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Objective: This study aimed to investigate the ultrastructural and immunohistochemical changes in the granular
convoluted tubule (GCT) of rodents’ submandibular gland (SMG) upon theinduction of chronic renal failure.

Material and methods: Thirty young adult Sprague-Dawley rats were randomized into three groups: the Control
group, rats received no intervention; the Sham group, rats underwent surgical incision without nephrectomy; the
Experimental group, rats underwent surgical procedures to induce chronic renal failure. Afterward, SMG was
examined for histological and ultrastructural changes and immunohistochemical staining for Renin.

Results: Histologically, the experimental group demonstrated cytoplasmic vacuolization within the seromucous
acini and ducts. Several GCTs were proliferating, whereas others exhibited degenerative changes in the form of
disturbed cytoplasmic architecture. On the ultrastructural level, both acini and ductal segments showed
degenerative changes Interestingly, immunohistochemical examination of the lining cells of GCT and intra-
lobular ducts of the experimental group revealed the presence of Renin.

Conclusion: Renal failure induced histological, immunohistochemical, and ultrastructural variations within GCTs

Submandibular salivary gland
Renin

of SMG.

1. Introduction

The granular convoluted tubule (GCT) of rodents’ submandibular
gland (SMG) is a distinct ductal segment frequently present in the kidney
and rodents’ SMG. It is located between the striated and intercalated
ducts.! At sexual maturity, this specialized duct portion develops from
the proximal parts of striated ducts. Due to the profound effect of an-
drogens and glucocorticoids on their growth, differentiation, and size,
they are more developed in males than in females.? Histologically, the
GCT is a portion of rodents’ SMG similar to the mucous tubule and has
often been mistaken for it." It is lined with simple columnar epithelium
with basally situated nuclei, a few basal infoldings, and many apical
electron-dense serous secretory granules of different sizes. Ultrastruc-
turally, GCT is composed of mosaic cell types, including transitional,
pillar, and granular cells, as well as dark granular cells.?

Functionally, each type of these specialized ductal cells has a unique
ability to synthesize various enzymes, growth factors, and polypeptide
hormones.® Barka® stated that the GCT of SMG might be regarded as a
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component of the diffuse neuroendocrine system of the digestive tract
due to the presence of more than 25 biologically active factors in the
cells of the GCT. These factors were grouped into four categories: growth
and differentiation, digestion, intracellular regulation, and homeostasis.
In addition, Renin is a kallikrein gene family member. Walker et al.”
immunolocalized two important hormonal factors, epidermal and nerve
growth factors, within the GCT of SMG.

Moreover, Amano et al.® localized hepatocyte growth factor and the
transforming growth factor-beta in the secretory granules of the GCT.
Interestingly, these growth factors’ serum levels depend on the SMG.’
Consequently, they proposed that cells of GCT could have a dual role
that enables them to perform both exocrine and endocrine functions.

Secretion of GCT-specific polypeptides has an intimate association
with the functional disturbance of various organs. For instance, changes
in the ultrastructural features of GCT following hypophysectomy or
supra-physiological conditions of androgenic and thyroid hormone
supplementation.® Additionally, many previous reports proved that
GCT-specific secretory products are induced by multihormonal control
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of adrenocortical, thyroid, and androgen hormones.®

Salivary glands and kidneys have functional and morphological
similarities, primarily in their capacity to reabsorb sodium and possibly
other substances from a primary secreted fluid.” Additionally, hypoxia
or nephrectomy induced GCT cells to serve as an external erythropoietin
production site, which is considered the main precursor for renin pro-
duction, thus compensating for its deficiency.'’ Furthermore, rodent
SMG has been reported to contain peptidases similar to renal vasoactive
peptides, kallikrein, and renin.'!

Renin is an essential hormone that controls blood pressure and other
physiological functions. In addition to its secretion by juxtaglomerular
kidney cells, there was evidence of local renin production in various
extrarenal sites, including the mouse SMG granular convoluted tu-
bules.'>'® Hence, the SMG fine convoluted tubules appear to have a
significant relationship with the kidney.

Therefore, it is necessary to investigate the effect of induced chronic
renal failure on the histological, immunohistochemical, and ultrastruc-
tural photomicrographs of SMG granular convoluted tubules.

2. Materials and methods

A summary of materials and methods is represented in the flow chart
of the Fig. 1.
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2.1. Animals

(30) two-month young adult male Sprague-Dawley rats (125—150 g)
were kept at 26 + 1 °C. Before surgery, they were acclimated to labo-
ratory conditions for seven days. The sample size was based on a pre-
vious study.'* The significance level was 0.05, the sample size was more
than 80%, this equation confidence interval was 95 %, and the actual
power was 97.69 %. The sample size was calculated using a computer
program, G Power version 3.1.9. An oversizing of the sample was done
to compensate for the potential failure and increase the results’ validity.
Thus, the sample size was 30. Animals were randomly distributed using
a computer-generated list of random numbers to one of three groups as
follows: Control (n = 10): animals did not undergo any intervention;
Sham (n = 10): animals underwent surgical procedures without ne-
phrectomy or artery ligation; Experimental (n = 10), rats underwent
surgical procedures to induce chronic renal failure. All rats were treated
following the Ethical Committee’s guidelines at the Faculty of Dentistry,
Egypt (#R-OB-10-21-26). All procedures were held following ARRIVE
guidelines.

2.2. Induction of chronic renal failure
To induce renal failure, rats underwent a single-phased 5/6 ne-

phrectomy surgery. Xylazine hydrochloride 2 % (Sigma-Aldrich Pty Ltd)
with ketamine hydrochloride 10 % (Sigma-Aldrich Pty Ltd) at a dosage
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All data obtained from serum analysis and GCT
area ratio were statistically analyzed.

Fig. 1. Flowchart explaining the rat’s randomization and the variables assessed throughout the study.



W.Y. Alghonemy et al.

of 10 mg/kg and 125 mg/kg, respectively, were injected intraperitone-
ally into rats to induce anesthesia.'®> On the surgical table, rats were
positioned in a ventral position, trichotomy, and disinfected with
ethanol (70 %). Then, the right kidney was removed (Fig. 1A), followed
by segmental infarction of two-thirds of the left kidney with silk liga-
tures (Fig. 1B), as reported by Shapiro et al.'®

Post-operative care for rats included the administration of flunixine
5 mg/kg body weight (Biokema SA, Crissier-Lausanne, Switzerland)
subcutaneously every 12 h for seven days. The rats were anesthetized,
and the specimens of SMG were dissected carefully. Finally, at the end of
the experiment, the animals were euthanized with an overdose of
anesthesia.

2.3. Serum analysis

Eight weeks after surgery, blood samples were withdrawn from all
groups’ tail veins using blood collection tubes containing EDTA 15 %.
Afterward, creatinine and the concentrations of blood urea nitrogen
were measured to ensure the induction of chronic renal failure, as
illustrated by Romero et al.!”

2.4. Histological and ultrastructural examination

Samples from the right SMG were instantly fixed in a 10 % buffered
formalin solution, rinsed with running water before dehydration in
ascending grades of ethanol, and finally immersed in paraffin. Serial five
pm sections were stained with eosin and hematoxylin before examining
histological sections utilizing a light microscope (Leica ICC50 HD),
about 20 for each specimen.

Furthermore, immunohistochemical staining was done for renin
detection in SMG using anti-renin antibodies (Renin Rabbit PAb with
dilution 1-10000) (Catalog No.: A1585) (Neomarkers, USA through
Santa Cruz Biotechnology Egypt). All images used in the image-J anal-
ysis (National Institutes of Health in the USA) had a standard magnifi-
cation power of x400. Five slides from each specimen were used for
research, and five captures were taken from each section (5x5= 25)
image. The evaluation of immunohistochemical staining was semi-
quantitative, scoringls’19 (0 for negative renin expression, 1 for positive
renin expression). The assessment was done blindly by three observers
(pathologists).

Left SMG specimens were divided into two equal samples for electron
microscopy. After that, specimens were instantly placed in a blend of 1
% of glutaraldehyde as well as 4 % of paraformaldehyde before being
post-fixed for 2 h in 1 % osmium tetraoxide, dehydrated in ascending
ethanol grades, embedded in epon 812. Ultra-thin cuts (50 nm) were
sectioned utilizing the RMC-USA ultra-microtome, picked on copper
grids, stained with lead citrate and uranyl acetate, and examined with
JOEL-TEM.
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2.4.1. Statistical analysis

The quantitative data obtained from serum analysis and GCT area
ratio (Fig. 2) From the captured images on the analysis system for each
group were tabulated and statistically analyzed using CO-STAT analysis
(version 6.4). Descriptive statistics expressed numerical variables as
mean, standard deviation, and range. One-way ANOVA and post hoc
(Tukey) tests were used to compare quantitative data between groups.
Significance was determined at p < 0.05. Statistical analyses were per-
formed using Statistical Package for Social Sciences (SPSS version 26).
Descriptive statistics will express numerical variables as mean, standard
deviation, and range, and nominal data will be represented by fre-
quency, percent, and median. P value < 0.05(*) was considered a sig-
nificant difference & P-value <0.001(**) was considered a highly
significant difference.

3. Results
3.1. Renal failure on serum levels of creatinine and urea

The results obtained revealed a substantial elevation in creatinine
and blood urea nitrogen levels in the experimental group compared to
those of the control as well as sham groups (Table 2). The experimental
group exhibited substantially elevated levels of blood urea nitrogen and
serum creatinine than control and sham-operated groups. Nevertheless,
no substantial changes were detected between the control and sham-
operated groups.

3.2. Histological results

3.2.1. Light microscopic results

The SMG of the control and sham groups showed almost normal
acinar and ductal structures (Fig. 3. A; Fig. 4. A). However, the sero-
mucous acini of SMG of the experimental group depicted cytoplasmic
vacuolization (Fig. 3. B &D). Attractively, the GCT in the experimental
group revealed atypical features; some were proliferating that simulate
newly developed ductal segments (the branched structure) (Fig. 3. B;
Fig. 4. B, C&D), whereas others showed degenerative changes in the
form of disturbed cytoplasmic architecture (Fig. 3. C&D).

Table 1
The ratio of the mean GCT area relative to that of the entire picture among the
three different groups: * Significant, N Not significant.

Groups Mean +SD F P. Value

Group I (control) 16.72 4.20 14.095 <0.001 (GI, GIII) *
Group II (sham) 13.15 6.18 (GI1, GIII) *
Group III (experimental) 35.82 8.43 (GI, GI) VT
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Fig. 2. light microscopic image of rat SMG, as displayed on the Image Monitor. The GCT areas are outlined, and their number is recorded. (A) Control group as
displayed on the image monitor. (B) Experimental group that reveals an obvious increase in GCTs (H&E stain. Orig. mag. X 400).
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Table 2
Renal failure on serum levels of creatinine and BUN. * Significant.
parameter Group I Group II Group III
(control) (sham) (experimental)
Creatinine (mg/ 0.30 + 0.08 0.20 £+ 0.06 0.76 + 0.07*
dD
BUN (mg/dl) 30+ 8.1 25+74 69 + 9.6*

3.2.2. Immunohistochemical results

The SMG of both control and sham groups exhibited negative cellular
expression of anti-renin antibodies in both acini and ducts (Fig. 5 A & B).
Conversely, the experimental group depicted positive expression of anti-
renin at the GCT and intralobular ducts lining cells. However, the gland
acini had a negative anti-renin expression (Fig. 5 C & D).

3.2.3. Transmission electron microscope results (Ultrastructural changes)

SMG examination utilizing the electron microscopy of the sham and
the control groups showed normal ultrastructural elements (Figs. 6 and
7). SMG showed ultrastructural variations of the acinar portions and
ducts in the experimental group. Acini and ducts appeared degenerated,
and the most observed feature was the presence of many cytoplasmic
vacuolations (Fig. 9). Moreover, organelles such as secretory granules
displayed variations in their size and electron density (Fig. 9). Regarding
GCTs of sham and the control groups, it showed duct wall formed from
principal simple columnar epithelial cells containing secretory granules
of nearly equal electron density, with small differences in granules size.
In addition, well-outlined pillar cells between the main cells with
granules of lower electron density (Fig. 8. A & B). In addition, the
experimental group showed cells with euchromatic nuclei and pycnotic
nuclei, and the cells showed pleomorphism in their granular contents
and some large cytoplasmic vacuolization (Fig. 9. A & B). Also, the GCT
cells depicted variation in granules’ electron density near the lumen and
some cytoplasmic vacuolization, and the pillar cells showed ill-defined
outlines. (Fig. 9. C & D).
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3.3. Statistical results

3.3.1. The granular convoluted tubules area ratio

Image analysis revealed that the experimental group had a signifi-
cantly higher ratio of GCT to total image area than the control and sham
groups. The statistical analysis demonstrated a significant difference
between the experimental group’s mean GCT area ratio and the control
and sham groups. Conversely, no significant difference was detected
between the mean GCT ratio of the sham and control groups (Table I).

4. Discussion

This study aims to investigate the histological, ultrastructural
changes and the immunohistochemical reaction of GCT of rodents’ SMG
after inducing chronic renal failure in rats.

It is worth mentioning that the work on experimental animals in
preclinical studies is essential in the medical field. Rats are commonly
used in laboratory studies as they are remarkably similar to humans and
share about 90 % of their genes with humans.”>*" A single-phased 5/6
nephrectomy surgery of the rat was selected as a model of chronically
induced renal failure because it is convenient and causes renal function
deficiencies.”>?* To our knowledge, previous studies used a nephrec-
tomy model to analyze the parameters of salivary composition and their
association with changes in serum due to the disease.>*%” However,
none of these studies demonstrated the histological, immunohisto-
chemical, and ultrastructural changes in salivary glands.

First, we investigated whether nephrectomy could alter SMG histo-
logical and ultrastructural features. Indeed, mutual histological and ul-
trastructure changes were reported in the gland acinar and GCT
elements. Histologically, cytoplasmic vacuolizations were seen in the
seromucous acini of SMG of the experimental group. Myers and McGa-
vin?® recognized cytoplasmic vacuolization in salivary glands as an early
degeneration phase presenting an elevation in cell volume and size due
to cell inability to stabilize normal homeostasis. Interestingly, the GCTs
in the experimental group revealed atypical features, and some were
proliferating, forming embryonic-like branched structures. Several

Fig. 3. Light microscopic image of rat SMG illustrates (A) the control group’s seromucous acini A and GCT. (B-D) the seromucous acini and GCT of the experimental
group. (B) It reveals the proliferation of GCT (black arrows) (embryonic-like branched structure). (C,D) It shows seromucous acini with cytoplasmic vacuolization
(white arrows) together with the disturbing architecture of GCT (arrowhead). (H&E stain. Orig. mag. a, b x400; ¢ x1000).

11



W.Y. Alghonemy et al. Journal of Oral Biology and Craniofacial Research 14 (2024) 8-16

SRR
: fil\;‘.ﬁ‘,&fm‘tz

Fig. 4. Light microscopic image of rat SMG illustrates (A) the almost normal seromucous acini and GCT of the sham group. (B,C) the seromucous acini and GCT of
the experimental group reveal a marked proliferation of GCT. (D) It shows widely branched proliferated GCTs in between the seromucous acini (H&E stain. Orig.
mag. A X1000; B, D X100; C X400).

Fig. 5. Photomicrograph of immunolocalization of anti-renin antibodies in right SMG: (A , B) showing negative cellular and nuclear expression of anti-renin an-
tibodies in both acini (yellow arrow) and ducts (red arrow) of control as well as sham groups, respectively. (C) showing lobes of SMG of experimental group after
eight weeks of chronic Induction of renal failure (D) Higher magnification of black boxed area at (C) showing positive localization of cellular expression of anti-renin
at the GCT and intralobular ducts lining cells (red arrows) with some nuclear immunohistochemical reaction. In addition, there is a negative expression of anti-renin
in the gland acini (yellow arrow). (Anti-renin antibodies, A, B & D x 400 and C x 100).

studies found embryonic-like branched designs ending with acinar cells tissue since they exhibited a configuration extremely similar to designs
in SMG at the period of regeneration that is absent in control SMG. appearing in the embryonic SMG throughout branching morphogenesis.
Elghonamy et al. and Cotroneo et al.>**° postulated that newly gener- They suggested that SMG regeneration follows cytodifferentiation’s
ated acini develop from unique branched structures existing in this perinatal pathway. Therefore, this regeneration can be attributed to the
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Fig. 6. Electron micrograph of SMG of control and sham groups showing (A,B) Normal pyramidal seromucous acinar cell with basal active nucleus (N) and normal
appearance of RER occupying mainly the cell’s basolateral part. The acinar cell appears loaded with electron-lucent secretory granules (G), which appear to merge.
(C) SMG of the experimental group showing: Seromucous acinar cell with basal nucleus (N) and small cisterna of RER (arrow). The acinar cell appears loaded with
both electron lucent and electron-dense secretory granules. Notice the presence of cytoplasmic vacuoles (V) of different sizes. Similarly, (D) Seromucous acinar cell
with basal heterochromatic nucleus (N) and small cisterna of RER (arrow). The acinar cell appears packed with electron-lucent secretory granules that merge. (Mic.

Mag. A, B, C, and D X 1500).

relationship of the SMG granular convoluted tubules with kidney
impairment, which coincides with previous studies.'>'*

On the ultrastructural level, GCTs showed degenerative changes and
some degree of degenerative changes in the form of disturbed cyto-
plasmic architecture. Maciejczyk et al.?! reported that chronic kidney
diseases increase lipids and salivary protein oxidation, leading to the
progression and deterioration of salivary gland function in the form of
oxidative damage. This finding coincides with our results of degenerated
acini and ducts two months after the 5/6 nephrectomy. In addition, GCT
cells were reported to undergo remarkable atrophy in

13

hypophysectomised male mice in the form of a marked decrease in size
and number and the basal infoldings of these cells. This finding might
indicate changes in the secretory nature and the conversion of GCT cells
into immature GCT phenotypes. It was shown that the GCT cells could
uniquely produce bioactive polypeptides and hormonal elements,>”
which agrees with our detected renin immunostaining, especially within
the GCT ductal portion.

Second, we investigated whether nephrectomy could induce renin
antibodies immunohistochemical staining in the SMGs. Immunohisto-
chemical results showed that SMG of the control and sham groups had a
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Fig. 7. Electron micrograph of SMG of control and sham groups showing. (A,B) Almost normal SDs are lined with columnar cells that have basal euchromatic nuclei
(N), basal striations (arrow), and a few electron-dense secretory granules (G) near the lumen (Lu). (Mic. Mag. An X 600 and B X 1000).
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Fig. 8. Electron micrograph of SMG of (A) the control and(B) sham group showing GCT.The duct wall is formed from principal simple columnar epithelial cells (E)
containing secretory granules (G) of nearly equal electron density, with small differences in granule size. In addition, well-outlined pillar cells (P) between the
principal cells with granules of lower electron density. (Mic. Mag. A and B X 1500).

negative cellular expression of anti-renin antibodies in both acini and
ducts. This finding had some resemblance with previous studies that
suggested the presence of Renin in all the GCT of postnatal SMG cells in
adult male mice.*® In contrast, the experimental group showed positive
expression of anti-renin antibodies at the GCTs and intralobular ducts
lining cells but not in the gland acini. These findings suggest a rela-
tionship between SMG granular convoluted tubules and the kidney that
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might be compensatory for the marked decrease in renin secretion after
nephrectomy, which aligns with Ingelfinger et al.>* Regarding the nu-
clear immunohistochemical reaction to renin antibodies, a previous
study suggested that the total protein secretion as well as the mRNA
expression of the renin-angiotensin system, could be reduced with an
angiotensin I receptor blocker in the parotid gland,*® this might account
the relation of salivary gland tissue activity, amount of saliva and total
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Fig. 9. Electron micrograph of SMG of the experimental group showing changes in GCT. (A,B) Cells of GCT, which contain euchromatic nuclei (N1) as well as
pycnotic nucleus (N2), the cells show pleomorphism in their granular contents (G) and some large cytoplasmic vacuolization (V). (C,D) Two different cells of GCT
contain euchromatic nuclei (N). The cells depict variations in granules’ electron density (G) near the lumen (LU) and some cytoplasmic vacuolization (V). (Mic. Mag.

A X 500 and B, C, D X 1500).

protein secretion, to renin enzyme. Thus, the nuclear reaction might be
related to this activation. However, renin enzyme is not commonly
found in rat submandibular glands, but it was confirmed in mice.*®
Besides, it was found that it is important for regulating blood pressure
and plasma concentration both locally and systemically.>” As Renin has
expression in other animal species, we suggest that rat submandibular
gland metabolism might be changed to accommodate the body condi-
tion developed from renal failure.

Third, coinciding with GCTs ductal regeneration, the granular con-
voluted tubular area ratio was markedly increased in the experimental
group above the control and sham groups. Statistical analysis

15

demonstrated a significant difference between the experimental group’s
mean GCT area ratio and the control group. On the contrary, no sig-
nificant difference was noticed between the sham group’s mean gran-
ular convoluted tubules ratio and the control group. This finding might
be due to an increase in renin secretion, as Laoide et al.>® suggested, who
stated that the male secretion rate of mouse SMG renin increased due to
cytodifferentiation of GCT cells in response to the increased androgen
level at puberty.

Clinically, Renin is normally secreted from juxtaglomerular cells of
the kidney that cleave angiotensinogen into angiotensin-1 and then into
angiotensin-2 via angiotensin-converting enzyme. Angiotensin-2
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interacts with angiotensin-1 receptors, causing inflammation, vasocon-
striction, fibrosis, proliferation, and oxidative stress.>>*0 Furthermore,
saliva flow is known to be reduced in hypertensive rat models.*' These
may reflect the oral manifestation of chronic renal failure, such as
xerostomia, hairy tongue, poor oral hygiene, gingivitis, and
periodontitis.**

However, we have functionally proved Renin’s existence in GCTs of
SMG by immunohistochemical staining after nephrectomy. Further in-
vestigations using specific labels are required. In addition, the detection
of renin gene expression and cellular localization using real-time PCR
and in situ hybridization are needed to confirm the immunohisto-
chemical results in the present study.

5. Conclusion

To our knowledge, this may be the first study to report that ne-
phrectomy in rats persuades formation of Renin by the submandibular
salivary gland as was proved immunohistochemically in GCTs ductal
portion. This functional change was associated with ultrastructural and
histological alterations. This finding suggests the relationship between
SMG GCTs and the kidney that might compensate for the ablation of
renin secretion after nephrectomy.
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