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Chronic obesity is a known risk factor for metabolic syndrome. However, little is known about pathological changes in the small
intestine associated with chronic obesity.This study investigated cellular and subcellular level changes in the small intestine of obese
mice. In this study, a mousemodel of obesity was established by early postnatal administration of monosodium glutamate. Changes
in body weight were monitored, and pathological changes in the small intestine were evaluated using hematoxylin-eosin and Nissl
staining and light and electron microscopy. Consequently, obese mice were significantly heavier compared with controls from 9
weeks of age. Villi in the small intestine of obese mice were elongated and thinned. There was reduced hematoxylin staining in the
epithelium of the small intestine of obese mice. Electron microscopy revealed a significant decrease in and shortening of rough
endoplasmic reticulum in epithelial cells of the small intestine of obese mice compared with normal mice. The decrease in rough
endoplasmic reticulum in the small intestine epithelial cells of obese mice indicates that obesity starting in childhood influences
various functions of the small intestine, such as protein synthesis, and could impair both the defense mechanism against invasion
of pathogenic microbes and nutritional absorption.

1. Introduction

Obesity has recently become a major cause of the metabolic
syndrome worldwide [1, 2]. Moreover, the incidence of
obesity has more than doubled in children and quadrupled
in adolescents in the past 30 years [3]. Obese children and
adolescents are likely to be obese as adults; therefore, they
are at an increased risk of adult health problems, such as
heart disease, cardiovascular disease, type 2 diabetes, stroke,
and osteoarthritis [4–8]. Chronic obesity is also associated
with an increased risk of many types of cancer, including
cancer of the breast, colon, endometrium, esophagus, kidney,
pancreas, gall bladder, thyroid, ovary, cervix, and prostate
as well as multiple myeloma and Hodgkin’s lymphoma [9].

Furthermore, metabolic syndrome is a major predictor of
nonalcoholic fatty liver disease (NAFLD) [10, 11]. In NAFLD,
a steadily progressive disease, the findings of hepatitis and
fibrosis and changes in hepatocytes are similar to those seen
in alcoholic liver disease [12]. Many patients with NAFLD
are obese and have comorbid hyperlipidemia, hypertension,
and insulin resistance. Therefore, NAFLD is now recognized
as the hepatic manifestation of metabolic syndrome [13–15].
The pathogenesis of NAFLD remains unclear. However, it is
thought that inflammation and fibrosis in the liver are caused
by a two-phase process [16].The first step involves an increase
in fatty acid biosynthesis or blockade of fatty acid combus-
tion, and the second step involves an increase in factors,
such as oxidative stress and lipid peroxidation. In terms of
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an immunological pathogenesis, it has been suggested that
lifestyle factors, such as overeating or unbalanced diet, alter
the quality and/or quantity of bacterial flora in the intestine.
This can result in the translocation of Gram-negative bacteria
from the gut into the portal vein,which activates resident liver
macrophages (Kupffer cells), setting up an immune response.

The intestinal mucous membrane epithelium has a
defense mechanism to prevent the invasion of pathogenic
microbes such as bacteria. When the permeability of this
intestinal epithelium is increased by excessive alcohol intake
or overeating, the defense mechanism can fail [17]. Liver
damage is caused by an inflow of bacteria and endotoxins
through the lining of the intestinal tract into the bloodstream,
including the portal vein. Therefore, failure of the defense
mechanism of the intestinal mucous membrane is very
important in the pathogenesis of various chronic liver dis-
eases [17, 18].The transport of material through the intestinal
epithelium is either transcellular via the intracellular pathway,
or paracellular via the intercellular pathway. The paracellular
pathway is involved in the absorption of minerals such as
calcium and is controlled by an intercellular barrier. The
transcellular pathway is involved in the intake of nutrients
and is controlled by regulation of the many transporters
and channels on the membrane of intestinal epithelium cells.
Failure of the defense mechanism provided by the intestinal
mucous membrane underlies many pathological conditions.

In a previous study of mice withmonosodium glutamate-
(MSG-) induced obesity, we found that lipid droplets accu-
mulated in the hepatocytes of obese mice and levels of nones-
terified fatty acid (NEFA), low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C), and
triglyceride (TG) were increased compared to controls [19].
Other studies have also reported that lipid droplets accumu-
late in hepatocytes in chronic obesity and NAFLD [1, 20].
Moreover, our recent scanning electron microscopic analysis
of the livers of mice with MSG-induced obesity showed
sinusoidal dilatation and swelling of sinusoidal fenestrations
[21]. However, little is known about pathological changes
in the small intestine associated with chronic obesity. It is
possible that obesity leads to functional changes in the small
intestine, such as altered nutritional absorption through the
epithelial cells into blood vessels. Therefore, we used light
and electron microscopy to investigate structural details of
the small intestinal epithelium in mice with obesity induced
using MSG during the early perinatal period.

2. Materials and Methods

2.1. Animals. A total of 16 C57BL/6J male mice (Charles
River, Japan) were used in this study. The mice were housed
under temperature andhumidity controlled conditionswith a
12 : 12 h light-dark cycle and free access to food and water. All
experiments were performed in accordance with theNational
Institutes of Health Guide for the Care and Use of Laboratory
Animals. The animal research committee of Meiji Pharma-
ceutical University approved the experimental protocol. All
efforts were made to minimize the suffering of animals and
to reduce the number of animals used in the present study.

2.2. Induction of Obesity. As reported in our previous studies,
MSG was used to induce obesity [19, 21]. On postnatal
days 1, 2, 4, 6, 8, and 10, eight male C57BL/6J mice were
intrasubcutaneously injected with MSG (2mg/g of body
weight; Wako Pure Chemical Industries, Ltd., Japan). The
other eightmalemice were intrasubcutaneously injectedwith
saline on the same days to serve as controls. After weaning,
the body weight of each mouse was measured once a week.

2.3. Tissue Preparation. At 15 weeks of age, all mice were
anesthetized with an overdose of Sodium pentobarbital
(50mg/kg, ip, Nembutal; Abbott Lab., North Chicago, IL),
and their digestive system was quickly removed. The total
length of small intestine from all animals and the diameter of
their small intestines (5 places/animal) were measured, and
then the wet volumes of their small intestines were weighted.
For histological analysis using light microscopy, a section of
the small intestine was immersed in fixative containing 4%
paraformaldehyde in 0.1M phosphate buffer (PB; pH 7.4) for
2 days at 4∘C. After fixation, the small intestine was trimmed,
washed with PB, dehydrated through graded concentrations
of ethanol, cleared in xylene, and embedded in paraffin. For
transmission electronmicroscopy, a section of small intestine
was immersed in fixative containing 4% paraformaldehyde
and 2% glutaraldehyde in 0.1M PB for 2 days at 4∘C.
After washing with PB, the small intestine was immersed in
1% osmium tetroxide solution, dehydrated through graded
concentrations of ethanol, saturated in propylene oxide, and
embedded in Epon-812 resin (TAAB Co., Switzerland).

2.4. Histological Analysis. For hematoxylin-eosin (HE) and
toluidine blue (Nissl) staining and to further investigate
rough endoplasmic reticulum (rER), Golgi apparatus, and
tight junction, the small intestine blocks were cut into 3𝜇m
thick sections on a microtome (REM-710; Yamato, Japan).
The sections were mounted on glass slides, deparaffinized
with xylene, and immersed in degraded concentrations of
ethanol. After washing in distilled water, several sections
from each groupwere stainedwithHE orNissl solution. After
washing, the sections were dehydrated through graded con-
centrations of ethanol, cleared with xylene, and cover slipped.
The rER andGolgi apparatus inmucosal epithelial cells in the
small intestine samples from each group were stained using
anti-GRP78 Bip antibody (ab21685, Abcam, Cambridge,MA)
or anti-golgin 97 antibody (ab84340, Abcam, Cambridge,
MA), respectively. And to identify the tight junction between
epithelia, the sections were stained with anti-ZO-1 anti-
body (gift from Dr. M. Itoh, Department of Biochemistry,
School of Medicine, Dokkyo Medical University, Japan).
After immunofluorescence procedures, the sections were
cover slipped. All images of stained sections were captured
using a CCD camera system (BZ-X700; Keyence, Japan).

2.5. Electron Microscopic Analysis. All small intestine blocks
embedded in Epon-812 resin were trimmed using light
microscopy. Several sections (3 𝜇m) were cut with an MT-
XL ultramicrotome (Research and Manufacturing Company,
Tucson, AZ) and stainedwithNissl solution, and images were
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Table 1: Macroscopic anatomical changes of small intestine at 15 weeks of age.

Length (cm) Weight (g) Diameter (mm)
Control (𝑛 = 8) 41.7 ± 1.40 1.36 ± 0.11 2.17 ± 0.23

MSG (𝑛 = 8) 40.2 ± 1.24 1.39 ± 0.09 2.15 ± 0.18

The data are expressed as mean ± standard error values. MSG: monosodium glutamate.

Table 2: Lengths and thickness of villi in small intestine at 15 weeks of age.

Length (𝜇m) Thickness (𝜇m)
Control (𝑛 = 4) 375.70 ± 24.23 92.55 ± 8.59

MSG (𝑛 = 4) 394.11 ± 22.30
∗

69.14 ± 9.69
∗

The data are expressed as mean ± standard error values. ∗𝑃 < 0.05, compared with the age-matched controls. MSG: monosodium glutamate.

captured using the CCD camera system (BZ-X700; Keyence).
The other sections were checked, reembedded in Epon-812
resin, cut with an MT-XL ultramicrotome into ultrathin
sections (70 nm), and picked up on grids (Veco Co., Eerbeek,
Holland). The ultrathin sections were stained with electron
stain and examined with a conventional transmission elec-
tron microscope (JEM-1011; JEOL LTD., Tokyo, Japan), and
the images captured using the CCD camera system.

2.6. Data Analysis. All images captured using the CCD
camera system were measured using the ImageJ software
according to the user manual. The lengths of villi (control
group: 40 villi from 4 animals; MSG-induced obesity group:
40 villi from 4 animals) and thicknesses of villi (control
group: 80 villi from 4 animals; MSG-induced obesity group:
80 villi from 4 animals) were measured. The volume of
cytoplasm and nucleus of small intestinal epithelia from each
groupwere alsomeasured (control group: 80 cells from 4 ani-
mals; MSG-induced obesity group: 80 cells from 4 animals).
According to themorphometric aspect of rER [22], the length
of rER in cells from each group wasmeasured (control group:
414 rER from 10 cells; MSG-induced obesity group: 415 rER
from 17 cells). According to themorphometric aspect ofmito-
chondria [22], the area of mitochondria in small intestinal
epithelia from each group was measured (control group: 30
cells; MSG-induced obesity group: 30 cells). All data were
expressed as mean ± standard deviation. Statistical analysis
was performed using the StatView statistical software (SAS
Institute Inc., Cary, NC). The differences between control
mice and MSG-induced obese mice were analyzed using
Student’s t-test. P values < 0.05 were considered statistically
significant.

3. Results

3.1. Body Weight and Macroscopic Changes in the Small Intes-
tine. Similar to our previous studies, obesity was induced in
mice using MSG [19, 21]. In the present study, pathological
changes in the small intestine of MSG-induced obese mice
were examined to gain insight into changes occurring in
chronic obesity in humans. MSG-induced obese mice were
slightly heavier compared with control mice at 5 weeks of
age, and from 9 to 15 weeks of age, the obese mice were
significantly heavier (Figure 1(a)). The small intestines from

the 15-week-old mice were examined macroscopically. There
was no difference in length or thickness of the small intestines
between the obese and control mice (Figure 1(b) and Table 1).

3.2. Histopathological Changes in the Small Intestine. Patho-
logical changes in the small intestinal mucosa were examined
using HE-stained tissue sections (Figure 2). The tissues from
control mice were healthy (Figure 2(a)). In MSG-induced
obese mice, the villi were elongated compared with those
from control mice (Table 2). Moreover, the villi from the
obese mice were thinner compared with those from control
mice (Figure 2(b) and Table 2).The single-layered epithelium
in samples from MSG-induced obese mice appeared almost
normal and there was no difference in the distribution and
frequency of goblet cells in the epithelium between control
and obese mice. In addition, there was no difference in the
appearance of the central lacteals between the two groups.
The mucosal epithelial cells from control mice appeared
healthy, and the brush borders showed a normal structure
(Figure 2(c)). There was no obvious difference between
control and MSG-induced obese mice in terms of the shape
and dimensions of the mucosal epithelial cells (Figure 2(d)
and Table 3). However, many intensely hematoxylin-stained
regions were identified in the mucosal epithelial cells from
control mice (arrowheads in Figure 2(c)), but there was
only slight or negative hematoxylin staining in the mucosal
epithelial cells fromMSG-induced obesemice (double arrow-
heads in Figure 2(d)). Because hematoxylin solution stains
the acidic regions in cytoplasm, it was possible that the
hematoxylin-stained regions were rER, which is acidic.

3.3. Ultrastructural Changes in the Small Intestine. Next,
pathological changes in mucosal epithelial cells were inves-
tigated using electron microscopy. On Nissl staining of
sections embedded in epoxy resin, rERs in the mucosal
epithelial cells of control mice were clearly detected, but
few or none were detected in sections from MSG-induced
obese mice (data not shown). Under electron microscopy,
many rERs were detected in mucosal epithelial cells from
control mice (Figure 3(a) lowmagnification view, Figure 3(b)
high magnification view, and Figure 3(b󸀠) rERs were high-
lighted by red color lines). Compared with the cells from
control mice, rER was significantly decreased in cells from
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Table 3: Volume of cytoplasm and nucleus in small intestinal epithelia at 15 weeks of age.

Area of cytoplasm (𝜇m2) Area of nucleus (𝜇m2)
Control (𝑛 = 4) 168.36 ± 39.29 21.83 ± 5.41

MSG (𝑛 = 4) 162.58 ± 32.25 21.66 ± 7.07

The data are expressed as mean ± standard error values. MSG: monosodium glutamate.
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Figure 1: Changes in body weight andmacroscopic observation of the small intestine. (a) Plot of body weight from 3 weeks to 15 weeks of age
for monosodium glutamate- (MSG-) induced obese mice (white squares) and control mice (black circles). The mean ± standard deviation is
shown for each group. ∗𝑃 < 0.05. (b) Representative samples of the stomach and small intestine from control and MSG-induced obese mice.
The white boxes indicate the area selected to investigate pathological changes. Scale bar in (b) = 1 cm.

(a) (b) (c) (d)

Figure 2: Representative lightmicroscopy images showing histopathology of the small intestine. (a) Lowmagnification viewof a hematoxylin-
eosin- (HE-) stained section of small intestine from control mice. (b) Low magnification view of a HE-stained section of small intestine
from monosodium glutamate- (MSG-) induced obese mice. Black boxes in (a) and (b) show the areas enlarged in (c) and (d), respectively.
Arrowheads in (c) indicate intensely hematoxylin-stained regions in the cytoplasm. Double arrowheads in (d) indicate slight or negative
hematoxylin-stained regions in the cytoplasm. Scale bars in (a) and (b) = 20 𝜇m and (c) and (d) = 10 𝜇m, respectively.
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(a) (b) (b󳰀)
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Figure 3: Representative electron microscopy images showing the distribution of rough endoplasmic reticulum (rER) in small intestine
mucosal epithelial cells. Mucosal epithelial cells from control mice ((a) low magnification; (b) high magnification). Mucosal epithelial cells
from monosodium glutamate- (MSG-) induced obese mice ((c) low magnification; (d) high magnification). Arrowheads in (b) and (d)
indicate rER. Scale bars in (a) and (c) = 5 𝜇m and (b) and (d) = 2 𝜇m.

MSG-induced obese mice (Figure 3(c) low magnification
view, Figure 3(d) high magnification view, and Figure 3(d󸀠)
rERs were highlighted by red color lines). Similar numbers
of rER from both groups were measured for length using
transmission electron microscopy (control 414 rER; MSG-
induced obese mice 415 rER; Figure 4(a)). The length of rER
in cells from control mice showed a peak at approximately
3 𝜇m. The distribution of the rER length in cells from MSG-
induced obese mice peaked at a shorter length and showed a
narrower distribution compared with that for control mice.
Therefore, the length of rER in cells from MSG-induced
obesemice was significantly shorter comparedwith that from
control mice. The rER density in cells from MSG-induced
obese mice was also significantly decreased by approximately
45% compared with that in control mice (Figure 4(b)). The
average length of rER in cells fromMSG-induced obese mice
was significantly decreased by approximately 60% compared
with that in cells from control mice (Figure 4(c)). Next we
demonstrated that the volumes of mitochondria from both
groups were also measured. The volumes of mitochondria
from MSG-induced mice were not significantly changed
compared to that of control mice (Table 4).

Table 4:Theoccupancy ofmitochondria in small intestinal epithelia
at 15 weeks of age.

Occupancy of mitochondria (%)
Control (𝑛 = 4) 9.81 ± 0.92

MSG (𝑛 = 4) 10.43 ± 1.13

The data are expressed as mean ± standard error values. MSG: monosodium
glutamate.

3.4. Histopathological Changes Using Histological Staining in
the Small Intestine. To confirmwhether rERs were decreased
in the mucosal epithelial cells from MSG-induced obese
mice, the mucosal epithelial cells embedded in paraffin were
stained using Nissl solution, a basic aniline dye (Figures 5(a)
and 5(b)). Nissl solution identifies rER as Nissl bodies or
tigroid substance. In mucosal epithelial cells from control
mice, there were many Nissl-stained regions (arrowheads in
Figure 5(a)). In cells from the MSG-induced obese mice,
there was only slight or negative Nissl staining in the same
regions stained with hematoxylin (double arrowheads in
Figure 5(b)). Moreover, the rER of mucosal epithelial cells
were stained using anti-GRP78 Bip antibody (Figures 5(c)
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Figure 4: Size distribution and density of rough endoplasmic reticulum (rER) profiles measured using transmission electron microscopy.
(a) Histogram of the size of individual rER profiles in small intestine mucosal epithelial cells. (b) Density of rER in small intestine mucosal
epithelial cells. (c) Total length of rER in small intestine mucosal epithelial cells. The black bars and circles and the white bars and squares
indicate the number of control mice and monosodium glutamate- (MSG-) induced obese mice, respectively. ∗𝑃 < 0.05.

and 5(d)). In control mice, many rERs (green color) were
identified (white arrows in Figure 5(c)), but there were fewer
rERs in the mucosal epithelial cells of the MSG-induced
obese mice compared with the controls (Figure 5(d)). And
the Golgi apparatuses of mucosal epithelial cells were also
stained using anti-golgin 97 antibody (Figures 5(e) and 5(f)).
Many Golgi apparatuses (green color) were detected in cells
from control mice (white arrows in Figure 5(e)). However, in
cells from the MSG-induced obese mice, there was increased
staining intensity compared with the controls (white arrows
in Figure 5(f)), indicating enlargement and/or expansion of
Golgi apparatus, in particular around the nucleus and basal
side of the epithelial cells.

Finally, to identify the tight junction between epithelia,
the mucosal epithelial cells sections were stained with anti-
ZO-1 antibody (Figures 5(g)–5(i)). As previously described
[23], many tight junctions were identified in between epithe-
lia from control mice (white arrows in Figure 5(g)). In MSG-
induced obesity mice, many tight junctions were also main-
tained in between epithelia (white arrows in Figure 5(h));

however, there were some poorly stained regions by tight
junctional marker (Figure 5(i)).

4. Discussion

The objective of this study was to determine whether small
intestinal epithelial cells show pathological changes associ-
ated with obesity. We induced obesity in mice soon after
birth usingMSG, as a model of obesity starting in childhood.
Based on past evidence of clinical conditions in chronic
obesity, we hypothesized that pathology causing functional
changes in nutritional absorption and/or the integrity of the
gut barrier would be observed. In human society, childhood
obesity has become an increasing problem worldwide [3].
Obese children are likely to become obese adults at increased
risk for many health problems [4–8]. Importantly, metabolic
syndrome associatedwith chronic obesity is amajor predictor
of NAFLD, a progressive and potentially fatal disease [10, 11].
While the pathogenesis of NAFLD is partly understood, to
date, little is known about structural changes in the small
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Figure 5: Representative light microscopy images showing the distribution of rough endoplasmic reticulum (rER) in small intestine mucosal
epithelial cells. ((a) and (b)) High magnification views of Nissl-stained sections of small intestine from control mice and monosodium
glutamate- (MSG-) induced obese mice, respectively. ((c) and (d)) High magnification views of rER-stained sections small intestine from
control mice and MSG-induced obese mice, respectively. ((e) and (f)) High magnification views of Golgi apparatus-stained sections of small
intestine from control mice and MSG-induced obese mice, respectively. (g) High magnification view of tight junction-stained sections of
small intestine from control mice. ((h) and (i)) High magnification views of tight junction-stained sections of small intestine from MSG-
induced obese mice. Arrowheads in (a) indicate intensely Nissl-stained regions in the cytoplasm. Double arrowheads in (b) indicate slightly
or negative Nissl-stained regions in the cytoplasm. White arrows in (c) and (d) indicate rER. White arrows in (e) and (f) indicate Golgi
apparatus. White arrows in (g) and (h) indicate tight junctions. All scale bars = 10 𝜇m.

intestine associated with chronic obesity. Therefore, in the
present study, we conducted a structural and ultrastructural
investigation of the small intestinalmucosa in amousemodel
of obesity immediately after birth.

While the macroscopic anatomy did not differ between
control and obese mice, light microcopy identified elongated
and thinned villi in the small intestine of the obese mice.
It is possible that these changes could affect the function of
the small intestine. In addition to the absorption of nutri-
ents, the intestinal mucous membrane epithelium provides a
defense mechanism to prevent the invasion of the pathogenic
microbes such as bacteria. If this gut barrier is compromised,
pathogens can pass through the intestinal mucousmembrane
epithelium into the blood stream. Translocation of bacteria
into the portal vein is one of the causes of liver damage in
NAFLD.Therefore, it is possible that functional failure of the
intestinal epithelial barrier occurs in chronic obesity. Similar
to the findings of the present study, the villi in diabetic model
rats (streptozotocin-induced rats) and obese rats (Otsuka

Long-Evans Tokushima Fatty rats) were also elongated and
thin [24]. In another study using male ICR strain MSG-
induced obese mice examined at 4, 8, and 12 weeks of age, the
villi gradually elongated with age [25]. Therefore, elongation
of the villi of the small intestine might be a change associated
with obesity.

The balance between energy supply and energy consump-
tion should be taken into consideration in the investigation
of obesity. In terms of energy supply, impulsive overeating
by MSG-induced obese mice has been reported in a number
of studies [19, 21, 26, 27]. Body weight in these mice starts
to increase compared to control mice, soon after weaning
[19, 21]. It is possible that hyperplasia of the small intestine
is caused by an acceleration of absorptive function. Energy
consumption includes basal metabolism, thermogenesis, and
physical activity. In a previous study, MSG-induced obese
mice showed lower spontaneous activity compared to con-
trols from one month of age [28]. Furthermore, growth
hormone and thyroid hormone levels inMSG-induced obese
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mice are reduced [28–32]. The reduction of these hormones
would affect energy balance by reducing basal metabolism.
Therefore, inMSG-induced obesemice, obesity results from a
combination of reduced energy consumption and overeating.
The elongated villi in the small intestinal mucosa of obese
mice observed in the present study may lead to accelerated
absorption, resulting in the progression of obesity.

There was a decrease in the amount of and shortening of
rER and an increase in the numbers of Golgi apparatus in the
small intestinal epitheliumof theMSG-induced obesemice in
the present study.Moreover, many tight junctions weremain-
tained but partly damaged in MSG-induced obesity mice.
The rER has many general functions, including the folding of
proteins in cisternae and the transport of synthesized proteins
in vesicles to the Golgi apparatus. By limiting the passage
of proinflammatory agents from the small intestine into
the circulation, the barrier function of small intestine plays
an important role in limiting the development of diabetes
and metabolic disease. A lipoglycan-like lipopolysaccha-
ride found on the cell surface of Gram-negative bacteria
interacts with toll-like receptor 4 (TLR4) and initiates the
release of proinflammatory cytokines [33, 34]. Glucagon-
like peptide-1 (GLP-1) and glucagon-like peptide-2 (GLP-
2) play a pivotal role in intestinal adaptation, epithelial
cell proliferation, and maintenance of intestinal functions
[35]. GLP-2 elicits improvements in gut permeability and
endotoxemia and increases expression of zonula occludens-1
(ZO-1) and occludin [35]. ZO-1 and occludin are related to the
barrier function of the intestinal mucosa [36–38]. Therefore,
in addition to effects on absorptive function, a decrease in
rER in the small intestinal epithelium may influence the
biosynthesis of many of the proteins involved in the function
of the gut barrier. Newly synthesized proteins are folded in
the rER, and only properly folded proteins are transported
from the rER to the Golgi apparatus. As part of the ER
stress response that occurs with viral infections, folding of
newly synthesized proteins is slowed leading to an increase
in unfolded proteins.This ER stress is emerging as a potential
cause of damage in some disorders, for example, insulin
resistance in diabetes mellitus. Therefore, it is possible that a
decrease in the amount of and shortening of rER in the small
intestinal mucosa associated with chronic obesity could lead
to dysfunction of the epithelium of the small intestine, for
example, dysfunction of gut barrier by limiting the passage
of proinflammatory agents, and/or the changes of nutrition
absorption.

5. Conclusions

There was a decrease in hematoxylin-stained regions in the
small intestinal epitheliumof obesemice comparedwith con-
trols. Furthermore, electron microscopy revealed a decrease
in numbers and shortening of rER in the small intestinal
epithelium of the obese mice. These results suggest that
dysfunction of the small intestinal epithelium could occur in
chronic obesity starting in childhood. Moreover, dysfunction
of the small intestinal epithelium could affect functions such
as protein synthesis and the defensemechanism that prevents
the invasion of pathogenic microbes. These mechanisms

could be involved in the pathogenesis of serious disorders
associated with chronic obesity starting in childhood.
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and H. Yki-Järvinen, “Liver fat in the metabolic syndrome,”The



BioMed Research International 9

Journal of Clinical Endocrinology and Metabolism, vol. 92, no. 9,
pp. 3490–3497, 2007.

[12] C. P. Day and O. F. W. James, “Steatohepatitis: a tale of two
‘Hits’?” Gastroenterology, vol. 114, no. 4 I, pp. 842–845, 1998.

[13] G. Bedogni, L. Miglioli, F. Masutti, C. Tiribelli, G. Marchesini,
and S. Bellentani, “Prevalence of and risk factors for nonalco-
holic fatty liver disease: the dionysos nutrition and liver study,”
Hepatology, vol. 42, no. 1, pp. 44–52, 2005.

[14] J. D. Browning, L. S. Szczepaniak, R. Dobbins et al., “Prevalence
of hepatic steatosis in an urban population in the United States:
impact of ethnicity,” Hepatology, vol. 40, no. 6, pp. 1387–1395,
2004.

[15] G. Targher, L. Bertolini, R. Padovani et al., “Prevalence of nonal-
coholic fatty liver disease and its associationwith cardiovascular
disease among type 2 diabetic patients,” Diabetes Care, vol. 30,
no. 5, pp. 1212–1218, 2007.

[16] M. Malaguarnera, M. Di Rosa, F. Nicoletti, and L. Malaguarn-
era, “Molecular mechanisms involved in NAFLD progression,”
Journal of Molecular Medicine, vol. 87, no. 7, pp. 679–695, 2009.

[17] N. Enomoto, K. Ikejima, B. Bradford et al., “Alcohol causes both
tolerance and sensitization of rat Kupffer cells via mechanisms
dependent on endotoxin,” Gastroenterology, vol. 115, no. 2, pp.
443–495, 1998.

[18] K. Ikejima, N. Enomoto, Y. Iimuro et al., “Estrogen increases
sensitivity of hepatic Kupffer cells to endotoxin,” American
Journal of Physiology—Gastrointestinal and Liver Physiology,
vol. 274, no. 4, part 1, pp. G669–G676, 1998.

[19] K. Nakadate, K. Motojima, S. Kamata, T. Yoshida, M. Hikita,
and H. Wakamatsu, “Pathological changes in hepatocytes of
mice with obesity-induced type 2 diabetes by monosodium
glutamate,” Yakugaku Zasshi, vol. 134, no. 7, pp. 829–838, 2014.

[20] S. H. Caldwell, J. A. Redick, C. Y. Chang, C. A. Davis, C.
K. Argo, and K. A. Al Osaimi, “Enlarged hepatocytes in
NAFLD examined with osmium fixation: does microsteatosis
underlie cellular ballooning in NASH?” American Journal of
Gastroenterology, vol. 101, no. 7, pp. 1677–1678, 2006.

[21] K. Nakadate, K.Motojima, and S. Tanaka-Nakadate, “Dilatation
of sinusoidal capillary and swelling of sinusoidal fenestration in
obesity: an ultrastructural study,”Ultrastructural Pathology, vol.
39, no. 1, pp. 30–37, 2015.

[22] D. W. Fawcett, The Cell, WB Saunders, Philadelphia, Pa, USA,
1981.

[23] M. Itoh, S. Yonemura, A. Nagafuchi, S. Tsukita, and S. Tsukita,
“A 220-kD undercoat-constitutive protein: its specific localiza-
tion at cadherin-based cell-cell adhesion sites,” Journal of Cell
Biology, vol. 115, no. 5, pp. 1449–1462, 1991.

[24] T. Adachi, C. Mori, K. Sakurai, N. Shihara, K. Tsuda, and K.
Yasuda, “Morphological changes and increased sucrase and
isomaltase activity in small intestines of insulin-deficient and
type 2 diabetic rats,” Endocrine Journal, vol. 50, no. 3, pp. 271–
279, 2003.

[25] K. Hamaoka and T. Kusunoki, “Morphological and cell prolif-
erative study on the growth of visceral organs in monosodium
L-glutamate-treated obese mice,” Journal of Nutritional Science
and Vitaminology, vol. 32, no. 4, pp. 395–411, 1986.

[26] J. Bunyan, E. A. Murrell, and P. P. Shah, “The induction of
obesity in rodents by means of monosodium glutamate,” British
Journal of Nutrition, vol. 35, no. 1, pp. 25–39, 1976.

[27] K. Tanaka, M. Shimada, K. Nakao, and T. Kusunoki, “Hypotha-
lamic lesion induced by injection of monosodium glutamate
in suckling period and subsequent development of obesity,”
Experimental Neurology, vol. 62, no. 1, pp. 191–199, 1978.

[28] C. B. Nemeroff, L. D. Grant, G. Bissette, G. N. Ervin, L.
E. Harrell, and A. J. Prange Jr., “Growth, endocrinological
and behavioral deficits after monosodium L glutamate in the
neonatal rat: possible involvement of arcuate dopamine neuron
damage,” Psychoneuroendocrinology, vol. 2, no. 2, pp. 179–196,
1977.

[29] J. L. Bakke, N. Lawrence, J. Bennett, S. Robinson, and C. Y.
Bowers, “Late endocrine effects of administering monosodium
glutamate to neonatal rats,” Neuroendocrinology, vol. 26, no. 4,
pp. 220–228, 1978.

[30] C. B. Nemeroff, R. J. Konkol, G. Bissette et al., “Analysis of
the disruption in hypothalamic-pituitary regulation in rats
treated neonatally with monosodium L-glutamate (MSG): evi-
dence for the involvement of tuberoinfundibular choliner-
gic and dopaminergic systems in neuroendocrine regulation,”
Endocrinology, vol. 101, no. 2, pp. 613–622, 1977.

[31] C. B. Nemeroff, M. A. Lipton, and J. S. Kizer, “Models of
neuroendocrine regulation: use of monosodium glutamate as
an investigational tool,” Developmental Neuroscience, vol. 1, no.
2, pp. 102–109, 1978.

[32] T. W. Redding, A. V. Schally, A. Arimura, and I. Wakabayashi,
“Effect of monosodium glutamate on some endocrine func-
tions,” Neuroendocrinology, vol. 8, no. 3, pp. 245–255, 1971.

[33] M. S. H. Akash, K. Rehman, and S. Chen, “Role of inflammatory
mechanisms in pathogenesis of type 2 diabetesmellitus,” Journal
of Cellular Biochemistry, vol. 114, no. 3, pp. 525–531, 2013.

[34] Y.-C. Lu, W.-C. Yeh, and P. S. Ohashi, “LPS/TLR4 signal
transduction pathway,” Cytokine, vol. 42, no. 2, pp. 145–151,
2008.

[35] P. D. Cani, S. Possemiers, T. Van De Wiele et al., “Changes in
gut microbiota control inflammation in obese mice through
a mechanism involving GLP-2-driven improvement of gut
permeability,” Gut, vol. 58, no. 8, pp. 1091–1103, 2009.

[36] E. A. Felinski andD.A. Antonetti, “Glucocorticoid regulation of
endothelial cell tight junction gene expression: novel treatments
for diabetic retinopathy,” Current Eye Research, vol. 30, no. 11,
pp. 949–957, 2005.

[37] C. Förster, “Tight junctions and the modulation of barrier
function in disease,” Histochemistry and Cell Biology, vol. 130,
no. 1, pp. 55–70, 2008.

[38] M. Itoh and M. J. Bissell, “The organization of tight junctions
in epithelia: implications for mammary gland biology and
breast tumorigenesis,” Journal of Mammary Gland Biology and
Neoplasia, vol. 8, no. 4, pp. 449–462, 2003.


