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Abstract  

 Diabetes mellitus (DM) is a metabolic disorder characterized by hyperglycemia that may lead to multiple 

complications, including male reproductive dysfunction. This study aimed to evaluate the effects of chlorogenic acid 

(CGA) administration on blood glucose levels (BGLs), reproductive hormones, testicular histology, and spermatogenesis 

in male Wistar rats with type 2 diabetes mellitus (T2DM). Thirty rats were divided into a healthy control group (n = 5) 

and a diabetic group (n = 25). T2DM was induced using a high-fat diet (HFD) combined with streptozotocin (STZ) and 

nicotinamide (NA). The diabetic rats were further divided into five subgroups: Untreated diabetic (DM), diabetic + 

metformin 500 mg/kg BW (DMet), diabetic + CGA 6.25 mg/kg BW (DMCGA 6.25mg), diabetic + CGA 12.5 mg/kg BW 

(DMCGA 12.5mg), and diabetic + CGA 25 mg/kg BW (DMCGA 25mg). CGA was administered intraperitoneally (i.p.) 

once daily for 31 days. Serum of luteinizing hormone (LH), follicle-stimulating hormone (FSH), and testosterone were 

measured using ELISA, and testicular structure and spermatogenesis were evaluated histologically and scored using the 

Johnsen system. CGA administration significantly reduced BGLs (p < 0.05), increased LH, FSH, and testosterone levels, 

and improved seminiferous tubule diameter, epithelial thickness, and Johnsen score. The CGA dose of 25 mg/kg BW 

showed the most pronounced effect, reducing blood glucose to 93.80 ± 5.31 mg/dL, comparable to the metformin group 

(104.40 ± 6.11 mg/dL), and increasing testosterone levels to 1,642.57 ± 38.66 pg/mL, approaching the normal control 

(1,763.86 ± 23.05 pg/mL). The 25 mg/kg BW CGA group demonstrated the most pronounced restorative effect, 

comparable to the metformin group. In conclusion, CGA exhibits antidiabetic and testicular protective effects by 

enhancing endocrine and spermatogenic functions in diabetic male rats. 
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Introduction 

 Diabetes mellitus (DM) is a metabolic disease that 

is generally characterized by hyperglycemia or high 

blood glucose levels (BGLs), caused by impaired insulin 

secretion or insulin performance, or both [1,2]. 

Persistent hyperglycemia disrupts carbohydrate, protein, 

and lipid metabolism and leads to various systemic 

complications [3]. DM is a rapidly growing global 

health problem [4]. The prevalence of DM worldwide in 

2021 is estimated at 537 million people aged 20 to 79  

 

years. DM cases will continue to increase to 643 million 

in 2030 and to around 783 million cases worldwide in 

2045 [5-7]. As many as 79.2% of men with diabetes 

experience erectile dysfunction, 35% - 50% experience 

ejaculation disorders, and 16% of men with DM 

experience decreased libido. Reproductive disorders in 

women with DM affect around 32.3%, including low 

sexual desire (81.8%), orgasm problems (47.5%), and 

resolution disorders (35.1%) [8,9]. In women with type 
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1 diabetes, infertility affects 24.5% of them, with 

various complications such as polycystic ovary 

syndrome, micro-vascular issues, and primary 

hypothyroidism, which are also significant problems 

that can exacerbate reproductive disorders in women 

with diabetes [10,11]. 

 Beyond chronic hyperglycemia in diabetes 

mellitus, stress hyperglycemia has emerged as a 

clinically significant metabolic condition in humans, 

particularly in hospitalized patients, individuals 

experiencing acute illness, trauma, infection, or 

psychological stress. Stress hyperglycemia can occur 

even in individuals without a prior history of diabetes 

and is associated with excessive activation of counter-

regulatory hormones, systemic inflammation, and 

oxidative stress. Clinical evidence indicates that stress-

induced hyperglycemia is strongly associated with 

adverse outcomes, including hormonal dysregulation, 

endothelial dysfunction, and impaired organ recovery. 

Importantly, stress hyperglycemia shares key 

pathophysiological mechanisms with diabetes-related 

hyperglycemia, including increased reactive oxygen 

species (ROS) production, activation of inflammatory 

pathways, and disruption of endocrine signaling [12]. 

 DM disrupts the hypothalamic–pituitary–gonadal 

(HPG) axis, leading to hormonal imbalance and 

impaired spermatogenesis [13,14]. A decrease in 

luteinizing hormone (LH) and follicle-stimulating 

hormone (FSH) will disrupt Sertoli cell and Leydig cell 

function [15,16]. Leydig cells function in the secretion 

of testosterone, while Sertoli cells, together with 

testosterone, play a role in regulating spermatogenesis 

[15,17]. Sperm cell development is also affected by 

oxidative stress, inflammation, and mitochondrial 

dysfunction caused by diabetes, which can ultimately 

damage the testicles [18]. Endocrine disorders and 

increased severity of diabetic neuropathy will affect 

reproductive hormones in the next stage, which will be 

associated with the pathophysiology of infertility, 

especially in men [19]. 

 Metformin is widely used as a first-line therapy for 

T2DM due to its efficacy in lowering blood BGLs 

through AMPK activation. However, accumulating 

evidence suggests that metformin has limited capacity 

to directly protect male reproductive tissues from 

oxidative and inflammatory damage, particularly under 

chronic hyperglycemic conditions [20]. Meanwhile, 

CGA is a natural polyphenolic compound that exhibits 

antihyperglycemic, antioxidant, and anti-inflammatory 

properties [21]. Despite these promising characteristics, 

evidence regarding the specific role of CGA in 

improving spermatogenesis and testicular histology 

under diabetic conditions remains limited. Therefore, 

this study aimed to investigate the effects of CGA on 

glycemic control, reproductive hormones, testicular 

histology, and spermatogenesis in diabetic male rats. 

This study hypothesized that CGA administration 

improves spermatogenesis in a dose-dependent manner 

by reducing BGLs and modulating hormonal and 

testicular structural alterations associated with diabetes. 

 

Materials and methods 

 Animal preparation 

 This study was conducted using Wistar rats 

weighing 150 - 200 g in healthy conditions. The rats 

were kept in standardized cages with a 12-h light and 

dark cycle, room temperature of 23 ± 2 °C, and relative 

humidity of 50% - 60% with ad libitum feeding and 

drinking. The rats underwent adaptation for 7 days.  

 The number of rat samples in this study was 30, 

divided into six groups, so that each group consisted of 

5 rats. Group 1 (N) – Healthy rats; Group II (DM) – 

Diabetic rats without treatment; Group III (DMet) – 

Diabetic rats given Metformin 500 mg/kg BW; Group 

IV (DMCGA 6.25mg) – Diabetic rats given CGA 6.25 

mg/kg BW; Group V (DMCGA 12.5mg) – Diabetic rats 

given CGA 12.5 mg/kg BW; Group VI (DMCGA 25mg) 

– Diabetic rats given CGA 25mg/kg BW. CGA with a 

purity of ≥ 95% was obtained from Sigma-Aldrich (St. 

Louis, MO 63103, USA; product number C3878; batch 

number WXBF3738V). CGA is prepared freshly before 

administration and dissolved in phosphate buffered 

saline solution pH 7.4. CGA was given intraperitoneally 

(i.p.) for 31 days. The intraperitoneal route was selected 

to ensure precise dose delivery and consistent systemic 

bioavailability, while minimizing variability associated 

with gastrointestinal absorption and first-pass hepatic 

metabolism. This approach has been widely applied in 

mechanistic experimental studies investigating the 

effects of polyphenolic compounds, including 

chlorogenic acid, on metabolic regulation and male 

reproductive function in diabetic and testicular injury 

animal models [4,22,23]. The CGA dose was selected 

based on Sari et al. [24] rats in the diabetes group were 
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fed an HFD for 2 weeks (20 g/rat/day) with the 

following composition: Comfeed Par S (Japfa Comfeed 

Indonesia 60%), flour (27.8%), cholesterol (2%), folic 

acid (0.2%), and pork fat (10%). After 2 weeks, the rats 

in the group were induced with diabetes by fasting for 

12 h or overnight, then given a single injection of 

streptozotocin (STZ) 45mg/kg (Sigma-Aldrich, USA) 

dissolved in 0.1 M PH 4.5 citrate buffer and 110 mg/kg 

nicotinamide (Solarbio N8070, China). BGLs were 

measured 3 and 7 days after treatment using a 

glucometer (EasyTouch®, GCU Model: ET-301, 

Bioptik Technology, Taiwan) to ensure stable diabetic 

conditions in the rats. Rats with BGLs above 200 mg/dl 

were considered diabetic. In this study, the experimental 

procedures were approved by the Health Research 

Ethics Committee, Ministry of Health, Semarang Health 

Polytechnic (No. 836/EA/F.XXIII.38/2025). 

 

 Analysis of LH, FSH, and testosterone levels 

 Blood samples were collected in EDTA-free vials 

from cardiac puncture. After 30 min of storage at room 

temperature, the blood samples were centrifuged for 15 

min at 3,000 rpm. LH, FSH, and testosterone hormones 

were examined on day 32 using an ELISA kit 

(FineTest®, Wuhan National Bio-industry Base, China). 

Testosterone EU0400, LH ER1123, and FSH ER0960). 

The procedure for analyzing testosterone, LH, and FSH 

hormone levels was performed according to the ELISA 

kit instructions. After the ELISA test was performed, the 

results were read using a Medical Pro reader-96 

(Germany).  

 

 Testis organ preparation 

 The testis is fixed in 10% Neutral Buffered 

Formalin, then cut and placed in a tissue cassette. Next, 

dehydration is carried out sequentially using alcohol 

with increasing concentrations of 70%, 80%, 90%, 

Ethanol I, and Ethanol II in sequence in jars for 2 h. Next 

is clearing, where the tissue is cleaned with xylol and 

then embedded in a paraffin block, so that the 

preparation is printed in a block and stored in a 

refrigerator for 24 h. After that, the block containing the 

tissue is cut using a microtome to a thickness of 4 - 5 

µm. The cut results are floated in warm water at 60 °C 

for 24 h to prevent folding. The preparation is then lifted 

and placed in a glass object and stained with 

Hematoxylin and Eosin (HE). Next, it is examined under 

a microscope. 

 

 Histological examination 

 Histological preparation was performed using 

histotechnical methods based on Dunn et al. [25]. HE 

staining was examined to evaluate histopathological 

changes in the seminiferous tubules and epithelial 

thickness. Spermatogenesis was examined based on 

Johnsen’s criteria [26]. 10: Normal tubule epithelium 

with complete spermatogenesis, open lumen, 

spermatozoa ≥ 10. 9: Damaged epithelium, closed 

lumen, spermatozoa ≥ 10. 8: Fewer than 10 spermatozoa. 

7: No spermatozoa, but ≥ 10 spermatids. 6: No 

spermatozoa, < 10 spermatids. 5: No spermatozoa or 

spermatids, but ≥ 5 spermatocytes. 4: No spermatozoa 

or spermatids, < 5 spermatocytes. 3: Spermatogenic 

cells only spermatogonia. 2: No spermatogenic cells, 

only Sertoli cells. 1: Tubules are empty, no cells. Scale 

bars were calibrated using ImageJ software based on the 

microscope imaging system, and all histological images 

were analyzed and presented at identical magnification 

settings. 

 

 Statistical analysis 

 The data are presented as mean ± Standard 

Deviation (SD). Statistical tests were performed using 

SPSS version 27 (IBM Corp., USA). Differences 

between groups were analyzed using a one-way 

ANOVA and followed by the Tukey HSD test. 

Significant differences between mean values were 

considered at p < 0.05. To determine the relationship 

between variables, Pearson’s correlation test was 

performed and the results were analyzed using linear 

regression. The diagrams were processed using 

GraphPad Prism version 10.6.1 software and the 

regression path using SmartPLS version 4.1.1.4. Partial 

Least Squares Structural Equation Modeling (PLS-SEM) 

using SmartPLS is particularly suitable for exploratory 

biological and preclinical studies involving complex 

interrelated variables, small sample sizes, non-normal 

data distribution, and potential multicollinearity, where 

conventional covariance-based SEM assumptions may 

not be fully met [27]. 
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Results and discussion 

 The results of data analysis show that 

administration of CGA at doses of 6.25, 12.5, and 25 

mg/kg BW reduced BGLs and increased LH, FSH, and 

testosterone concentrations, as well as seminiferous 

tubule diameter, epithelial thickness, and 

spermatogenesis scores in diabetic male rats in a dose-

dependent manner. The SmartPLS model shows that 

hormonal balance has a more substantial effect on 

spermatogenic improvement than structural recovery. 

 Hyperglycemia-induced oxidative stress 

represents a central pathological mechanism underlying 

diabetes-related male reproductive dysfunction. Chronic 

elevation of BGLs increases the production of ROS 

which disrupt mitochondrial function, damage cellular 

lipids and DNA, and activate pro-inflammatory 

signaling pathways. In testicular tissue, excessive ROS 

accumulation impairs Leydig and Sertoli cell function, 

disrupts the blood–testis barrier, and suppresses 

steroidogenic enzyme activity, ultimately leading to 

hormonal imbalance and impaired spermatogenesis. 

Thus, oxidative stress serves as a unifying link between 

metabolic dysregulation, endocrine disturbance, and 

structural damage in diabetic testes. 

 

 Blood Glucose Levels (BGLs) in diabetic-

induced rats 

 Five groups of rats induced with STZ resulted in 

rats with diabetic mellitus (DM). In (Figure 1), rats with 

DM without therapy showed the highest average BGLs 

(298.60 ± 24.98 mg/dL, p < 0.05), followed by the 

DMCGA 6.25mg group (115.60 ± 5.68 mg/dL), DMet 

group (104.40 ± 6.11 mg/dL), DMCG 12.5 mg group 

(102.20 ± 2.95 mg/dL), and DMCGA 25 mg group 

(93.80 ± 5.31 mg/dL). The lowest BGLs were found in 

the healthy rat group (N), which was 85.20 ± 7.16 mg/dL. 

In the intergroup difference test using One Way 

ANOVA, the results showed a significant p-value of 

0.000 (p < 0.05), and the Tukey test comparing the 

intervention groups versus the DM group yielded p = 

0.000 (p < 0.05), indicating a significant difference.

 

 

Figure 1 The Mean ± SD BGLs in DM model rats. There is a significant difference among the treatment groups (p = 

0.001). Note: N (healthy rats); DM (rats with diabetes mellitus); DMet (diabetic rats + 500 mg/kg BW of metformin); 

DMCGA 6.25 mg (diabetic rats + injection of CGA at a dose of 6.25 mg/kg BW); DMCGA 12.5 mg (diabetic rats + 

injection of CGA at a dose of 12.5 mg/kg BW). DMCGA 25 mg (diabetic rats + injection of CGA at a dose of 25 mg/kg 

BW). N (85.20 ± 7.16mg/dL), DM (298.60 ± 24.98 mg/dL), DMet (104.40 ± 6.11 mg/dL), DMCGA 6.25mg (115.60 ± 

5.68 mg/dL), DMCGA 12.5 mg (102.20 ± 2.95 mg/dL), DMCGA 25 mg (93.80 ± 5.31 mg/dL). * = p < 0.05 vs N, #= p 

< 0.05 vs DM. 
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 In the normal rat group (N), the BGLs were shown 

to be normal at 85.20 ± 7.16 mg/dL, according to the 

study by Nazarudin et al. [28] rats given streptozotocin 

at 45 mg/kg BW developed high BGLs > 135 mg/dL, 

indicating that the rats were hyperglycemic. Consistent 

with this study, the BGLs in the DM group were 298.60 

± 24.98 mg/dL (Figure 1). The elevated BGLs caused 

by STZ injection induce a diabetic condition through a 

mechanism that damages pancreatic beta cells 

responsible for insulin production. STZ enters cells via 

the glucose transporter type 2 (GLUT2) and damages 

deoxyribonucleic acid (DNA), ultimately leading to cell 

necrosis due to depletion of nicotinamide adenine 

dinucleotide (NAD+) and adenosine triphosphate (ATP) 

[29,30]. The injection of NA in the animal model of 

diabetes aims to protect some pancreatic cells from the 

cytotoxic effects of STZ [31].  

 Rats given metformin and CGA had significantly 

lower BGLs than the DM group (p < 0.05). Metformin 

known as the first-line drug for type 2 diabetes, works 

by activating AMPK, which suppresses hepatic 

gluconeogenesis, increases glucose uptake by muscles, 

and inhibits the activity of mitochondrial respiratory 

chain complex I [32,33]. Activation of AMPK also 

stimulates fatty acid oxidation, reduces triglyceride 

accumulation in the liver, and enhances insulin 

sensitivity. Additionally, metformin decreases the 

expression of the glucose-6-phosphatase (G6Pase) gene 

and increases the number of GLUT-4 transporters in 

peripheral tissues. Regarding oxidative stress 

mechanisms, metformin acts as a mitochondrial 

stabilizer capable of reducing ROS formation and 

improving the NADH/NAD⁺ ratio. These findings align 

with previous research by Sianturi et al. [33] which 

reported that metformin lowers glucose and 

malondialdehid (MDA) levels while increasing SOD. In 

this study, the metformin group showed a significant 

decrease in glucose levels approaching normal values 

after 31 days of administration, confirming the 

important role of metformin in glycemic control through 

metabolic and antioxidant mechanisms. 

 CGA administration also showed comparable 

glucose lowering effects to metformin. CGA activates 

AMPK and Nrf2, which function to increase the 

expression of antioxidant enzymes such as SOD, GPx, 

and catalase. Activation of Nrf2 suppresses ROS 

formation in the pancreas and protects β cells from DNA 

damage caused by STZ. CGA also inhibits α-

glucosidase and G6Pase, thereby reducing endogenous 

glucose production in the liver [34]. This is consistent 

with the research by Nguyen et al. [35] which reported 

a decrease in fasting glucose and an increase in insulin 

sensitivity after CGA administration. CGA is also 

known to improve mitochondrial biogenesis and 

suppress inflammation through NF-κB inhibition, 

making it not only antidiabetic but also a potent 

antioxidant that protects pancreatic tissue from 

apoptosis. The administration of CGA at a dose of 25 

mg/kg BW in this study significantly lowered BGLs, 

approaching normal, indicating mark improvement 

metabolic parameters. 

 In the DM group, DMet and DMCGA show very 

distinct mechanisms and biological effects that 

complement each other. The DM group exhibits high 

BGLs due to pancreatic cell damage and uncontrolled 

insulin resistance. Metformin primarily lowers glucose 

by increasing insulin sensitivity through AMPK 

activation, while CGA acts dually: Through the AMPK 

pathway and via Nrf2 activation, enabling it to suppress 

systemic oxidative stress. CGA has a biological 

advantage as a natural phytochemical that can act on 

various metabolic tissues, including the liver, pancreas, 

muscles, and testes [36]. 

 

 LH, FSH, and testosterone hormones levels in 

diabetic-induced rats 

 The results of one way ANOVA analysis showed 

significant differences in LH, FSH, and testosterone 

levels among treatment groups (p < 0.05). LH levels 

decreased in the DM group (4.43 ± 0.28 mIU/mL) 

compared to the normal group (14.49 ± 0.21 mIU/mL), 

but increased after metformin therapy (9.98 ± 0.21) and 

CGA, especially at a dose of 25 mg/kg BW (13.39 ± 

0.34). FSH levels also decreased in the DM group (24.38 

± 2.17) compared to the normal group (105.38 ± 5.60) 

and increased after CGA administration (80.93 ± 4.08 at 

a dose of 25 mg/kg BW). Testosterone levels dropped 

drastically in the DM group (699.14 ± 41.66 pg/mL) 

compared to the normal group (1,763.86 ± 23.05 pg/mL). 

Testosterone levels increased after administration of 

CGA at a dose of 25 mg/kg BW (1,642.57 ± 38.66 

pg/mL). The post hoc Tukey test indicated that all 

treatment groups differed significantly from the DM 

group (p < 0.05), with the highest increase observed in 
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the DMCGA 25 mg group, but there was no significant 

difference between the DMCGA 25 mg group and the 

normal group in LH and testosterone levels (p > 0.05). 

(Figure 2).

 

 

Figure 2 (A) LH levels, (B) FSH levels, and (C) Testosterone levels. The effect of CGA intervention for 31 days on the 

levels of LH, FSH, and testosterone in male diabetic rats in each group: N = normal; DM = diabetes rats; DMet = diabetes 

rats + metformin; DMCGA = diabetes rats + CGA at doses of 6.25, 12.5, and 25 mg/kg BW. Data are presented as mean 

± SD (n = 5). DM caused a significant decrease in LH (4.43 ± 0.28 mIU/mL), FSH (24.38 ± 2.17 mIU/mL), and 

testosterone (699.14 ± 41.66 pg/mL) compared to the normal group (LH 14.49 ± 0.21; FSH 105.38 ± 5.60; testosterone 

1763.86 ± 23.05). Administration of metformin or CGA appears to increase the levels of these three hormones as the dose 

increases, with the highest mean hormone levels observed in the DMCGA 25 mg group: LH 13.39 ± 0.34; FSH 80.93 ± 

4.08; testosterone 1642.57 ± 38.66. Notes: p < 0.05 vs N (*); p < 0.05 vs DM (#); ns = not significant (p > 0.05). Statistical 

analysis was performed using one-way ANOVA followed by Tukey HSD post hoc test. 

 

 STZ-NA induction worsens the condition by 

damaging pancreatic β cells, decreasing insulin 

secretion, and suppressing insulin-like growth factor 1 

(IGF-1) levels, which are important for testosterone 

production. This imbalance triggers gonadotropin 

hormone feedback disruption in the hypothalamus, 

resulting in low levels of LH and FSH, indicating 

hypogonadotropic hypogonadism [28]. Increased levels 

of inflammatory cytokines, such as tumor necrosis 

factor-alpha (TNF-α) and interleukin-6 (IL-6), also 

contribute to inhibiting GnRH secretion, thereby 

worsening reproductive hormone disturbances caused 

by diabetes [37].  

 Administration of metformin in diabetic rats 

shows partial recovery of LH, FSH, and testosterone 

levels through increased insulin sensitivity and 

activation of AMPK. AMPK activation stimulates the 

expression of Steroidogenic Acute Regulatory (StAR) in 

Leydig cells, thereby increasing cholesterol transport for 

testosterone synthesis, while oxidative stress is 

suppressed through decreased ROS production in the 

mitochondrial electron transport chain [38]. He et al. [39] 

reported that AMPK activation improves 

steroidogenesis and suppresses testicular apoptosis in 

diabetic rats. Similar results were observed in this study 

after 31 days of metformin administration, which 

increased levels of LH, FSH, and testosterone and 

restored the positive feedback of the HPG axis. The 

effects of metformin are more focused on glucose 

regulation rather than direct stimulation of androgen 

receptors, so the improvement in gonadal function has 

not yet been fully optimal. Compared to other groups, 

the diabetic rat group showed a very drastic decrease in 

reproductive hormones due to oxidative stress and 

inflammation. Metformin improves hormone levels by 

improving glucose metabolism, but its effects are 

limited to glycemic control, unlike CGA, which shows 

a broader effect because, in addition to lowering glucose, 

it also normalizes hormonal pathways through 

antioxidant and anti-inflammatory mechanisms. It can 
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be concluded that administering CGA not only shares 

the same mechanism as metformin but also extends it 

through the protection of reproductive tissues. 

 In addition to oxidative stress, chronic 

inflammation plays a critical role in diabetes-induced 

male reproductive dysfunction. Persistent 

hyperglycemia promotes immune dysregulation 

characterized by increased activation and infiltration of 

T lymphocytes, particularly CD4⁺ and CD8⁺ cells. 

Clinical and experimental evidence indicates that 

diabetes is associated with elevated circulating pro-

inflammatory cytokines such as tumor necrosis factor-α 

(TNF-α), interleukin-6 (IL-6), and interferon-γ (IFN-γ), 

which are predominantly produced by activated T 

lymphocytes. The increase in CD4⁺ helper T cells 

amplifies inflammatory signaling, while cytotoxic CD8⁺ 

T cells contribute to tissue injury through direct cellular 

damage and cytokine-mediated apoptosis [40]. 

 

 Diameter of the seminiferous tubules and the 

thickness of the germinal epithelium in diabetic-

induced rats 

 The results of the analysis of seminiferous tubule 

diameter and epithelial thickness in this study showed 

that the results were generally not very significant 

(Figure 3). Average diameter of seminiferous tubules 

(µm): N = 40.72 ± 0.55; DM = 25.73 ± 1.46; DMet = 

31.06 ± 0.83; DMCGA 6.25 mg = 31.44 ± 1.07; 

DMCGA 12.5 mg = 33.48 ± 0.87; DMCGA 25 mg = 

37.37 ± 0.88. Average germinal epithelium thickness 

(µm): N = 10.04 ± 1.12; DM = 5.54 ± 0.34; DMet = 6.40 

± 0.15; DMCGA 6.25 mg = 5.94 ± 0.72; DMCGA 12.5 

mg = 6.76 ± 0.61; DMCGA 25 mg = 8.48 ± 0.90.

  

 

Figure 3 Diameter of the seminiferous tubules (left) and germinal epithelium thickness (right) in male rats from various 

treatment groups. Groups: N = normal; DM = diabetes without therapy; DMet = diabetes + metformin; DMCGA = 

diabetes + chlorogenic acid at doses of 6.25, 12.5, and 25 mg/kg body weight. Data are presented as mean ± SD. Notes: 

*significant compared to group N (p < 0.05), #significant compared to group DM (p < 0.05), and “ns” indicates not 

significant between groups N and DM (p > 0.05). 

 

Figure 3 shows that the diameter of the 

seminiferous tubules among groups did not differ 

significantly in the Post hoc Tukey test (p > 0.05), as 

indicated by the label “ns” on the diagram. This suggests 

that diabetes induction and intervention administration 

have not yet caused significant changes in the lumen size 

of the tubules. The thickness of the germinal epithelium 

decreased in the diabetic group compared to the normal 

group (p < 0.05). Administration of metformin and CGA 

gradually increased the epithelial thickness, with the 

most notable improvement at a dose of 25 mg/kg BW 

(8.48 ± 0.90 µm). The post hoc Tukey test showed that 

the DMCGA 25 mg group differed significantly from 
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the diabetic group but did not differ significantly from 

the normal group (p > 0.05). 

 DM increases the formation of free radicals such 

as superoxide and hydroxyl radicals, which attack the 

spermatogenic and Sertoli cell membranes. The 

decrease in the blood-testis barrier (BTB) function 

hampers nutrient delivery from Sertoli cells to 

spermatocytes, which can cause thinning of the germinal 

epithelium [41]. Research by Tian et al. [42] Shows that 

oxidative stress induced by diabetes activates 

destructive autophagy, worsening testicular epithelial 

degeneration and reducing testosterone synthesis by 

disrupting the functional interactions between Leydig 

and Sertoli cells. In this study, the reduction in tubule 

diameter and epithelial thickness in the diabetic group 

reflects the cumulative effects of oxidative stress and 

inflammation induced by diabetes. 

 The seminiferous tubules are the main part of the 

testis, accounting for about 80%, and are the site of 

spermatogenesis. Histological examination of the testis 

with HE staining shows a significant difference between 

groups p < 0.05. The largest seminiferous tubules are 

observed in the healthy rat group (N). A decrease in 

testosterone levels directly impacts the inhibition of 

spermatogenesis because testosterone plays a crucial 

role in the maturation of spermatogenic cells and 

provides nutritional support from Sertoli cells [43]. As a 

result, the number of spermatogenic cells within the 

lumen of the seminiferous tubules decreases, which 

histologically appears as a narrowing of the tubule 

diameter [44]. In the testes, excessive infiltration and 

activation of CD4⁺ and CD8⁺ T lymphocytes disrupt the 

immune-privileged environment, impair Sertoli cell 

function, and compromise the integrity of the blood–

testis barrier. This inflammatory milieu suppresses 

steroidogenic enzyme expression in Leydig cells and 

interferes with gonadotropin signaling, thereby 

contributing to reduced testosterone production and 

impaired spermatogenesis. The administration of CGA 

in the present study may attenuate these inflammatory 

processes through its anti-inflammatory properties, 

including inhibition of NF-κB signaling and 

downregulation of pro-inflammatory cytokine 

production. By reducing T-cell–mediated inflammatory 

responses, CGA potentially supports the restoration of 

hormonal balance and preservation of testicular 

structure under diabetic conditions, thereby 

complementing its antihyperglycemic and antioxidant 

effects [40]. CGA is able to penetrate the testicular 

tissue, resulting in an increase in epithelial thickness that 

can be observed in the diabetic group given graded doses 

of CGA.  

 CGA has a stronger histological improvement 

effect compared to metformin (p < 0.05) because it 

works directly on antioxidant and anti-inflammatory 

pathways. CGA activates the transcription factor Nrf2, 

which increases the transcription of antioxidant genes 

such as Heme Oxygenase-1 (HO-1) and NAD(P)H 

Quinone Oxidoreductase 1 (NQO1). Activation of this 

pathway protects the integrity of the BTB and decreases 

caspase-3 expression, thereby preventing germinal 

epithelial apoptosis [45]. CGA increases SOD and 

catalase activity, improves microcirculation in the testes, 

and normalizes the morphology of the seminiferous 

tubules [46]. In this study, the group receiving 25 mg/kg 

BW of CGA showed tubule diameter and epithelial 

thickness close to normal, indicating optimal testicular 

tissue regeneration. These effects are also related to the 

suppression of the NF-κB and TNF-α pathways, which 

play roles in testicular degeneration due to 

hyperglycemia [47].  

 

 Spermatogenesis in rats with diabetes 

 Spermatogenesis examination using the Johnsen 

score criteria showed a decrease in the DM group. In the 

treatment groups with the administration of metformin 

and CGA, the scores increased with increasing doses. 

The DMCGA 6.25 mg group had a score of 6.92 ± 0.36, 

the DMCGA 12.5 mg group had a score of 8.68 ± 0.50, 

while the DMCGA 25mg group achieved a score close 

to 9.80 ± 0.24, indicating complete spermatogenesis 

with spermatozoa in the lumen (Figure 4). The results 

of the one-way ANOVA test on the spermatogenesis 

score variable showed a significant difference between 

groups (p < 0.05). The post hoc Tukey test indicated that 

the DM, DMet, DMCGA 65mg, and DMCGA 12.5 mg 

groups differed significantly from the normal group, 

with p < 0.05. However, only the DMCGA 25mg group 

showed a non-significant difference when compared to 

the N group.

 

 



Trends Sci. 2026; 23(7): 12673   9 of 18 

 

Figure 4 Spermatogenesis score (Johnsen score) in male rats after 31 days of treatment. The average value (Mean ± SD): 

N = 9.84 ± 0.17; DM = 4.40 ± 0.35; DMet = 8.12 ± 0.27; DMCGA 6.25m g = 6.92 ± 0.36; DMCGA 12.5 mg = 8.68 ± 

0.50; and DMCGA 25 mg = 9.80 ± 0.24. *Significantly different compared to the normal group (N) (p < 0.05) and # 

significantly different compared to the DM group (p < 0.05). 

 

 The increase in BGLs causes oxidative stress and 

accumulation of ROS in testicular tissue. ROS damages 

the DNA of spermatogenic cells, thereby disrupting 

mitochondrial activity that is essential for meiosis 

division, as well as reducing cellular energy needed 

during spermiogenesis. The increase in AGEs alters 

protein structure and inhibits spermatid differentiation. 

Lipid peroxidation caused by HFD worsens this damage 

by triggering inflammation and germ cell apoptosis. The 

decrease in the expression of antioxidant genes such as 

SOD1 and GPx worsens the redox imbalance within the 

testis, leading to a reduction in the number of 

spermatocytes and spermatids, as reflected in a low 

Johnsen score [48]. The administration of metformin 

provides partial improvement of spermatogenesis 

through metabolic and antioxidant mechanisms. 

Activation of AMPK by metformin increases insulin 

sensitivity and improves energy balance in 

spermatogenic cells, thereby enhancing ATP synthesis, 

which is essential for meiosis and spermiogenesis 

processes. Metformin also inhibits the activation of the 

NF-κB inflammatory pathway, reducing the expression 

of proapoptotic genes such as Bax and caspase-9 [49]. 

 In the DMCGA group, especially with a dose of 

25 mg/kg BW, a stronger protective and regenerative 

effect was observed compared to metformin. CGA 

improves mitochondrial function and reduces ROS 

through activation of the Nrf2/HO-1 pathway, which 

increases the expression of antioxidant enzymes. CGA 

also decreases Bax expression and increases Bcl-2 

inhibiting apoptosis in spermatogenic cells [50]. CGA 

regulates mitochondrial homeostasis and suppresses 

NLRP3 inflammasome activation, thus maintaining the 

energy balance of germ cells [18]. In this study, the 

DMCGA 25 mg/kg BW group showed a Johnsen score 

of ≥ 9, approaching the normal value. This indicates that 

DMCGA 25 mg/kg BW group was improvement in 

tubular morphology and spermatogenic features 

compared to the diabetic group. Additionally, CGA 

enhances Sertoli cell function by increasing the 

production of androgen-binding protein (ABP) and 

nutritional factors that support spermatid maturation. 

Activation of Nrf2 by CGA also suppresses 

inflammation by reducing TNF-α and IL-1β levels in 

testicular tissue. These results align with the findings of 

Al-Megrin et al. [46] who reported that green coffee 

extract with high CGA content increased testosterone 
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levels and improved Johnsen scores in diabetic rats, as 

well as Demir et al. [51] who found that CGA protects 

the testes from oxidative damage through increased 

expression of Nrf2 and Bcl-2 In the DM group, tissue 

showed a drastic decrease in the spermatogenic layer, 

tubule diameter, and the number of mature spermatids. 

CGA demonstrated overall improvement compared to 

metformin, from the molecular level to morphology, 

with restoration of the germinal epithelial structure to 

that of the normal group. The study by Owumi et al. [52] 

Supports these findings by showing that CGA increases 

the number of spermatids and mature sperm by 

enhancing the activity of antioxidant enzymes.

  

 

Figure 5 Representative photomicrographs of rat testicular tissue stained with hematoxylin and eosin (H&E). (A) Normal 

control group (N) showing intact and well-organized seminiferous tubules (ST) with complete spermatogenic layers. (B) 

Diabetic control group (DM) showing tubular atrophy, epithelial disorganization, and reduced spermatogenic cell layers. 

(C) Diabetic rats treated with metformin (DMet) showing partial improvement in seminiferous tubule architecture and 

germinal epithelium thickness. (D) Diabetic rats treated with chlorogenic acid (CGA) at 6.25 mg/kg BW showing mild 

preservation of tubular structure with limited spermatogenic organization. (E) Diabetic rats treated with CGA at 12.5 

mg/kg BW showing improved spermatogenic organization and increased epithelial thickness. (F) Diabetic rats treated 

with CGA at 25 mg/kg BW showing marked improvement in seminiferous tubule morphology, characterized by a dense 

germinal epithelium and increased presence of spermatozoa within the lumen compared to the diabetic group. All images 

were captured at the same magnification (200×; scale bar = 200 µm). 

 

 Figure 5 illustrates the histological differences in 

testicular structure among the experimental groups. The 

normal control group exhibited intact seminiferous 

tubules with thick germinal epithelium and complete 

spermatogenic layers. In contrast, the diabetic control 

group showed severe histological alterations, including 

tubular atrophy, epithelial thinning, lumen collapse, and 

reduced spermatogenic cell populations, corresponding 

to low Johnsen scores (3 - 4). Treatment with metformin 

resulted in partial restoration of tubular architecture, 

characterized by improved epithelial thickness and the 

reappearance of developing germ cells, with Johnsen 

scores ranging from 7 to 8. The DMCGA 6.25 mg/kg 

BW group demonstrated mild histological improvement, 

with preservation of basic tubular structure, limited 

regeneration of spermatogenic cells, and Johnsen scores 

of 5 - 6. More pronounced improvements were observed 

in the DMCGA 12.5 (7 - 8 scores) and 25 mg/kg BW (9 

- 10 scores) groups, which exhibited increased epithelial 

thickness, better-organized spermatogenic layers, and 

higher Johnsen scores approaching those of the normal 

control group. 

 DM has been proven to disrupt the male 

reproductive system through chronic hyperglycemia, 
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which triggers oxidative stress, apoptosis, and germ cell 

dysfunction. A study by Pavlova et al. [53] shows that 

DM causes a significant decrease in spermatogenic cell 

populations and the diameter of seminiferous tubules in 

male rats. Zhang et al. [14] add that DM triggers damage 

to the HPG axis which can inhibiting spermatid 

differentiation and reducing sperm quality. These 

findings are consistent, with the DM group showing 

lumen collapse, thinning epithelium, and a Johnsen 

score of 3 - 4. Such damage reflects an atrophic phase 

due to the loss of hormonal stimulation from the HPG 

axis.  

 CGA is a natural polyphenol compound with 

strong antioxidant activity, in line with the research by 

Demir et al. [51] reported that CGA protects the testes 

from damage caused by cisplatin by decreasing MDA 

and increasing SOD and CAT. CGA also plays a role in 

lowering BGLs, improving lipid metabolism, and 

stabilizing gonadal hormones. In this study, CGA at a 

dose of 6.25 mg/kg body weight showed a mild 

improvement, with the epithelium beginning to thicken 

and some round spermatids appearing, although the 

lumen remained empty. This effect aligns with the 

mechanism of CGA working through the activation of 

Nrf and the inhibition of NF-κB [54]. Impaired 

spermatogenesis in diabetic rats, as indicated by reduced 

Johnsen scores, reflects disrupted germ cell maturation 

and decreased spermatozoa formation. Restoration of 

spermatogenesis following CGA administration is 

closely associated with improved hormonal support and 

preservation of testicular microarchitecture. The highest 

CGA dose specifically 12.5 and 25 mg/kg BW resulted 

in spermatogenesis scores approaching those of the 

normal control group, indicating substantial functional 

recovery.  

 

 Correlation between BGLs, LH, FSH, 

testosterone levels, diameter of seminiferous tubule, 

epithelial thickness, and spermatogenesis score 

 The relationship between BGLS variables, 

reproductive hormones, testis histology, and 

spermatogenesis scores is presented in Figure 6.

 

 

Figure 6 The heatmap shows the Pearson correlation between variables: Spermatogenesis, blood glucose level (BGLs), 

luteinizing hormone (LH), follicle-stimulating hormone (FSH), Testosterone, diameter of seminiferous tubules, germinal 

epithelium thickness, and dose of chlorogenic acid (CGA). Darker colors indicate strong correlations, while lighter colors 

indicate weak or insignificant correlations (p < 0.01). 

 

 Pearson correlation analysis revealed that BGLs 

exhibited a strong negative correlation with  

 

spermatogenesis (r = −0.88; p  < 0.001), luteinizing 

hormone (LH; r = −0.83; p < 0.001), follicle-stimulating 
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hormone (FSH; r = −0.70; p < 0.01), testosterone (r = 

−0.73; p < 0.001), seminiferous tubule diameter (r = 

−0.77; p < 0.001), and epithelial thickness  

(r = −0.53; p < 0.05). Spermatogenesis was strongly and 

positively correlated with LH (r = 0.98), FSH (r = 0.90), 

and testosterone (r = 0.93), as well as with seminiferous 

tubule diameter (r = 0.89) and epithelial thickness (r = 

0.74). Among testicular histological parameters, 

testosterone showed the highest correlation with 

seminiferous tubule diameter (r = 0.95) and epithelial 

thickness (r = 0.88), indicating that androgen activity 

plays a crucial role in maintaining tubular integrity. 

CGA showed a weak but positive association with 

spermatogenesis (r = 0.46) and testosterone (r = 0.43), 

suggesting that CGA may indirectly improve 

reproductive function by modulating hormonal balance 

and testicular histology. Overall, these findings indicate 

that elevated BGLs impair the HPG axis and 

spermatogenic process, while CGA supplementation 

tends to be associated with improvements in hormonal 

parameters and testicular histological features. All 

correlations were statistically significant at the 99% 

confidence level (p < 0.01). 

 This result is consistent with the study by Zhang et 

al. [55] which shows that activation of AMPK and Nrf2 

by CGA reduces systemic oxidative stress and improves 

HPG axis communication in DM animals. The 

mechanism of diabetes involves increased BGLs, which 

trigger oxidative stress and the accumulation of AGEs 

These activate the PKC–NFκB and TNF-α pathways, 

ultimately causing apoptosis of Leydig and Sertoli cells. 

A meta-analysis study by Tehrani et al. [56] showed that 

serum FSH levels are significantly lower in men with 

T2DM compared to healthy controls. Clinical research 

in adult men indicates a high prevalence of 

hypogonadism in T2DM patients. It also disrupts the 

HPG axis, decreasing LH, FSH, and testosterone levels, 

and suppresses the expression of steroidogenesis 

enzymes such as StAR and P450scc [57]. Venditti et al. 

[22] states that diabetes affects steroidogenesis and 

testicular tissue through ROS, AGEs, inflammation, 

mitochondrial dysfunction, and the NLRP3 

inflammatory pathway. This condition worsens the 

decline in testosterone and hampers nutritional support 

by Sertoli cells to spermatogonia. This study shows a 

negative correlation between BGLs and reproductive 

hormones, which is a combination of metabolic and 

oxidative effects impacting the entire HPG axis.

 

 

Figure 7 The SmartPLS pathway diagram displays the structural relationships among chlorogenic acid (CGA), blood 

glucose level (BGLs), hormone (LH, FSH, testosterone levels), testis histology, and spermatogenesis score. Each arrow 

indicates the direction of causal influence between variables. The values on each arrow represent the path coefficient (O), 

which indicates the direction and strength of the influence, as well as the significance value (p-value) that shows whether 

the relationship is statistically meaningful. A positive O value indicates a direct relationship (an increase in variable X 

followed by an increase in variable Y), while a negative O value indicates an inverse relationship. Relationships are 

considered significant if p < 0.05 and not significant if p > 0.05. 

 

 The structural relationships among CGA, BGLs, 

reproductive hormones, testicular histology, and  

 

spermatogenesis are illustrated in Figure 7. This 

pathway model summarizes the direct and indirect 
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effects of CGA on metabolic and reproductive 

parameters under diabetic conditions. The structural 

model results show that CGA has a very strong and 

significant effect on BGLs with a large negative path 

coefficient (O = −6.814; p = 0.000), as well as a 

significant positive effect on reproductive hormones 

such as LH, FSH, and testosterone (O = 12.955; p = 

0.000). These results indicate that administering CGA is 

effective in lowering BGLs and increasing hormonal 

activity through stimulation of the HPG axis. The path 

between CGA and testicular histology shows a positive 

direction but is not significant (O = 0.164; p = 0.060), 

suggesting that improvements in testicular histological 

structure tend to occur indirectly through increased 

hormone levels and decreased blood glucose. The path 

between BGLs and spermatogenesis (O = −0.005; p = 

0.377) is also not significant, indicating that the effect 

of hyperglycemia on spermatogenesis is mediated by 

decreases in hormone levels and histology, rather than 

directly. Additionally, the relationship between 

testicular histology and spermatogenesis (O = −0.308; p 

= 0.152) shows a non-significant negative correlation, 

reflecting that microscopic changes in testicular tissue 

do not always directly lead to improved 

spermatogenesis quality within this treatment duration.  

 The CGA pathway in the SmartPLS model can be 

considered the main causal relationship between 

metabolic improvement and reproductive function. This 

CGA not only acts as an antioxidant but also as a 

metabolic-endocrine modulator that simultaneously 

improves glucose and hormonal balance. On the CGA 

to testicular histology pathway, such as diameter of 

seminiferous tubules and epithelial thickness (O = 0.164; 

p = 0.060), indicates that CGA also has a direct effect 

on testicular histology. Gül et al. [58] confirms that 

CGA activates Nrf2/HO-1 and suppresses inflammation 

by inhibiting the NLRP3 inflammasome. Although in 

this study the Histology to Spermatogenesis pathway (O 

= −0.308; p = 0.152) was not significantly different, the 

positive histological improvement still plays an 

important role in germ cell regeneration. The hormonal 

pathway to spermatogenesis (O = 0.008; p = 0.180) 

indicates that reproductive hormones are the main 

mediators between the effects of CGA and the recovery 

of spermatogenic function. Although the p-value is 

slightly above the significance threshold, the large 

coefficient suggests a physiologically relevant strength 

of the relationship. The study by Owumi et al. [52] 

supports these results which shows the administration of 

CGA restores testosterone levels and improves 

spermatogenesis in male rats experiencing reproductive 

toxicity caused by tamoxifen. The proposed mechanism 

involves increased expression of Bcl-2 and decreased 

Bax and caspase-3, which aligns with increased 

testosterone levels.  

The results from SmartPLS indicate that the 

mechanism of CGA acts through a multifactorial and 

interconnected process, starting with the reduction of 

BGLs via AMPK activation, followed by Nrf2 

activation, increased endogenous antioxidants, 

hormonal improvements, and ultimately testicular 

morphological improvements that lead to enhanced 

spermatogenesis. Nrf2 activation decreases testicular 

cell apoptosis and improves spermatogenesis in diabetic 

rats [22]. These findings are also consistent with Cortez 

et al. [59] which explains that CGA acts as a protective 

phytochemical with antioxidant, anti-inflammatory, and 

genetic modulation effects on the AMPK/Nrf2 pathway. 

SmartPLS not only confirms the statistical relationships 

among variables but also validates the tangible 

biological basis that CGA works through an integrated 

metabolic endocrine histological mechanism. Based on 

the analysis results from this study, CGA can be 

developed as a promising phytopharmaceutical for 

managing male reproductive complications associated 

with diabetes mellitus. The increase in reproductive 

hormones mediated by CGA is the most effective 

mediator for improving spermatogenesis, while 

testicular histological recovery requires a longer 

duration like a of ≥ 52 days because that is approaching 

one cycle of rat spermatogenesis [60,61]. 

 To integrate the metabolic, hormonal, and 

histological findings of this study, a graphical summary 

of the mechanisms is presented (Figure 8). CGA 

administration was associated with improved glycemic 

control, modulation of reproductive hormone levels, 

preservation of testicular histological features, and 

enhanced spermatogenesis in diabetic rats. This 

schematic represents a hypothesis-generating model 

based on the measured parameters of the present study.
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Figure 8 Graphical mechanism summary illustrating the proposed pathways by which chlorogenic acid (CGA) may 

ameliorate diabetes-induced testicular dysfunction.  

 

 CGA administration was associated with 

improved glycemic control and hormonal regulation. 

Based on these observations, CGA is suggested to 

support spermatogenesis primarily through metabolic 

improvement and hormonal regulation rather than 

through direct molecular pathways that were not 

assessed in this study. Accordingly, the graphical 

summary is presented as a hypothesis-generating model 

that reflects the measured parameters and provides a 

conceptual framework for future mechanistic 

investigations. 

 This study has several limitations that should be 

acknowledged. First, the sample size in each 

experimental group was relatively small (n = 5), which 

is commonly applied in controlled preclinical animal 

studies with comparable experimental designs. Several 

experimental studies investigating induced diabetes in 

rats have used comparable sample sizes and reported 

consistent biological and statistical results. Although the 

present sample size is modest, the observed dose-

dependent effects across metabolic, hormonal, 

histological, and spermatogenic parameters support the 

reliability of the findings. Nevertheless, future studies 

with larger sample sizes and extent [62,63]. 

 

 

 

 

Conclusions 

 This study demonstrates that CGA is associated 

with improvements in glycemic control, reproductive 

hormone levels, testicular histological features, and 

spermatogenesis in a diabetic male rat model in a dose-

dependent manner. These findings suggest a potential 

protective role of CGA on endocrine and testicular 

function under diabetic conditions. However, the 

relatively small sample size, the use of an animal model, 

and the intraperitoneal route of administration limit 

direct extrapolation to clinical settings. Future studies 

should focus on longer treatment durations, oral 

administration, and molecular-level investigations to 

further elucidate the mechanisms underlying CGA-

mediated effects and to evaluate its use in combination 

with standard antidiabetic therapies. Although CGA 

demonstrates promising preclinical potential, further 

experimental and clinical validation is required before 

any clinical application can be considered. 
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