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Diabetes mellitus (DM) has emerged as a public healthcare problem. Sustained hyperglycemia has been linked with many
complications including impaired male fertility.

The aim of the study: to evaluate the effect of STZ-induced diabetes mellitus on testicular immunomorphology both in
the peripubertal period and adulthood of rats.

Material and methods. Peripubertal male rats were injected with STZ (70 mg/kg), adult rats received 60 mg/kg. Immunohisto-
chemical staining was performed to assess cell proliferation (Ki-67), apoptosis (caspase-3), expression of androgen receptors
(AR), Wilms Tumor (WT1) protein. Also, the morphology of blood vessels was analyzed on the basis of CD34-immunoreactivity.
Taking into consideration the small groups of animals, statistical analysis was made with the Mann—-Whitney U test.

Results. Fewer rows of proliferating spermatogonia were observed in the experimental animals (P < 0.05) of both age groups.
Surprisingly, diabetes resulted in decreased caspase-3 expression (P < 0.05) except for the early period (2 weeks) in the peripu-
bertal group, in which this trend was not observed. The same principles are true in terms of AR expression in seminiferous tubules.
Hyperglycemia prevented immature testes from the complete development but thickens the wallls of microvessels (P < 0.05). Also,
the atrophy of spermatogenic epithelium and Sertoli cells was registered in most tubules of all the experimental groups (P < 0.05).

Conclusion. the diabetic injury of testicular tissue is a long time process possessing characteristic feature in the peripubertal
period, for example, the later development of AR deficiency. In addition, the high level of apoptosis is characteristic of an
immature testis and so is the tendency of caspase-immunoreactivity to persist.

ImyHOMOpdOAOriuHMIA aHaAI3 AEUOK LIYPIB 3i CTPENTO30TOLMH-IHAYKOBAHUM
LYKPOBUM AiabeTom: BiKOBUM acnekT

I.-A. B. KoHppar, |. C. LUnoHbKa, T. B. LLinHKapeHko

Llykposuit giabet (L) — cytTeBa npobnema cuctemn oxopoHu 3nopoB’s. Tpueana rineprrikemis nos’sidaHa 3 G6aratbma
YCKMagHEHHAMM, BKITKOHa04M NOpYLUEHHS (DePTUIBHOCTI YOMOBIKIB.

MeTta po6oTu — OUiHUTW BNMB iHOYKOBAHOTO CTPENTO30TOLMHOM (STZ) LykpoBoro AiabeTy Ha iMyHOMOpPAhonorito Sevok
LypiB y nepunybepratHoMy nepiodi Ta 4OPOCNOMY BiLli.

Matepianu Ta metoau. MNepunybeptatHum camusm wypis yBogunu STZ y fosi 70 mr/kr, Zopocni wypu oTpumysanu 60
Mr/Kr. IMyHoriCTOXiMiYHI peakLii NpoBoavnu Ans ouiHioBaHHS nponidepadii knituH (Ki-67), anontosy (caspase-3), ekcnpecii
peuenTopis aHaporeHis (AR), 6inka nyxnuHu Binemca (WT1). Takox aHanisyBanu mopdonorito cyanH Ha ocHosi CD34-imy-
HOpeaKTUBHOCTI. BpaxoBytoun HEBENWKI rpynu TBAPUH, CTAaTUCTUYHWIA aHani3 3aincH1NM 3a JonoMorot TecTy MaHHa-BiTHi.

Pesynkrati. B excniepumenTansHux T8apuH (p < 0,05) 060x BiKOBWX rpyn CroOCTepirani MeHLLe PsiaKiB CrepMaToroHii, Lo
MITOTWYHO AiNAThCs. [MBHO, ane diabeT Npu3BiB [0 3HWKEHHS ekcnipecii kacnasu-3 (p < 0,05), 3a BUHATKOM paHHBOro nepioay (2
TWXKHI) y rpyni nepunybeprary, B sikiit Lielt TpeHp He 3adpikcoBanmii. MoaibHi 3akoHOMIPHOCTI BUSIBNEHI NS ekcnpecii peLienTopis
aHaporeHis. [lneprnikemis 3anobirna NOBHOLIHHOMY PO3BUTKY HE3PINMX IEYOK, ane NoToBLUMMA CTiHKK MikpocyauH (p < 0,05). Takox
3apEECTPOBaHO aTpodito CriepMaToreHHoro enitenito Ta knitui Ceproni B GinbLUIOCTi KaHaMNbLIB Y BCIX EKCNEPUMEHTANBHUX rpynax.

BucHoBku. [liabeTuyHe NOLUKOMKEHHS TKaHUH SIEYOK — TPUBAMWIA NPOLEC, LU0 Mae xapakTepHi 0cobnmeocTi B nepunybep-
TaTHOMY nepiogi, Hanpuknaz nisHilumi gediunt AR. Kpim TOro, BUCOKWIA piBeHb anonTo3y XapakTepHWiA Anst HE3PINOro sieyka,
K | TEeHOEHUISt 4O 30epexeHHs caspase3-iMyHOPeaKTUBHOCTI.

MMMyHOMop(I)OAOFMHGCKMﬁ adHaAU3 AUYeK KpbIC CO CTPENTO30TOLUH-UHAYLUPOBAHHbIM
caxapHbiM AMabeToM: BO3pacTHOM acnekT
N.-A. B. KoHapar, W. C. LUnoHbKa, T. B. LUnHKapeHko

CaxapHbivt grabert (CLl) ctan 3HaumTenbHOM Npobnemon 30paBooXpaHeHus. AnutensHas runeprivkemMus CBsidaHa co MHOTMMIN
OCTOXHEHWSIMM, BKITHOYas HapyLLEHUst (PePTUNBHOCTM MYXUWH.

Llenb paboTbl — OLEHUTb BIUSHWE MHOYLMPOBAHHOIO CTPENTO30TOLMHOM (STZ) caxapHoro anabera Ha IMMyHOMOPCONOTio
SMYeK KpbIC B NepunybepTaTHOM nepuoae 1 B3pOCriomM Bo3pacTe.
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Marepuansi u metoabl. MepunybeptaTtHeiM caMmuam Kpbic BBogunu STZ B fose 70 Mr/kr, B3pocrible KpbiChl nonyyanit 60 Mr/kr.
MIMMyHOMCTOXMMUYECKVE peaKLyv NPOBOAUIN NS OLeHKV NponndepaLimm knetok (Ki-67), anontosa (caspase-3), akcnpeccuu
peuenTtopoB aHaporeHoB (AR), 6enka onyxonu Bunbmca (WT1). Takke aHann3mpoBany MOpdonorio cocynoB Ha OCHOBE
CD34-ummyHopeakTUBHOCTU. YuuTbIBast HEBOMbLUME FPYMMbl KUBOTHBIX, CTATUCTUYECKMI aHan13 NpoBenM C NMOMOLLIO TecTa
MaHHa—YnTHu.

Pesynbrarthbl. Y akcneprMeHTanbHbIX KMBOTHbIX 061X BO3PACTHbIX Py OTMEYEHO MEHbLLIE PSIA0B MUTOTUHECKN AEMSLLMXCS
cnepmartoroHui (p < 0,05). YameuTenbsHo, HO AMabeT NpUBEN K CHUXKEHUIO akenpeccum kacnasbl-3 (p < 0,05) 3a uckntoveHnem
paHHero nepuoaa (2 Hegenu) B rpynne nepunybeprara, B KOTOPOW 3TOT TPEHA He 3adpmKkenpoBaH. Mogo6HbIE 3aKOHOMEPHOCTM
oBHapyeHbl 1151 3KCNPEeCCcUmn peLienTopoB aHAPOreHoB. MNnepriMkemMmus NpefoTBpaTuia NoTHOLEHHOe Pa3BUTUE HE3PETbIX
SIMYeEK, HO CTEHKM MUKpococyaoB cTanm Tonwe (p < 0,05). Takke 3aperncTpupoBany atpoduio CnepmMaToreHHoro anuTenus
1 knetok CepTonu B GOMbLUMHCTBE KaHarbLEB BO BCEX AKCMEPUMEHTANbHbIX rpynnax.

BbiBoabl. [JnabeTnyeckoe noBpexaeHne TkaHel sudek — AnUTenbHbIA NPoLEece, MMEOLWMIn xapakTepHble 0COBEHHOCTU B
nepunybepTtaTHOM nepuoae, Hanpumep aecuumt AR passrsaetcs BnocneacTaun. Kpome Toro, BbICOKMI ypOBEHb anomnTosa

XapakTepeH ANnA He3peroro anyka, Kak n TeHAeHUNA K COXpaHeHUo caspase3-v|MmyHopeaKTMBHocm.

Diabetes mellitus is considered to be a quite common
cause of infertility worldwide. Unfortunately, this complica-
tion is observed in both diabetes mellitus type 1 and type
2. Inthe latter case, however, the increased aromatization
and circulating estrogens resulting in LH inhibition as
well as obstructive sleep apnea syndrome (with direct
hypoxemic effect and indirect via the hypothalamic—pitu-
itary—gonadal axis) are main contributors to the secondary
(hypogonadotropic) hypogonadism [1]. Nevertheless,
the hyperglycemic state promotes behavioral, structural,
and molecular changes by itself as shown in numerous
previous publications on alloxan- and streptozotocin-in-
duced diabetes in rodents [2,3].

Both reactive oxygen and nitrogen species are known
to be responsible for the modification of intracellular
biomolecules, such as lipids, proteins, nucleic acids, and
carbohydrates, in induced hyperglycemia.

Kanter et al. reported a reduction in the diameters
of seminiferous tubules and spermatogenic cells and
damage to the morphology of the epithelium in diabetic
rats [4,9].

However, there are no scientific papers on the in-
fluence of diabetes on testicular immunomorphology
in the peripubertal period. Indeed, little is known about
the expression of essential genes in testicular tissue.

Although big effort has been made for controlling
blood glucose, the complication of diabetes is still the ma-
jor reason to cause organ dysfunction and death.

Aim
The aim of the study was to evaluate the effect of STZ-in-

duced diabetes mellitus on testicularimmunomorphology
both in the peripubertal period and adulthood of rats.

Materials and methods

Animals. The study was carried out on 48 white out-
bred peripubertal (2-month-old) and 48 sexually mature
(12-month-old) male rats (Table 1) that were acclimatized
to the experimental conditions for at least 1 week prior to
the start of the experiment in lvano-Frankivsk National
Medical University. They consumed a standard laboratory
diet and water according to the policy of free access.
Ethical issues. The study was approved by the Ethi-
cal Committee of Ivano-Frankivsk National Medical Uni-
versity, lvano-Frankivsk, Ukraine (conclusion Ne 109/19).
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All the procedures were carried out in accordance with
the guidelines of the EU Directive 2010/63/EU for animal
experiments.

Induction of DM. The rats were divided into 2
groups: control and experimental. In the experimental
group, diabetes was induced by a single intraperitoneal
injection of streptozotocin (SIGMA, USA) 7 mg/100 g
body weight in immature animals and 6 mg/100 g body
weight in adult animals (dissolved in 0.1 M citrate buffer
solution with pH = 4.5). In order to avoid hypoglycemia
(because of the destruction of B-cells), they received
additional glucose for one day. In the control group of
animals, the equal volume of 0.1 M citrate buffer was
injected intraperitoneally.

Four days later, a blood sample was collected from
the tail vein, and hyperglycemia was confirmed by a blood
glucose level (213 mmol/L). Glucose was determined
using a commercial glucometer (ACCU-CHEK® Active,
Roche Diagnostics, Germany).

Microscopic analysis. All the rats were sacrificed
by means of decapitation two weeks (for the evaluation
of short-term effects) or ten weeks (long-term effects)
after the injections. For light microscopic observa-
tion, the testes samples were fixed in 10 % buffered
formaldehyde, dehydrated in ethanol, and embedded
in paraffin. Then, the blocks were sent to the Depart-
ment of Pathological Anatomy and Forensic Medicine
(Dnipro State Medical University), where the following
steps were done.

The testes tissues were cut into 4-um-thick sections.
The sections were then deparaffinized with xylene and
rehydrated with alcohol and water. The rehydrated sec-
tions were stained with hematoxylin and eosin

Immunohistochemistry. Besides the routine histo-
logical examination (hematoxylin-eosin staining), the im-
munohistochemical analysis was performed according to
the TermoScientific (TS) protocols with primary antibodies:
rabbit anti-Ki-67 (1:400; Abcam, Cambridge, MA, USA),
mouse anti-caspase3 (1:100; TS, CA, USA), mouse an-
ti-WT1 (1:100; Diagnostic BioSystems, CA, USA), rabbit
anti-AR (1:200; TS, USA), rabbit anti-CD34 (1:100; TS,
CA, USA). Visualization system Lab Vision Quanto (TS,
USA) was used with the detection of the protein chain
using DAB Quanto Chromogen (TS, USA) for 4 ym-
thick cut-offs. A negative control slide was prepared from
one specimen using a non-immune solution instead of
the primary antibodies.
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Table 1. Groups of rats according to the age and the duration of hyperglycemia (time after the injection)

Time after the injection, days 2-month-old peripubertal rats (weighing 65-95 g), n
Peripubertal | (control) Peripubertal Il (experiment)

14 (short-term effects)
70 (long-term effects)

12-month-old mature rats (weighing 160-180 g), n

Adult | (control)

Adult Il (experiment)
9 15

9 15

Fig. 1. Mean relative immunoreactive area. A: Nuclear and cytoplasmic AR-immunoreactivity of seminiferous tubule in the peripubertal period (IHC, x400). B: Removed all elements
except the cut of one tubule. C: After the deconvolution, a photo with a brown mask was chosen. D: Binarization is a necessary step for measuring the area occupied by the pigment.

14

Morphometric study. Digital photos were obtained
from the regions of studied tumors using ZEISS Axiocam
512 color camera under Axio Imager.A2 microscope (mag-
nification x100/200/400, depending on the marker). Each
sample was illustrated with 3 photos. The area and linear
dimensions were measured using the tools of ImageJ
1.49v package [6].

Proliferative activity was easily assessed by counting
the rows of Ki-67 expressing spermatogonia. Caspase-3
and AR showed such wide distribution in seminiferous
tubules that required the analysis of the immunopositive
area share (Fig. 7). WT1 expression enables calculating
the mean number of Sertoli cells per tubule. In order to mea-
sure the width of the walls in the microvasculature, three
indicative cross-cut vessels were chosen in any single case.

Statistical analysis was conducted using Statis-
tica software (version 6.1; serial number AGAR 909
E415822FA). Shapiro-Wilk test was used for checking
whether the distribution of the values is normal.

Since the distribution in most parameters was esti-
mated abnormal, Mann-Whitney U test was employed to

ISSN 2306-8027  http://pat.zsmu.edu.ua

assess the differences amongst the experimental groups,
while Spearman’s rank test was suitable for correlative
analysis. For the effective presentation of such data,
the box and whisker plots were constructed and formatted
using the tools of MS Word 2010. P < 0.05 value was
accepted to be statistically significant [7].

Results

This study examined the short and long term effects of
STZ-induced diabetes mellitus on proliferation, apoptosis,
microvasculature, expression of androgen receptors in
Leydig cells, and the number of Sertoli cells in late puberty
and adulthood.

Proliferative activity. Typically, Ki-67 demonstrates
diffuse or diffusely focal nuclear staining (Fig. 2A). However,
the Ki-67 label was completely focal in weakly stained cells.
Pl of endothelial cells was very high (81.9 (44.3;90.1) %)in
the peripubertal group, indicating ongoing vasculogenesis.
The analogous parameter is lower in the adult group but
insignificantly (Mann-Whitney test, P > 0.05). Although

Matonorisi. Tom 18, Ne 1(51), ciueHb — kBiTeHb 2021 p.
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Fig. 2. Seminiferous tubules in adult rats with STZ-induced hyperglycemia (8 weeks). A: Subtle degeneration of spermatogenic tissue (H&E, x400). B: Intensive proliferation (Ki-67)
in 2 basal layers of spermatogonia. C: Cytoplasmic caspase-3-immunoreactivity in most cells. D: Relatively rare WT1+ Sertoli cells, weak background reaction in spermatogonia.
E: Mostly cytoplasmic IHC reaction (AR) in both sustentocytic and spermatogenic lineages. F: Highlighted by CD34 accumulation, thick vascular walls were measured in areas with

artificially incoherent testicular tissue. B-F. IHC, x400.

the interstitial hormone-producing cells demonstrated a
relatively low level of Pl (6.2 (3.5; 19.7) %) with signifi-
cantly (Mann-Whitney test, P < 0.05) higher values in
control groups (16.3 (10.6; 54.2) %), it can be at least
partly explained by the more cellular clusters of interstitial
cells in the latter group. In terms of seminiferous tubules,
we found the distinction between control and experimental
groups so vivid, that it was not necessary to calculate PI.
Instead, we compared the number of Ki-67-positive rows
and proved the differences in both adult and peripubertal
rats (Mann—Whitney test, P < 0.05). The farther details
are presented in Fig. 3A, 4A.

Pathologia. Volume 18. No. 1, January — April 2021

Apoptosis. Caspase-3 labels were intracytoplasmic
with the tendency for the perinuclear zone, especially in
spermatogonia (Fig. 2C). We registered caspase-3 ex-
pression in interstitial cells (index of expression 23.7 (14.7;
60.0) %) and in endothelial cells (45.5 (12.1; 83.2) %).

Long-term hyperglycemia (Fig. 4B) induced the lower
levels of caspase-3 reactivity of seminiferous tubules
at both ages (Mann—-Whitney test, P < 0.05). In short-
term groups (Fig. 3B), the drop of the immunoreactive
tubular area was found in adult rats (Mann—Whitney test,
P < 0.05), whereas peripubertal ones retain relatively
high levels of labeling (40-50 %).
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Fig. 3. Short-term effects of diabetes mellitus in peripubertal and adult rats (control (1)
vs diabetic (II) rats).

3A: Ki-67-reactive spermatogonia, rows.
3B: Mean Caspase3-expressing area, % (tubule = 100 %).

=

3C: Mean WT1-positive Sertoli cells per tubule.
3D: Mean AR-expressing area, % (tubule = 100 %).
3E: Mean width of the vascular wall, um.

The asterisks indicate significant difference (Mann-Whitney test, **: P < 0.01,
**%: P < (0.001) between untreated control and STZ-induced diabetic rats.

Peripubertal II*** Adult | Adult 11**

WT1+ Sertoli cells. WT1-immunoreactivity varied
in the samples. Sertoli cells demonstrated intensive and
moderate nuclear staining, whereas in diabetic groups
the Sertoli cells are less numerous (Mann-Whitney test,
P < 0.05) and the intensity of the reaction is significantly
lower (Fig. 2D, 3C and 4C). The results in adult and pre-
pubertal testes were statistically equal (Mann—Whitney
test, P > 0.05)in control, but the number of WT1-positive
Sertoli cells was lower among younger groups with DM
(Mann-Whitney test, P < 0.05).

In addition, in control groups, a few WT1-positive
nuclei were detected in the higher layers among ma-
turing germ cells, mostly in the seminiferous tubules in
late spermatogenesis. Meanwhile, such sections are not
recognized in diabetic groups.

AR. Immunohistochemical study revealed that
the nuclei of spermatogenic lineage (+), Leydig cells
(+++), Sertoli cells (+++), and peritubular myoid cells
(+++) exhibited positive reactivity to anti-AR (Fig. 2E).
The expression of AR in germ cells has been contro-
versial. Area of AR-reactivity correlates with the values
of caspase-3-immunoreactivity (Spearman’s rank test,
r = 0.682, P < 0.05). Consequently, the differences
between groups were similar (Fig. 3D, 4D).

Microvascular morphology (CD34-based).
CD34-immunolabels enable a precise analysis of the mi-
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crovasculature (Fig. 2F). The diameter of microvessels
(with walls) varied between 0.06 and 0.15 mm. The
vascular walls were as thin as 10-40 pym (Fig. 3E, 4E).
In experimental groups, they were significantly thicker
(Mann-Whitney test, P < 0.05).

Discussion

During mitosis, Ki-67 is essential for the formation of
the perichromosomal layer, a ribonucleoprotein sheath
coating the condensed chromosomes. In this structure,
Ki-67 acts to prevent the aggregation of mitotic chromo-
somes [8]. In general, the tendency of spermatogenesis
arrest corresponds to data published by T. Karaca et al.
in their report [9]. However, they did not note the PI for
non-spermatogenic cells.

Caspases are a family of proteins essential in
the apoptotic mechanism. Upon an apoptotic stimulus,
initiator caspases are activated starting the biochemical
apoptotic cascade. The initiator caspases-8 and -9 are
responsible for the extrinsic and intrinsic apoptotic path-
way activation, respectively, leading to the mostimportant
effector caspase activation: caspase-3. Caspase-3 activa-
tion marks the point of no return in the apoptotic process
and is responsible for key proteins cleavage leading to
final cell disassembly [10]. Although we encountered

Matonorisi. Tom 18, Ne 1(51), ciueHb — kBiTeHb 2021 p.
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some works describing nuclear immunostaining [9], they
seem to be implausible. In all the publications we have
read, the authors report the increased caspase expression
in the spermatogenic tissue of diabetic rats. However, they
applied other methods of registration, what can partly
explain the controversy [9,11]. The fact that some cells
produce both Ki-67 and caspase-3 appears controversial
and requires further investigations.

WT1 is not just known as an immunohistochemical
marker of Sertoli cells but also dictates the development
and hormonal activity of testicular interstitium [12]. Wang
X.N. et al. showed the morphology of WT1-positive Sertoli
cells [13]. However, we did not find any papers assessing
WT1-immunostaining in STZ-induced diabetes, not to
mention the prepubertal rats with this condition. There-
fore, the involution and/or pure development of Sertoli
cells shown in this work suggest the additional pathway
involved in male sexual dysfunction and infertility.

Androgens exert their action through AR and its
signaling in the testis is essential for spermatogenesis.
AR is not expressed in the developing germ cell lineage
so is thought to exert its effects through testicular Sertoli
and peri-tubular myoid cells [14]. Some studies claim
the presence of AR, while other studies deny its appea-
rance. However, both teams agreed that AR has been
implicated in the process of gametogenesis [3,15].

Pathologia. Volume 18. No. 1, January — April 2021

vs diabetic (Il) rats).

A: Ki-67-reactive spermatogonia, rows.
B: Mean Caspase3-expressing area, % (tubule = 100 %).

C: Mean number of WT1-positive Sertoli cells per tubule.
D: Mean AR-expressing area, % (tubule = 100 %).
E: Mean width of the vascular wall, ym.

The asterisks indicate significant difference (Mann-Whitney test, *: P < 0.05,
**: P < 0.01,**P < 0.001) between untreated control and STZ-induced diabetic

rats.

Adult 1I**

Strong evidence demonstrates CD34 is expressed not
only by MSC but by a multitude of other nonhematopoietic
cell types including muscle satellite cells, corneal kerato-
cytes, interstitial cells, epithelial progenitors, and vascular
endothelial progenitors. In many cases, the CD34(+) cells
represent a small proportion of the total cell population
and also indicate a distinct subset of cells with enhanced
progenitor activity [16].

Conclusions

In conclusion, the diabetic injury of testicular tissue is a
long time process requiring long-term experimental ob-
servations. Therefore, the complete complex of structural
modifications is to be expected in months and, probably,
years after the onset of DM, although the functional
changes along with the hemodynamic disorders might be
obvious even in several days of hyperglycemia. In addi-
tion, rats in the peripubertal period are proved to possess
characteristic features, for example, the later developing
deficiency of AR (P < 0.05 just in the 10 weeks’ group).
Also, the high level of apoptosis is characteristic of an
immature testis and so is the tendency of caspase-immu-
noreactivity to persist. Caspase-3 expression, however,
drops later (P < 0.05) even in the group of reproductively
immature rats.
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