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Abstract
Non-alcoholic fatty liver disease has become the leading liver disease in North America and

is associated with the progressive inflammatory liver disease non-alcoholic steatohepatitis

(NASH). Considerable effort has been made to understand the role of resident and recruited

macrophage populations in NASH however numerous questions remain. Our goal was to

characterize the dynamic changes in liver macrophages during the initiation of NASH in a

murine model. Using the methionine-choline deficient diet we found that liver-resident mac-

rophages, Kupffer cells were lost early in disease onset followed by a robust infiltration of

Ly-6C+ monocyte-derived macrophages that retained a dynamic phenotype. Genetic profil-

ing revealed distinct patterns of inflammatory gene expression between macrophage sub-

sets. Only early depletion of liver macrophages using liposomal clodronate prevented the

development of NASH in mice suggesting that Kupffer cells are critical for the orchestration

of inflammation during experimental NASH. Increased understanding of these dynamics

may allow us to target potentially harmful populations whilst promoting anti-inflammatory or

restorative populations to ultimately guide the development of effective treatment

strategies.

Introduction
Non-alcoholic fatty liver disease (NAFLD) has emerged as the leading liver disease in North
America[1]. Considered the hepatic manifestation of obesity, NAFLD includes a spectrum of
liver diseases including the progressive inflammatory disease non-alcoholic steatohepatitis
(NASH). Numerous studies have been carried out to understand the role of both resident and
recruited immune cells contributing to the progression of NASH. During the development of
steatohepatitis, recruited monocytes and neutrophils as well as T cells and iNKT cells have
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been found to be contributors to the progression of NASH[2, 3]. Tissue-resident macrophages
known as Kupffer cells (KC) have been associated with the production of proinflammatory media-
tors such as TNF-α and IL-1β as well as anti-inflammatory mediators including IL-10 and arginase
[4, 5]. Controversy over the identification and function of tissue-resident and recruited macrophage
populations continues to hamper our understanding of the critical role of these cells in NASH.

Considerable discussion remains centered around the different macrophage populations
present in the liver in health and disease. At steady state, conventional Kupffer cells are the
dominant tissue-resident macrophage and reside in the liver sinusoids contributing to patho-
gen clearance and tissue homeostasis[6]. They are often characterized by high F4/80 surface
expression and are negative for chemokine receptors including CX3CR1 and CCR2[7]. A
smaller population of monocyte-derived macrophages expressing CX3CR1 have also been
identified in livers of healthy mice[7]. However, APAP-induced acute liver injury and viral
infection can result in the loss of the resident population of KC [7, 8]. In turn, Kupffer cells are
replaced by a robust infiltration of circulating monocytes that can be defined as Ly-
6ChiCD11bhiMHC IInegCX3CR1+[7]. Recruitment of CCR2+ monocytes from the bone mar-
row may promote proinflammatory monocyte accumulation in the liver that has been shown
to lead to the development of fibrosis[9]. On the other hand CCR2 deficiency has been linked
to a reduction in monocyte recruitment and impaired tissue repair in the liver[7]. Use of the
CCR2/CCR5 antagonist, Cenicriviroc (CVC) has been shown to have potent anti-inflamma-
tory effects in mice and is currently being evaluated in a phase 2b clinical trial in patients with
NASH and fibrosis[10]. In a murine model of alcoholic liver disease, polarization of Kupffer
cells towards an anti-inflammatory phenotype resulted in the release of arginase and apoptosis
of iNOS-expressing proinflammatory KC[5]. Development of liver fibrosis has been associated
with a Ly-6Chi recruited monocyte population whereas tissue restoration is associated with Ly-
6Clo population[11]. Microarray analysis of these Ly-6C+ populations revealed numerous dif-
ferences in gene expression for matrix metalloproteinases, growth factors and phagocytosis fac-
tors[11]. Continued characterization of resident and recruited macrophage populations is
required to understand the underlying pathogenesis of NASH.

Although numerous studies in patients with NASH have been conducted, these studies
remain a challenge due to the need for diagnostic liver biopsy that is costly and invasive [12].
Therefore the use of animal models is key to help identify the underlying disease etiology[13].
To study hepatic injury and inflammation, the methionine and choline deficient (MCD) diet is
one of the most commonly used mouse model of NASH [14]. Although MCD diet has been
used to evaluate disease mechanisms and potential treatment strategies little is known about
the initiation of inflammation in the model. The contribution of liver-resident macrophages to
the initiation and progression of NASH remains unclear.

Given the current gaps in our understanding of NASH progression, our objective was to
characterize the dynamic changes in tissue-resident macrophages and recruited immune cells
in a longitudinal manner during MCD diet-induced murine NASH.

Methods

Animals and Housing
The study protocol was approved by The University of Calgary Animal Care Committee and
conformed to the Guide for the Care and Use of Laboratory Animals. All studies were carried
out using male, C57/bl6 mice (approximately 8 weeks of age) raised in the mouse colony at the
University of Calgary (Health Sciences Animal Research Centre, Calgary, AB, Canada). Ani-
mals were kept on a 12-hour light/dark cycle in a temperature and humidity control room with
free access to food and drinking water.
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Murine model of non-alcoholic steatohepatitis
Feeding mice a diet deficient in methionine and choline (MCD diet) is the most commonly
used mouse model to study the inflammation associated with NASH (4.2kcal/g; MP Biomedi-
cals, Solon, OH, USA) [15]. Mice fed MCD diet consistently develop steatosis, inflammation
and hepatocellular injury in a short period of time (21 days) making it the standard dietary
protocol to study murine NASH. Histological comparison of a patient biopsy and a liver sec-
tion from a mouse fed MCD diet for three weeks demonstrates similar disease traits including
steatosis, ballooning hepatocytes and inflammatory cell foci[16]. Ballooning hepatocytes refers
to a morphological change in lipid-laden hepatocytes that is indicative of damaged and apopto-
tic hepatocytes and in combination with steatosis and inflammation is correlated with worse
liver disease [17]. Mice may develop liver fibrosis if MCD diet is continued beyond three weeks
(S1 Fig). Since MCD diet feeding can result in weight loss body weight was recorded weekly. If
mice lost greater than 30% of initial body weight they were removed from the study. No mice
lost greater than 20% of initial body weight in the current study. Given that the obese pheno-
type is not present in the MCD diet model, we also examined a high fat-high sucrose (HF/HS)
feeding model where mice were fed chow or HF/HS diet for 13 weeks (4.6kcal/g; Dyets Inc,
Bethlehem, PA, USA). It was anticipated that this common dietary potentiator of metabolic
disease would allow us to assess early changes in tissue-resident macrophages.

Macrophage depletion with liposomal clodronate
Liposome-encapsulated clodronate was administered IV through the tail vein at a concentra-
tion of 0.026mol/L to deplete macrophages[18] (n = 8/group; Haarlem, Netherlands). PBS was
used as the vehicle control[19]. Macrophage depletion was confirmed by flow cytometry analy-
sis of reduction in F4/80+ cells.

Hepatocellular injury
Degree of hepatocellular damage was indirectly quantified by measuring circulating alanine
aminotransferase (ALT) levels from serum collected via cardiac puncture (Calgary Laboratory
Services, Calgary, AB, Canada). Following blood collection mice were euthanized by cervical
dislocation while under deep anesthetic (Isoflurane, Fresenius Kabi, Richmond Hill, ON,
Canada).

NAFLD Activity Score (NAS) for disease severity
The NAS is a valid and reliable histological scoring tool that was developed for the purpose of
numerically rating the progression of NAFLD in patient liver biopsies [20]. The scoring
includes measurement of steatosis grade (0-no steatosis, 1 -<50% steatosis, 2 -> 50% steato-
sis, 3 ->50% steatosis + microvesicular steatosis), hepatocyte ballooning (0- none, 1-<66%, 2-
>66% hepatocyte involvement) and inflammation (0-no foci, 1-<2 foci, 2–2–4 foci, 3- +4
foci). A score of 4 or above signifies the development of NASH [21].

RNA extraction and real-time quantitative PCR analysis
RNA was extracted from snap frozen tissue using RNeasy Mini Kit (Qiagen, Toronto, ON,
Canada). The concentration of total RNA was quantified by NanoDrop 2000 (Thermo Fisher
Scientific Inc, Mississauga, ON, Canada) followed by reverse transcription using the RT2 first
strand cDNA synthesis kit for RT-PCR (Qiagen, Toronto, ON, Canada). The resultant cDNA
was amplified using primers generated through the Universal ProbeLibrary (Roche Diagnos-
tics, Laval, QC, Canada) and synthesized by the University of Calgary Core DNA Services
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(Calgary, AB, Canada). A StepOne Real-Time PCR System was used for the real-time PCR
reactions (Thermo Fisher Scientific Inc, Mississauga, ON, Canada) and FAM detection probes
(Roche Diagnostics, Laval, QC, Canada). Data was normalized to β-actin for genes of interest
in the liver. The 2-ΔCT method [ΔCT = CT (gene of interest)–CT (reference gene)] was utilized
for the data analysis where threshold cycle (CT) indicates the fractional cycle number at which
the amount of amplified target reaches a fixed threshold [22]. The following primer sequences
were used: α-smooth muscle actin (SMA) 5’-CTCTCTTCCAGCCATCTTTCAT-3’, 5’-CGT
AGGTGCTTTGGTGGATAT-3’β-actin 5’-CTAAGGCCAACCGTGAAA-3’, 5’-AGGGACA
TACGGAGACCA-3’

Leukocyte recruitment
Flow cytometry was employed for the characterization of resident and recruited leukocytes to
the liver during health and disease. Briefly, fresh liver tissue was placed in cold phosphate buff-
ered saline containing 0.5% fetal calf serum and 2mM EDTA and immediately homogenized
using a gentleMACS tissue dissociator (Miltenyi Biotec Inc, Auburn CA, USA). Tissue homog-
enate was filtered through a 60 micron mesh to achieve a single cell suspension. Following cen-
trifugation, cells were layered on a 33%/77%Percoll gradient and spun at room temperature at
600rcf for 20 minutes (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Leukocytes were
removed from the gradient, pelleted and resuspended in cold FACS buffer (PBS, 0.5% BSA and
2mM EDTA) followed by incubation with antibodies for flow cytometry at 4°C for 2 hours.
The antibodies used include Ly-6C, CD11b, CD3, NK1.1 (BD Biosciences, Mississauga, ON,
Canada), F4/80 (eBioscience, San Diego, CA, USA), CD4, CD8 (Abcam, Toronto, ON, Can-
ada), CCR2 and CX3CR1 (R&D Systems, Minneapolis, MN, USA). Data was collected on a
FACS Aria II (BD Biosciences, Mississauga, ON, Canada) using facs diva software and ana-
lyzed by Kaluza software (Beckman Coulter, Mississauga, ON, Canada).

Multiplex gene expression
Gene expression analysis was carried out on liver macrophages using fluorescent activated cell
sorting (FACS) followed by mRNA extraction (BD Aria Fusion). Briefly, cells were sorted into
cold PBS, pelleted and resuspended in TRIzol for cell lysis followed by chloroform extraction
and ethanol precipitation (Thermo Fisher Scientific, Mississauga, ON, Canada). Isolated
mRNA was quantified using Nanodrop (Thermo Fisher Scientific, Mississauga, ON, Canada).
Normalized concentrations of mRNA were then hybridized and sequenced using the preas-
sembled Mouse Inflammation v2 gene profiling CodeSet and nCounter platform according to
the manufacturers protocol (Nanostring Technologies, Seattle, WA, USA). Data was analyzed
using nSolver software provided by Nanostring Technologies.

KEGG network analysis
Changes in gene expression from the sequencing data were mapped into biological pathways to
create a network analysis of known cellular functions using the Kyoto Encyclopedia for Genes
and Genomes (KEGG) pathway databases [23, 24]. A mapping file was created to colour code
these genes through the KEGG Pathway mapper.

Statistical Analyses
All data are expressed as mean ± SEM. Statistical analysis of data was carried out using stu-
dent’s T test or one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test as
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indicated using GraphPad Prism v.6. Differences were considered statistically significant at
P<0.05.

Results

Liver injury precedes steatohepatitis in mice fed MCD diet
We examined the development of steatosis and the progression to NASH by assessing liver
injury and inflammation after 7, 14 and 21 days of MCD diet feeding (Fig 1A). Serum ALT lev-
els were elevated after 7 days of MCD diet feeding compared to mice fed standard chow diet on
Day 0 (Fig 1B, p<0.05) and continued to rise after 14 and 21 days of MCD diet feeding (Fig 1B,
p<0.01 and p<0.001, respectively). Next we scored liver tissue sections using the NAFLD
activity score (NAS) to evaluate the histopathology of NASH. After 7 days of MCD diet feed-
ing, mice developed steatosis with evidence of ballooning hepatocytes compared to chow fed
mice (Fig 1C, NAS = 3, p<0.0001). Mice fed MCD diet for 14 days develop steatohepatitis with
an NAS score>4 that increased to>5 after 21 days of MCD diet feeding (Fig 1C, p<0.0001
compared to chow fed mice). Representative histology images of liver sections show

Fig 1. MCD diet feeding results in liver injury and inflammation (A) Timeline of the development of steatosis, NASH and fibrosis in mice fed MCD
diet. Schematic represents timeline of data collection (red arrows) during MCD diet feeding treatment (n = 7-9/group). (B) ALT levels are significantly
elevated after 7 (p<0.05), 14 (p<0.01) and 21 days (p<0.001) of feeding compared to D0. (C) Mice fed MCD diet for 7, 14 and 21 days had a
significantly greater NAS score compared to mice at D0 (p<0.0001). Mice fed MCD diet for 14 and 21 days developed steatohepatitis compared to
mice fed MCD diet for 7 days (p<0.0001). (D) Representative images of H&E stained liver sections following 0, 7, 14 or 21 days of MCD diet feeding.
White arrow indicates lipid accumulation and black arrow indicates inflammatory foci. 20x magnification, PT: portal tract, CV: central vein.

doi:10.1371/journal.pone.0159524.g001
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progressive macrovesicular lipid accumulation within hepatocytes as early as day 7 located pre-
dominately in the portal region after 21 days of MCD diet feeding (Fig 1D). Evidence of hepa-
tocellular ballooning and liver injury as well as the infiltration of inflammatory cells indicates
the development of necroinflammation at day 21 (Fig 1D).

MCD diet feeding results in a loss of conventional Kupffer cells and
emergence of monocyte-derived macrophages
To further understand howMCD diet feeding affects resident cells and the recruitment of
inflammatory cells leading to the development of necroinflammation, we assessed changes in
both resident and recruited macrophage populations. Prior to MCD diet feeding, liver-resident
macrophages, Kupffer cells, can be identified as Ly-6Clo CD11blo F4/80+ (Fig 2A). Following

Fig 2. Changes in resident and recruitedmacrophage populations. (A) Effect of MCD diet feeding over 21 days on resident macrophages
and recruited populations of monocyte-derived macrophages (gated on F4/80+). (B) MCD diet feeding resulted in significantly more cellular
infiltration after 21 days compared to D7 (p<0.05). (C) One week of MCD diet feeding resulted in significantly reduced numbers of Ly-6Clo

liver-resident macrophages compared to D21 (p<0.05). (D) Numbers of Ly-6Cint monocyte-derived macrophages was significantly elevated
after 21 days of MCD diet feeding (p<0.05). (E) Recruitment of Ly-6Chi monocyte-derived macrophages was significantly elevated between
D7 and D14 (p<0.05) and after 21 days of MCD diet feeding compared to D0 and D7 (p<0.0001) and D14 (p<0.05).

doi:10.1371/journal.pone.0159524.g002
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MCD diet treatment, the total number of cells was significantly increased on D21 compared to
D7 (Fig 2B, p<0.05). We found a reduction in the number of Kupffer cells at D7 of MCD diet
feeding that were replaced by a Ly-6Clo macrophage population on D21 (Fig 2C, p<0.05).
Although the percentage of Ly-6Cint F4/80+ macrophages did not vary considerably over the
course of MCD diet feeding there was a significant increase in the total number of cells after 21
days of MCD diet feeding (Fig 2D, p<0.05). Continued MCD diet feeding resulted in the
recruitment of Ly-6Chi F4/80+ cells after D14 compared to D7 (p<0.05) and significantly ele-
vated after 21 days of MCD diet feeding compared to D0 (p<0.0001), D7 (p<0.0001) and D14
(p<0.05) (Fig 2E). There was no difference in liver injury or the number of Kupffer cells in the
liver after mice were fed HF/HS diet compared to standard chow (S2 Fig). Therefore, these ani-
mals were not studied further.

Transcriptome analysis reveals differences in resident and recruited liver
macrophages during experimental NASH
To explore differences in the gene regulation of both KCs and recruited monocyte-derived
macrophages, cell populations were sorted and analyzed using direct multiplexed measurement
of gene expression pathways involved in the control of innate and adaptive immunity. Kupffer
cells were harvested from healthy mice whereas Ly-6C+ recruited macrophages were FACS-
sorted from mice fed MCD diet for 21 days (Fig 3A). Circulating blood monocytes were sorted
and analyzed as an additional control group (Fig 3A).

Gene expression analysis showed distinct differences in the cell populations with marked
changes in the expression of cytokines, chemokines and the JAK/STAT signaling pathways
between blood monocytes, KCs and Ly-6C+ macrophages (Fig 3B and Fig 3C). Differences
detected include cytokines from the IL-1, IL-2, IL-10, IL-17, TGF-β, TNF, interferon and che-
mokine families (Fig 3C).

Recruited monocyte-derived macrophages can be identified by cell-
surface expression of CCR2 and CX3CR1
The recruitment of circulating immune cells into the liver is an active process mediated in part
through chemokine-chemokine receptor interactions[6]. To understand the infiltration of cells
during MCD diet feeding we looked at the expression of two chemokine receptors, CCR2 and
CX3CR1 that have been linked to driving a proinflammatory immune response as well as the
regulation of inflammation and contribution to tissue repair[25] (Fig 4A). As the mice devel-
oped steatohepatitis, recruitment of Ly-6Chi macrophages was dependent on both CCR2 and
CX3CR1 (Fig 4B). In comparison, there was no difference in the recruitment of Ly-6Cint

CX3CR1+ macrophages during MCD diet feeding whereas Ly-6Cint CX3CR1+ CCR2+ cells
were significantly increased following 21 days of MCD diet feeding compared to D0 and D7
(Fig 4C, p<0.001). Similarly, Ly-6Cint CCR2+ cells were significantly increased after 21 days of
MCD diet compared to D0, D7 and D14 (Fig 4C, p<0.01, p<0.01, p<0.05, respectively). Kupf-
fer cells in healthy mice do not express CCR2 or CX3CR1 as expected (Fig 4D). At the peak of
liver injury on D21, Ly-6Clo F4/80+ macrophages had abundant expression of CCR2 compared
to D0 and D7 of MCD diet feeding (Fig 4E, p<0.05).

Lymphocytes infiltrate liver tissue after 14 days of MCD diet feeding
Contributing to the mixed leukocyte infiltration during steatohepatitis, lymphocytes can be
detected at the peak of liver disease (Fig 5A). We evaluated the pattern of lymphocyte recruit-
ment during MCD diet feeding and found the appearance of CD4+ T cells was a late event
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beginning after 14 days of MCD diet feeding compared to D0 and D7 (Fig 5B, p<0.0001). Similarly
the recruitment of CD8+ T cells occurred after D14 of MCD diet feeding compared to D0 and D7
(Fig 5C, p<0.0001). NK cell numbers were significantly higher at the end of the treatment period
compared to D0, D7 and D14 (Fig 5D, p<0.001, p<0.01 and p<0.01, respectively). The number of
NKT cells infiltrating the liver are significantly higher on D21 than D14 (Fig 5D, p<0.01).

Kupffer cell depletion at the initiation of MCD diet feeding protects
against liver injury and inflammation
We have established that the progression of necroinflammation during MCD diet feeding is a
dynamic process with both the loss of tissue-resident macrophages and the recruitment of
numerous immune cell populations influencing inflammation, tissue damage as well as tissue

Fig 3. Transcriptomics analysis of resident and recruitedmacrophages in the liver during MCD diet
treatment (A) Fluorescence-activated cell sorting gating strategy for liver macrophages. Sorting purity
exceeded 90% for all populations. (B) Gene expression profile of inflammation genes associated with
steatohepatitis reveals differences between circulating monocytes, resident KC and recruited Ly-6C+

macrophage populations. (C) Genes highlighted by yellow boxes demonstrate changes in expression levels,
either increased or decreased, in the known cytokine-cytokine receptor interaction pathway between sorted cell
populations depicted using the Kyoto Encyclopedia of Genes and Genomes pathway mapper mmu04060.

doi:10.1371/journal.pone.0159524.g003
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repair. To further understand the contribution of tissue-resident macrophages driving the
recruitment of immune cells leading to liver injury and inflammation we used liposomal-
encapsulated clodronate to deplete macrophages within the liver. The clodronate was adminis-
tered starting at D0, D7 or D14 of MCD diet feeding and continued on a weekly basis until ter-
mination of the study at D21 (Fig 6A). Mice were protected from liver injury when
macrophages were depleted over the entire course of MCD diet feeding (Fig 6B, p<0.05).
There was a significant decrease in serum ALT levels when mice received clodronate starting
on D7 of MCD diet feeding (Fig 6B, p<0.01). No difference in serum ALT levels was detected
when clodronate was started after 14 days of MCD diet feeding (Fig 6B). Similarly the NAS
score was significantly reduced with clodronate treatment beginning at D0 (p<0.01) and start-
ing at D7 (p<0.001) with no difference with treatment starting at D14 (Fig 6C). Mice treated
with clodronate over the duration of MCD diet feeding had reduced steatosis and a marked
reduction in inflammation compared to control mice (Fig 6D).

Fig 4. Cell surface expression of chemokines during steatohepatitis (A) Recruitment of Ly-6C+ monocyte-derived macrophages can
be characterized by CCR2 and CX3CR1 expression. (B) Infiltration of Ly-6Chi monocyte-derived macrophages is partially dependent on
CCR2 and CX3CR1. (C) Ly-6Cint monocyte-derived macrophages are recruited in part to the liver via CX3CR1 and CCR2. (D) Kupffer cells
do not express CCR2 or CX3CR1. (E) Ly-6Clo macrophages are predominately CCR2+ appearing only after 14 days of MCD diet feeding.

doi:10.1371/journal.pone.0159524.g004
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Tissue-resident macrophage depletion reduces Ly-6C+ monocyte-
derived macrophage infiltration
To understand the differences in leukocyte recruitment following CLL treatment we first
assessed the infiltrating monocyte-derived macrophage populations (Fig 7A). Treating mice
with CLL at the onset of MCD diet feeding resulted in a significant decrease in Ly-6Clo

(p<0.05), Ly-6Cint (p<0.05) and Ly-6Chi (p<0.01) monocyte-derived macrophage populations
compared to control mice (Fig 7B). When CLL treatment was initiated after 7 days of MCD
diet feeding there was a significant decrease in Ly-6Chi monocyte-derived macrophages
(p<0.05) compared to control (Fig 7C). No differences in cell recruitment were detected when
CLL was started after 14 days of MCD diet feeding (Fig 7D).

Fig 5. Leukocyte recruitment is a later event (A) Emergence of leukocytes is a late event following MCD diet treatment.
(B-C) CD4+ and CD8+ T lymphocytes are observed after 14 days of MCD diet feeding. (D) NK cells and NKT cells are more
prominent on D21 compared to D14.

doi:10.1371/journal.pone.0159524.g005
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Innate and adaptive lymphocytes are significantly reduced in the liver
following CLL treatment at the initiation of MCD diet feeding
Although the recruitment of lymphoid cells appears to be a late event in MCD diet feeding we
wanted to understand how depletion of macrophages at earlier time points would affect later
recruitment of these cells (Fig 8A). Interestingly only mice treated with CLL at the onset of
MCD diet feeding had significantly reduced numbers of CD4+ (p = 0.03) and CD8+ (p = 0.03)
T cells compared to control mice (Fig 8B–8D). The presence of NK and iNKT cells is also
reduced following CLL treatment (Fig 8E). The recruitment of NKT and iNKT cells was signifi-
cantly reduced when CLL treatment was started at the onset of MCD diet feeding (Fig 8F,
p<0.01). A similar pattern was observed when CLL treatment began after 7 days of MCD diet
feeding (Fig 8G, p<0.05).

Fig 6. CLL treatment protects mice from steatohepatitis (A) Regime of clodronate-loaded liposome (CLL) treatment or PBS initiated at D0, D7
or D14 (green arrows) and repeated on a weekly basis until termination of the study (red arrow). All groups of mice (n = 8/group) were fed MCD diet
for the same three-week duration. (B) A significant reduction in serum ALT was observed when CLL was initiated at D0 (p<0.05) and D7 (p<0.01)
compared to PBS control whereas no difference was detected when CLL was started at D14. (C) Mice are protected from developing steatohepatitis
when CLL is initiated on D0 (p<0.001) and D7 (p<0.0001) compared to PBS control but not when CLL begins at D14 of MCD diet feeding. (D)
Representative images of H&E stained liver sections after 21 days of MCD diet feeding following CLL treatment at D0, D7 or D14. 20x magnification,
PT: portal tract, CV: central vein.

doi:10.1371/journal.pone.0159524.g006
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Discussion
To understand the pathogenesis of NASH and develop effective treatment strategies, it is criti-
cal to study the role of Kupffer cells in initiating inflammation[4]. Although KCs have been
established as a key cell type contributing to inflammation during NASH, studies are still
required to define their role at the onset of NASH. Therefore our goal was to describe changes
in KCs during the development of murine steatohepatitis and evaluate the response when KCs
were depleted over the duration of NASH development in mice.

We observed a distinctive pattern of changes in both Kupffer cells and recruited monocytes
during experimental steatohepatitis. Conventional KCs were lost early in the development of
steatohepatitis and were subsequently replaced by a recruited monocyte-derived macrophage
population. A similar phenomenon has been described in the case of bacterial infection with
Listeria monocytogenes where KCs were found to undergo necroptosis and be replaced by bone
marrow-derived monocytes responsible for tissue repair and re-establishment of homeostasis
in the liver[26]. In a newly described model of diphtheria-toxin mediated KC depletion, bone

Fig 7. Recruitment of Ly-6C+monocytes is reduced with CLL treatment (A) Clodronate-loaded liposome (CLL) treatment or PBS initiated at onset of
MCD diet feeding leads to significant changes in Ly-6C+ cell populations. (B) A significant reduction in Ly-6Chi (p<0.05), Ly-6Cint (p<0.05) and Ly-6Clo

(p<0.01) populations can be detected after 21 days of MCD diet feeding when CLL treatment is initiated at onset of MCD diet feeding. (C) Ly-6Chi monocyte-
derived macrophages are significantly reduced when CLL treatment is initiated at D7 of MCD diet feeding compared to PBS control (p<0.05). (D) No
difference between cell populations is detected when CLL treatment is initiated 14 days after MCD diet feeding is started.

doi:10.1371/journal.pone.0159524.g007
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marrow-derived monocytes filled the niche of liver-resident macrophages and adopted a tran-
scriptional profile very similar to that of embryonically derived KCs in healthy mice[27]. We
have recently shown that the loss of KCs during experimental NASH may be due in part to cell
apoptosis mediated by gut-derived volatile organic compounds[28]. Understanding the
changes in resident macrophages and recruited monocytes is key for both preventing inflam-
mation and tissue damage as well as for the resolution of fibrosis. Depletion of Ly-6Clo mono-
cytes following chronic administration of carbon tetrachloride was shown to result in
persistent fibrosis and delayed tissue-remodeling[11]. What remains to be examined is the
physiological function(s) of recruited monocyte-derived macrophages replacing KCs during
chronic inflammation as in the case of steatohepatitis.

Due to the changes in macrophage subsets we observed during MCD diet feeding we evalu-
ated these populations at a transcriptomics level. Indeed, we found that the genes expressed in
conventional KCs from healthy mice varied from that of Ly-6Clo monocyte-derived

Fig 8. Reduction of leukocytes following CLL treatment. (A-B) Clodronate-loaded liposome (CLL) treatment or PBS initiated at onset of MCD
diet feeding leads to significant changes in lymphoid cell populations (CD4+: blue CD8+: red). (C) A significant reduction in CD4+ (p<0.05) and
CD8+ (p<0.05) T cell populations can be detected after 21 days of MCD diet feeding when CLL treatment is initiated at onset of MCD diet feeding.
(D-E) No difference is detected in CD4+ and CD8+ lymphocytes when CLL is initiated at D7 or D14 following MCD diet treatment. (F-G) A
significant reduction in NK cells (p<0.01) and NKT cells (p<0.01) can be detected after 21 days of MCD diet feeding when CLL treatment is initiated
at onset of MCD diet feeding.

doi:10.1371/journal.pone.0159524.g008
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macrophages isolated from mice with steatohepatitis even though they appeared to look similar
when characterized by flow cytometry. We found decreased expression of transcription factors
driving anti-inflammatory M2 polarization in Ly-6Clo macrophages suggesting that the
recruited cells may have a reduced immunoregulatory potential compared to resident Kupffer
cells[29]. Recently it was found that the recruitment of GATA6+ resident peritoneal cavity
macrophages to the liver was necessary to promote tissue repair following sterile burn injury
[30]. This suggests that there is a critical difference between KCs in a healthy liver compared to
macrophages that may be present in the tissue during inflammation and injury. The type of
immune challenge has also been found to result in differences in function of proinflammatory
monocytes recruited to the liver[8]. During persistent viral infection, recruited monocytes
secreted numerous proinflammatory cytokines and chemokines whereas an injection of lipo-
polysaccharide resulted in highly phagocytic monocytes[8]. Careful analysis of these recruited
populations during experimental steatohepatitis is required to fully understand their function.

Our analysis revealed that at the peak of liver injury we found the highest expression of
CCR2 on monocyte-derived macrophages to co-express Ly-6C at a relatively low level. This is
in contrast to some reports in the literature that have described ‘classical’monocyte recruit-
ment dependent on high levels of Ly-6C and CCR2 expression[7, 31]. In the case of chronic
alcohol feeding in mice, Ly-6Chi monocytes were found to adopt a Ly-6Clo expression within
the liver tissue suggesting that these cells retain a highly plastic phenotype and can modify
their function in a given microenvironment[32]. Currently the phase 2b multinational clinical
trial (CENTAUR) is underway to evaluate the anti-inflammatory and anti-fibrotic potential of
a dual CCR2/CCR5 antagonist Cenicriviroc (CVC) in patients with NASH[10]. Continued
study into the potential to modify the recruitment of proinflammatory cells and enhance tissue
repair is required.

Following our microarray analysis we found that a number of genes influencing both cyto-
kine-cytokine receptor interactions and chemokine-chemokine receptors interactions had
changed during MCD diet feeding. We observed high levels of CX3CR1 expression on newly
recruited monocyte-derived macrophages. This is in line with similar reports of TNF-α-pro-
ducing CX3CR1+ dendritic cells recruited to the liver during experimental steatohepatitis[3].
Following KC depletion, we found a reduction in lymphocyte recruitment and reduced inflam-
mation and liver injury likely mediated by the release of chemokines by macrophages in the
liver. A role for CXCL16 release leading to the recruitment of CXCR6+ iNKT cells has been
associated with progression of NASH in mice[33]. Recently expression of CXCR3 was found to
be elevated in liver tissue from patients with NASH and on T lymphocytes in mice following a
high fat-high cholesterol diet [34]. Importantly mice deficient in CXCR3 expression were pro-
tected against liver injury and inflammation thought to be due in part to a reduction in proin-
flammatory cytokine release from macrophages and reduced T cell accumulation [34].
Continued study of the modifications of key cytokines and chemokines is required to identify
effective treatment strategies of NASH.

In our study depletion of KCs early on in MCD diet-induced steatohepatitis revealed a pro-
tective effect similar to previous reports[35]. In one case Kupffer cells were depleted prior to
MCD diet feeding and five days after diet initiation and resulted in a reduction of hepatic TNF-
α expression and decreased monocyte infiltration after ten days of dietary treatment[35]. This
suggests a critical role for KCs in initiating an inflammatory response leading to NASH. This
was further confirmed by our data where only KC depletion at the beginning of MCD diet
treatment or after one week of diet protected the mice against NASH whereas KC depletion at
day 14 did not change the degree of liver injury or inflammation. It is interesting to us that
MCD diet feeding led to a reduction in KCs at early time points and at the same time depletion
of tissue-resident macrophages with clodronate at the beginning of MCD diet feeding resulted
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in protection against steatohepatitis. This may provide evidence of cross-talk between different
pools of tissue-resident macrophages leading to the orchestration of inflammation[27].

The etiology of NASH is still unclear and the development of an animal model that fully
reflects the pathogenesis of NASH remains a challenge[16, 36]. While the MCD diet model
induces a robust NASH phenotype including steatosis, inflammation and hepatocellular injury
it is in the absence of other obesity traits[16]. Employing a ‘westernized’ diet containing high
fat, high cholesterol and fructose can lead to weight gain, steatosis, ballooning hepatocytes and
liver fibrosis similar to human NASH after six months of treatment[37]. Future studies utiliz-
ing ‘westernized’ diets consisting of high fat, cholesterol and/or simple carbohydrates such as
sucrose or fructose should be conducted to evaluate changes in tissue-resident macrophages in
murine models of obesity-induced fatty liver disease. The diets will need to be fed for extended
periods though because our mice fed a HF/HS diet for 13 weeks did not show any indications
of liver injury or change in KC number.

Although we did not observe a substantial change in inflammation when clodronate was
administered following 14 days of MCD diet feeding this may be due to reports of KCs having
reduced phagocytic function in chronic NAFLD [38]. Future studies are aimed at assessing a
dose-dependent depletion of macrophages in the liver during active inflammation to evaluate
the progression of disease.

Our examination of the development of experimental steatohepatitis also revealed changes
in the recruitment of multiple immune cells including CD4+ and CD8+ T cells, NK and iNKT
cells. Clodronate treatment resulted in the reduction of infiltrating CD8+ T cells likely contrib-
uting to further protection against hepatocellular injury as increased portal CD8+ T cells has
been observed in patients with NASH[39]. At the peak of inflammation we observed a signifi-
cant increase in iNKT cells within the liver. Release of osteopontin by macrophages has been
associated with the recruitment of iNKT cells in mice with MCD diet-induced NASH and
resultant fibrosis[40, 41]. The activation of hepatic stellate cells (HSCs) by the release of inflam-
matory molecules like osteopontin and transforming growth factor (TGF)-β1 from macro-
phages has also been linked to the promotion of liver fibrosis[42, 43].

In conclusion we have identified critical changes in resident and recruited macrophages in
the liver during experimental steatohepatitis. Based on gene expression analysis it would sug-
gest that there are numerous functions for macrophages in chronic liver disease and their regu-
lation is a dynamic process. Care should be taken when characterizing these cell types in the
liver.

Supporting Information
S1 Fig. Fibrosis development following six weeks of MCD diet treatment. (A) There was a
significant increase in α-SMA expression in whole liver tissue from mice fed MCD diet for six
weeks compared to three weeks measured by real-time qPCR (p = 0.05). (B) Picrosirius red
staining of a representative liver section from a mouse fed MCD diet for three weeks demon-
strates steatosis and inflammation but very little fibrosis development. (C) Following six weeks
of MCD diet treatment mice begin to develop fibrosis in a ‘chicken wire’ pattern as observed
with Picrosirius red staining of a representative liver section. 20x magnification, PT: portal
tract, CV: central vein.
(TIF)

S2 Fig. Development of NAFLD in mice following HF/HS diet treatment. (A) Following 13
weeks of HF/HS diet feeding, there was no difference in the number of Ly-6C+F4/80+ macro-
phages in the liver compared to standard chow fed mice. In contrast, three weeks of MCD diet
treatment lead to a reduction in tissue-resident macrophages and a substantial recruitment of
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F4/80+ CCR2+ cells. (B) Representative liver section from a mouse fed standard chow diet. (C)
Representative liver section from a mouse fed HF/HS diet for 13 weeks. While the mice develop
steatosis it is in the absence of inflammation. (D) Representative liver section from a mouse fed
MCD diet for three weeks. In addition to steatosis there is evidence of ballooning hepatocytes
and infiltrating leukocytes. (E) There was a significant reduction in F4/80+ tissue-resident
macrophages (��� p<0.001) and a significant increase in F4/80+CCR2+ recruited macrophages
(� p<0.05) in mice fed MCD diet for three weeks as measured by flow cytometry. (F) There
was a significant increase in serum ALT in mice fed MCD diet (���� p<0.0001) for three weeks
compared to standard chow and HF/HS diet treatments whereas there was no difference in
serum ALT levels between mice fed HF/HS diet and standard chow. 20x magnification, PT:
portal tract, CV: central vein.
(TIF)

Author Contributions
Conceived and designed the experiments: DTR BE. Performed the experiments: DTR TV. Ana-
lyzed the data: DTR BAM. Contributed reagents/materials/analysis tools: BAM. Wrote the
paper: DTR JLR BAM RAR BE.

References
1. Hamaguchi M, Takeda N, Kojima T, Ohbora A, Kato T, Sarui H, et al. Identification of individuals with

non-alcoholic fatty liver disease by the diagnostic criteria for the metabolic syndrome. World J Gastro-
enterol. 2012; 18(13):1508–16. doi: 10.3748/wjg.v18.i13.1508 PMID: 22509083; PubMed Central
PMCID: PMC3319947.

2. Heymann F, Tacke F. Immunology in the liver—from homeostasis to disease. Nat Rev Gastroenterol
Hepatol. 2016. doi: 10.1038/nrgastro.2015.200 PMID: 26758786.

3. Sutti S, Locatelli I, Bruzzi S, Jindal A, Vacchiano M, Bozzola C, et al. CX3CR1-expressing inflammatory
dendritic cells contribute to the progression of steatohepatitis. Clin Sci (Lond). 2015; 129(9):797–808.
doi: 10.1042/CS20150053 PMID: 26253086.

4. Jindal A, Bruzzi S, Sutti S, Locatelli I, Bozzola C, Paternostro C, et al. Fat-ladenmacrophagesmodulate
lobular inflammation in nonalcoholic steatohepatitis (NASH). Exp Mol Pathol. 2015; 99(1):155–62. doi:
10.1016/j.yexmp.2015.06.015 PMID: 26112094.

5. Wan J, Benkdane M, Teixeira-Clerc F, Bonnafous S, Louvet A, Lafdil F, et al. M2 Kupffer cells promote
M1 Kupffer cell apoptosis: a protective mechanism against alcoholic and nonalcoholic fatty liver dis-
ease. Hepatology. 2014; 59(1):130–42. doi: 10.1002/hep.26607 PMID: 23832548.

6. Jenne CN, Kubes P. Immune surveillance by the liver. Nat Immunol. 2013; 14(10):996–1006. doi: 10.
1038/ni.2691 PMID: 24048121.

7. Zigmond E, Samia-Grinberg S, Pasmanik-Chor M, Brazowski E, Shibolet O, Halpern Z, et al. Infiltrating
monocyte-derived macrophages and resident kupffer cells display different ontogeny and functions in
acute liver injury. J Immunol. 2014; 193(1):344–53. doi: 10.4049/jimmunol.1400574 PMID: 24890723.

8. Movita D, van de Garde MD, Biesta P, Kreefft K, Haagmans B, Zuniga E, et al. Inflammatory monocytes
recruited to the liver within 24 hours after virus-induced inflammation resemble Kupffer cells but are
functionally distinct. J Virol. 2015; 89(9):4809–17. doi: 10.1128/JVI.03733-14 PMID: 25673700;
PubMed Central PMCID: PMC4403491.

9. Karlmark KR, Weiskirchen R, Zimmermann HW, Gassler N, Ginhoux F, Weber C, et al. Hepatic recruit-
ment of the inflammatory Gr1+ monocyte subset upon liver injury promotes hepatic fibrosis. Hepatol-
ogy. 2009; 50(1):261–74. doi: 10.1002/hep.22950 PMID: 19554540.

10. Friedman S, Sanyal A, Goodman Z, Lefebvre E, Gottwald M, Fischer L, et al. Efficacy and safety study
of cenicriviroc for the treatment of non-alcoholic steatohepatitis in adult subjects with liver fibrosis: CEN-
TAUR Phase 2b study design. Contemp Clin Trials. 2016; 47:356–65. doi: 10.1016/j.cct.2016.02.012
PMID: 26944023.

11. Ramachandran P, Pellicoro A, Vernon MA, Boulter L, Aucott RL, Ali A, et al. Differential Ly-6C expres-
sion identifies the recruited macrophage phenotype, which orchestrates the regression of murine liver
fibrosis. Proc Natl Acad Sci U S A. 2012; 109(46):E3186–95. doi: 10.1073/pnas.1119964109 PMID:
23100531; PubMed Central PMCID: PMC3503234.

Dynamic Changes in Liver Macrophages Influence Experimental NASH

PLOSONE | DOI:10.1371/journal.pone.0159524 July 25, 2016 16 / 18

http://dx.doi.org/10.3748/wjg.v18.i13.1508
http://www.ncbi.nlm.nih.gov/pubmed/22509083
http://dx.doi.org/10.1038/nrgastro.2015.200
http://www.ncbi.nlm.nih.gov/pubmed/26758786
http://dx.doi.org/10.1042/CS20150053
http://www.ncbi.nlm.nih.gov/pubmed/26253086
http://dx.doi.org/10.1016/j.yexmp.2015.06.015
http://www.ncbi.nlm.nih.gov/pubmed/26112094
http://dx.doi.org/10.1002/hep.26607
http://www.ncbi.nlm.nih.gov/pubmed/23832548
http://dx.doi.org/10.1038/ni.2691
http://dx.doi.org/10.1038/ni.2691
http://www.ncbi.nlm.nih.gov/pubmed/24048121
http://dx.doi.org/10.4049/jimmunol.1400574
http://www.ncbi.nlm.nih.gov/pubmed/24890723
http://dx.doi.org/10.1128/JVI.03733-14
http://www.ncbi.nlm.nih.gov/pubmed/25673700
http://dx.doi.org/10.1002/hep.22950
http://www.ncbi.nlm.nih.gov/pubmed/19554540
http://dx.doi.org/10.1016/j.cct.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/26944023
http://dx.doi.org/10.1073/pnas.1119964109
http://www.ncbi.nlm.nih.gov/pubmed/23100531


12. Froehlich F, Lamy O, Fried M, Gonvers JJ. Practice and complications of liver biopsy. Results of a
nationwide survey in Switzerland. Dig Dis Sci. 1993; 38(8):1480–4. PMID: 8344104.

13. Ganz M, Csak T, Szabo G. High fat diet feeding results in gender specific steatohepatitis and inflamma-
some activation. World J Gastroenterol. 2014; 20(26):8525–34. doi: 10.3748/wjg.v20.i26.8525 PMID:
25024607; PubMed Central PMCID: PMC4093702.

14. Reid DT, Eksteen B. Murine models provide insight to the development of non-alcoholic fatty liver dis-
ease. Nutr Res Rev. 2015:1–10. doi: 10.1017/S0954422415000128 PMID: 26494024.

15. Itagaki H, Shimizu K, Morikawa S, Ogawa K, Ezaki T. Morphological and functional characterization of
non-alcoholic fatty liver disease induced by a methionine-choline-deficient diet in C57BL/6 mice. Int J
Clin Exp Pathol. 2013; 6(12):2683–96. Epub 2013/12/03. PMID: 24294355; PubMed Central PMCID:
PMC3843249.

16. Machado MV, Michelotti GA, Xie G, Almeida Pereira T, Boursier J, Bohnic B, et al. Mouse models of
diet-induced nonalcoholic steatohepatitis reproduce the heterogeneity of the human disease. PLoS
One. 2015; 10(5):e0127991. doi: 10.1371/journal.pone.0127991 PMID: 26017539; PubMed Central
PMCID: PMC4446215.

17. Diehl AM, Goodman Z, Ishak KG. Alcohollike liver disease in nonalcoholics. A clinical and histologic
comparison with alcohol-induced liver injury. Gastroenterology. 1988; 95(4):1056–62. Epub 1988/10/
01. PMID: 3410220.

18. Van Rooijen N, Sanders A. Kupffer cell depletion by liposome-delivered drugs: comparative activity of
intracellular clodronate, propamidine, and ethylenediaminetetraacetic acid. Hepatology. 1996; 23
(5):1239–43. doi: 10.1053/jhep.1996.v23.pm0008621159 PMID: 8621159.

19. Van Rooijen N, Sanders A. Liposomemediated depletion of macrophages: mechanism of action, prep-
aration of liposomes and applications. J Immunol Methods. 1994; 174(1–2):83–93. PMID: 8083541.

20. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, et al. Design and validation
of a histological scoring system for nonalcoholic fatty liver disease. Hepatology. 2005; 41(6):1313–21.
Epub 2005/05/26. doi: 10.1002/hep.20701 PMID: 15915461.

21. HjelkremM, Stauch C, Shaw J, Harrison SA. Validation of the non-alcoholic fatty liver disease activity
score. Aliment Pharmacol Ther. 2011; 34(2):214–8. doi: 10.1111/j.1365-2036.2011.04695.x PMID:
21585409.

22. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402–8. PMID: 11846609.

23. Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000; 28
(1):27–30. PMID: 10592173; PubMed Central PMCID: PMC102409.

24. Kanehisa M, Sato Y, Kawashima M, Furumichi M, Tanabe M. KEGG as a reference resource for gene
and protein annotation. Nucleic Acids Res. 2016; 44(D1):D457–62. doi: 10.1093/nar/gkv1070 PMID:
26476454; PubMed Central PMCID: PMC4702792.

25. Dal-Secco D, Wang J, Zeng Z, Kolaczkowska E, Wong CH, Petri B, et al. A dynamic spectrum of mono-
cytes arising from the in situ reprogramming of CCR2+monocytes at a site of sterile injury. J Exp Med.
2015; 212(4):447–56. doi: 10.1084/jem.20141539 PMID: 25800956; PubMed Central PMCID:
PMC4387291.

26. Bleriot C, Dupuis T, Jouvion G, Eberl G, Disson O, Lecuit M. Liver-resident macrophage necroptosis
orchestrates type 1 microbicidal inflammation and type-2-mediated tissue repair during bacterial infec-
tion. Immunity. 2015; 42(1):145–58. doi: 10.1016/j.immuni.2014.12.020 PMID: 25577440.

27. Scott CL, Zheng F, De Baetselier P, Martens L, Saeys Y, De Prijck S, et al. Bonemarrow-derived mono-
cytes give rise to self-renewing and fully differentiated Kupffer cells. Nat Commun. 2016; 7:10321. doi:
10.1038/ncomms10321 PMID: 26813785.

28. Reid DT, McDonald B, Khalid T, Vo T, Schenck LP, Surette MG, et al. Unique microbial-derived volatile
organic compounds in portal venous circulation in murine non-alcoholic fatty liver disease. Biochim Bio-
phys Acta. 2016; 1862(7):1337–44. doi: 10.1016/j.bbadis.2016.04.005 PMID: 27085070.

29. Yue S, Rao J, Zhu J, Busuttil RW, Kupiec-Weglinski JW, Lu L, et al. Myeloid PTEN deficiency protects
livers from ischemia reperfusion injury by facilitating M2macrophage differentiation. J Immunol. 2014;
192(11):5343–53. doi: 10.4049/jimmunol.1400280 PMID: 24771857; PubMed Central PMCID:
PMC4033523.

30. Wang J, Kubes P. A Reservoir of Mature Cavity Macrophages that Can Rapidly Invade Visceral Organs
to Affect Tissue Repair. Cell. 2016; 165(3):668–78. doi: 10.1016/j.cell.2016.03.009 PMID: 27062926.

31. Miura K, Yang L, van Rooijen N, Ohnishi H, Seki E. Hepatic recruitment of macrophages promotes non-
alcoholic steatohepatitis through CCR2. Am J Physiol Gastrointest Liver Physiol. 2012; 302(11):
G1310–21. doi: 10.1152/ajpgi.00365.2011 PMID: 22442158; PubMed Central PMCID: PMC3378163.

Dynamic Changes in Liver Macrophages Influence Experimental NASH

PLOSONE | DOI:10.1371/journal.pone.0159524 July 25, 2016 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/8344104
http://dx.doi.org/10.3748/wjg.v20.i26.8525
http://www.ncbi.nlm.nih.gov/pubmed/25024607
http://dx.doi.org/10.1017/S0954422415000128
http://www.ncbi.nlm.nih.gov/pubmed/26494024
http://www.ncbi.nlm.nih.gov/pubmed/24294355
http://dx.doi.org/10.1371/journal.pone.0127991
http://www.ncbi.nlm.nih.gov/pubmed/26017539
http://www.ncbi.nlm.nih.gov/pubmed/3410220
http://dx.doi.org/10.1053/jhep.1996.v23.pm0008621159
http://www.ncbi.nlm.nih.gov/pubmed/8621159
http://www.ncbi.nlm.nih.gov/pubmed/8083541
http://dx.doi.org/10.1002/hep.20701
http://www.ncbi.nlm.nih.gov/pubmed/15915461
http://dx.doi.org/10.1111/j.1365-2036.2011.04695.x
http://www.ncbi.nlm.nih.gov/pubmed/21585409
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/10592173
http://dx.doi.org/10.1093/nar/gkv1070
http://www.ncbi.nlm.nih.gov/pubmed/26476454
http://dx.doi.org/10.1084/jem.20141539
http://www.ncbi.nlm.nih.gov/pubmed/25800956
http://dx.doi.org/10.1016/j.immuni.2014.12.020
http://www.ncbi.nlm.nih.gov/pubmed/25577440
http://dx.doi.org/10.1038/ncomms10321
http://www.ncbi.nlm.nih.gov/pubmed/26813785
http://dx.doi.org/10.1016/j.bbadis.2016.04.005
http://www.ncbi.nlm.nih.gov/pubmed/27085070
http://dx.doi.org/10.4049/jimmunol.1400280
http://www.ncbi.nlm.nih.gov/pubmed/24771857
http://dx.doi.org/10.1016/j.cell.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27062926
http://dx.doi.org/10.1152/ajpgi.00365.2011
http://www.ncbi.nlm.nih.gov/pubmed/22442158


32. WangM, You Q, Lor K, Chen F, Gao B, Ju C. Chronic alcohol ingestion modulates hepatic macrophage
populations and functions in mice. J Leukoc Biol. 2014; 96(4):657–65. doi: 10.1189/jlb.6A0114-004RR
PMID: 25030420; PubMed Central PMCID: PMC4163632.

33. Wehr A, Baeck C, Ulmer F, Gassler N, Hittatiya K, Luedde T, et al. Pharmacological inhibition of the
chemokine CXCL16 diminishes liver macrophage infiltration and steatohepatitis in chronic hepatic
injury. PLoS One. 2014; 9(11):e112327. doi: 10.1371/journal.pone.0112327 PMID: 25372401; PubMed
Central PMCID: PMC4221470.

34. Zhang X, Han J, Man K, Li X, Du J, Chu ES, et al. CXC chemokine receptor 3 promotes steatohepatitis
in mice through mediating inflammatory cytokines, macrophages and autophagy. J Hepatol. 2015. doi:
10.1016/j.jhep.2015.09.005 PMID: 26394162.

35. Tosello-Trampont AC, Landes SG, Nguyen V, Novobrantseva TI, Hahn YS. Kuppfer cells trigger nonal-
coholic steatohepatitis development in diet-induced mouse model through tumor necrosis factor-alpha
production. J Biol Chem. 2012; 287(48):40161–72. doi: 10.1074/jbc.M112.417014 PMID: 23066023;
PubMed Central PMCID: PMC3504730.

36. Teufel A, Itzel T, Erhart W, Brosch M, Wang XY, Kim YO, et al. Comparison of Gene Expression Pat-
terns Between Mouse Models of Nonalcoholic Fatty Liver Disease and Liver Tissues from Patients.
Gastroenterology. 2016. doi: 10.1053/j.gastro.2016.05.051 PMID: 27318147.

37. Charlton M, Krishnan A, Viker K, Sanderson S, Cazanave S, McConico A, et al. Fast food diet mouse:
novel small animal model of NASH with ballooning, progressive fibrosis, and high physiological fidelity
to the human condition. Am J Physiol Gastrointest Liver Physiol. 2011; 301(5):G825–34. doi: 10.1152/
ajpgi.00145.2011 PMID: 21836057; PubMed Central PMCID: PMC3220319.

38. Asanuma T, Ono M, Kubota K, Hirose A, Hayashi Y, Saibara T, et al. Super paramagnetic iron oxide
MRI shows defective Kupffer cell uptake function in non-alcoholic fatty liver disease. Gut. 2010; 59
(2):258–66. doi: 10.1136/gut.2009.176651 PMID: 19919948.

39. Gadd VL, Skoien R, Powell EE, Fagan KJ, Winterford C, Horsfall L, et al. The portal inflammatory infil-
trate and ductular reaction in human nonalcoholic fatty liver disease. Hepatology. 2014; 59(4):1393–
405. doi: 10.1002/hep.26937 PMID: 24254368.

40. SynWK, Oo YH, Pereira TA, Karaca GF, Jung Y, Omenetti A, et al. Accumulation of natural killer T
cells in progressive nonalcoholic fatty liver disease. Hepatology. 2010; 51(6):1998–2007. doi: 10.1002/
hep.23599 PMID: 20512988; PubMed Central PMCID: PMC2920131.

41. SynWK, Choi SS, Liaskou E, Karaca GF, Agboola KM, Oo YH, et al. Osteopontin is induced by hedge-
hog pathway activation and promotes fibrosis progression in nonalcoholic steatohepatitis. Hepatology.
2011; 53(1):106–15. doi: 10.1002/hep.23998 PMID: 20967826; PubMed Central PMCID:
PMC3025083.

42. Coombes JD, Choi SS, Swiderska-Syn M, Manka P, Reid DT, Palma E, et al. Osteopontin is a proximal
effector of leptin-mediated non-alcoholic steatohepatitis (NASH) fibrosis. Biochim Biophys Acta. 2016;
1862(1):135–44. doi: 10.1016/j.bbadis.2015.10.028 PMID: 26529285; PubMed Central PMCID:
PMC4756594.

43. Hellerbrand C, Stefanovic B, Giordano F, Burchardt ER, Brenner DA. The role of TGFbeta1 in initiating
hepatic stellate cell activation in vivo. J Hepatol. 1999; 30(1):77–87. PMID: 9927153.

Dynamic Changes in Liver Macrophages Influence Experimental NASH

PLOSONE | DOI:10.1371/journal.pone.0159524 July 25, 2016 18 / 18

http://dx.doi.org/10.1189/jlb.6A0114-004RR
http://www.ncbi.nlm.nih.gov/pubmed/25030420
http://dx.doi.org/10.1371/journal.pone.0112327
http://www.ncbi.nlm.nih.gov/pubmed/25372401
http://dx.doi.org/10.1016/j.jhep.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26394162
http://dx.doi.org/10.1074/jbc.M112.417014
http://www.ncbi.nlm.nih.gov/pubmed/23066023
http://dx.doi.org/10.1053/j.gastro.2016.05.051
http://www.ncbi.nlm.nih.gov/pubmed/27318147
http://dx.doi.org/10.1152/ajpgi.00145.2011
http://dx.doi.org/10.1152/ajpgi.00145.2011
http://www.ncbi.nlm.nih.gov/pubmed/21836057
http://dx.doi.org/10.1136/gut.2009.176651
http://www.ncbi.nlm.nih.gov/pubmed/19919948
http://dx.doi.org/10.1002/hep.26937
http://www.ncbi.nlm.nih.gov/pubmed/24254368
http://dx.doi.org/10.1002/hep.23599
http://dx.doi.org/10.1002/hep.23599
http://www.ncbi.nlm.nih.gov/pubmed/20512988
http://dx.doi.org/10.1002/hep.23998
http://www.ncbi.nlm.nih.gov/pubmed/20967826
http://dx.doi.org/10.1016/j.bbadis.2015.10.028
http://www.ncbi.nlm.nih.gov/pubmed/26529285
http://www.ncbi.nlm.nih.gov/pubmed/9927153

