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Abstract 

Type 2 diabetes mellitus (T2DM) induces chronic metabolic disruption characterized by sustained hyperglycemia, 

oxidative–antioxidant imbalance, and impaired steroidogenesis, resulting in progressive deterioration of male 

reproductive and sexual function. Chlorogenic acid (CGA) is a polyphenolic compound with metabolic and antioxidant 

activities, and has shown potential benefits in mitigating diabetes associated reproductive dysfunction. This study 

evaluated the effects of CGA on glycemic control, oxidative stress, testosterone levels, and libido parameters in male 

Wistar rats with T2DM. Thirty rats were divided into six groups (n = 5 per group): healthy controls, diabetic controls, 

diabetic + metformin, and diabetic treated with CGA at 6.25, 12.5, and 25 mg/kg BW. Glycated hemoglobin A1c 

(HbA1c), malondialdehyde (MDA), superoxide dismutase (SOD), and testosterone were measured on day 32. Sexual 

behavior was recorded over three consecutive days. CGA demonstrated a dose-dependent improvement across all 

biological parameters. The highest CGA dose is 25 mg/kg BW and can reduce HbA1c levels, decrease MDA, and increase 

SOD, testosterone levels and libido activity close to those of normal controls. Correlation analyses revealed strong 

relationships between glicemic control, oxidative, hormonal, and libido variables. In conclusion, CGA enhances glycemic 

control and redox balance, restores testosterone, and improves libido-related behavior in diabetic rats, with broader 

restorative effects compared to metformin. CGA represents a promising adjunctive strategy for addressing diabetes-

related reproductive dysfunction. 

Keywords: Type 2 diabetes mellitus, Chlorogenic acid, HbA1c, Oxidative stress, SOD, Testosterone, Libido 

Introduction 

Diabetes mellitus (DM) is a chronic metabolic 

disorder characterized by persistent hyperglycemia 

resulting from impaired insulin secretion, insulin action, 

or both. According to the International Diabetes 

Federation, the global prevalence of diabetes reached 

537 million adults in 2021, with type 2 diabetes mellitus 

(T2DM) accounting for approximately 90% of all cases 

worldwide [1]. The burden of T2DM continues to 

increase globally, including in developing countries, and 

is associated with a wide range of chronic complications 

that significantly impair quality of life and increase 

morbidity and mortality [2,3]. 
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 The pathogenesis of T2DM involves insulin 

resistance in peripheral tissues combined with 

progressive pancreatic β-cell dysfunction. Prolonged 

hyperglycemia activates multiple intracellular pathways 

that disrupt vascular integrity, neural function, and 

endocrine regulation, leading to systemic complications 

affecting multiple organs [4,5]. Among these 

complications, reproductive and sexual disorders in men 

have gained increasing attention due to their substantial 

impact on physical, psychological, and social well-being 

[6]. 

 Male sexual dysfunction is a common yet 

underrecognized complication of diabetes. 

Epidemiological studies report that approximately 40% 

- 50% of men with diabetes experience sexual 

dysfunction, including erectile dysfunction, ejaculatory 

disorders, and reduced libido, with prevalence 

increasing with age and duration of disease [7,8]. 

Libido, defined as sexual motivation or desire, 

represents a complex neuroendocrine process regulated 

by the interaction of hormonal balance, neural signaling, 

vascular function, and central nervous system activity. 

In men with T2DM, reduced libido is frequently 

associated with impaired testicular function, disruption 

of the hypothalamic–pituitary–gonadal (HPG) axis, and 

decreased testosterone synthesis [9].  

 Experimental studies using diabetic rodent models 

consistently demonstrate reductions in sexual 

motivation, reflected by decreased frequencies of sexual 

behaviors such as anogenital investigation, mounting or 

climbing, and intromission or coitus [10]. These 

behaviors are commonly assessed using validated 

parameters of male sexual activity and are considered 

sensitive indicators of libido and reproductive 

competence [11,12]. Behavioral impairment in diabetic 

animals is thought to result from the combined effects 

of metabolic dysregulation, vascular insufficiency, 

neuropathy, and endocrine disturbances that collectively 

impair both central and peripheral mechanisms of sexual 

motivation [13]. 

 Metformin remains the first-line pharmacological 

therapy for T2DM and has demonstrated efficacy in 

improving insulin sensitivity and metabolic control. 

Beyond its antidiabetic action, metformin has been 

reported to exert beneficial effects on male reproductive 

health in experimental studies, including improvement 

of spermatogenesis, testicular morphology, and 

gonadotropin signaling [14]. The beneficial effects of 

metformin on male reproductive parameters appear to 

be largely mediated by activation of AMP-activated 

protein kinase (AMPK) and modulation of 

mitochondrial metabolism, which enhance metabolic 

control and steroidogenic signaling. However, long-

term pharmacological therapy may be limited by 

adverse effects such as gastrointestinal intolerance and 

nutrient malabsorption, and may not fully restore 

reproductive and sexual function, prompting interest in 

complementary or alternative bioactive compounds 

[15]. 

 Chlorogenic acid (CGA) is a naturally occurring 

polyphenolic compound abundantly found in coffee and 

various medicinal plants. Increasing evidence suggests 

that CGA exerts broad biological activities related to 

metabolic regulation, cellular signaling, and tissue 

protection [16]. In experimental diabetic models, CGA 

administration has been shown to improve metabolic 

disturbances and preserve reproductive tissue integrity, 

with reported benefits on testicular function and 

hormone synthesis [17]. Compared with metformin, 

CGA exhibits multi-target metabolic actions, including 

improvement of glucose tolerance, insulin sensitivity, 

modulation of AMPK signaling, and anti-inflammatory 

effects, while also demonstrating potential ameliorative 

impacts on diabetes-associated reproductive 

dysfunction in male animal models. These properties 

make CGA a promising adjunctive or alternative 

strategy for managing reproductive complications of 

T2DM [18]. 

 Despite growing evidence supporting the 

metabolic and reproductive benefits of CGA, important 

research gaps remain. Most existing studies focus 

primarily on biochemical or histological outcomes, 

while comprehensive evaluation of libido-related 

behavioral parameters in diabetic conditions is limited. 

Moreover, direct comparison between CGA and 

established antidiabetic therapy, such as metformin, in 

the context of male sexual motivation is scarce. In 

addition, dose-response effects and longer treatment 

durations using validated behavioral indicators have not 

been adequately explored. Therefore, further 

investigation is warranted to evaluate the effectiveness 

of CGA in improving male libido in a T2DM rat model 

and to clarify its potential role relative to conventional 

therapy. 
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Materials and methods 

 Drug and chemicals 

 CGA with a purity of ≥95% was obtained from 

Sigma-Aldrich (St. Louis, MO, USA; product number 

C3878; batch WXBF3738V), streptozotocin (STZ) 

(Sigma-Aldrich, USA), nicotinamide (NA) (Solarbio 

N8070, China), administered estradiol benzoate (EB) 

(Sigma-Aldrich, St. Louis, MO, USA) and progesterone 

(Sigma-Aldrich, St. Louis, MO, USA). 

 

 Experimental Animal  

 This experimental study employed male Wistar 

rats weighing 150 - 200 g that were confirmed to be in 

good health. All animals were housed in standard 

conditions of temperature 23 ± 2 °C, relative humidity 

of 55 ± 5% and a controlled environment with a 12 h 

light/dark cycle. They were fed a standard pellet diet 

with water available ad libitum. Before the experimental 

procedures, the rats were acclimated to the laboratory 

environment for 7 days. The experimental workflow 

followed a defined timeline. Rats were acclimated for 7 

days before receiving a high-fat diet for 14 days. Type 2 

diabetes was induced with streptozotocin–nicotinamide, 

and hyperglycemia was confirmed. Metformin or 

chlorogenic acid was administered daily for 31 

consecutive days. Sexual behavior assessments were 

conducted on days 29 - 31, and biochemical analyses 

were performed on day 32. A schematic overview of the 

experimental workflow is presented in the graphical 

abstract. The experimental protocol was approved by the 

Health Research Ethics Committee of Universitas 

Diponegoro (No. 031/EC/KEPK/KF-UNDIP/II/2024).  

 

 Animal groups 

 A total of 30 rats were used in this study, randomly 

divided into six groups with five rats each. Group I (K0) 

included healthy control rats, Group II (KN) consisted 

of T2DM rats without any treatment, Group III (KP) 

involved T2DM rats treated with 500 mg/kg body 

weight (BW) of metformin, Group IV (P1) comprised 

T2DM rats given chlorogenic acid (CGA) at 6.25 mg/kg 

BW, Group V (P2) included T2DM rats receiving 12.5 

mg/kg BW of CGA, and Group VI (P3) consisted of 

T2DM rats treated with 25 mg/kg BW of CGA. CGA 

solutions were freshly prepared by dissolving the 

compound in phosphate-buffered saline (PBS, pH 7.4) 

before each use. The CGA was administered 

intraperitoneally once daily for 31 consecutive days. 

The intraperitoneal route was chosen to ensure accurate 

dosing and consistent systemic absorption, reducing 

variability from gastrointestinal absorption and first-

pass hepatic metabolism. This method is commonly 

employed in experimental studies assessing the 

biological effects of polyphenolic compounds like CGA 

in models of metabolic and male reproductive health 

disorders [19].   

 Baseline measurement of sex hormone levels and 

sexual behavior was not performed prior to the 

intervention to prevent alterations in behavior due to 

stress, habituation, or experience-dependent changes 

that can influence libido and endocrine responses in 

male rats. Repeated testing for sexual behavior can alter 

motivation and copulatory responses. Therefore, a post-

test-only design using different treatment groups, a 

standard approach in research on male sexual behavior 

and reproductive endocrine responses system [12].  

 To induce type 2 diabetes, rats were fed a high-fat 

diet (HFD) for two weeks, at a rate of 20 g per rat each 

day. The HFD consisted of Comfeed Par S (60%; Japfa 

Comfeed Indonesia), wheat flour (27.8%), cholesterol 

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

dietary period, the rats fasted overnight for 12 h before 

receiving a single intraperitoneal injection of STZ at 45 

mg/kg BW, dissolved in 0.1 M citrate buffer (pH 4.5), 

along with NA at 110 mg/kg BW. Seven days post-

STZ–NA injection, blood glucose levels (BGLs) were 

measured using a glucometer (EasyTouch®, GCU 

Model: ET-301, Bioptik Technology, Taiwan) to verify 

stable diabetic conditions. Rats with fasting blood 

glucose levels exceeding 200 mg/dL were classified as 

diabetic and included in the study.  

 

 Analysis of HbA1c, MDA, SOD, and 

testosterone levels 

 Blood samples were collected via the retro-orbital 

sinus into non-EDTA tubes. They were kept at room 

temperature for about 30 min to allow clotting, then 

centrifuged at 3000 rpm for 15 min to obtain serum. On 

day 32, levels of HbA1c, malondialdehyde (MDA), 

superoxide dismutase (SOD), and testosterone were 

measured using commercial ELISA kits (FineTest®, 

Wuhan National Bio-Industry Base, China). The kits 

used included HbA1c (ER1030), MDA (ER1878), SOD 

(ER1950), and Testosterone (EU0400). All procedures 
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followed the manufacturer’s instructions. After the 

assays, absorbance was read with a Medical Pro Reader-

96 microplate reader (Germany), and biomarker levels 

were calculated from the standard curves. 

 

 Test for libido 

 Before testing sexual behavior, the estrous cycles 

of female rats were monitored to confirm their 

reproductive status and synchronize their estrus phase 

readiness. Estrus synchronization was performed to 

obtain sexually receptive females and to minimize 

variability related to spontaneous estrous cycling. 

Female rats were administered estradiol benzoate at a 

dose of 20 µg/kg body weight, 48 h before behavioral 

testing. This EB priming protocol has been widely used 

to induce estrus and enhance sexual receptivity in 

female rodents without causing excessive estrogenic 

stimulation [20,21]. To further optimize receptivity and 

facilitate copulatory behavior, progesterone was 

administered at a dose of 0.5 mg/kg body weight, 4 h 

before the behavioral observation. The combined use of 

estradiol benzoate followed by progesterone is a well-

established method for synchronizing estrus and 

ensuring lordosis behavior in female rats during sexual 

behavior testing [22]. Estrus receptivity was confirmed 

before pairing based on behavioral acceptance of the 

male. 

 Libido was assessed by pairing each male rat with 

an estrus-synchronized female rat. The experimental 

duration was set at 31 days, based on previous evidence 

indicating that a significant decline in circulating 

testosterone levels occurs approximately 14 days after 

diabetes induction in male rat models, which may 

adversely affect sexual motivation and performance 

[23]. Libido observations were conducted on days 29 to 

31 at 18:00 (6:00 PM), corresponding to the animals’ 

active (dark) phase, under dim light conditions to 

minimize stress-related behavioral interference. During 

each observation session, a female rat was first placed 

into the observation cage and allowed to acclimatize for 

10 min. Subsequently, the male rat was introduced, and 

sexual behavior was recorded continuously for a 30-

minute period. Sexual behaviors were directly observed 

and quantified using standardized behavioral parameters 

commonly employed in rodent sexual behavior studies 

[24,25]. Libido-related behavior was evaluated using the 

following parameters: Introduction as an anogenital 

investigation, defined as the male rat approaching and 

investigating the female’s anogenital region, including 

sniffing and licking, which reflects sexual motivation 

and appetitive behavior. Climbing or mount frequency 

is defined as the number of times the male rat mounts 

the female without penile insertion, representing 

consummatory sexual behavior and sexual performance. 

Coitus frequency defined intromission as successful 

penile insertion during mounting, characterized by 

rhythmic pelvic thrusting and a stereotypical copulatory 

posture, serving as a key indicator of effective 

copulatory behavior [26-28].  

 Libido was recorded for 30 min per session over 

three consecutive days to improve the reliability and 

reproducibility of behavioral measurements. Each 

occurrence of anogenital investigation and mount 

behavior was assigned a score of one, allowing 

quantitative comparison of libido-related activity among 

experimental groups. This behavioral assessment 

framework is widely recognized as a sensitive and valid 

method for evaluating male sexual motivation and 

copulatory performance in experimental models of 

metabolic and endocrine disorders.  

 The selection of day 32 as the study endpoint was 

based on previous evidence indicating that testosterone 

reduction and oxidative stress become apparent as early 

as 14 days after STZ–NA induction, while behavioral 

and endocrine disturbances reach a more stable state 

after approximately 3 - 4 weeks. Although a complete 

spermatogenic cycle in rats requires approximately 48 - 

52 days [27], the present timeframe was sufficient to 

evaluate functional hormonal alterations and libido-

related behavioral outcomes, which were the primary 

objectives of this study. 

 

 Statistical analysis 

 Data are expressed as mean ± standard deviation 

(SD). All statistical analyses were conducted using 

SPSS software version 31 (IBM Corp., USA). 

Comparisons among experimental groups were 

performed using one-way analysis of variance 

(ANOVA) when the data were normally distributed and 

homogeneous, followed by Tukey’s honestly significant 

difference (HSD) post hoc test to identify pairwise 

differences. A p-value of less than 0.05 was considered 

statistically significant. Associations between variables 

were evaluated using Pearson’s correlation analysis, and 
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linear regression was applied to further assess the 

strength and direction of these relationships. Graphical 

representations were generated using GraphPad Prism 

version 10.6.1. 

 

Results and discussion 

 HbA1c, SOD, MDA, and testosterone levels in 

diabetic rats given CGA 

 In six groups of rats induced with DM and treated 

with either CGA or metformin, there were significant 

differences in HbA1c levels among the groups (p = 

0.000). The K0 group had the lowest average HbA1c 

level at 19.50 ± 1.90 ng/mL, while the KN group showed 

the highest HbA1c level at 60.02 ± 1.30 ng/mL. The KP 

group experienced a decrease in HbA1c to 36.50 ± 1.10 

ng/mL compared to the KN group. The P1 treatment 

group had an HbA1c level of 41.00 ± 0.90 ng/mL. A 

more noticeable decrease in HbA1c was observed in 

groups P2 and P3, with values of 30.60 ± 2.03 ng/mL 

and 24.00 ± 0.80 ng/mL, respectively. Overall, HbA1c 

levels decreased with increasing doses of chlorogenic 

acid (Figure 1).

 

 

Figure 1 Box-plot distribution of HbA1c levels (ng/mL) across experimental groups (K0 = normal control; KN = T2DM 

rats; KP = metformin treatment; P1–P3 = CGA treatment doses). a, b, c, d, e, f denote statistical differences between indicated 

groups, p < 0.05).  

 

 Low HbA1c levels characterize good glycemic 

control and play a crucial role in preventing long-term 

complications. HbA1c reflects the average blood 

glucose over 2 - 3 months and serves as a key indicator 

in diabetes management. The reduction in HbA1c levels 

after administration of CGA in this study indicates dose-

dependent improvement in glycemic control [29]. This 

decrease suggests reduced glucotoxicity, which 

contributes to the activation of inflammatory pathways 

and oxidative stress. CGA has been reported to increase 

insulin sensitivity and glucose tolerance by enhancing 

peripheral glucose utilization.  

 Activation of AMPK by CGA suppresses hepatic 

glucose production, increases fatty acid oxidation, and 

supports glucose uptake by muscle tissues. In skeletal 

muscle, AMPK activation increases the expression of 

gamma coactivator 1-alpha (PGC-1α) and peroxisome 

proliferator-activated receptor alpha (PPARα), thereby 

supporting energy metabolism [30]. CGA also enhances 

Akt phosphorylation and facilitates Glucose transporter 

type 4 (GLUT4) translocation to the cell membrane, 

accelerating glucose utilization. These metabolic 

improvements reduce chronic glucose exposure to 

proteins, thereby inhibiting the formation of damaging 

advanced glycation end-products (AGEs) [31]. Thus, 

the HbA1c improvements observed in this study reflect 

an integrated enhancement of insulin response, 

reprogramming of energy metabolism, and reduction of 

metabolic stress related to hyperglycemia. Zalewska et 

al. [32] Further demonstrated improved glucose 

handling and insulin-related pathways mediated by 

CGA. 
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Figure 2 Averages of MDA and SOD levels in diabetic rats given CGA. a,b,c,d,e,f Superscript in the row signify statistically 

meaningful differences (p < 0.05).  

 

 

 The average MDA levels (Figure 2) showed that 

Group K0 had the lowest MDA level at 154.60 ± 9.23 

ng/mL, followed by Group P3 at 183.70 ± 5.98 ng/mL, 

Group P2 at 211.62 ± 7.70 ng/mL, Group KP at 230.60 

± 9.97 ng/mL, Group P1 at 277.82 ± 12.00 ng/mL, and 

Group KN showed the highest increase in MDA levels 

at 330.62 ± 5.80 ng/mL. The decreasing trend of MDA 

appears to be in line with increasing doses of 

chlorogenic acid, indicating a significant difference 

between groups based on the ANOVA test (p < 0.05). 

These results suggest a clear difference in lipid 

peroxidation levels among the groups The increase in 

SOD levels and testosterone is shown in Table 1. The 

treatment groups gradually increased in tandem with the 

rising doses of chlorogenic acid. The SOD activity, 

which was initially very low in the KN group (4.86 ± 

0.65 ng/mL), increased in the KP group (7.10 ± 0.27 

ng/mL), then continued to P1 (6.26 ± 0.32 ng/mL), P2 

(9.30 ± 0.47 ng/mL), and reached a high value in P3 

(10.12 ± 0.33 ng/mL), approaching the normal control 

group K0 (11.40 ± 0.41 ng/mL).  

 High levels of MDA in the diabetic group reflect 

increased lipid peroxidation due to excess reactive 

oxygen species (ROS). The testes are susceptible to 

peroxidation because of their high content of 

polyunsaturated fatty acids in cell membranes. The 

decrease in MDA after administering CGA indicates a 

reduction in oxidative damage associated with 

hyperglycemia. Hyperglycemia increases ROS through 

disrupted mitochondrial electron transport and 

activation of advanced glycation end-products (AGE) 

receptor for AGE (RAGE) [33]. Reactive aldehyde 

products like MDA can bind to proteins and DNA, 

altering their structure and function. The greater 

reduction in MDA at higher doses of CGA suggests a 

stronger antioxidant activity. This improvement is 

related to decreased lipid peroxidation, which can 

disrupt membrane homeostasis and cell function. By 

suppressing MDA formation, CGA helps maintain 

membrane integrity and stabilize cellular signaling 

systems. The reduction in MDA aligns with the recovery 

of mitochondrial function, supporting energy utilization 

and cell survival. Through controlling lipid 

peroxidation, CGA contributes to preserving the 

structure and function of tissues vulnerable to chronic 

oxidative stress. Maske et al. [34] also reported 

increased lipid peroxidation in the testes of STZ-NA 

induced diabetic rats. The strongest decrease in MDA at 

higher CGA doses confirms its potent antioxidant 

activity.  

 The decrease in SOD in diabetic conditions 

reflects weakened endogenous antioxidant defenses due 

to increased ROS. Reduced SOD activity increases 

cellular exposure to superoxide and accelerates the 

formation of peroxynitrite. The recovery of SOD after 

CGA administration indicates an enhanced capacity to 

neutralize reactive oxygen species. Activation of the 

Nrf2 pathway by CGA has been reported to increase the 
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expression of antioxidant enzymes, including SOD. The 

increase in SOD helps maintain redox balance by 

reducing the flow of radicals that trigger lipid 

peroxidation. Improved antioxidant capacity supports 

mitochondrial membrane stability and maintains 

membrane potential. SOD recovery inhibits oxidative 

damage that can disrupt metabolic enzymes and 

structural proteins [35]. Nguyen et al. [30] further 

highlight the role of CGA in strengthening the 

antioxidant system in diabetes. The parallel increase in 

SOD and decrease in MDA observed here support 

coordinated redox protection. The balance between the 

decrease in MDA and the increase in SOD reflects the 

recovery of redox homeostasis. Oxidative imbalance is 

a primary mediator of diabetic testicular damage. Aitken 

et al. [36] identified oxidative stress as a main driver of 

reproductive dysfunction in diabetes. By restoring redox 

balance, CGA limits cellular injury and maintains tissue 

function. Dose-dependent redox improvement aligns 

with hormonal recovery, supporting causality. Redox 

homeostasis thus represents a mechanistic bridge 

between metabolic control and endocrine recovery [37]. 

 A similar pattern of increase was observed in 

testosterone levels (Figure 3), where the KN group 

showed the lowest level (812.59 ± 54.90 pg/mL), then 

increased in the KP group (1202.96 ± 55.67 pg/mL), and 

gradually rose in P1 (996.31 ± 13.32 pg/mL), P2 

(1560.39 ± 21.45 pg/mL), reaching a value close to the 

normal control in P3 (1644.35 ± 34.71 pg/mL) 

compared to K0 (1765.23 ± 24.95 pg/mL). ANOVA 

tests showed that the increases in SOD and testosterone 

among groups were significant (p < 0.05), and the Tukey 

test results confirmed that these differences were 

consistent at each dose level.

 

 

Figure 3 Average testosterone levels in diabetic rats treated with CGA. a,b,c,d,e,f superscripts in the row indicate statistically 

significant differences (p < 0.05) among groups K0, KN, KP, P1, P2, and P3. 

 

 

 The decrease in testosterone in diabetes control 

reflects Leydig cell steroidogenesis disorder. 

Hyperglycemia and oxidative stress disrupt 

mitochondrial function and steroidogenic enzymes. 

Further oxidative damage promotes Leydig cell 

apoptosis [38]. Sari et al. [39] reported a strong 

relationship between oxidative stress and androgen 

deficiency in men with diabetes. CGA significantly 

restores testosterone levels, especially at higher doses. 

This recovery indicates an increased steroidogenic 

capacity. Testosterone functions as a functional marker 

of testicular recovery. Steroidogenesis is highly 

sensitive to oxidative stress, making redox balance 

crucial for testosterone synthesis [40]. Reduction of 

ROS maintains the integrity of Leydig cell mitochondria 

and enzymatic activity.  

 Both CGA and metformin improve glycemic and 

oxidative parameters; however, CGA produces a 
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stronger recovery of testosterone at higher doses. 

Metformin primarily targets liver glucose production 

and insulin sensitivity. Yan et al. [41] reported 

comparable hypoglycemic effects between CGA and 

metformin. However, reproductive outcomes with 

metformin vary depending on the metabolic context. 

Tseng et al. [42] emphasized that the endocrine effects 

of metformin depend on the model. As a polyphenolic 

antioxidant, CGA may offer additional tissue-specific 

protection in the testes. Therefore, CGA could provide 

a complementary advantage in maintaining reproductive 

endocrine function. 

 

 Libido assessment in T2DM rats given CGA 

 In Figure 4. Parameter introduction shows the 

variation in response among treatment groups. The 

highest mean value was found in group K0 (222.80 ± 

7.19), followed by P3 (212.40 ± 6.58) and P2 (188.00 ± 

7.13). Meanwhile, the KN group showed the lowest 

value (70.0 ± 3.61), which is much lower than the other 

groups, indicating a decrease in introduction activity 

under disease conditions. The KP group (140.0 ± 7.62) 

and P1 (94.2 ± 2.28) showed increased values compared 

to KN, but still below K0. The Tukey post-hoc test 

revealed that all pairwise group differences were 

significant, except for K0 compared to P3, which 

showed no significant difference. These findings 

indicate that gradually increasing the intervention dose 

results in an increased introduction response. In the 

highest dose group (P3), the response reaches a level 

comparable to the healthy group K0. 

 In climbing observations, group K0 showed the 

highest activity with an average of 55.00 ± 1.58. 

Conversely, the KN group exhibited a sharp decline to 

5.00 ± 0.71, indicating a significant disturbance in 

sexual behavior due to the disease condition. The group 

receiving treatment showed a graded response: KP and 

P1 remained far below the healthy group, but further 

improvement was observed in P2, and the closest 

recovery to the normal group was achieved in P3 (39.80 

± 1.48). Overall, the Tukey test results confirm that the 

differences between groups are statistically significant 

(p < 0.05).  

 For the coitus parameter, the observed pattern 

differs from climbing. Although the K0 group still 

shows the highest value (12.80 ± 1.48), the variation 

between groups is wider, and the recovery trend is not 

as strong as that of other parameters. KN is at the lowest 

point (0.80 ± 0.84), while the treatment groups (KP, P1, 

P2, and P3) show an inconsistent range of increases, 

with P3 reaching the highest value among the treatment 

groups (10.60 ± 1.14). However, further analysis 

indicates that only the comparison between K0 and KN 

is statistically significant (p < 0.05). All other pairs do 

not show meaningful differences, indicating that coitus 

recovery remains partial and has not yet reached a level 

that can be statistically distinguished among the 

treatment groups. 

 The libido-based graphical analysis demonstrates 

consistent intergroup separation for introduction and 

climbing frequencies, with clear statistical 

discrimination among groups. The pattern indicates 

reduced values in diabetic controls and progressive 

increases across treated groups. Mean ± SD values were 

well distributed with minimal overlap in most 

comparisons. Significant differences were primarily 

observed in the introduction and climbing parameters. 

Coitus frequency showed greater variability and limited 

statistical separation. Consequently, only statistically 

robust parameters are emphasized in the interpretation 

of this figure.
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Figure 4 Intergroup comparison of introduction frequency, climbing (mount) frequency, and coitus (intromission) 

frequency among experimental groups. Data are presented as box-and-whisker plots with mean ± SD (n = 5 per group). 

Statistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test. Different superscript letters 

indicate significant differences between groups (p < 0.05) (a,b,c,d,e,f= K0, KN, KP, P1, P2, P3) while “ns” denotes non-

significant comparisons. 

 

 

 A significant decrease in introduction frequency in 

diabetic animals reflects disruptions in the central neural 

substrates of sexual motivation. The medial preoptic 

area (mPOA) and its dopaminergic inputs are essential 

for initiating male sexual behavior, as central dopamine 

release in the mPOA increases during precopulatory 

encounters and facilitates early motivational sequences 

such as approach and mounting. Chronic metabolic 

disturbances such as diabetes impair dopaminergic 

signaling and diminish sexual motivation, resulting in 

reduced frequencies of early behavioral components that 

are more sensitive to neuro-metabolic changes than later 

consummatory actions [12]. The increased introduction 

after the administration of CGA indicates a partial 

recovery in the central neuro-metabolic pathway. CGA 

is known to be able to cross the blood–brain barrier and 

reduce neuronal oxidative stress through activation of 

Nuclear factor erythroid 2-related factor 2 (Nrf2) - 

antioxidant response element (ARE) signaling and 

suppression of mitochondrial ROS [43, 44]. A study by 

Hada et al. [45] reported that CGA increases the 

expression of Nrf2 and heme oxygenase-1 (HO-1) in 

brain tissue, thereby protecting hypothalamic neurons 

from oxidative damage. Additionally, CGA has been 

reported to enhance neuronal AMPK phosphorylation, 

which plays a crucial role in energy sensing and 

motivation-based behaviors. The recovery of this 

pathway allows the central nervous system to reinitiate 

basic social behaviors such as introduction. The stronger 

effects observed at moderate–high doses suggest that the 

repair of this molecular pathway requires a certain 

antioxidant threshold. Therefore, the introduction 

becomes the primary parameter indicating a response to 

the improvement of internal conditions. 

 Climbing or mounting is a more complex behavior 

compared to introduction because it requires sustained 

motor activation, neuromuscular integrity, and 

endocrine support. Diabetes reduces climbing ability 

through a combination of neuromuscular junction 

(NMJ) dysfunction, decreased mitochondrial capacity in 

skeletal muscles, and peripheral glucose metabolism 

disturbances [46]. Shelbayeh et al. [47] research shows 

that diabetes decreases the expression of PGC-1α and 

mitochondrial respiratory complexes in muscles, 

thereby reducing endurance and motor performance. 

Additionally, peripheral oxidative stress also damages 

neuromuscular transmission by lowering acetylcholine 

availability and nicotinic receptor sensitivity [48]. This 

combination of impairments explains why climbing is 

more affected than the introduction. In other words, 

climbing represents a ‘second layer’ of function that 

depends on the readiness of both central and peripheral 

systems. 

 The increase in climbing in the CGA group 

indicates that this compound not only works in the 

central system but also restores peripheral function. 
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CGA has been reported to activate AMPK–PGC-1α 

signaling in muscle tissue, which plays a crucial role in 

mitochondrial biogenesis and energy efficiency [49]. A 

study by Gu et al. [50] Showed that CGA increases the 

expression of PGC-1α and nuclear respiratory factor 1 

(NRF-1) in the skeletal muscles of diabetic rats, thereby 

improving oxidative capacity and muscle endurance. 

This improvement allows the rats to maintain motor 

activity for a longer period, reflected in increased 

climbing frequency. However, because neuromuscular 

recovery requires time and the tissue’s adaptive 

capacity, the effects of CGA on climbing appear more 

slowly and are more dose-dependent compared to the 

introduction. This explains why climbing does not 

recover as quickly as the introduction. Therefore, 

climbing becomes a more ‘biologically costly’ indicator 

of peripheral function recovery. 

 The frequency of coitus is consistently lower and 

more variable compared to introduction and climbing 

because this behavior represents the most complex 

endpoint in the reproductive response hierarchy. Coitus 

requires precise synchronization between central 

dopaminergic signals, peripheral androgen levels, spinal 

reflex integrity, and sensorimotor coordination [51]. 

Unlike introduction and climbing, coitus is highly 

dependent on testosterone levels that surpass a certain 

physiological threshold. Hull & Dominguez’s [22] The 

study emphasizes that even if dopamine and motor 

activity have recovered, coitus does not occur if 

androgen stimulation is not optimal. Additionally, coitus 

is very sensitive to experimental stress and individual 

variations, so its response is often delayed. Therefore, 

the low occurrence of coitus in this study is not a failure 

of intervention but a reflection of more complex 

biological needs. This parameter is indeed known to be 

the most difficult to restore. 

 Although CGA improves the metabolic and 

oxidative environment, recovery of coitus requires 

longer hormonal and neural reprogramming. 

Testosterone, although increased in the CGA group, 

may not have yet reached or maintained the optimal 

threshold throughout the behavioral observation period. 

That recovery of copulatory behavior lags behind 

improvements in metabolic and motor parameters 

because it requires stabilization of the HPG axis [52]. 

Additionally, CGA primarily works through antioxidant 

and metabolic pathways, rather than as a direct androgen 

agonist. This causes its effects on coitus to be indirect 

and gradual. Therefore, coitus is biologically at the ‘end’ 

of the function recovery cascade. This explanation 

aligns with the literature on experimental reproductive 

behavior. 

 Metformin and CGA show differences in 

behavioral recovery patterns due to their distinct 

primary molecular targets. Metformin primarily works 

through the activation of hepatic AMPK and the 

reduction of gluconeogenesis, with indirect effects on 

the nervous system and muscles. In contrast, CGA has 

multi-target effects: antioxidant, neuroprotective, and 

mitochondrial [53]. Gao et al. [54] Indicates that 

metformin improves metabolic parameters without 

significantly increasing the expression of 

neuromuscular or neurobehavioral genes. This explains 

why improvements in introduction and climbing are 

more limited with metformin. CGA, through the 

simultaneous modulation of Nrf2, AMPK, and PGC-1α, 

provides broader systemic benefits. Therefore, the 

behavioral differences between CGA and metformin are 

mechanistic in nature, not coincidental. 

 In the context of behavioral hierarchy, metformin 

tends to improve initial parameters that depend on 

glycemic status, while CGA reaches a higher level of 

function through redox and mitochondrial stabilization. 

Zhang et al. [55] shows that polyphenol-based 

interventions result in broader behavioral recovery 

compared to conventional antidiabetic therapy. These 

findings are consistent with this study’s results, where 

moderate to high doses of CGA demonstrate clearer 

recovery in introduction and climbing behaviors. 

However, both CGA and metformin show limitations in 

short-term coitus recovery. This emphasizes that 

copulatory behavior is an endpoint that requires more 

time and hormonal adaptation. Therefore, the difference 

between CGA and metformin lies in the depth of the 

affected biological pathways, not just metabolic 

effectiveness. 

 The sexual behavior response shows different 

recovery levels among libido components [56]. 

Climbing activity increases consistently with treatment 

dose, which may reflect improvements in hormonal 

function and mid-stage sexual motivation [26,57]. In 

contrast, coitus exhibits a slower and more variable 

recovery, so differences between groups are not always 

significant. This mechanism aligns with the nature of 
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intromission, which requires integrated coordination of 

motor skills, hormonal stimulation, and the readiness of 

the female partner, making the recovery effects more 

complex and gradual.

 

 

Figure 5 Total libido activity in each treatment group. Data are presented as mean ± standard deviation (SD) for 

independent experimental groups (n = 5 per group). Statistical analysis was performed using one-way ANOVA followed 

by Tukey’s test. Different superscript letters (a-f) indicate significant differences between groups (p < 0.05).  

 

 Figure 5 shows clear response patterns in libido 

activity across the groups. The highest value was 

observed in K0 (290.60 ± 9.84), indicating optimal 

sexual activity under healthy physiological conditions. 

KN showed a marked decrease (75.80 ± 3.27), reflecting 

impaired sexual behavior due to the disease condition. 

The treatment group exhibited gradual changes. KP 

showed an increase in sexual behavior activity to 175.60 

± 8.76, while P1 experienced a slight relative decrease 

compared to KP (108.00 ± 2.35). However, an increase 

was again observed in P2 (223.20 ± 3.27), and P3 

reached a value close to the healthy group (258.80 ± 

0.84). The 95% confidence interval range indicates non-

overlapping estimates between the healthy and sick 

groups, with the graded treatment groups falling in 

between. According to the superscript notation on the 

graph, all groups differed significantly from each other 

(p < 0.05), indicating that each treatment produced a 

level of sexual behavior activity that can be statistically 

distinguished. 

 The response pattern indicates that sexual 

behavior activity is highly sensitive to physiological 

status and recovery triggered by interventions. The 

sharp decline in KN reflects libido disturbances closely 

related to dysfunctional metabolic conditions. The 

recovery observed in KP and continuing through P3 

suggests that the intervention can progressively improve 

sexual behavior. However, the increase is not always 

linear, as evidenced by a temporary decrease at P1 

before rising again at P2 and P3. The value at P3, which 

nearly matches K0, indicates that the highest dose of 

treatment has the potential to restore sexual activity 

close to normal conditions, consistent with previous 

findings on libido parameters, especially introduction 

and climbing. Overall, this combined variable confirms 

that sexual behavior activity can serve as a 

comprehensive indicator of libido recovery, as it is 

sensitive to changes in both pathophysiological 

conditions and the effects of tiered interventions. 

 Samples were divided into three categories—low, 

medium, and high libido—each representing 33.3% 

based on percentile values. In the DM rat group and the 

group receiving 6.25 mg/kg chlorogenic acid, all rats fell 

into the low libido category, suggesting that diabetes 

reduces libido and that this low dose of chlorogenic acid 

is insufficient to significantly boost libido. Rats treated 

with metformin (KP) and those given 12.5 mg/kgBB 

chlorogenic acid were in the medium libido group, 
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showing improved libido compared to the DM group, 

yet not reaching the levels seen in healthy rats (K0). This 

phase indicates a transitional stage where better 

glycemic control and enhanced antioxidant activity 

begin to influence testosterone levels but are not yet 

optimal. The most notable effects appeared in rats 

receiving 25 mg/kgBB chlorogenic acid, which fell into 

the high libido category, approaching the values of 

healthy rats (K0). This demonstrates a progressive 

increase in libido with higher doses of chlorogenic acid.  

 The decrease in overall sexual behavior activity in 

diabetic rats reflects that diabetes mellitus has a broad 

impact on reproductive behavior expression, not just on 

specific physiological aspects [58]. Sexual behavior in 

rats results from the integration of metabolic conditions, 

hormonal balance, central nervous system function, and 

overall physical condition. In diabetic conditions, 

chronic metabolic disturbances and prolonged 

hyperglycemia are known to reduce motivation and 

behavioral sexual responses [59]. This aligns with the 

report by Furman et al. [60] which shows that diabetic 

rats experience a significant decrease in overall sexual 

activity due to systemic disturbances affecting behavior 

regulation. This decline is not merely caused by a single 

factor but is the result of various internal disruptions. 

Therefore, total sexual behavior becomes a relevant 

indicator for assessing the impact of diabetes on 

reproductive function comprehensively. This parameter 

reflects the final functional condition experienced by the 

experimental animals. 

 The increase in total sexual behavior activity after 

the administration of CGA indicates an improvement in 

internal conditions that support the expression of such 

behavior. Several studies have reported that CGA has 

antioxidant and metabolic activities that can improve the 

overall condition of diabetic animals, allowing sexual 

behavior to gradually recover [61]. A study by Al-

Megrin et al. [62] Reported that administering CGA to 

diabetic rats improved reproductive behavior that had 

declined due to oxidative stress and metabolic 

disturbances. The polyphenol content in CGA is known 

to play a role in reducing oxidative stress and restoring 

internal balance, which indirectly supports the recovery 

of sexual behavior. The more pronounced 

improvements at medium and high doses suggest that 

the effects of CGA are dose-dependent. Therefore, the 

increase in total sexual behavior in the CGA group 

reflects a recovery of a more conducive biological 

environment for the expression of normal behavior. 

These results are consistent with previous findings in 

experimental diabetes models. 

 Although metformin can improve sexual behavior 

activity compared to the diabetes group, the level of 

recovery achieved is relatively lower than that of high-

dose CGA. Metformin is known to be effective in 

controlling blood glucose levels, but its effects on sexual 

behavior are often indirect. Several studies indicate that 

improvements in sexual behavior after metformin 

administration are related to overall metabolic 

improvements, rather than specific effects on behavior 

regulation. Tseng et al. [42] Reported that metformin 

could improve some parameters of sexual behavior in 

diabetic rats, but full recovery is often not achieved 

within a short observation period. This suggests that 

glycemic control alone may not be sufficient to restore 

sexual behavior optimally. Therefore, the differences in 

response between CGA and metformin can be explained 

by differences in the nature of the compounds and their 

scope of biological effects. CGA tends to provide 

broader support for internal conditions that influence 

behavior. 

 In general, the improvement in total sexual 

behavior activity after administration of CGA and 

metformin is related to the ability of these compounds 

to repair internal conditions that are disrupted due to 

diabetes. CGA, which is rich in phenolic compounds, 

plays a role in reducing oxidative stress and improving 

overall physiological conditions, thereby supporting the 

recovery of sexual behavior. Meanwhile, metformin 

primarily works through improving glucose 

metabolism, which gradually also impacts behavior. A 

study by Rahman et al. [63] Showed that interventions 

capable of simultaneously improving metabolic and 

oxidative conditions yield better results in the sexual 

behavior of diabetic rats. Therefore, the changes in 

sexual behavior observed in this study can be 

understood as a result of improved systemic conditions, 

rather than direct stimulation of behavior. This approach 

positions sexual behavior as a reflection of the overall 

health status of the animal. 
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 Association of HbA1c, MDA, SOD, 

testosterone, and libido in male diabetic rats given 

CGA 

 Table 1 shows strong and highly significant 

correlations between metabolic parameters, oxidative 

stress, hormonal status, and sexual behavior in male rats. 

HbA1c levels exhibit a very strong negative correlation 

with SOD and testosterone, while showing a strong 

positive correlation with MDA. In relation to libido 

activity, HbA1c also demonstrates significant negative 

associations with the frequency of introduction, 

climbing, coitus, and overall sexual activity or libido (p 

< 0.01). These findings indicate that poor glycemic 

control is closely linked to increased oxidative stress, 

reduced testosterone levels, and impaired sexual 

behavior parameters. 

 Conversely, SOD activity and testosterone levels 

show strong positive correlations with sexual 

performance. 

SOD is positively associated with introduction, 

climbing, coitus, and libido (p < 0.01). Testosterone 

demonstrates the highest positive correlations among 

biological parameters, showing strong associations with 

introduction, climbing, coitus and libido (p < 0.01). 

Meanwhile, MDA displays a strong negative correlation 

with all sexual behavior variables, including libido (p < 

0.01), highlighting the detrimental role of oxidative 

stress on libido.

 

Table 1 Pearson correlation between HbA1c, MDA, SOD, Testosterone, and Libido in diabetic rats given CGA 

 SOD MDA Testosterone 

Introduction 

(Anogenital 

frequency) 

Climbing 

(Mount 

frequency) 

Coitus 

(Intromission 

frequency) 

Libido 

HbA1c 

Pearson 

Correlation 
−0.948* 0.970* −0.958* −0.962* −0.963* −0.946* −0.974* 

Sig. (2-tailed) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

N 30 30 30 30 30 30 30 

SOD 

Pearson 

Correlation 
 −0.932* 0.970* 0.969* 0.947* 0.906* 0.972* 

Sig. (2-tailed)  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

N  30 30 30 30 30 30 

MDA 

Pearson 

Correlation 
  −0.942* −0.940* −0.925* −0.906* −0.947* 

Sig. (2-tailed)   <0.001 <0.001 <0.001 <0.001 <0.001 

N   30 30 30 30 30 

Testosterone 

Pearson 

Correlation 
   0.986* 0.944* 0.916* 0.984* 

Sig. (2-tailed)    <0.001 <0.001 <0.001 <0.001 

N    30 30 30 30 

Introduction 

Pearson 

Correlation 
    0.947* 0.941* 0.994* 

Sig. (2-tailed)     <0.001 <0.001 <0.001 

N     30 30 30 

Climbing 

Pearson 

Correlation 
     0.947* 0.975* 

Sig. (2-tailed)      <0.001 <0.001 

N      30 30 

Coitus 

Pearson 

Correlation 
      0.957* 

Sig. (2-tailed)       <0.001 

N       30 

* Correlation is significant at the 0.01 level (2-tailed). 
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 A very strong negative correlation between 

HbA1c and testosterone, SOD, and all libido 

components confirms that chronic hyperglycemia is a 

primary factor in the decline of reproductive function 

and sexual motivation, likely through oxidative stress 

mechanisms and endocrine disturbances. Conversely, 

high SOD is closely correlated with increased 

testosterone and libido parameters, indicating that redox 

balance plays an important role in maintaining male 

sexual function [64]. The strong correlation between 

testosterone and the total sexual behavior score 

reinforces the concept that testosterone is the main 

mediator of libido expression, especially during 

motivational behavior phases such as introduction and 

climbing, before transitioning to consummatory 

behaviors like coitus [65]. Strong correlations between 

the early motivational components of sexual behavior, 

particularly introduction and climbing, with overall 

libido suggest that the initial investigatory phases are the 

most sensitive indicators of metabolic hormonal 

disturbances. In contrast, consummatory phases such as 

coitus show slightly more variability. 

 Diabetes mellitus in male rats in this study shows 

effects that are not solely isolated but spread across 

various interconnected biological systems. The 

persistent hyperglycemia creates an unstable internal 

environment and gradually affects physiological 

functions. These changes are not immediately visible in 

behavior but develop over time following earlier 

metabolic and hormonal disturbances [59]. Sexual 

behavior is a complex output that reflects the overall 

internal condition of the animal. Therefore, the decrease 

in sexual activity observed in the diabetic group can be 

understood as a reflection of prior biological 

disturbances. This approach helps view behavior not as 

an isolated variable but as part of a systemic response. 

Animal models allow these relationships to be observed 

more clearly. With this framework, all variables 

analyzed can be positioned within a continuous 

biological process. 

 Chronic hyperglycemia, reflected by increased 

HbA1c, becomes the starting point for various 

subsequent changes. Long-term glucose exposure 

causes metabolic stress that impacts sensitive cells and 

tissues. Improving glycemic control through 

interventions is an important initial step in the recovery 

process [66]. Chlorogenic acid and metformin show the 

ability to lower the glycemic burden, although through 

different mechanisms. A reduction in HbA1c indicates 

decreased chronic glucose exposure, which has been a 

source of metabolic stress. This condition provides 

space for biological systems to begin readjusting. These 

glycemic changes do not immediately alter behavior but 

lay a more stable foundation [67]. This stage becomes a 

prerequisite for improvements at the next level. This 

relationship explains why glycemic control is closely 

related to other observed parameters. 

 An imbalance between the oxidant and antioxidant 

status is an almost inseparable consequence of 

prolonged hyperglycemia. Free radical production 

increases while the endogenous antioxidant system’s 

capacity decreases [68]. The reduction in SOD activity 

reflects a weakening of cellular protective mechanisms. 

This condition promotes oxidative stress that damages 

cellular structure and function. The increase in SOD 

activity after intervention indicates an improvement in 

cellular defense capacity. CGA is known as a phenolic 

compound that supports the antioxidant system through 

various pathways. Metformin also contributes indirectly 

by improving metabolic conditions [69]. These changes 

in oxidant status are important in maintaining the 

integrity of tissues involved in reproductive and nervous 

functions. The impact is not limited to a single organ. 

Therefore, the oxidant status becomes an important link 

between metabolism and behavioral function. 

 The activation of a low-grade inflammatory 

response often follows prolonged oxidative stress. This 

chronic inflammation worsens tissue damage and 

hampers the healing process. In diabetes conditions, 

oxidative stress and inflammation reinforce each other. 

A more controlled inflammatory internal environment 

follows a reduction in oxidative stress after intervention. 

CGA has anti-inflammatory properties that support this 

process. Metformin is also known to suppress 

inflammation by improving insulin sensitivity [70,71]. 

An environment with lower levels of inflammation 

allows tissues to function more efficiently. This is 

relevant for tissues involved in regulating sexual 

behavior. The improvement in inflammation does not 

work in isolation but is integrated with metabolic and 

oxidative improvements. This relationship demonstrates 

a close connection between biological systems. 
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 Metabolic disturbances in diabetes also impact 

mitochondrial function. Mitochondria play a central role 

in energy supply and oxidative stress regulation [72]. A 

decrease in mitochondrial efficiency limits the 

availability of energy for tissues with high demands, 

such as the brain and muscles. This condition affects 

physical activity and nerve response. Improvement in 

mitochondrial function after intervention supports an 

overall increase in physiological capacity. CGA is 

reported to play a role in enhancing mitochondrial 

biogenesis and efficiency [73]. Metformin also 

influences energy metabolism, although its effects are 

more dominant in certain tissues. Better energy 

availability supports activities that require coordination 

and stamina. These changes occur gradually following 

tissue adaptation. This stage strengthens the relationship 

between energy metabolism and behavioral function. 

 Hormonal regulation, particularly testosterone, 

plays an important role in male sexual behavior. 

Diabetes is often associated with decreased testosterone 

levels due to impaired Leydig cell function [74]. 

Oxidative stress and inflammation contribute to 

inhibiting the steroidogenesis process. An increase in 

testosterone levels after intervention reflects improved 

endocrine function. CGA shows the ability to support 

hormonal recovery through improving the internal 

environment. Metformin also contributes through 

metabolic improvements that affect the hormonal axis 

[75]. Testosterone plays a role not only in peripheral 

tissues but also in the regulation of the central nervous 

system. This relationship explains the connection 

between hormonal changes and behavior. However, 

hormonal changes require time before they are reflected 

in behavioral responses. This stage serves as a link 

between biochemical improvements and functional 

outward responses. 

 Hyperglycemia and chronic oxidative stress have 

the potential to cause DNA damage. High oxidative 

stress increases the risk of changes in genome structure 

and stability. DNA damage in testicular and nerve 

tissues can have long-term effects on cell function. 

Interventions that reduce oxidative stress play a role in 

decreasing these genotoxic pressures. CGA has 

protective potential against DNA through free radical 

scavenging activity. Metformin also shows indirect 

protective effects by improving metabolic conditions 

[76,77]. DNA stability is important for maintaining 

tissue function in the long term. Its impact on behavior 

is not direct but contributes gradually. This pathway 

indicates that behavioral changes involve deep 

molecular levels. The process takes time before 

resulting in significant functional changes. 

 Libido and sexual behavior emerge as a result of 

the integration of the entire system that has been 

discussed. Disorders in one component can affect the 

overall expression of behavior. Improvements after 

intervention are cumulative and mutually supportive 

[59]. Biochemical and hormonal changes often appear 

earlier than behavioral changes. This explains why 

recovery of sexual behavior does not always align with 

a specific parameter. CGA shows broader effects 

because it works on several pathways simultaneously. 

Metformin provides more limited improvements in 

behavioral aspects. These differences are reflected in the 

overall pattern of recovery of sexual activity. An 

integrative approach helps to understand the variation in 

responses among groups. 

 Sexual behavior has a different time dynamic 

compared to biochemical parameters. Recovery of 

behavior requires a longer adaptation period. Testing 

over a short time frame may only capture the initial 

phase of changes. Individual variability is also greater in 

behavioral parameters. This condition makes the 

interpretation of results require caution. Several studies 

indicate that the effects of interventions on libido 

become more apparent in long-term observations [78]. 

A broader testing time frame allows for the stabilization 

of biological systems. This aspect is important for 

designing further research. A longitudinal approach will 

provide a more comprehensive picture. Time dynamics 

are a crucial factor in understanding changes in sexual 

behavior. 

 This study has several limitations that should be 

noted. The duration of the intervention and behavioral 

observations were relatively short, so they do not fully 

represent long-term hormonal conditions and sexual 

behavior, especially during more complex copulation 

stages. Additionally, the sample size in each group was 

still limited, as is common in experimental research on 

animals to balance statistical analysis power with ethical 

considerations. Libido improvement, particularly 

copulatory behavior, is known to require more time 

because it involves hormone stabilization and nervous 

system adaptation. Therefore, future research with 
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longer intervention periods, gradual behavioral 

observations, and larger sample sizes is necessary to 

better understand the long-term effects of chlorogenic 

acid on male reproductive and sexual functions. 

 

Conclusions 

 This study shows that diabetes mellitus in male 

rats diminishes sexual activity due to various 

interconnected biological disturbances, including poor 

glycemic control, oxidative–antioxidant imbalance, 

increased oxidative stress, and reduced testosterone 

levels. improves glycemic control, restores redox status, 

and reduces oxidative stress, which aligns with 

increased testosterone and libido levels, with the 

restorative effects of chlorogenic acid being broader 

compared to metformin. These results confirm that 

sexual behavior, especially libido, is influenced by the 

complex interaction of multiple biological systems 

rather than a single factor. Nonetheless, the study has 

limitations such as a short intervention period, indirect 

measures of inflammation and DNA damage, and 

individual variations in sexual responses. Consequently, 

future research should include longer observation 

periods and larger sample sizes to conduct more 

comprehensive libido assessments and molecular 

analyses like gene and protein expression related to 

oxidative stress, inflammation, and hormonal regulation 

to better understand the mechanisms behind sexual 

behavior changes in diabetic conditions. 
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