
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Fig. 2. Effect of NA on metabolism and insulin signaling. A-i: RD-fed mice were injected with saline (RD-S,
white square) and HF-fed mice with saline (HF-S, black square) or NA (HF-NA, gray circle) before intraperi-
toneal insulin tolerance test was carried out to measure glucose disposal at 0-180 min. i: The AUC was calcu-
lated. n = 6-10 mice/feeding/treatment group. Values are expressed as mean + SEM. * P < 0.05 versus RD-S
(white bar); ' P< 0.05 HF-NA (gray bar) versus HF-S (black bar). B: At the end of feeding/treatment period,
mice were fasted overnight (F, white bar) and then refed (RF) for 7 h to measure plasma insulin level (i).
Western analysis in liver (i) and WAT lysates (i) was carried out by immunoblotting (Ib) with a-phospho-Akt
(a-pAkt) antibodies, followed by reimmunoblotting (re-Ib) with a-Akt antibody to normalize per total Akt
loaded. Gels represent 2 independent experiments on 2 mice/feeding/treatment group. C-i: Liver lysates
were analyzed by Western Blotting, probed with a-CEACAM]1 (a-CCl1), followed by a-Actin antibody. ii: Hepa-
tocytes were isolated from WT mice and treated with either BSA or with BSA-coupled fatty acid mixture (FA)
(0.1 mM), lysed, and analyzed by Western blot, using immunoblotting (Ib) with a-CCl, followed by a-GAPDH
antibody for normalization. Gel represents three independent experiments. D: Constructs from the mouse
promoter bearing the WT sequence from nt —1,100 to +30 or a block mutation of the only active PPRE/RXR
site located between nt —557 and —543 were generated, subcloned into the pGL4.10 promoterless plasmid
before their Luciferase activity in response to ethanol (Veh) (white bars) or FA (0.1 mM) (black bars) was
determined in mouse Hepal-6 cells. As a negative control, cells were transfected with the empty pGL4.10. The
experiment was performed in quadruplet several times. Luciferase light units were expressed as mean + SD in
relative light units (RLU). The graph represents typical results from several separate experiments. * P< 0.05
versus Veh-treated cells (black vs. white bar per each construct).

Hepatic adenoviral-redelivery of CEACAMI reverses diet-
induced metabolic abnormalities

We then tested whether reduced hepatic CEACAMI is
critical to diet-induced metabolic abnormalities. To this
end, we rescued CEACAMI in the liver using adenoviral-
mediated redelivery (Ad) and examined whether this re-
versed the abnormal dietinduced metabolic phenotype.
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Mice fed HF for 21 days were injected with comparable ti-
ters of Ad-GFP control, adenovirus construct bearing
WT rat CEACAM1 ¢cDNA (Ad-rWT), and the adenovirus
construct bearing the S503A phosphorylation-defective
CEACAMI1 mutant cDNA (Ad-rSA). Immunoblotting tis-
sue lysates 3 days postadenoviral injection with a-mouse
CEACAMI1 antibody detected endogenous CEACAMI1
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Fig. 3. Effect of NA on lipid metabolism in liver. A: Liver histology
was assessed by H and E stained sections (n = 5 mice/feeding/treat-
ment group). HF-S mice exhibit microvesicular lipid infiltration al-
ternating with normal liver parenchyma. HF-NA manifested a
normal histology like that of RD-S. Representative images from
three sections/mouse are shown (20x magnification). B: Hepatic
fatty acid oxidation was determined in 4 mice/feeding/treatment
group. Experiments were repeated at least three times. Values are
expressed as mean + SEM. * P < 0.05 versus RD-S. C-i: Fasn enzy-
matic activity was measured in the liver by []4C]malonyl—CoA incor-
poration on mice that had been fasted overnight (F) and refed for
7 h (RF). n = 5/feeding/treatment group. Each assay was per-
formed in triplicate. Values are expressed as mean + SEM. * P<0.05
versus F/each treatment group; " P <0.05 versus F or RF in other
treatment groups. #: Western analysis of Fasn (normalized to
GAPDH) and phosphorylated CEACAMI1 normalized to total
CEACAMLI in liver lysates. ii: Co-IP analysis of Fasn binding to
CEACAMI was carried out by immunoprecipitating (IP) with o-
Fasn antibody followed by immunoblotting (Ib) with a-CC1 anti-
body. Gels represent more than two separate experiments.

protein expression in liver, with insignificant expression in
WAT and skeletal muscle (Fig. 4A-i, mCCl), as expected
from the limited expression of CEACAMI in these tissues
(9). In contrast, immunoblotting with a-rat CEACAM1 an-
tibody revealed restricted expression of rat CEACAMI1
(rCC1) to the liver but not WAT or muscle of mice injected
with Ad-rWT or Ad-rSA, but not Ad-GFP. Transgenic rat

CEACAMI expression was sustained for at least 21 days, as
demonstrated by Western (Fig. 4A-ii) and qRT-PCR (Fig.
4A-iii) analyses of liver lysates. Per our earlier report (17),
endogenous mouse Ceacaml mRNA (Fig. 4A-ii) and
CEACAMI protein (Fig. 4A-i) content were reduced by
>60% by HF. In parallel, HF impaired insulin clearance, as
assessed by steady-state C-peptide/insulin molar ratio, and
hyperinsulinemia (Table 2, HF-GFP vs. RD-GFP). This
caused fed hyperglycemia (Table 2), and intolerance to in-
sulin (Fig. 4B-i, blue vs. black lanes and AUC bars) and glu-
cose (Fig. 4B-ii), as assessed on day 13 and 16 postinjection,
respectively. Ad-rWT delivery restored insulin clearance
together with plasma insulin and C-peptide levels in HF-fed
mice (Table 2, HF-rWT vs. RD-GFP). It also restored insu-
lin and glucose tolerance (Fig. 4B-i and ii, respectively,
green vs. black lanes and AUC bars) and blood glucose lev-
els (Table 2). In contrast, injecting Ad-rSA CEACAM1 mu-
tant (red) failed to restore these metabolic factors (Table 2
and Fig. 4B).

Consistent with the positive effect of hyperinsulinemia
on hepatic de novo lipogenesis (37), HF-GFP mice mani-
fested higher mRNA levels of sterol regulatory element-
binding protein-lc, the master transcriptional regulator of
lipogenic genes, than RD-GFP (supplemental Table S3).
This increased Fasn mRNA (supplemental Table S3) and
protein content (Fig. 5A-i) in the liver and subsequently,
enzymatic activity (Fig. bA-ii).

Additionally, HF induced mRNA levels of genes impli-
cated in fatty acid transport, such as Fatp-1 and Fatp-4 (sup-
plemental Table S3, HF-GFP vs. RD-GFP). In contrast, HF
lowered carnitine palmitoyltransferase-la. (Cpt-1at) mRNA
levels (supplemental Table S3). Consistent with the role of
CPT-1a in transporting fatty acids to mitochondria for 3-
oxidation, hepatic mRNA expression (supplemental Table
S3) and plasma levels of FGF21 (Table 2) were ~2-fold
lower in HF-GFP than RD-GFP mice. Injecting Ad-rWT, but
not Ad-rSA, normalized the level of these genes (supple-
mental Table S3) as well as plasma FGF21 in HF-rWT, but
not HF-rSA mice (Table 2), further supporting restored
fatty acid B-oxidation by Ad-rWT redelivery. Together, this
yielded limited fat accumulation in the liver of HF-rWT
relative to HF-GFP and HF-rSA mice, as shown by histologi-
cal analysis of the H and E stain of the liver (Fig. 5B), and
by hepatic triacylglycerol content (Table 2). Consistent
with redistribution of substrates to WAT, adipocytes’ ex-
pansion was also restricted in HF-rWT by comparison to
HF-GFP mice (Fig. 5C), as opposed to mice injected with
Ad-rSA mutant in which adipocytes’ expansion was compa-
rable to that in Ad-GFP controls (Fig. 5C).

Consistent with enhanced inflammation by increased fat
accumulation (38), qRT-PCR analysis showed induced pro-
inflammatory (F4/80 and Tnf-a), and profibrotic genes
(a-Sma and Col6a3) in the liver (supplemental Table S3)
of HF-GFP versus RD-GFP mice, all of which were reversed
by Ad-rWT, but not Ad-rSA injection. Of note, qRT-PCR
analysis showed comparable mRNA levels of F4/80 and
TNF-« in the liver of HF-fed mice 3 days postinjection of
Ad-rWT and Ad-rSA CEACAM1 (supplemental Table S4).
This indicates that the changes in the inflammatory signals
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21 days postinjection are not related to the acute inflamma-
tory response to adenoviral injection, but rather to the
metabolic effect of WI' CEACAMI, which appears to re-
quire longer than 3 days.

Consistent with the downregulation of Smad-7 expres-
sion by TNF-a (39), HF reduced the mRNA level of Smad-7
in WAT (supplemental Table S5, HF-GFP vs. RD-GFP). Re-
delivering Ad-rWT, but not Ad-rSA CEACAMI to the liver
restored Smad-7 levels (supplemental Table S5), consistent
with possible TGF-$3 inhibition, as manifested by decrease
in profibrotic genes, a-Sma and Col6a3, in the WAT of HF-
rWT, but not HF-rSA mice (supplemental Table S5).

Adenoviral-redelivery of CEACAMI rescues energy
expenditure in HF-fed mice

Ad-rWT, but not Ad-rSA CEACAM1 totally reversed BW
gain, visceral adiposity, and NEFA plasma levels (Table 2).
It also restored the mRNA levels of UCP-1, a marker of
brown adipogenesis, in WAT (supplemental Table S5). Ad-
ditionally, it reduced, but not fully restored total fat mass
(Table 2, HF-rWT vs. RD-GFP). This provided impetus to
investigate potential changes in energy balance by indirect
calorimetry 21 days postinjection. As expected (17), HF
feeding reduced daily food intake in all mouse groups relative
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Fig. 4. Effect of adenoviral-mediated redelivery of
CEACAMI1 on glucose and insulin intolerance
caused by HF diet. A-iz Western analysis of rat and
mouse CEACAMI expression (rCCl and mCCl, re-
spectively) in lysates from liver, WAT and skeletal
muscle of 2-month-old RD-fed WT mice 3 days postin-
jection with Ad-GFP, Ad-rWT, and Ad-rSA. Membranes
were reprobed with a-GAPDH antibody for normaliza-
tion. ii: Western analysis (n = 2/each group) on liver
lysates from mice fed with RD or HF for 41 days and
injected with adenoviral particles in the last 21 days
of feeding. ui: qRT-PCR analysis of liver lysates to
measure rat and mouse Ceacam] mRNA levels nor-
malized to Gapdh (n = 5/each group in duplicate).
B: Intraperitoneal insulin tolerance (#) and glucose
tolerance (i) tests were carried out 13 and 16 days,
respectively, after being injected with Ad-GFP [black
(RD) and blue (HF)], Ad-rWT (green), and Ad-rSA
(red) (n=6-8/per group). The AUC was measured
and presented in graphs on the right. Values are
expressed as means + SEM. * P < 0.05 versus RD-fed;

' P<0.05 versus HF-GFP.
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to RD-GFP mice (Fig. 6A). Indirect calorimetry analysis
over a 24 h period revealed lower energy expenditure (Fig.
6B, heat generation), O, consumption (VO,) (notshown),
CO, production (VCO,) (not shown), calculated RER
(Fig. 6C), and spontaneous locomotor activity along
the combined X, Y, Z axes (Fig. 6D) in HF-GFP relative to
RD-GFP mice. Injecting mice with Ad-rWT, but not Ad-rSA
CEACAMI, reversed the negative effect of HF on energy
expenditure and the spontaneous locomotor activity. Pre-
served energy expenditure and physical activity could con-
tribute to lower fat mass and BW in HF-rWT than HF-rGFP
and HF-rSA mice (Table 2).

DISCUSSION

HF diet causes a progressive decline in hepatic CEACAM1
levels reaching ~60% after 3 weeks, at which point, it im-
pairs insulin clearance to cause hyperinsulinemia with at-
tendant insulin resistance and hepatic steatosis (17).
Conversely, protecting CEACAMI1 by fatinducible liver-
specific CEACAMI overexpression restricted the metabolic
derangement caused by HF diet, including visceral obesity
and disturbed energy balance (17). While these studies



TABLE 2. Effect of adenoviral-mediated CEACAMI1 redelivery to the liver on plasma and tissue biochemistry

RD-GFP HF-GFP HF-rWT HF-rSA
BW (g) 94.2+0.3 97.6+1.0° 95.2 +0.4" 97.9 + 0.5
% Fat mass (NMR) 35+04 12.0 +1.2° 8.0 +0.7* 14.2 £ 0.9*
% Lean mass (NMR) 70.6 £ 0.7 65.0 £ 1.1 66.3 +0.5 59.8+ 1.3
% Visceral fat (WAT/BW) 1.5+0.1 2.6 +0.4" 2.1+0.1 3.4+0.3"
% BAT/BW 0.31 £0.02 0.25 + 0.02 0.30 £ 0.03 0.23£0.01
Hepatic triacylglycerol (jug/mg) 55.4+8.2 104.2 + 18.1° 54.3+6.9" 98.5 + 15.6%
Plasma NEFA (mEq/1) 0.4+0.0 0.5+ 0.0 0.4+0.0" 0.5+ 0.0
Plasma triacylglycerol (mg/dl) 485+ 3.8 447+ 3.5 51.4+4.0 49.6 + 3.0
Plasma insulin (pM) 26.8 + 2.4 52.3 + 8.5" 32.1+ 35" 57.0 + 8.6"°
Plasma C-peptide (pM) 193.6 + 8.6 307.8 + 58.3" 199.1 £7.7" 2297.4 + 32.5"°
Steady-state C-peptide/insulin 8.6 0.6 5.2+0.3" 7.0+0.8" 4.4+0.3"
Fasting blood glucose (mg/dl) 705 71+6 73+4 83+7
Fed blood glucose (mg/dl) 112 +4 128 + 4" 117+ 2" 131 £5°
Plasma FGF21 (pM) 11.2+£2.2 53+1.1° 16.2 +3.0" 6.0 £1.2%°

Male mice (n = 6-10/feeding/treatment group) were fed RD or HF diet for 20 days before being injected
through the tail vein with comparable amounts of adenoviral particles of Ad-GFP (as control), Ad-rWT, and Ad-rSA
while they were maintained on RD or HF diet. At the end of the experiments (21 days postinjection), mice were
euthanized, and tissues and blood removed to carry out the same analyses described in the legend to Table 1. Values

are expressed as mean = SEM.
“P< 0.05 versus RD-GFP.
"P<0.05 versus HF-GFP.
‘P< 0.05 HF-rSA versus HF-rWT.

underscored the importance of CEACAMI1-dependent he-
patic insulin clearance in promoting insulin sensitivity,
they did not fully identify the primary factors that cause
diet-induced CEACAMI repression or the cause-effect rela-
tionship between impaired insulin clearance and insulin
resistance in response to HF diet. The current studies
showed that redistribution of WAT-derived fatty acids to
the liver during lipolysis mediated the suppressive effect of
HF diet on hepatic CEACAMI1 expression, and that restor-
ing CEACAMI function by adenoviral redelivery com-
pletely reversed diet-induced metabolic abnormalities.

Blocking lipolysis with NA caused adipocytes’ expansion
to accommodate fat retention in WAT. This tissue remod-
eling was likely facilitated by a parallel decrease in fibrosis,
a cellular event commonly found in the white adipose de-
pot of insulin-resistant, obese rodents (32, 33) and humans
(34). The anti-fibrotic effect of NA could be mediated by
the ~2-fold rise in IFN-y (40) that could counter the profi-
brogenic effect of Col6a3 (33) and IL-6 (40), and by the
combined effect of the rise in WAT-derived TNF-a and
plasma leptin levels (41).

While NA treatment caused fat accumulation, triggered
more inflammation, and blunted insulin signaling in WAT
of mice fed a HF diet for 30 days, it protected hepatic insu-
lin signaling together with systemic insulin response. In
parallel, it protected hepatic CEACAMI levels against HF
diet, demonstrating that lipolysis mediated the decline in
hepatic CEACAMI1 expression. This is consistent with find-
ings of compromised insulin clearance and insulin signal-
ing in parallel to reduced CEACAMI1 protein content in
rats receiving an intralipid-heparin infusion (24).

Lipolysis could occur shortly after initiating HF intake
due to dysregulated hypothalamic control in the absence
of insulin resistance in WAT (22). Released fatty acids
could then suppress hepatic CEACAMI1 content, as sug-
gested by their downregulatory effect on Ceacaml promoter
activity and on its protein level in primary hepatocytes.

Acute rise in fatty acids can also activate protein kinase Cb-
mediated pathways to impair insulin signaling in liver (24),
which would in turn, suppress insulin-mediated Ceacaml
transcription (42). We have shown that repression of
CEACAMI1 does not translate into systemic insulin resis-
tance until about 3 weeks of HF feeding (43) when hepatic
CEACAM1 content is reduced by >60% (17). Complete re-
versal of these metabolic abnormalities by rescuing WT
CEACAMI in the liver of mice kept on a HF diet demon-
strates that the decrease in hepatic CEACAMI1 plays a caus-
ative role in sustaining systemic insulin resistance and
hepatic steatosis in response to HF diet.

The physiological consequence of reduced CEACAMI1
expression by HF diet appears to maintain hepatic fatty ac-
ids B-oxidation at times of excessive energy supply. We
have reported that CEACAMI1 downregulates Fasn activity
to prevent steatosis in liver (11). We have also shown that
PPARa reduces Ceacaml transcription to regulate fatty
acid B-oxidation during the fasting-refeeding transition
(12) and in response to fenofibrate treatment (44). Be-
cause fatty acids are the endogenous ligands of PPARa
(45), it is conceivable that adipose tissue-derived fatty acids
reduce CEACAMI1 levels by a PPARa-mediated mechanism
as shown by failure of fatty acids to downregulate the tran-
scriptional activity of a promoter construct bearing a muta-
tion on the active PPRE/RXR site in Ceacaml promoter, as
they did to the WT promoter. As recently shown (12), sup-
pressing CEACAMI1 would provide a positive feedback
mechanism on B-oxidation as it is expected to alleviate the
negative effect of CEACAMI on Fasn activity (11) and sub-
sequently, reduce malonyl-CoA level to relieve its inhibi-
tory effect on fatty acids translocation to the mitochondria
to undergo B-oxidation. This presents a novel mechanistic
underpinning for the regulation of lipid oxidation by
plasma fatty acids (46).

Adenoviral-redelivery of WT CEACAMI in the liver restored
insulin clearance and, subsequently, insulin sensitivity and
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normal lipid metabolism. It also restored locomotor activ-
ity and energy expenditure in mice fed a HF diet in parallel
to reversing the gain in BW and visceral adiposity. Given
that CEACAMI is not produced by adipose tissue (9), it is
likely that adenoviral delivery of CEACAMI drives the ex-
pression of a set of factors that mediate this positive effect
on energy expenditure and adipose tissue biology (reversal
of adipocytes’ expansion and limited fibrosis and inflam-
mation). One of these factors might be the rise in plasma
FGF21 (47, 48), which induces locomotor activity (49) to
elevate energy dissipation (50, 51). Recapitulating the pro-
tective effect of forced expression of hepatic WT CEACAM1
on metabolism (17) and on adipose tissue biology and en-
ergy expenditure (30) in response to HF diet, the restorative
metabolic effect caused by hepatic adenoviral redelivery of
WT CEACAMI on adipocytes supports the critical role of
hepatocytic CEACAMI in regulating insulin action and
metabolism in other tissues.

Contrary to WI CEACAMI, adenoviral delivery of
the Ad-rSA phosphorylation-defective CEACAMI1 mutant
failed to reverse the negative metabolic effects of HF diet.
Using the L-SACCI1 transgenic mouse with liver-specific
dominant-negative overexpression of this SA phosphoryla-
tion-defective mutant, we demonstrated that impairment
of insulin clearance causes chronic hyperinsulinemia
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RD-GFP; ' P< 0.05 versus HF-GFP.

followed by systemic insulin resistance and increased lipid
production in liver and redistribution to adipose tissue to
cause visceral obesity with increased lipolysis and FFA out-
put (13). Consistent with downregulated insulin receptor
by chronically elevated insulin levels (52, 53), L-SACC1
mice manifested reduced insulin receptor number and
compromised insulin-induced signaling in hepatocytes
(13) in addition to reduced ability of insulin to suppress
hepatic glucose production, as demonstrated by hyperin-
sulinemic-euglycemic clamp analysis (54). Additionally,
L-SACCI1 mice developed insulin resistance including re-
duced glucose transport in muscle and adipose and in-
creased lipid accumulation in liver and peripheral tissues
(54). Hyperinsulinemia can cause insulin resistance in adi-
pose tissue by reducing Glut4-mediated glucose transport
(55). Moreover, chronic hyperinsulinemia can cause insu-
lin resistance to the suppression of plasma FFA levels and
increasing de novo lipogenesis but not with regard to he-
patic gluconeogenesis (56). Hepatic insulin resistance and
increased gluconeogenesis appear to be regulated by in-
creased mobilization of FFA and adipokines from WAT
(57, 58). Consistently, inhibiting lipolysis and inducing
fatty acid oxidation restored insulin action in L-SACCI
transgenics (59), pointing to the role of altered fat metabo-
lism in their sustained insulin resistance that was secondary
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Fig. 6. Effect of adenoviral-mediated redelivery of CEACAMI on
diet-induced energy imbalance. Mice were individually caged (n =4
per group), fed ad libitum, and subjected to indirect calorimetry
analysis in a 24 h period for 5 days to measure: daily food intake (A);
heat production (energy expenditure) (kcal/h/kg lean mass) (B);
VCO, production and VO, consumption (mg/h/kg lean mass) to
calculate RER as VCO,/VOj ratio (C), and spontaneous locomotor
activity along the X, Y, and Z axes (counts/day) (D). Values are ex-
pressed as mean + SEM of each time interval in the last 3 days. * P<
0.05 versus RD-GFP per cycle; ' P< 0.05 versus HF-GFP per cycle.

to impaired insulin clearance. Given that HF diet increases
apoAl (17), it is conceivable that elevated plasma FFA in
L-SACC1 mice maintain the elevated level of the domi-
nant-negative rat transgene expression driven by apoAl
promoter, while repressing that of the mouse endogenous
gene by a PPARa-dependent mechanism (44). This could
contribute to the suppression of endogenous CEACAM1
activity on hepatic insulin clearance and lipid metabolism
by the S503A phosphorylation-defective Ceacaml mutant
transgene.

In summary, the current studies provide a novel role for
hepatic CEACAMI1-dependent pathways in regulating fatty
acid metabolism along the adipocyte-hepatocyte axis in
response to excess energy intake. Given that hepatic
CEACAMI content is markedly reduced in the liver of insu-
lin-resistant obese subjects with fatty liver disease (20), the
current findings propose that inducing CEACAMI could
constitute a critical therapeutic target that serves to miti-
gate dietinduced metabolic abnormalities, including obe-
sity and fatty liver discase.
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