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Abstract

Background—MCP-1 is known to be an important chemokine for macrophage recruitment.
Thus, targeting MCP-1 may prevent the perturbations associated with macrophage-induced
inflammation in adipose tissue. However, inconsistencies in the available animal literature have
questioned the role of this chemokine in this process. The purpose of this study was to examine the
role of MCP-1 on obesity-related pathologies.

Methods—Wild-type (WT) and MCP-1 deficient mice on an FVB/N background were assigned
to either low-fat-diet (LFD) or high-fat-diet (HFD) treatment for a period of 16 weeks. Body
weight and body composition were measured weekly and monthly, respectively. Fasting blood
glucose and insulin, and glucose tolerance were measured at 16 weeks. Macrophages, T cell
markers, inflammatory mediators, and markers of fibrosis were examined in the adipose tissue at
sacrifice.

Results—As expected, HFD increased adiposity (body weight, fat mass, fat percent, and
adipocyte size), metabolic dysfunction (impaired glucose metabolism and insulin resistance)
macrophage number (CD11b*F480* cells, and gene expression of EMR1 and CD11c), T cell
markers (gene expression of CD4 and CD8), inflammatory mediators (pNFxB and pJNK, and
MRNA expression of MCP-1, CCL5, CXCL14, TNF-a, and IL-6), and fibrosis (expression of
IL-10, IL-13, TGF-B, and MMP2) (P<0.05). However, contrary to our hypothesis, MCP-1
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deficiency exacerbated many of these responses resulting in a further increase in adiposity (body
weight, fat mass, fat percent and adipocyte size), metabolic dysregulation, macrophage markers
(EMR1), inflammatory cell infiltration, and fibrosis (formation of type | and I1I collagens, mRNA
expression of 1L-10 and MMP2) (P<0.05).

Conclusions—These data suggest that MCP-1 may be a necessary component of the
inflammatory response required for adipose tissue protection, remodeling, and healthy expansion
in the FVB/N strain in response to HFD feedings.

Introduction

Over one third of the adult population in the U.S. is obese, resulting in a rise in obesity-
related conditions including heart disease, stroke, type-2 diabetes, and certain types of
cancer (1—6). Although it is well known that obesity can be prevented through healthy
dietary habits and physical activity (7, 8), interventions in a clinical setting have generally
been unsuccessful, especially in the long-term (1, 9). Thus, changing behavior in this
population has proven to be challenging. This has led to an explosion of studies to
understand the pathways driving the pathologic processes associated with obesity so that
therapeutic targets can be identified.

A pathophysiological mechanism that can link obesity to disease risk is chronic
inflammation, a process that is largely mediated by quantitative and phenotypic changes in
adipose tissue macrophages. Approximately 45-60% of adipose tissue cells express the
F4/80 macrophage marker in obese mice, whereas only 10-15% of cells from lean mice
express this marker (10). In addition, adipose tissue macrophages in obese mice exhibit a
pro-inflammatory M1 phenotype, whereas those from lean mice have an anti-inflammatory
M2 phenotype (11, 12). Emerging evidence also associates macrophages with dysregulation
of metabolic homeostasis due to their role in leptin and insulin resistance (13, 14). Thus,
targeting macrophage recruitment may reverse obesity-related pathologies.

As such, several studies have examined the role of chemokines for their ability to reduce
macrophage infiltration in mouse models of diet-induced obesity. Monocyte chemoattractant
protein 1 (MCP-1) is perhaps the most widely investigated chemokine in this regard. It is
increased in white adipose tissue of obese subjects resulting in recruitment of bone-derived
monocytes, which infiltrate the tissue from circulation (15, 16). Recently, it has been
reported that MCP-1 can even induce macrophage cell division in adipose tissue implants,
whereas MCP-1 deficiency /n vivo decreases adipose tissue macrophage proliferation (17).
MCP-1 has also been implicated in playing a role in metabolism; mice engineered to express
an MCP-1 transgene in adipose tissue are reported to be insulin resistant (18). However,
while the majority of data supports a role for MCP-1 on high-fat-diet (HFD) related
pathologies there have been some inconsistencies in the literature. For example, Inouye et
al., reported no change in adipose tissue macrophage number in MCP-1 deficient mice
following diet-induced obesity but in fact showed that these mice gained more weight, were
glucose intolerant, had mildly increased plasma glucose and were hyperinsulinemic
compared with wild-type mice suggesting a beneficial effect of this chemokine on
metabolism independent of its macrophage recruiting abilities (19). While the inconsistences
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in the literature are still largely unexplained, Galastri et al., reported that lack of MCP-1
differently affects inflammation according to the genetic background in a model of diet-
induced steatohepatitis (20).

We sought to examine the role of MCP-1 on adiposity, cellular infiltration, inflammation,
and metabolic dysfunction following HFD feeding in mice. This was done using MCP-1
deficient mice on an FVB/N background, a model that was generated in our laboratory. The
HFD was designed by our research team and has previously been reported to induce obesity
and increase adipose tissue macrophage infiltration following 16 weeks of feedings (21, 22),
albeit in the C57BL/6 strain.

Materials & Methods

Animals

Diets

MCP1~/~ mice on the C57BL/6 background and FVB/N wild-type mice were originally
obtained from Jackson Laboratories (Bar Harbor, ME). The FVB/N mice were crossed with
the C57BL/6 MCP1~/~ strain, and then back-crossed an additional eight times to derive the
FVB/N MCP1~/~ strain. FVB/N wild-type mice and FVB/N MCP1~/~ mice were maintained
as separate colonies but under the same conditions in the animal research facility at the
University of South Carolina. Male mice were used in all experiments and were genotyped
for MCP-1 using the primer sequences as follows: mutant GCCAGAGGCCACTTGTGTAG,
wild type forward TGACAGTCCCCAGAGTCACA and common
TCATTGGGATCATCTTGCTG. They were housed, 3-5/cage, maintained on a 12:12-h
light-dark cycle in a low stress environment (22°C, 50% humidity, low noise) and given food
and water ad /ibitum. Principles of laboratory animal care were followed, and the
Institutional Animal Care and Usage Committee of the University of South Carolina
approved all experiments.

At four weeks of age, wild-type and MCP-17/~ mice were randomly assigned to either a
low-fat-diet (LFD) (n=7 WT Con, n=7 MCP Con) or a HFD treatment (n=7 WT HFD, n=8
MCP HFD). Sample size was determined based on the expected effect sizes. The AIN-76A
diet was used for the LFD. The HFD was designed by our laboratory and closely mimics the
standard American diet (40% and 12% of calories from total fat and saturated fat,
respectively) (Bioserv, Frenchtown, NJ) (21, 23). Both diets contained similar vitamin and
mineral content. Mice were fed their respective diets for 16 weeks. Two independent
experiments were performed and no mice were excluded from any of the analyses.

Body weights, food intake, and body composition

Body weight and food intake were monitored weekly. Body composition was assessed
approximately every 4 weeks (age 4, 9, 12, 16, and 20 weeks). Briefly, mice were placed
under anesthesia (isoflurane inhalation) and were assessed for lean mass, fat mass, and body
fat percentage via dual-energy x-ray absorptiometry (DEXA) (Lunar P1XImus, Madison,
WI) (21).
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Blood samples were collected from the tail vein after a 5-hour fast during week 16 of dietary
treatment. Blood glucose concentrations were determined in whole blood using a glucometer
(Bayer Contour, Michawaka IN). Insulin concentrations were determined in plasma using an
ELISA kit (Mercodia, Uppsala, Sweden). Insulin resistance was estimated by the
homeostatic model assessment (HOMA) index as follows: insulin resistance index = fasting
insulin (uU/mL) x fasting glucose (mmol/L)/22.5 (24). Glucose tolerance tests were
performed after 16 weeks of dietary treatment on mice fasted for 5 hours. Glucose (1g/kg)
was given intraperitoneally and the blood glucose concentrations were measured
intermittingly (0, 15, 30, 60, 90, and 120 minutes) over a two-hour period. Area under the
curve (AUC) was calculated using the trapezoidal rule.

Tissue collection

Following 16 weeks of dietary treatment, mice were sacrificed for tissue collection.
Epididymal, mesentery, and retroperitoneal fat pads as well as the liver were removed,
weighed, and immediately snap-frozen in liquid nitrogen and stored at —80°C or fixed in
10% formalin. All of the analyses were performed by an investigator blinded to the
treatment groups.

Immunohistochemistry

A portion of epididymal adipose tissue was excised from each mouse, fixed overnight in
10% formalin, dehydrated with alcohol, and embedded in wax. Paraffin sections were
stained with hematoxylin and eosin (H&E). Tissue content of type | and 111 collagens was
examined using the picro-sirius red stain kit (Abcam, Cambridge, MA, USA, #150681).

Adipose tissue morphometry

The surface area of 100 adipocytes were determined (manual trace) from H&E stained slides
using ImageJ software (National Institutes of Health, Bethesda, MD) (25) and then averaged
to represent mean adipocyte size for each mouse.

Western blots

Epididymal adipose tissue was homogenized in Mueller buffer, which included a protease
inhibitor cocktail (Sigma), 1% glycerophophate (100mM), 0.5% sodium orthovanadate
(5mM) and 1% sodium fluoride (25mM) (21). The protein concentration was determined
using the Bradford method (26). Proteins were fractioned onto Criterion precast gels (Bio-
Rad, Hercules, CA) and were subsequently transferred to a polyvinylidene difluoride
membrane overnight. Membranes were stained with a Ponceau S solution to verify equal
protein loading and transfer efficiency. Western blot analysis was performed as previously
described using primary antibodies for phosphorylated (Ser536) and total NFxB p65
(#3033S) as well as phosphorylated (Thr183/Tyr185) and total INK (#4671S) (Cell
Signaling, Danvers, MA) (27, 28).
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Magnetic cell sorting & flow cytometry

Epididymal adipose tissue samples were digested using Collagenase Type 11 (Lmg/mL) and
cRPMI (RPMI, 1% pentastrep, 1% BSA), strained, and centrifuged. Following lysing, cells
were resuspended and centrifuged twice in FACS buffer to create a single cell suspension.
Cells were counted and the cell volume of each sample was computed prior to pooling
samples into each of the four treatment groups. An isolation buffer (PBS supplemented with
0.5% BSA and 2 mM EDTA) was used to resuspend the cells and CD11b MACS
microbeads (Miltenyi Biotec Inc., San Diego, CA, #130-049-601) were used according to
manufacturer's instruction. Cells were separated by magnetic properties in the column
matrix (MACS, Auburn, CA, #130-042-201) and then resuspended in flow buffer. CD11b
positive cells were counted using trypan blue. CD11b cells were stained for F480*
(EBioscience, San Diego, CA, USA) and analyzed using a FC 500 (Beckman Coulter, Brea,
CA) flow cytometer.

Real-time quantitative PCR

Epididymal adipose tissue was homogenized under liquid nitrogen using a polytron, and
total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) and chloroform/
isopropy! alcohol extraction. Murine 18s rRNA was used as the housekeeping gene to
normalize all of the data obtained. Quantification of epididymal adipose tissue mMRNA gene
expression for macrophage markers (F4/80, CD11c, CD206), T cell markers (CD4 and
CD8), cytokines (interleukin-6 (IL6), tumor necrosis factor a (TNFa), interleukin-10 (1L10),
and interleukin-13 (IL13)), cell proliferation and differentiation cytokine transforming
growth factor g (TGFp), chemokines (MCP-1, C-X-C motif chemokine-12 (CXCL12), C-X-
C motif chemokine-14 (CXCL14), C-C motif ligand-5 (CCL5), and fetuin-A), and matrix
metalloproteinases (matrix metalloproteinase-2 (MMP2), matrix metalloproteinase-9
(MMP9)), (Applied Biosystems, Foster City, CA) were performed as previously described
(28). Quantitative reverse transcriptase polymerase chain reaction analysis was carried out as
per the manufacturer's instructions using TagMan Gene Expression Assays (Applied
Biosystems, Foster City, CA).

Statistical analysis

All data were analyzed using commercial software (GraphPad Software, Prism 6, La Jolla,
CA, USA). Total body weight, body weight percent change, body composition
measurements and the glucose tolerance test were analyzed using a two-way analysis of
variance at each time point. All other data were analyzed using a two-way analysis of
variance. Bonferroni correction was used for all post-hoc analyses. Statistical significance
was set with an a value of P < 0.05 and underlying assumptions for validity of all tests were
satisfied. Data are represented as mean = SEM.
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FVB/N MCP1~~ mice fed a HFD have increased body weight gain and larger adipocyte size
compared to wild-type mice fed the same diet

As expected, the HFD treatment increased body weight beginning at 1 week following
initiation of the HFD treatment and remained elevated through the 16 week treatment period
(Figures 1A & 1B; P<0.05). Main effects for genotype were also observed; interestingly,
MCP-1 deficient mice that weighed less than WT mice at baseline (4 weeks of age) were
heavier at 7-12 weeks of HFD treatment (P<0.05; Figure 1A). Percent change in body
weight is presented to reflect relative changes wherein MCP-1 deficient mice experienced
greater weight gain from 1-16 weeks of age (P<0.05; Figure 1B). A significant interaction
was observed for body weight at weeks 9-12 and weeks 10-11 for total body weight and
body weight percent change, respectively (P<0.05); MCP-1 deficient mice increased body
weight only when fed a HFD.

Similar effects were seen for the body composition analysis. A main effect of diet was seen
at 4,9, 12 and 16 weeks for both body fat (Figure 1C) and body fat percent (Figure 1D)
(P<0.05), and a main effect of genotype was observed at 9 and 12 weeks for both of these
outcomes (P<0.05). A significant interaction was found at 9 and 12 weeks for both total
body fat and body fat percent (P<0.05); the observed increase with MCP-1 deficiency was
dependent on diet treatment. For lean weight, only a main effect of diet was observed at 12
weeks (Figure 1E) (P<0.05).

The HFD treatment increased mean adipocyte size regardless of genotype (Figure 1F)
(P<0.05). Further, a significant interaction was found as MCP-1 deficient mice fed a HFD
had a significantly larger mean adipocyte size than the wild-type HFD-fed mice (P<0.05).

Visceral fat depots (epididymal, kidney, mesenteric) and liver were collected at sacrifice and
weighed (Table 1). The HFD treatment increased mass in all fat depots as well as the liver (P
< 0.05). Further, there was a main effect of genotype for the kidney fat weight and liver
weight (P < 0.05); both were heavier in MCP-1 deficient mice.

In general, there were no differences among HFD-fed mice in weekly food intake (food
consumed by mice in each cage/number of mice in cage) over the course of the study.

The absence of MCP-1 in FVB/N mice fed a HFD increases insulin resistance and
aggravates glucose metabolism

HFD increased fasting blood glucose (Figure 2A) and insulin concentrations, (Figure 2B) as
well as the HOMA index (Figure 2C) (P< 0.05). In addition, a main effect for genotype was
observed where MCP-1 deficiency increased fasting blood insulin concentration and the
HOMA index (P<0.05). Post-hoc analyses revealed that this effect occurred within the HFD
groups only (P< 0.05). A glucose tolerance test (Figure 2D, E) showed a main effect of diet
(0, 15, 30, 60, 90 and 120 min) and genotype (15 and 30 min). Further, an interaction was
found where MCP-1 deficient mice within the HFD treatment displayed poorer glucose
metabolism than the wild-type mice at 30, 60, 90 and 120 minutes post-glucose
administration (P < 0.05). Consistent with the aforementioned results, the AUC also revealed
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a main effect of diet and a significant interaction between the HFD treatment groups (P <
0.05).

Adipose tissue inflammatory cell infiltration is influenced by HFD consumption and the
absence of MCP-1 in the FVB/N strain

H&E staining revealed increased inflammatory cell infiltration into epididymal fat (Figure
3A). Interestingly however, MCP-1 deficiency exacerbated this response as there was a
further increase in the MCP1~/~ HFD group.

These findings were confirmed using flow cytometric analysis (Figure 3B); we report an
increase in CD11b*F480* cells in HFD treated mice (78.7 and 89.8% for HFD groups
versus 22.6 and 27.6% for LFD groups). Again, this effect appeared to be worsened with
MCP-1/~ within HFD as a further increase in CD11b*F480* cells was observed (89.8%
versus 78.7%).

RT-gPCR was performed to determine macrophage and T cell marker gene expression
(Figure 3C). A significant main effect of diet was observed across all immune cell markers
where HFD treatment increased EMR1 (overall macrophage), CD11c (M1 macrophage),
CD206 (M2 macrophage), CD4 (T-helper cell), and CD8 (cytotoxic T cell) expression
(P<0.05). A main effect of genotype was significant for EMR1 only; consistent with FACS
data, MCP-1 deficiency increased expression of EMR1 and post-hoc analyses revealed that
this can attributed to an elevation within the HFD treatment only (P<0.05).

Long-term HFD feeding leads to adipose tissue inflammation but this is not significantly
influenced by MCP-1 in the FVB/N strain

Western blot analysis revealed a main effect of diet on pNFxB (p65) and pJNK
inflammatory pathway activation (P<0.05) (Figure 4A-B). Gene expression of the
chemokines MCP-1, CCL5 (Rantes) and CXCL14 were increased with HFD (P<0.05) and
there was a trend for an increase in Fetuin A (P=0.09). Although there was no main effect of
diet for CXCL12, there was a significant interaction where the effect of HFD was dependent
on MCP-1 deficiency (P<0.05). The pro-inflammatory cytokines TNF-a and IL-6 were
significantly upregulated in the HFD groups (P<0.05) (Figure 4C) but there was no effect of
genotype and no interactions.

Prolonged HFD feedings leads to the formation of fibrosis in the adipose tissue of MCP-1
deficient mice on the FVB/N background

A main effect of diet was found across all 3 cytokine markers of fibrosis and tissue
remodeling including IL-10, IL-13 and TGF-p (P<0.05). A main effect of genotype was
observed for IL-10 (P<0.05) as well as a significant interaction between the wild-type HFD-
fed mice and the MCP-1 deficient mice fed the same diet (P<0.05). There was a main effect
of diet for both MMP2 and MMP9 (P<0.05); the mice treated with the HFD had significant
increases in mMRNA expression levels of MMP2, and conversely, decreases in mRNA
expression levels of MMP9 (P<0.05) (Figure 5A). Further, for MMP2 there was a main
effect of genotype and also an interaction (P<0.05); MMP2 was increased in the MCP-1
deficient mice fed a HFD compared to the wild-type group fed the same diet. Picro-sirius red
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staining of the epididymal adipose tissue exhibited a substantial increase in the formation of
type | and 111 collagens in the MCP1~~ HFD-fed mice (Figure 5B).

Discussion

We examined the role of MCP-1 on HFD-related pathologies using MCP-1 knockout mice
on an FVB/N background. As expected, we found an increase in fat mass, metabolic
dysfunction, immune cell infiltration, and inflammatory processes with HFD feedings.
However, contrary to what we hypothesized, our findings indicate that MCP-1 deficiency
leads to an increase in many of these HFD-related pathologies, implicating a potential
necessary role for this chemokine in adipose tissue protection, remodeling, and healthy
expansion.

We have previously reported that HFD feedings leads to increased adiposity, macrophage
accumulation, and inflammation following 16 weeks of treatment in the C57BL/6 mouse
strain (21, 27). In the current investigation, we used mice on the FVB/N background; a strain
that is often implicated as being resistant to diet-induced obesity (29-31). However, not all of
the literature has pointed towards resistance to diet-induced obesity in the FVB/N strain as
increases in body weight, plasma insulin levels, and fat pad weights in FVB/N mice fed a
HFD have been documented (32). The reported inconsistences may be due to the duration of
HFD feedings, fat content of the diet, sex of the mice, housing conditions, and/or differences
in gut microbiota. For example, we have previously reported stark differences in adiposity,
macrophage accumulation, and metabolic outcomes in the C57BL/6 mouse when the content
of saturated fat, but not total fat, is altered (21). Nonetheless, our findings clearly confirm an
increase in HFD-related pathologies in the FVB/N strain following 16 weeks on a 40%
HFD.

While the majority of the literature supports an influence of MCP-1 on inflammatory
processes and metabolic disturbances in response to HFD feedings (18, 33 34), several
studies have reported no effect of MCP-1 (35—37) and some have even reported that MCP-1
depletion leads to negative connotations (37). We generated an MCP-1 deficient FVB/N
mouse in our lab and were interested in furthering the understanding of this chemokine in
obesity-related pathologies. Largely inconsistent with the previously reported findings, we
found that MCP-1 depletion increased adiposity, resulted in exaggerated metabolic
dysfunction, and exacerbated infiltration of immune cells into adipose tissue following 16
weeks of HFD feedings. Adipocyte expansion and sustained inflammation are linked to
fibrosis (38). Thus, we also measured fibrosis and report a substantial increase in collagens
type 1 and Il along with gene expression of select genes likely involved in this process
including 1L-10 and MMP2.

It has been reported that a reduced ability to sense and respond to pro-inflammatory stimuli
at the level of the adipocyte decreases the capacity for healthy adipose tissue expansion and
remodeling, which can ultimately lead to increased HFD-related pathologies, including
metabolic dysfunction and fibrotic adipose tissue (39). In fact, previous research has
suggested that MCP-1 may be involved in the regulation of adipogenesis. For example, it
was reported that MCP-1 generated large quantities of new adipose tissue in an engineering
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model designed for adipose tissue growth (40). Further, a recent study found that MCP-1
induced protein (MCP1P) induces adipogenesis in C57BL/6 mice resulting in an increase in
the number of adipocytes (41). Based on this, it is plausible that a lack of MCP-1 hindered
favorable adipose tissue expansion, resulting in dysfunctional adipose tissue and metabolic
perturbations as exhibited by our model.

The increase in total body fat, body fat percent, and body weight in the MCP-1 deficient
mice is perplexing as there was no substantial difference in food intake (data not shown) or
any noticeable difference in physical activity levels between the groups. It seems unlikely
that possible changes to the adipogenic process resulting from MCP-1 deficiency would
result in a ~5 gram difference in body fat content between groups. Interestingly however,
Inouye et al., reported a similar finding as MCP-1 deficient mice on a C57BL/6 background
had increased body fat following HFD feedings (19). They speculated that the increased
adiposity may have been an effect of MCP-1 absence on adipose tissue growth, as MCP-1
has been reported to induce adipocyte dedifferentiation in 3T3-L1 adipocytes by reducing
triglyceride content and expression of genes expressed in mature adipocytes, such as
lipoprotein lipase, adipsin, GLUT-4, aP2, 33-adrenergic receptor, and peroxisome
proliferator—activated receptor-vy (42, 43). It's unclear as to why this effect on adiposity was
most prominent during the earlier time-points; it's possible that some compensatory
regulatory mechanism may be preventing further weight gain in the MCP-1 deficient mice.
Future studies are necessary to fully understand this process.

Given that MCP-1 is widely accepted as a chemoattractant for macrophages among other
immune cells, the findings of an increase in immune cell infiltration in MCP-1 deficient
mice were surprising. However, the role of MCP-1 in promoting immune cell recruitment
has recently been challenged by the absence of a noticeable impact on macrophage
accumulation resulting from MCP-1 genetic disruption in C57BL/6 mice (19) In fact, Kirk
et al., using a similar MCP-1 knockout approach, reported higher levels of a macrophage-
specific protein in multiple fat depots as well as increased adipose tissue weight in MCP-1
deficient mice on a C57BL/6 background (37). Furthermore, HFD-fed CCR2-deficient mice
do not normalize macrophage content to the levels of lean animals, suggesting that
macrophage recruitment is regulated by MCP-1/CCR2 independent signaling pathways (34).
Thus, we examined additional chemokines in an effort to address the increased recruitment
of immune cells in MCP-1 deficient mice following HFD feedings. Our data indicate a
significant increase in CXCL12 in MCP-1 deficient mice fed a HFD as well as trend for an
increase in fetuin A. This could explain, at least in part, the increase in immune cell
infiltration in our study as others have documented a role for these chemokines in this
process (44, 45).

Emerging evidence now links T cells to obesity-mediated insulin resistance and the systemic
inflammatory response. In fact, it has been reported that infiltration of CD8+ T cells
precedes that of macrophages during high-fat-diet feedings and that this T cell subset is
necessary for macrophage accumulation and activation during adipose tissue inflammation
(46). Similarly, it has been reported that enlarged adipocytes stimulate CD4+ T cells
resulting in increased inflammation (47). As many of the chemokines measured in the
current investigation are not exclusive to macrophages, we also measured T cell markers to
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explore the notion that T cells may be playing a compensatory role leading to the observed
increase in immune cell markers and inflammatory mediators following MCP-1 deletion. As
expected, we found an increase in CD4 and CD8 gene expression in the adipose tissue
following high-fat-diet feedings but there was no further increase in MCP-1 deficient mice.
Thus, we do not believe that T cells are driving the metabolic perturbations and increased
inflammatory cell infiltration observed in the MCP-1 deficient mice in this model.

A limitation of our study is that we examined only one time-point for the majority of
outcomes; our data is limited to the 16 week time-point — a time-point when there were no
differences in body composition, although differences in percent change of body weight
were still evident. It would have been informative to have measured the influence of MCP-1
on inflammation and fibrosis at earlier time-points when much larger differences in body
composition were observed to fully evaluate the role of this chemokine in obesity
progression. It is certainly possible that differences in inflammatory mediators, chemokines,
and possibly other parameters, between the groups would have been detected and/or greater
had we measured these outcomes at earlier time-points.

Our data clearly suggest a necessary role for this chemokine in preventing obesity-related
pathologies, at least in the FVB/N strain. However, given the previous literature, which is
largely confined to the C57BL/6 strain, we performed an additional study using the
C57BL/6 background utilizing the exact same diet and feeding duration. Although our
sample size was limited (n=4-6/group), in general, we observed either no change or a
slightly beneficial effect of MCP-1 depletion on adiposity and inflammation following HFD
feedings (supplementary data Figure 1). This led us to conclude that lack of MCP-1 can
differentially affect metabolic and inflammatory processes according to the genetic
background. In support of this hypothesis, Galastri et al., reported similar strain differences
in a mouse model of steatohepatitis in which the effects of MCP-1 deficiency were markedly
different between mice on a C57BL/6 background and those on a Balb/C background (20).
This is not entirely surprising as mouse strains can differ in their inherent propensities to
develop metabolic diseases (48—50). A comprehensive study by Montgomery et al.,
examined strain-dependent variation in obesity and glucose homeostasis in response to HFD
feeding (51). Although both C57BL/6 mice and FVVB/N mice gained a significant amount of
body weight, exhibited deterioration in glucose tolerance, and showed evidence of
macrophage infiltration into adipose tissue following 8 weeks of HFD feedings, the
magnitude of the response varied across strains (51). Interestingly and of importance to the
current investigation, there was an increase in gene expression of MCP-1 in the FVB/N
strain but not the C57BL/6 strain (51) indicating a possible role of MCP-1 in the early events
of metabolic disease in this strain.

In summary, our data suggest that MCP-1 may be a necessary component of the
inflammatory response required for adipose tissue protection, remodeling, and healthy
expansion in the FVB/N strain in response to HFD feedings. Although MCP-1 is clearly
linked to adiposity and macrophage accumulation, the mechanistic studies that have
evaluated this chemokine remain ambiguous. Future investigations incorporating multiple
mouse strains, and examining several time-points of obesity development are necessary to

Int J Obes (Lond). Author manuscript; available in PMC 2016 June 01.
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understand the role of this chemokine on obesity-related pathologies in order to truly

eV

aluate the therapeutic potential of MCP-1.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Body weight characteristics. A. Body weight in grams. B. Body weight represented as
percent change from starting weight. C. Body composition analysis, Body fat in grams. D.
Body fat percentage. E. Lean weight in grams. F. Mean adipocyte size. *main effect of diet,
#main effect of genotype. “interaction between HFD groups. Data are represented as + SEM
and representative of two individual experiments, n=7 WT Con, n=7 WT HFD, n=7 MCP
Con, n=8 MCP HFD.
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Metabolic outcomes. A. Fasting blood glucose concentration (mg/dL). B. Fasting blood
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insulin concentration (ug/L). C. HOMA Index (n=7 WT Con, n=7 WT HFD, n=7 MCP Con,
n=8 MCP HFD). D-E. Glucose tolerance test performed at 16 weeks of diet treatment (n= 4
WT Con, n=5 WT HFD, n=4 MCP Con, n=5 MCP HFD). *main effect of diet, #main effect
of genotype. “interaction between HFD groups. Data are represented as = SEM and

representative of two individual experiments.
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Inflammatory cell population. A. Epididymal fat H&E staining. B. Flow cytometric analysis
of F4807 cells from cells that were positively selected for CD11b*. C. Relative gene
expression of macrophage and T cell markers in epididymal fat. *main effect of diet, #main
effect of genotype. “interaction between HFD groups. Data are represented as + SEM and
representative of two individual experiments, n=7 WT Con, n=7 WT HFD, n=7 MCP Con,
n=8 MCP HFD.
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Inflammatory response. A-B. Epididymal fat western blot analysis of inflammatory pathway
activation. C. Relative mRNA expression of inflammatory cytokines and chemokines in
epididymal fat. *main effect of diet, #main effect of genotype. “interaction between HFD
groups. Data are represented as = SEM and representative of two individual experiments,
n=7 WT Con, n=7 WT HFD, n=7 MCP Con, n=8 MCP HFD.
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Figure 5.
Markers of fibrosis. A. Relative mRNA expression of fibrosis markers in epididymal fat. B.

Picro-sirius red staining of epididymal adipose tissue. *main effect of diet, #main effect of
genotype. "interaction between HFD groups. Data are represented as + SEM and
representative of two individual experiments, n=7 WT Con, n=7 WT HFD, n=7 MCP Con,
n=8 MCP HFD.
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