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Aging is associated with inflammation and metabolic syndrome, which manifests in the liver as
nonalcoholic fatty liver disease (NAFLD). NAFLD can range in severity from steatosis to fibrotic
steatohepatitis and is a major cause of hepatic morbidity. However, the pathogenesis of NAFLD in
naturally aged animals is unclear. Herein, we performed a comprehensive study of lipid content and
inflammatory signature of livers in 19-month—old aged female mice. These animals exhibited
increased body and liver weight, hepatic triglycerides, and inflammatory gene expression compared
with 3-month—old young controls. The aged mice also had a significant increase in F4/80" hepatic
macrophages, which coexpressed CD11b, suggesting a circulating monocyte origin. A global
knockout of the receptor for monocyte chemoattractant protein (CCR2) prevented excess steatosis
and inflammation in aging livers but did not reduce the number of CD11b™ macrophages, suggesting
changes in macrophage accumulation precede or are independent from chemokine (C-C motif) ligand
—CCR2 signaling in the development of age-related NAFLD. RNA sequencing further elucidated
complex changes in inflammatory and metabolic gene expression in the aging liver. In conclusion,
we report a previously unknown accumulation of CD11b™ macrophages in aged livers with robust
inflammatory and metabolic transcriptomic changes. A better understanding of the hallmarks of
aging in the liver will be crucial in the development of preventive measures and treatments for end-
stage liver disease in elderly patients. (Am J Pathol 2020, 190: 372—387; https://doi.org/10.1016/
J.ajpath.2019.10.016)

Nonalcoholic steatohepatitis (NASH) is the leading cause of
chronic liver disease in the world and is currently the second
leading indication for liver transplantation in the United
States.'~ The prevalence of nonalcoholic fatty liver disease
(NAFLD), including NASH, increases with age.l In-
dividuals aged >60 years exhibit a 200% increase in liver
triglyceride content compared with young individuals when
matched for body mass index, fat percentage, physical ac-
tivity, smoking, and medical history.” With an aging pop-
ulation, the number of individuals requiring a liver
transplant is expected to increase, whereas the number of
healthy donor organs available for transplant is anticipated
to decrease as hepatic steatosis risk factors (eg, obesity and
type 2 diabetes mellitus) continue to increase, further
exacerbating the disparities in liver transplantation supply
and demand.’

The mechanism for developing age-related steatosis is not
fully understood but was recently attributed to hepatocyte
senescence driving a reduction in mitochondrial fatty acid

Supported by NIH grants ROI-AG055564 (B.N.B.), R01-DK103645
(A.W.D.), F31-DK112633 (E.C.S.), U24-DK059637, and P30-DK020593;
the Cellular Approaches to Tissue Engineering and Regeneration T32
training grant T32-EB001026 (E.C.S., S.T.L., and M.J.H.); the Pittsburgh
Liver Research Center Pilot and Feasibility Award P30-DK120531
(B.N.B.).

Disclosures: None declared.

Current address of E.C.S., California Institute for Quantitative Bio-
sciences, University of California Berkeley, Berkeley, CA; of S.T.L,
Department of Chemical Engineering, Carnegie Mellon University, Pitts-
burgh, PA; of P.D.W., Division of Genetics, Brigham and Women’s
Hospital, Harvard Medical School, Boston, MA.

The content is solely the responsibility of the authors and does not
necessarily represent the official views of the NIH.

Copyright © 2020 American Society for Investigative Pathology. Published by Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.ajpath.2019.10.016


mailto:brownb@upmc.edu
mailto:brownb@upmc.edu
mailto:duncana@pitt.edu
https://doi.org/10.1016/j.ajpath.2019.10.016
https://doi.org/10.1016/j.ajpath.2019.10.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2019.10.016&domain=pdf
https://doi.org/10.1016/j.ajpath.2019.10.016
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2019.10.016

Aging and Liver Inflammation

metabolism.” Progression of NAFLD/NASH in aged in-
dividuals may also be related to decreased transport of in-
sulin across the sinusoidal endothelium,® reduction in
autophagic flux,” or chronic low-level inflammation origi-
nating from adipose tissue or local immune cells,™” leading
to the buildup of toxic free fatty acids in the liver.

Hepatic macrophages, including both Kupffer cells and
monocyte-derived macrophages, have been implicated in
the development and progression of NAFLD/NASH, but
little is known about how aging influences these cell pop-
ulations.'””'? Kupffer cells are derived from the embryonic
yolk sac and are maintained by self-renewal, comprising the
largest population of immune cells in the liver.”~'® Alter-
natively, monocyte-derived macrophages have been found
to migrate to the liver under chemotactic stimuli and
constitute a distinct population in the absence of Kupffer
cell depletion.'”"®

When mice were fed a high-fat or high-cholesterol diet,
the balance of hepatic macrophages was found to shift to-
ward monocyte-derived cells (F4/80'°CD68 CD11b™) and
away from the resident Kupffer cell population (F4/
80MCD68TCD11b")."” Hepatic macrophages are known to
secrete IL-1f, tumor necrosis factor-o,, and chemokine (C-C
motif) ligand (CCL) 5 during steatosis, which may promote
hepatocyte apoptosis, as well as monocyte chemoattractant
protein (CCL2), which can also be produced by hepato-
cytes.”’ The production of CCL2 is regulated by the ca-
nonical NF-kB signaling pathway and is inversely
correlated to liver X receptor and retinoid X receptor
signaling in both macrophages and hepatocytes.”’

This study investigates hepatic steatosis in aging mice,
and identifies phenotypical and functional changes in he-
patic macrophages, toward a better understanding of
mechanisms underlying the development of fatty liver dis-
ease and inflammation in the natural aging process.

Materials and Methods

Animal Models

The Institutional Animal Care and Use Committee of the
University of Pittsburgh (Pittsburgh, PA) approved all
mouse experiments. C57BL/6 wild-type (WT) mice were
obtained at the ages of 2 and 18 months from the National
Institute on Aging (NIA) Rodent Colony (Charles River
Laboratories, Wilmington, MA), where they received the
NIH 31 diet (Ziegler Feed, Gardners, PA) and were used for
experiments 1 month after arrival. CCR2 knockout (KO)
mice (B6.129S4-CCr2<tmllfc>) or WT controls were ob-
tained from The Jackson Laboratory (Bar Harbor, ME) as
retired breeders (7 to 8 months of age), where they received
JL Rat and Mouse Auto 6F (LabDiet, St. Louis, MO) and
were aged in house at the University of Pittsburgh for an
additional 11 to 12 months, where they received Prolab
Isopro RMH 3000 (Lab Diet). Female mice were included
exclusively in this study, as sex-specific differences in the
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age of onset of NAFLD/NASH have been noted in the
literature.”” Females are more likely to develop NAFLD/
NASH with aging and after menopause, whereas males are
less well associated with age as a risk factor for developing
NAFLD/NASH.*” Mice were maintained on a standard 12-
hour light and 12-hour dark system at the University of
Pittsburgh specific pathogen-free animal facility. Mice were
housed in Optimice cages (AnimalCare Systems, Centen-
nial, CO) with Sani-Chip Coarse bedding (P.J. Murphy,
Montville, NJ) and provided ad libitum access to water.
Mice were provided huts and running wheels for
enrichment.

Harvest of Liver Tissues

Mice were weighed and sacrificed by carbon dioxide inha-
lation, followed by cervical dislocation, in accordance with
University of Pittsburgh Institutional Animal Care and Use
Committee standards. Livers were excised and rinsed in
phosphate-buffered saline (PBS). Liver mass was recorded.
Small pieces of liver were dissected and i) fixed in 2%
paraformaldehyde (Acros Organics; Fisher Scientific, Pitts-
burgh, PA) for 2 hours, followed by 60% sucrose overnight,
then embedded in OCT compound (Fisher Scientific); ii)
fixed in 10% neutral-buffered formalin (Fisher Scientific)
and embedded into paraffin blocks by the McGowan Insti-
tute for Regenerative Medicine histology core; or iii) snap
frozen in liquid nitrogen and stored at —80°C for later
analysis of RNA, protein, or lipids.

Primary Liver Cell Isolation

Primary hepatocytes were isolated using a two-step colla-
genase perfusion.” Briefly, after general anesthesia induc-
tion, a catheter was inserted into the portal vein or inferior
vena cava and 0.3 mg/mL collagenase II (Worthington,
Lakewood, NJ) was circulated through the liver. Digested
livers were placed in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum (Corning, Tewksburg, MA),
passed through 100- and 70-pm cell strainers, and washed
twice using low-speed centrifugation (50 x g for 3 minutes)
to remove nonparenchymal cells (NPCs). Hepatocyte
viability, determined by trypan blue staining, was typically
>80%, with purity >90%. Hepatocytes were stored in
RNA-later (Fisher Scientific) or radioimmunoprecipitation
assay (RIPA) buffer (1% IgePAL CA-630 [octylphenoxy
poly(ethyleneoxy)ethanol], 0.5% sodium deoxycholate, and
0.1% SDS; Sigma-Aldrich, St. Louis, MO), with Pierce
protease and phosphatase inhibitor mini tablet (Thermo-
Scientific, Waltham, MA) at —20°C for RNA/protein anal-
ysis at a later time. NPCs were used for flow cytometry or
were further purified to collect hepatic macrophages.
Briefly, NPCs were blocked with Fc receptor (1:100; rat
anti-mouse CD16/32; BD Biosciences, San Jose, CA),
stained with F4/80-phosphatidylethanolamine (F4/80-PE)
[1:20; rat anti-mouse (BMS8); eBioscience, ThermoFisher
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Scientific, San Diego, CA], and incubated with anti-PE
microbeads (1:10; Miltenyi Biotec, Auburn, CA). Cells
were applied to LS columns on the QuadroMACS separator
(Miltenyi Biotec) and washed three times to remove non-
tagged NPCs. F4/80" cells were eluted and counted.
Viability of collected F4/80" cells was typically >85%,
with purity >95%.

Serum Quantification

Serum was collected from experimental animals; and the
levels of circulating proteins, including alanine transaminase
(ALT), aspartate transaminase (AST), albumin, and total
bilirubin, or serum cholesterol and triglycerides were
determined by the University of Pittsburgh Medical Center
Clinical Laboratory.

Hepatic Lipid Quantification

Frozen liver pieces (approximately 100 mg) were shipped
overnight on dry ice to the Lipids and Lipoproteins Subcore
at the Vanderbilt Mouse Metabolic Phenotyping Center
Analytical Resources Core (Nashville, TN). Lipids were
extracted from liver tissue by thin-layer chromatography,
and total cholesterol, triglycerides, and fatty acids were
quantified by gas chromatography.

Hepatic Bile Acid Quantification

Frozen liver pieces (approximately 100 mg) were homoge-
nized in 75% ethanol (DeconLabs, King of Prussia, PA) and
incubated at 50°C for 2 hours. Digested lysates were
centrifuged at 6000 x g for 10 minutes, and the supernatant
was collected. Bile acids were quantified using the Mouse
Total Bile Acids Kit (Crystal Chem, Elk Grove Village, IL).

Glucose Tolerance Test

Glucose levels were measured from blood using EmbracePRO
glucose monitor (Omnis Health, Nashville, TN) after 6 hours
of fasting. Mice received i.p. injection of 10% D-glucose so-
lution (1g/kg; Fisher Scientific). Levels of glucose in the blood
were measured at 15, 30, 60, and 120 minutes after injection
and recorded.

Liver Histology and Immunostaining

Paraffin blocks were divided into sections (4 pm thick) and
affixed to glass slides. Sections were deparaffinized using
xylene and graded ethanol (100% to 95%) washes and then
placed in tap water. Hematoxylin and eosin, Masson tri-
chrome, and Picrosirius red staining was performed in
house, according to standard protocols (Sigma-Aldrich).
Staining was performed by the McGowan Institute for
Regenerative Medicine histology core using ApopTag
Peroxidase In Situ Apoptosis Detection Kit (EMD
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Millipore, Burlington MA). OCT blocks were divided into
sections (7 wm thick) and affixed to glass slides. Sections
were brought to room temperature for 10 minutes, then
stained with Oil Red O (Sigma-Aldrich), or blocked with
5% donkey serum (Fisher Scientific), 1% bovine serum al-
bumin (Sigma-Aldrich), and 0.01% Triton X—Tween 20
(Fisher Scientific) for 1 hour for immunostaining. Primary
antibodies, rabbit anti-mouse CD68 (ab125212; 1:250;
Abcam, Cambridge, MA), rat anti-mouse CD11b (550282;
1:100; BD Biosciences, San Jose, CA), or rabbit anti-p21
(sc-471; Santa Cruz Biotechnology Inc., Dallas, TX), were
applied to tissue sections overnight at 4°C. Slides were
washed three times in PBS, then secondary antibodies were
applied for 1 hour at 1:250 dilution (donkey anti-rabbit 647
or donkey anti-rat 594; ThermoFisher Scientific). Slides
were washed three times in PBS, then blocked in 5% rat
serum (ThermoFisher Scientific) for 1 hour at room tem-
perature. F4/80—FITC (ab105155; 1:50; Abcam) was
applied for 1 hour at room temperature. Slides were washed
three times in PBS, counterstained with DAPI (BioLegend,
San Diego, CA), mounted, and coverslipped. Light micro-
scopy was performed on Eclipse50i microscope (Nikon
Instruments Inc., Melville, NY). Fluorescence microscopy
was performed on Eclipse7iU (Nikon Instruments Inc.).
Staining was quantitated in ImageJ software version 1.50i
(NIH, Bethesda, MD; http://imagej.nih.gov/ij) or NIS
Elements Basic Research software version 4.13 (Nikon
Instruments Inc.).

Gene Expression

RNA-later solution was removed from cell pellets. RNA was
isolated using the RNeasy mini kit (Qiagen, Gaithersburg,
MD). Briefly, cells were lysed with the RLT buffer and 70%
ethanol, then applied to spin columns, washed, and eluted,
per the manufacturer’s directions. RNA was quantified using
a NanoDrop Lite Spectrophotometer (ThermoFisher Scien-
tific). cDNA was generated using the RNA-to-cDNA kit
(Applied Biosystems, Foster City, CA). Quantitative RT-
PCR was performed with 10 ng of cDNA, TagMan Gene
Expression Master Mix (ThermoFisher Scientific), and
TagMan primers (ThermoFisher Scientific) on the Quant
Studio 3 machine (Applied Biosystems). The primers used
were Ccl2 (Mm00441242_ml), Tnfa (Mm00443258_ml),
Il1b (Mm00434228_ml), 7l6 (Mm00446190_m1), and B-
actin (Mm00607939_s1). Fold change was calculated using
the 272V method compared with young or young wild-
type control samples, unless otherwise stated.

Protein Analysis

Hepatocyte protein lysates were quantified using a BCA
Assay (ThermoFisher Scientific). CCL2 was measured with
the murine JE/MCP-1 (CCL2) enzyme-linked immunosor-
bent assay kit (Peprotech, Rocky Hill, NJ), according to the
manufacturer’s directions.
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Flow Cytometry Experiments

NPCs were washed in fluorescence-activated cell sorting
buffer [5% fetal bovine serum and 1% bovine serum albumin
in Hank’s Buffered Saline Solution (Sigma-Aldrich)] and
stained with fixable near-infrared viability dye (1:1000;
FisherScientific). Cells were blocked with Fc blocker (1:100;
CD16/32; BD Biosciences), then surface stained with flow
antibodies [1:20; F4/80-PE (BMS; eBioscience, Thermo-
Fisher Scientific), CD11b-APC (1:20; M1/70; eBioscience,
ThermoFisher Scientific), CD146-PerCypCy5.5 (1:20; ME-
9F1; BD Biosciences), and CD45—FITC (1:20; 30-F11; BD
Biosciences)] for 20 minutes at 4°C. Cells were fixed with
Fixation Buffer (BioLegend) and stored overnight in
fluorescence-activated cell sorting buffer. The following
morning, cells were permeabilized with Intracellular Staining
Permeabilization Wash Buffer (BioLegend) and stained with
CD68-BV421 (1:20; FA-11; BioLegend). Cells were washed
and analyzed on the MACSQuant Flow Cytometer (Miltenyi
Biotec) and analyzed with FlowJo Software version 9.9.5
(FlowJo LLC, Ashland OR).

Isolation and Maturation of Bone Marrow—Derived
Macrophages

Bone marrow was harvested from 2-month—old female WT
mice (NIA) as follows. First, the harvested tibia and femur
bones were rinsed in a sterile dish containing macrophage
complete medium consisting of Dulbecco’s modified Ea-
gle’s medium (Gibco, Grand Island, NY), 10% fetal bovine
serum (Invitrogen, Carlsbad, CA), 10% L929 supernatant,
0.1% B-mercaptoethanol (Gibco), 100 U/mL penicillin, 100
pg/mL streptomyocin, 10 mm nonessential amino acids
(Gibco), and 10 mmol/LL HEPES buffer. Then, the ends of
each bone were cut and the marrow cavity was flushed with
the medium using a 30-gauge needle. The cells were plated
at 10° cell/mL, and allowed to differentiate into macro-
phages for 7 days at 37°C, 5% CO,, with complete media
changes every 48 hours.

Macrophage Cell Culture Experiments

Isolated bone marrow macrophages or F4/80" hepatic mac-
rophages were cultured at 100,000 cells in a tissue
culture—treated 96-well plate (Corning; 31.6 mm® growth
volume or 3165 cells/mm?) in RPMI 1640 media (Sigma-
Aldrich) supplemented with 10% fetal bovine serum (Corn-
ing), 1% 1 mol/L HEPES (Sigma-Aldrich), and 1% penicillin-
streptomycin (Fisher Scientific). After allowing hepatic mac-
rophages to adhere to the cell culture plates for 3 hours, me-
dium was replaced with fresh warmed medium (MO group) or
fresh medium supplemented with recombinant murine inter-
feron-y (20 ng/mL; Peprotech) and lipopolysaccharides from
Escherichia coli 0O55:B5 (100 ng/mL; Sigma-Aldrich; M1
group), or supplemented with IL-4 (20 ng/mL; Peprotech; M2
group) for 12 hours. After 12 hours, the supernatants were
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collected for nitric oxide production assay using the Griess test.
Briefly, supernatant was mixed with equal amounts of 1%
sulfanilamide in 5% phosphoric acid and 0.1% N-(1-napthyl)
ethylenediamine dihydrochloride (Sigma-Aldrich) and absor-
bance was read at 540 nm on Synergy HTX plate reader
(BioTek, Winooski VT), compared with a standard curve
prepared from 0.1 mol/L sodium nitrite (Sigma-Aldrich). Cells
were fixed with 2% paraformaldehyde, then blocked with 5%
donkey serum (ThermoFisher Scientific), 1% bovine serum
albumin (Sigma-Aldrich), and 0.01% Triton X—Tween 20
(Fisher Scientific) for 1 hour for immunostaining. Primary
antibodies, rabbit anti-mouse inducible nitric oxide synthase
(1:100; ab3523; Abcam) and rabbit anti-mouse liver arginase
(1:400; ab91279; Abcam), were applied to cells overnight at
4°C. Cells were washed three times in PBS, then secondary
antibodies were applied for 1 hour at 1:250 dilution (donkey
anti-rabbit 488; ThermoFisher Scientific), counterstained with
DAPI (BioLegend), and imaged. Alternatively, cells were
incubated with Vybrant Phagocytosis FITC-E. coli particles
(ThermoFisher Scientific) at a 1:20 dilution in media for 2
hours at 37°C, then washed, fixed with 2% paraformaldehyde,
and counterstained with DAPI for analysis of phagocytosis.
Urea production was measured by lysing cells in 0.001%
Triton-X (ThermoFisher Scientific) and combining with argi-
nase activation solution (10 mmol/L MnCl, and 50 mmol/L
Tris-HCI; Sigma-Aldrich) for 10 minutes at 56°C, then incu-
bating at 37°C for 22 hours with arginase substrate solution
(0.5 mol/LL rL-arginine; Sigma-Aldrich). Urea was measured
with detection solution (513 mg/L primaquine, 100 mg/L
phthalaldehyde, 2.5 mol/L sulfuric acid, 2.5 g/L boric acid, and
0.03% Brij35; Sigma-Aldrich) against a urea standard curve,
and absorbance was read at 430 nm on Synergy HTX plate
reader.

Endotoxin Assay and 16S rRNA from Hepatic Blood

Blood was collected from female 3-month—old and 19-
month—old (NIA) mice fasted for 6 hours sterilely by insert-
ing a catheter directly into the inferior vena cava. Blood was
allowed to coagulate in a sterile tube for 15 minutes and
centrifuged at 10,000 x g for 10 minutes, and the serum su-
pernatant was collected and stored at —80°C. Serum was
diluted 1:10, and levels of endotoxin were quantified using the
ToxinSensor LAL Chromogenic Endotoxin Quantitation Kit
(VWR, Radnor, PA), according to the manufacturer’s in-
structions. Alternatively, blood was collected in EDTA tubes
(BD Biosciences), then DNA was isolated using the DNeasy
Blood and Tissue Kit (Qiagen). Quantitative RT-PCR was
performed on DNA for 16S rRNA (TagMan: Ba04930791_s1),
according to methods described in Gene Expression.

RNA-Seq and Pathway Analysis

RNA was processed by the University of Pittsburgh Health
Sciences Sequencing Core for mRNA-sequencing (Seq).
Libraries were prepared with TruSeq Stranded mRNA kit
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Table 1

Body Weight, Liver Biochemistry, and Serum Lipids in Young and Aged Mice

Young NIA mice
(aged 3 months)

Aged NIA mice
(aged 19 months)

Characteristic (n = 5-7) (n = 5—6) P value
Body weight, g 22.0 + 1.4 29.2 + 4.0 <0.01
Liver weight, g 1.04 £ 0.2 1.33 £ 0.2 <0.05
Liver/body weight ratio 4.72 £ 0.9 4.98 + 0.4 0.62
Alanine transaminase, IU/L 23.0 £ 5.5 45.3 £ 24 <0.01
Aspartate transaminase, IU/L 403+ 7.6 62.0 + 27 0.05
Serum bilirubin, mg/dL 0.21 £ 0.1 0.17 £ 0.1 0.22
Serum albumin, g/dL 2.50 +£ 0.3 2.48 +£ 0.2 0.78
Serum cholesterol, mg/dL 59.6 + 11 78.8 + 28 0.05
Serum triglycerides, mg/dL 69.6 + 28 66.7 + 20 0.88

NIA, National Institute on Aging.

(Ilumina, San Diego, CA), according to manufacturer’s
instructions. Sequencing was on a NextSeq 500 (Illumina)
using a single mid-output flow cell and 150-base single
read. Adapter sequences were trimmed during demulti-
plexing. This project used the Pittsburgh Health Sciences
Core Research Facility Genomics Research Core for RNA
sequencing experiments.

Raw data were processed in CLC Genomics Workbench
11 (Qiagen). Reads were mapped to the mouse reference
genome; and differentially expressed genes were deter-
mined between young and aged hepatocyte samples using
filters to select genes with reads per kilobase of transcript
per million >1, absolute fold change >1.5, and false dis-
covery rate < (.05. Differentially expressed genes were
imported into Ingenuity Pathway Analysis version 01-12
(Qiagen) to determine signaling pathways and upstream
regulators. Activation (positive z score), inhibition (nega-
tive z score), and interactions of canonical pathways were
examined on the basis of experimentally determined gene
expression changes reported in the literature. Gene fold
changes were also uploaded into the BaseSpace Correlation
Engine, formerly NextBio, a searchable, online database
from Illumina. Pairwise correlation scores were assigned
between all gene expression signatures in the database using
rank-based enrichment statistics. The most correlated gene
expression studies were assigned a numerical score of 100,
and the remaining results are normalized to the top-ranked
study.

Statistical Analysis

When comparing young and aged samples (WT or KO), a
two-tailed #-test was used, unless otherwise stated. One-way
analysis of variance was used to compare polarization of
macrophages, with Tukey multiple comparisons, unless
otherwise stated. Two-way analysis of variance was used to
detect differences in the proportions of CD11b and CD68
populations between young and aged mice, with Sidak
multiple comparisons test. P < 0.05 was considered
significant.
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Results

Aged Mice Have Increased Body Weight, Increased
Liver Weight, and Elevated Serum ALT Levels

Aged virgin female mice (19 months old) obtained from the
NIA animal repository showed a 1.3-fold increase in total
body weight and liver weight compared with young female
mice (3 months old) (Table 1). The liver/body weight ratio
remained proportional between the age groups (4.7% to
5.0% total body weight). To evaluate hepatic injury and
function, serum levels of ALT, AST, bilirubin, and albumin
were measured in the aging female mice (Table 1). There
were slight, but significant, increases in serum ALT and
AST, whereas serum albumin and bilirubin were un-
changed. Likewise, serum cholesterol was increased
significantly, whereas serum triglyceride levels were un-
changed. The elevated liver enzymes in the 19-month—old
mice suggest mild hepatocyte damage or stress in the
absence of experimental injury or manipulation.

Aged Livers Show Signs of Steatosis in the
Absence of Injury

Macroscopically, livers from 19-month—old mice appear
similar to those from 3-month—old mice, with no evidence
of gross tumor, fibrosis, or cirrhosis, although aged livers
are larger with slight pallor (Figure 1A). Microscopically,
the aged livers showed modest microvesicular steatosis both
by Oil Red O and hematoxylin and eosin staining
(Figure 1B). Terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling staining showed mini-
mal apoptotic hepatocytes or NPCs, and picrosirius red
staining also showed lack of fibrosis in either young or aged
liver samples (Supplemental Figure S1).

To further investigate the lipid content in the aged livers,
the amount of total cholesterol and triglycerides was
measured in mice fasted for 6 hours (to control for dietary
intake). Aged livers showed a significant, 1.9-fold increase
in triglyceride content and a significant, 1.5-fold increase in
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Figure 1  Aged livers exhibit signs of steatosis.
A: Representative images of 3-month—old and 19-
month—old livers. B: Representative images of Oil
" Red 0 and hematoxylin and eosin (H&E) staining
T demonstrate an increase in hepatic lipids in 19-
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month—old livers. C: Quantification of hepatic tri-
glycerides and cholesterol per milligram of liver
tissue. D: Quantification of total hepatic bile acids.
E: Glucose tolerance test shows no change in fast-
ing glucose levels or blood glucose over time. Data
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cholesterol content per milligram of liver tissue when
compared with the young livers (Figure 1C). The types of
fatty acids composing the triglycerides and their relative
proportions were unchanged between the age groups, with
the exception of a significant decrease in myristic acid
(14:0) in the livers from aged mice (Supplemental Table
S1). In addition, the concentration of total bile acids in the
livers was similar between the two age groups, suggesting
no deficits in bile acid production and metabolism or signs
of cholestasis (Figure 1D).

To assess the potential confounding effects of metabolic
syndrome on lipid storage in the liver, an i.p. glucose
tolerance test was performed on the 3-month—old and 19-
month—old mice after fasting for 6 hours. Basal glucose
concentrations were similar between the age groups, and
both groups metabolized glucose comparably, suggesting
preserved glucose tolerance (Figure 1E). In addition, hepatic
nuclear localization of cyclin-dependent kinase inhibitor
p21, a marker of cellular senescence,” was analyzed, and
no changes were observed from 3 to 19 months of age
(Supplemental Figure S2). Overall, these studies demon-
strate hepatic steatosis in the aged mice without notable
differences in bile acid, glucose homeostasis, or cell cycle
arrest.
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Aged Livers Show Signs of Spontaneous Inflammation
in the Absence of Injury

The livers from aging mice were assessed for evidence of
inflammation. Whole liver tissue and hepatocytes were iso-
lated from the 3-month—old and 19-month—old mice.
Quantitative RT-PCR showed an increase in Ccl2 expression
in aged whole liver samples (threefold) and aged hepatocytes
(10-fold) (Figure 2A). Enzyme-linked immunosorbent assay
confirmed increases of protein levels of CCL2 (3.6-fold) from
aged hepatocyte fraction lysates (Figure 2B). Additional in-
flammatory genes were up-regulated in the aged samples,
including Tnf, 1l1b, and [l6 (Figure 2C). Taken together,
increased cytokine production was detected in the aged liver
hepatocyte cell fractions at both the RNA and protein levels.

Macrophages Increase in the Aged Liver and Retain
Polarization and Phagocytic Capacity in Vitro

The observed increase of chemokine CCL2 levels prompted
further investigation of the hepatic macrophage content of
aging mice. Flow cytometry of the NPC fraction revealed a
significant increase in F4/80" macrophages in the livers
from aged mice (Figure 3A), which was confirmed by
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histologic staining (Figure 3B). A time course of F4/807"
cell content showed stable levels of hepatic macrophages at
3, 7, and 15 months of age, a significant increase at 19
months of age, and further elevation at 24 months of age
(£1 month) (Supplemental Figure S3). Levels of F4/807"
cells in 19-month—old mice were not statistically different
from 15-month—old mice but were significantly different
from the 3-month—old mice. By 24 months of age, most
livers developed either spontaneous tumors or extensive
NASH and were thus excluded from further investigation as
part of the current study.

The gene expression profile of freshly isolated F4/80"
hepatic macrophages from 3-month—old to 19-month—old
mice was compared (Figure 3C). All fold changes were
modest, and there were no significant differences between
the young and aged hepatic macrophages. However, the
genes 116, Tnf, and Ccl2 decreased in aged F4/80" cells
compared with young, the opposite trend from the aged
hepatocyte fraction. [l/b trended upwards in the aged
macrophages, similarly to the aged hepatocyte fractions.
Nos2, the gene that encodes inducible nitric oxide synthase,
a marker of M1 proinflammatory cell activation, was simi-
larly expressed between the young and aged macrophages,
whereas the genes Argl and Chil3, markers of M2 alter-
native activation, were slightly increased in the aged
macrophages.

To further assess aged hepatic macrophage phenotype,
cells were placed in culture for 18 hours and levels of nitrite
(M1 activation) and urea (M2 activation) were measured in
the supernatants. At baseline, macrophages from 19-
month—old mice secreted similar levels of nitrite as those
from 3-month—old mice (Figure 3D). When treated with
interferon-y and lipopolysaccharide to stimulate an Ml
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detected in 19-month—old hepatocyte cell frac-

tions, normalized to B-actin housekeeping gene

* and 3-month—old controls. Data are expressed as
—|_ means = SD (A—C).n = 3to4 (A);n=3(B);n =
6 (C). *P < 0.05, **P < 0.01 versus 3 months old.

3 19
Age (months)

phenotype, the young hepatic macrophages had a sevenfold
increase in nitric oxide secretion, whereas the aged hepatic
macrophages had a 25-fold increase in nitric oxide secretion.
Similarly, at baseline, macrophages from 19-month—old
mice secreted similar levels of urea as those from 3-
month—old mice (Figure 3E). When treated with IL-4 to
stimulate an M2 phenotype, both young and aged hepatic
macrophages had a sixfold increase in urea secretion from
baseline. In addition, the M1 and M2 stimulated hepatic
macrophages from young and aged mice were able to
effectively phagocytose FITC-labeled E. coli particles
(Supplemental Figure S4A).

Finally, immunostaining for inducible nitric oxide syn-
thase and arginase-1 was performed after the polarization
experiments. The young and aged hepatic macrophages had
comparable levels of inducible nitric oxide synthase labeling
(Figure 3F), which was overall dim when compared with
bone marrow—derived macrophages treated similarly
(Supplemental Figure S4B). The hepatic macrophages
strongly expressed arginase, particularly in the aged group,
which was significantly increased after treatment with 1L-4
compared with macrophages from 3-month—old mice
(Figure 3G).

Taken together, the aged hepatic macrophages responded
more strongly to both the M1 and M2 polarizing cytokines
but had greater M2 characteristics at baseline when
compared with the young hepatic macrophages.

Aged Livers Have Increased C(D11b™* Macrophage
Populations

To further profile the aged hepatic macrophage compartment,
expression levels of CD11b and CD68 were examined by
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flow cytometry, as these markers have been used as indicators
of macrophage origin from bone marrow or tissue, respec-
tively.'”-* Livers from 19-month—old mice had a significant
increase in the CD68 CD11b" monocyte-derived popula-
tion, in both percentage and absolute number of F4/80™" cells
(Figure 4A and Supplemental Figure S3). No change was
observed in the CD68CDI1b~ population, reported by
others to be Kupffer cells, whereas there was a marginal but
insignificant increase in the CD68 "CD11b™" population. The
increase in F4/80"CD11b" macrophages, but not F4/
801CD68™ Kupffer cells, in livers from aged mice was also
confirmed by histologic staining (Figure 4B). These data
suggest that the increase in hepatic macrophages in aged mice
is derived primarily from infiltrating monocytes and not due
to an expanding resident Kupffer cell population, consistent
with the detected increase in monocyte chemoattractant pro-
tein (CCL2) and the observations of others in steatosis
models."”

CCL2-CCR2 Inhibition Reduces Inflammation and
Steatosis in Aged Livers, but Does Not Prevent
Accumulation of CD11b™* Macrophages

To test the hypothesis that inhibiting CCL2 signaling would
reduce inflammation and steatosis in aging livers, female
mice with global CCR2 KO or WT controls were obtained
from Jackson Laboratories as retired breeders and aged in
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F4/80* CD68*

house. The aged WT mice had a significant, 1.6-fold in-
crease in body weight compared with their young controls,
whereas the aged KO mice had a significant, 1.2-fold in-
crease in body weight compared with their young controls
(Table 2). In addition, the aged KO mice had elevated serum
cholesterol levels compared with the young KO mice.
Levels of serum ALT, AST, albumin, and triglycerides were
similar between the groups.

Of note, three mice in the aged WT cohort were
excluded from study: one showed advanced fatty liver
disease with hepatocyte ballooning characteristic of
NASH, another had extensive tumorigenesis, and one died
prematurely (Supplemental Figure S5). No mice in the
aged KO group exhibited these pathologic signs. Both
19-month—old WT and KO cohorts had increased lipid
accumulation compared with their respective 3-month—old
controls qualitatively, as shown by hematoxylin and eosin
and Oil Red O staining; however, there were no statistical
differences, and large variation was not noted in the aged
WT mice (Figure 5A).

The concentration of hepatic lipids was measured in the
3-month—old and 19-month—old WT and KO mice after 6
hours of fasting. The 19-month—old WT mice had a sig-
nificant, 1.5-fold increase in the triglyceride content
compared with the 3-month—old WT mice, whereas the KO
groups were not significantly different (Figure 5B). No
differences in cholesterol content were detected between the
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Table 2

Body Weight, Liver Biochemistry, and Serum Lipids in Young and Aged CCR2 KO Mice

Young WT mice  Aged WT mice

Young KO mice  Aged KO mice P value for

(aged 3 months) (aged 19 months) P value for young (aged 3 months) (aged 19 months) young vs

Characteristic (n = 5) (n = 8) vs aged WT mice (n = 4) (n = 10) aged KO mice
Body weight, g 21.4 + 1.8 33.2 £ 6.9 <0.01 23.4 £ 2.2 27.3 £ 3.2 <0.05
Serum ALT, IU/L 21.2 + 8.4 31.8 £ 10 0.09 24.5 + 10 23.3 £ 5.6 0.77
Serum AST, IU/L 43.8 £ 10 55.1 &+ 22 0.31 46.0 £+ 18 48.6 + 13 0.77
Serum albumin, g/dL 2.68 £ 0.2 2.47 £ 0.1 0.17 2.47 £ 0.1 2.50 £ 0.1 0.72
Serum cholesterol, mg/dL  75.0 + 0.5 63.0 + 8.0 0.13 53.0 + 2.8 70.7 + 2.9 <0.01
Serum triglycerides, mg/dL 63.0 + 16 57.8 + 32 0.76 46.3 + 12 46.2 + 17 0.99

ALT, alanine transaminase; AST, aspartate transaminase; KO, knockout; WT, wild type.

young and aged groups in both the WT and KO mice (data
not shown).

The inflammatory gene signature of hepatocyte cell
fractions isolated from 3-month—old and 19-month—old
WT and KO mice was evaluated by quantitative RT-PCR.
The 19-month—old WT cells had a significant increase in
1l1b, 116, Tnf, and Ccl2 transcripts compared with the 3-
month—old WT group, whereas there were no changes in
inflammatory gene expression between the 3-month—old
and 19-month—old KOs (Figure 5C). Protein levels of
CCL2 were also measured by enzyme-linked immunosor-
bent assay and showed a similar trend as the gene expres-
sion; however, CCL2 was not significantly elevated in the
19-month—old WT group compared with the 3-
month—old control group (Figure 5D).

Despite the reduction in the inflammatory gene signature
by hepatocytes from aged CCR2 knockout mice, the levels
of F4/80" cells and specifically F4/80"CD11b" macro-
phage subsets were elevated in both WT and KO 19-
month—old livers, compared with their 3-month—old
counterparts, as determined by flow cytometry (Figure 5E).
In addition, the number of F4/807" cells increased in both
cohorts from young to aged mice, demonstrating that the
increase in percentage of macrophages was not due to a
decrease in other NPC types. Taken together, these data
suggest that inhibiting CCR2 signaling was sufficient to
reduce hepatic triglyceride content and inflammatory gene
expression but did not prevent the accumulation of CD11b™
macrophages in the aging liver.

To determine if other CCR2" cell populations were
influenced by CCR2 knockout in livers from aged mice,
immunostaining for CD3 T cells was performed. No dif-
ferences were observed in the number of CD3" cells
throughout the liver parenchymal between young and aged
WT and KO mice (data not shown). Because inhibiting
CCL2-CCR2 was insufficient to prevent macrophage
accumulation in aged livers, levels of endotoxin and bac-
terial DNA for 16s rRNA in hepatic blood were measured to
test for leaky gut syndrome, as this has been implicated in
promoting age-related inflammation.”® However, no differ-
ences were observed in serum endotoxin or 16s rRNA in
hepatic blood (Supplemental Figure S6).
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RNA-Seq Analysis Demonstrates Robust Inflammatory
and Metabolic Changes in Aged Livers beyond the
CCL2-CCR2 Signaling Paradigm

Finally, RNA-Seq was performed as an unbiased screen to
further elucidate mechanisms underlying the onset of
inflammation and steatosis in aged livers. Independent sam-
ples of hepatocytes (83% to 90% purity) were enriched from
3-month—old and 19-month—old wild-type mice (NIA; n =
3) by two-step collagenase perfusion after fasting for 6 hours.

In total, 296 genes were differentially up-regulated, and
74 genes were differentially down-regulated, between the 3-
month—old and 19-month—old samples (fold change + 2;
false discovery rate P < 0.05) (Figure 6A). Although an
increase in the proliferation/ploidy gene E2f7 (9.5-fold) was
detected, no changes were seen in senescence-associated
genes (p16, p21, and p53).

The data were further filtered using Ingenuity Pathway
Analysis to compare transcriptomic changes specifically in
hepatocytes, and 29 differentially expressed genes were
identified in the samples from young and aged mice
(Figure 6B). The canonical pathways involved were iden-
tified to be melatonin degradation, dopamine degradation,
and adherens junction signaling and remodeling, charac-
teristic of fatty acid and xenobiotic metabolism. When the
analysis was expanded to whole liver tissue, additional in-
flammatory signatures were revealed (Figure 6C), including
increases in 111b, Ccl5, colony stimulator factor receptors
(Csflr and Csf3r), integrins (Itga4, Itghb3, Itga9, and Itgh2),
vascular adhesion markers (Pecaml and Vcaml), and
mannose receptor (Mrcl; an M2 marker), possibly influ-
enced by NPCs. A complete list of differentially expressed
genes can be found in Supplemental Table S2.

Interestingly, when the pathways are viewed as inter-
connecting nodes, the inflammatory and metabolic changes
are linked by suppression of farnesoid X receptor (FXR) and
retinoid X receptor (RXR) signaling, suggesting this tran-
scription factor family may be a master regulator of several
age-related gene expression changes in the liver and warrants
further study (Supplemental Figure S7). Furthermore, when
gene expression fold changes were uploaded into BaseSpace
Correlation Engine (Illumina), the data set was correlated
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Aged CCR2 knockout mice exhibit reduced steatosis and inflammation, but no change in accumulated macrophage populations. A: Representative

images of hematoxylin and eosin (H&E) and Oil Red O staining and quantification [P = 0.2 between wild type (WT) groups; P = 0.07 between knockout (KO)
groups; origin (dashed line) raised above x axis to distinguish error bars]. B: Quantification of hepatic triglycerides per milligram of liver tissue. C: Significant
increases in mRNA levels of IL-1B, IL-6, tumor necrosis factor (TNF)-a, and chemokine (C-C motif) ligand (CCL) 2 in aged WT compared with young WT,
normalized to B-actin housekeeping gene. D: Enzyme-linked immunosorbent assay (ELISA) for CCL2 in hepatocyte protein lysates, normalized to WT 3-
month—old control. E: Percentage of total F4/80-, CD11b-, and CD68-expressing cells in the nonparenchymal cell fraction, determined by flow cytometry.
Data are expressed as means + SD (A—E). n = 4 to 5 (B—E). *P < 0.05, **P < 0.01 versus 3 months old. Scale bar = 50 um (A).

with studies from Wnt/B-catenin knockout hepatocytes (Apc
or Ctmnb1 knockouts; score, 100), aging in various organs on
C57Bl/6 background (score, 90), liver cells overexpressing
yes-associated protein-1 (YAP; score, 90), livers from young
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and aged wild-type mice (score, 86), and livers from 12
different strains of mice fed a high-fat diet (score, 76),
demonstrating a similar phenotype detected by others with
aging, high-fat diet, and various genetic manipulations.
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Figure 6  RNA sequencing reveals robust changes in inflammatory and
metabolic gene signatures of aged livers. A: Heat map demonstrates 296
genes are differentially up-regulated and 74 genes are differentially down-
regulated between the 3-month—old and 19-month—old wild-type National
Institute on Aging samples enriched for hepatocytes (fold change + 2;
false discovery rate P < 0.05). B: Heat map of filtered data in Ingenuity
Pathway Analysis displays 29 differentially expressed hepatocyte-specific
genes. C: Heat map displays filtered data in Ingenuity Pathway Analysis,
demonstrating a selection of liver-specific differentially expressed inflam-
matory genes. n = 3 (A—C).

Discussion

It is well established that body weight increases with age in
mammals, as lipids move from s.c. to visceral and ectopic
fat deposits in muscle, bone marrow, and the liver.”” This
accumulation of fat is thought to reduce muscle strength,
lead to insulin resistance, decrease energy expenditure in

The American Journal of Pathology m ajp.amjpathol.org

brown adipose tissue, and impair the function of bone
marrow stem cells.”® A recent study showed that lipid
removal rates in adipose tissue decrease with aging”’;
however, the molecular mechanisms coupling ectopic fat
accumulation with aging remain largely unknown and the
influence of ectopic fat accumulation on liver function with
aging has not been thoroughly studied.

In the present study, 19-month—old female mice received
from the NIA exhibited increased liver and body weight, serum
alanine aminotransferase, hepatic triglycerides, inflammatory
gene expression, and levels of F4/80" CD11b" macrophages
when compared with their 3-month—old counterparts. A recent
study identified a similar increase in body weight, liver weight,
AST, serum cholesterol and triglycerides, and hepatic lipids in
20-month—old rats compared with 3-month—old controls.”
The increase in hepatic lipids detected in the aged mice (186%
increase in triglycerides) mimics what has been observed in
elderly individuals in the absence of insulin resistance.”

Importantly, the 19-month—old mice used in this study
were compared directly with 3-month—old control mice that
were obtained from the same vendor to accurately assess the
effects of aging on liver characteristics. Although not
studied directly, the wild-type 19-month—old mice from
Jackson Laboratories (Table 2) had a greater body weight
(13.7% on average) and more advanced steatosis than the
19-month—old mice received from the NIA (Table 1),
possibly due to differences in the diets between the two
facilities (16% versus 11% fat, respectively). In addition, the
macrophage populations were stable within the two cohorts
of young mice, as assessed by flow cytometry, but differed
between the two cohorts of aged mice (Figure 4A and
Figure SE). These differences may also be related to
changes in the microbiome, genomic drift, or past breeding
status of the mice but were not the focus of the present
study.

In humans, NAFLD has been described as sexually
dimorphic.”” Estrogen potentiates hepatic inflammatory
changes, protecting premenopausal women from NAFLD.”'
As such, NAFLD is most commonly diagnosed in males or
elderly women with metabolic comorbidities.”” Many pre-
vious studies in liver aging have been performed in male
mice, which develop glucose intolerance, insulin resistance,
steatosis, and senescence at significantly younger ages than
females,”**" making the inclusion of aged female mice
into the literature particularly important. The results from
our study support the observation that female mice develop
steatosis later than males; however, a direct comparison was
not performed and may be an important avenue of future
study.

The temporal presentation of inflammation versus stea-
tosis in liver pathology is largely dependent on the trig-
gering stimulus. Sublethal lipid overload in hepatocytes
driven by diet has recently been shown to drive inflamma-
tion by the release of extracellular vesicles containing
miRNAs, chemokines, and damage signals..34 Conversely,
the production of cytokines and adipokines has been shown
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to regulate fat metabolism.” This study demonstrated an
increase in inflammatory cytokines from the hepatocyte
fraction with aging, likely contributing to the infiltration of
macrophages. However, in aging as opposed to high-fat
diet, the mechanisms of macrophage recruitment are not
well understood. Removal of CCR2 attenuated inflamma-
tion and reduced steatosis in the aging liver, independent of
the CD11b™ macrophage population.

During high-fat diet—induced NASH, p65 was found to
translocate to the nuclei of hepatocytes and drive production
of tumor necrosis factor-a and IL-6 downstream of
signaling from toll-like receptor 4 engaging with high-
mobility group box 1.°° Hepatocytes have also been shown
to produce tumor necrosis factor, IL-6, and CCL2 in many
additional contexts (lipopolysaccharide, bacterial hep-
atotoxin, hepatocyte growth factor, and infection with
Porphyromonas gingivalis).””*® Of note, the hepatocytes
used in this study were purified by differential centrifugation
and may contain 5% to 15% NPCs, which could explain
some of the observed changes in inflammatory gene
expression. However, F4/80"CD11b" hepatic macro-
phages, purified by double magnetic selection, showed
modest down-regulation in transcript levels of 116, Tnf, and
Ccl2, suggesting these cells are not the source of inflam-
matory gene signatures. The influence of other NPCs,
especially endothelial cells and stellate cells, on the in-
flammatory gene expression in the aged liver remains an
area of future study.

The accumulation of F4/80"CD11b™ macrophages in the
aged liver presented herein is a novel finding. To our
knowledge, only one other study has systematically exam-
ined the effect of aging on liver-resident macrophages.
Hilmer et al*’ determined that the number and basal activity
of Kupffer cells were increased with age in a rat model.
However, this work was performed before the heterogeneity
of hepatic macrophages was fully understood. Our work
builds on this study, demonstrating an increase in the total
F4/80" macrophage pool and specifically the cells also
expressing CD11b, thought to be derived from circulating
monocyte progenitors. CD11b was found to be expressed on
both small, motile monocytes/macrophages organized in
clusters as well as on spindle-shaped cells throughout the
hepatic parenchyma in livers from aged mice.

CD11b functionally encodes integrin o-M, one protein
subunit of integrin a-M B-2 (alias Mac-1 and complement
receptor 3), which mediates leukocyte adhesion, migration,
and phagocytosis.”” The increase in CD11b may be related
to changes in the migration of cells or microenvironment
through which the cells migrate. The increase in CD11b
expression may also represent a phenotypical change in
resident Kupffer cells, in addition to an influx in monocyte-
derived macrophages. Fate tracing experiments using
chimeric mice will be necessary to confirm the origin of the
F4/80"CD11b" hepatic macrophages and further charac-
terize the phenotype of these subsets. It was not surprising
to us that in the absence of injury or manipulation, hepatic
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macrophage levels were stable from 3 to 15 months, and the
increase in macrophages in 19-month—old livers correlated
with the onset of mild steatosis in the mice.

As CCL2 was identified as a chemokine produced by
aging hepatocytes that might influence macrophage dy-
namics, the CCL2-CCR2 signaling pathway was inhibited
in a natural aging mouse model. Inhibiting the CCL2-CCR2
axis by various means has been successful in ameliorating
liver steatosis and inflammation in several models of
NAFLD/NASH. Baeck et al*' pharmacologically inhibited
CCL2 with emapticap pegol (NOX-E36) in methionine-
choline deficient diet—induced NASH, and successfully
diminished macrophage infiltration and steatohepatitis.
Another group found that CCL2 knockout mice on the
methionine-choline deficient diet had reduced fibrosis and
inflammation in Balb/C strains.*’ Similarly, CCR2
knockout mice in the C57BL/6 background maintained on
choline-deficient amino acid—defined diet showed reduced
steatosis, inflammatory cell infiltration, and fibrosis
compared with the controls.*

In the present study, aged CCR2 KO mice exhibited
attenuated levels of liver triglycerides and significant de-
creases in the inflammatory gene signature of hepatocyte
cell fractions compared with their young counterparts.
Although hepatocytes produce CCL2, they are not known to
express CCR2,** suggesting the changes in hepatocyte gene
expression are secondary to other paracrine signaling path-
ways. This may be related to inhibiting the binding of other
CCR2 ligands, such as CCL8, CCL7, and CCL12, in adi-
pose tissue, stellate cells, or hepatic macrophage pop-
ulations.***> Global changes in adipose tissue organization,
metabolism, and inflammatory secretion may have influ-
enced the observed changes in the liver and will be an area
of future exploration.

Surprisingly, there was no change in the hepatic macro-
phage profile of aged CCR2 KO mice compared with the
aged WT mice. Both aged cohorts displayed an overall in-
crease in  F4/80"  cells, specifically the F4/
80"CD11b"CD68~ subset, when compared with their
young controls. These results suggest that the CCR2 KO
mice may have adapted over time to loss of CCL2 or there
may be compensation from other cytokine-signaling path-
ways in the aging liver responsible for macrophage
recruitment. In addition, the global knockout of CCR2 may
have led to systemic changes in adipose tissue that may
influence the liver. A recent article by Kim et al*® demon-
strated that adipocyte death and adipose-macrophage acti-
vation can directly impact metabolism and inflammation in
the liver.

In addition to macrophage number, macrophage phenotype
has been shown to play a role in fatty liver disease, where the
presence of more M1 proinflammatory macrophages may
result in a worse prognosis.*’ The data suggest that the hepatic
macrophages in the aged WT liver have a unique phenotype,
where arginase expression is significantly up-regulated and
the cells respond strongly to Ml-polarizing cues by

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Aging and Liver Inflammation

producing nitrate and increasing phagocytosis. Arginase-1 is
typically associated with the alternative M2 activation state
that can be permissive to fibrosis and progression of hepato-
cellular carcinoma after fatty liver disease."® Intriguingly, one
aged WT mouse died before reaching the 19-month time point
and another was removed from the study because of tumors,
whereas the CCR2 KO mice had no lethal pathologies. This
may suggest that although the number of macrophages was
not impacted by knocking out CCR2, macrophage phenotype
may have been altered, but requires further study.

RNA-Seq analysis of aged WT livers revealed several
other chemokines that might be involved in the recruitment
of F4/80"CD11b* macrophages, including Cxcl7, Cxcll3,
Ccl22, Ccl5, and Ccl6. Of note, Ccl2 was up-regulated but
was not flagged as a significantly differentially expressed
gene in the RNA-Seq screen because of the stringent
filtering and false discovery rates. Others have found that
CCL2 promotes the recruitment of CCR2*CD11b" myeloid
cells to metastatic cancer sites in the liver, but inhibition of
CCL2 or CCR2 did not alter cell recruitment and had little
effect on metastatic tumor burden. Deletion of the CD11b™"
cells by diphtheria toxin receptor markedly decreased met-
astatic growth and incidence.”””" Further studies will be
necessary to determine which chemokines or signaling
gradients are responsible for driving the increase in CD11b-
expressing macrophages in the livers from aged mice, as
well as the consequences of the increased macrophage
presence in the liver.

Senescent cells accumulate with age in several organs,
including the liver, and secrete signals that recruit immune
cells for their subsequent removal.”’ Senescent hepatocytes
from male mice were found to undergo mitochondrial
changes, leading to steatosis.” In our cohort of female mice
from the NIA, no changes were seen in transcripts of se-
nescent markers p21, pl6, or p50 in the enriched hepato-
cytes. Increased nuclear localization of p21 staining was
also not seen in the aged livers, suggesting that senescence
is not the primary driver of fatty liver in this study. In
addition, senescence-associated B-galactosidase staining did
not show any change between the 3-month—old and 19-
month—old mice (data not shown). Senescence of other
cell populations, such as Kupffer cells, could be one
mechanism to explain the influx in CD11b* macrophages
with age; however, this will require more extensive inves-
tigation. Several methods have been used to eliminate
senescent cells, including the INK-linked apoptosis through
targeted activation of caspase (INK-ATTAC) mouse, which
induces selective apoptosis downstream of a p16™+* pro-
moter, but this method was partial and tissue specific, un-
able to eliminate senescent cells in the livers of female
mice.”” One study performed in 20-month—old female mice
identified lower oxygen consumption, lower complex IV,
and higher complex I content in hepatic mitochondria,”
which could play a mechanistic role in the development
of the fatty liver phenotype. Extended time points and
further studies examining mitochondrial function and
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autophagy in livers from aged female mice may be
warranted.

Our results suggest that inhibiting CCR2 signaling
globally may be beneficial to reduce hepatic triglyceride
levels and inflammatory gene expression in advanced age.
Cenicriviroc, a dual CCR2/CCRS antagonist, has now been
shown in a phase 2b, randomized, double-blind, placebo-
controlled, multinational clinical trial to improve nonalco-
holic fatty liver disease activity score, with no concurrent
worsening of fibrosis stage.”* The trial resulted in twice as
many subjects achieving improvement in fibrosis and no
worsening of steatohepatitis compared with placebo.”
Subgroup analysis demonstrated that the therapy was simi-
larly effective in patients >56 and <56 years of age, sug-
gesting this therapy may show promise in treating age-
related NAFLD/NASH as well. Our study lends further
support that targeting the CCL2-CCR2 pathway may be a
promising strategy to reduce the onset and progression of
hepatic fat accumulation and inflammation during the pro-
cess of aging.
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