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ABSTRACT

The aim of this study was to investigate the impact of
type 1 diabetes on lung tissue using histopathological and
immunohistochemical techniques, with a particular focus on
whether it induces endoplasmic reticulum stress in the lung. The
experiment utilized 18 male Balb/c mice, two months old with an
average weight of 40 grams, randomly assigned to three groups:
Control (n = 6), Sham (n = 6), and Streptozotocin diabetes group (n
= 6). Diabetes was induced in the Streptozotocin group via a single
intraperitoneal injection of 1200 mg-kg* Streptozotocin. Following
the experimental period, histopathological, immunohistochemical,
and semi—quantitative analyses were conducted. Histopathological
analysis revealed significant degeneration, apoptotic changes
in epithelial cells and connective tissue, capillary dilation and
inflammatory cell infiltration in the Streptozotocin group compared
with the control and sham groups. Immunohistochemical analyses
revealed a strong positive immunoreactivity for glucose regulated
protein 78, nuclear factor kappa B and caspase—3 in type I
and II pneumocytes, club cells, endothelial cells and alveolar
macrophages in the Streptozotocin group. These observations
imply the possible induction of endoplasmic reticulum stress in
the lungs by type 1 diabetes and finally culminate into various
histopathological alterations.
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RESUMEN

El objetivo de este estudio fue investigar el impacto de la diabetes
tipo 1 en el tejido pulmonar mediante técnicas histopatoldgicas e
inmunohistoquimicas, con especial atencion a si induce estrés del
reticulo endoplasmico en los pulmones. El experimento se realizd
en 18 ratones machos Balb/c de dos meses de edad y un peso
promedio de 40 gramos, asignados aleatoriamente a tres grupos:
Control (n = 6), Sham (n = 6) y grupo diabético con estreptozotocina
(n = 6). La diabetes fue inducida en el grupo estreptozotocina
mediante una Unica inyeccion intraperitoneal de 100 mg-kg*
de estreptozotocina. Al finalizar el periodo experimental, se
realizaron analisis histopatolégicos, inmunohistoquimicos y
semicuantitativos. El andlisis histopatologico reveld degeneracién
significativa, cambios apoptdticos en células epiteliales y tejido
conectivo, dilatacion capilar e infiltracion de células inflamatorias
en el grupo estreptozotocina en comparacion con los grupos
control y sham. El analisis inmunohistoquimico mostrd una
fuerte inmunorreactividad positiva para la proteina regulada por
glucosa 78, factor nuclear kappa B y caspasa—3 en neumocitos tipo
Iy II, células club, células endoteliales y macrofagos alveolares del
grupo estreptozotocina. Estas observaciones sugieren la posible
induccion de estrés del reticulo endoplasmico en los pulmones
debido a la diabetes tipo 1, lo que finalmente conduce a diversas
alteraciones histopatolégicas.

Palabras clave: Diabetes mellitus; pulmén; estrés del reticulo
endoplasmatico; apoptosis; marcadores
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INTRODUCTION

Diabetes mellitus refers to a chronic metabolic disorder that is
associated with persistent hyperglycemia and marked systemic
effects. The autoimmune—mediated destruction of pancreatic
beta cells gives rise to the type 1 diabetes subtype and results
in reduced or inhibited insulin secretion [1]. The disorder not
only affects glucose metabolism but acts further by causing
histopathological changes in various tissues, partly because of
endoplasmic reticulum (ER) dysfunction [2].

The ER is one of the most critical organelles for cellular
homeostasis. In addition, it is responsible for protein and lipid
synthesis, calcium storage, detoxification, and its centralized role
in carbohydrate and fat metabolism [3]. ER dysfunction could result
in the accumulation of unfolded or misfolded proteins in its lumen,
which in turn generates the condition termed ER stress. To cope with
ER stress, cells activate the unfolded protein response (UPR), an
adaptive process in response to ER imbalance [4]. The UPR usually
halts protein synthesis, amplifies protein—folding capacity, and
degrades misfolded proteins through specific signaling pathways
like glucose regulated protein 78 (GRP-78), protein kinasa R-like
endoplasmic reticulum kinase (PERK), activating transcription factor
6 (ATF6), and inositol-requering enzyme 1 (IRE1) [5].

The regulator of the unfolder protein response (UPR) is GRP-78
which performs protein folding, calcium binding and degradation
of misfolded proteins [6]. Activation of UPR involves dissociation of
GRP-78 from ER stress sensors like PERK, ATF6 or IRE1. Specifically
PERK phosphorylates the eukaryotic translation initiation factor
2A (eIF2a), which results in the activation of NF—xB, a common
transcription factor engaged in pro—inflammatory and anti—apoptotic
responses [7]. ER stress is also initiatory for the apoptosis pathways
activated by caspase-3, which is often regarded as a terminal,
common effector in pro—apoptotic pathways [8].

Among the many organs affected by type 1 diabetes, the kidney,
the heart, and the brain are reported to be damaged by ER stress
[9, 10, 11]. Additionally, the lung has perhaps been the organ least
studied with respect to diabetes, but it is becoming evident that
this organ could also be a target for some future diabetes—related
complications [12].

Through evidence, diabetes can cause changes in the structure and
function of lung tissues by inflammation, fibrosis, and the elevation
in apoptosis under the influence of ER stress [9, 13]. Various types
of reviews in the literature have shown histopathologic changes in
the lung tissue along with type I diabetes [14, 15].

Therefore, the present descriptive study intended to investigate
the histopathological and immunohistochemical effects of type
1 diabetes on lung tissue, particularly looking into the role of ER
stress. Through the dissection of key markers GRP-78, NF—«B,
and caspase-3 linked to this pathological mechanism, the present
study aims to elucidate the underlying mechanisms behind the
relationship between diabetes and pulmonary complications.
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MATERIAL AND METHODS

This study was conducted in accordance with national guidelines
for the care and use of laboratory animals. The experimental
protocol was approved by the local ethics committee for
experimental animals from Kafkas University on 03/09/2017
with the ethical committee number 2017-082.

Eighteen male Balb/c mice (Mus musculus) aged 2 months,
weighing between 38-42 g, were obtained from Atatiirk University
Medical Experimental Application and Research Center. The mice
were divided into three groups (n = 6 each): control, sham, and
streptozotocin (STZ) diabetes groups. They were housed under
controlled conditions (22 £ 2°C, 60—-65% humidity, 12:12 h light/
dark cycle) with ad libitum access to food and water.

Experimental procedure

Type 1 diabetes was induced in mice using STZ, a compound that
selectively destroys pancreatic p—cells. A citrate buffer (pH 4.5)
was prepared by dissolving 0.294 g of sodium citrate dihydrate
(CeHsNasz07:2H20, 294.1 g-mol?) in deionized water to a final
volume of 100 mL. STZ (Sigma S0130-1G) was freshly dissolved
in this buffer at a concentration of 40 mg-mL.

A single intraperitoneal (i.p.) dose of 100 mg-kg?* STZ was
administered using a 1 mL insulin syringe, calculated based on
individual body weight. The sham group received only 1 mL of
citrate buffer (i.p.), while the control group received no treatment.
Four hours after injection, all mice were provided with standard
feed and drinking water.

Blood glucose levels were measured using a glucometer (Accu—
Chek Active®, Roche Diagnostics GmbH, Germany) and test strips
from tail vein samples. Baseline glucose was measured 1 h before
STZ administration, and follow—up measurements were taken at
24,48, and 72 h, and at 14 days (d) post—injection. Mice with blood
glucose levels exceeding 220 mg-dL* were considered diabetic
and included in the study [16, 17] (TABLE I).

After 30 d, diabetic mice were anesthetized using Xylazine
(10 mg-kg?, i.p.) and Ketamine (60 mg-kg?, i.p.) and euthanized
by cervical dislocation. Lung tissues were collected and
fixed in 10% buffered formalin for histopathological and
immunohistochemical evaluations.

TABLEI
Blood Glucose Levels for All Groups

Groups Blood glucose levels (mg-dL") F
Control (n: 6) 79+42
Sham (n: 6) 7772 99.305
STZ diabetes (n: 6) 309+53°

STZ: Type 1 diabetes was induced in mice using streptozotocin. Data are expressed
as mean + standard deviation (SD), n: number of animals per group, mg-dL":
milligrams per deciliter, >: different superscript letters indicate statistically significant
differences between groups (P<0.05)
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Histopathological examinations

Lung tissues were processed and embedded in paraffin following
fixation in 10% buffered formalin. Sections with a thickness of
4 uym were obtained using a rotary microtome (Leica RM2235,
Leica Biosystems, Germany), and stained with hematoxylin—eosin
(H&E) [18] and Crossman’s triple stain [19] or histopathological
evaluation. Image analysis was performed using a light microscope
(Olympus BX51, Olympus Corporation, Japan).

Immunohistochemical studies

The avidin—biotin—peroxidase complex method [20] was used to
detect GRP-78 (Abcam, ab108615), NF—xB (Santa Cruz, sc—8008),
and caspase-3 (Santa Cruz, sc—56053) proteins in lung tissue.
Sections were treated with primary antibodies (anti-GRP78,
1:150; NF—xB p65, 1:100; caspase—3, 1:100) for 1 h at room
temperature. After incubation with secondary antibodies, staining
was visualized using diaminobenzidine (DAB (Thermo T A-125-HD))
[21]. Positive controls (liver tissue) and negative controls (lung
tissue without primary antibody) were used to validate the method.
Immunostained sections were scored semi—quantitatively on a
scale of - to ++++ based on staining intensity [22].

Statistical analysis

Statistical analyses were performed using SPSS 18.0. (IBM,
Chicago, IL, USA, SPSS 18 for Windows) Group comparisons
were made using the Kruskal-Wallis test, followed by the Mann—
Whitney U test with Bonferroni correction. Results were considered
significant at P<0.05. The non—parametric tests (Kruskal-Wallis
and Mann-Whitney U) were applied to the numerical equivalents
(0—-4) of the semi—quantitative immunoreactivity scores (ranging
from — to ++++) to allow for statistical comparison [23].

RESULTS AND DISCUSSION

Lung histology appeared normal in the control group, and
the sham group showed similar findings. In contrast, the STZ-
induced diabetic group exhibited significant damage, including
bronchial epithelial injury and mild submucosal degeneration. The
interalveolar septa showed thickening, hyalinization, and collagen
buildup, indicating fibrosis. Apoptotic features such as nuclear
condensation in type I and II pneumocytes, cell shrinkage, and
apoptotic—like bodies were evident in the alveolar lining.

Degeneration also affected the endothelial and smooth muscle
layers of pulmonary vessels, with collagen deposits surrounding
vascular and alveolar areas. Dilated capillaries with red blood
cell infiltration and inflammatory cell presence, neutrophils,
macrophages, lymphocytes, monocytes, and occasional
multinucleated giant cells, were observed (FIGS. 1 and 2).

The histopathological outcomes align with previous findings
indicating that diabetes contributes to lung inflammation and
fibrotic changes, potentially mediated by oxidative stress
stemming from chronic hyperglycemia [24]. The interalveolar
septal thickening and hyaline material suggest extracellular matrix
remodeling, a characteristic process seen in diabetic pulmonary
complications [25]. Moreover, the infiltration of immune cells,
particularly neutrophils, macrophages, and lymphocytes, reflects
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all groups (100x and 400x%). Yellow arrowhead: capillary dilation; green
arrowhead: migration of neutrophils and lymphocytes from the vessel wall;
red arrowhead: multinucleated giant cell. Scale bars = 100 um and 20 um

an active inflammatory response, further supporting the concept
of “diabetic lung” pathology as previously described in the
literature [26].
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FIGURE 2. Triple staining of lung tissues from all groups (100x and 400x). *:
Degenerative lamina epithelialis, L: increased alveolar septal thickness,
black arrow: alveolar macrophage, black arrowhead: macrophage, bold black
arrow: collagen deposition, blue arrowhead: congestion, yellow arrowhead:
erythrocyte infiltration. Scale bars = 100 um and 20 ym
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In the control group, GRP-78 immunoreactivity was minimal and
limited to alveolar macrophages. The sham group showed a similar
pattern, with moderate staining in these cells. In the STZ-induced
diabetes group, GRP-78 expression increased notably moderate
in endothelial cells, strong in club cells and type I pneumocytes,
and very strong in type II pneumocytes and alveolar macrophages.

Positive controls confirmed staining in hepatocytes, while no
signal was detected in the negative controls. Semi—quantitative
analysis showed no significant differences between control and
sham groups in type II pneumocytes, club cells, or endothelial
cells (P>0.05), but significant increases were found in type I
pneumocytes and alveolar macrophages (P<0.05). All cell types
showed significantly higher GRP-78 levels in the diabetic group
compared to control and sham groups (P<0.05). (FIGS. 3 and 4,
TABLE II).

CONTROL SHAM

NF-kB GRP-78

CASPASE-3

STZ DIABETES

The GRP-78, a key marker of ER stress, showed increased
immunoreactivity in type I and II pneumocytes, club cells,
endothelial cells, and alveolar macrophages in the STZ-induced
diabetes group. This study provides direct immunohistochemical
evidence of ER stress activation in diabetic lung tissue, supporting
the idea that ER stress contributes to diabetes—related pulmonary
changes. The upregulation of GRP-78 likely represents a
compensatory response to hyperglycemia—induced protein
misfolding and ER dysfunction [27]. However, prolonged ER stress
is known to promote apoptosis and fibrosis, both of which were
observed in the diabetic group’s histopathological findings [28, 29].

In the control group, NF-xB immunoreactivity was minimal
across all pulmonary cell types, while the sham group showed
moderate immunoreactivity. In the STZ-induced diabetes group,
NF—«B expression was markedly elevated—intense in endothelial
cells and very intense in club cells, type I and II pneumocytes,
and alveolar macrophages.

NEGATIVE CONTROL POSITIVE CONTROL

!lfé’&z Wi *'gg‘f“g AL Rl

FIGURE 3. Immunohistochemical localization of GRP-78, NF-xB, and Caspase-3 in all groups, including negatwe and posmve (liver tlssue) controls
(100x and 400x). Yellow arrowhead: positivity in type I pneumocytes, green arrowhead: positivity in type II pneumocytes, black arrowhead:
positivity in club cells, red arrowhead: positivity in alveolar macrophages, blue arrowhead: positivity in hepatocytes. Scale bars = 100 um and 20 um
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FIGURE 4. Statistical analysis of the semiquantitative assessments of GRP-78, NF-kB and Caspase 3 immune reactivity in lung tissues for all groups
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TABLE IT
Results of semiquantitative analysis of GRP-78
immunoreactivity between groups

Groups of GRP78

IR density Control Sham STZ Diabetes
Club cells - - .,
Endothelial cells - - ++
Type 1 pneumocyte - + T+t
Type 2 pneumocyte - - .
Alveolar macrophage + ++ .

STZ: Type 1 diabetes was induced in mice using streptozotocin. Data represent the
semiquantitative immunoreactivity (IR) scores of GRP-78 expression in various lung
cell types, - : no immunoreactivity, +: mild, ++: moderate, +++: strong, ++++: very
strong immunoreactivity, IR: immunoreactivity, GRP-78: Glucose-regulated protein
78, n = 6 animals per group

Positive controls confirmed NF—«B staining in hepatocytes,
whereas no staining was observed in negative controls. Statistical
analysis showed significant differences in NF=xB immunoreactivity
among all groups (P<0.05), with the STZ group exhibiting
significantly higher expression levels compared to both the control
and sham groups (FIGS. 3 and 4, TABLE III).

TABLE III
Results of semiquantitative analysis of NF-kB
immunoreactivity between groups

Groups of NF-kB

IR density Control Sham STZ Diabetes
Club cells + =+ I
Endothelial cells + ++ o+
Type 1 pneumocyte + ++ R
Type 2 pneumocyte + ++ 4+
Alveolar macrophage + + St

STZ: Type 1 diabetes was induced in mice using streptozotocin. Data represent the
semiquantitative immunoreactivity (IR) scores of NF-kB expression in various lung
cell types, - : no immunoreactivity, +: mild, ++: moderate, +++: strong, ++++: very
strong immunoreactivity, IR: immunoreactivity, NF-kB: Glucose-regulated protein
78, n =6 animals per group

The marked increase in NF=xB expression observed in the STZ-
induced diabetes group indicates that chronic inflammation is
a key contributor to diabetes—related pulmonary injury. NF—=xB
is a pivotal transcription factor that regulates the expression of
numerous pro—inflammatory cytokines and has been implicated
in the pathogenesis of various diabetic complications [30].

Consistent with previous studies, the present findings support
the notion that hyperglycemia—induced NF—«B activation promotes
the recruitment and accumulation of inflammatory cells in lung
tissue, thereby aggravating structural damage [31]. Moreover,
NF—xB activation is closely associated with endoplasmic reticulum
stress, a mechanism reflected in the concurrent upregulation of
GRP-78 in diabetic lung tissue [32].

Beyond its role in inflammation, NF—«B also modulates apoptotic
pathways by regulating the expression of both pro—apoptotic and
anti—apoptotic proteins, linking chronic inflammation to tissue
degeneration in the diabetic lung [33].

In the control group, caspase—3 expression was absent, whereas
the sham group exhibited minimal immunoreactivity. In contrast,
the STZ-induced diabetes group showed a marked increase, with
very intense caspase—3 immunoreactivity in pulmonary tissues.
Positive control sections demonstrated distinct caspase—3—positive
hepatocytes, while no staining was observed in the negative
controls, confirming the specificity of the immunohistochemical
procedure. Semi—quantitative evaluation revealed statistically
significant differences among all groups (P<0.05). Caspase—3
immunoreactivity scores were significantly higher in the STZ
diabetes group compared with both the control and sham groups
(FIGS. 3 and 4, TABLE IV).

TABLE IV

Results of semiquantitative analysis of Caspase-3
immunoreactivity between groups

Groups of NF-kB

IR density Control Sham STZ Diabetes
Club cells - + S+
Endothelial cells - + .
Type 1 pneumocyte - + 4+
Type 2 pneumocyte - + T+
Alveolar macrophage - + .

STZ: Type 1 diabetes was induced in mice using streptozotocin. Data represent the
semiquantitative immunoreactivity (IR) scores of NF-kB expression in various lung
cell types, - : no immunoreactivity, +: mild, ++: moderate, +++: strong, ++++: very
strong immunoreactivity, IR: immunoreactivity, NF-kB: Glucose-regulated protein
78, n =6 animals per group

Caspase—3 which acts as an apoptotic key—effector showed
high values in STZ diabetic cohort indicating increased cell death.
Presence of features like nuclear condensation and cell shrinkage
in alveolar epithelial cells strongly substantiate this hypothesis.
Earlier, increased apoptosis in the lung tissues with alterations in
structural-functional identity due to diabetes—induced oxidative
stress, were proven [34].

NF-xB the present activation has also been shown to control
apoptosis, which indicates a relationship between an inflammation
and an apoptotic pathway [35]. This amplifies the heavy orchestration,
wherein ER stress would activate NF-kappa B which aggravates
inflammation and already activates apoptosis via caspase—3, which
in the eventuality leads to degeneration of the lung tissue.

It is important to note that the present study has a descriptive
and correlational design. Accordingly, the associations identified
between type 1 diabetes, ER stress, and pulmonary histopathological
alterations do not establish a direct causal relationship. As a
projection for future research, the use of specific ER stress
inhibitors would be valuable to determine whether pharmacological
modulation of this pathway can causally influence the inflammatory
and apoptotic processes observed in diabetic lung tissue.
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Like all experimental studies, the present research has inherent
limitations. The findings are derived from a controlled animal model
and may not fully represent the complexity of human physiology.
Moreover, the molecular assessments were restricted to selected
pathways related to ER stress, inflammation, and apoptosis, which
may not capture the full spectrum of mechanisms involved.

Additionally, while the present study employed a descriptive and
semi—quantitative approach, future research could benefit from
incorporating quantitative digital image analysis techniques—such
as morphometric measurements, pixel intensity quantification, or
software—based evaluation using tools like ImageJ or QuPath—
to obtain more objective and reproducible data regarding
histopathological and immunohistochemical alterations in diabetic
lung tissue. Therefore, further comprehensive and translational
investigations are required to expand and validate these observations.

CONCLUSION

This study provides clear evidence that type 1 diabetes induces
significant structural and molecular alterations in lung tissue,
primarily through the activation of ER stress. The upregulation of
GRP-78 confirms engagement of the unfolded protein response,
while increased NF—xB and caspase-3 expressions suggest that ER
stress contributes to both inflammatory and apoptotic processes.
These findings support the presence of a pathological crosstalk
between ER stress and inflammation, which may play a role in
diabetes—related pulmonary damage.
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