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Effects of Murine Norovirus Infection on a
Mouse Model of Diet-Induced Obesity and
Insulin Resistance

Jisun Paik, Yvette Fierce, Rolf Drivdahl, Piper M Treuting, Audrey Seamons, Thea Brabb, and Lillian Maggio-Price’

Murine norovirus (MNYV) is prevalent in SPF mouse facilities in the United States, and we currently lack sufficient data to
determine whether it should be eliminated. It is generally accepted that the virus does not cause clinical symptoms in immuno-
competent mice. However, we previously reported that MNV infection alters the phenotype of a mouse model of bacteria-induced
inflammatory bowel disease in part through its effects on dendritic cells. The tropism of MNV toward macrophages and dendritic
cells makes MNV a potential intercurrent variable in murine models of macrophage-driven inflammatory diseases, such as obesity,
insulin resistance, and atherosclerosis. Therefore, we determined whether MNYV infection altered obesity and insulin resistance
phenotypes in C57BL/6 mice, a widely used model of diet-induced obesity. We found that MNV did not alter weight gain, food
intake, and glucose metabolism in this model, but it did induce subtle changes in lymphoid tissue. Further studies using other
models of metabolic diseases are needed to provide additional information on the potential role this ‘subclinical’ virus might have
on disease progression in mouse models of inflammatory diseases.

Abbreviations: HFD, high-fat diet; IPGTT, intraperitoneal glucose tolerance test; IPITT, intraperitoneal insulin tolerance test;

MLN, mesenteric lymph node; MNV, murine norovirus.

Murine norovirus (MNV) is endemic in many SPF mouse colo-
nies across North America,® creating considerable potential for
this virus to interfere with mouse models of human diseases. In
addition, the presence of MNV in some mouse colonies and not in
others may help explain phenotypic variability in mouse models
across institutions. This virus is related to the human Norwalk
virus that causes gastrointestinal inflammation in humans. Al-
though MNV does not cause any overt illness in immunocompe-
tent mice, significant inflammation and mortality can be induced
in mice with abnormal innate immunity.” Previously, we investi-
gated the influence of MNV on the development of bacteria-in-
duced inflammatory bowel disease in FVB.129P2-PAbcblatm1Bor
(Mdrla~/-) mice.® We found that infection with MNV accelerated
the progression of inflammatory bowel disease in this mouse
model when mice were coinfected with Helicobacter bilis. In ad-
dition, infection with MNV alone altered the immune response,
probably through changes in dendritic cells.® These findings sug-
gest that MNV may induce subtle changes in immune responses
even in immunocompetent mice, given that MNV is known to
preferentially infect macrophages and dendritic cells.?

Obesity has been defined as a disease of chronic inflammation,
and in recent years, the prominent role that macrophages play
in this process has been recognized.’!**'* Obesity is a risk factor
for various chronic diseases that share inflammation as a critical
component of the disease process, such as metabolic syndrome,
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diabetes, and atherosclerosis.® Because MNV has tropism for
macrophages, we wished to determine whether MNV infection
influences the development of obesity and insulin resistance in a
widely used animal model of diet-induced obesity. C57BL/6 mice
are the most frequently used ‘wild-type’ strain and are prone to
develop insulin resistance as obesity develops during high-fat
feeding.! We hypothesized that MNV may accelerate inflamma-
tion by stimulating macrophage accumulation in adipose tissue,
resulting in a more severe obesity or insulin resistance phenotype
when mice are fed a high-fat diet.

Materials and Methods

Animals. Male C57BL/6] mice (age, 5 wk) certified to be MNV-
negative were purchased from Jackson Laboratories (Bar Har-
bor, ME) and housed in an SPF facility in a temperature (20 to 23
°C) and humidity(30% to 70%)-controlled room with a 12:12-h
light:dark cycle. Infectious agents excluded from our facility in-
clude mouse hepatitis virus, mouse parvovirus, minute virus of
mice, reovirus 3, pneumonia virus of mice, epizootic diarrhea of
infant mice, Theiler murine encephalomyelitis virus, lympho-
cytic choriomeningitis virus, ectromelia virus, Sendai virus, sia-
lodacryoadenitis virus, rat parvoviruses, Mycoplasma pulmonis,
pinworms, and fur mites. In addition, Helicobacter spp. and MNV
were excluded in our room except for experimental infection.
To prevent cross-contamination, standard operating procedures
were developed that included using separate changing stations
when handling MNV-infected versus noninfected animals, us-
ing separate supplies, and handling noninfected animals before
infected animals. All experimental procedures involving animals
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Score Inflammation or lymphangitis Reactive hyperplasia Size of node

0 None None Small or normal

1 Focal or multifocal mild sinusoidal Mild sinusoidal plasmacytosis or histiocytosis, noor ~ Mildly enlarged
accumulations or prominent lymphatics minimal germinal centers

2 Multifocal mild or focal moderate sinusoidal Small germinal center formation or mild sinusoidal Moderately enlarged
accumulations or lymphangitis with active plasmacytosis or histiocytosis (or both)
inflammation or apoptosis

3 Mild inflammation-associated parenchymal Moderate germinal center formation or sinusoidal
lesions such as loss or degeneration of cells or plasmacytosis or histiocytosis (or both)
moderate lymphangitis

4 Moderate to severe parenchymal lesions or Marked germinal center formation or marked

moderate to severe lymphangitis

plasmacytosis or histiocytosis (or both)

Figure 1. Histologic scoring system for MLN pathology.

were approved by the Institutional Animal Care and Use Com-
mittee of the University of Washington.

Diet-induced obesity and MNV infection. Mice were acclimat-
ed for 1 wk before being assigned randomly to 1 of 3 groups: 1)
vehicle treatment at initiation of high fat-diet (control); 2) MNV
infection at initiation of high-fat diet (HFD; MNV-infected, 10
wk); and 3) MNV infection 4 wk after initiation of HFD (MNV-
infected, 6 wk). During the acclimation period, mice received
regular rodent chow (PicoLab Rodent Diet 20, LabDiet, St Louis,
MO). All mice were given HFD (5A3N, Test Diet) during the 10-
wk study period; the HFD fed was AIN93M™ modified to provide
58.9% of calories as fat (mostly lard), 31.4% calories as carbohy-
drates, and 9.6% calories as protein, according to the data listed
by the manufacturer. Mice were weighed weekly, and food intake
was determined daily for 5 d beginning 2 wk after infection with
MNV. Mice were infected with 5 x 10° pfu MNV#’ (a gift from Dr
Lela Riley, University of Missouri) in 200 uL PBS by oral gavage
as previously described.® Briefly, MNV stocks were propagated
in RAW 264.7 cells, a transformed murine macrophage cell line.
Subconfluent cultured cells were infected with MNV at a multi-
plicity of infection of 0.05 and incubated for 48 to 72 h.° MNV was
recovered by successive freeze-thaw cycles, concentrated by cen-
trifugation at 90,000 x g for 3 h, and titered by plaque assay using
RAW 264.7 cells. Infection status was determined at the start of
the diet, 2 wk after infection, and at the end of study (10 wk on the
diet) by fecal PCR.® Infection status was confirmed by testing for
serum antiMNV antibodies (Research Animal Diagnostic Labora-
tory, University of Missouri, Columbia, MO) in sera collected at
the end of the study.

Fasting glucose concentration, intraperitoneal glucose tolerance
test (IPGTT), and intraperitoneal insulin tolerance test (IPITT).
Mice were fasted for 6 h prior to analysis of fasting blood glucose
concentration, IPGTT, and IPITT. Fasting blood glucose concen-
trations were determined (OneTouch Ultra glucometer, Lifescan,
Milpitas, CA) from tail blood at 3, 6, and 10 wk after initiation of
HFD. For IPGTT and IPITT, blood glucose was measured (One-
Touch Ultra glucometer, Lifescan) just before intraperitoneal injec-
tion of glucose (2 g/kg in sterile PBS) or insulin (1 U/kg Humilin
R [Lilly, Indianapolis, IN] in sterile PBS) and at 30, 60, and 90 (for
IPITT) or 120 (for IPGTT) min after injection.

Tissue collection. At the end of the study, mice were fasted
for 4 h, weighed, and bled from the tail vein to determine blood
glucose levels. Mice then were euthanized by CO, asphyxiation
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followed by cardiocentesis. Serum was separated and stored at
—80 °C until analysis. Peritoneal macrophages were collected by
peritoneal lavage with 10 mL PBS, pelleted by centrifugation, and
stored at —80 °C for later RNA extraction. Liver, pancreas, and
mesenteric lymph nodes (MLN) were dissected, and portions of
liver and pancreas and all MLN were processed for paraffinated
or frozen blocks for histologic analyses. Tissue not used for his-
tologic studies was immediately snap-frozen in liquid N, and
stored at —80 °C. Four major adipose depots (epididymal, mes-
enteric, retroperitoneal, and inguinal fat pads) were dissected,
individually weighed, and frozen in liquid nitrogen.

Histology. Liver and MLN were fixed in 10% phosphate-buff-
ered formalin for 24 h and paraffinated. MLN and liver were
sectioned (4 to 5 pm), stained with hematoxylin and eosin, and
analyzed (Figure 1) by a board-certified veterinary pathologist
(PMT) blinded to treatment groups. The liver was assessed for
lipidosis by using a 5-point severity scale, with 0 set as normal
and 4 as marked lipidosis.

Serum lipids and insulin. Serum insulin was measured by using
commercial ELISA kits (Millipore, MA) according to the manufac-
turer’s instructions. Serum cholesterol levels were determined by
using a colorimetric kit (Diagnostic Chemicals Limited, Oxford,
CT) with cholesterol standards (Pointe Scientific, Canton, MI).
Serum triglyceride levels were analyzed colorimetrically after
removal of free glycerol (Trig-GB kit, Roche Diagnostics, Man-
nheim, Germany).

Liver lipids. Lipids were extracted from liver pieces (approxi-
mately 100 mg) by using the Folch method.* Extracted lipids were
dried under a gentle stream of N, in a water bath at 45 °C and
reconstituted with 1 mL chloroform. An aliquot (50 pL) was dried
and solubilized in 100 pL 3% Triton X100 in water. Triglycerides
and cholesterol were measured from 5 uL solubilized lipid extract
by using a colorimetric method (Trig-GB kit, Roche Diagnostics).

RT-PCR. Total RNA was extracted from liver, peritoneal mac-
rophage, and mesenteric fat (100 mg) by using RNeasy Tissue
Mini Kit (Qiagen, Valencia, CA), RNAqueous-Micro Kit (Ambion,
Austin, TX), and RNeasy Lipid Tissue Mini Kit (Qiagen), respec-
tively. RT-PCR according to previously reported protocols® was
used to identify the presence of MNV in liver, peritoneal mac-
rophages, and mesenteric fat.

Statistical analysis. Data were analyzed by using statistical soft-
ware (Prism, GraphPad, La Jolla, CA). One-way ANOVA with
Bonferroni correction was used for comparison between 3 groups.



Table 1. MNV infection status according to results of RT-PCR and serology

MNYV, obesity, and insulin resistance

Fecal PCR Serology (10 wk on HFD)
Mouse ID 2 wk on HFD 6 wk on HFD 10 wk on HFD MFI
Vehicle controls
1 negative negative 190
2 negative negative negative negative 187
3 negative negative negative 149
4 negative negative negative 556
5 negative negative 139
6 negative negative 282
7 negative negative 827
8 negative negative negative negative 200
9 negative negative negative negative 138
10 negative negative 387
MNV-infected, 6 wk
11 positive positive 7775
12 positive negative positive 2243
13 positive positive 4398
14 positive positive positive 5239
15 negative positive positive positive 3112
16 positive positive 2584
17 positive negative positive 2078
18 positive positive 6043
19 positive positive positive 8261
20 negative positive positive positive 1674
MNV-infected, 10 wk
21 positive positive positive 3994
22 positive positive positive positive 2586
23 positive positive positive positive 3503
24 positive positive positive 4118
25 negative positive positive 4986
26 positive positive positive 2559
27 negative positive positive 5453
28 positive positive positive 5143
29 positive positive positive positive 4876
30 positive positive positive positive 2099

Blank cells indicate that the assay was not done.

Statistically significant differences were defined as having a P
value of 0.05 or less.

Results

Infection status and tissue tropism of MNV. To determine infec-
tion status of animals, fecal RT-PCR was performed at initiation
of the study, 2 wk after infection, and the end of the study. In
addition, serologic responses to MNV in serum were measured
from the terminal bleed. Throughout the study period, vehicle-
treated control animals (n = 10) remained negative for MNV by
fecal PCR, which correlated with seronegativity to MNV (Table 1).

Because MNV has been shown to infect mouse macrophages
and dendritic cells in tissue culture,”?* we determined the pres-
ence of MNV in peritoneal macrophages, mesenteric adipose tis-
sue (including macrophages), and liver by RT-PCR. Regardless of
infection status, MNV was not found in any of these tissues at the
end of the study.

MNYV infection did not alter food intake, body weight gain, or
adiposity. To determine whether MNV infection affected body
weight gain, mice were weighed and monitored weekly for the
duration of the study. Rate of weight gain between the 3 treat-
ment groups was indistinguishable, and all groups gained an
average of 100% over their initial body weights (approximately 20
g for all groups; Figure 2). In agreement with this observation, we
did not detect significant differences in food intake determined
at 2 different time points during the experimental period in the 3
groups (vehicle, 3.4 + 0.4 g; MNV infection for 6 wk, 3.1+ 0.7 g;
MNYV infection for 10 wk, 3.0 £ 0.3 g,). At the end of the study, 4
major adipose depots (epididymal, retroperitoneal, mesenteric,
and inguinal) were dissected and weighed to estimate alterations
in fat deposition in each site. Mean weights for all of the fat de-
pots did not differ significantly between treatment groups. In
addition, adiposity (defined as the sum of all 4 fat depots/body
weight x 100%) was not different between the 3 groups (vehicle,
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Figure 2. Body weight gain associated with feeding HFD over 10 wk.
C57BL/6 male mice (n = 10 per group) were infected with MNV at ini-
tiation of (MNYV, 10 wk) or 4 wk after the diet (MNV, 6 wk). The control
group was gavaged with vehicle only at the initiation of the diet. Each
data point represents mean + SEM. No significant differences occurred
among treatment groups at any time points during the 10-wk period.
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Figure 3. Changes in fasting blood glucose levels associated with feed-
ing HFD over 10 wk. Fasting blood glucose levels increased with in-
creasing duration on HFD in all mice regardless of MNV treatment (2-
way ANOVA, P < 0.0001), whereas no significant differences occurred
between treatment groups at any time points.

14.8 £ 2.4; MNV infection for 6 wk, 15.3 + 2.1; MNYV infection for
10 wk, 15.4 £3.5).

MNV infection did not appreciably alter glucose homeostasis
and lipid metabolism. Fasting glucose levels increased gradually
with weight gain, as expected, in all 3 groups; however, differ-
ences between the 3 groups were not observed (Figure 3). Glucose
and insulin tolerance tests performed at 8 and 9 wk after initia-
tion of HFD also showed no differences among the 3 groups (Fig-
ure 4). Insulin and fasting glucose levels determined from serum
samples collected at the end of the study were not significantly
different among the 3 groups (data not shown). Total cholesterol
and triglycerides concentrations were measured from serum at
the end of the study. Although triglycerides did not differ be-
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tween the 3 groups, total cholesterol showed a trend (P = 0.054,
one-way ANOVA) toward increased levels in infected animals
(vehicle group, 180.4 +30.1; MNYV infection for 6 wk, 208.8 + 38.4;
MNV infection for 10 wk, 241.3 £ 29.7).

Insulin resistance in obese animals is often associated with lipid
accumulation in the liver.”” In the current study, 2 measures of
liver lipid accumulation showed no effect due to MNV infection.
All mice fed HFD exhibited various degrees of lipidosis as de-
termined by histologic analysis, with no significant differences
between groups (Figure 5). In addition, MNV infection did not af-
fect lipid accumulation in the liver as determined by triglyceride
and total cholesterol contents (Table 2).

MNV infection was associated with minimal changes in lymph
nodes. Based on our previous report of changes in MLN of MNV
infected animals,® a histologic scoring system (Figure 1) was
used to evaluate the MLN of mice fed HFD. All mice fed HFD
showed various degrees of reactive hyperplasia, with mild in-
flammation in lymphatic vessels (Figure 6). Although severity of
lymphangitis did not differ significantly between the 3 groups
(data not shown), reactive lymphoid hyperplasia was increased
significantly (overall P = 0.0034; control versus 6-wk MNV, P <
0.01; control versus 10-wk MNYV, P < 0.05) with MNV infection,
as assessed by one-way ANOVA followed by multiple compari-
sons with Bonferroni correction (Figure 7 A). Further analysis of
lymph node lesions (combined scores of lymphangitis, reactive
hyperplasia, and lymph node size) showed that the 3 treatment
groups were significantly (one-way ANOVA analysis, P = 0.0033)
different from each other (Figure 7 B). The combined lymph node
score of uninfected mice was significantly (multiple comparison
analysis with Bonferroni correction; control versus 6-wk MNV, P
< 0.01; control versus 10-wk MNYV, P < 0.05) different from that of
MNV-infected mice (Figure 7 B).

Discussion

MNYV is endemic in many SPF research mouse colonies across
the country,” but little information is available upon which to
base decisions whether MN V-infected mouse colonies should be
rederived and maintained MNV-free. Since the initial report that
MNYV could induce significant systemic pathology and mortality
in mice with impaired innate immunity,” few studies have report-
ed an adverse response to MNV infection in either immunocom-
petent mice or genetically modified mice.”® One study® identified
inflammation in liver, lung, peritoneal, and pleural cavities in
MNV-infected immunodeficient mouse lines excluding Rag2~/~
mice. Our group showed that MNV infection can accelerate the
progression of inflammatory bowel disease in Mdrla~/~ mice
and that the effect may in part be mediated through interactions
between MNV-infected dendritic cells and T cells with altered
proinflammatory cytokines;® this finding raised the possibility
that other inflammatory disease models that involve antigen-
presenting cells (for example, macrophages) might be modified
by the presence of MNV.

Macrophages are thought to play an important role in disor-
ders such as obesity, diabetes, and atherosclerosis.”***>* C57BL/6
mice fed HFD are commonly used to assess the correlations be-
tween obesity and the development of insulin resistance and type
2 diabetes.? We wanted to determine whether the introduction of
MNYV into this model would alter any aspects of the dietary in-
duced-obesity and insulin-resistance phenotype. We tested 2 situ-
ations: 1) MNV is introduced at the beginning of the study and
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Figure 4. IPGTT and IGITT. Mice were fasted for 6 h prior to (A) IPGTT or (B) IPITT. Blood glucose levels were determined after injection of glucose (2
g/kg) or insulin (1 U/kg) at predetermined times. MNV treatment did not alter the glucose clearance rate or insulin sensitivity in mice fed HFD.
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Figure 5. Lipid accumulation in liver. After 10 wk of receiving HFD,
mice (1 = 10 per group) were euthanized, and a piece of liver tissue was
taken from the left lateral lobe of each mouse. Paraffin-embedded tissue
sections were stained with hematoxylin and eosin, and the degree of li-
pid accumulation was scored by a board-certified veterinary pathologist
blinded to treatment group. Horizontal line indicates the mean value.
No significant differences were found among treatment groups.

2) MNV infection occurs while the study is ongoing and after the
animals have been on HFD for 4 wk. MNV-infected mice were fe-
cal PCR-positive at 2 wk after infection, and the majority of mice

Table 2. Liver lipid contents

Triglycerides Cholesterol

(mg/g liver) (mg/g liver)
Vehicle controls 5418 £ 16.17 51+1.2
MNV-infected, 6 wk 61.93 +17.37 51+£0.7
MN V-infected, 10 wk 57.06 £ 19.05 55+1.1

continued to shed virus at 6 and 10 wk after infection (Table 1).
Uninfected (vehicle-treated) mice remained free of MNYV for the
entire study. Some of the infected animals that tested negative by
fecal PCR had low mean fluorescent indices by serum immuno-
assay (Luminex). Consistent with previous findings involving
MNV4 infections in ICR mice," all mice in the current study that
were infected with MNV were serologically positive at the end
of the study regardless of duration of infection (10 wk versus 6
wk) and were still shedding virus in feces. However, at the end of
the study, we did not detect viral RNA in the peritoneal macro-
phages, mesenteric fat, or livers of mice infected with MNV. Oth-
ers® have reported tropism of MNV toward macrophages and
denderitic cells in vivo by immunohistochemical demonstration
of virus in liver (Kupffer cells) and spleen 2 d after infection. The
absence of MNV in macrophage-containing tissues in our study is
likely due to the low level of MNV in these tissues rather than to
clearance of the virus, given that infected mice were still shedding
the virus in feces.

MNYV infection status did not alter food intake, rate of weight
gain, or severity or onset of insulin resistance due to high-fat feed-
ing. Hepatic insulin resistance may occur in part due to increased
lipid accumulation in liver, although the precise mechanisms of
insulin resistance are not known. One explanation for this phe-
nomenon is the failure of fatty acid f-oxidation and increased
triglycerides, ceramides, and diacylglycerol synthesis in the liver
due to overload of substrate derived from increased lipolysis in
adipose tissues.”? In our study, lipid accumulation in liver was not
significantly different in MNV-infected and uninfected animals,
consistent with the absence of altered blood glucose levels in the
2 groups. Because we terminated the study after 10 wk of HFD,
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Figure 6. Representative sections of MLN from uninfected (A; total score, 0) and MNV-infected (B: MNV 6 wk, total score = 5; C: MNV 10 wk, total score

Y1 - ,

= 4) mice. Hematoxylin and eosin stain; magnification, x10. Note the relative hypocellularity of the control node with prominent empty sinuses (*, A)
and the presence of germinal centers (arrows) and sinusoidal hypercellularity in infected mice (B, C).
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Figure 7. Pathology of MLN in mice fed HFD. MLN of mice fed HFD for 10 wk were stained with hematoxylin and eosin and analyzed morphologically
by a veterinary pathologist blinded to treatment group. (A) MNV infection was significantly (one-way ANOVA, P = 0.0034) associated with increased
reactive hyperplasia. A multiple comparisons test found significant (*, P < 0.05; +, P < 0.01) differences between infected and uninfected groups. (B) The
total lymph node score was significantly different between 3 groups (one-way ANOVA, P = 0.0033). Horizontal bar indicates the mean value. A posthoc

test (Bonferroni) showed that the MNV-uninfected group was significantly different from the MNV-infected group (*, P < 0.05; +, P < 0.01)

we cannot rule out that a longer study duration might reveal
more pronounced changes in glucose metabolism and insulin
response.

We did note a minimal yet significant change in lymphoid tis-
sue in MNV-infected mice. MNV infection was associated with
increased reactive hyperplasia of the MLN. This result may reflect
an increased immune response to MNV and suggests that this
virus may induce subclinical yet histologically notable changes.
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In summary, using a single strain of MNV (MNV4), we showed
that MNV infection did not change glucose homeostasis (namely
food intake, weight gain, insulin resistance, fasting blood glu-
cose, liver lipid accumulation) in a C57BL/6 mouse model of
diet induced-obesity and insulin resistance. However, this was
a short-term study, and findings may differ in a long-term study
or in other models of obesity-induced metabolic disease (such as
the Ldlr~/~ mouse'*'®) and atherosclerosis,” in which macrophages
play a larger role.
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