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Metabolic intervention restores
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obese diabetic rats
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Background: In people with diabetes, the effect of sleeve gastrectomy on

impaired sperm parameters, hormonal profile, and testis tissue remains

controversial to some extent.

The context and purpose of the study: This study aimed to investigate the

effects of sleeve gastrectomy on the hormonal profile, sperm parameters, and

testis tissue in infertile rats with type II diabetes mellitus (TIIDM). This study

included 32 rats with TIIDM with or without sleeve gastrectomy. All the rats

underwent sperm, testis tissue, and serum hormone profile analyses before and 8

weeks after surgery.

Results: There was a significant correlation between weight loss after sleeve

gastrectomy and a decrease in glucose profile (p < 0.05). In the hormonal profile,

testosterone improved significantly after 8 weeks following sleeve gastrectomy.

There was a significant increase in sperm count (p < 0.05) and improved sperm

morphology during the follow-up after sleeve gastrectomy. The analysis also

showed significant changes in testis tissue after surgery.

Conclusion: Sleeve gastrectomy significantly improved testosterone deficiency,

testis tissue, and sperm count in rats with TIIDM. Further prospective clinical

studies are needed to show how bariatric surgery affects infertility in patients

with TIIDM.
KEYWORDS

metabolic intervention, sperm quality, testosterone, testis tissue, type II diabetes
mellitus (TIIDM), infertility
Introduction

Metabolic syndrome is the most important component of type II diabetes mellitus

(TIIDM) and has become a problem worldwide (1). In recent years, TIIDM has also

created complications in male reproductive system functions (2–5). Recent reports have

shown that different molecular mechanisms in diabetic men, such as altered reproductive
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hormone levels, neuropathy, and increased oxidative stress, are

responsible for the structural damage and dysfunction of sperm,

affecting the continuity of spermatogenesis (2). By affecting the

hypothalamic-pituitary-gonadal axis, TIIDM affects the glucose

mechanisms of testicular and sperm cells, reducing the levels of

luteinizing hormone (LH) and follicle-stimulating hormone

(FSH) identified in the plasma of diabetic patients (5). The

management and treatment of complications continue to be a

priority for governments around the world because the economic

burden in 2007 exceeded $174 billion (6). There have also been

clinical trials conducted in parallel with experimental studies (7),

showing testosterone, LH, and FSH levels in diabetes (6). A

decrease in testosterone level is one of the causes of testicular

damage in diabetes. Many researchers suggest that the decrease in

serum testosterone level in TIIDM is due to steroidogenetic

damage in Leydig cells (8). It is known that insulin resistance

and increased insulin levels suppress LH, sex hormone-binding

globulin (SHBG), and testosterone levels, while bariatric surgery

also reduces insulin resistance and insulin levels (9, 10). Bariatric

surgery is currently emerging as an area suitable for establishing

surgical procedures not only for obesity but also for diabetes

treatment (11). It provides more successful results in the

treatment of other diseases accompanying TIIDM than medical

treatment (12, 13) There have been many methods developed for

obesity and surgical treatment of TIIDM in the last 30 years.

While some of these methods have been abandoned over time,

some of them continue to be applied successfully thanks to their

effective long-term results. According to the American Metabolic

and Bariatric Surgery Association, 179,000 bariatric surgery

operations were carried out in America in 2013, and there has

been a 15% increase in bariatric surgery operations since 2011

(14). The Chair of the Health Technology Assessment’s (2014)

“The Role of Obesity Treatment of Obesity Surgery in Turkey”

indicates that bariatric surgery has been performed in a number of

cases in Turkey; there were 2,197 in 2008, 3,268 in 2010 and 4,511

in 2012, and the number of new obesity cases is increasing

gradually. There are three bariatric surgery methods most

commonly used in Turkey: sleeve gastrectomy (SG), mini gastric

bypass, and gastric band (15). Sleeve gastrectomy, also called tube

stomach, is a bariatric surgery technique that has been increasing

in use in recent years and is effective in a short time (16, 17). The

most popular surgical procedure for treating morbid obesity is

laparoscopic sleeve gastrectomy; however, if dietary changes are not

made afterward, the fertility damage caused by a high-fat diet and

TIIDM will persist. The effects on male erectile function are

controversial due to the contradiction in sperm parameters along

with testosterone levels after bariatric operations. The aim of this

study was to develop a non-obese rat model of TIIDM and evaluate

its effects on male fertility. Additionally, the study aimed to

investigate the potential impact of sleeve gastrectomy on male

reproductive health in both diabetic and non-diabetic conditions.

By comparing the outcomes, the study sought to provide insights into

the relationship between TIIDM, surgical interventions such as sleeve

gastrectomy, and male fertility.
Frontiers in Endocrinology 02
Research design and methods

Animal selection and experimental rotocol

Three-month-old male Sprague–Dawley rats (n=32, 300–350 g)

were used in this study in accordance with the Guide for the Care

and Use of Laboratory Animals (2018-06). The rats were housed

individually in ventilated cages under controlled conditions (24°C–

26°C, 12-hour light/dark cycle, and constant humidity). Rats with a

BMI > 5 kg/m² were excluded. Sprague-Dawley rats are widely

employed as a model in type II diabetes research due to their high

sensitivity to diabetes induction using streptozotocin (STZ) (18).

Additionally, their metabolic profile, which closely resembles that of

humans, along with their rapid growth rate and high body weight,

makes them an appropriate model for evaluating the effects of

surgical interventions such as sleeve gastrectomy (19, 20). The

extensive data available on Sprague-Dawley rats provides a

comprehensive understanding of their physiology and

metabolism, enhancing the comparability of our findings with

existing literature (21). STZ was used to induce diabetes in this

study due to its ability to selectively destroy pancreatic beta cells,

leading to insulin deficiency and hyperglycemia. This method is

highly reproducible and mimics the pathophysiology of human

diabetes, making it a widely accepted model for diabetes research.

The rapid onset of hyperglycemia following STZ administration

allows for efficient study of diabetic conditions. Additionally, STZ-

induced diabetes can be tailored to model both type 1 and type 2

diabetes by adjusting the dose and combining it with dietary

interventions, such as a high-fat diet (18, 22).

Non-obese rats were administered a single intraperitoneal dose of

60mg/kg STZ (Sigma-Aldrich, S0130) dissolved in 10mmol/l citrate

buffer (pH 4.5). Blood glucose levels were monitored via proximal tail

vein sampling using a glucometer (Accu-Chek II, Boehringer

Mannheim), and rats with ≥3 consecutive glucose readings >250 mg/

dL were considered diabetic. The rats were divided into four groups:

Control Group (CNT): no procedures or interventions for 8 weeks;

Diabetes ControlGroup (DCNT): induced diabetes with STZ, no

further procedures for 8 weeks; Sham Surgery Group (DSO):

induced diabetes with STZ, followed by sham surgery; Sleeve

Gastrectomy Group (DSG): induced diabetes with STZ, followed by

sleeve gastrectomy (Figure 1, study design). For the sleeve gastrectomy,

rats were anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/

kg). The procedure involved resecting the major curvature of the

stomach from the incisura angularis towards the angle of His using

linear staplers. Incisions were closed with three layers of polydioxanone

sutures. Postoperative care included bupivacaine (0.25%, 0.5 mL)

applied to the surgical sites and buprenorphine (0.05 mg/kg) for pain

relief. Body weight and blood glucose levels were measured pre- and

post-intervention using a Roche Accutrend Plus glucometer. All

animals were sacrificed 8 weeks after surgery (Figure 2). No

mortality was observed among the rats during the 8-week

postoperative period following sleeve gastrectomy.

In this figure, the rats are shown to have undergone a sleeve

gastrectomy (Panels 1 and 2). After 8 weeks, the rats were
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anesthetized, and their scrotal sacs were carefully incised (Panel 3).

The left and right testes were then surgically removed for

subsequent analysis. A sperm count was conducted on the

epididymal fluid obtained from the testicles and a histological

examination was performed on the testicular tissue (Panel 4). The

figure was created using BioRender.com to illustrate the surgical

procedures and tissue collection process.
Histological examination of testis

Testis specimens from all groups were collected after sacrifice, fixed

in 10% buffered formalin, and embedded in paraffin. Serial sections

(15–30 mm in length, 5 mm thick) were prepared from each block.

Hematoxylin-eosin (HE)-stained slides were examined under a Zeiss

light microscope by an investigator blinded to the group allocations.
Evaluation and scoring

Sperm count and morphological analysis
Epididymal fluid was obtained from the left epididymis of all rats.

Under anesthesia, the epididymis was excised, and the cauda was

separated from the surrounding tissue. The cauda epididymides were

minced and incubated for 15 minutes at 37°C in a physiological

solution (pH 6.6) containing 50 mM NaCl, 50 mM K-gluconate, 1.2

mM MgSO4, 0.6 mM CaCl2, 4 mM NaOAc, 1 mM trisodium citrate,

6.4 mMNaH2PO4, and 3.6 mMNa2HPO4. The remaining tissue was

discarded, and the medium was centrifuged at 400 g for 5 minutes at
Frontiers in Endocrinology 03
room temperature to separate sperm cells from the fluid. The sperm

cells were immediately used for co-incubation assays. After 15 minutes,

spermatozoa in all squares of the counting areas were counted under a

light microscope. The result was multiplied by 10⁶ to calculate the

number of spermatozoa per milliliter. Morphological assessments of

the spermatozoa (focusing on neck and tail defects) were performed on

HE-stained samples using a light microscope at 400x magnification.

For each sample, 100 spermatozoa were scored as either

morphologically normal or abnormal..

Hormone analysis
At the end of the experiment, rats were anesthetized with

ketamine-xylazine, and blood samples were collected via

intracardiac puncture into sterile tubes with anticoagulants.

Serum testosterone levels were measured using a commercially

available enzyme-linked immunosorbent assay (ELISA) kit

(Sigma), following the manufacturer’s protocol. The ELISA

method was chosen for its high sensitivity and specificity in

quantifying testosterone levels in the serum samples.
Statistical analysis

Data were analyzed using one-way analysis of variance

(ANOVA) with Bonferroni’s multiple comparison test for

normally distributed data or Tukey’s test for non-normally

distributed data. Statistical significance was defined as p < 0.05.

Analyses were conducted using GraphPad Prism 3.0 (GraphPad

Software, San Diego, CA, USA) and SPSS version 25 (IBM, USA).
FIGURE 1

Study design and key findings. The figure summarizes the experimental design, including the induction of diabetes, the four experimental groups
(CNT, DCNT, DSO, and DSG), the measurements taken, and the key findings.
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Results

Diabetes subjects had high glucose levels,
which were restored post-sleeve
gastrectomy surgery

Body weight
The DCNT group had significantly higher body weight

compared to the DSG group (Figure 3A). The CNT group was

the heaviest among all the groups, indicating normal growth

without metabolic disturbances. Sleeve gastrectomy in the DSG

group led to a significant reduction in body weight compared to the

DCNT group, highlighting the impact of the surgery on weight

management in diabetic rats.

Blood glucose levels
The DCNT group exhibited the highest blood glucose levels,

consistent with the diabetic condition (Figure 3B). Sleeve

gastrectomy in the DSG group resulted in a significant

downregulation of blood glucose levels compared to the DSO

group, demonstrating the therapeutic effect of the surgery on

glucose metabolism. The CNT group maintained normal blood

glucose levels, as expected in non-diabetic rats.
Improvement of rat sperm and testis
morphology post-surgery is mediated by
testosterone

The CNT group had the highest testosterone levels (~4 mM),

with no statistical differences observed. In contrast, both the DCNT

and DSO groups exhibited significantly lower testosterone levels

(~2 mM, *), indicating a substantial reduction in testosterone

production due to diabetes and sham surgery. Interestingly, the

DSG group had a significant increase in testosterone levels (~3 mM)
Frontiers in Endocrinology 04
compared to both the DCNT and DSO groups, with the letter “a”

indicating statistical significance in Figure 4. However, the

testosterone level in the DSG group remained significantly lower

than that of the CNT group (*) (Figure 4).

Morphological analysis revealed severe deformities in the

seminiferous tubules, disappearance in the seminiferous epithelial

cells, and enlargement in the interstitial area in the DCNT group. In

some tubules, it was found that the normal structure of

spermatogenic cells was preserved. In the DSO group, we

observed that there was intratubular edema, some tubules did not

have germ cells, and there was a loose arrangement of Sertoli and

spermatogenic cells. After sleeve gastrectomy, it was determined

that most of the seminiferous tubules, Sertoli cells, and Leydig cells

in the interstitial area retained their normal structure. It was evident

that the seminiferous tubule lumens were filled with spermium, and

the spermium tails were directed toward the lumen. It was

noteworthy that all the spermatogenic serial cells were present

and maintained their integrity (Figure 5). The morphology of the

spermia was evaluated according to the neck and tail parts. Hook-

shaped normal spermium heads, acrosomes located in the convex

region, and centrally located nuclei, neck, and tail areas were found

to be normal. In smear examinations stained with H-E, spermium

with normal and different morphologies were observed. The

examinations determined that the spermatozoa belonging to the

DSG group did not have a broken head, and there were more

spermatozoa with the normal morphology similar to the control

group (Figure 6). Analysis of spermatozoa extracted from the cauda

epididymis revealed that the sperm counts were significantly lower

in the DCNT and DSO groups than in the CNT group (*; p<0,001).

The sperm count was higher in the DSG group than in the DSO and

DCNT groups (a; p<0,001; b; p<0,05) (Figure 7). The testis weight

was decreased in the DSO and DCNT groups compared with those

in the CNT group (*; p<0,05). After sleeve gastrectomy, testis weight

had increased compared with the DCNT and DSO groups. Thus,

sleeve gastrectomy reversed these changes (a; p<0,05) (Figure 7).
FIGURE 2

Sleeve gastrectomy was performed before a sperm count and histological examination in rats (1 and 2).
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Discussion

TIIDM has a worldwide prevalence between 35% and 51% (23,

24). In studies in which experimental TIIDM was induced with

STZ, it was reported that there was a decrease in the body weight

levels of rats compared to the control group (13, 25–30). In our

study, a statistically significant decrease in the body weight of the

other groups compared to the CNT group was found in accordance

with the literature. Compared to conventional medical treatment

and diet, SG has been reported as an effective surgical model for

accelerating glucose metabolism and achieving weight loss in both

humans (31–34) and rodents (35, 36). It has been found that serum

glucose levels and insulin resistance decreased over time in Zucker

diabetic obese rat models performed SG compared to controls (35,

36). In agreement with these studies, in this study, sleeve

gastrectomy decreased body weight and blood glucose levels were
Frontiers in Endocrinology 05
statistically compared to the DCNT group (36, 37). In different

experimental diabetes model studies, it was found that both body

and testicular weight decreased compared to the control group (38–

41). It has been reported that the decrease in testicular weight is

caused by deterioration in the structure of the seminiferous tubules,

atrophy of the seminiferous tubules, and losses in the

spermatogenic series (40). In our study, there was also a decrease

in the testicular weight in the diabetes model groups compared to

the CNT group. The weight loss in the testicular weight result of the

rats in the DK group was in agreement with previous studies. In the

DSG group, an increase in testicular weight was also observed in

parallel with the increase in seminiferous tubule diameter. This

increase in testicular weight was correlated with the preservation of

the morphology of the cells in the seminiferous tubules. TIIDM

affects male fertility in various ways and has negative effects on the

endocrine control of spermatogenesis. As a result of all the
FIGURE 3

Body weight and blood glucose levels in different experimental groups. Impact of sleeve gastrectomy on body weight and blood glucose levels. (A)
Body weight of each experimental group at the conclusion of the 8-week feeding period post-surgery. Data are expressed as mean ± SEM. *p <
0.05 compared to CNT; ap < 0.001 compared to DCNT. (B) Blood glucose levels were measured at the end of the 8-week feeding period post-
surgery using ELISA. Data are expressed as mean ± SEM. *p < 0.05 compared to CNT; ap < 0.001 compared to DCNT; bp < 0.001 compared to
DSO. Each group comprised n = 6 rats. *p < 0.05: Significant difference compared to the CNT group. a p < 0.001: Significant improvement
compared to the DCNT group. b p < 0.001: Significant improvement compared to the DSO group.
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biochemical changes due to diabetes that negatively affect gonadal

functions and lower testosterone levels (39, 40), there are

irregularities in the seminiferous epithelium and an increase in

basement membrane thickness and interstitial space. Moreover,

vacuolizations in Leydig, germ, and Sertoli cells (41); microvascular

changes; atrophy of seminiferous tubules; and an increase in the

number of cells that undergo apoptosis in spermatogonium and

spermatocytes have been observed, as a result of which, a decrease

in sperm count has been reported in both experimental animals and

humans (42, 43). A decrease in testicular weight and Leydig cell

number are some of the indicators of testicular damage in rat

testicles in diabetes models (41). In our study, it was seen that

spermatogenic series cells had a normal appearance in the testicular

tissues of rats compared to the CNT group. The DCNT and DSO

groups showed damage and giant cells in the spermatogenic series,

germ cell loss in some tubules, invaginations in the tubule walls,

vacuolization in the interstitial area, and a decrease in sperm density

in the tubule lumen. Giant cells are formed as a result of spermatids

merging with each other, and spermatogenic serial cell degeneration

is due to the death of Sertoli cells (44). The study results are

consistent with these observations and with previous reports of a

negative effect, as a thickening of tunica albuginea was also detected

in the DSO group (41), and a pronounced edema was observed in

the interstitial areas between the tubules, which also caused the

separation of Leydig cells, and disorganization of germ cells.

Although there have been sperm parameter evaluations in

bariatric surgery studies conducted thus far, we found no studies

on testicular tissue morphology. The data reported here are not

directly comparable with previous data as no study has reported the

effects of different bariatric surgeries on testicular morphology. In

our study, dense spermatids were observed in the tubular lumens in

the DCNT and DSO groups compared to the DSG group. It was

found that the spermatogenic cell series in the seminiferous tubule

walls also maintained their normal structure. No pathological
Frontiers in Endocrinology 06
condition was detected in the Leydig cells located in the

interstitial space. Sleeve gastrectomy reversed the spermatogenic

series and edema in testicular tissues. It is known that differences in

seminiferous tubule diameters occur as a result of histopathological

changes in testicular tissues and losses in spermatogenic cell series

in STZ-induced diabetes models (40–45). In this study, the results

are consistent with previous reports, as a decrease in the

seminiferous tubule diameter was found in the DCNT and DSO

groups compared to the CNT group. Sleeve gastrectomy was found

to have an increasing effect on this decrease in seminiferous tubule

diameters and a high sperm count, which increased along with the

density of germ cells and spermatids present in the lumen, was

interpreted as the reason for the increase in tubule diameter. When

we examined the seminiferous tubule diameters, we hypothesized

that the germ cell loss observed in the DCNT and DSO groups and

the absence of spermatid cells in the lumen were due to this

reduction in the seminiferous tubule diameters.

Previous studies on the effects of diabetes on sperm parameters

have reported changes such as decreased sperm count and motility

(30, 39), pathological sperm morphology (3, 39), increased or

decreased semen volume (24, 41), penile erection, and ejaculation

deterioration (23). Another study conducted among men with

diabetes found an increase in sperm concentration and total

sperm production and deceleration in motility, while it did not

find any differences in sperm morphology (46). Data obtained from

experimental study models suggested that TIIDM damages many

male reproductive functions such as sperm concentration, motility,

and morphology (47, 48). Due to the increasing incidence of

morbid obesity, bariatric surgery, which has long-term

effectiveness for weight loss, comorbidities, and mortality, has

become an increasingly common form of treatment, especially in

China (49–52). Therefore, it also closely concerns young patients of

reproductive age. Therefore, the possible effects of bariatric

surgeries on semen quality and male fertility are of clinical
FIGURE 4

Serum testosterone levels in the experimental groups. Serum testosterone levels (mM) in the CNT, DCNT, DSO, and DSG groups. Testosterone levels
were significantly reduced in the DCNT and DSO groups compared to the CNT group (* p < 0.05). The DSG group demonstrated a significant
improvement in testosterone levels compared to both the DCNT (a p < 0.05) and DSO groups. Data are presented as mean ± SEM. *p < 0.05:
Significant difference compared to the CNT group. a p < 0.05: Significant improvement compared to the DCNT and DSO groups.
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importance. However, the results in the literature show conflicting

results, especially regarding the effects of bariatric surgical

procedures on semen parameters (7, 9, 53). Some researchers

suggest that improvement in sexual life quality (9) and hormonal

profile improvements can be expected after bariatric operations (9,

53). While some studies did not find a significant difference in

sperm parameters after bariatric surgery (7), Di Frega et al.

observed secondary azoospermia in patients after surgery (52).

Sermondade et al. (53) reported that, 3 months after surgery,

there was a serious deterioration in semen parameters in

three patients, but it reversed after 24 months (including

oligoasthenoteratozoospermia). El Bardisi et al. reported the sex

hormone profiles and semen characteristics of 46 patients before

and after SG. There was a tendency towards testosterone increase

and semen recovery in the short term, but no results regarding
Frontiers in Endocrinology 07
long-term effects were obtained (10). Lazaros et al. reported sperm

parameters in two male patients before and after bariatric surgery,

and a significant decrease in parameters was recorded 12 to 18

months after surgery. With this result, they came to the conclusion

that bariatric surgery can negatively affect spermatogenesis in the

first months after surgery (8). To the best of our knowledge, the data

reported here are directly comparable with previous data, as a

decrease in seminiferous tubule diameter, low sperm count, and

abnormal sperm morphology were detected along with

seminiferous tubule damage in the DCNT and DSO groups

compared to the CNT group. After sleeve gastrectomy,

spermatozoon morphology was similar compared with that in the

CNT group. Our results indicate that sleeve gastrectomy may have

positive effects on male reproductive potential in the first months

after surgery. It has been shown that there is a spermatozoon
FIGURE 5

Histological sections showing testicular tissue from different experimental groups (CNT, DCNT, DSO, and sleeve gastrectomy-treated, stained with
HE. In the CNT group, seminiferous tubules (*) and interstitial areas (►) exhibit normal structures. In the DCNT group, tissue integrity is disrupted, the
interstitial area is indistinguishable, and seminiferous tubules show epithelial cell degeneration and necrosis (►). However, some tubules retain Sertoli
cells (→) and spermatogenic cells with normal structure (}). In the DSO group, tubules exhibit severe loss of spermatogenic cells (x) and thickening of
the tunica albuginea (-). In the DSG group, spermatogenic cells display normal morphology. Arrows (→) indicate damage to the epithelial cells. A star
(*) represents vacuolization or degenerative changes in the cytoplasm. Triangles (▲) show debris or cellular remnants within the tubular lumen.
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pathology in the diabetes model, and this pathology is also seen in

the tail section (50). Analysis of spermatozoa extracted from the

cauda epididymis revealed that tail pathology was found in the

DCNT and DSO groups. Sleeve gastrectomy reversed these changes.

Sleeve gastrectomy thus improved sperm quality and increased

reproductive capacity. Endocrine dysregulation is another

characteristic typical of obesity, with declines in serum levels of

total and free testosterone, LH, and FSH, and an increase in

estradiol (E2) levels accompanying the accumulation of fatty

tissue (54–56). The study results are consistent with these

observations and with previous reports of a negative effect of

estrogen on the hypothalamus through pulsed regulation of

gonadotropin-releasing hormone (GnRH). In these studies,

increases in estrogen elicited decreases of GnRH, suppression of

both LH and FSH secretion, and reduced testosterone secretion and

spermatozoa production (43, 57). In this rat model, sleeve

gastrectomy decreased E2 expression in addition to resulting in
Frontiers in Endocrinology 08
weight loss. There are also clinical studies conducted in parallel with

experimental studies (7) that show a decrease in testosterone, LH,

and FSH levels in diabetes (58). A decrease in testosterone levels is

one of the causes of testicular damage due to diabetes. Many

researchers suggest that the decrease in serum testosterone levels

in TIIDM is caused by steroidogenetic damage to Leydig cells (53).

In our study, the testosterone levels of the diabetes model rats

decreased statistically compared to the CNT group. It has been

suggested that there are increases in total and free testosterone,

SHBG, LH, and FSH in men who have undergone bariatric surgery.

In parallel with the improvements in male sex hormone levels, a

significant increase in erectile function after bariatric surgery has

also been found (49, 59). The improvement in total testosterone

plasma levels 1 month after bariatric surgery has been reported in

different studies (60–62). The study results are consistent with these

observations and with previous reports of the positive effect of

sleeve gastrectomy on increased testosterone levels (49, 59).
FIGURE 6

Microscopic evaluation of sperm morphology in different experimental groups. Sperm from the CNT group show normal morphology. The DCNT
group exhibits irregular sperm morphology and reduced motility. The DSO group shows significant structural abnormalities, while the DSG group
demonstrates improved sperm morphology compared to the DCNT and DSO groups. DCNT: The black circle highlights sperm with head defects,
such as an amorphous or swollen acrosome, which may impact fertilization ability. DSO: The black circle marks sperm with bent or coiled tails,
indicating motility issues that can reduce sperm movement efficiency.
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When our findings were evaluated, it was found that SG surgery

decelerated the negative effects of diabetes on male fertility in the short

term among the surgical techniques we applied. As a result, it was

found that the diabetes model negatively affects the spermatogenic

series and sperm morphology by affecting the testicles, but sleeve

gastrectomy, a type of bariatric surgery, reduces blood glucose levels

and corrects testicular tissue integrity and sperm morphology. In

individuals with TIIDM, it is recommended to plan and conduct

prospective studies to assess whether bariatric surgery models have

long-term effects on sperm parameters and male fertility.
Future directions and theoretical
considerations

The results open several avenues for future research:
Fron
Long-term effects: While short-term improvements in

fertility parameters were observed, long-term effects of SG

on male reproductive health require further investigation.

Mechanistic insights: Additional studies are needed to

elucidate the precise mechanisms through which SG
tiers in Endocrinology 09
reverses diabetes-induced testicular damage, particularly

the roles of endocrine and metabolic changes.

Comparative analysis: Future work could compare different

bariatric surgery techniques to determine the most effective

method for improving reproductive outcomes.

Clinical applications: Prospective clinical trials in humans

are essential to validate these findings and explore the

applicability of SG as a treatment for male infertility in

diabetic patients.
Conclusion

When evaluated together, the findings indicate that SG surgery

mitigates the adverse effects of diabetes on male fertility by

improving testicular structure, sperm morphology, and hormonal

profiles. This study supports the hypothesis that SG has the

potential to improve reproductive outcomes in individuals with

diabetes, paving the way for future research into its long-term

efficacy and broader applications.
FIGURE 7

Effects of different experimental treatments on sperm count and testis weight. (A) Sperm count (×10⁶/ml) measured in the CNT, DCNT, DSO, and
DSG groups. A significant decrease in sperm count was observed in the DCNT and DSO groups compared to the CNT group (* p < 0.05). The DSG
group showed a marked improvement in sperm count compared to DCNT (a p < 0.05) and DSO (b p < 0.05). (B) Testis tissue weight (%) across
groups. Testis weight was significantly lower in the DCNT and DSO groups compared to CNT (* p < 0.05). The DSG treatment improved testis
weight compared to DCNT (p < 0.05). *p < 0.05: Significant difference compared to the CNT group. a,b p < 0.05: Significant improvement
compared to the DCNT and DSO groups, respectively.
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