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Regulation of type 2 diabetes by helminth-induced Th2 immune response
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aBsTRACT. Helminth-induced type 2 cytokines increase the number of regulatory T cells and alternatively activated macrophages, resulting
in modulation of the host-immune system. Studies on these parasite-induced immunoregulatory mechanisms might contribute to the devel-
opment of new therapies for inflammatory diseases, including type 2 diabetes (T2D). Previous studies have suggested that progression of
obesity-associated metabolic abnormalities is under pathophysiological control of CD4+ T cells. Glucose absorption through the intestinal
epithelium reduced after infection in a STAT-6-dependent manner. In this study, we investigated whether infection with the gastrointestinal
nematode parasite Heligmosomoides polygyrus (Hp) can modulate T2D-associated pathology in a mouse model (KK-Ay/Talcl). KK-Ay/
Talcl mice were inoculated with infective third-stage Hp larvae and studied at Day 8 following infection. Uninfected KK-Ay/TaJcl mice
showed high blood glucose levels even 120 min after administration of glucose by IP injection. However, it was significantly improved in
the infected group. HOMA-IR, fat accumulation and FAS gene expression in the liver were significantly decreased by Hp infection. GLUT2
gene expression in this group was significantly lower than that in the uninfected diabetic mice, which might be related to the decrease in
glucose absorption in the parasite-infected intestine. In conclusion, helminth-induced type 2 immune responses might contribute to T2D

disease control.
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Inappropriate immune responses, including cytokine im-
balances, contribute to the development of persistent diseases
[32]. Excessive activation of the immune system may cause
chronic inflammation, which is central to the pathogenesis
of several diseases [2]. Type 2 diabetes (T2D) is a chronic
inflammatory disease characterized by persistent elevated
glucose levels due to insulin resistance. Insulin resistance is
a condition in which the body is unable to use insulin appro-
priately. Overeating or physical inactivity may lead to obe-
sity, including infiltration of adipose tissue by macrophages.
Macrophages are initially activated by the classical pathway,
but keep producing inflammatory cytokines. Macrophage-
induced tumor necrosis factor a (TNFa) promotes insulin
resistance by inhibitory serine phosphorylation of insulin
receptor substrate 1 (IRS 1) [13, 38].

Treatment of T2D is based on proper diet and exercise,
with a view to maintain appropriate weight, control blood
glucose levels and improve insulin tolerance. There are
several medications available for T2D, including insulin
sensitizers, secretagogues (which stimulate insulin release),
alpha-glucosidase inhibitors (which retard the digestive/ab-
sorptive process), dipeptidyl peptidase-4 (DPP-4) inhibitors
(which inhibit DPP-4—the enzyme that inactivates incretin
hormones, GLP-1 and GIP), incretin mimetics and sodium—

*CORRESPONDENCE TO: MoRrIMOTO, M., School of Food, Agricultural
and Environmental Sciences, Miyagi University, 2—2—1 Hatatate,
Taihaku-Ku, Sendaishi, Miyagi 982—0215, Japan.
e-mail: morimoto@myu.ac.jp

©2016 The Japanese Society of Veterinary Science

This is an open-access article distributed under the terms of the Creative

Commons Attribution Non-Commercial No Derivatives (by-nc-nd)
License <http://creativecommons.org/licenses/by-nc-nd/4.0/>.

glucose transporter (SGLT2) inhibitors. However, there is no
definite drug treatment for everyone, and complete cure is
rarely seen. Patients must try to change their life styles and
collaborate with doctors to determine specific medication to
prevent exacerbation of their condition. Some studies have
sought to improve insulin resistance through immunotherapy
[3, 6, 14, 16, 40].

Helminth infection induces strong host Th2 responses.
IL-4 and IL-13 are cytokines important for alteration of the
physiological function of the small intestine, including the
expelling of worms [48]. These cytokines induce alternative-
ly activated macrophages (AAMacs or M2 macrophages),
which downregulate inflammatory responses [1]. Previous
research reported that helminth infection or immunization
with eggs is protective in murine models of asthma [17],
multiple sclerosis [41], type 1 diabetes (T1D) [4, 20] and in-
flammatory bowel disease [42]. Helminth-induced type 2 cy-
tokines increase regulatory T cells (Treg) [47] and AAMacs
[1], resulting in inhibition of the production of excess in-
flammatory cytokines, so as to modulate the immune system
of the host. Studies of these parasite-induced immunoregula-
tory mechanisms might contribute to developing new thera-
pies for inflammatory diseases, including T2D. However, the
mechanism underlying the immunomodulation-based effect
is still unclear. Winer et al. focused on CD4+ T cells resident
in adipose tissue controlling insulin resistance in a mouse
model. Their results suggested that progression of obesity-
associated metabolic abnormalities is under pathophysi-
ological control of CD4+ T cells [49]. Meanwhile, Mad-
den et al. showed reduced glucose absorption through the
intestinal epithelium following nematode infection [23], and
although the mechanism underlying this phenomenon is still
unclear, it appears to be STAT-6 dependent, suggesting that
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the decrease in glucose absorption on nematode infection is
associated with increase in type 2 cytokines. Nevertheless,
treatment of T2D has several potential target points, and
inhibition of glucose absorption in the small intestine is one
of the effective treatments being used to avoid rapid post-
prandial blood sugar elevation. Therefore, alpha-glucosidase
inhibitors are effective, as mentioned above. For this reason,
understanding the molecular mechanism underlying inhibi-
tion of glucose absorption following nematode infection
might contribute to developing new therapeutic strategies.
Of particular interest is whether type 2 cytokines may con-
tribute to glucose homeostasis.

In terms of glucose homeostasis, a diet rich in monounsat-
urated fatty acids (MUFAs) improves blood lipid levels and
glucose metabolism [7-9, 15, 37]. Dietary MUFA involves
the insulin signaling pathway and expression of glucose
transporters in muscle tissue [26]. MUFA activate peroxi-
some proliferator-activated receptor & (PPARS) to enhance
tissue AAMacs maturation [36]. PPARs are transcription
factors belonging to the nuclear receptor superfamily, and
the PPAR family consists of three subtypes—PPARa, PPARYy
and PPARS—all of which are regulated by fatty acids and
their derivatives; they modulate lipid and glucose homeosta-
sis. Macrophage-specific PPARy or PPARS knockout mice
developed insulin resistance, including a reduced number
and impaired function of AAMacs [35, 36]. Therefore, we
hypothesized that nematode-induced type 2 cytokines could
have important roles in controlling diabetes in mice.

In this study, we investigated whether nematode infection
can modulate T2D pathology through cytokine regulation in
a T2D mouse model. In addition, we were interested in the
alteration of glucose transporters in the small intestine on
nematode infection. Our results might contribute to develop-
ing immunotherapy for T2D.

MATERIALS AND METHODS

Mice: Male KK-Ay/TaJcl mice (6 weeks old) were pur-
chased from CLEA Japan, Inc. (Tokyo, Japan) and used
for all experiments. The animals were housed under con-
ventional conditions, given food and water ad libitum, and
mainained in a 12-hr/12-hr light/dark cycle. The environ-
ment was maintained at 22 + 1.5°C, with a relative humidity
of 55 £+ 5%. The mice were divided into two groups, and
body weight and plasma glucose levels were measured
once a week. The experimental protocol was approved by
the Institutional Ethics Commission for Animal Research of
Miyagi University.

Parasites: Heligmosomoides polygyrus (Hp) was pro-
vided by Dr. Kenji Ishiwata (The Jikei University School
of Medicine (Tokyo, Japan)) and maintained in ICR mice.
Eleven-week-old KK-Ay/Talcl mice were orally inoculated
with 200 L3 larvae of Hp. Control mice received saline
orally during the same period. Mice were sacrificed on Day 8
after the inoculation, and the small intestine, liver, fat tissues
and blood were collected.

Gene expression analysis: RNA extraction, reverse tran-
scription and real-time PCR: Total RNA extraction from

whole tissue was performed using TRIzol Reagent (Life
Technologies, Inc., Frederic, MD, U.S.A.) according to the
manufacturer’s instructions. RNA levels were measured
on a NanoDrop spectrophotometer (Thermo Scientific,
Wilmington, DE, U.S.A.), and cDNA was synthesized with
random primers and SuperScript II (Life Technologies, Inc.).
Primer sequences for IL-4, IL-13 [30], IL-10 [10], Arginase
1 (ARG1), FIZZ1, YM1 [54], fatty acid synthase (FAS) [52]
and GLUT?2 [34] have been described previously. Real-time
PCR was performed using Brilliant SYBR Green QPCR
Master Mix III (Stratagene, La Jolla, CA, U.S.A.) with an
MX3000P system (Stratagene). Amplification conditions
were as follows: 95°C for 3 min, 40-50 cycles of 95°C for
5 sec and 60°C for 20 sec. Fluorescence signals measured
during the amplification were analyzed. Ribosomal RNA
primers were used as an internal control, and all data were
normalized to constitutive rRNA values. Quantitative dif-
ferences between the groups were calculated according to
the manufacturer’s instructions (Applied Biosystems, Foster
City, CA, U.S.A)).

Laser capture microdissection (LCM): LCM was per-
formed as described in previous reports [28, 29]. A cryo-
sectioned tissue was stained with H&E and dehydrated, and
LCM was performed using PicCell II (Arcturus Engineering,
Mountain View, CA, U.S.A.). Cells were obtained from the
epithelial region of the small intestine and transferred to
CapSure LCM Caps (Arcturus Engineering). Total RNA was
extracted using an RNA isolation kit (Qiagen, Redwood city,
CA, U.S.A.), and cDNA was synthesized and real-time PCR
was performed as described above.

Preparation of frozen and paraffin blocks and sectioning:
Small pieces of the small intestine were slit longitudinally,
laid flat with the mucosal surface facing down, rolled around
a wood stick (Swiss roll) and embedded in Tissue-Tek
O.C.T. Compound (Sakura Finetek U.S.A., Inc., Torrance,
CA, U.S.A)) in a cryomold. A part of the liver was also em-
bedded in Tissue-Tek O.C.T. Compound. The tissue samples
were frozen using dry ice—acetone, then removed from the
cryomold and stored at —80°C in an airtight container until
sectioning. Four-micrometer-thick tissue sections were ob-
tained from the frozen blocks using plain coated slides and
an HMS560 cryostat (Carl Zeiss, Oberkochen, Germany).
The slides were immediately placed on dry ice and stored at
—80°C until analysis. The frozen slides of the small intestine
tissues were used for LCM, and liver tissues were used for
Oil-O-Red staining. At the same time, paraffin blocks of
liver and small intestine tissues were fixed using 10% form-
aldehyde and embedded in paraffin for pathomorphological
examination using H&E staining.

Immunofluorescence  staining: Macrophages: Four-
micrometer-thick frozen tissue sections were fixed in cold
acetone for 20 min and incubated in 10% normal rat serum
and 1 ug/ml of an affinity-purified rat anti-mouse CD16/
CD32 antibody (BD Biosciences, San Jose, CA, U.S.A.)
in PBS for 20 min at room temperature. After washing
with PBS, the tissue samples were incubated with 10 ug/
m/ of an FITC-conjugated rat anti-mouse CD206 antibody
(BioLegend Inc., San Diego, CA, U.S.A.) and 25 ug/ml
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of an Alexa647-conjugated rat anti-mouse F4/80 antibody
(BioLegend Inc.) in tandem in PBS containing 0.1% BSA
overnight at 4°C. Next, the tissue samples were washed in
PBS, coverslipped with Vectorshield (Vector Laboratories,
Burlingame, CA, U.S.A.), examined and digitally photo-
graphed using an Axio Imager microscope with Axio Vision
4.6 software (Carl Zeiss, Oberkochen, Germany). GLUT2:
Four-micrometer-thick tissue sections were fixed in cold ac-
etone for 20 min and incubated in 10% normal goat serum in
PBS for 1 hr at room temperature. The tissue sections were
then exposed to anti-GLUT2 antibody (1:1,000 dilution)
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, U.S.A.),
which was diluted in PBS containing 10% normal goat se-
rum, 0.3% Triton X and 0.1% sodium azide, overnight at
4°C. After incubation, the sections were washed in PBS and
incubated with a secondary antibody (Alexa Fluor 488, goat
anti-rabbit; Molecular Probes, Eugene, OR, U.S.A.), which
was diluted 1:200 in PBS containing 10% normal goat se-
rum, 0.3% Triton X and 0.1% sodium azide for 2 hr at room
temperature. The rest of the procedure was similar to that of
the macrophage staining described above.

Intraperitoneal glucose tolerance test (IPGTT): At Day 8
after infection, both groups of mice were peritoneally inject-
ed with 2 g/kg body weight glucose after 16 hr (overnight) of
fasting, and whole blood was collected at 0, 15, 30, 45, 60,
90 and 120 min on injection. Blood glucose was measured
using the Fuji Dri-Chem system (FUJIFILM Corp., Tokyo,
Japan). Serum insulin concentration was measured with a
mouse insulin ELISA kit (Shibayagi Co., Ltd., Shibukawa,
Japan) for HOMA-IR. HOMA-IR is a method used to cal-
culate insulin resistance [25] according to the following for-
mula: fasting insulin (#U/]) xfasting glucose (nmol/)/22.5.

Liver enzyme test: Blood samples were obtained from
the mice at Day 8 after infection, and glutamic—pyruvic
transaminase/alanine aminotransferase (GPT/ALT) was
measured using the Fuji Dri-Chem system for analysis of
liver function.

Extraction and measurement of total lipids: Total lipids
in the liver were extracted and analyzed according to the
Folch method [5]. Briefly, frozen liver tissue (1 g) was ho-
mogenized in 10 m/ of chloroform:methanol (2:1) and the
homogenate was filtrated. The filtrate was mixed with 40 m/
of saturated saline solution. After leaving the mixture for
more than 10 min, the upper phase was removed by aspira-
tion. The lower chloroform phase containing lipids was de-
hydrated with sodium sulfate and evaporated under vacuum
in a rotary evaporator, and total lipid weight was determined
by reweighing the tube.

Statistical analysis: All data were calculated as means +
SE for each treatment group. Differences in mRNA expres-
sion among the groups were determined using the #-test. A
difference with a probability (P) value <0.05 was considered
statistically significant. Appropriate time- and age-matched
controls were used for each group (N=3-5 controls for each

group).

RESULTS

Blood glucose levels before and after infection: KK-Ay/
TaJcl mice are well known as a T2D model that develops
obesity and hyperglycemia at early stages [33]. This strain
was obtained by introducing the Ay gene into the KK back-
ground and developed a relatively higher blood glucose level
compared with other strains. Figure 1A shows the changes
in body weight of the Hp-infected and uninfected KK-Ay/
TaJcl mice throughout the experimental period. The body
weight increased in both groups at 612 weeks (Fig. 1A),
and the mice were orally inoculated with Hp or saline at 11
weeks. All mice showed high blood glucose levels (more
than 400 mg/d!/) at the time of infection (Fig. 1B).

To examine whether physiological changes in nematode-
infected mice contribute to improving the diabetic condition,
the mice were examined at Day 8 on infection. Figure 1C
shows the results of the intraperitoneal glucose tolerance
test for both groups. The KK-Ay/TaJcl mice showed high
glucose levels even 120 min after administration of glucose
by IP injection; however, levels had significantly improved
in the infected group. HOMA-IR, which has been commonly
used as an insulin resistance index, was also significantly
reduced in the infected group (Fig. 1D).

Fat accumulation in the liver: The mechanism involved
in T2D-associated fatty liver is unclear, but hepatic steatosis
is frequently observed in T2D patients. Figure 2 shows rep-
resentative livers of the KK-Ay/TaJcl mice. Diabetic mice
have fatty livers, which can be confirmed by the naked eye
and by pathological studies (Fig. 2A-2C). After Hp infec-
tion, fat accumulation in the liver was still observed, but had
markedly declined (Fig. 2D-2F). The gene expression of
FAS, which is an important gene for lipogenesis, significant-
ly decreased in the Hp-infected group (Fig. 2G). GPT, also
known as ALT, is a biomarker that indicates the liver health.
Patients with fatty liver tend to show a higher level of GPT.
However, GPT serum levels were significantly lower in the
Hp-infected group (Fig. 2H). Furtheremore, fat content in
the liver tended to be lower in the infected group (Fig. 2I).

Cytokine gene expression and macrophage activation in
the small intestine: H&E staining revealed that inoculated
larvae moved into the small intestine and got embedded in
the submucosa by Day 8 after infection (data not shown).
Previous studies have shown that expression of type 2 cy-
tokines is markedly elevated at Day 8 after Hp infection in
BALB/c mice [31]. However, the peak was lower in C3H/
HeN and C57BL/6J mice than in BALB/c mice. In this study,
we investigated whether gene expression of type 2 cytokines
in KK-Ay/TalJcl mice was upregulated after Hp infection.
The gene expression of type 2 cytokines in the intestine had
significantly and prominently increased compared with that
in the uninfected diabetic mice (Fig. 3A-3C). In addition,
ARG-1, FIZZ1 and YM1, which are markers of AAMacs,
were also markedly upregulated in the infected group
(Fig. 3D-3F), indicating that the AAMacs were induced and
accumulated in the intestine on Hp infection. To confirm the
results of gene expression, immunofluorescence staining was
performed. A large number of CD206+/F4/80+ cells, which
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Fig. 1.

The KK-Ay/TaJcl mouse strain develops obesity and insulin resistance at early stages. (A) The KKAy/Talcl mice

increased their body weight. The mice were divided into two groups at 6 weeks of age, and one group was infected with
Hp and investigated on day 8 after infection. (B) Blood glucose levels at the time of infection. (C) IPGTT was significantly
decreased in the Hp-infected mice. (D) Insulin resistance index (HOMA-IR) was recovered in the Hp-infected KK-Ay/TaJcl
mice. ¥*P<0.05; **P<0.01; ***P<0.001. N=4. We performed two independent experiments with similar results.

are the cell surface markers of AAMacs, were observed
in the Hp-infected group (Fig. 3G). It is well known that
AAMacs are induced by IL-4 and IL-13. Wu et al. showed
clearly that eosinophils play an important role in alternative
macrophage activation [51]. Our pathomorphological ex-
amination confirmed that many eosinophils accumulated in
the submucosa of the intestine of Hp-infected diabetic mice
intestine (Fig. 4). Upregulated IL-10 and activated AAMacs
could be responsible—at least in part—for improving in-
flammatory status.

Glucose transporters in the small intestine: A previous
study revealed that glucose absorption in the small intestine is
inhibited in nematode-infected mice [23]. This phenomenon
was not observed in STAT-6 KO mice, suggesting that type
2 cytokines alter some physiological conditions involving
glucose absorption in the small intestine. We hypothesized
that glucose transporters (GLUTS) in the epithelial mem-
brane might be subject to change in number or location on
nematode infection. GLUTs are responsible for the passive
transport of glucose across the cell membrane [50]. SGLT1,
which mediates the uptake of both glucose and galactose, is
the sodium-dependent transporter at the brush-border mem-
brane (BBM). GLUT?2 is mainly expressed in the basolateral
membrane of enterocytes to transport glucose into the blood
vessels, but is recruited to the BBM by a simple sugar meal

[12]. Development of diabetes is associated with the eleva-
tion of GLUT expression, and GLUTs are considered to be
therapeutic targets in diabetes. Figure 3 shows elevated I1L-4
and IL-13 gene expression at Day 8 after Hp infection. At
the same time, although the SGLT1 expression showed no
change after Hp Infection (Fig. 5A), the GLUT2 expression
in the small intestine of the Hp-infected mice was signifi-
cantly lower than that in the intestine of uninfected diabetic
mice (Fig. 5B). Next, the intestinal epithelial cells were dis-
sected using LCM and analyzed. In the Hp-infected group,
epithelial gene expression of GLUT2 was about half of that
observed in the uninfected mice (Fig. 5C). To confirm the
results of the gene expression, immunofluorescence staining
was performed, and it revealed a weaker positive staining of
GLUT?2 in the small intestine of the infected mice compared
with that in the uninfected mice (Fig. 5D).

DISCUSSION

It is well known that imbalances in cytokine levels
result in autoimmune diseases, including chronic inflam-
matory diseases [2, 32, 46]. Several previous reports have
demonstrated the therapeutic potential of parasite infection
for curing immune dysfunctions [19, 24, 44, 45]. One of
the mechanisms behind this beneficial effect is thought to
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Fig. 2.

Representative liver from uninfected (A) and Hp-infected (D) mice (12 weeks old, day 8 after infection). H&E-stained histology

(B: uninfected, E: infected) and Oil-O-Red staining (C: uninfected, F: infected) for assessment of fat accumulation. All images of
BCEF were acquired at 200x magnification, and the images are representative for more than four mice. FAS gene expression in the
liver (G), GPT (ALT) in serum (H) and total lipid content in the liver (I). *P<0.05, N>4.

be due to nematode-induced Th2 immune responses mod-
erating immunopathological responses toward excessive
inflammatory cytokines. Our study suggested that parasite-
induced Th2 immune responses prevented type 2 diabetes in
KK-Ay/TalJcl mice. IPGGT was significantly improved on
nematode infection (Fig. 1C). HOMA-IR was also markedly
decreased (Fig. 1D), suggesting that insulin sensitivity was
recovered on Hp infection. Because the elevation of type 2
cytokines induces AAMacs, which inhibit inflammation by
producing IL-10 [11], AAMacs induction by type 2 cyto-
kines might be one of the reasons underlying the improve-
ment in the diabetic condition. Figure 3 shows significant
elevation of IL-4, IL-13 and IL-10 and accumulation of a
large number of AAMacs in the submucosa in the small
intestine in the Hp-infected group. Metabolism is closely
linked to the function of the immune cells. In particular,
the activity of macrophages plays a key role in obesity and
diabetes. Several previous researches described that it is im-
portant to maintain AAMacs in adipose tissues to maintain
metabolic homeostasis. Liu et al. summarized the possible

mechanisms by which IL-4 prevents T1D [21]. IL-4 may use
several pathways, including the induction of T regulatory
cells (Tregs) and AAMacs, and inhibit Thl cytokines and
CCRS expression in pancreatic islets, in turn inhibiting T1D.
Wau et al. showed strong evidence that eosinophils are the
principal source of IL4 in adipose tissues to sustain AAMacs
[51]. A similar mechanism might be applicable in the pres-
ent study. We found several eosinophils accumulated in the
submucosa in Hp-infected diabetic mice intestine (Fig. 4).
These intestinal eosinophils might migrate to adipose tis-
sues to sustain AAMacs. Moreover, Stanya et al. identified
a metabolic role for IL-13 in the control of hepatic glucose
production in a non-diabetic mice model. IL-13 inhibits
transcription of gluconeogenic genes by acting directly on
hepatocytes through Stat3 [43]. Interestingly, this function
is independent of insulin signaling. Furthermore, there are
new insights that intestinal helminthes modulate the immune
system through alterations to the microbiota of the intestine.
Zaiss et al. showed that helminthes infection attenuated the
allergic inflammation by a specific reduction in infiltration
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Fig. 3.

Real-time PCR analysis of [L-4 (A), IL-13 (B), IL-10 (C), ARG1 (D), FIZZ1 (E) and YM1 (F) gene expression in the small intestine from

uninfected control mice (white bars) and 8 days after Hp infection (black bars) of the study mice (12 weeks old, N=5). All data are expressed in
relative units compared with uninfected mice (controls). **P<0.01; ***P<0.001. Data are shown as means + SE and represent two independent
experiments with similar results. (G) Immunofluorescence staining with anti-CD206 (green) and anti-F4/80 (red) antibodies of a section of
the small intestine. The observation that CD206+ cells were F4/80+ is consistent with AAMacs phenotype. Images left to right: merged FITC
and Alexa647, FITC only, and Alexa647 only. All images are of 4-um-thick sections at 100x magnification, and images represent submucosa

obtained from more than five mice.

eosinophils of the lungs [53]. The ability of helminthes to
modulate host’s immune system should be examined more
in the detail.

Another answer might be a decline in glucose absorption
from the small intestine. Here, we focused on the glucose
transporters in the epithelium. Our results suggested that the
gene expression of GLUT2 was significantly decreased in
the small intestine after infection. The details of the mecha-

nism is still unclear, but Notari et al. presented a model
for changes in epithelial glucose handling in response to
Nippostrongylus brasiliensis (Nb) infection in BALB/c
mice [34]. This mouse strain is not a diabetic model, but
the authors pointed out that the downregulation of SGLT1
after Nb infection is dependent on AAMacs (M2) but not on
GLUT2. However, in this study, Hp-infected KK-Ay/Talcl
diabetic mice did not show any differences in SGLT1 gene
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after Hp infection: bottom). All images are 7-um-thick sections at 100x (left) and 600% (right) magnifi-
cation. Enlarged regions of the submucosa, indicated by a dashed rectangle, are shown in the left panel.
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Fig. 5. (A) Real-time PCR analysis of SGLT1 in whole tissue of the small intestine. (B) Real-time PCR analysis
of GLUT2 in whole tissue of the small intestine. (C) Real-time PCR analysis of GLUT2 in the epithelium of the
small intestine with LCM. (D) Immunofluorescence staining of a section of the small intestine from control and
Hp-infected mice (12 weeks old, day 8 after infection) with anti-GLUT2 antibody. *P<0.05; ***P<0.001. N>4. Data
are shown as means + SE and represent two independent experiments with similar results.
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expression after Hp infection (Fig. 5A). It is not clear why
our results were not consistent with Notari’s report, but these
two nematodes differ slightly in terms of infection modus.
Primary inoculation of mice with Hp is associated with
chronic infection, while Nb infection is cleared acutely with-
in 2 weeks after primary inoculation. In addition, Hp invades
the host submucosa and forms a worm cyst, whereas Nb is
retained in the gastrointestinal tract. Nevertheless, nematode
infection changes the expression of GLUT2 in the small in-
testine, resulting in low glucose absorption. As mentioned in
the beginning, Madden ef al. showed that glucose absorption
through the intestinal epithelium was decreased after nema-
tode infection [23]. Alteration of glucose transporters in the
small intestine by infection might be contributed to decline
in glucose transportation in mice. The mechanism underly-
ing the decline of GLUT?2 after Hp infection is not defined.
Notari et al. showed that the downregulation of GLUT2 was
AAMacs independent, as mentioned above. However, previ-
ous reports described that Ca®" [27] and taste receptors [22]
mediate the regulation of GLUT2. Hp infection may change
these factors by altering the epithelial conditions. Hepatic
steatosis is another problem for T2D patients. Patients with
T2D have a 44% lower rate of hepatic glycogen synthesis
after meal ingestion than non-diabetic individuals, result-
ing in excessive postprandial hyperglycemia [39]. Elevated
hepatocellular lipid levels mainly account for hepatic insulin
resistance. Therefore, liver fat is believed to be an important
therapeutic target in insulin resistance and T2D. We found
that fatty liver condition improved markedly in Hp-infected
diabetic mice. The mechanism is not clear, but inhibition
of FAS gene expression by Hp infection might—at least
in part—contribute to the improvement of liver condition.
Previous studies have reported on the effect of agents against
hepatic steatosis inhibiting FAS enzyme activity [18].

In conclusion, nematode infection appears to provide an
effective option for the treatment of T2D by improving in-
flammatory status through restoration of the cytokine imbal-
ance, inhibition of glucose absorption from the small intestine
and decline of excess fat accumulation in the liver. To define
the role of each of the immune cells during the interaction
of the immunity and metabolic systems, it would be neces-
sary to assess the effect of Th2, AAMac (M2) or eosinophil
depletion; however, this was difficult in our model. We need
future investigations to understand the details underlying the
mechanism. We may gain a new therapeutic strategy against
T2D by further analysis of nematode-induced immune- and
non-immune—induced alteration of host function.
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