
INTRODUCTION

Previous reports have shown that acinous cells of the
submandibular gland are atrophic1 and degenerat-
ing2−5 in streptozotocin (STZ)-induced type 1 diabetes
mellitus (DM) model rats.1−5 However, to our knowl-
edge, no morphological study of the submandibular
glands has been reported in spontaneous type 2 DM
rats (Goto-Kakizaki : GK).6 Therefore, in this study we
examined the morphological differences of the serous
cells, acinus, and capillaries around the acinus in the
submandibular glands of GK and normal (N) rats.

MATERIALS AND METHODS

Experimental animals
A total of 18 rats were used in this study (Shimizu
Laboratory Supplies, Kyoto, Japan). The DM group
contained 9 male GK rats (8 weeks old ; body weight,

204.4±5.3 g) and the N group contained 9 Wistar
male rats (8 weeks old ; body weight, 228.9±9.3 g).
Three rats from each group were used for light
microscopy analysis, surface morphological analy-
sis, and microvascular corrosion cast analysis. The
surface morphology and microvasucular corrosion
cast specimens were investigated using a scanning
electron microscope (SEM ; JSM-5500Ⓡ, JEOL, To-
kyo, Japan).

This animal study was approved by the Osaka Den-
tal University Animal Research Committee (approval
numbers 10-07002, 11-03015, 12-06001, and 13-
02031) and complied with the guidelines for animal
experiments.

Quantification of fasting blood glucose and HbA1c
levels
Nine rats from each group were fasted for 20 hours,
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after which their body weights were measured. Under
isoflurane inhalation anesthesia (ForaneⓇ ; Abbott
Japan, Tokyo, Japan), the rats were intraperitoneally
injected with 1,000 units of heparin sodium (Novo
Heparin Injection 5000Ⓡ ; Mochida Pharmaceutical,
Tokyo, Japan). After 30 minutes, the rats were eutha-
nized with an excess intraperitoneal injection of so-
dium pentobarbital (NembutalⓇ ; Dainippon Sumi-
tomo Pharma, Osaka, Japan). The thorax was then
dissected, and blood was collected from the left ven-
tricle using a 5-mL Terumo SyringeⓇ (Terumo, To-
kyo, Japan). The fasting blood glucose and the HbA1c
levels were then quantified using these samples.

Fasting blood glucose levels were measured in rat
serum samples with the HK-G-6-PDH pack (Quick
Auto Neo GLU-HK ; Sino Test, Tokyo, Japan),7 ac-
cording to the manufacturer’s instructions. Serum was
obtained from the blood samples by centrifugal sepa-
ration. Based on the studies by Goto and Kakizaki,6

the DM group consisting of 9 GK rats was expected to
have fasting blood glucose levels greater than 150 mg
/dL.

HbA1c levels were measured by the mean latex ag-
glutination method (RAPIDIAⓇ ; AUTO HbA1c-L, Fu-
jirebio, Tokyo, Japan),8 according to the National Gly-
cohemoglobin Standardization Program guidelines.
After the fasting blood glucose and HbA1c levels were
measured in the 9 rats from each group, the speci-
mens were prepared according to the methods de-
scribed below.

Light microscopy analysis of specimens
In order to study the histological differences between
the submandibular glands of rats, we inserted a can-
nula through the left ventricle into the ascending aorta
and then infused physiological saline into the ascend-
ing aorta. Blood was drawn from right atrium to meas-
ure the fasting blood glucose and HbA1c levels.
Physiological saline solution containing 4% (W/V)
paraformaldehyde solution (Formaldehyde Solu-
tionⓇ ; Merck K GaA, Darmstadt, Germany) was in-
fused into the ascending aorta. Specimens of the sub-
mandibular glands were collected and fixed by soak-
ing in physiological saline solution containing 4%
(W/V) paraformaldehyde solution at 4°C for 24 hours.

After washing, the specimens were dehydrated
through graded alcohols. The specimens were
soaked in xylene (Kishida Chemical, Osaka, Japan)
at room temperature (r.t.) for 8 hours and incubated
at 63°C for 6 hours in a paraffin-embedding oven
(TE-HERⓇ ; Hirasawa Works, Tokyo, Japan).

The specimens were embedded using a paraffin-
embedding machine (AP-280Ⓡ ; Carl Zeiss Japan,
Tokyo, Japan) and continuous 8-μm thick sections
were sliced using a microtome (Microm HM 350Ⓡ ;
Carl Zeiss). These sections were stained with a
hematoxylin-eosin solution and imaged using a light
microscope equipped with a digital camera (BZ-
9000Ⓡ ; Keyence, Osaka, Japan). Five digital images
in the middle portion of the submandibular gland were
randomly selected from each group. The cross-
sectional area of 10 serous cells located in the termi-
nal regions of the submandibular glands were meas-
ured using imaging analysis software (Image-Pro
PlusⓇ 5.1 J ; Nippon Roper, Tokyo, Japan) (Fig. 1).

Surface morphology of specimens
In order to investigate the morphological surface dif-
ferences of the submandibular glands, we inserted a
cannula from the left ventricle into the ascending aorta
and then infused physiological saline into the ascend-
ing aorta. Physiological saline solution containing
2.5% (W/V) glutalaldehyde solution (Kishida Chemi-
cal) and 2% paraformaldehyde solution (Merck K
GaA) was infused into the ascending aorta. The sub-
mandibular glands were removed and fixed by soak-
ing them in the same solution at 4°C for 24 hours. The
specimens were washed using an ultrasonic cleaner

Fig. 1 Measurement of the cross-sectional
area (C : shaded area) of serous cells.
N : nucleus
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(UT-105 HSⓇ ; Sharp, Osaka, Japan) and then
soaked in 8 N hydrochloric acid solution (Matsunoen
Chemicals, Osaka, Japan) for 1.1 hours at 60°C in a
water bath (Thermo Regulator ; CTR-320, Iwaki, To-
kyo, Japan). Specimens were then washed with 0.1
mol phosphate buffer (PB) for 2 hours and soaked
with 0.2% collagenase (Sigma-Aldrich Japan, Tokyo,
Japan) at 37°C for 5.5 hours. Only the capsules of the
submandibular glands could be removed by the
abovementioned steps.

The specimens were then washed with 0.1 M PB at
r.t. for 48 hours and soaked with 1% tannic acid solu-
tion (Kishida Chemical) at r.t. for 2 hours. Next, the
specimens were washed again with 0.1 M PB for 2
hours and then treated with 1% osmium tetroxide so-
lution (Kishida Chemical) for 2 hours at r.t. in order to
prepare them for conductive staining. The specimens
were dehydrated through graded alcohols and
soaked in t-butyl alcohol (Kishida Chemical) for 12
hours at r.t. Specimens were then frozen and dried us-
ing a freezing-drying machine (JFD-310Ⓡ ; JEOL).
Each specimen was mounted on a metal stage with
conductive tape (NEM TapeⓇ ; Nisshin EM, Tokyo,
Japan) and silver paste (DotiteⓇ ; Fujikura Kasei, To-
chigi, Japan). Digital images of the surface morphol-
ogy of the submandibular gland specimens were ob-
tained using SEM at an acceleration voltage of 5 KV
and working distance of 47 mm. The diameter of 10
acinus from the surface morphology digital image was
quantified using the previously mentioned software.
The major and minor axes of the acinus were meas-
ured, and the mean values were defined as the acinus
diameter (Fig. 2).

Microvascular corrosion cast specimens
In order to investigate the microvascular architecture
of the submandibular gland, we inserted a cannula
through the left ventricle into the ascending aorta and
then infused physiological saline into the ascending
aorta. The acrylic resin was prepared and injected us-
ing the methods described by Suwa et al.9 A polymeri-
zation inhibitor (hydroquinone) was contained in the
commercial methyl methacrylate (Acrylic Ester MⓇ ;
MMA, Mitsubishi Rayon, Tokyo, Japan). Hydroqui-
none was removed using sodium hydroxide solution.10

One liter commercial methyl methacrylate was placed
in a 3-L beaker, at which 1 L of 0.5% (w/v) sodium hy-
droxide solution was added. This was mixed for 5
minutes using a magnetic stirrer (HVE-S ; As One,
Osaka, Japan) and placed in a 3-L separation funnel
(Funnel Separatory Globe with Teflon Stopcock ;
Sanyo, Tokyo, Japan). The sodium hydroxide solution
(an aqueous solution that became brown with the so-
dium salt of hydroquinone) and the methyl meth-
acrylate (oil) were then separated. The brown-colored
aqueous solution was removed using a separation
funnel, and this process was repeated three times un-
til the brown solution became transparent.

One liter of the remaining oil was placed in the 3-L
beaker. To adjust for neutrality, 1 L of distilled water
was placed in the oil and mixed for 5 minutes ; this
process was repeated until the pH was neutral, as de-
termined by a pH meter (Basic pH meter ; Denver In-
strument, Göttingen, Germany). To remove any re-
maining water, 100 g anhydrous magnesium sulfate
(Nacalai Tesque, Kyoto, Japan) was added to the oil,
and the solution was filtered to remove anhydrous so-
dium sulfate. The commercial methyl methacrylate
(liquid monomer), which removed the hydroquinone,
was transferred to a dark glass bottle and stored at
4°C.

We prepared a low-viscosity acrylic resin by mixing
polymethyl methacrylate (solid polymer ; Sigma-
Aldrich Japan, Tokyo, Japan) and a liquid monomer
at a 1 : 9 ratio. High-viscosity acrylic resin was pre-
pared from a 3 : 7 ratio of polymer to monomer. We
added 0.5% polymerization promoter (benzoyl perox-
ide, Kishida Chemical), 5% plasticizer (di-n-butyl
phthalate, Kishida Chemical), pigment (Cromophtal

Fig. 2 Measurement of acinus diameter.
a : Major axis, b : Minor axis.
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Red ; Ciba Japan, Tokyo, Japan), and 0.5% poly-
merization initiator (N,N-dimethylaniline, Kishida
Chemical) to these mixtures to initiate polymeriza-
tion. First, we injected the low-viscosity acrylic resin
(45 mL, 5 mL/minute) into the ascending aorta of rats
using a precision syringe pump (KDS 200 ; Muroma-
chi Kikai, Tokyo, Japan). We then used the same
pump to inject 5 mL of high-viscosity acrylic resin at
a rate of 1 mL/minute into the aorta. The injected car-
casses were allowed to polymerize at 40°C for 24
hours in a water bath.

Specimens were collected from the polymerized
animals. The submandibular glands were removed,
and the soft tissues were removed by soaking the
specimens in 10% aqueous sodium hydroxide for 24
hours at 42°C. The specimens were then washed in
an ultrasonic cleaner under running water (42°C).
Each specimen was air-dried, mounted on a metal
stage using silver paste and conductive tape, and
coated with gold using an ion-sputtering coating
device (JFC-1500 ; JEOL, Tokyo, Japan). Using a
SEM, we obtained digital images of the microvascular
architecture of the submandibular glands. Three digi-
tal images were selected from each group. We ran-
domly selected 10 capillaries around the acinus. We
used the abovementioned imaging software to meas-
ure the diameter of the capillaries of the microvascular
corrosion cast specimens.

Measurements are represented as the mean and
standard deviation (SD), and Student’s t-test was
used to test for differences between the two groups,
with significance set at p＜0.01.

RESULTS

Fasting blood glucose levels
The fasting blood glucose level in the DM group
(240.9±58.0 mg/dL) was significantly higher than in
the N group (108.4±39.7 mg/dL) (p＜0.01, Fig. 3).

HbA1c levels
The HbA1c level in the DM group (5.8±0.3%) was
significantly higher than in the N group (5.1±0.3%)
(p＜0.01, Fig. 4).

Light microscopy analysis
The submandibular glands in both groups were the
seromucous type that contained many serous cells,
and were composed of tubuloalveolar glands. The
submandibular gland was divided into terminal and
duct portions. The serous and mucous cells were lo-
cated in the terminal portion of the specimens, and the
intercalated and striated ducts were found in the duct
portions of both the DM and N groups. With regard to
morphology, the serous cells in the terminal portion
were sector- and polygon-shaped. The nucleus was
round and was located at the center of the cell (Fig. 5
A−D).

Surface morphology
The acinous form of the submandibular gland was el-
lipsoid for both groups (Fig. 6 A−D).

Microvascular corrosion cast specimens
The microvascular architecture of the submandibular

Fig. 3 Comparison of fasting blood glucose levels in the
DM and N groups (*p＜0.01).

Fig. 4 Comparison of HbA1c levels in the DM and N
groups (*p＜0.01).
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gland exhibited reticulation in both the DM and N
groups. Moreover, the reticulation of the capillaries in
the DM group was smaller than that of the N group
(Fig. 7 A−D).

Cross-sectional area of the serous cell
The cross-sectional area of the serous cells in the DM
group (47.9±11.1 μm2) was significantly smaller than
in the N group (59.3±13.8 μm2) (p＜0.01, Fig. 8).

Acinus diameter
The diameter of the acinus of the serous cells in the
DM group (19.4±0.2 μm) was significantly smaller
than in the N group (23.6±0.9 μm) (p＜0.01, Fig. 9).

Capillary diameter around the acinus
The capillary diameter around the acinus in the DM
group (3.1±0.8 μm) was significantly smaller than in
the N group (4.3±0.9 μm) (p＜0.01, Fig. 10).

DISCUSSION

The acinous cells of the submandibular glands are
known to be atrophic1 and undergo degenerative
changes2−5 in the STZ-induced type 1 DM rat. How-
ever, in GK rats, no morphological studies of the
serous cell or the acinus of the submandibular gland
have been reported thus far. In the oral mucosa of the
GK rats, studies have shown that hyperglycemia
caused microangiopathy in the capillaries ;11−14 how-
ever, no reports on the morphology of the capillaries

Fig. 5 Light micrographs in the DM and N groups. (A) Lower magnification in the DM group ;
(B) Higher magnification of the white frame of Fig. 5 A ; (C) Lower magnification in the N group ;
(D) Higher magnification of the white frame of Fig. 5 C.
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around the acinus in GK rats have been published. In
this study, we investigated morphology of the serous
cell, the acinus, and the capillaries around the acinus
in both GK and N rats.

Light microscopy analysis
The acinus cells of the submandibular gland have
been found to be atrophic in STZ-induced rats.1 More-
over, transmission electron microscopy and histologi-
cal analysis has shown that atrophic changes of the
acinus in the STZ-induced rats were caused by dam-
age to the membrane system required for cell struc-
ture maintenance, the rough-surfaced endoplasmic

reticulum, and the Golgi apparatus, resulting in a re-
duced number of gland cell secretory granules.15 In
this study, the cross-sectional area of serous cells
from the DM group was significantly smaller than that
from the N group by approximately 80%. These data
indicate that the atrophic changes in the acinus cells
of the submandibular gland of GK rats are caused by
hyperglycemia.

Surface morphology
To our knowledge, no studies have used SEM exami-
nation for STZ-induced rats and GK rats. In this
study, the diameter of the acinus in the DM group was

Fig. 6 Scanning electron micrographs of the surface morphology specimens in the DM and N
groups (Asterisk : Acinus). (A) Lower magnification in the DM group ; (B) Higher magnification of
the white frame of Fig. 6 A ; (C) Lower magnification in the N group ; (D) Higher magnification of
the white frame of Fig. 6 C.
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approximately 80% smaller than that of the N group,
and this difference was statistically significant. There-
fore, we believe that hyperglycemia caused the atro-
phy in the submandibular gland acinus of GK rats.

Microvascular corrosion cast specimens
Reports have shown that proliferation of vascular en-
dothelial cells was suppressed when placed in a me-
dia containing high glucose content in vitro.16 Previous
studies have also indicated that hyperglycemia in-

Fig. 7 Scanning electron micrographs of the microvascular corrosion cast specimens in the DM
and N groups. (A) Lower magnification in the DM group ; (B) Higher magnification of the white
frame of Fig. 7 A ; (C) Lower magnification in the N group ; (D) Higher magnification of the white
frame of Fig. 7 C.

Fig. 8 Comparison of the average cross-
sectional area of the serous cells in the DM and
N groups (*p＜0.01).

Fig. 9 Comparison of average acinus diameter
in the DM and N groups (*p＜0.01).
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duces microangiopathy in the capillary loops of the fili-
form papillae in the lingual dorsum,11 the lingual gin-
giva of the mandibular first molar,12 the palatal gingiva
of the maxillary first molar,13 and the palatine mu-
cosa.14 In this study, we found that the mean capillary
diameter around the acinus was approximately 70%
smaller in the DM group than in the N group. The
mean diameter of the capillaries around the acinus of
the DM group was also significantly smaller than that
of the N group. This suggests that hyperglycemia
causes microangiopathy around the acinus of the
submandibular gland and the capillaries of the oral
cavity. In addition, we believe the dimension of the ac-
inus in the DM groups was small, because the capil-
lary net in the DM group was smaller than that in the
N group.

On the basis of these data, we conclude that the
amount of the salivary secretion in the DM group was
less than that in the normal group. This is because the
hyperglycemia caused atrophy of the acinus cells,
which resulted in diabetic microangiopathy around the
acinus. However, quantification of the amount of sali-
vary secretion with no stimulation in rats is still re-
quired, and this is an active area of investigation for
our group.

This study was presented at the 24th Kinki region meeting of
the Japanese Stomatological Society held in Otsu, Japan, on
November 17, 2012. We would like to thank the staff of the fa-
cilities of Osaka Dental University for their support with the
animal experimentations and image processing. We also
wish to express our sincere gratitude to Akimichi Takemura,
Associate Professor of the Department of Anatomy, Osaka
Dental University, for his valuable guidance and criticism. We
are indebted to the staff of the Department of Anatomy for

their advice and encouragement.
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