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ABSTRACT  

A decline in male fertility is increasingly becoming a major concern in this millennium. 

However, the associated effects of diabetes, alcohol abuse, and cART use and their interaction 

which are clinically important in male reproductive health have not received proper attention. 

Each of these conditions (diabetes, alcohol abuse, and cART use) has been shown to negatively 

impact the male reproductive system. Moreover, diabetes, alcohol abuse, and cART are 

intricately connected and thus can and occur simultaneously in an individual, a scenario that 

might provoke severe reproductive dysfunctions. Therefore, this study investigated the impact 

of diabetes, alcohol abuse, cART use, and their combinations on testicular histomorphometry, 

reproductive hormone profile, oxidative and inflammatory markers, germ cell proliferation and 

apoptosis, and androgen receptor expression. 

A total of forty-eight HIV naive rats (48) were divided into two main groups, non-diabetic and 

diabetic groups, which were further subdivided into four subgroups consisting of six rats each. 

The non-diabetic groups (1-4); Group 1; Control, Group 2: Alcohol treated (A), Group 3: 

combination antiretroviral therapy treated (cART), and Group 4: alcohol plus cART treated 

(A+cART). The diabetic groups (5-8); Group 5: diabetic only (DM), Group 6: diabetic treated 

with alcohol (DM+A), Group 7: diabetic treated with cART (DM+cART), and Group 8: 

diabetic treated with both alcohol and cART (DM+A+cART). The rats were fed normal rat 

chow and terminated after 90 days of treatment. Blood was drawn through a cardiac puncture 

into plain vacutainers, thereafter, animals were perfused with 0.1M phosphate buffer, and the 

testes harvested, weighed, and then fixed in 10% neutral buffered formalin for histology and 

immunohistochemistry analysis.  

During the experimental period, hyperglycemia, low glucose tolerance, and polydipsia were 

observed in the diabetic groups (5-8) only. Though, a general decrease in testis weight, volume, 

and size was found in all treated groups compared to the control group, a significant (p˂0.05) 

decrease was detected in the DM+A group only. With exception of the DM+A+cART group, 

the epithelial area fraction, epithelial height, and tubule area and diameter reduced significantly 

in all treated groups. The luminal area fraction and luminal diameter which significantly 

reduced in cART, DM, and DM+cART groups, were increased in A+cART. Further, 

connective tissue and interstitial area fractions increased significantly in all treated groups. The 

spermatogonia increased significantly in A, cART, DM, and DM+A+cART groups relative to 

control group, but reduced significantly in DM+A. However, spermatocytes, round spermatids, 

and elongated spermatids decreased significantly in all treated groups, with exception of 

spermatocytes of the alcohol group. All treated groups showed a decrease in the number of 
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Sertoli cells relative to the control but a significant decrease was only found in the DM+A 

group, but all treated groups had significantly decreased Leydig cell diameter and volume. 

Johnsen’s testicular score was significantly reduced in A, A+cART, DM, and DM+A treated 

groups. Additionally, varying severity of seminiferous tubules (ST) lesions such as shrinkage 

of ST, lifting of epithelium, widened intercellular space, karyolysis, epithelial sloughing, ST 

atrophy, multinucleated giant cells, and germinal epithelium derangement were observed in the 

treated animal groups. Further, the thickness ST basement membrane increased significantly 

in cART, DM, and DM+cART groups but testis capsule thickness increased significantly in 

A+cART, DM+A, and DM+A+cART groups. The testicular interstitial connective tissue fibers 

viz. collagen, reticulin, and elastin reduced significantly in all treated groups, except for the 

reticulin which was non-significantly decreased in the alcohol (A) group.  Furthermore, 

luteinizing hormone was significantly elevated in A and A+cART groups but significantly 

reduced in the DM+A+cART group. However, follicle-stimulating hormone increased 

significantly in all treated groups, with exception of DM+cART group. Testosterone levels 

were significantly reduced in DM, DM+A, and DM+A+cART groups, but no significant 

difference (p>0.05) was found in the inhibin B level in all treated groups compared to the 

control. In addition, the intensity and number of Sertoli and Leydig cells expressing androgen 

receptor were significantly reduced in all treated groups, except for the number of Sertoli cells 

expressing androgen receptor in the alcohol group. Expression of inflammatory markers (IL-

1β, TNF-α, and IL-6) was upregulated in all treated groups, with exception of IL-1β of the 

A+cART group and TNF-α of cART and A+cART groups. The markers for oxidative stress 

(iNOS, MDA, and 8-OHDG) and apoptosis (caspase 3) were upregulated in all treated groups, 

with exception of MDA in the alcohol group. Though, the number of germ cells expressing 

proliferation marker Ki-67 was significantly reduced in all treated groups, the staining intensity 

was significantly increased compared to the control group.  

The results show that diabetes, alcohol abuse, cART, and their combinations have deleterious 

effects on the testicular histoarchitecture and function, which are suggested to result from the 

upregulation of oxidants and cytokines and androgen receptor depletion. The results further 

suggest that the interaction arising from a co-presence of cART and alcohol in diabetic 

condition could mildly diminish their independent effects due to their common cytochrome 

P450 metabolic pathway. This study yielded invaluable data on the contribution of cART-

alcohol-diabetes interaction on the male reproductive functioning/dysfunction and hopefully 

will help clinicians in managing reproductive challenges in patients of this category. 
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THESIS CHAPTER OUTLINE 

This thesis is organised into eight chapters as follows:  

Chapter one, a general introduction section that details the study background, rationale, aim, 

and objectives.  

Chapter two, presents the overall literature review that concisely detail information on male 

reproductive system, infertility, and common associated pathological mechanism and diabetes, 

alcohol, and combination antiretroviral therapy (cART), their interaction, and associated male 

reproductive dysfunctions.  

Chapter three, a general methodology section describing the materials, experimental design, 

and laboratory techniques used in the study.  

Chapters 4-7, consists of the results section presented in form of manuscripts that focused on 

parameters evaluated to delineate the impact of the treatment interactions on male reproductive 

system. These chapters are listed below as follows: 

Chapter four, published article in Anatomy & Cell Biology journal (see appendix): Elna 

Owembabazi, Pilani Nkomozepi, Tanya Calvey, Ejikeme Felix Mbajiorgu. Co-administration 

of Alcohol and Combination Antiretroviral Therapy (cART) in Male Sprague Dawley Rats: A 

Study on Testicular Morphology, Oxidative, and Cytokines Perturbations. Anat Cell Biol. 2023 

(doi: 10.5115/acb.22.229).  

Chapter five, a manuscript under final review process in Andrologia journal titled: Androgen 

Receptor (AR) Depletion Underlies the Reproductive Dysfunctions in Male Rats Exposed to 

Alcohol and Combination Antiretroviral Therapy (cART).  

Chapter six, a manuscript under review in Applied Sciences journal titled: Impact of 

Concurrent Exposure of Diabetic male Sprague Dawley rats to Alcohol and Combination 

Antiretroviral Therapy (cART) on reproductive capacity: Evaluation of Testicular 

Histomorphology, Hormonal Profile, and Androgen Receptor Expression.  

Chapter seven, a manuscript under review in Toxicological Research journal titled: Potential 

Role of Inducible nitric oxide Synthase (iNOS) Activity in Testicular Dysfunction Following 

Co-administration of Alcohol and Combination Antiretroviral Therapy (cART) in Diabetic 

Rats: An Immunohistochemistry Study.  

Chapter eight, a general thesis discussion, conclusion and recommendations based on key 

findings from this study.
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CHAPTER 1:  INTRODUCTION 

1.1 Background  

Decline in male fertility and the high prevalence of non-communicable diseases (NCDs) are 

increasingly becoming a global health concern (Agarwal et al., 2021; Mattli et al., 2019). 

Increased prevalence of NCDs such as diabetes, hypertension, cardiovascular diseases, and 

cancer has been associated with the rise in male infertility incidence (Khawcharoenporn and 

Sha, 2016; Mann, Shiff, et al., 2020). Additionally, modern life is mainly characterized by 

limited physical activity and consumption of high-calorie processed foods (Jamison and 

Mosley, 1991), which have been implicated in the development of NCDs, and consequently 

worsening the global disease burden (Ding et al., 2016). Other lifestyle choices like alcohol 

abuse, cigarette smoking, and illicit drug use have also significantly contributed to the increase 

in NCDs (Kelly et al., 2014; Nojilana et al., 2016). In South Africa, the predominance of high 

carbohydrate staple food (Steyn et al., 2012), obesity (Pheiffer et al., 2018), and excessive 

alcohol consumption (Coetzee et al., 2019) have contributed to the rise in diabetes incidence. 

The prevalence of diabetes in South Africa is the second highest in Africa, following an over 

two-fold increase since 2017 from 5.4% to the current 11.3% (IDF, 2021). 

 

Diabetes is a group of chronic metabolic disorders characterized by persistent hyperglycemia 

linked to insulin resistance and/or insufficient secretion (Blair, 2016). It is linked to 

complications in carbohydrate, fat, and protein metabolism and has suddenly emerged as a 

significant public health concern (American Diabetes Association, 2014). Moreover, diabetes 

is associated with impairments in numerous body systems viz. vascular diseases, retinopathy, 

nephropathy, dementia, and grave reproductive dysfunctions in both men and women (Singh 

et al., 2014; Asmat et al., 2016). Recently, diabetes prevalence is increasing not only among 

the adult but also in children and young adults of reproductive age (Condorelli et al., 2018; 

Forouhi and Wareham, 2019),  which necessitates greater attention in research to further 

delineate and possibly mitigate the associated organ pathology and negative health outcomes.   

 

Associated with the increasing incidence of diabetes is the increased prevalence of alcohol 

consumption in young adults of reproductive age (Newton et al., 2013; Kann et al., 2014),  

which predisposes the affected individuals to a disease-drug interaction (i.e. diabetes-alcohol 

interaction). Alcohol is incidentally, the most socially accepted recreational substance 

worldwide (Trangenstein et al., 2018). However, excessive alcohol consumption is reckoned 
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as a leading cause of male sexual dysfunction and subfertility (Condorelli et al., 2015;  

Kolesnikova et al., 2015; Nishi et al., 2018).  The contribution of alcohol to male reproductive 

dysfunction is further complicated by the risky behaviours associated with alcohol influence 

(Scott-Sheldon et al., 2016), such as high indulgence in unprotected sex and multiple sexual 

partners implicated in increase of human immunodeficiency virus (HIV) infection spread  

(Kumar et al., 2015) and consequent enrolment into the combination antiretroviral therapy 

(cART) program. This leads to HIV-alcohol-diabetes comorbidity condition which is a 

prevalent health scenario in the society. Apart from South Africa being one of the countries 

with a high incidence of diabetes (Pheiffer et al., 2018) and high HIV prevalence with the 

biggest cART program globally  (Lippman et al., 2019), it is also facing a high prevalence of 

alcohol abuse. A recent national survey reported that 33.1 % of the South African population 

consumes alcohol regularly (Vellios et al., 2018), moreover, South Africa’s alcohol per capita 

(APC) consumption average (11.5 liters) is almost double the global average (6.4 liters).  

 

Furthermore, previous studies have documented that alcohol consumption causes early onset 

and deterioration of diabetes (Pourentezari et al., 2016; Long et al., 2018) and cART 

(Braithwaite and Bryant, 2010; Kumar et al., 2012) adverse effects.  Alcohol has been reported 

to deteriorate glucose regulation and insulin resistance in diabetic conditions (Kim and Kim, 

2012; Engler et al., 2013), and subsequently accentuating diabetes-induced organ 

complications (Pourentezari et al., 2016; Long et al., 2018) and as well hinders adherence to 

cART (Michel et al., 2010; Schneider et al., 2016; Shubber et al., 2016). Further, alcohol has 

been shown to dose-dependently aggravate HIV progression and reduced cART efficacy 

(Chander et al., 2006; Braithwaite et al., 2007; Mondal et al., 2019). 

 

Atripla®, a fixed dose cART drug approved by the Food and Drug Administration (FDA) as a 

first-line medication for human immunodeficiency virus/acquired immunodeficiency 

syndrome (HIV/AIDS) is commonly used in South Africa (Mocroft et al., 2014). It is a 

combination of nucleoside reverse transcriptase inhibitors (NRTIs) (tenofovir disoproxil 

fumarate and emtricitabine), and a non-nucleoside reverse transcriptase inhibitor (NNRTI) 

(efavirenz) (Jungmann et al., 2019). The advent of cART has improved the prognosis of HIV 

infection through a reduction in viral replication and has led to improved quality of life of 

people living with HIV/AIDS (PLWHA)  (UNAIDS, 2016; Oyeyipo et al., 2018). Additionally, 

cART is further used as a preventative measure both as pre-and post-exposure prophylaxis 

(PrPEP), taken by seronegative individuals with a high risk of HIV exposure (UNAIDS, 2016). 
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These include prostitutes (sex workers), medical professionals with accidental needle pricks 

and seronegative-seropositive spouses and/or partners who need to take cART on precautionary 

basis. Though, there has been improved life expectancy amongst PLWHAs, nevertheless, 

cART has been associated with multiple organ toxicities (Kanmaz and Lee, 2000) such as 

reproductive (Azu, 2012), cardiovascular (Diouf et al., 2012), metabolic (Srinivasa and 

Grinspoon, 2014),  and hepato-renal (Akang et al., 2020). A cohort study found an increase of 

more than four-fold in diabetes incidence in PLWHA on cART (Brown et al., 2005). Further, 

both HIV infection and cART regimen have been observed to induce diabetes (Kalra et al., 

2011; Lin et al., 2018). Equally, heavy alcohol consumption is associated with increased 

diabetes incidence (Kim and Kim, 2012; Wake, 2021). Previously, Howard et al. (2004) found 

that diabetes incidence increased by up to 43% in persons that consumed more than 3 drinks 

per day. Since, HIV-positive individuals on cART may be predisposed to development of 

diabetes and these individuals also consume alcohol regularly which also subject them to onset 

of diabetes, a scenario of cART-alcohol-diabetes interaction therefore exist in one individual. 

Amongst others, the reproductive health implications of this may be huge.    

 

Incidentally, diabetes, alcohol, and cART have each been individually reported to cause 

impairments in the male reproductive system, including; hypogonadism, sexual dysfunction, 

subfertility, and infertility (Mallidis et al., 2011; Dissanayake et al., 2019). Clinical and 

experimental diabetes is documented to cause a decrease in testis weight, tubular diameter, and 

epithelial height, hypothalamic-pituitary-gonadal (HPG) axis dysfunction, diminished sperm 

vitality, increased fragmented sperm DNA, ejaculatory disorders, and decreased sexual arousal 

(Gandhi and Dagur, 2016; Condorelli et al., 2018; Long et al., 2018; Ray and Pramanik, 2020). 

Clinical and experimental studies have demonstrated hypogonadism, testicular atrophy, 

decreased number of spermatogenic cells, reduced libido, erectile disorder, and poor sperm 

quality following alcohol consumption (Rachdaoui and Sarkar, 2013; Dosumu et al., 2014; 

Oremosu and Akang, 2015; Finelli et al., 2022). Experimental and clinical use of cART have 

been associated with derangement of testis structure, necrosis of germinal epithelium, increased 

interstitial infiltrate, reproductive hormone imbalance, reduction of ejaculate volume and 

sperm motility, diminished DNA integrity  (Kushnir and Lewis, 2011; Azu et al., 2014; 

Ogedengbe et al., 2016; Savasi et al., 2018).  
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Most testicular and spermatozoa dysfunctions are associated with high reactive oxygen species 

(ROS) (Agarwal et al., 2018; Dutta et al., 2021). Unfortunately, diabetes, alcohol, and cART 

are known to stimulate increased ROS accumulation (Das and Vasudevan, 2007; Blake and 

Trounce, 2014; Ikekpeazu et al., 2019). Subsequently, ROS evoke oxidative stress (OS) and 

inflammatory cytokine release (Nna et al., 2019; Dutta et al., 2021). Although the individual 

impacts of diabetes, alcohol, and cART on the male reproductive system have been studied 

separately, these morbidities presently occur in an individual simultaneously. Nonetheless, 

their combinatorial role in male reproductive dysfunctions and subfertility/infertility which is 

tremendously increasing globally is still not fully understood. Hence, the possible toxicities 

that could arise due to the concurrent presence of diabetes, alcohol, and cART in the body on 

testicular histo-morphology and the possible underlying mechanisms were evaluated. The 

impact of alcohol intake and cART use in diabetic condition on the testicular histoarchitecture, 

reproductive hormone levels, oxidative stress, proinflammatory cytokines, apoptosis, germ cell 

proliferation, and androgen receptor expression were assessed in the current study.  

1.2 Study rationale  

A high incidence of diabetes (Condorelli et al., 2018), alcohol abuse (World Health 

Organisation, 2011), and cART use (Khawcharoenporn and Sha, 2016) has been reported in 

males of reproductive age. Unfortunately, each of these conditions has been shown to adversely 

impact the male reproductive system (Azu, 2012; Condorelli et al., 2018; Finelli et al., 2022). 

Additionally, diabetes, alcohol abuse, and cART use are intricately connected and can occur in 

an individual simultaneously. For instance, alcohol is a recognized risk factor for diabetes 

(Rehm, 2011; Goecke and Baumeister, 2021), and is linked to an increase in transmission of 

HIV (Watson et al., 2014; Kumar et al., 2015; Schneider et al., 2016; Scott-Sheldon et al., 

2016), thus is indirectly linked to rising cART use (Watson et al., 2014). Equally, an increase 

in alcohol use in individuals living with HIV including those on cART has also been 

documented (McCance-Katz et al., 2013; Mondal et al., 2019). Incidentally, both HIV infection 

and cART have been implicated in diabetes induction (Avari and Devendra, 2017; Bam et al., 

2020). Consequently, a multimorbidity of diabetes, alcohol, and cART poses severe 

reproductive challenges amongst other adverse complications. However, there is no scientific 

literature available about the impact of a multimorbidity of these three conditions which are 

prevalent in males of reproductive age on male fertility. Therefore, this study investigated the 

impacts of concomitant use of alcohol and cART in a diabetic condition on the male 

reproductive system. The findings of this study serve as a basis for further experimental and 
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clinical research and highlights male reproductive dysfunctions that could emerge in diabetic 

people living with HIV/AIDS (PLWHA) and on cART, who consume alcohol regularly. 

 

1.3 Hypothesis of the study 

The interactive effects of alcohol and cART in diabetic condition will cause alterations in the 

testicular histoarchitecture and reproductive hormones which disrupts the spermatogenesis 

process, subsequently leading to male reproductive dysfunctions. 

 

1.4 Aim and objectives 

1.4.1 Aim 

To determine changes in testicular histomorphology, immunohistochemical, and hormonal 

perturbations associated with alcohol and combination antiretroviral drug therapy (cART) co-

administration in diabetic rats. 

1.3.2 Objectives 

To investigate the interactive effects of alcohol and cART in diabetes on the: 

• blood reproductive hormone profile (luteinizing hormone (LH), follicle-stimulating 

hormone (FSH), testosterone (TT), and inhibin B (INB)) using enzyme-linked 

immunosorbent assay (ELISA). 

• testis morphometry and histology using hematoxylin and eosin (H&E) staining 

technique.  

• seminiferous tubule basement membrane (STBM) and testis capsule thickness using 

periodic acid Schiff (PAS) and Masson’s trichrome stain respectively. 

• testicular connective tissue components (collagen, reticular, and elastic fibers) using 

Masson’s trichrome, Gordon and Sweet’s silver impregnation, and Gomori’s Aldehyde 

Fuchsin stains respectively.  

• testis oxidative stress biomarker viz. inducible nitric oxide synthase (iNOS), 

malondialdehyde (MDA), and 8-hydroxydeoxyguanosine (8-OHDG) using 

immunohistochemistry technique.  

• inflammatory cytokines viz. interleukin-1beta (IL-1β), interleukin-6 (IL-6), and tumor 

necrosis factor-alpha (TNF-α) using immunohistochemistry technique. 

• germ cell apoptosis (caspase-3) and proliferation (Ki-67) using immunohistochemistry 

technique. 

• testicular androgen receptor (AR) expression using immunohistochemistry technique. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Male reproductive system  

The primary function of the male reproductive system is the production of haploid male 

gametes (Ravindranath et al., 2003; Lara et al., 2018) and their delivery to the female 

reproductive tract via the penile urethral meatus during copulation (Basu, 2011; Singh, 2014). 

It consists of the male gonad, the testis and accessory sex glands and structures (seminal 

vesicles, prostate, and bulbourethral glands), genital tracts (efferent ductules, epididymis, vas 

deferens, ejaculatory duct, and urethra), scrotum, and a penis (Young et al., 1967, 2013). While 

the testis is responsible for spermatozoa formation, the genital ducts and accessory glands 

produce secretions that provide nutrients to spermatozoa, and together with the spermatozoa 

form the semen (Basu, 2011; Junqueira and Carneiro, 2005). In addition, testes also synthesize 

male androgens, mainly testosterone which is essential for the development and maintenance 

of male secondary sexual characteristics and general male physiology (Gilbert and Barresi, 

2017; Ravindranath et al., 2003; Victor et al., 2022). Additionally, functioning of male 

reproductive system is tightly regulated by endocrine hormones of the hypothalamic-pituitary-

gonadal (HPG) axis (Ramaswamy and Weinbauer, 2014; Clavijo and Hsiao, 2018).  

 

2.2 Embryology of the testis 

Embryonically, testes develop in the posterior lumbar region of abdominal cavity and then 

descend into the scrotum with layer of peritoneum (tunica vaginalis), nerves, lymphatics, and 

blood vessels (Junqueira and Carneiro, 2005; Young et al., 2013). In humans, testes descend 

prenatally through an inguinal ring, reaching the scrotum during the 33rd week of development 

(Sadler, 2012; Singh, 2014). On the contrary, the testis in rats descends postnatally, reaching 

the scrotal sac between 4-6 weeks of development (Harnaen et al., 2007), and when the rats are 

not breeding the testes move up through the open inguinal canal to the abdominal cavity 

(Hutson et al., 2013) which could be termed a period of breeding inactivity.  

 

2.3 Anatomy of the testis 

Testis, the male gonad, is a primary reproductive organ (Ravindranath et al., 2003; Basu, 2011), 

responsible for spermatogenesis and testosterone synthesis (Lara et al., 2018; Acharyya, 2021). 

Mammalian testis are paired and each testis is suspended by the spermatic cord into the scrotal 

sac compartment (Ravindranath et al., 2003; Titi-Lartey and Khan, 2022), which lies exterior 

to the abdominal cavity (Palleti, 2008; Singh, 2014; Victor et al., 2022). The testes are separated 
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from each other by a scrotal septum. The temperature in the scrotal sac is slightly lower than 

the body temperature, thus providing the vital condition for efficient spermatozoa production 

(Skandhan and Rajahariprasad, 2007; Hutson et al., 2013; Hamilton et al., 2016).  

 

2.3.1 Gross anatomy of testis 

Testes of mammals are ovoid-shaped organs that lie obliquely in the scrotum, with the upper 

pole tilted anterolaterally and the lower pole posteromedially (Palleti, 2008; Singh, 2014; 

Victor et al., 2022). Male species that engage polygynous mating patterns and are territorial 

have smaller testis compared to the monogamous males which possess bigger testes (Heske 

and Ostfeld, 1990). The testis is covered by three membranes; an outer investing layer of 

peritoneum, the tunica vaginalis; followed by tunica albuginea, a fibrous capsule that gives rise 

to septa that divides the testis into lobules; and an innermost tunica vasculosa, containing a 

capillary network and fine connective tissue that covers the septa of lobules (Junqueira and 

Carneiro, 2005; Young et al., 2013) (Fig. 2.1). Further, blood is supplied by testicular arteries, 

that arise from abdominal aorta just below the origin of renal arteries and descend 

retroperitoneally. The arteries pass through the inguinal canal and join the spermatic cord to 

reach the testis. The blood is drained by a venous plexus (pampiniform) that converge to form 

the testicular vein. The right testicular vein drains into the inferior vena cava, and the left vein 

joins the left renal vein. Testicular lymphatics ascend in the spermatic cord alongside the blood 

vessels and drain into para-aortic lymph nodes at the 1st lumbar level. The testis is innervated 

by sympathetic nerves originating from the T10 spinal segment that pass through the lesser 

splanchnic nerve and synapse at the celiac ganglia. Then the postganglionic fibers follow the 

testicular artery course to reach the testis. Equally, sensory fibers travel through the 

sympathetic pathway, passing the sensory information via the dorsal root ganglion of T10 

spinal nerve. In addition, sensory innervation to the tunica vaginalis of testis is via the genital 

branch of the genitofemoral nerve of the lumbar plexus (Junqueira and Carneiro, 2005; Young 

et al., 2013). 
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Figure 2.1: An illustration of the gross anatomy of testis and associated structures. 

Source: https://www.britannica.com/science/ductus-deferens 

 

2.3.2 Microanatomy of testis  

Testicular tissue consists of two major components, the tubular and intertubular which perform 

the spermatogenesis and steroidogenesis processes respectively (Ravindranath et al., 2003; 

Deshmukh et al., 2013). The tubular component is composed of seminiferous tubules, which 

are long tortuous loops that form straight tubules (tubuli recti) at both ends. Tubuli recti 

converge at the mediastinum to join the rete testis, which in turn deliver the spermatozoa and 

testicular fluid into epididymis via ductuli efferentes (Ravindranath et al., 2003; Deshmukh et 

al., 2013). Furthermore, the seminiferous tubule consists of a tunica propria, seminiferous 

epithelium, and a lumen (Gofur, Khan, Karim, and Islam, 1970;  Ravindranath et al., 2003; 

Lara et al., 2018). Tunica propria is made up of a discontinuous layer of large elongated 

peritubular cells, the myoid cells (Gofur et al., 1970; Chen et al., 2014), and the basement 

membrane where the seminiferous epithelium rests (Siu and Cheng, 2004; Losinno et al., 

2012).  

 

https://www.britannica.com/science/ductus-deferens
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The seminiferous epithelium contains spermatogenic and Sertoli cells, the spermatogenic cells 

are stacked up in concentric layers, with early spermatogenic cells (spermatogonia and early 

spermatocytes) situated close to the basement membrane and maturing spermatogenic cells 

(zygotene spermatocytes to spermatids) lie adjacent to the lumen (Ravindranath et al., 2003; 

Deshmukh et al., 2013) (Fig. 2.2). The Sertoli cells give support and nourish germ cells 

(Petersen and Söder, 2006; França et al., 2016), further, junctions formed by between adjacent 

Sertoli cells create a blood-testis barrier (BTB) which divides the seminiferous epithelium into 

a basal and adluminal compartment (Yan Cheng and Mruk, 2012). Conversely testicular 

intertubular component also referred to as the interstitium lies between the tubules (Hadley, 

2007; Deshmukh et al., 2013) and consists of connective tissue (collagen, reticulin, and elastin), 

arterioles, capillaries, venules, lymph vessels, and nerves (Young et al., 2013; Falade et al., 

2017). Leydig cells, fibroblasts, and macrophages are also embedded in the interstitium  

(Ravindranath et al., 2003; Seevagan et al., 2019).  

 

 

Figure 2.2: Rat testis cross section showing testicular parenchyma microanatomy, H&E stain. 

Source: http://histology-world.com/photoalbum//displayimage.php?pos=-1161 

 

2.4 Leydig cell and steroidogenesis 

2.4.1 Leydig cell structure and function 

Leydig cells are polyhedral somatic cells found in the testis interstitial that synthesize 

androgens via steroidogenesis (Hooker, 1970; Ge et al., 2006; Martin, 2016). Their nucleus is 

oval and centrally located, peripherally one to three nucleoli are present (Hooker, 1970; 

http://histology-world.com/photoalbum/displayimage.php?pos=-1161
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Aladamat and Tadi, 2022). The cytoplasm has abundant smooth endoplasmic reticulum (SER), 

lipid droplets, and mitochondria (Martin, 2016). These features are necessary for steroid 

synthesis function of Leydig cells (Aladamat and Tadi, 2022). The steroidogenesis process is 

regulated by the hypothalamic-pituitary-gonadal (HPG) axis, particularly the luteinizing 

hormone (LH) secreted by the pituitary gland (Ivell et al., 2014; Coss, 2018). Noteworthy, the 

Leydig cell steroidogenic capacity is suggested to be determined by the amount of cytoplasmic 

smooth endoplasmic reticulum and mitochondria rather than the number and size of the cell 

themselves (Clavijo & Hsiao, 2018; Wang et al., 2017; Zirkin & Papadopoulos, 2018).  

 

Male androgens (testosterone (TT), dihydrotestosterone (DHT), and androstenedione are 

essential for testis development, successful spermatogenesis, blood-testis barrier integrity, 

brain masculinization, development and maintenance of male secondary sexual characteristics 

and behaviours, and general wellbeing (O’Donnell et al., 2001; Smith and Walker, 2014; Victor 

et al., 2022). However, germ cells do not express androgen receptors (AR), thus the impact of 

androgen on the germ cell progression is transduced via the Sertoli cells that possess AR 

(Petersen and Söder, 2006; Smith and Walker, 2014; O’Hara and Smith, 2015). Accordingly, 

efficient Leydig cell function is very important for male fertility preservation (O’Hara and 

Smith, 2015; Zirkin and Papadopoulos, 2018; Heinrich and DeFalco, 2020). Notably, following 

initiation of gonadal differentiation by the fetal Sertoli cell anti-Mullerian hormone, androgen 

production by Leydig cells commences and continues for life (Petersen and Söder, 2006; Zirkin 

and Papadopoulos, 2018; Aladamat and Tadi, 2022). The appearance of androgen during 

embryonic development stimulates the formation of male urogenital organs (Sadler, 2012; 

Singh, 2014; Titi-Lartey and Khan, 2020).  

 

In mammalian species, fetal and adult Leydig cells exist, and their morphology and 

steroidogenic capacity vary at different stages (Griswold and Behringer, 2009; Martin, 2016).  

Fetal Leydig cells synthesize androstenedione, an intermediate compound of testosterone and 

insulin-like 3 (INSL3) that regulates the development and descent of testis from the abdomen 

to scrotal sac (Martin, 2016; Zirkin and Papadopoulos, 2018). The fetal Sertoli cells are 

necessary for completing androgen synthesis (Shima and Morohashi, 2017; O’Donnell et al., 

2022), they express 17b-hydroxysteroid dehydrogenase 3 (HSD17B3) for converting 

androstenedione into testosterone (Griswold and Behringer, 2009; Lara et al., 2018). In 

addition, fetal Sertoli cell enzyme 5α reductase converts some testosterone into 
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dihydrotestosterone (DHT) (Griswold and Behringer, 2009; Martin, 2016). Testosterone and 

DHT induce mesonephric Wolffian duct development into male internal (epididymis, vas 

deferens, seminal vesicles, and ejaculatory ducts) and external (prostate, penis, and scrotum) 

genitals respectively (Sadler, 2012; Singh, 2014; Titi-Lartey and Khan, 2020).  

 

Conversely, during puberty, adult Leydig cells develop from peritubular interstitial progenitor 

cells (Shima and Morohashi, 2017; Titi-Lartey and Khan, 2020). The adult Leydig cells express 

HSD17B3 which enables them to complete androgen production independent of Sertoli cells 

(Martin, 2016; Lara et al., 2018). Simultaneously, HSD17B3 is silenced in Sertoli cells and 

adult Leydig cells synthesize androgens exclusively (Griswold and Behringer, 2009; Lara et 

al., 2018). However, Leydig cell mitotic and apoptotic activities cease after puberty (SAEZ et 

al., 1989; Martin, 2016) and Leydig cell androgen production capacity declines with age 

(Harman et al., 2001; Wang et al., 2017). 

 

2.4.2 Steroidogenesis process 

Leydig cell steroidogenesis is a complex multistep process for biosynthesis of androgens 

(testosterone) from cholesterol (Miller and Auchus, 2011; Wang et al., 2017; Andric and 

Kostic, 2019) (Fig. 2.3). Fundamentally, the steroidogenesis process is regulated by the 

hypothalamic-pituitary axis hormones (Ivell et al., 2014; Coss, 2018; Andric and Kostic, 2019). 

Steroid biosynthesis is initiated by luteinizing hormone (LH) released by the pituitary gland in 

response to gonadotropin-releasing hormone (GnRH) from the hypothalamus binding to the 

LH receptor (LHR) on Leydig cell (Miller and Auchus, 2011; Ho et al., 2017; Wang et al., 

2017). In response to LH, Leydig cell synthesizes cyclic adenosine 3’,5’-monophosphate 

(cAMP) from adenosine triphosphate (ATP) (Haider, 2007; Zirkin and Papadopoulos, 2018; 

Andric and Kostic, 2019). Sequentially, cAMP stimulates the translocation of cholesterol from 

cytoplasm source to outer mitochondrial membrane (Miller and Auchus, 2011; Wang et al., 

2017).  

 

Then, steroidogenic acute regulatory protein (StAR) mediates cholesterol transfer (Haider, 

2007; Papadopoulos and Miller, 2012; Zirkin and Papadopoulos, 2018). The mitochondria 

inner membrane matrix has the enzyme P450 side-chain cleavage (P450scc) encoded by the 

Cytochrome P450 Family 11 Subfamily A1 (CYP11A1) gene that catalyzes the transformation 
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of cholesterol into pregnenolone (Papadopoulos and Miller, 2012; Zirkin and Papadopoulos, 

2018; Andric and Kostic, 2019). Eventually, pregnenolone is transported to the SER and is 

serially converted into testosterone by SER steroidogenic enzymes (Cytochrome P450 Family 

17 Subfamily A1 (CYP17A1), 3β-hydroxysteroid dehydrogenase (3β-HSD), and 17β-HSD) 

(Haider, 2007; Papadopoulos and Miller, 2012; Zirkin and Papadopoulos, 2018). Notably, 

defects in steroidogenic regulatory proteins interfere with androgen production, leading to 

diminished Leydig cell biosynthetic capacity (Miller and Auchus, 2011; Wang et al., 2017).   

 

Furthermore, macrophages coexist with Leydig cells in testicular interstitium (Hooker, 1970; 

Ravindranath et al., 2003; Martin, 2016) and the interaction between the two cell types is 

indirectly involved in increasing Leydig cell androgen production (Goluža et al., 2014; 

Heinrich and DeFalco, 2020). In vitro studies have demonstrated an increase in testosterone 

synthesis when macrophages were added to the Leydig cell culture (Yee and Hutson, 1985; 

Goluža et al., 2014; Martin, 2016; Heinrich and DeFalco, 2020). Furthermore, Sertoli cell 

secretions in response to follicle-stimulating hormone (FSH) stimulation influence Leydig cell 

steroidogenesis (Martin, 2016; Neves et al., 2017). The luteinizing hormone releasing 

hormone-like peptide and inhibin released by Sertoli cells have both stimulatory and inhibitory 

impacts on androgen production accordingly (Sharpe et al., 1981; Martin, 2016). 

 

Consequently, interference in the Leydig cell steroidogenesis process leads to primary 

hypogonadism, a condition characterized by reduced testosterone levels (Beattie et al., 2015; 

Zirkin & Papadopoulos, 2018). Hypogonadism is a major contributing factor to male infertility 

and is linked to the decline in male physic via muscle and bone mass wasting (Ho et al., 2017; 

Tywanek et al., 2021). Additionally, low testosterone is a risk factor for neurocognitive 

disorders (Pike et al., 2006; Yeap, 2014). Earlier studies showed that HPG axis dysfunctions 

that occur during menopause/andropause are associated with brain degenerative changes and 

aging  (Atwood et al., 2005; Meethal and Atwood, 2005; Blair et al., 2015). Recently, 

testosterone has been identified to play a part in the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) infection (COVID-19) clinical severity (Hussain et al., 2020; 

Dutta and Sengupta, 2021). The accumulating evidence showing involvement of testosterone 

in several vital physiological processes and clinical pathogenesis demonstrates the importance 

of well-regulated steroidogenesis in the maintenance of male fecundity and wellbeing (Martin, 

2016; Lotti et al., 2021).  
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Figure 2.3: Schematic illustration of Leydig cell testosterone biosynthesis from cholesterol. 

Source: Ho et al., 2017 

 

2.5 Sertoli cell and blood-testis-barrier (BTB) 

2.5.1 Sertoli cell structure and function 

Sertoli cells have one of the most complex cell structure in the body (Hess and França, 2004; 

França et al., 2016; Shah et al., 2021). They are irregular broad columnar cells that extend from 

the basement membrane to adluminal compartment of seminiferous epithelium (Hess and 

França, 2005; Hess and Vogl, 2015). Sertoli cells have an extensive cytoskeleton consisting of 

microfilaments, intermediate filaments, and microtubules (Nakai and Hess, 1994; Hess and 

França, 2004; Hess and Vogl, 2015) that support the cells' asymmetric dynamic shape (Mruk 

and Cheng, 2004; França et al., 2016).  Remarkably, fetal Sertoli cells express the SRY gene 

which is responsible for the formation of testis determining factor in the primitive gonad 

(Griswold, 1998; Petersen and Söder, 2006; Singh, 2014). Thus, appearance of fetal Sertoli 

cells marks and initiates the development of male gonads (testis) (Petersen and Söder, 2006; 

Sadler, 2012; Singh, 2014). The anti-Müllerian hormone secreted exclusively by fetal Sertoli 

cells causes degeneration of the paramesonephric ducts to inhibit formation of female genital 

ducts (Griswold, 1998; Petersen and Söder, 2006; Singh, 2014; Titi-Lartey and Khan, 2020). 

Sertoli cells proliferate extensively during prenatal and neonatal periods, followed by several 

years of dormancy (Petersen & Söder, 2006; Sharpe, McKinnell, Kivlin, & Fisher, 2003; 
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Tarulli, Stanton, Lerchl, & Meachem, 2006). After which, a peak proliferation occurs in 

response to a sudden male hormone increase at the onset of puberty and then the cells start 

differentiating into the mature Sertoli cell form (Sharpe et al., 2003; O’Donnell et al., 2022) 

and subsequently the proliferation ceases after puberty (Petersen and Söder, 2006; Tarulli et 

al., 2012; França et al., 2016).  

Each Sertoli cell nurses a clone of differentiating germ cells, the number of Sertoli cells 

determines the testis size and spermatozoa quantity (Petersen and Söder, 2006; Rebourcet et 

al., 2017; Oduwole et al., 2018). The several Sertoli cell functions include germ cell 

nourishment, germinal epithelium structural support, phagocytosis of spermatid residual bodies 

and apoptotic spermatogenic cells, secretion of seminiferous fluid, and creation of an immune 

privilege microenvironment (Griswold, 1995; Petersen and Söder, 2006; Kaur et al., 2014; Lara 

et al., 2018). Furthermore, Sertoli cells are essential in the maintenance of seminiferous 

epithelium structural integrity (Mruk and Cheng, 2004; Domke et al., 2014; Lara et al., 2018). 

They form the blood-testis-barrier (BTB) via their specialized Sertoli to Sertoli cell tight, 

adhering, and gap junctions (Mruk and Cheng, 2004; Yan Cheng and Mruk, 2012; Shah et al., 

2021).  

 

2.5.2 The structure and function of blood-testis-barrier (BTB) 

The BTB of seminiferous tubule is amongst the tightest mammalian blood tissue barriers 

(Cheng et al., 2011; Islam et al., 2017). It differs from other blood tissue barriers (blood-brain 

and blood-retina/ocular) that are formed by tight junctions between microvascular endothelial 

cells (Mruk and Cheng, 2015; Islam et al., 2017). In addition to the tight junction, BTB consists 

of desmosomes, adhering (basal ectoplasmic specializations), and gap junctions between 

Sertoli cells adjacent to the basement membrane of the seminiferous tubule (Domke et al., 

2014; Miller and Cherrington, 2018). The BTB divides seminiferous epithelium into two 

compartments (Yan Cheng and Mruk, 2012): a basal compartment that lies exterior to the BTB 

and an apical compartment that lies interior to the BTB (Wong and Cheng, 2005; Domke et al., 

2014; Islam et al., 2017) (Fig. 2.4). Conversely, spermatogonia renewal and proliferation and 

germ cell progression from type B spermatogonia to preleptotene spermatocyte take place in 

the basal compartment (Wong and Cheng, 2005; Yan Cheng and Mruk, 2012) after which the 

BTB under goes a dynamic period involving restructuring of its complex junctions to allow 

migration of preleptotene spermatocytes from the basal to the apical compartment (Cheng and 

Mruk, 2009; Su et al., 2011; Miller and Cherrington, 2018). Thus, the rest of the steps of 
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spermatogenesis cell progression i.e., from zygotene spermatocytes to mature spermatozoa 

occur in a specialized immune-privileged microenvironment after crossing the BTB (Su et al., 

2011; Mruk and Cheng, 2015). Studies have shown that adhesion protein complexes, actin 

regulatory proteins, cytokines (transforming growth factor-3, tumor necrosis factor-α, and 

interleukin-1), and androgens (testosterone) are regulators of BTB cyclic dynamics (Lui and 

Cheng, 2007; Wen et al., 2018).  

Furthermore, immunological barrier integrity must be maintained during the BTB restructuring 

period to prevent formation of antibodies against spermatogenesis germ cells (post the 

preleptotene spermatocyte stage) (Yan Cheng and Mruk, 2012; Chen et al., 2018), autoantigen 

that leads to autoimmune disease and consequently male infertility (Li et al., 2012; Islam et al., 

2017). The immunological barrier interruption as preleptotene spermatocytes transit the BTB 

is avoided by establishing a new BTB behind the degenerating old BTB integral membrane 

proteins (Yan Cheng and Mruk, 2012; Islam et al., 2017; Chen et al., 2018). Impairment of the 

BTB complex structure and function has been implicated in cadmium, bisphenol A induced 

testicular toxicity, and consequent dysfunctions (Cheng et al., 2011; Yan Cheng and Mruk, 

2012) 

Further, the complex BTB structure and its tight regulation hinder drug delivery to the germinal 

epithelium (Diamantopoulos and Kortsaris, 2010) and development of effective reversible 

male contraception options (Yan Cheng and Mruk, 2012). Notably, Sertoli cells mediate 

spermatogonial stem cells (SSCs) self-renewal, differentiation, and apoptosis (Hai et al., 2014). 

Therefore, Sertoli cells are potential targets for delivering treatment for impaired/disturbances 

of spermatogenesis and germ cell tumors (França et al., 2016; Korivi and Pagliaro, 2022). In 

addition, Sertoli cell biological characteristics provide innovative approaches for efficient male 

infertility gene therapy and potential male contraceptive targets  (Dufour et al., 2004; Hai et 

al., 2014). 
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Figure 2.4: Schematic drawing of blood-testicular barrier (BTB) structure 

Source: Yan Cheng & Mruk, 2012 

 

2.6 Spermatogenesis and the spermatogenic cycle and wave 

2.6.1 Spermatogenesis 

Spermatogenesis is a process in which diploid spermatogonia stem cells form haploid 

spermatozoa male gamete (Singh, 2014; Griswold, 2016). It occurs in testicular seminiferous 

tubules, commencing at puberty, and lasts a lifetime (Sadler, 2012; Gilbert and Barresi, 2017; 

Lara et al., 2018). The process of spermatogenesis involves both mitotic and meiotic cell 

divisions and can be divided into five phases: proliferative, differentiation, meiotic, 

spermiogenesis, and spermiation (Young et al., 1967, 2013) (Fig. 2.5).  

I. During the proliferative phase, a pool of cells emerges from the spermatogonia stem 

cell population to form type A spermatogonia which are relatively small cells located 

close to the basal lamina. Type A spermatogonia divide mitotically to produce a 

population of dark and light type A spermatogonia. The dark type A spermatogonia are 

reserved for the next cycle. The light type A spermatogonia cells undergo several 

mitotic divisions to form a cellular clone.  

II. In the differentiation phase, the light type A spermatogonia during their successive 

mitotic division differentiate into type B spermatogonia, progenitor cells committed to 

sperm formation. Type B spermatogonia are the biggest cells amongst the 



17 
 

spermatogenic lineage cells, they divide mitotically forming preleptotene primary 

spermatocytes.  

III. The Meiotic phase comprises two successive divisions, meiosis I and II. The primary 

spermatocytes enter meiosis I division, undergoing prolonged prophase followed by a 

rapid first meiosis completion. They form two haploid secondary spermatocytes. 

Secondary spermatocyte goes through meiosis II division quickly and forms two round 

spermatids each. The round spermatids have a dark-stained rounded nucleus and are 

smaller compared to the spermatocyte, and they lie adjacent to the seminiferous tubule 

lumen. 

IV. Spermiogenesis is the stage where the round spermatids undergo extensive 

morphological remodelling to form elongated spermatids, which are further 

transformed into highly specialized cells, the spermatozoa. It entails; the formation of 

a nuclear acrosomal cap, nucleus condensation, tail (flagellum) formation, and 

shedding off most of the cytoplasm. The resulting spermatozoa consist of a head, neck, 

and long flagellum.   

V. Spermiation is the final step in spermatogenesis during which spermatozoa are released 

into seminiferous lumen. Spermatozoa then propel in testicular fluid medium to the rete 

testis and continue in a peristaltic movement to the epididymis. 

During the mitotic division of type A spermatogonia, the daughter cells are separate, however, 

after forming the type B spermatogonium, the successive daughter cells remain connected via 

cytoplasmic bridges (Young et al., 1967; Sadler, 2012; Singh, 2014). After completion of 

spermatogenesis, the extra cytoplasm and cytoplasmic bridges are shed off as residual bodies, 

freeing up the spermatids (Young et al., 2013; Gilbert and Barresi, 2017). Additionally, 

spermatogenesis does not proceed simultaneously in the different portions of the seminiferous 

tubule, this asynchrony leads to the presence of germ cells at different stages of within the 

seminiferous tubule at any point, which is termed the cycle of seminiferous germinal 

epithelium (Griswold, 2016; Lara et al., 2018).  
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Figure 2.5: Illustration of spermatogenesis phases 

Source:https://www.majordifferences.com/2013/06/difference-between-spermatogenesis-

and.html  

 

2.6.2 Spermatogenic cycle and wave 

2.6.2.1 Spermatogenic cycle  

The time a germ cell takes to differentiate from spermatogonia into a mature/elongated 

spermatid is known as the spermatogenic cycle (Leblond & Clermont, 1952; Nakata, 

Sonomura, & Iseki, 2017). A cycle consists of different germ cell progression steps in the 

germinal epithelium vertical axis, with each step lasting for a specific duration (Meistrich and 

Hess, 2013; Lara et al., 2018). Since spermatogenesis is a continuous process, cells at different 

progression steps coexist at a specific time in the cycle and thus cellular associations are 

constant (M. D. Griswold, 2016; Leblond & Clermont, 1952). A seminiferous tubule cross-

section shows an epithelium consisting of Sertoli and different spermatogenic cells, the layers 

of spermatogenic cells are organized concentrically according to their progression level. The 

https://www.majordifferences.com/2013/06/difference-between-spermatogenesis-and.html
https://www.majordifferences.com/2013/06/difference-between-spermatogenesis-and.html
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spermatogonia and early spermatocytes consecutively lie adjacent to the basement membrane 

and successive layers of cells from leptotene spermatocytes to spermatids lie adjacent to the 

lumen (Lara et al., 2018). Distinctive stages of the germinal epithelium cycle have been 

categorized using several methods (Meistrich and Hess, 2013; Lara et al., 2018) such as 

spermatid acrosomal, tubular morphology, a combination of spermatid acrosomal and tubular 

morphology, and protein immunolocalization (Griswold, 2016; Nakata et al., 2017).  

 

Using the spermatid acrosomal method, (Leblond & Clermont, 1952) categorized the 

associations of spermatogenic cells into 14 stages in rats, 12 stages in mice, and 6 stages in 

humans (Lara et al., 2018).  In this classical method, periodic acid-Schiff’s reaction (PAS) was 

used to detect the changes in spermatid acrosomic system (Leblond & Clermont, 1952) (Hess 

and De Franca, 2008). Briefly, the general features that indicate germinal epithelium stages are 

as follows (Fig. 2.6). For stage I, young spermatids heads are far from the basement membrane, 

they have a smaller nucleus compared to the successive stages and a globular like cytoplasm. 

For stage II-V, an acrosomal system forms around the spermatid nucleus, and the spermatid 

heads congregate into distinct bundles that migrate in the direction of the Sertoli cell nucleus, 

which are located basally. For stage VI, acrosomal system is sufficiently grown and spreads 

covering the nucleus like a small cap, and the elongated spermatids bundles start moving 

towards the lumen. For stages VII-VIII, the elongated spermatid heads lie adjacent to the 

lumen and their tails form whirls in the center of the lumen. Additionally, two spermatid 

generations are present in stages I-VIII, the newly formed round spermatids, and the mature 

elongated spermatids. Further, one generation of spermatids that are transitioning from round 

to elongated is present in stages IX-XIV. For stage IX, the spermatid nuclei begin to flatten 

and elongate, and residual bodies are gradually resorbed into the Sertoli cell cytoplasm. For 

stage X-XIII, the spermatids have an elongated nucleus and a globular cytoplasm and start 

forming bundles between the older spermatocytes that are directed towards the Sertoli cell 

nucleus. For stage XIV, the spermatid nuclei begin to contract longitudinally, the spermatids 

are no longer clustered in bundles, and their globular cytoplasms are seen in the lumen 

(LEBLOND and CLERMONT, 1952). However, the stages of germinal epithelium can be 

divided into three groups viz. early: stages I-V, middle: stages VI-VIII; and late: stages IX-XII 

for research studies (Hess and De Franca, 2008). 
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Figure 2.6: Spermatogenic cell associations at different stages (I–XII) of germinal epithelium 

in mouse testis, PAS stain. 

Key: SC, Sertoli cells; A, type A spermatogonia; In, intermediate spermatogonia; B, type B 

spermatogonia; Pl, preleptotene spermatocyte; L, leptotene spermatocyte; Z, zygotene 

spermatocyte; P, pachytene spermatocyte; D, diplotene spermatocyte; S2, secondary 

spermatocyte; R, round spermatid; and E, elongated spermatid. Source: Lara et al., 2018 

 

2.6.2.2 Spermatogenic cycle and wave 

On the other hand, a series of different stages of the spermatogenic cycle are present along the 

seminiferous tubule longitudinal axis (length), referred to as the spermatogenic wave (Perey 

et al., 1961; Hogarth and Griswold, 2010; Nakata et al., 2017) (Fig. 2.7). The stages are 

arranged in descending order in most of the segments along the tubule length i.e., from the rete 

testis to the distal tubular portion (Hogarth and Griswold, 2010; Lara et al., 2018). Fewer 

segments have an ascending stage number arrangement (Perey et al., 1961; Nakata et al., 2017). 
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The spermatogenic wave and the arrangement of the stages are essential for producing 

spermatozoa consistently and for efficiency in its propulsion to the rete testis (Perey et al., 

1961; Griswold, 2016; Lara et al., 2018). 

 

 

Figure 2.7: An illustration of a spermatogenic wave showing different stages of germinal 

epithelium along a seminiferous tubule. 

Points of meiotic initiation are indicated by red arrows and the black arrows show the direction 

of the wave. Source: Hogarth and Griswold, 2010 

 

2.7 Male hypothalamic pituitary gonadal (HPG) axis 

The HPG axis consists of; hypothalamus, anterior portion of pituitary gland, and testis (gonad) 

in males (Bennett, 2010; Clavijo and Hsiao, 2018). It is responsible for the endocrine control 

of testicular function (Ramaswamy and Weinbauer, 2014; Corradi et al., 2016). Normal 

androgen (testosterone) and sperm production require an impeccable coordinated HPG axis 

action (Corradi et al., 2016; Clavijo and Hsiao, 2018; Coss, 2018). Gonadotrophin-releasing 

hormone (GnRH) is secreted episodically in the hypothalamus (Plant, 2015; Corradi et al., 

2016), and flows through the hypophyseal portal blood pathway to anterior pituitary (Plant, 

2015; Clavijo and Hsiao, 2018), stimulating the secretion of gonadotropins, follicle-stimulating 

(FSH) and luteinizing hormone (LH) (Ivell et al., 2014; Coss, 2018).  

 

The gonadotropins (LH and FSH) are released into the general blood circulation for 

transportation to the testis where they regulate the somatic testicular cell function, Leydig and 

Sertoli cell respectively (Marques et al., 2000; Corradi et al., 2016; Coss, 2018). The LH binds 

to LH receptor (LHR) on Leydig cell to stimulate steroidogenesis of androgens (testosterone) 

(Ivell et al., 2014; Gurung and Jialal, 2019; Shah et al., 2021) while FSH independently or 
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together with testosterone stimulates Sertoli cell function including spermatogenesis regulation 

(Ramaswamy and Weinbauer, 2014; Coss, 2018) and biosynthesis of inhibin, transferrin, and 

seminiferous fluid (Petersen and Söder, 2006; Barbotin et al., 2019). Actions of the HPG axis 

are controlled via a negative feedback mechanism (Corradi et al., 2016; Coss, 2018), whereby 

testosterone and inhibin stimulate or inhibit secretion of GnRH, LH, and FSH by the 

hypothalamus and anterior pituitary respectively (Marques et al., 2000; Ivell et al., 2014; 

Clavijo and Hsiao, 2018) (Fig. 2.8).  

 

Further, congenital or acquired disorders that impair the function of HPG axis at different levels 

lead to an imbalance in reproductive hormones, a condition termed hypogonadism (Kim, 2015; 

Foyouzi, 2019; Barber et al., 2021). Hypogonadism could be primary or central; primary 

hypogonadism, also referred to as testicular hypogonadism, is majorly due to impairment of 

testicular steroidogenesis process (Fraietta et al., 2013; Clavijo and Hsiao, 2018), and is 

characterized by increased levels of LH and FSH and a reduction in testosterone levels (Salonia 

et al., 2019). Central hypogonadism, also known as hypo-gonadotrophin hypogonadism (HH), 

results from defects in either the pituitary or hypothalamic and is referred to as secondary and 

tertiary hypogonadism respectively (Kim, 2015; Clavijo and Hsiao, 2018; Barber et al., 2021). 

The HH can be differentiated from primary/testicular hypogonadism by the low testosterone 

levels displayed along with reduced or normal LH and FSH levels (Rey et al., 2013; Corradi et 

al., 2016). However, a mixed primary and central hypogonadism is generally observed in older 

males (Dandona and Rosenberg, 2010; Rey et al., 2013) and has been suggested to result from 

decreased receptor sensitivity for GnRH, LH, and FSH (Surampudi et al., 2012; Salonia et al., 

2019). 
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Figure 2.8: Schematic representation of HPG axis showing feedback mechanism. 

Source: https://www2.nau.edu/~gaud/bio301/content/hpg.htm 

 

2.8 Male infertility and its treatment 

2.8.1 Male infertility  

Reports indicate that disturbances of the hypothalamic-pituitary-gonadal (HPG) axis may lead 

to male reproductive insufficiency and infertility amongst other causes (Clavijo and Hsiao, 

2018; Sengupta et al., 2022). There has been an increase in the global trend of male infertility 

since 1990, with sub-Saharan Africa highly affected (Inhorn and Patrizio, 2014; Agarwal et al., 

2021). World health organization (WHO) defines infertility as a failure of a reproductive-age 

non-contracepting couple to achieve a pregnancy after one year of frequent vaginal unprotected 

sexual intercourse (Kocyigit, 2015). Infertility affects 15% (48.5 million) couples worldwide 

(Agarwal et al., 2015; Sun et al., 2019). Whilst male infertility, an inability to make a fertile 

female conceive contributes to 50% of couple infertility recorded (Kocyigit, 2015; Agarwal et 

al., 2021). A global survey reported an annual increase of 0·291% in male infertility (Sun et 

al., 2019). Compelling evidence shows that various factors can impair male fertility, these 

include physiological factors such as weight and age, lifestyle factors (diet, exercising, and 

https://www2.nau.edu/~gaud/bio301/content/hpg.htm
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substance abuse including alcohol use), environmental factors (toxins and radiation), 

psychological factors (trauma, anxiety, and stress), and pathological factors (bacterial and viral 

infections, inflammatory diseases, and metabolic disorders, autoimmune diseases, and 

neoplasms) (Dutta et al., 2021). 

 

Male infertility is broadly classified into coital and azoospermia infertility (Hamada et al., 

2013; Naz and Kamal, 2017), occurring due to reversible or irreversible reproductive 

insufficiency conditions (Jungwirth et al., 2012; Raheem et al., 2019). Azoospermia infertility, 

a sperm-devoid ejaculate, can occur due to either spermatogenesis impairment (Hamada et al., 

2013; Raheem et al., 2019) or genital duct obstruction (Jungwirth et al., 2012; Naz and Kamal, 

2017). However, in coital infertility, both spermatogenesis and genital ducts are normal 

(Raheem and Ralph, 2011; Raheem et al., 2019), but ejaculation is affected due to sexual 

dysfunction (Jungwirth et al., 2012; Naz and Kamal, 2017). Further, male infertility decreases 

the individual’s quality of life and is categorized as a form of health impairment in males  

(Ventimiglia et al., 2016; Agarwal et al., 2021), especially when infertility is accompanied by 

hypogonadism and/or sexual dysfunction (Lotti and Maggi, 2018; Pillai and McEleny, 2021). 

Aetiologies for male infertility include acquired and congenital disorders (Ventimiglia et al., 

2016; Pillai and McEleny, 2021), however, 50% of the infertility cases are idiopathic 

(Jungwirth et al., 2012; Dimitriadis et al., 2017). These affect fertility at different levels and 

can be classified into pre-testicular, testicular, and post-testicular factors (Naz and Kamal, 

2017; Pillai and McEleny, 2021).  

 

Pre-testicular aetiologies consist majorly the hypogonadotrophin hypogonadism (HH), an 

endocrine disorder in the hypothalamic-pituitary part of HPG axis (Krausz, 2011; Fraietta et 

al., 2013; Salonia et al., 2019) and coital disorders, including erectile dysfunction, retrograde 

ejaculation, and anejaculation (Raheem and Ralph, 2011; Naz and Kamal, 2017). Additionally, 

HH is also referred to as central or secondary hypogonadism could be a result of congenital or 

acquired factors (Bianco and Kaiser, 2009; Pienkowski et al., 2011; Foyouzi, 2019). Congenital 

HH is characterized by a delayed onset or completion of puberty (Fraietta et al., 2013; Kim, 

2015; Salonia et al., 2019), in which all reproductive hormone levels are inadequate due to a 

defect in gonadotropin-releasing hormone (GnRH) (Bianco and Kaiser, 2009; Lotti and Maggi, 

2018).  The identified gene defects involved in congenital HH include the Kallmann syndrome 

genes (KAL-1, KAL-2 (FGFR1), PROK2/PROK2R, FGF8) and the idiopathic HH genes 

(GnRH1/GNRHR, KiSS1/GPR54 IHH, TAC3/TAC3R) (Krausz, 2011; Kim, 2015; Foyouzi, 
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2019). Acquired HH mostly appears in adulthood and presents mild symptoms such as a 

decrease in seminal fluid volume and reduced libido (Krausz, 2011; Naz and Kamal, 2017). 

There are several causes of acquired HH, including tumors (pituitary and brain), head injury, 

brain radiotherapy, infections (fungal, sarcoidosis, hemochromatosis), autoimmune 

hypophysitis, some chronic diseases, certain medications, alcohol, illicit drug abuse, and 

nutritional deficiencies (Fraietta et al., 2013; Sansone et al., 2018; Salonia et al., 2019). 

 

Testicular aetiologies of male infertility primarily affect the testicular structure and function, 

causing steroidogenesis or/and spermatogenesis disorders (Krausz, 2011; Ventimiglia et al., 

2016; Pillai and McEleny, 2021). The several acquired causes of testicular dysfunction include 

testicular torsion, cryptorchidism, testicular trauma, varicocele, mumps orchitis, chemo- and 

radiotherapy, medication (endocrine disruptors, antiandrogens, and opioids), alcohol abuse, 

testicular cancer, systemic diseases (live cirrhosis, renal failure), and sexually transmitted 

diseases (STDs) (Krausz, 2011; Naz and Kamal, 2017; Agarwal et al., 2021). Also, 

chromosomal abnormalities such as Klinefelter, Swyer's, and Turner's syndromes, generally 

characterized by gonadal dysgenesis results in testicular impairments that manifest as infertility 

(Pienkowski et al., 2011; Foyouzi, 2019). 

 

Post-testicular aetiologies are mostly related to obstructions in the genital ducts that conduct 

sperm from the testis till it is delivered into the female vaginal canal via the external urethral 

orifice (Hamada et al., 2013; Naz and Kamal, 2017). These include epididymal obstruction, 

congenital bilateral absence of the vas deferens, ejaculatory duct obstruction, hypospadias, 

genital tract infections (GTI), inflammatory diseases of accessory glands (prostatitis), and post 

urinary bladder neck and transurethral resection of prostate (TURP) surgeries (Krausz, 2011; 

Sansone et al., 2018). Additionally, a high incidence of testis cancer and carcinoma in situ 

(CIS) has been reported in sub-fertile and infertile men (Dieckmann and Pichlmeier, 2004; 

McLachlan et al., 2007). Eisenberg and colleagues reported a 2.9-fold increased risk for 

testicular cancer in patients with azoospermia (Eisenberg et al., 2013) while a 2.6-fold 

increased risk of prostate cancer was reported in men with male factor infertility (Walsh et al., 

2009). Additionally, a study in Denmark found CIS in testis biopsies of 13 men out of the 543 

men (2.4%) with fertility challenges (McLachlan et al., 2007).  
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2.8.2 Male infertility treatment  

There is a big gap in the management of infertility with no available treatment options for most 

underlying causes of male infertility (Tournaye, 2000; Inhorn and Patrizio, 2014; Agarwal et 

al., 2021). Except for some cases of central hypogonadism and post-testicular impairments, 

there is no established treatment for most male infertility issues (Krausz, 2011; Mulholland et 

al., 2011; Pillai and McEleny, 2021). Assisted reproduction techniques (ART) such as 

(intrauterine insemination (IUI), in vitro fertilization (IVF), and intracytoplasmic sperm 

injection (ICSI) are the primary procedures for infertile men seeking to have biological children 

(Bernie et al., 2013; Inhorn and Patrizio, 2014).  

 

The ART services are not only inaccessible in most places but also very expensive (Inhorn and 

Patrizio, 2014). In addition, there is a low success rate of pregnancies, thus, multiple attempts 

are required (Mulholland et al., 2011; Inhorn and Patrizio, 2014; Gnessi et al., 2018).  

Moreover, it has a high risk of transmitting the known and un-known genetic defects linked to 

infertility (Agarwal et al., 2021; Krausz, 2011; Martins, Majzoub, and Agawal, 2019).  

Increased incidence of congenital anomalies has been reported in babies fathered by men who 

underwent ART because of infertility (Semião-Francisco et al., 2010; Pillai and McEleny, 

2021). Due to the high failure rate, and to improve the success rate of ART preventable factors 

such as restraining alcohol intake should be enforced and ART services denied to those who 

do not adhere (Inhorn and Patrizio, 2014; Agarwal et al., 2021).  Also, genetic screening and 

counselling should be conducted to prevent transferring of genetic anomalies to the conceptus 

(Tournaye, 2000; Krausz, 2011; Agarwal et al., 2021).  

 

Unfortunately, reproductive hormonal tests are not sensitive to the various forms of 

spermatogenesis impairment and thus do not give insight about successful viable sperm 

retrieval for ART (McLachlan et al., 2007; Semião-Francisco et al., 2010; Bernie et al., 2013). 

Details regarding ART are obtained from an extensive sperm and testicular assessment 

(Tournaye, 2000; Gnessi et al., 2018; Akerman et al., 2020), which can be applied in selecting 

the most appropriate technique (IUI, IVF, ICSI) (Tournaye, 2000; Bernie et al., 2013; Inhorn 

and Patrizio, 2014), and determination of sperm retrieval method (percutaneous epididymal or 

testicular Sperm Aspiration and microsurgical epididymal or testicular sperm extraction) to use 

(McLachlan et al., 2007; Semião-Francisco et al., 2010; Leung et al., 2014). 
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Hormone treatment, especially testosterone replacement therapy is increasingly becoming 

popular (Bhatia et al., 2015; Zirkin and Papadopoulos, 2018). Hormone supplementation is 

beneficial for young and older men with hypogonadism (Modelska-Ziolkiewicz, 2009; Doʇan 

et al., 2015; Neves et al., 2017). In general, bioavailability of testosterone decreases with age 

due to a gradual decline in Leydig cell testosterone synthesis and elevation of sex hormone 

binding globulin (SHBG) (Bassil et al., 2009; Surampudi et al., 2012). Low testosterone 

(hypogonadism) can be due to impairment in the hypothalamus or anterior pituitary gland, 

resulting in inadequate LH levels (hypogonadotropic hypogonadism) (Corradi et al., 2016). 

However, hypogonadism commonly results from deficiencies in Leydig cell steroidogenesis 

(testicular hypogonadism) (Beattie et al., 2015; Neves et al., 2017).  LH or human chorionic 

gonadotropin (HCG) hormone is administered in hypogonadotropic hypogonadism males to 

improve testosterone production (Zirkin and Papadopoulos, 2018), while males with testicular 

hypogonadism are treated with exogenous testosterone to elevate blood testosterone levels 

(Beattie et al., 2015). Testosterone replacement therapy is documented to increase blood 

testosterone levels and produce improvement in sexual function, mood, body physic, and 

general welfare in both young and aging males (Surampudi et al., 2012; Bhatia et al., 2015; 

Zirkin and Papadopoulos, 2018).  

 

2.9 Apoptosis in the testis 

Apoptosis is a well-orchestrated process of cell death involving a sequence of biochemical 

events that occur either in the intrinsic or extrinsic signalling pathway (El-Mehi and Faried, 

2019; Lossi, 2022). In the testis, apoptosis is a constant process that is essential for maintenance 

of normal sperm production (El-Mehi & Faried, 2019; Shaha, Tripathi, & Mishra, 2010).  

 

2.9.1 Male germ cell apoptosis 

A limited number of germ cells is supported by Sertoli cells at a time (Print and Loveland, 

2000), thus, a programmed cell death (apoptosis) is required to limit spermatogonia cell density 

during the proliferation phase (Hai et al., 2014; Murphy and Richburg, 2014). Apoptosis is also 

involved in monitoring sperm quality and DNA integrity through elimination of germ cells 

with chromosomal damage during meiosis (Murphy and Richburg, 2014; Lara et al., 2018). An 

intricate balance between germ cell proliferation and apoptosis is maintained (Print and 

Loveland, 2000; Hai et al., 2014), this is regulated by signalling from paracrine hormones such 

as Desert Hedgehog (Dhh), stem cell factor (SCF), and leukemia inhibitory factor (LIF) and 
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endocrine hormones including gonadotrophins (LH and FSH) and androgens (testosterone and 

DHT) (Print and Loveland, 2000; Sharma et al., 2015). However, several testicular disorders 

such as testicular infection, inflammation, environmental toxins, and genetic disorders augment 

apoptosis causing hypospermatogenesis (Shaha et al., 2010; El-Mehi and Faried, 2019). 

Apoptosis induced by testicular impairments can be mediated through activation of 

mitochondrial outer membrane permeabilization by BCL-2-family pro-apoptotic proteins 

(intrinsic) (Lara et al., 2018), or Fas-ligand cell membrane death receptor (extrinsic) (Aitken et 

al., 2011), or both apoptotic pathways leading to activation of caspases that execute cell demise 

(Sharma and Agarwal, 2013; El-Mehi and Faried, 2019).  

 

2.9.2 Testicular somatic cell apoptosis  

Reports indicate that testicular somatic cells (Leydig and Sertoli cells) are more resistant to 

apoptosis compared to germ cells (Wangikar et al., 2011; Murphy and Richburg, 2014) and are 

involved in reversal of testis impairments following treatment of the disorder or discontinuation 

of the causative toxicant (Wangikar et al., 2011; Yuko Ito and Otsuki, 2013). This observation 

has been attributed to the ability of Leydig and Sertoli cells to degrade their own damaged 

cellular organelles in a precise coordinated process of autophagy (Wangikar et al., 2011; Zhu, 

Yin, et al., 2019), in addition, Sertoli cells express high levels of anti-apoptotic markers (Bcl-

w and Bcl-xL) (Yan et al., 2000; Yuko Ito and Otsuki, 2013). Though the number of Sertoli 

cells is may not be usually affected by some toxicants or disease conditions (Pajarinen and 

Karhunen, 1994; Yuko Ito and Otsuki, 2013), disruptions in its ultrastructure, particularly the 

cytoskeleton are relatively common (Mruk and Cheng, 2004; Trindade et al., 2013).  

 

2.10 Testis-immune axis and inflammation 

2.10.1 Testis-immune axis  

Some mammalian tissues including the brain, eye, testis, and pregnant uterus exhibit a unique 

immunological ability (Simpson, 2006), and thus the survival of allo- and xeno-grafts is longer 

in these tissues (Zhao et al., 2014).  Further, a more distinct immune status has been 

demonstrated in the testis, which tolerates both allo- and auto-antigens without producing 

substantial immune reactions (Fijak & Meinhardt, 2006; Kaur et al., 2021). In addition, the 

Sertoli cells play an immune-protective role (Fijak and Meinhardt, 2006; Li et al., 2012), that 

enhanced survival of graft when co-transplanted with Sertoli cells (Suarez-Pinzon et al., 2000; 

Zhao et al., 2014).  
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Cytokines are cell signalling molecules typically secreted by hematopoietic linage immune 

cells such as lymphocytes, macrophages, and mast cells, their basic function is regulation of 

cell’s immune response, inflammation, and hematopoietic cell differentiation (Lewko and 

Oldham, 2009; Sivangala and Sumanlatha, 2015). However, cytokine production in the non-

immune cell including endothelial cells, epithelial cells, adipocytes, and testicular cells has 

been documented (Coppack, 2001; Syriou et al., 2018; Roan et al., 2019). Testicular cytokines 

play a regulatory function in steroidogenesis and spermatogenesis processes (de Oliveira, Cerri, 

and Sasso-Cerri, 2021), as well as normal testis development (Loveland et al., 2017). 

Compelling evidence from previous studies shows that several pro-inflammatory/inflammatory 

and anti-inflammatory cytokines are produced by testicular cells (Leydig cells, macrophages, 

myoid cells, Sertoli cells, and germ cells) under normal conditions (Hedger and Meinhardt, 

2003; Loveland et al., 2017; de Oliveira et al., 2021). The documented cytokines in normal 

testis so far include:  

a) stem cell factor (SCF), a pro-inflammatory cytokine is produced in the Sertoli cells 

during testicular development, it plays a role in primordial germ cells migration, 

adhesion, proliferation, and survival (Mauduit et al., 1999; Qin et al., 2017).  

b) the transforming growth factor-ß (TGF ß) cytokine family is an example of anti-

inflammatory cytokines, it is expressed in the developing and prepubertal testis by the 

germ cells, Sertoli cells, myoid cells, Leydig cells, and TGF ß is involved in the 

regulation of development of these cells (Avallet et al., 1994; Cupp & Skinner, 2001; 

Petersen & Söder, 2006). 

c) tumour necrosis factor (TNF-α) is a pro-inflammatory cytokine present in pachytene 

spermatocytes, round spermatids, and activated interstitial macrophages, TNF-α is 

involved in regulating germ cell survival (Moore and Hutson, 1994; Hedger and 

Meinhardt, 2003; de Oliveira et al., 2021). 

d) interleukin-1 (IL-1), a pro-inflammatory cytokine has two isoforms in the normal testis 

IL-1α and IL-1ß. The IL-1α is expressed by Sertoli cells, pachytene spermatocytes, and 

round spermatids (SÖDER et al., 1991; Haugen et al., 1994), while IL-1ß is expressed 

in Leydig cells and macrophages (Cudicini et al., 1997; Gow et al., 2001), but both IL-

1 isoforms are essential in Leydig cell steroidogenesis, Sertoli cell protein production, 

and germ cells proliferation and differentiation (Petersen and Söder, 2006). 
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e) interleukin-6 (IL-6), a pro-inflammatory cytokine is found in Sertoli cells, and it 

stimulates Sertoli cell protein secretion (Cudicini et al., 1997; Hedger and Meinhardt, 

2003). 

f) Fas ligand (FasL) is a pro-inflammatory cytokine that is expressed on the Sertoli cell 

surface, it is involved in maintenance of germ cell integrity via removal of damaged 

germ cells (French et al., 1996; Francavilla et al., 2000).  

g) macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine. In the 

testis, it is localized in the Leydig cells rather than the macrophages, and MIF regulates 

peritubular cell and Sertoli cell secretory functions (Meinhardt et al., 1996; Loveland 

et al., 2017). 

h) leukaemia inhibitor factor (LIF) is a pro-inflammatory cytokine, peritubular cells are a 

main source of LIF in the testis (Piquet-Pellorce, Dorval-Coiffec, Pham, and Jégou, 

2000). During testis development, LIF works together with SCF to promote primordial 

germ cell survival, and in post-pubertal testis is involved in spermatogenesis regulation 

(Hedger and Meinhardt, 2003; de Oliveira et al., 2021).  

 

2.10.2 Testis inflammation 

The existence of cytokines in the testis does not make it resistant to inflammation, but the same 

cytokines produced in normal testis once upregulated induce inflammation (Zhao et al., 2014; 

Syriou et al., 2018). Inflammation is the body’s physiological response to harmful stimuli such 

as injury, infection, and toxins (Hedger and Meinhardt, 2003; Somade et al., 2019). The testis 

is particularly susceptible to inflammation, simply because the non-immune testicular cells are 

potent cytokines producers, thus a rapid elevation in cytokine level is evoked in a presence of 

harmful stimuli (Hedger and Meinhardt, 2003; Loveland et al., 2017). Consequently, local and 

systemic infectious and non-infectious diseases that cause testicular inflammation have been 

implicated in male reproductive dysfunctions (Loveland et al., 2017). The most common 

testicular inflammatory conditions such as testicular torsion, varicocele, and orchitis are 

associated with deterioration of spermatogenesis (Dutta et al., 2021). One mechanism 

suggested to be involved in inflammatory-associated testicular dysfunction is disruption of the 

Leydig cell steroidogenesis process which leads to production of inadequate androgen 

(testosterone) levels, subsequently causing spermatogenesis dysregulation (Hales, 2002; 

Leisegang and Henkel, 2018).  
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Furthermore, IL-6, a pro-inflammatory cytokine is vital in testicular immunopathology 

(Loveland et al., 2017), a study by Pérez et al., (2012) demonstrated that upregulation of  IL-6 

disrupts the blood-testis barrier. This results in a compromised immune privilege milieu that 

can lead to autoimmunity and subsequently cause infertility (Hedger and Meinhardt, 2003; 

Loveland et al., 2017).  Additionally,  Morales-Montor et al., 2001 found that upregulation of 

IL-6 was associated with feminization of male mice infected with Taenia crassiceps, which 

resulted from elevated conversion of androgens to estrogens by aromatase. However, in IL-6 

knock-out male mice infected with Taenia crassiceps, the aromatase activity was inhibited, 

which prevented the mice from becoming feminised (Morales-Montor et al., 2001). 

Accordingly, cytokines upregulation disrupts the spermatogenesis and steroidogenesis 

processes and are a hallmark of testicular dysfunction (Hedger and Meinhardt, 2003; Loveland 

et al., 2017). Hence, disturbance of the delicate testicular immune homeostasis can eventually 

lead to infertility (Zhao et al., 2014; Gong and Han, 2021). Additionally, previous studies have 

shown that inflammation induces oxidative stress in the testis (Dutta et al., 2021). Cytokine 

upregulation has been shown to accelerate reactive oxygen species (ROS) formation, and 

elevation of ROS leads to oxidative stress (Azenabor et al., 2015; Loveland et al., 2017; Dutta 

et al., 2021). However, oxidative stress is a potent mediator of inflammation, thus the two 

pathophysiological mechanisms are interlinked (Azenabor et al., 2015; Dutta et al., 2021). 

Meanwhile, testicular inflammation and oxidative stress are the most predominant underlying 

causes of male reproductive dysfunctions, more so the two can occur simultaneously (Turner 

and Lysiak, 2008; Dutta et al., 2021). 

 

2.11 Impact of oxidative stress on testicular function 

Unstable forms of oxygen known as free radicals are generated during normal mitochondrial 

oxidative phosphorylation (Auten and Davis, 2009; Duluc et al., 2014). Free radicals have one 

or more unpaired electrons in the outer atomic orbit and are thus readily reactive (Kohen and 

Nyska, 2002; Davies, 2003). Once an electron is added to the dioxygen (O2) free radical, a 

primary reactive oxygen species (ROS) superoxide anion radical (O2
‑.) is produced (Kohen and 

Nyska, 2002; Pryor et al., 2006; Aprioku, 2013).  Via a series of reactions O2
‑. is transformed 

into hydroxyl radical (.OH), peroxyl radical (ROO.), or hydrogen peroxide (H2O2) secondary 

ROS (Kohen and Nyska, 2002; Turner and Lysiak, 2008). In addition, a group of ROS 

including peroxynitrite (ONOO2), nitroxyl anion, nitrogen dioxide (·NO2), and peroxynitrous 

acid is produced from nitric oxide (NO) (Davies, 2003; Pryor et al., 2006). NO is a free radical 
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generated by the nitric oxide synthase (NOS) from amino acid L-arginine (Kolasa et al., 2009; 

Aprioku, 2013; Yu et al., 2017). The three NOS isoforms are endothelial   NOS (eNOS or 

NOS3), inducible NOS (iNOS or NOS2), and neuronal NOS (nNOS or NOS1) (Turner and 

Lysiak, 2008). Further,  eNOS and nNOS are calcium-dependent NOS that produce NO in very 

small quantities (Zamora et al., 2000; Kolasa et al., 2009). However,  iNOS is calcium-

independent, it produces larger quantities of NO and has been reported to play a role in 

testicular dysfunction (O’Bryan et al., 2000; Köksal et al., 2003; Kolasa et al., 2009). 

 

Unharmful levels of ROS are maintained in the cell by the continuous scavenging actions of 

several antioxidants such as superoxide dismutase (SOD), catalase (CAT), glutathione 

peroxidase (GPX), glutathione reductase (GR), and glutathione‑S‑transferase (GST) 

(D’Autréaux and Toledano, 2007; Asadi et al., 2017). In addition, melatonin, cytochrome C, 

and dietary factors (zinc, vitamin C (ascorbic acid), vitamin E (α‑tocopherol), and selenium) 

have shown antioxidant properties (Aitken and Roman, 2008; Auten and Davis, 2009; Kurutas, 

2016). The antioxidants via a chain of reaction convert ROS into oxygen and water 

(D’Autréaux and Toledano, 2007; Aprioku, 2013). 

 

Conversely, ROS participates in the modulation of cell signaling and maintenance of 

homeostasis during normal cellular processes (D’Autréaux and Toledano, 2007; Turner and 

Lysiak, 2008; Wu et al., 2020). However, an imbalance between ROS formation and their 

removal by the antioxidant system leads to a grave cellular consequence termed oxidative stress 

(Duluc et al., 2014; Kurutas, 2016; Ikekpeazu et al., 2019). ROS stimulate membrane lipid 

peroxidation that produces unsaturated reactive aldehyde, malondialdehyde (MDA) (Zhu et al., 

2019) and they cause DNA damage by inducing DNA oxidation to form 8-

hydroxydeoxyguanosine (8-OHdG) (Zubkova and Robaire, 2006; Sharma and Agarwal, 2013). 

Also, upregulation of iNOS by oxidative stress evokes increased NO formation (Ishikawa et 

al., 2005; Aprioku, 2013), perpetuating ROS production and eventually exacerbation of 

oxidative stress cell damages  (Nna et al., 2019).  

 

The testis is vulnerable to oxidative stress  (Owyong and Ramasamy, 2018; Nna et al., 2019; 

Zhu et al., 2019; Dutta et al., 2021), because of the high mitochondrial oxygen consumption to 

support the inherent cell division during the process of spermatogenesis (Aitken and Roman, 

2008; Asadi et al., 2017). Additionally, the testicular tissue contains relatively high amounts of 

unsaturated fatty acids that can easily be oxidized to form MDA (Guerriero et al., 2014; Zhu et 
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al., 2019). Furthermore, as the germ cells advance in the spermatogenic process, most of their 

cytoplasm is shed off to form the condensed, elongated spermatid, thus antioxidant 

concentration to neutralize oxidants is reduced (Adaramoye et al., 2013; Owyong and 

Ramasamy, 2018).  However, due to the weak nature of the testicular artery (Asadi et al., 2017), 

the testis is poorly vascularized causing low oxygen tension and intense competition for vital 

elements (Aitken and Roman, 2008; Asadi et al., 2017) which renders the testis venerable. 

Previous studies have suggested that low oxygen tension is a mechanism to limit formation of 

ROS in large amounts (Tremellen, 2012).  

 

Oxidative stress is a common feature occurring in many conditions associated with male 

reproductive system dysfunctions (Hamilton et al., 2016; Asadi et al., 2017), ranging from 

testicular disorders, chronic diseases, long-term medications, toxicant exposure, and aging, to 

lifestyle choices such as illicit drug and alcohol abuse (Aitken and Roman, 2008; Wu et al., 

2020). Multiple studies have demonstrated a reduction in antioxidant markers (SOD, CAT, and 

GPX) and an increase in oxidative markers (8-OHdG and iNOS) in animals with induced 

testicular damage (Asadi et al., 2017; Borg et al., 2020). Compelling evidence show that ROS 

in low concentrations is essential for successful spermiogenesis process, particularly 

spermatozoa capacitation and sperm-oocyte fusion (Oremosu and Akang, 2015; Dutta et al., 

2021), slight increases have grave consequences (Hamilton et al., 2016; Zhu et al., 2019).  

Oxidative stress triggers initiation of inflammation and apoptotic activity in testicular tissue 

(Asadi et al., 2017; Owyong and Ramasamy, 2018), which in turn, results in alterations in 

spermatogenesis and steroidogenesis processes (Zhu et al., 2019). 

 

2.12 Influence of alcohol on male reproductive function 

2.12.1 Alcohol use and its toxicity  

Alcohol is the most common and widely consumed recreational substance (Trangenstein et al., 

2018) and its consumption is relatively acceptable in most communities  (Hammer et al., 2018). 

Globally, 43% of the population aged ≥ 15 are alcohol consumers, and the percentage of male 

alcohol consumers (53.6%) almost doubles that of females (32.3%) (World Health 

Organisation, 2011) (İlhan and Yapar, 2020) (Fig. 2.9). According to the 2018 WHO global 

alcohol and health report, the average consumed alcohol per capita (APC) has increased from 

5.7 liters of absolute alcohol in 2000 to 6.4 liters in 2016.  The prevalence of alcohol 

consumption in South African population aged ≥15 years is 33.1%, slightly less than half of 
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the males (47.7%), and about a fifth of female populations 20.2% in South Africa are current 

alcohol consumers (Marx et al., 2021). Moreover, 43.0% of the consumers are binge drinkers, 

reported to consume ≥5 standard drinks in a single drinking occasion. Binge drinking is 

consumption of alcohol that typically increases the blood alcohol concentration (BAC) to ≥ 

0.08 g/dL (National Institute on Alcohol Abuse and Alcoholism, 2004). Prevalence of binge 

drinking is also highest in males (48%) compared to females (32%) (Vellios and van Walbeek, 

2018). A south African national survey reported that the proportion of alcohol consumers 

increased by more than 6% since 2008 from 26.9% to 33.1% currently and binge drinking 

slightly increased from 41% in 2008 to 43% (Marx et al., 2021). Furthermore, the South 

African APC of 11.5 liters of absolute alcohol is among the highest levels of alcohol 

consumption worldwide (Fig. 2.10), it is almost twice the global APC average (6.4 liters). The 

APC in South Africa is projected to increase to 12.1 liters in 2025 (Vellios and van Walbeek, 

2018).  

 

 

 

Figure 2.9: The percentage of alcohol consumers (current and former) and lifetime abstainers 

in the populace aged ≥15 globally and in the different WHO regions. 

Source: WHO, 2018 
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Figure 2.10: Average consumed alcohol per capita (APC) (in liters of absolute alcohol) in the 

populace aged ≥15 in different countries. 

Source: WHO, 2018 

 

The term standard drink is commonly used when referring to alcoholic drinks and is defined as 

a drink that contains a fixed amount of absolute alcohol (Trangenstein et al., 2018). However, 

the volume of a standard drink varies in different types of beer, wines, and spirits (Vellios and 

van Walbeek, 2018). Accordingly, the amount of absolute alcohol making up a standard drink 

also vary in different countries; 8 g in United Kingdom, 10 g in Australia, and 14 g in United 

States (Kalinowski and Humphreys, 2016) (Table 2.1). Internationally, alcohol consumption is 

classified for men and women respectively as heavy when ≥ 14 and ≥ 7 standard drinks or ≥ 

100 g and ≥ 60 g of absolute alcohol are consumed per week (National Institute on Alcohol 

Abuse and Alcoholism, 2004). Then, binge drinking is when ≥ 5 and ≥ 4 standard drinks or ≥ 

60 g and ≥ 40 g of absolute alcohol are consumed per occasion (National Institute on Alcohol 

Abuse and Alcoholism, 2004).  
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Table 2.1:Definitions of a standard drink in different countries and the guidelines for low-risk 

alcohol consumption 

 

Source: Kalinowski & Humphreys, 2016 

 

Markedly, alcohol intoxication (drunkenness) is associated with both the consumed and the 

drinking pattern. These two factors are also related to alcohol’s toxic effects (Rehm, 2011; 

Patrick et al., 2016). Moreover, most of the disorders linked to alcohol use have a dose 

dependant pattern (Rehm et al., 2009; Patel et al., 2016).  Accordingly, heavy alcohol 

consumption and binge drinking are important risk factors for deteriorating socioeconomic 
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state and many health challenges (CDC, 2015), contributing to a great increase in the public 

health disease burden and injury-associated disabilities (Bardach et al., 2019; İlhan and Yapar, 

2020).  

 

In South Africa, alcohol consumption is more prevalent and is ranked the fifth cause of death 

(Forouzanfar et al., 2016) and is as well linked to other leading causes of death in the country 

such as motor accidents, domestic violence, and sexually transmitted infections (Trangenstein 

et al., 2018).  Since alcohol can permeate almost all body organs (Rachdaoui and Sarkar, 2017), 

it interferes with normal cellular physiology and results in multiple system dysfunction 

including the body’s vital systems such as nervous, cardiovascular, endocrine, and reproductive 

systems (Rehm, 2011; Rachdaoui and Sarkar, 2017; Finelli et al., 2022). Globally, a high 

percentage (26.5%) of the young adult population of reproductive age consume alcohol, males 

form the larger portion (World Health Organisation, 2011). The future impact on the 

reproductive health of this high alcohol consumption by the reproductive-age males of the 

present generation, coupled with cART therapy and diabetes is unknown and requires attention. 

Therefore, the present study will contribute towards unveiling hidden male reproductive health 

challenges (often overlooked) that inevitably manifest later in life.  

 

2.12.2 Alcohol-linked reproductive impairments  

The two main testicular functions, steroidogenesis, and spermatogenesis are adversely affected 

by alcohol (Duca et al., 2019).  Animal and human studies have reported several male 

reproduction dysfunctions associated with alcohol intake including hypogonadism, testicular 

atrophy, germ cell loss, and sexual dysfunction (erectile disorder and reduced libido) 

(Rachdaoui and Sarkar, 2013; Oremosu and Akang, 2015; Finelli et al., 2022). Both central 

(hypothalamic-pituitary) and testicular (primary) hypogonadism has been demonstrated by 

previous studies (Rachdaoui and Sarkar, 2017; Duca et al., 2019).  Impact of alcohol on the 

hypothalamus and pituitary hormones has mostly been reported following acute alcohol 

ingestion (Emanuele and Emanuele, 1998; Frias et al., 2002; Duca et al., 2019). Gianoulakis, 

(1990) studied the effect of acute ethanol administration on the HPG axis and found a rise in 

the release of ß-endorphin-like peptides from the hypothalamus which interfered with 

gonadotropin-releasing hormone (GnRH) secretion, in turn negatively impacted gonadotropins 

(LH and FSH) synthesis, and ultimately leads to a reduction in testosterone production.  A 

direct impact of alcohol on the pituitary has also been reported in animal models (Emanuele 



38 
 

and Emanuele, 1998; Rachdaoui and Sarkar, 2017), as well as downregulation of LH gene 

expression has been reported following alcohol administration (Duca et al., 2019).  

 

Further, alcohol and its major metabolite, acetaldehyde are well-established toxicants of Leydig 

cells that reduce the Leydig cell‘s steroidogenic capacity (Emanuele and Emanuele, 1998; 

Rachdaoui and Sarkar, 2017). Alcohol and acetaldehyde cause inhibition of enzymes involved 

in testosterone formation i.e., 3ß-hydroxysteroid dehydrogenase (3ßHSD) and 17-ketosteroid 

reductase (17KSR) (Cicero et al., 1980; Muthusami and Chinnaswamy, 2005).  Enzymes 3ß 

HSD and 17KSR catalyze the conversion of pregnenolone to progesterone and from 

androstenedione to testosterone, respectively (Muthusami and Chinnaswamy, 2005; Wang et 

al., 2017). Also, alcohol is associated with an increase in ROS formation which is known to 

downregulate steroidogenic acute regulatory protein (StAR) expression (Jana et al., 2010; Duca 

et al., 2019) while StAR mediates the only rate-limiting step in the steroidogenesis process, the 

transfer of cholesterol from the outer to the inner mitochondrial membrane (Aghazadeh et al., 

2015; Wang et al., 2017) 

 

Additionally, elevation in androgen metabolism stimulated by alcohol contributes to a 

reduction in testosterone levels (Gordon et al., 1979; Rachdaoui and Sarkar, 2017; Mayer et 

al., 2018). Alcohol stimulates aromatase, an enzyme that catalyzes the conversion of 

testosterone and androstenedione into estradiol and estrone (Gordon et al., 1979; Purohit, 2000; 

Rachdaoui and Sarkar, 2013). The aromatization of these steroids is suggested to lead to 

gynecomastia commonly observed in male alcoholic individuals (Purohit, 2000; Duca et al., 

2019). Furthermore, testicular tissue damage and germinal epithelium cell loss are induced 

through activation of apoptosis by alcohol (Yuko Ito and Otsuki, 2013), and in vitro and in 

vivo studies have shown an up regulation of apoptotic markers Fas-L, p53, Bcl-2, and caspase-

3 in the testis cells following alcohol exposure (Zhu et al., 2000; Jana et al., 2010; Giannessi et 

al., 2015).  

 

In addition, nutritional deficiencies, particularly protein malnutrition and low micronutrients 

such as dietary antioxidants (zinc and vitamins) are commonly observed in people who 

consume alcohol regularly (Halsted and Medici, 2012), contributing to ROS accumulation 

(oxidative stress) which is deleterious to the testicular tissue (Condorelli et al., 2015). However, 

the testicular damage caused by alcohol can be reversible (Vicari et al., 2002; Condorelli et al., 

2015), both clinical and animal studies have found that withdrawing from alcohol can lead to 
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a restoration of normal testicular function (Agarwal et al., 2021; Dosumu, Osinubi, & Duru, 

2014; Guthauser et al., 2014).  

 

On the other hand, the risky sexual activity associated with alcohol intoxication contributes to 

an increase in the spread of HIV infection (Kumar et al., 2015; Schneider et al., 2016; Scott-

Sheldon et al., 2016) and the consequent use of cART. Additionally, many HIV patients on 

cART therapy continue to consume alcohol regularly for euphoric purposes (McCance-Katz et 

al., 2013; Mondal et al., 2019). The prevalence of alcohol abuse in people living with 

HIV/AIDS (PLWHA) is reported to be more than twofold higher compared to that of the 

general populace (Necho et al., 2020). This points to both drugs being concomitantly present 

in the body, a scenario that may lead to serious adverse health challenges that will complicate 

the clinical management of PLWHA. Previous studies have observed a hindrance of adherence 

to cART in alcohol consumers (Schneider et al., 2016; Shubber et al., 2016). Further, clinical 

studies have reported an association of alcohol consumption with reduced viral suppression 

dose-dependently (Chander et al., 2006; Braithwaite et al., 2007), augmentation of cART 

adverse effects (Braithwaite and Bryant, 2010; Kumar et al., 2012), and diminished life 

expectancy (Braithwaite and Bryant, 2010; Kumar et al., 2012; Schneider et al., 2012).  A study 

by Braithwaite et al., (2007) reported a decrease of 1 - 3.3 years in the life expectancy of  

PLWHA on cART that consume alcohol regularly.  

 

2.13 HIV/AIDS and cART associated reproductive dysfunctions 

2.13.1 HIV/AIDs epidemiology 

The epidemic of HIV infection and its associated acquired immunodeficiency syndrome 

(AIDS) has been the largest worldwide challenge since its outbreak in the 1980s, and more than 

40 million deaths due to HIV/AIDs have been recorded to date (UNAIDS, 2019).  HIV is spread 

via contact with the blood and body fluids of an infected person such as having unprotected 

sex, blood transfusions, hypodermic needle pricks, and from mother to child during pregnancy, 

delivery, or breastfeeding (WHO, 2021). HIV/AIDs epidemic has added a great disease and 

economic burden on countries globally (Beigbeder, 2018; UNAIDS, 2022). About 0.8%  (38.4 

million) of the adult populace (≥15 years) are currently living with HIV/AIDs (WHO, 2021) 

(Table 2.2). The number of new infections has decreased since the peak of the HIV/AIDs 

epidemic in 1996, however, in sub-Saharan Africa, the prevalence of HIV/AIDs is still very 

high (UNAIDS, 2019) and is one of biggest health challenge threatening the survival of millions 



40 
 

of people in the region (Bulstra et al., 2020; WHO, 2021). The number of people currently 

living with HIV/AIDs in sub-Saharan Africa accounts for 54.6% (20.6 million) of the global 

prevalence (UNAIDS, 2019). Particularly, the Southern Africa region has the highest 

HIV/AIDs incidence in the world. Countries within the region that are highly affected include 

Zimbabwe, Botswana, Swaziland, Namibia, Lesotho, Zambia, Malawi, Mozambique, and 

South Africa. The HIV/AIDs prevalence in each of these countries is ≥ 20% of the adult 

population (15 years or older) (UNAIDS, 2019; Bulstra et al., 2020). 

 

Table 2.2: Global HIV data 

Source: UNAIDS global HIV statistics fact sheet (UNAIDS, 2019) 
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2.13.2 Antiretroviral (ARV) drugs and Combination antiretroviral therapy (cART) 

2.13.2.1 Antiretroviral (ARV) drugs 

The ARV drugs were developed to treat infections caused by retroviruses, primarily HIV 

(Verma, Singh, Bansal, and Singh, 2013). They have played a vital role in HIV/AIDS 

management, drastically improving prognosis, and reducing mortality due to HIV/AIDS 

(Kemnic and Gulick, 2019). The seven different classes of ARV drugs (Table 2.3) are 

Nucleoside reverse transcriptase inhibitors (NRTIs), Non-nucleoside reverse transcriptase 

inhibitors (NNRTIs), Protease inhibitors (PIs), Fusion inhibitors (FIs), chemokine receptor 

antagonists (CCR5A), Integrase strand transfer inhibitors (INSTIs), and Post-attachment 

inhibitors (PAIs) (UNAIDS, 2016).  
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Table 2.3: List of Federal Drug Agency (FDA) approved ARV drugs 

 

Source: https://hivinfo.nih.gov/understanding-hiv/fact-sheets/fda-approved-hiv-medicines

https://hivinfo.nih.gov/understanding-hiv/fact-sheets/fda-approved-hiv-medicines
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2.13.2.2 Combination antiretroviral therapy (cART) 

For effective suppression of HIV replication, ARV drugs are used in combination as 

recommended by the world health organization (WHO, 2013). Combination antiretroviral 

therapy (cART) also referred to as highly active antiretroviral therapy (HAART) are long-term 

treatment regimen for HIV/AIDs (UNAIDS, 2016). They consist of three or more ARV drugs 

from at least two classes to target the virus at different stages of the developmental cycle 

(Kemnic and Gulick, 2019). Examples of Federal Drug Agency (FDA) approved cART are 

listed in table 2.4. A combination of ARV drugs consisting of two NRTIs and one NNRTI or 

PI is recommended as the first-line cART for adults living with HIV/AIDs (UNAIDS, 2016). 

Atripla®  is amongst the common cART drug used as the first-line treatment for human 

immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS) in South Africa 

(Mocroft et al., 2014). It is a single cART tablet consisting of 600mg Efavirenz, 300mg 

Tenofovir disproxil fumarate, and 200mg Emtricitabine (Frampton and Croom, 2006). 

Efavirenz (EFV) is a NNRTI, while Tenofovir disoproxil fumarate (TDF) and emtricitabine 

(FTC) are NRTIs (Jungmann et al., 2019).  

 

Further, cART is popularly used as a strategy for HIV prevention in form of pre- (PrEP) and 

post-exposure prophylaxis (PEP), and a combination of TDF and FTC has been approved to be 

used in PrEP and PEP (Centers for Disease Control and Prevention, 2019). PrEP is utilized by 

HIV-negative individuals at high risk of being exposed to HIV such as sex workers or injection 

drug users (WHO, 2019), PEP is administered after exposure to HIV through sex with HIV 

positive person or when a healthcare provider pricked by a needle which has been used on HIV 

positive person (UNAIDS, 2016) (i.e. HIV contaminated needle). In addition, aviremic HIV-

positive individuals with a serodiscordant or seronegative partner who wish to have biological 

children (particularly those that cannot afford the cost of assisted reproduction) or unprotected 

sexual intercourse have an option of the negative partner taking PrEP or PEP to prevent HIV 

contraction (Centers for Disease Control and Prevention, 2019). In general, the advent of cART 

has improved HIV/AIDs prognosis through effective reduction of viral load and opportunistic 

infections, and thus significantly improved the quality of life and expectancy of people living 

with HIV/AIDs (PLWHA) (UNAIDS, 2016).  

 

Essentially, the global expansion of access to cART has transformed HIV/AIDs from a life-

threatening disease to a manageable chronic condition (ONUSIDA, 2017). However, cART 
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use is not without side effects or toxicity. Both short- and long-term toxic effects on multiple 

body organs have been reported (Shirasaka, 2010; Azu, 2012; Ogedengbe et al., 2016).  The 

commonly reported clinical adverse effects are lipodystrophy, neuropathy, pancreatitis, 

myositis, cardiovascular disorders, hepatic steatosis, insulin resistance, and hypogonadism 

(Kanmaz & Lee, 2000; Khan et al., 2014).  Due to increased HIV/AIDs prevalence in the 

reproductive age group of the population (Kushnir and Lewis, 2011; Akang et al., 2019), 

hypogonadism related to cART is of great concern because of the fertility issues that 

accompany it (Akhigbe, Hamed, and Odetayo, 2021). Below is the representative of approved 

HIV/AIDs treatment regimens available worldwide. 
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Table 2.4: List of HIV treatment regimen (cART) approved by the Federal Drug Agency (FDA) 

 

Source: https://hivinfo.nih.gov/understanding-hiv/fact-sheets/fda-approved-hiv-medicines 

https://hivinfo.nih.gov/understanding-hiv/fact-sheets/fda-approved-hiv-medicines
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2.13.3 Reproductive dysfunctions associated HIV/AIDS and cART  

The postulated mechanisms of several cART-induced toxicities are mitochondrial damage and 

oxidative stress (Kanmaz and Lee, 2000; Savasi et al., 2018). Multiple studies have consistently 

demonstrated an increase in ROS formation during cART use (Azu, 2012; Tripathi et al., 2020) 

causing an oxidant-antioxidant imbalance that leads to cellular oxidative stress (Savasi et al., 

2018).  Further, lipid peroxidation stimulated by oxidative stress is particularly detrimental to 

spermatozoa because of the high content of unsaturated fatty acid in their membrane (Asadi et 

al., 2017; Oyeyipo et al., 2018).  

 

Mitochondrial toxicity resulting in cellular respiratory dysfunction and decreased 

mitochondrial energy generation is a prominent burden of cART, particularly the NRTIs (Pavili 

et al., 2010; Savasi et al., 2018). In vivo and in vitro experiments have demonstrated that NRTIs 

cause deletions of mitochondrial DNA (mtDNA) via inhibition of mtDNA polymerase enzyme 

(Gardner, Hall, Chinnery, and Payne, 2014). Exposure to zidovudine (AZT), an example of 

NRTIs was found to negatively affect the number of mtDNA copies in the placenta, heart, and 

skeletal muscles of monkey fetuses (Divi et al., 2007; Kushnir and Lewis, 2011). Also, previous 

studies have shown that mitochondria damage is associated with dysregulation of spermatozoa 

metabolism  (Kehl et al., 2011; Leeuwen et al., 2008), leading to sperm morphology and 

motility impairments (Azu et al., 2014; Savasi et al., 2018). 

 

Furthermore, during steroidogenesis, pregnenolone a precursor for testosterone is formed from 

cholesterol in the Leydig cell mitochondria (Aghazadeh et al., 2015). Thus, deletion or damage 

of mitochondria would interfere with testosterone production (Wang et al., 2017). Several 

animal and human studies have reported that cART significantly reduces plasma levels of 

gonadotropins and androgens, hypogonadism (Kushnir and Lewis, 2011; Rochira et al., 2011; 

Awodele et al., 2018). Some researchers have suggested that the testicular deleterious effects 

of cART are mediated via hypogonadism (Akhigbe et al., 2021; Azu et al., 2014). Furthermore, 

PIs have been implicated in apoptosis inhibition, apoptosis is necessary for the regulation of 

germ cell numbers and removal of cells with damaged chromosomes. Therefore, inhibition of 

apoptosis can result in production of poor sperm quality.  
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Research studies have shown that both HIV infection and cART can impair male reproductive 

function, causing histopathological changes in the testes and sperm morphology that eventually 

lead to male reproductive dysfunctions (Barboza et al., 2004). In an autopsy study, the testis of 

more than 95% of individuals who died of AIDS showed testicular atrophy, thickened 

basement membrane, hypo-spermatogenesis, and increased interstitial infiltrate (Da Silva et 

al., 1990).  Recent studies demonstrated deleterious effects of cART on the testicular tissue and 

sperm parameters including a reduction of seminiferous tubules diameter (Azu et al., 2014), 

diminished sperm count, quality, and motility (Ajayi and Akhigbe, 2020), and increased 

abnormal spermatozoa and DNA fragmentation (Savasi et al., 2018). Additionally, research 

has shown a high incidence of diabetes in PLWHA (Diouf et al., 2012; Avari and Devendra, 

2017), which has been attributed to the long-term use of cART (Kalra et al., 2011; Olasile et 

al., 2018). Previous studies have reported glucose intolerance, hyperglycemia, dyslipidemia, 

and lipodystrophy in PLWHA who have taken NRTIs (stavudine, zidovudine, and didanosine) 

and PI (indinavir, lopinavir, and ritonavir) for a longer period (> 12 months) (Hardy et al., 

2001; Larson et al., 2006; Kalra et al., 2011). These cART-associated metabolism disorders 

contribute to the development of insulin resistance, which leads to diabetes onset (Diouf et al., 

2012; Srinivasa and Grinspoon, 2014). Conversely, the concurrence of cART and diabetes has 

debilitating effects on several organs (Mastan et al., 2009; Avari and Devendra, 2017).  

 

2.14 Diabetes and male reproduction  

2.14.1 Types of diabetes  

Diabetes is a group of long-term metabolic disorders with several aetiologies associated with 

prolonged hyperglycemia and impaired metabolism of proteins, lipids, and carbohydrates 

(Zaccardi, Webb, Yates, and Davies, 2016). The main established cause of diabetes is defects 

in the production and action of insulin, insulin is a hormone produced by beta cells of the islets 

of Langerhans of the pancreas in response to glucose majorly (Blair, 2016). The international 

diabetes federation (IDF) classifies diabetes into four major types; (a) type 1 diabetes (T1D), 

characterized by insufficient insulin production because of autoimmune-mediated beta-cell 

loss; (b) type 2 diabetes (T2D), which is a result of insulin resistance together with a reduction 

in insulin production; (c) gestational diabetes, that occurs during pregnancy due to glucose 

metabolism disorder; (d) specific diabetes, this type of diabetes is due to several causes ranging 

from diseases to chemical insults (Cho et al., 2017; Kaser et al., 2019). Therefore, in addition 

to genetic and lifestyle, other factors including chronic exposure to drugs (e.g., combined 
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antiretroviral (cART)) and alcohol consumption are potent predisposing factors of diabetes 

onset.  

 

2.14.2 Prevalence and trends of diabetes  

Diabetes is one of the most predominant public health burdens worldwide, and its incidence is 

drastically increasing in both developed and developing countries (Saeedi et al., 2019). In 2019, 

approximately 463 million adults aged 20–79 years were diabetic, the number increased to 537 

million in 2021, and is estimated to reach 700 million in 2045 (IDF, 2021) (Table 2.5). 

Unfortunately, slightly more than half of the diabetic cases are undiagnosed (i.e., 50.1% of 

people living with diabetes are not aware of it), and the highest number of undiagnosed diabetes 

cases was found in Africa (Saeedi et al., 2019). Further, in Africa, the highest number of people 

living with diabetes is in Egypt (8 million), followed by South Africa (4.2 million) (IDF, 2021) 

(Table 2.6). Diabetes prevalence has increased globally by about 62% since 2009 and its 

incidence is higher in men, 9.6% than in women, 9.0% (Saeedi et al., 2019).  Additionally, a 

rapid increase in the incidence of diabetes in persons aged less than 40 years has been reported 

(Lascar et al., 2018). This is particularly of great concern since the affected persons are 

subjected to a longer period of hyperglycaemic exposure, and thus at high risk of developing 

more severe diabetes complications (Condorelli et al., 2018). 
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Table 2.5:Diabetes global prevalence trends, projection, and 2021 deaths 

 

Source: Source: International Diabetes Federation Diabetes Atlas 10th edition (IDF, 2021) 
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Table 2.6: Diabetes prevalence trends and projection of the most affected countries in Africa 

  

Source: International Diabetes Federation Diabetes Atlas 10th edition (IDF, 2021) 
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Hyperglycaemia describes a state of uncontrollable high blood glucose concentration, 

exceeding the normal value (mean fasting blood glucose, 5.6 - 6.9 mmol/l) (Zaccardi et al., 

2016). It is diagnosed using the fasting blood glucose test levels (FBG) or oral glucose 

tolerance test (OGT). Hyperglycaemia is implicated by values that are consistently above 7 

mmol/l for FBG or for OGT, 11 mmol/l two hours following an oral intake of 75 g glucose 

(WHO/IDF Consultation, 2006).  Chronic hyperglycemia leads to development of multiple 

diabetic complications through augmentation of reactive oxygen species (ROS) production 

(Volpe, Villar-Delfino, Anjos, and Nogueira-Machado, 2018) Consequently, causing damage 

and dysfunctions of several organs such as the kidneys, eyes, heart, nerves, blood vessels, and 

gonads (Asmat et al., 2016; Omolaoye Temidayo and Du Plessis Stefan, 2018). Further, studies 

have reported the involvement of hyperglycemia in metabolic pathways that lead to cytokine 

production, inflammation, advanced glycation end products (AGEs) formation, and cell death 

(LaRocca et al., 2016; Maresch et al., 2018; Volpe et al., 2018).  

 

2.14.3 Testicular glucose metabolism 

Glucose metabolism is vital in the maintenance of basic cell activity and functions. In the testis, 

glucose metabolism plays a regulatory role in steroidogenesis, spermatogenesis, spermatozoa 

motility, and fertilization capability (Ding et al., 2015). Due to the blood-testis-barrier (BTB), 

blood-to-germ transportation of glucose and its metabolic intermediates from the basal to apical 

epithelial compartment is highly controlled (Alves et al., 2013; Riera et al., 2009). Testicular 

cells express metabolic features such as glucose transporters (Glut1, Glut2, Glut3, Glut4, and 

GLUT8) and insulin family growth factors (insulin (I), insulin-like growth factors 1 (IGF1) 

and 2 (IGF2), insulin receptors (INSR), and type-I insulin-like growth factor receptor (INS1R) 

which are involved in regulating nucleotide uptake and secretion of lactate, pyruvate, and 

transferrin by Sertoli cells (Riera et al., 2009; Maresch et al., 2018). The lactate produced by 

the Sertoli cells from glucose is the primary source of energy for germ cells for successful 

spermatogenesis (Mateus et al., 2018; Dimakopoulou et al., 2019).  

 

Additionally, hypothalamic-pituitary-gonadal (HPG) axis hormones (GnRH, LH, FSH, and 

TT) also participate in the regulation of glucose transport in the testis (Alves et al., 2013; 

Maresch et al., 2018). Since glucose metabolism in the testis is unique and tightly controlled, 

dysregulations occurring in diabetic conditions can lead to alternations in the cellular function 

and subsequently impair the spermatogenesis and steroidogenesis processes. Moreover, 
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oxidative stress, dyslipidemia, and inflammation which are common complications of diabetes 

have been implicated in dysfunctions of the male reproductive system (Agbaje et al., 2007; 

Ding et al., 2015; Zubi & Alfarisi, 2021). However, the exact molecular mechanism involved 

in the impairment of the testicular function process in diabetic condition remains to be 

established. 

 

2.14.4 Diabetes-related male infertility 

The continuous increment in the prevalence of diabetes has been linked to the diminishing 

fertility factor (Condorelli et al., 2018; Ding et al., 2015). Previously the most prevalent 

diabetes type, T2D, which accounts for 90% of diabetic cases was commonly known to 

commence in old age, however, is now increasingly detected in all ages (both young and old) 

(Temidayo and Stefan, 2018). The onset of diabetes at an early age is of great concern because 

of the prolonged period of hyperglycemia exposure that consequently causes multiple diabetic 

complications including disruptions of male reproductive function (Agbaje et al., 2007; HE et 

al., 2021; Maresch et al., 2018).  

 

Clinical diabetes and animal-induced diabetes studies have shown that both T1D and T2D are 

detrimental to the male reproductive system ( Condorelli et al., 2018; HE et al., 2021). For 

instance, diabetes is suggested to impact epigenetic modification (DNA methylation, histone 

modifications, and noncoding RNAs) during gonadal development and spermatogenesis 

processes, leading to epigenetic defects that are inheritable to the next generation(s) (Pinney 

and Simmons, 2012; Ding et al., 2015; Donkin and Barrès, 2018). Accordingly, prenatal 

exposure to hyperglycemia has been shown to cause postpubertal testicular impairments such 

as relatively small testis size, low seminal fluid levels, and poor sperm quality in male offspring 

(Jelodar et al., 2009; Arendt et al., 2018; Türk et al., 2018). 

 

Diabetics can alter male reproductive functioning at different levels i.e., pre-testicular, 

testicular, and post-testicular, resulting in subfertility or infertility (Condorelli et al., 2018).  

(i) Pretesticular, several studies have reported reproductive hormone dysregulation in diabetic 

condition (Pitteloud et al., 2005; Schoeller et al., 2012; Shaikh et al., 2016).  

(ii) Testicular, hyperglycemia, and ROS in diabetic condition have been shown to negatively 

affect testicular function (Maresch et al., 2018). Several studies have reported a reduction in 

seminiferous tubule diameter, Leydig cell number, germ cell population, and sperm quality and 
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an increase in DNA fragmentation (Agbaje et al., 2007; Navarro-Casado et al., 2010; Ray and 

Pramanik, 2020).  

(iii) Post-testicular, alternations beyond the testis have been linked to neuropathy (Gandhi and 

Dagur, 2016; Ray and Pramanik, 2020), a common diabetes complication that is suggested to 

be involved in the onset of sexual dysfunctions such as diminished sexual arousal, erectile 

dysfunction, and ejaculatory disorders (Gandhi and Dagur, 2016; HE et al., 2021). 

Furthermore, diabetes-induced inflammation in the male genital tract and accessory glands 

could impair sperm transportation and alter seminal fluid parameters including 

leukocytospermia (Condorelli et al., 2014; Calogero et al., 2017). 

 

2.15 Impact of diabetes, alcohol, and cART interaction on the male reproductive system  

A soaring number of males with diabetes (Condorelli et al., 2018), alcohol abuse (World Health 

Organisation, 2011), and cART use (Khawcharoenporn and Sha, 2016) have been reported in 

the reproductive age. This infers that they would experience a longer period of exposure to 

these conditions, which is worrisome because of the multiple long-term organ dysfunctions 

associated with diabetes (Volpe et al., 2018), alcohol (Rachdaoui and Sarkar, 2013), and cART 

(Khan et al., 2014). Previous studies have shown an increase in reactive oxygen species (ROS) 

formation during diabetes (Blake and Trounce, 2014), alcohol abuse (Das and Vasudevan, 

2007), and cART use (Ikekpeazu et al., 2019), ROS subsequently evoke oxidative stress (OS) 

and inflammation. The two (OS and inflammation) are the common mechanisms involved in 

induction of diabetes (Volpe et al., 2018), alcohol (Finelli et al., 2022), and cART 

(Gnanasekaran, 2020) multi-organ complications. Moreover, OS and inflammation are key 

factors in pathogenesis of reproductive dysfunction (Tremellen, 2012; Maresch et al., 2018). 

Conversely, each of these conditions (diabetes, alcohol abuse, and cART) has been shown to 

negatively impact the male reproductive system separately (Azu, 2012; Condorelli et al., 2018; 

Finelli et al., 2022). Incidentally, diabetes, alcohol abuse, and cART are intricately connected, 

thus can occur simultaneously in an individual (Kumar et al., 2015; Scott-Sheldon et al., 2016; 

Avari and Devendra, 2017; Mondal et al., 2019; Goecke and Baumeister, 2021), a scenario that 

could aggravates testicular ROS production.  

 

Markedly, many of the factors associated with the dysfunction of the male reproductive system 

including increased ROS (oxidative stress), inflammation, and mitochondria damage are as 

well associated with adverse effects demonstrated in these conditions, diabetes, alcohol abuse, 
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and cART (Tremellen, 2012; Maresch et al., 2018; Dutta et al., 2021). Accumulation of ROS 

in the testis is associated with increased spermatozoa DNA fragmentation (SDF), a well-known 

contributing factor to male infertility (Robinson et al., 2012; Cho and Agarwal, 2018). 

Additionally, SDF is linked to a low success rate of ART conception, reduced fertilization 

chances, poor embryo quality, and an increase in miscarriage and stillbirth incidence (Robinson 

et al., 2012; Evenson, 2013; Savasi et al., 2018). Furthermore, alcohol has been demonstrated 

to augment the deleterious effects of diabetes and cART on sperm parameters. Pourentezari 

and colleagues reported a more significant reduction in sperm count, motility, and viability and 

an increase in abnormal sperm morphology and mitochondrial DNA deletions in diabetic mice 

treated with alcohol (Pourentezari et al., 2016). Whilst alcohol was found to exacerbate the 

increase in the number of immotile and abnormal sperms in rats treated with cART (Ogedengbe 

et al., 2018), cART has also been shown to aggravate the decrease in sperm count and 

progressive motility in rats induced with diabetes (Olasile et al., 2018). Since diabetes, alcohol 

abuse, and cART use are prevalent amongst males of reproductive age and teenagers due to 

active sexual life, lifestyle of alcohol abuse, and unhealthy dietary habits and yet they have the 

desire to procreate, it is crucial to investigate the impact of concomitant occurrence of diabetes, 

alcohol abuse, and cART use on male fertility factor.  
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Chemical and reagents 

Streptozotocin (STZ) (S0130) was procured from Sigma-Aldrich Chemical Company (St. 

Louis, MO, USA) and Atripla, a combination antiretroviral (cART) drug was purchased from 

Bristol-Myers Squibb and Gilead Sciences (Foster City, CA, USA). The primary antibodies 

interleukin-1beta (IL-1β) (ab2105), interleukin-6 (IL-6) (ab9324), tumor necrosis factor-alpha 

(TNF-α) (ab6671), caspase 3 (ab4051), Ki-67 (ab15580), inducible nitric oxide synthase 

(iNOS) (ab115819), malondialdehyde (MDA) (ab243066), 8-hydroxydeoxyguanosine (8-

OHDG) (ab62623), and androgen receptor (ab105225) were procured from Abcam 

(Cambridge, MA, USA). Biotinylated goat anti-rabbit (BA-1000) and goat anti-mouse (BA-

9200) secondary antibodies and Avidin-Biotin Complex kit (ABC) (PK-6100) were procured 

from Vector Laboratories (Burlingame, CA, USA). Then, ELISA kits for luteinizing hormone 

(LH) (E-EL-R0026), follicle stimulating hormone (FSH) (E-EL-R0391), testosterone (TT) (E-

EL-R0155), and inhibin B (INHB) (E-EL-R1027) were purchased from Elabscience (Houston, 

Texas, USA). 

 

3.2 Ethical clearance 

This study was approved by the University of the Witwatersrand (Wits) Animal Research 

Ethics committee (AREC) (approval number: 2018/011/58/C) and all experiments were 

conducted at the Wits Animal Research Facility (WARF) in compliance with the guidelines set 

forth by AREC. 

 

3.3 Animals 

Forty-eight adult male Sprague Dawley rats (10 weeks old), weighing between 330-370 grams 

were used in the study. Each rat was separately housed in a clean well-ventilated plastic cage 

with steel lids and dimensions of 430mm in length, 220mm in width, and 200mm in height 

with pinewood shaving beddings and were maintained at 21-23⁰C room temperature, with 

lighting conditions of 12/12-hour light/dark cycle throughout the experiment.  

 

3.4 Type 2 diabetes mellitus induction and tests   

A modified Wilson & Islam, 2012 diabetic model that utilizes a fructose diet and Streptozotocin 

(STZ) injection to induce peripheral insulin resistance and insulin secretion impairment 

respectively was used in the current study.  The baseline blood glucose level was measured to 
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establish the absence of pre-existing diabetic conditions before commencing two weeks of a 

20% fructose reconstituted rat chow diet (Appendix I). After which, the animals were fasted 

for 5 hours prior to a single dose of freshly prepared 40mg/kg STZ in 0.05M (pH 4.5) citrate 

buffer (Appendix II) administered intraperitoneally. Three days (72 hours) after STZ injection, 

the blood glucose (non-fasting) levels were measured, and rats with glucose levels ≥ 250 mg/dl 

were considered diabetic. The confirmed diabetic rats were then put on a standard rat chow 

diet.  To confirm that the diabetic state was maintained during the whole experimental period, 

the blood glucose levels were monitored using an AccuChek Compact glucometer (Roche 

Diagnostics, Indianapolis, IN) through a needle prick of the tail vein to measure levels of 

random non-fasting blood glucose weekly, fasting blood glucose preceded by overnight (12-

hours fast) bi-weekly, and oral glucose tolerance monthly preceded by overnight fast and 

periodic blood glucose measurements at 0, 15, 30, 60, 120 minutes.  

 

3.5 cART (Atripla) and alcohol treatment preparation  

Atripla, a combination antiretroviral drug consisting of efavirenz 600 mg + emtricitabine 200 

mg + tenofovir 245 mg was administered in accordance with extrapolated human equivalent 

dose  of 23.22 mg/kg (Frampton and Croom, 2006) (Appendix). Then, the equivalent animal 

dose of cART tablet per gram per body weight was calculated and added to gelatine to 

formulate cubes for daily cART treatments. The gelatine cubes were prepared following Zhang 

& Zhang, 2011 recipe, however, each gelatine cube content was minimized to a single calorie 

to ensure that it does not influence the diabetic state (Appendix). Whilst 10% v/v alcohol in 

drinking water was administered, alcohol was diluted in distilled water in a ratio of 1 to 10 and 

administered as drinking water daily in the water bottles of alcohol treated animal groups 

(Dutra Gonçalves et al., 2017).  

 

3.6 Experimental design 

To ensure that a feasible number of animals were handled at a time, the experiment was 

conducted in two phases. The sample size was approved by the ethics committee following the 

calculation of the sample size using Power analysis for sample size (see Appendix). However, 

all the 90 animals were not used in the experiment. Rather a total of forty-eight HIV naive rats 

(48) were divided into two main groups, non-diabetic (24) and diabetic groups (24). These two 

main groups were further subdivided into four subgroups consisting of six rats each (Fig. 3.1). 

The non-diabetic groups (consisting of groups1-4); Group 1: Control, received no treatment. 

Group 2: Alcohol treated (A), received 10% v/v alcohol in drinking water daily. Group 3: 
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combination antiretroviral therapy treated (cART), received a human equivalent dose of 

23mg/kg of cART in gelatine cubes daily. Group 4: alcohol plus cART treated (A+cART), 

received both alcohol and cART daily.  

The diabetic groups (5-8); Group 5: diabetic (DM), diabetes was induced as described above. 

Group 6: diabetic animals treated with alcohol (DM+A), following diabetes induction, animals 

received 10% v/v alcohol in drinking water daily. Group 7: diabetic animals treated with cART 

(DM+cART), following diabetes induction, animals received a human equivalent dose of 

23mg/kg of cART daily. Group 8: diabetic animal treated with both alcohol and cART 

(DM+A+cART).  
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Figure 11: Experimental design illustration 

 

3.5 Animal terminal procedures  

After 90 days of treatment, the rats were weighed, anesthetized with 240mg/ml pentobarbitone 

dose, and terminated. Blood was withdrawn through a cardiac puncture into a plain vacutainer. 

The rats were perfused with 2 mL/min of 0.1M phosphate buffer (PB) in 0.9% saline, thereafter, 
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testes were harvested, weighed, and the weight recorded and then fixed in 10% neutral buffered 

formalin for histology and immunohistochemical analysis. Collected blood samples were left 

to clot, then centrifuged, and the serum was transferred into a new Eppendorf tube and stored 

at -80℃ for immunoassays. 

3.5.1 Testis weight and size 

The testes were weighed using an electronic scale (Kern PCB 200-2 weighing scale) 

immediately after extraction. The testis length and width were measured using a sliding digital 

Vernier caliper as described by Parhizkar et al., 2014. The spheroid formula below was then 

used to determine the testis size.  

𝑇𝑒𝑠𝑡𝑖𝑠 𝑠𝑖𝑧𝑒 = 𝑤𝑖𝑑𝑡ℎ2 × 𝑙𝑒𝑛𝑔𝑡ℎ × 0.523 (𝑚𝑚) 

3.5.2 Testis volume 

Testis volume was determined using the water displacement method (Ansa et al., 2017). The 

initial volume (Vi) of distilled water in a graduated cylinder was recorded, and then the final 

volume (Vf) was recorded after adding the testis to the graduated cylinder containing the 

known amount of water. The volume of the testis (Vt) was calculated as shown below.  

𝑉𝑡 = 𝑉𝑓 − 𝑉𝑖 (mm3)  

3.5.3 Gonadosomatic index (GSI) 

The GSI was calculated using the final body and testis weights using the formula by Olasile et 

al., 2018: 

GSI = 𝑇𝑒𝑠𝑡𝑖𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 × 100 (%) 

𝐵𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

3.6 Reproductive hormone immunoassay  

Enzyme-linked immunosorbent assay (ELISA) was used to determine serum reproductive 

hormone levels. For luteinizing (LH), follicle stimulating (FSH), and inhibin B (INHB) a 

sandwich ELISA technique was conducted, while a competitive ELISA technique was carried 

out for testosterone (TT) assay. Serum samples and all reagents were allowed to reach room 

temperature before assay commencement. The wash buffer, standard working solutions, 

biotinylated detection antibody, and horseradish peroxidase (HRP) conjugate were prepared 

for the experiment according to the manufacturer’s guidelines. Samples were diluted in a 

threefold, and standards and samples were run in duplicates (side by side on the plate). The 

assay procedure was conducted as follows: for the sandwich technique, a volume of 100 μL for 

the standards and samples was carefully added to the bottom of the respective plate wells. The 

plates were then sealed and incubated for 90 min at 37℃. Thereafter, the solution was decanted 
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from the wells, and without washing the plate, a 100 μL of the biotinylated detection antibody 

(BDA) working solution was added to each well. Then, the plate was sealed and incubated for 

60 min at 37°C. Whilst in the competitive technique for TT assay, a volume of 50 μL for 

standards and samples was added to respective plate wells, followed immediately by addition 

of 50 μL of BDA working solution after which the plate was sealed and incubated for 45 min 

at 37℃. The next steps were similar for both techniques. After incubation, the solution was 

removed from the wells and the plate was placed in a microplate washer, where 350 uL of wash 

buffer was added to each well and allowed to soak for 60 sec per cycle for three cycles of plate 

washing. Then, 100 μL of HRP conjugate working solution was added to each well, the plate 

was sealed and incubated at 37°C for 30 min. Afterward, the solution was decanted from the 

wells, and the wash step carried as mentioned above but for five cycles. Subsequently, 90 μ of 

substrate reagent was added to each well, and the plate was sealed, wrapped in aluminum foil 

(to protect it from light), and gently shaken before incubation for 15 min at 37°C. Immediately 

after incubation, a stop solution was added to each well. The plate was then put on a micro-

plate reader set at 450 nm filter to measure the optical densities (OD). The microplate reader 

was set up according to the user’s manual guidelines and preheated for 15 minutes before 

measuring the optical densities. The average OD values for standards and samples were 

calculated. Then, the average OD for standard zero was subtracted from the average OD for 

standards and samples. A standard curve was plotted with the standard concentration and OD 

values. The average OD values for each sample (y-axis) were used to determine the 

corresponding concentration of TT, LH, FSH, and INHB from the standard curve (x-axis).  

 

3.7 Histology and histomorphometry  

The testes were processed for histology analysis using an automated tissue processor 

(MicromeSTP 120, Thermo Fisher Scientific, Walldorf, Germany) and embedded in paraffin 

wax. The testis block for each animal was serially sectioned at 5μm thickness using a Leica 

rotatory microtome (Leica RM 2125 RTS). The first series of sections were stained with H&E 

(for morphometry and histology), the second series with periodic acid Schiff (PAS) (for 

basement membrane), the third series with Masson’s Trichrome (for collagen), the fourth series 

with Gordon and Sweet’s silver impregnation (for reticulin), and the fifth series with Gomori’s 

Aldehyde Fuchsin (for elastin)  (Cordatos, 2002). Stained sections were examined using the 

Axioskop 2 plus light microscope (Nikon Eclipse Ci, 104C type). Photomicrographs of stained 

sections were obtained using a linked computerized Zeiss digital image system, the AxioCam 
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208 color (Zeiss group, Oberkochen, Germany). Six camera fields were captured per section 

and 4 sections per animal were observed per group (n=6) (i.e., 144 sections per group) and used 

for morphometric assessment. 

 

3.7.1 Haematoxylin and Eosin (H&E) staining protocol for basic histology  

Four sections per animal in each group were deparaffinized in a series of xylene, then hydrated in 

a series of decreasing alcohol concentrations, and rinsed in running tap water for 5 minutes. 

Thereafter, the sections were stained with Mayer’s hematoxylin for 10 minutes, followed by 

rinsing in running tap water for 5 minutes. Then, differentiated in acid alcohol for 2 quick dips 

and rinsed in running tap water for 5 minutes. Followed by staining with eosin for 2 minutes and 

rinsing in running tap water for 5 minutes. The sections were then dehydrated in a series of 

increasing alcohol concentrations and cleared in xylene. Dibutylphthalate Polystyrene Xylene 

(DPX) was added to the section before putting a coverslip. 

Staining results; nuclei: blue stained and cytoplasm: purple stained. 

 

3.7.2 Periodic acid Schiff (PAS) staining protocol for basement membrane  

The sections were deparaffinized, hydrated, and rinsed in running tap water for 5 minutes. 

Sections were oxidized in 1% periodic acid solution for 5 minutes and thereafter rinsed in 

running tap water for 5 minutes. Then, placed in Schiff reagent for 20 minutes, after which the 

sections were rinsed in running tap water for 5 minutes and counter-stained in Mayer's 

hematoxylin for 1 minute.  Followed by rinsing in running tap water for 5 minutes, dehydration, 

clearing, and adding a coverslip with DPX.  

Staining results; basement membrane: purple-stained and background: blue-stained. 

 

3.7.3 Masson’s Trichrome staining protocol for collagen 

The tissue sections were deparaffinized, hydrated, and rinsed in running tap water for 5 minutes. 

Immerse sections in Celestin blue stain for 5 minutes, rinse in running tap water for 5 minutes 

and then stain with Mayer's hematoxylin for 5 minutes. Followed by rinsing in running tap 

water for 5 minutes, staining with acid fuchsin stain for 10 minutes, and rinsing in running tap 

water for 2 minutes. Thereafter, immersed in freshly prepared 5% phosphomolybdic acid for 

10 minutes, drain off excess (do not rinse), and stain with light green for 10 minutes.  Followed 

by rinsing in running tap water for 5 minutes, dehydration, clearing, and adding a coverslip with 

DPX.  
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Staining results; collagen: green stained, nuclei: black stained, and erythrocyte blood cells: red 

stained.  

 

3.7.4 Gordon and Sweet’s silver impregnation staining protocol for reticulin 

The tissue sections were deparaffinized, hydrated, and rinsed in running tap water for 5 minutes. 

Sections were oxidized in acidified potassium permanganate for 3 minutes, thereafter, rinsed in 

running tap water for 5 minutes. Followed by bleaching with 2% oxalic acid for 1 minute, 

rinsing in running tap water for 5 minutes, and sections were then placed in a mordant, 4% iron 

alum for 10 minutes. After which the sections were rinsed in running tap water for 5 minutes 

and placed into an ammoniacal silver solution for 10 seconds.  Then, rinsed in running tap water 

for 2 dips and placed in 10% formalin for 1 minute (reducing step). Sections were rinsed in 

running tap water for 1 minute and toned in 0.2% gold chloride for 5 minutes. Thereafter, rinsed 

in running tap water for 5 minutes and placed in 2% sodium thiosulphate for 5 minutes. Followed 

by rinsing in running tap water for 1 minute, dehydration, clearing, and adding a coverslip with 

DPX.  

Staining results; reticulin: black stained and background: yellow stained.  

 

3.7.5 Gomori’s Aldehyde Fuchsin staining protocol for elastin 

The sections were deparaffinized, hydrated, and rinsed in running tap water for 5 minutes. Then, 

sections were immersed in 70% alcohol for 1 minute and after draining were immediately 

transferred into Aldehyde Fuchsin Solution for 15 minutes.  Followed by 3 changes of 95% 

alcohol, 2 minutes in each, and 2 dips in 70% alcohol. Thereafter, the sections were rinsed in 

running tap water for 10 minutes. Followed by staining in Mayer’s hematoxylin for 10 seconds, 

rinsing in running tap water for 10 minutes, and immersion in 50% alcohol for 2 dips.  The 

sections were then immersed in Eosin for 2 dips, after which the excess stain was drained off 

(without rinsing in water).  Followed by dehydrating, clearing, and adding a coverslip with 

DPX.  

Staining results; elastin: purple-stained and nuclei: dark blue stained. 

 

3.8 Testicular component area fractions 

Testicular component (germinal epithelium, luminal, connective tissue, and interstitial space) 

area fractions were determined using the Fiji 84-intersection grid. The grid was superimposed 

on H&E-stained images captured at x100 magnification and the intersecting points for each 
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component were counted. The average intersecting points for each testicular component were 

calculated in 24 camera fields for each animal (i.e., 144 fields per group) and each testicular 

component area fraction was determined using the formula below (Kangawa et al., 2019). 

Area fraction = (𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑝𝑜𝑖𝑛𝑡 × 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡𝑠) × 100 (%) 

𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑚𝑖𝑐𝑟𝑜𝑔𝑟𝑎𝑝ℎ 

 

3.9 Seminiferous tubule morphometry 

Using Fiji software, the seminiferous tubular area (TA), tubular diameter (TD), and epithelium 

height (EH) were measured in 50 round or nearly round seminiferous tubules for each animal 

(i.e., 300 tubules per group). The Fiji freehand selection tool was used to trace around the 

seminiferous tubule to determine the tubular area. The average tubular diameter and epithelial 

height were calculated using the minor and major axes measurements (Kumar and Nagar, 

2014). To exclude longitudinal tubules, an average tubule diameter was considered only if 

D1/D2 ≥ 0.85, a value of D1/D2 =1.0 representing a perfectly rounded circle (Olasile et al., 

2018).  

 

3.10 Germinal epithelium cell quantification 

The different germinal epithelium cells: Sertoli, spermatogonia, spermatocytes, round, and 

elongated spermatids) were counted in 10 rounded seminiferous tubules for each rat (i.e., 60 

tubules per group) at x400.  

 

3.11 Leydig cell morphometry 

The Leydig cell nuclei diameter was measured on H&E-stained images captured at x400 using 

Fiji software, 50 nuclei with distinct nucleoli were considered for each rat (i.e., 300 per group). 

The Leydig cell nuclear volume was obtained using the formula reported previously (Monteiro 

et al., 2012). 

𝐿𝑒𝑦𝑑𝑖𝑔 𝑐𝑒𝑙𝑙 𝑛𝑢𝑐𝑙𝑒𝑎𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 =
4

3
𝜋𝑅3(µm3). Where, Radius (R) = D/2, and 𝜋 = 3.14. 

3.12 Histopathological evaluation 

3.12.1 Johnsen’s testicular score  

Spermatogenesis was classified in 50 seminiferous tubules per animal (i.e., 300 tubules per 

group) using Johnsen’s testicular score technique. Each tubule was assigned a score from 10 to 

1. Thereafter the number of tubules for an individual score was multiplied by the score, and 

then the total for all the scores was divided by 50 (the total number of tubules scored) to obtain 
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the mean Johnsen’s score per group for further analysis (Thanh et al., 2020). The modified 

Johnsen scoring criteria used is shown in Table 3.1. 

 

Table 3.1: Modified Johnsen scoring criteria 

 

 

3.12.2 Histological changes 

Testicular H & E-stained sections were examined for histological changes. The observed 

changes were then graded in 24 microscopic fields (six fields from each of the four sections) 

for each animal (i.e., 144 fields per group). The changes in each field were semi-quantitatively 

categorized into five grades as follows; grade 4 = very severe (change seen in >75% of the 

field), grade 3 = severe (change seen in >50%˂75% of the field), grade 2 = moderate (change 

seen in >25%˂50% of the field), grade 1= mild (change seen in ˂25% of the field), and grade 

0 = none (no change in the field) (Erpek et al., 2007). 

 

3.13 Measurement of seminiferous tubule basement membrane (STBM) 

Fiji software was used to measure the thickness of the basement membrane in PAS-stained 

sections images captured at x400. The thickness of STBM was measured at two points (from 

the minor and major axis) in 50 randomly selected tubules for each animal (i.e., 300 tubules 

per group) (Omar, Aly, and  Badae, 2017).  

3.14 Evaluation of testicular capsule thickness 

Using Fiji software, the capsule thickness was measured on Masson’s Trichrome stained 

sections. Photomicrographs of six fields from the free surface of the capsule were captured at 

x400, and three points were measured on each field (i.e., 18 measurements for each animal, 

108 per group) (Aire and Ozegbe, 2007). 

 

Spermatogenesis level Johnsen’s score 

Many spermatozoa in the tubule lumen 10 

Many elongated spermatids in the apical region of the epithelium 9 

Many elongated spermatids still embedded in the Sertoli cell membrane 8 

Few elongated spermatids, many round spermatids 7 

No elongated spermatids, few round spermatids 6 

No spermatids, many spermatocytes 5 

Few spermatocytes 4 

Spermatogonia cell only 3 

Sertoli cells only 2 

No seminiferous epithelial cells 1 
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3.15 Connective tissue fibers quantification 

Testicular connective tissue components viz. collagen, reticulin, and elastin fibers were 

quantified in the photomicrographs of sections stained with Masson’s Trichrome, Gordon and 

Sweet’s silver impregnation, and Gomori’s Aldehyde Fuchsin techniques respectively. 

Collagen, reticulin, and elastin fibers were quantified in the 24 microscopic fields captured at 

x100 for each animal (i.e., 144 sections per group). The images were segmented using the 

ilastik pixel classification workflow and then the segments were quantified into numerical data 

in Fiji. 

 

3.16 Immunohistochemistry technique  

The sixth series of testicular tissue sections were mounted onto silane-coated slides for 

antibody immunolabeling. Antibodies for oxidative stress (inducible nitric oxide synthase 

(iNOS), malondialdehyde (MDA), and 8-hydroxydeoxyguanosine (8-OHDG)), inflammation 

(interleukin-1beta (IL-1β), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), 

apoptosis (caspase 3), proliferation markers (Ki-67), and androgen receptor (AR) were 

assessed. Following deparaffinization and hydration, antigen retrieval was conducted by 

incubating testis sections in citrate buffer overnight in a water bath at 60oC. Then, the 

endogenous peroxidase was inhibited using 1% hydrogen peroxide in methanol for 20 minutes. 

After rinsing in phosphate-buffered saline (PBS) for three changes of five minutes each, 5% 

normal goat serum was added to the sections to block nonspecific antibody binding. This was 

tapped off after 30 minutes, and the primary antibody was added subsequently (Table 3.2) and 

left overnight (approximately 16 hours) at 4°C. Thereafter, the sections were rinsed in PBS and 

incubated with the secondary antibody (Table 3.2) for 30 minutes. Thereafter rinsed in PBS 

and avidin-biotin complex (ABC) reagent was added for 30 minutes. Subsequently, the sections 

were rinsed in PBS and incubated with 3, 3’-diaminobenzidine tetrachloride (DAB) for five 

minutes. Then, DAB was washed off under running tap water for five minutes and the slides 

were counterstained for one minute in hematoxylin. Followed by rinsing in running tap water, 

dehydration in a series of alcohol, and coverslipped with Dibutylphthalate Polystyrene Xylene 

(DPX). For each set of immunohistochemical test, two negative control slides were included; 

one without the primary and the other without the secondary antibody. The images of 

immunoreactivity localized to both cell nucleus and cytoplasm (IL-1β, TNF-α, iNOS, and 

MDA) were captured in 24 microscopic fields at x100 for each animal (i.e., 144 sections per 

group) and were segmented using the ilastik pixel classification workflow. Fiji was then used 
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for quantification of the ilastik exported image segments to extract numerical data for statistical 

analysis. For the antibodies with immunoreactivity localized to cell nuclei (IL-6, caspase 3, 8-

OHDG, AR, and Ki-67), the total number of immunolabelled cell nuclei were counted in 20 

rounded seminiferous tubules per animal (i.e., 120 tubules for each group).   

 

Table 3.2: Antibody dilutions used 

Antibodies Dilution 

Primary antibodies  

anti-iNOS 1:100 

anti-MDA 1:200 

anti-8-OHDG 1:1000 

anti-IL-1β 1:200 

anti-IL-6 1:200 

anti-TNF-α 1:100 

anti-caspase 3 1:200 

anti-Ki-67 1:1000 

anti-AR 1:100 

Secondary antibodies  

goat anti-rabbit 1:1000 

goat anti-mouse 1:1000 

 

3.17 Data analysis 

The data of the studied parameters were analyzed using GraphPad Prism 6 software and 

expressed as Mean ± SEM. The data were subjected to the Shapiro-Wilks normality test, 

parametric data were compared using one-way analysis of variance (ANOVA), followed by 

Bonferroni’s post hoc test. Non-parametric data (Johnsen’s and histological change scores) was 

compared using Kruskall Wallis, followed by Dunn’s post hoc test. A P-value of < 0.05 was 

deemed statistically significant. 
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BRIDGING NOTE  

Chapters 4 to 7 are presented in manuscripts format. This pattern was chosen to clearly 

highlight reproductive histopathology of the treatments and therefore the significance and 

contributions of the study.  As such the study was structured into four manuscripts, one 

published, two at final stages of review and acceptance and one recently submitted.   
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CHAPTER 4: FIRST MANUSCRIPT  

 

Co-administration of Alcohol and Combination Antiretroviral Therapy (cART) in Male 

Sprague Dawley Rats: A Study on Testicular Morphology, Oxidative,  

and Cytokines Perturbations 

Published in Anatomy & Cell Biology: 56(2):236-251 (https://doi.org/10.5115/acb.22.229). 

 

ABSTRACT 

Alcohol consumption alongside combination antiretroviral therapy (cART) has attracted 

research interest, especially because of increasing male infertility. This study investigated the 

combined effects of alcohol and cART on testicular morphology, biomarkers of oxidative 

stress, inflammation, and apoptosis. Rats, weighing 330-370g, were divided into four groups 

of six animals each; control, alcohol treated (A), cART, and alcohol plus cART treated 

(A+cART). Following 90 days treatment period, rats were euthanized, testis extracted, and 

routinely processed for histology and immunohistochemical analysis. Significantly decreased 

epithelial area fraction, increased luminal and connective tissue area fractions, and reduction 

of epithelial height and spermatocyte number, were recorded in the treated groups compared 

to control. Extensive seminiferous epithelial lesions including widened intercellular space, 

karyolysis, and sloughing of germinal epithelium were recorded in all the treated groups. 

Furthermore, upregulation of inducible nitric oxide synthase (iNOS) and 8-

hydroxydeoxyguanosine (8-OHDG), interleukin-6 (IL-6), and caspase 3 recorded in treated 

animals, was more significant in A+cART group. Also, the levels of IL-1β, TNF-α were more 

elevated in A and cART treated groups than in A+cART, while MDA was significantly 

elevated in cART and A+cART treated groups compared to control group. Altogether, the 

results indicate testicular toxicity of the treatments. It is concluded that consuming alcohol or 

cART induces oxidative stress, inflammation, and apoptosis in testes of rats, which lead to 

testicular structural and functional derangements, which are exacerbated when alcohol and 

cART are consumed concurrently. The result will invaluably assist clinicians in management 

of reproductive dysfunctions in male HIV/AIDS-alcoholic patients on cART. 

 

Keywords: Alcohol, cART, Testis, Oxidative stress, and Inflammation 
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INTRODUCTION 

Male infertility incidence is rising steadily worldwide and accounts for more than 50% of 

infertility cases (Sun et al., 2019; Agarwal et al., 2021). Equally, there is a worldwide increase 

in human immunodeficiency virus (HIV) infection (Simões et al., 2021) and alcohol abuse 

(İlhan and Yapar, 2020). For instance, about 33% of South African (SA) population consumes 

alcohol regularly and the SA’s average consumed alcohol per capita (APC) almost doubles the 

global average APC (Trangenstein et al., 2018; Vellios and van Walbeek, 2018). Equally, the 

country is burdened with high HIV prevalence and has the biggest combination antiretroviral 

therapy (cART) program globally (Cornell et al., 2017; Lippman et al., 2019). Currently, cART 

prophylaxis is encouraged among healthcare workers following accidental needle prick, and 

amongst prostitutes and individuals after unsafe and casual sex with unknown persons or HIV 

infected individuals (Mabwe et al., 2017; Simões et al., 2021). While the influence of alcohol 

on risky sexual activity is associated with an increase in the spread of HIV infection (Kumar et 

al., 2015; Schneider et al., 2016; Scott-Sheldon et al., 2016) and the consequent use of cART, 

many HIV patients on cART therapy continue to consume alcohol regularly for euphoric 

purposes (McCance-Katz et al., 2013; Mondal et al., 2019).  Furthermore, alcohol has been 

associated with reduced viral suppression dose-dependently (Chander et al., 2006; Braithwaite 

et al., 2007); aggravated HIV progression, and reduced cART efficacy (Mondal et al., 2019).  

 

Alcohol and cART have each been shown to have negative long-term consequences on both 

male and female reproductive organs and other body systems (Kushnir and Lewis, 2011; 

Ogedengbe et al., 2018; Duca et al., 2019; Apolikhin and Krasnyak, 2021).  Excessive alcohol 

consumption is reckoned as a leading cause of male impotence and infertility (La Vignera et 

al., 2013). Several testicular and sexual dysfunctions have been reported in habitual/chronic 

alcohol consumers (Condorelli et al., 2015; Oremosu and Akang, 2015; Van Heertum and 

Rossi, 2017). Also, cART has been shown to alter reproductive hormones and sperm 

parameters (Oyeyipo et al., 2018; Savasi et al., 2019). A reduction in testosterone levels, sperm 

concentration, and DNA integrity have been implicated in long-term use of cART (Azu, 2012; 

Savasi et al., 2018). Only two reports in literature have shown adverse effects of alcohol and 

cART interaction on testicular histology (Ogedengbe, Naidu and Azu, 2018; Ogedengbe et al., 

2018). The present study evaluated specifically the impact of this interaction on Sertoli and 

Leydig cells and immunohistochemical localization of the oxidative stress, inflammatory, and 

apoptotic markers to further delineate possible physio-biochemical impact of alcohol plus 

cART treatment on the testis. Currently, increasing HIV infection and male infertility are 
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reported among reproductive age individuals, with high desire for procreation, and might also 

be regular alcohol consumers (Ogedengbe, Naidu and Azu, 2018). This implies increased 

alcohol and cART interaction amongst the age group, making their reproductive health a huge 

health concern. Against this backdrop, this study evaluated testicular toxicity associated with 

concurrence of alcohol and cART in the body using HIV-naïve male rat model to mimic 

conditions of cART regimen. 

 

MATERIALS AND METHODS 

Chemicals and reagents 

These were procured from different reliable sources. A combination antiretroviral drug 

(Atripla) consisting of 600mg of Efavirenz, 300mg Tenofovir disproxil Fumurate, and 245mg 

Emtricitabine was procured from Bristol-Myers Squibb and Gilead Sciences (Foster City, CA, 

USA). Rabbit polyclonal for primary antibodies interleukin-1beta (IL-1β) (ab2105), tumor 

necrosis factor-alpha (TNF-α) (ab6671), and caspase 3 (ab4051), rabbit monoclonal for 

primary antibody inducible nitric oxide synthase (iNOS) (ab115819), and mouse monoclonal 

for primary antibodies interleukin-6 (IL-6) (ab9324), malondialdehyde (MDA) (ab243066), 

and 8-hydroxydeoxyguanosine (8-OHDG) (ab62623) were procured from Abcam (Cambridge, 

MA, USA). Whilst biotinylated goat anti-rabbit (BA-1000) and goat anti-mouse (BA-9200) 

secondary antibodies, and Avidin-Biotin Complex kit (ABC) (PK-6100) were procured from 

Vector Laboratories (Burlingame, CA, USA). 

 

Ethical clearance 

This study was approved by the Animal Research Ethics committee (AREC) (approval number: 

2018/011/58/C) of University of the Witwatersrand (Wits) and all experiments were conducted 

at the Wits Animal Research Facility (WARF) in compliance with the guidelines set forth by 

AREC. 

 

Animals 

Twenty-four adult male Sprague Dawley rats (10 weeks old), weighing between 330-370 grams 

were used in the study. Each rat was separately housed under sterile conditions in a plastic 

cage. Animals were fed on normal rat chow and water ad libitum and were maintained at 21-

23⁰C room temperature, with lighting conditions of 12/12-hour light/dark cycle.  
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Experimental design 

Animals were divided into four groups of six rats each as follows; control group, received no 

treatment;  alcohol group (A), which received  10% v/v alcohol in drinking water daily (Dutra 

Gonçalves et al., 2017); the combination antiretroviral therapy group (cART), received an 

extrapolated human equivalent dose of 23.22 mg/kg of cART (consisting of efavirenz 600 mg 

+ emtricitabine 200 mg + tenofovir 245 mg) (Frampton and Croom, 2006) in gelatine cubes 

daily; and alcohol plus cART group (A+cART), received both alcohol and cART daily at same 

doses indicated above. After 90 days of treatment, the animals were weighed, anesthetized with 

240mg/ml pentobarbitone dose, and sacrificed. The animals were perfused with 2 mL/min of 

0.1M phosphate buffer (PB) in 0.9% saline and the testes were harvested, weighed, and the wet 

weight recorded and thereafter fixed in 10% neutral buffered formalin for histology and further 

analysis.  

 

Testicular morphometry 

Testis weight and volume 

The weight of the testes was recorded immediately after their extraction using an electronic 

scale (Kern PCB 200-2 weighing scale). Testis volume was determined using the Archimedes 

principle of water displacement in a measuring cylinder (Ansa et al., 2017). The initial volume 

(Vi) of distilled water in a graduated cylinder was recorded, and then the final volume (Vf) was 

determined after adding the testis to the graduated cylinder containing the known amount of 

distilled water. The volume of the testis (Vt) was calculated by subtracting the initial volume 

from the final volume as shown below.  

𝑉𝑡 = 𝑉𝑓 − 𝑉𝑖 (mm3)  

Testis size 

A sliding digital Vernier caliper was used to measure the width and length of the testes, as 

described by Parhizkar et al (Parhizkar et al., 2014). Testis size was then calculated using the 

formula below (Parhizkar et al., 2014).  

𝑇𝑒𝑠𝑡𝑖𝑠 𝑠𝑖𝑧𝑒 = 𝑤𝑖𝑑𝑡ℎ2 × 𝑙𝑒𝑛𝑔𝑡ℎ × 0.523 (𝑚𝑚) 

 

Histology and histomorphometry (H&E) 

The fixed testes were dehydrated sequentially in 70-100% alcohol grades and embedded in 

molten paraffin wax and serially sectioned at 5μm thickness. The sections were stained with 

H&E and examined using the Axioskop 2 plus light microscope (Nikon Eclipse Ci, 104C type). 

Photomicrographs of testicular tissue sections were obtained using a linked computerized Zeiss 
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digital image system, the AxioCam 208 color (Zeiss group, Oberkochen, Germany) for 

morphometric assessment. Six camera fields from 4 sections per animal, from six animals per 

group (i.e., 144 images per group) were captured and used for morphometry and analysis. 

 

Testicular component area fractions 

Testicular component (epithelial, luminal, connective tissue, and interstitial space) area 

fractions were determined using Fiji 84-intersection grid. The grid was superimposed on H&E-

stained images captured at x100 and the intersecting points for each component were counted. 

The average intersecting points for each testicular component were calculated in 144 

microscopic field images per group and each testicular component area fraction was 

determined using the formula below (Kangawa et al., 2019). 

Area fraction = (𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑝𝑜𝑖𝑛𝑡 × 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡𝑠) × 100 (%) 

𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑚𝑖𝑐𝑟𝑜𝑔𝑟𝑎𝑝ℎ 

 

 

Seminiferous tubule morphometry 

Seminiferous tubule area (TA), tubule diameter (TD), epithelium height (EH), and luminal 

diameter (LD) were measured in 50 round or nearly round seminiferous tubules for each animal 

(i.e., 300 tubules per group) using Fiji software. The seminiferous tubule area was determined 

by tracing around the seminiferous tubule using the Fiji freehand selection tool. The average 

tubule diameter and epithelial height were calculated using the minor and major axes 

measurements (Kumar and Nagar, 2014). To exclude longitudinal tubules, an average tubule 

diameter was considered only if D1/D2 ≥ 0.85, a value of D1/D2 =1.0 representing a perfectly 

rounded circle (Olasile et al., 2018).  

 

Germinal epithelium cell quantification 

The number of the different germinal epithelium cells (Sertoli, spermatogonia, spermatocytes, 

round, and elongated spermatids) were counted in H&E-stained sections at x400. Ten rounded 

seminiferous tubules (stage VII) (Qiu et al., 2013) for each animal were considered (i.e., 60 

tubules per group).  

 

Leydig cell morphometry 

Using Fiji software, diameters (D) of fifty Leydig nuclei with distinct nucleoli were measured 

for each animal on H&E-stained images captured at x400. The nuclear volume (an important 
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parameter in a variety of cell functions) was determined in accordance with previously reported 

methods (Monteiro et al., 2012), with the formula below. 

𝐿𝑒𝑦𝑑𝑖𝑔 𝑐𝑒𝑙𝑙 𝑛𝑢𝑐𝑙𝑒𝑎𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 =
4

3
𝜋𝑅3(µm3). Where, Radius (R) = D/2, and 𝜋 = 3.14. 

 

Histopathological evaluation 

Johnsen’s testicular score  

Spermatogenesis was classified in 50 stage II-VII seminiferous tubules per animal (i.e., 300 

tubules per group) using Johnsen’s testicular score. Each tubule was assigned a score from 10 

to 1, accordingly, thereafter the number of tubules for an individual score was multiplied by 

the score, and then the total for all the scores was divided by 50 (the total number of tubules 

scored) to obtain the mean Johnsen’s score per group for further analysis (Thanh et al., 2020).  

The modified Johnsen scoring criteria used is shown in Table 4.1.  

 

Table 4.1: Modified Johnsen scoring criteria  

 

Histological changes 

Testicular H & E-stained sections were examined for the presence of histological changes. 

Observed changes were graded in 24 microscopic fields (six fields from each of the four 

sections) for each animal (i.e., 144 fields per group). The changes in each field were semi-

quantitatively categorized into five grades as follows; grade 4 = very severe (change seen in 

>75% of the field), grade 3 = severe (change seen in >50%˂75% of the field), grade 2 = 

moderate (change seen in >25%˂50% of the field), grade 1= mild (change seen in ˂25% of the 

Spermatogenesis level Johnsen’s score 

Many spermatozoa in the tubule lumen 10 

Many elongated spermatids in the apical region of the epithelium 9 

Many elongated spermatids still embedded in the Sertoli cell membrane 8 

Few elongated spermatids, many round spermatids 7 

No elongated spermatids, few round spermatids 6 

No spermatids, many spermatocytes 5 

Few spermatocytes 4 

Spermatogonia cell only 3 

Sertoli cells only 2 

No seminiferous epithelial cells 1 
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field), and grade 0 = none (no change in the field) as previously reported by Erpek et al.  (Erpek 

et al., 2007). 

 

Immunohistochemistry for oxidative stress, inflammation, and apoptosis 

Testicular tissue sections were mounted on silane-coated slides for antibody immunolabeling. 

Assessment of oxidative stress using inducible nitric oxide synthase (iNOS), malondialdehyde 

(MDA), and 8-hydroxydeoxyguanosine (8-OHDG), inflammation (interleukin-1beta (IL-1β), 

tumor necrosis factor-alpha (TNF-α), and interleukin-6 (IL-6), and caspase 3 for apoptosis were 

carried out. The sections were incubated in citrate buffer overnight in a water bath at 60oc for 

antigen retrieval. Then, the endogenous peroxidase was inhibited using 1% hydrogen peroxide 

in methanol for 20 minutes. After rinsing in phosphate buffered saline (PBS) for three changes 

of five minutes each, 5% normal goat serum was added to the sections to block nonspecific 

antibody binding. This was tapped off after 30 minutes, and the primary antibody was added 

subsequently (1:100 for anti-TNF-α and anti-iNOS, 1:200 for anti- IL-1β, anti- IL-6, anti-

MDA, and anti-caspase 3, and 1:1000 for anti-8-OHDG) and left overnight (approximately 16 

hours) at 4°C. Thereafter, the sections were rinsed in PBS and incubated with the secondary 

antibody (1:1000 biotinylated goat anti-rabbit for the IL-1β, TNF-α, iNOS, and caspase 3 

antibodies and 1: 1000 biotinylated goat anti-mouse for IL-6, MDA, and 8-OHDG antibodies) 

for 30 minutes. Then, after rinsing in PBS, avidin-biotin complex (ABC) reagent was added 

for 30 minutes. Afterward, the sections were rinsed in PBS and incubated with 3, 3’-

diaminobenzidine tetrachloride (DAB) for five minutes. DAB was then washed off under 

running tap water for five minutes and the slides were dipped in hematoxylin for one minute 

to counter stain. Followed by rinsing in running tap water to remove excess stain, dehydration 

of slides in alcohol series, and coverslipped with Dibutylphthalate Polystyrene Xylene (DPX). 

The images of antibodies with immunoreactivity localized to both cell nucleus and cytoplasm 

(IL-1β, TNF-α, iNOS, and MDA) were captured in 24 microscopic fields at x100 for each 

animal (i.e., 144 sections per group) and were segmented using the ilastik pixel classification 

workflow. Fiji was used for quantification of the ilastik exported image segments to extract 

numerical data for statistical analysis. Details of image segmentation and quantification are 

shown in appendix. The percentage area of expression for antibodies was calculated using the 

formula below.                                 

                     % Area of expression =   𝑖𝑚𝑚𝑢𝑛𝑜𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎     𝑥100 

                                                                   𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑚𝑖𝑐𝑟𝑜𝑔𝑟𝑎𝑝ℎ 
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For the antibodies with immunoreactivity localized to cell nuclei (IL-6, 8-OHDG, and caspase 

3), the total number of cell nuclei expressing immunoreactivity were counted in 20 rounded 

stage VII seminiferous tubules for each animal (i.e., 120 tubules for each group).  

 

Data analysis 

GraphPad Prism 6 windows software was used for data analysis. Data were expressed as Mean 

± SEM. Group means of parametric data were compared using a one-way analysis of variance 

(ANOVA), followed by Bonferroni’s post hoc test. Non-parametric data (Johnsen’s and 

histological change scores) were compared using Kruskall Wallis, followed by Dunn’s post 

hoc test. Deeming a P-value of < 0.05 statistically significant. 

 

RESULTS 

Testicular morphometry 

All treated groups (A, cART, and A+cART) showed a non-significant decrease in testis 

weights, testis volume, and testis size in comparison with the control (Table 4.2).  

 

Table 4.2: Mean testicular morphometry and component area fractions of testes from rats 

treated with alcohol, cART, and both. 

Animal groups  Control  Alcohol (A) cART A+cART 

Testis morphometry 
    

Testis weight (g)   1.91±0.05a 1.78±0.04a 1.85±0.03a 1.78±0.09a 

Testis volume (mm3) 1.88±0.09a 1.83±0.08a 1.83±0.08a 1.67±0.11a 

Testis size (mm) 1493±40.52a 1491±24.19a 1378±46.83a 1409±43.89a 

Area fractions (AF) (%) 
    

Epithelial (EAF) 74.25±0.50a 71.43±0.60b 71.82±O.53b 70.59±0.47b 

Luminal (LAF) 8.56±0.29a 8.64±0.27a 7.38±0.24b 9.80±0.30c 

Connective tissue (CTAF) 11.97±0.31a 13.66±0.35b 15.11±0.32c 15.26±0.33c 

Interstitial space (ISAF) 4.93±0.12a* 5.73±0.17b 5.77±0.16b 4.99±0.12c* 

For all parameters: Values in the same row with similar superscripts are not significantly 

different. Whilst values in the same row with different superscripts are significantly different 

(p<0.05) except when the different superscripts are both marked with an asterisk (*). A, 

alcohol; cART, combination antiretroviral therapy; A+cART, alcohol and combination 

antiretroviral therapy. 
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Testicular area fractions  

The epithelial area fraction (EAF) of treated groups significantly reduced compared to the 

control, (A, p=0.0012; cART, p=0.0078; and A+cART, p<0.0001) (Table 4.3).  The luminal 

area fraction (LAF) of cART group decreased significantly compared to control (p=0.0123), A 

(p=0.0059) and A+cART (p<0.0001), but was significantly increased in A+cART compared to 

control (p= 0.0141). The connective tissue and interstitial space area fractions (CTAF and ISAF 

respectively) of all the treated groups (A, cART, and A+cART) were increased compared to 

the control. The increase was significant in CTAF of all treated groups (A: p=0.0017, cART: 

p<0.0001, and A+cART: p<0.0001) and in ISAF of A (p=0.0008) and cART (p=0.0003) 

groups. Furthermore, CTAF of cART and A+cART treated groups was significantly higher 

when compared with group A (p=0.0110 and p=0.0038 respectively), while ISAF of A+cART 

group was significantly reduced compared to A (p=0.0025) and cART (p=0.0010) groups 

(Table 4.3).  

Table 4.3: Mean for seminiferous tubule, germinal epithelium cell count, and Leydig cell 

morphometry of testes from rats treated with alcohol, cART, and both. 

Animal groups Control  Alcohol (A) cART (A+cART) 

Tubule measurements 
    

Tubule area, TA (µm2) 78939±692a 68854±773b 65972±739c 72069±803d 

Tubule diameter, TD (µm) 310.2±1.30a 286.5±1.54b 283.0±1.52b 293.2±1.56c 

Epithelium height, EH (µm) 97.51±0.62a 93.34±0.71b 92.52±0.72b 89.46±0.78c 

Luminal diameter, LD (µm) 97.97±3.54a 105.90±2.67a* 84.95±2.06b 116.9±3.38c* 

Epithelium cell count 
    

Spermatogonia  59.20±0.62a 67.93±1.50b 66.43±1.18b* 61.97±1.33a* 

Spermatocytes  88.62±0.80a 86.00±1.00a* 84.33±0.71b* 83.72±0.95b* 

Round spermatids 92.30±0.95a 80.41±1.47b 84.25±1.43b 83.79±1.18b 

Elongated spermatids 102.9±1.02a 83.20±1.13b 85.93±1.48b 85.75±0.80b 

Sertoli 23.61±0.24a 22.56±0.38a 22.75±0.28a 22.54±0.31a 

Leydig cell nuclear     

Diameter (µm) 5.85±0.04a 5.37±0.04b 5.48±0.05b 5.42±0.04b 

Volume (µm3) 110.00±2.46a 85.95±2.18b 91.73±2.28b 88.03±2.13b 

For all parameters: Values in the same row with similar superscripts are not significantly 

different. Whilst values in the same row with different superscripts are significantly different 

(p<0.05) except when the different superscripts are both marked with an asterisk (*). A, 
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alcohol; cART, combination antiretroviral therapy; A+cART, alcohol and combination 

antiretroviral therapy. 

 

Seminiferous tubule morphometry 

All seminiferous tubule measured parameters (area, diameter, epithelium, and lumen) were 

decreased in all treated groups compared to control, except for lumen of A+cART treated that 

increased non-significantly (P>0.05) (Table 4.3). Tubule area and diameter significantly 

decreased (p<0.0001) in A, cART, and A+cART treated groups relative to control. The tubule 

area of cART treated group significantly decreased compared to A treated group (p=0.0413). 

In addition, tubule area and diameter were significantly higher in A+cART than in A (p = 

0.0155 and 0.0089 respectively) and cART (p<0.0001) groups. In comparison with the control 

group, the epithelial height of groups A, cART, and A+cART decreased significantly (p = 

0.0002, 0.0001, and 0.0001 respectively) while the luminal diameter of A+cART group 

increased significantly (p=0.0013). However, the luminal diameter of cART group was 

significantly decreased compared to control (p=0.0340), A (p=0.0004), and A+cART 

(p<0.0001) treated groups.  

 

Germinal epithelium cell count 

The results are as shown in table 4.3. The mean number of spermatogonia increased 

significantly in A and cART-treated groups (p<0.0001and P<0.0002 respectively) relative to 

control but was significantly decreased in A+cART (p=0.0032) relative to A group. However, 

spermatocytes were significantly reduced in cART and A+cART groups compared to control, 

(p=0.0043 and p=0.0007 respectively). Both round and elongated spermatids decreased 

significantly (p<0.0001) in all treated groups compared to the control.   Furthermore, a non-

significant decrease (p>0.05) in the number of Sertoli cells was found in all the treated groups 

(A, cART, and A+cART) compared to control.  

 

Leydig cell 

Leydig cell nuclear diameter and volume decreased significantly (p<0.0001) in all the treated 

groups (A, cART, and A+cART) compared to control (Table 4.3). 
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Histopathological evaluation 

Johnsen’s testicular score 

Johnsen’s score was used to profile the progress/status of spermatogenesis in the seminiferous 

tubules. Compared to the control, a significant reduction in Johnsen’s score was recorded in A 

(p=0.0115) and A+cART groups (p=0.0256) (Table 4.4).  

 

Table 4.4: Median Johnsen’s score and histological changes observed and their score range 

in testes of rats treated with alcohol, cART, and both. 

Animal groups  Control  Alcohol (A) cART A+cART 

Johnsen’s score 8.81a 8.29b* 8.50a* 8.38b* 

Histological changes 
    

Lifting of epithelium 0.06±0.01a 0.18±0.04a 0.09±0.02a 0.15±0.02a 

 (0-1) (0-2) (0-1) (0-2) 

Widened intercellular space 0.06±0.02a 0.37±0.14a* 0.29±0.09a* 0.82±0.17b* 

 (0-1) (0-2) (0-2) (0-4) 

Karyolysis  0.00±0.00a 0.11±0.02a 0.17±0.04b 0.13±0.03b 

 (0-0) (0-1) (0-1) (0-1) 

For all parameters: Values in the same row with similar superscripts are not significantly 

different. Whilst values in the same row with different superscripts are significantly different 

(p<0.05) except when the different superscripts are both marked with asterisk (*). A, alcohol; 

cART, combination antiretroviral therapy; A+cART, alcohol and combination antiretroviral 

therapy. 

 

Histological changes  

The most common histological changes observed were lifting of germinal epithelium, widened 

intercellular space, and karyolysis (Fig. 4.1) and were different across the groups (Table 4.4). 

However, the difference in epithelial lifting was not significant across the groups but widened 

intercellular space was significantly higher in A+cART (p=0.0029) compared to control group. 

Additionally, karyolysis in cART and A+cART groups was significantly high when compared 

to the control group (p=0.0081 and 0.0346 respectively). Furthermore, seminiferous tubule 

shrinkage was observed in all treated groups, with sloughing of germinal epithelium into the 

lumen recorded in A+cART treated animals.   
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Figure 4.1: Representative photomicrographs of H&E-stained testicular section. Control 

(image A) shows normal oval-shaped seminiferous tubule with a lumen (asterisks), lying 

between adjacent tubules is a layer of interstitial (thin arrows) populated with Leydig cells 

interspersed within the connective tissue, and a thin interstitial space (arrowheads) between the 
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tubules. Treated groups; alcohol (image B), cART (image C), and A+cART (image D) showed 

shrinkage of seminiferous tubules and increased interstitial space (arrowheads). Images E, F, 

G, and H are a magnification of the square area indicated in images A, B, C, and D. Image E, 

shows the germinal epithelium (double arrow) consisting of discretely arranged series of 

spermatogenic cells, F shows lifting of epithelium (arrowheads) from the basal cells, G shows 

karyolysis (thick arrow) of spermatogonia and spermatocytes, and H shows sloughing of 

epithelium (arrowheads) into the lumen and widened intercellular germ space (thin arrows). 

The left and right panels are ×100 and ×400 with scale bars of 200µm and 50µm respectively. 

A, alcohol; cART, combination antiretroviral therapy; A+cART, alcohol and combination 

antiretroviral therapy. 

 

Immunohistochemistry: oxidative stress, inflammation, and apoptosis  

Oxidative stress markers 

Oxidative stress markers immunoreactivity (Fig. 4.2) was localized in the cytoplasm and 

nucleus of macrophages and Leydig cells for both inducible nitric oxide synthase (iNOS) and 

malondialdehyde (MDA). While 8-hydroxydeoxyguanosine (8-OHDG) immunoreactivity was 

localized in the spermatogenic cell nuclei and residual bodies. All treated groups (A, cART, 

and A+cART) demonstrated a significant increase (p<0.0001) in expression of iNOS and 8-

OHDG relative to the control group (Fig. 4.2). A significant increase of MDA expression was 

detected in cART and A+cART groups relative to the control group (p<0.0001) and in cART 

and A+cART groups relative to group A (p<0.0001 and p=0.0302 respectively) (Fig. 4.2).   
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Figure 4.2: Photomicrographs of oxidative stress expression and respective mean of 

expression graphs. Representative immunoreactivity is indicated with arrowhead. The mean 

percentage area of expression for iNOS and MDA, and mean number of cells expressing 8-

OHDG were reported. Different symbols * and α represent significant differences (p<0.05) as 

analyzed by a Bonferroni’s multiple comparison test; ‘*’ significantly increased compared to 

control and ‘α’ significantly increased compared to alcohol (A). Magnification, x400; scale 
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bar, 50μm. Key: Image: A; control group, B; alcohol treated group, C; cART treated group, 

and D; A+cART treated group. A, alcohol; cART, combination antiretroviral therapy; 

A+cART, alcohol and combination antiretroviral therapy.  

 

Inflammatory and apoptosis markers 

Expressions of interleukin-1beta (IL-1β), tumor necrosis factor-alpha (TNF-α), interleukin-6 

(IL-6), and caspase 3 were as presented in figure 4.3.  IL-1β expression was significantly 

elevated (p<0.0001) in A and cART treated groups compared to the control. But the expression 

of IL-1β in cART and A+cART treated groups was significantly decreased relative to A treated 

group (p=0.0006 and p<0.0001 respectively) and significantly decreased (p<0.0001) in 

A+cART compared to cART. Although, the expression of TNF-α was increased in all the 

treated groups against the control, the increase was only significant in A treated animals 

(p=0.0001). Further, the expression TNF-α in A group increased significantly (p=0.0011) 

compared to A+cART treated group. Interleukin-6 (IL-6) was significantly upregulated 

(p<0.0001) in all treated groups (A, cART, and A+cART) compared to the control. Whilst 

caspase 3 expression significantly increased in A (p=0.0023), cART (p<0.0001), and A+cART 

(p<0.0001) groups relative to control. Further, caspase 3 expression in A+cART group was 

significantly higher in comparison to A (p<0.0001) and cART (p=0.0013) treated groups (Fig. 

4.3). 
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Figure 4.3: Photomicrographs of inflammatory and apoptosis expression and respective mean 

of expression graphs. Representative immunoreactivity is indicated with arrowhead. The mean 

percentage area of expression for IL-1β and TNF-α, and the number of cells expressing IL-6 

and caspase 3 were reported. Different symbols *, α, and ǂ represent significant differences 

(p<0.05) as analyzed by a Bonferroni’s multiple comparison test; ‘*’ significantly increased 

compared to control, ‘α’ significantly different compared to alcohol (A), and ‘ǂ’ significantly 

different compared to cART. Magnification, x400; scale bar, 50μm. Key: Image: A; control 

group, B; alcohol treated group, C; cART treated group, and D; A+cART treated group. A, 

alcohol; cART, combination antiretroviral therapy; A+cART, alcohol and combination 

antiretroviral therapy. 
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DISCUSSION 

Infertility is a worrisome reproductive health problem in families globally (Agarwal et al., 

2021) with a soaring prevalence of male infertility (Sun et al., 2019). The chronic use of 

combined antiretroviral (cART) blended with alcohol abuse has introduced new variables in 

male reproductive dysfunctions. Moreover, a high incidence of alcohol use among people 

living with HIV/AIDS (PLWHA) and on combination antiretroviral therapy (cART) has also 

been reported (McCance-Katz et al., 2013; Mondal et al., 2019). Markedly, cART and 

alcohol have individually been reported to negatively impact the male reproductive system 

(Kushnir and Lewis, 2011; Apolikhin and Krasnyak, 2021) and thus their concomitant use 

may pose major reproductive dysfunctional challenges, particularly amongst PLWHA that 

desire to have biological children (Savasi et al., 2019), which is a critical societal necessity.  

The result from this study showed non-significant decrease in testicular weight, volume, and 

size across the treatment groups compared to the control group which is consistent with 

previous reports (Monteiro et al., 2012; Adaramoye et al., 2015; Ogedengbe et al., 2018; 

Olasile et al., 2018) and may suggest minimal perturbations of testicular architecture. 

However, the significantly decreased epithelial area fraction (EAF), and the significantly 

increased luminal area fraction (LAF) in A+cART treated group point to perturbations of 

testicular structure and cellular coherency. Furthermore, the significant increases in 

interstitial space area fraction (ISAF) in A and cART treated groups and non-significant in 

the A+cART treated group may suggest specific treatment effects and the impact of the 

A+cART interaction on this parameter. Overall, these changes in the histological component 

of the testis reflect an alteration of the integrity of testicular morphology, pointing to 

disruption of the normal testicular paracrine/autocrine factors (such as cytokines) involved 

in regulation of spermatogenesis and consequently will lead to a decline in spermatogenesis 

(Azu, 2012; Kangawa et al., 2019).   

 

Furthermore, the increased number of spermatogonia (proliferation of spermatogenesis) 

observed in testis of the alcohol and cART treated groups, could be an attempt to increase the 

germ cell pool so as to counteract the diminishing spermatogenesis processes which is in line 

with a previous clinical study that reported a massive increase in the number of normally 

differentiated spermatogonia and elevated spermatogonia proliferative activity in a biopsy of 

patient with non-obstructive azoospermia (Fietz et al., 2020). Additionally, the luminal area 

fraction (LAF) and diameter (LD) were both slightly increased in the A group but significantly 
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increased in the A+cART group, suggesting varying degrees of germ cell layer reduction due 

to different treatments as well as seminiferous tubule shrinkage.  

 

Notably, tubular shrinkage was depicted by the significant reduction in tubular area (TA) and 

diameter (TD) in testis of treated groups (A, cART, and A+cART), and was consistent with 

previous findings  (Azu, 2012; Dosumu et al., 2014; Ogedengbe et al., 2018).  However, LAF 

and LD were also significantly decreased in the treated groups except in cART group regardless 

of the diminished EAF, EH, and germinal epithelium cell layers. This could have been due to 

the prominent seminiferous tubule shrinkage observed in cART treated group which also 

recorded the greatest reductions in TA and TD. Further, shrunken seminiferous tubules are 

suggestive of tubule degenerative changes induced by the treatments and subsequently result 

in germ cell death (Azu et al., 2014). Accordingly, shrinkage of the seminiferous tubules 

resulted in an increase in interstitial space area fraction (ISAF) in the treated groups compared 

to the control animals.  

 

Equally, a significant increment in connective tissue area fraction (CTAF) was recorded in the 

testis of treated animals, suggesting formation of fibrosis in the testis interstitium. Our findings 

go in line with that of a previous study that reported fibrosis led to increase in thickness of the 

testicular interstitium in the infertile males (Apa et al., 2002). Testicular fibrosis usually occurs 

following testis trauma and inflammation amongst others (Yagan, 2000). Fibrosis impairs the 

integrity of the testicular interstitium and alters the structure and function of the interstitial cells 

(Leydig, macrophages, and myoid cells), and consequently adversely affects testicular 

structure and function (Yagan, 2000; Mayerhofer, 2013). 

 

Furthermore, the number of Sertoli cells was not significantly reduced in the treated animals 

compared to control animals, suggesting that Sertoli cells were less adversely affected. 

Previous report indicated that Sertoli cells are resistant to apoptosis compared to germ cells 

(Wangikar et al., 2011), because they contain high levels of anti-apoptotic markers,  Bcl-w and 

Bcl-xL (Yuko Ito and Otsuki, 2013). It has been reported that while the number of Sertoli cells 

is not usually affected (Pajarinen and Karhunen, 1994; Yuko Ito and Otsuki, 2013), disruptions 

in its structure are relatively common and can alter the cell’s functions, the integrity of the 

blood-testis barrier (BTB) (Trindade et al., 2013) and consequently lead to dysregulation of 

spermatogenesis. Though, the present study did not include effects on the Sertoli cell 

cytoskeleton, previous studies show that its alteration and/or damage leads to sloughing of 
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germ cells into the lumen and separation of germinal epithelium from the basement membrane 

(Moffit et al., 2007; Lie et al., 2010; Johnson, 2014), which were both observed in treated 

animals in the current study.  

 

However, Leydig cell nuclear diameter and volume in testis of treated animals were 

significantly reduced relative to the control animals and may imply disturbances of Leydig cell 

function (Jelodar et al., 2009; Trindade et al., 2013; Olasile et al., 2018). The nucleus is the 

lifeline of the cell, and a previous study showed that quantitative measurements of the nucleus 

is important in understanding the cell’s response to injury and further reported that nuclear 

volume correlates strongly with cell volume and function (Wu et al., 2022). Leydig cells are 

present in the testis interstitium, and synthesize androgens via steroidogenesis (Zirkin and 

Papadopoulos, 2018). Therefore, shrinkage of the nucleus will ultimately affect the Leydig 

cell’s steroidogenic capacity and subsequently lead to disruption of spermatogenesis (Kumari 

et al., 2011; Neves et al., 2017; Zirkin and Papadopoulos, 2018).  

 

Additionally, in parallel with previous findings (baydilli, 2020; Akhigbe, Hamed and Aremu, 

2021), Johnsen’s score of the treated groups was reduced compared with the control animal 

group. Reduction in Johnsen’s score is linked to interruption of normal germ cell maturation, 

germ cell layer loss, and tubule lesions (Salman et al., 2014; Shokoohi et al., 2018). Also, 

seminiferous tubule germinal epithelium lesions such as lifting of epithelium, widened 

interstitial space, karyolysis, and sloughed germ cells were more evident in the treated groups 

compared to control animal group, which supports the reduction in Johnson’s score recorded 

in treated groups. This result confirm testicular toxicity of the treatments (alcohol or/and 

cART) (Moffit et al., 2007; Duca et al., 2019). 

Oxidative stress is a common feature in most male reproductive system dysfunctions 

(Tremellen, 2012; Sakr and Nooh, 2013; Asadi et al., 2017),  occurring as a result of an 

imbalance between rate of production and clearance of reactive oxygen species (ROS) (Turner 

and Lysiak, 2008; Wu et al., 2020). High ROS levels have been reported in 30–80% of infertile 

males (Tremellen, 2012; Wu et al., 2020). Our findings showed upregulation of oxidative stress 

markers i.e., inducible nitric oxide synthase (iNOS), malondialdehyde (MDA), and 8-

hydroxydeoxyguanosine (8-OHDG) in the testis of treated animals. This indicates that alcohol, 

cART, and their combination induced oxidative stress in the testis. Reports show that iNOS 

upregulation leads to increased ROS formation (Zhao et al., 2010), ROS  have been shown to 
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induce lipid peroxidation and DNA fragmentation in the testis (Aitken and Roman, 2008; 

Sharma and Agarwal, 2011; Ikekpeazu et al., 2019). These are the most common consequences 

of testicular oxidative stress resulting into increased MDA and 8-OHDG formation respectively 

(Aprioku, 2013; Asadi et al., 2017; Dutta et al., 2021). Previous studies have reported that 

ROS-induced lipid peroxidation is implicated in male reproductive dysfunction (Tremellen, 

2012; Sakr and Nooh, 2013; Asadi et al., 2017), due to substantial amounts of unsaturated fatty 

acids in the testis tissue (Aitken and Roman, 2008; Guerriero et al., 2014).  

Reportedly, elevation of ROS stimulates release of several inflammatory cytokines such as IL-

1, TNF-α, and IL-6 mostly via the nuclear factor-kappa beta (NF-kβ) pathway (Aprioku, 2013; 

Nna et al., 2019; Dutta et al., 2021). In the testis, cytokines are majorly derived from interstitial 

macrophages, but Leydig and Sertoli cells also secrete cytokines (Kolasa et al., 2009; Coştur 

et al., 2012; Loveland et al., 2017). Studies show that during testicular injury, activated 

macrophages, Leydig, and Sertoli cells produce a high concentration of cytokines and iNOS 

(Kolasa et al., 2009; Coştur et al., 2012; Dutta et al., 2021). In consonance with the above, the 

elevated levels of pro-inflammatory cytokines observed in the present study may adversely 

affect the process of spermatogenesis, as reported by previous studies (Hedger and Meinhardt, 

2003; Loveland et al., 2017). Somade et al. 2019 found that elevated cytokine levels in testis 

and kidney of Wistar albino rats, was associated with testiculo-renal toxicosis following acute 

administration of edible camphor (Somade et al., 2019). Additionally, testicular cytokines have 

been shown to affect germ cell proliferation, as well as Leydig and Sertoli cells functions and 

secretions (Loveland et al., 2017). This study findings show that oxidative stress and 

inflammation are interlinked mechanisms associated with germ cell apoptosis, which might 

underlie the multidimensional changes observed in testis of animals treated with alcohol or/and 

cART.  

Overall, the study has revealed some important findings in testicular toxicity of the treatments 

relative to the parameters studied. Interestingly, though the levels of IL-1β and TNF-α, and 

MDA were elevated in A + cART treated group compared to control animals but comparatively 

were not as elevated as that of IL-6, iNOS, 8-OHDG, and caspase 3 expression in A+cART 

treated group. These results suggest possible effect of cytochrome P450 enzyme pathway 

involved in the metabolism of alcohol and cART (Kumar et al., 2012; Ogedengbe, Naidu and 

Azu, 2018; Mondal et al., 2019), resulting in reduction of the level of these parameters (IL-1β, 
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TNF-α, and MDA) in A+cART treated group. Additionally, it may suggest a variation in the 

effects of different treatment on the studied parameters.   

 

CONCLUSION 

Our results show that consumption of alcohol or cART can cause perturbations in the testis 

morphometric parameters and seminiferous tubule lesions via upregulation of oxidative stress 

and pro-inflammatory cytokines. In addition, consumption of alcohol and cART concurrently 

can exacerbate testicular damage.  The findings from this study are invaluable for the clinical 

management of male fertility challenges that could emerge in PLWHA on cART therapy who 

consume alcohol regularly. 

 

APPENDIX  

Image segmentation 

Ilastik software (v1.3.3; https://www.ilastik.org) was used for image segmentation. Images 

were segmented into 3, 3’-diaminobenzidine tetrachloride (DAB) positive area and background 

(Berg et al., 2019; Chim et al., 2020). A pixel classifier was trained with eight sample images 

selected from all animal groups (two images per group). The available features i.e., 

intensity/color, texture, and edge at a sigma of 0.3–10 pixels were included in the classification 

algorithms. To train the classifier an appropriate brush was used to annotate a few DAB-

positive areas (yellow color), and representative areas not stained with DAB were annotated as 

the background (blue color). To place the annotations precisely, the images were zoomed out.  

The prediction was inspected after adding each annotation.  Then more annotations were added 

to all training images to refine the classifier and increase its applicability to large training naïve 

image sets.  Once the prediction was of a good standard across the sample images, the trained 

classifier was applied to image sets, and their simple segmentations were exported for 

quantification (Fig. A1). 

Image quantification 

Segmented images were quantified using Fiji software (v1.52e; https://imagej.net/Fiji) into 

numerical values for statistical analysis (Chim et al., 2020). The ilastik exported image 

segments were imported into Fiji through the ilastik plugin. Then, the Fiji scale was adjusted 

according to the magnification of the image. The parameters to measure (area and area fraction) 

were selected and limited to the threshold. The segments were analyzed using a newly 

generated macro shown in Figure A2.  

https://www.ilastik.org/
https://imagej.net/Fiji
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Figure A1: Representative image segmentation and quantification in ilastik and Fiji 

respectively for antibodies showing positive DAB staining in both cell nucleus and cytoplasm. 

Panel A shows an immunohistochemically DAB labeled image opened in ilastik, panel B 

illustrates a preview of the segmentation after adding annotations, and panel C show an ilastik 

exported image segment opened in Fiji displaying quantified DAB positive area.  

 

Figure A2: Generated macro showing the steps for quantifying image segments in Fiji. 

(A) Raw image 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(B) Segmentation preview 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(C) Segment quantification 

 



90 
 

CHAPTER 5: SECOND MANUSCRIPT  

 

Androgen Receptor (AR) Depletion Underlies the Reproductive Dysfunctions in Male 

Rats Exposed to Alcohol and Combination Antiretroviral Therapy (cART) 

 

ABSTRACT 

The prevalence of alcohol abuse and HIV/AIDS is high in males of reproductive age. 

Unfortunately, a high incidence of alcohol intake has been reported in HIV/AIDS patients 

including those on combination antiretroviral therapy (cART). Incidentally, alcohol and cART 

use have each been implicated in male reproductive dysfunction. Therefore, the interactive 

effects of alcohol and cART on reproductive hormone levels, testicular connective tissue, and 

androgen receptor and Ki-67 expression were evaluated in HIV naïve adult male Sprague 

Dawley rats. Adult male rats were divided into four groups: control, alcohol (A), cART, and 

A+cART. The rats were terminated after 90 days of treatment. Blood and testis were extracted 

for the following laboratory analyses/assays; special staining for testicular connective tissue, 

immunoassay for reproductive hormones, and immunohistochemistry for androgen receptor 

and Ki-67. Study found significantly (p˂0.05) increased thickness of seminiferous tubule 

basement membrane in cART group and testicular capsule in A+cART group. Collagen, 

reticulin, and elastin fibers decreased significantly in all treated groups, except for reticulin in 

testis of A group. With exception of luteinizing hormone in cART group, all treated groups had 

significantly elevated levels of luteinizing and follicle stimulating hormone, but no significant 

(p>0.05) difference was found in their testosterone and inhibin B levels. The number of Sertoli 

and Leydig cells expressing androgen receptor were significantly reduced in all treated groups, 

except for A group’s number of Sertoli cells expressing androgen receptor. Further, in all 

treated groups Ki-67 expression significantly reduced relative to control. In this study, with 

exception of seminiferous tubule basement membrane, all study parameters were greatly 

altered in A+cART group. We suggest that the exacerbated androgen receptor depletion 

recorded in A+cART group might have led to the observed severe testicular structural alteration 

and spermatogenesis derangement. 

Keywords: Alcohol, cART, HPG axis, Testis structure, Androgen receptor, and Ki-67. 
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INTRODUCTION 

The high prevalence of combination antiretroviral therapy (cART) use (Khawcharoenporn and 

Sha, 2016) and alcohol abuse (World Health Organisation, 2011) in males of reproductive age 

has raised clinical concerns for male infertility. The Sub-Saharan Africa region is the world’s 

epicenter of HIV/AIDs, with a daunting prevalence consistently reported in South Africa 

(Lippman et al., 2019). About 20% of the adult population is living with HIV in South Africa 

and thus, the use of cART is common (UNAIDS, 2019). Incidentally, the prevalence of alcohol 

abuse in people living with HIV/AIDS is alarming (Crane et al., 2017), and is reported to be 

more than twofold higher compared to that of the general populace (Necho et al., 2020), which 

points to both drugs being concomitantly present in the body. Moreover, alcohol and cART 

have each been shown to negatively impact the male reproduction system (Ogedengbe, Naidu 

and Azu, 2018; Ogedengbe et al., 2018).  

 

Clinical studies have documented hypogonadism and feminization in male chronic alcoholics 

(Oremosu and Akang, 2015), and in people living with HIV/AIDS on a cART regimen (Wong 

et al., 2017). The most common encountered manifestations of male hypogonadism include 

low testosterone levels, gonadal atrophy, gynecomastia, and muscle wasting (Wong et al., 

2017; Duca et al., 2019).  However, hypogonadism symptoms may not be directly linked to 

hypothalamic-pituitary-gonadal (HPG) axis impairment, but could also result from 

disturbances of hormone-receptor interaction and/or partial or complete receptor insensitivity 

(Corradi et al., 2016). Importantly, testosterone, an androgen synthesized by the Leydig cells 

is essential for successful spermatozoa production (Bremner et al., 1994; O’Hara and Smith, 

2015). The impact of testosterone is mediated via the androgen receptor  (Petersen and Söder, 

2006; Shah et al., 2021). However, testosterone is also involved in the regulation of androgen 

receptor expression (Wang et al., 2009; O’Hara and Smith, 2015; Mayer et al., 2018).   

 

In the testis, androgen receptor is expressed in the nuclei of somatic cells viz. Leydig, Sertoli, 

myoid, and pericyte cells (Bremner et al., 1994; Shan et al., 1997; Basiri et al., 2016) and this 

receptor has been shown to regulate the structure and functions of these cells  (Wang et al., 

2009; O’Hara and Smith, 2015; Mayer et al., 2018).  Sertoli cells’ androgen receptor transduce 

the action of testosterone on spermatogenesis because germ cells do not express androgen 

receptor (O’Hara and Smith, 2015; Shah et al., 2021). Additionally, expression of androgen 

receptor by Sertoli cells is an indicator of the cells’ maturity and is essential for formation of 

an effective blood-testis barrier that creates an immune-privileged microenvironment 
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necessary for successful spermatogenesis (Petersen and Söder, 2006; Kaur et al., 2014; Shah 

et al., 2021). Further, the myoid cells' androgen receptor expression is required for retinol 

processing, an essential factor for initiating spermatogonia differentiation (Mayer et al., 2018; 

Shah et al., 2021). 

 

Thus, adequate reproductive hormone levels and hormone-receptor interactions are necessary 

for sufficient germ cell proliferation, differentiation, and maturation (Smith and Walker, 2014) 

and maintenance of testicular structural integrity (Wang et al., 2009; Mayer et al., 2018).  

Accordingly, the current study investigated the impact of alcohol and cART co-presence in the 

body on serum reproductive hormone levels, morphometry of testicular capsule, interstitial 

connective tissue fibers, and seminiferous tubule basement membrane, and testicular androgen 

receptors and Ki-67 expressions in male Sprague Dawley rats.   

 

METHODS AND MATERIAL 

Chemical and reagents 

Atripla, a fixed-dose combination antiretroviral (cART) drug was purchased from Bristol-

Myers Squibb and Gilead Sciences (Foster City, CA, USA) and androgen receptor rabbit 

monoclonal (ab105225) and Ki-67 rabbit polyclonal (ab15580) primary antibodies were 

purchased from Abcam (Cambridge, MA, USA). The biotinylated goat anti-rabbit (BA-1000) 

secondary antibody and Avidin-Biotin Complex kit (PK-6100) were purchased from Vector 

Laboratories (Burlingame, CA, USA). The ELISA kits for luteinizing hormone (LH; E-EL-

R0026), follicle stimulating hormone (FSH; E-EL-R0391), testosterone (TT; E-EL-R0155), 

and inhibin B (E-EL-R1027) were purchased from Elabscience (Houston, Texas, USA). 

 

Ethical clearance 

The Animal Research Ethics Committee (AREC) of University of the Witwatersrand (Wits) 

approved the animal study protocol with approval number 2018/011/58/C. All experiments 

were carried out at Wits Animal Research Facility in accordance with the guidelines of AREC. 

 

Animals 

Twenty-four (24) adult male Sprague Dawley rats (10 weeks old) weighing between 330-370 

grams were used. Since treatments were administered in drinking water (alcohol) and in 

gelatine cubes (cART), the rats were kept individually to ensure that each rat received the 

appropriate treatment dosage. The rats were housed in clean plastic cages with pinewood 
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shaving beddings at a room temperature of 21-23⁰C, with a 12/12-hour light/dark cycle, and 

supplied with standard rat chow and water ad libitum.  

 

Experimental design 

The rats were divided into four groups, each with six rats: control group, which received no 

treatment; alcohol group (A), which received daily treatment of 10% v/v alcohol in drinking 

water (Dutra et al., 2017); cART group, received daily treatment of extrapolated human 

equivalent dose of 23.22mg/kg of cART (consisting of efavirenz 600 mg + emtricitabine 200 

mg + tenofovir 245 mg) (Frampton and Croom, 2006) in gelatine cubes daily; and alcohol plus 

cART group (A+cART), which received both alcohol and cART daily. Rats were treated for 

90 days, after which they were weighed, anesthetized with 240mg/ml pentobarbitone, and 

terminated. Blood was drawn through a cardiac puncture into a plain blood collection tubes. 

Thereafter, rats were perfused with 2 mL/min of 0.1-M phosphate buffer in 0.9% saline before 

extracting the testes. The testes were then preserved for subsequent processing in 10% neutral 

buffered formalin. Collected blood samples were left to clot, then centrifuged, and the serum 

was transferred into a new Eppendorf tube for storage at -80℃ before immunoassay. 

 

Gonadosomatic index  

Final body and testis weights were used to calculate the gonadosomatic index, using the 

formula previously reported by Olasile et al., 2018. 

Gonadosomatic index = 𝑇𝑒𝑠𝑡𝑖𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 × 100 (%) 

                             𝐵𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

Immunoassay  

Serum levels of reproductive hormones were quantified using enzyme linked immunosorbent 

assay (ELISA). A sandwich ELISA technique was used for luteinizing (LH), follicle 

stimulating hormone (FSH), and inhibin B, while a competitive ELISA technique was used for 

Testosterone (TT) assay. Before commencing the procedure, serum samples and all reagents 

were allowed to reach room temperature. Then, the wash buffer, standard working solutions, 

biotinylated detection antibody, and horseradish peroxidase conjugate were prepared for the 

assay according to the manufacturer’s guidelines. A threefold sample dilution was used for the 

assay and standard and samples were run in duplicates (side by side). The assay procedure was 

carried out as follows. In the case of sandwich (i.e., LH, FSH, and inhibin B), a volume of 100 

μL for the standards and samples was carefully added to the bottom of the respective plate 

wells. Then, the plates were sealed and incubated at 37℃ for 90 min. After that, the solution 

was decanted from the wells, and without washing the plate, 100 μL of the biotinylated 
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detection antibody working solution was added to each well. Afterward, the plate was sealed 

and incubated at 37°C for 60 min. Whereas in the competitive technique for TT assay, a volume 

of 50 μL for standards and samples was carefully added to the bottom of the respective plate 

wells, and immediately 50 μL of biotinylated detection antibody working solution was added 

to each well. Subsequently, the plate was sealed and incubated at 37℃ for 45 min. Thereafter, 

the subsequent steps were similar for both techniques. After incubation, the solution was 

decanted from the wells before three cycle washing step. The plate was placed in a microplate 

washer, 350 uL of wash buffer was added to each well and allowed to soak for 60 sec per cycle. 

Subsequently, 100 μL of horseradish peroxidase conjugate working solution was added to each 

well, the plate was sealed and incubated at 37°C for 30 min. Then, the solution was decanted 

from the wells, and the wash step was conducted as above for five cycles. Next, 90μ of substrate 

reagent was added to each well, the plate was sealed, wrapped in aluminum foil (to protect it 

from light), and gently shaken before incubation at 37°C for 15 min. Followed by immediate 

addition of the stop solution to each well of the plate. The plate was put on a micro-plate reader 

set at 450 nm filter to measure the optical densities (OD). The microplate reader was set up 

according to the user’s manual guidelines and preheated for 15 minutes before measuring the 

optical densities. The average OD values for standards and samples were calculated. Then, the 

average OD for standard zero was subtracted from the average OD for standards and samples. 

A standard curve was plotted with the standard concentration and OD values. The average OD 

values for each sample (y-axis) were used to determine the corresponding concentration of TT, 

LH, FSH, and inhibin B from the standard curve (x-axis). The exact concentration was obtained 

by multiplying the concentration read off the standard curve with the sample dilution factor. 

 

Histo-morphometric analyses 

Special histology stains for testicular connective tissue  

The fixed testis tissue was dehydrated in a series of 70-100% alcohol grades, embedded in 

molten paraffin wax, and sections of 5μm thickness were cut. Testicular tissue sections were 

stained with periodic acid Schiff (PAS) (for basement membrane), Masson’s Trichrome (for 

capsule and collagen), Gordon and Sweet’s silver impregnation (for reticulin), and Gomori’s 

Aldehyde Fuchsin (for elastin). Stained testis sections were examined using the Axioskop 2 

plus light microscope (Nikon Eclipse Ci, 104C type) and photomicrographs captured with the 

linked computerized Zeiss digital image system, the AxioCam 208 color (Zeiss group, 

Oberkochen, Germany) for quantification.  
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Measurement of seminiferous tubule basement membrane (STBM) 

Photomicrographs of PAS-stained sections were captured at x400, and Fiji software was used 

to measure the thickness of the basement membrane. The thickness of STBM was measured at 

two points in 50 randomly selected tubules for each rat (i.e., 300 tubules per group) (Omar et 

al., 2018).  

 

Evaluation of testicular capsule thickness 

The capsule thickness was measured on Masson’s Trichrome stained sections using Fiji 

software. Photomicrographs of six fields from the free surface of the capsule were captured at 

x400, and three points were measured on each field (i.e., 18 measurements for each rat, 108 

per group) (Aire and Ozegbe, 2007). 

 

Interstitial connective tissue quantification 

Components of testicular connective tissue i.e., collagen, reticulin, and elastin fibers were 

quantified in photomicrographs of sections stained with Masson’s Trichrome, Gordon and 

Sweet’s silver impregnation, and Gomori’s Aldehyde Fuchsin techniques respectively. 

Collagen, reticulin, and elastin fibers were quantified in 24 microscopic fields captured at x100 

for each rat (i.e., 144 fields per group).  

 

Image processing for connective tissue quantification 

The connective tissue images were segmented using ilastik (v1.3.3; https://www.ilastik.org) 

and subsequently quantified in Fiji software (v1.52e; https://imagej.net/Fiji). Figure 5.1 

illustrates the image processing procedure. 

 

Image segmentation 

The image was divided into fibers and background using the Ilastik pixel classification 

technique (Berg et al., 2019; Chim et al., 2020). Briefly, eight sample photos were used to train 

pixel classifiers (two images per animal group). The classification algorithms included the 

available features, such as intensity/color, texture, and edge at a sigma of 0.3–10 pixels. 

Collagen, reticulin, and elastin were appropriately annotated in a few spots of the image 

(yellow color) to train the classifier. The background, which represents spaces that are not 

covered by fibers, was then annotated (blue color) (Fig. 5.1). The predictions were inspected 

after adding each annotation, the photos were zoomed out to allow more precise placement of 

annotations. All training photos were then given annotations to improve the classifier and make 

https://www.ilastik.org/
https://imagej.net/Fiji
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it more applicable to huge image sets. Once the prediction was of a good standard across the 

sample images, the trained classifier was applied to training naïve images and their simple 

segmentations were exported for quantification. 

 

Image quantification 

The ilastik plugin was used to import the produced image segments from ilastik into Fiji so that 

they could be quantified into numbers for statistical analysis  (Fig. 5.1) (Lucero et al., 2016; 

Chim et al., 2020). The Fiji scale was modified in accordance with the image's magnification. 

Area, integrated density, and area fraction were chosen as the measurement parameters and 

were restricted to the threshold. The connective tissue fibers were then quantified in a macro 

mode (see Appendix). The percentage area occupied by the connective tissue fibers (collagen, 

reticulin, and elastin) was calculated as follows. 

                     % Area =        𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑖𝑏𝑒𝑟     𝑥100 

       𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑚𝑖𝑐𝑟𝑜𝑔𝑟𝑎𝑝ℎ 

 

 

(1) Collagen raw image 

 

 

 

(a) Reticulin raw image 
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Figure 5.1: Representative connective tissue image segmentation and quantification in ilastik 

and Fiji respectively. The fibers for collagen, reticulin, and elastin were stained using Masson’s 

Trichrome, Gordon and Sweet’s silver impregnation, and Gomori’s Aldehyde Fuchsin staining 

technique respectively.  Panels 1, a, and i respectively show raw images of collagen, reticulin, 

and elastin open in ilastik.  Preview of image segmented into fibers and background after 

adding annotations are demonstrated in panels (2, b, and ii). The respective exported image 

segments opened in Fiji displaying quantified respective fibers are shown in panels 3, c, and 

iii. 

 

Immunohistochemistry (IHC) for androgen receptor and Ki-67 

Testicular tissue sections of 5μm thickness were mounted onto saline-coated slides and 

immunolabeled with androgen receptor and Ki-67 antibodies. For antigen retrieval, the sections 

were treated in citrate buffer pH 6 overnight in a water bath at 60oc. The endogenous peroxidase 

was then blocked for 20 minutes with 1% hydrogen peroxide in methanol. The sections were 

then rinsed in phosphate buffered saline (PBS) before being treated with 5% normal goat serum 

to prevent nonspecific antibody binding. After 30 minutes, the normal goat serum was tapped 

off, subsequently, the primary antibody was added (1:100 for anti-androgen receptor and 

1:1000 for anti-Ki-67) and then left at 4°C overnight (approximately 16 hours). Thereafter, the 

sections were rinsed in PBS and incubated with a 1:1000 biotinylated goat anti-rabbit 

secondary antibody for 30 minutes. Then, after rinsing in PBS, avidin-biotin complex reagent 

was added for 30 minutes. Afterward, the sections were rinsed in PBS and incubated with 3, 

3’-diaminobenzidine tetrachloride (DAB) for five minutes. DAB was then washed off under 

running tap water for five minutes and the slides were immersed in hematoxylin for one minute, 

followed by five minutes of washing with running tap water and dehydrating in a series of 

alcohol.  Dibutylphthalate Polystyrene Xylene was put on the section along with the coverslip. 

For each antibody, two control slides were included; one without the primary and the other 

without the secondary antibody. The number of Leydig cells expressing androgen receptor 

immunoreactivity was counted in 20 microscopic fields at x400 for each animal (i.e., 120 fields 

for each group). The number of Sertoli cells expressing androgen receptor immunoreactivity 

and germ cells expressing Ki-67 immunoreactivity were counted in 20 rounded stages II-VII 

seminiferous tubules (Bremner et al., 1994) for each animal (i.e., 120 tubules per group).  

Data analysis 

Data analysis was done using the Windows version of GraphPad Prism 6 and the results are 

presented as Mean ± SEM. One-way analysis of variance was used to compare the group 
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means, and the Bonferroni post hoc test was performed afterward. A P-value of < 0.05 was 

deemed statistically significant. 

 

RESULTS 

Gonadosomatic index  

The study results showed that gonadosomatic index was not significantly different in rats across 

the treatment groups (Table 5.1). 

 

Table 5.1: Mean gonadosomatic index (GSI) and serum levels of reproductive hormones for 

rats treated with alcohol, cART, and both. 

Animal groups Control  Alcohol (A) cART A+cART 

Gonadosomatic index (GSI) (%) 

Reproductive hormones  

0.37±0.03a 0.37±0.02a 0.36±0.03a 0.38±0.02a 

Luteinizing hormone (mIU/mL) 67.23±8.98a 109.9±9.76b* 82.16±5.38a* 112.9±4.03b 

Follicle stimulating hormone (ng/mL)  69.94±8.80a 129±5.26b 127.2±16.52b 118.2±12.09b 

Testosterone (ng/mL) 2.83±0.46a 2.66±0.49a 2.19±0.59a 2.14±0.04a 

Inhibin B (pg/mL) 72.74±6.23a 71.78±3.92a 74.67±1.69a 69.16±4.74a 

For all parameters: Values in the same row with similar superscripts are not significantly 

different whilst values in the same row with different superscripts are significantly different 

(p<0.05) except when the different superscripts are both marked with an asterisk (*). A, 

alcohol; cART, combination antiretroviral therapy; A+cART, alcohol and combination 

antiretroviral therapy. 

 

Reproductive hormone levels 

An increase in serum concentration of luteinizing and follicle stimulating hormones was 

observed in all treated groups compared to the control (Table 5.1). The luteinizing hormone 

concentration in A and A+cART groups significantly increased compared to control (p=0.0072 

and p=0.0027 respectively). Further, the luteinizing hormone concentration in A+cART group 

increased significantly (p=0.0043) compared to cART, whilst follicle stimulating hormone 

significantly increased in all treated (A, cART, and A+cART) groups compared to control, 

(p=0.0043, p=0.0200, and p=0.0266 respectively). In comparison with the control group, the 

decrease in serum levels of testosterone and the difference in inhibin B levels of all treated 

groups were insignificant (p>0.05). 
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Seminiferous tubule basement membrane (STBM) thickness 

The basement membrane surrounding the seminiferous tubule was identified as a thin periodic 

acid Schiff (PAS)-positive staining sheet-like structure with a single layer of flat elongated 

cells, the myoid cells (Fig. 5.2). Further, positive PAS staining was as well observed in 

elongated spermatids and some Leydig cells. The testis of rats from the control showed a 

smooth contoured basement membrane, while the basement membranes of testis from rats 

treated with alcohol, cART, and A+cART was slightly wavy. The STBM thickness was 

significantly increased (p<0.0001) in cART treated animals compared to control and treated 

groups A and A+cART (Fig. 5.2). In A and A+cART treated groups, the STBM thickness 

reduced non-significantly when compared to the control group.  

 

Figure 5.2: Representative seminiferous tubule basement membrane (STBM) (arrowheads) 

and testicular capsule (double arrows) photomicrographs, PAS and Masson’s Trichrome stain 

respectively. Leydig cell PAS positive (thick arrow) shown in a cART photomicrograph. 

Graphs show respective mean thickness. Different symbols *, α, and ǂ represent significant 

differences (p<0.05) as analyzed by a Bonferroni’s multiple comparison test; ‘*’ significantly 

increased compared to control, ‘α’ significantly increased compared to alcohol (A), and ‘ǂ’ 

significantly different compared to cART. Magnification, x400; scale bar, 50μm. Key: Image: 
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A; control group, B; alcohol group, C; cART group, and D; A+cART group. A, alcohol; cART, 

combination antiretroviral therapy; A+cART, alcohol and combination antiretroviral therapy. 

 

Capsule thickness 

The testicular capsule also referred to as the tunica albuginea comprised of majorly collagen 

fibers braced with a network of myoid cells (Fig. 5.2). Thickness of the capsule was increased 

across all the treated groups compared to the control, but a significant increase (p=0.0001) was 

only recorded in testis of A+cART treated group. Further, capsule thickness of A+cART 

treated group was significantly increased compared to alcohol and cART groups, p=0.0023 and 

p=0.0064; respectively (Fig. 5.2). 

 

Interstitial connective tissue 

The interstitial connective tissue found between seminiferous tubules and surrounding the 

tubules consisted of collagen, reticulin, and elastin fibers (Fig. 5.3). A general decrease was 

recorded in connective tissue components of the treated groups relative to control group. 

Collagen content in treated groups A, cART, and A+cART significantly reduced relative to 

control, p=0.0176, p<0.0001, and p<0.0001; respectively. Further, collagen in cART group 

was significantly decreased compared to A (p<0.0001) and A+cART (p=0.0225). A significant 

reduction in reticulin fibers was found in cART and A+cART treated groups compared to 

control (p=0.0154 and p<0.0001 respectively), whilst reticulin of A+cART group was 

significantly reduced compared to A (p<0.0001) and cART (p=0.0004) treated groups. In 

comparison with the control group, elastin was significantly reduced in all treated groups, (A: 

p=0.0144, cART: p=0.0338, and A+cART: p=0.0010) (Fig. 5.3). 
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Figure 5.3: Representative collagen, reticulin, and elastin indicated with arrowheads in 

photomicrographs, Masson’s Trichrome, Gordon and Sweet’s silver impregnation, and 

Gomori’s Aldehyde Fuchsin stain respectively. A thick arrow indicating a blood vessel is 

shown in the collagen photomicrograph, panel A. Graphs show respective mean percentage 

areas. Different symbols *, α, and ǂ represent significant differences (p<0.05) as analyzed by a 

Bonferroni’s multiple comparison test; ‘*’ significantly decreased compared to control, ‘α’ 

significantly decreased compared to alcohol (A), and ‘ǂ’ significantly different compared to 

cART. Magnification, x100; scale bar, 200μm. Key: Image: A; control group, B; alcohol group, 
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C; cART group, and D; A+cART group. A, alcohol; cART, combination antiretroviral therapy; 

A+cART, alcohol and combination antiretroviral therapy. 

 

Immunohistochemistry for androgen receptor and germ cell proliferation (Ki-67) 

Androgen receptor  

In all groups, nuclei of Sertoli, Leydig, pericytes, and myoid cells were positively 

immunostained with androgen receptor antibody (Fig. 5.4). Noteworthy, germ cells did not 

show positive immunostaining for androgen receptor either in their cytoplasm or nucleus. The 

number of Sertoli cells expressing androgen receptor significantly decreased in cART and 

A+cART treated groups compared to control (p<0.0001 for both) and A (p=0.0025 and 

p<0.0001; respectively). Further, the number of Sertoli cells expressing androgen receptor in 

A+cART group decreased significantly compared to cART (p=0.0195). But the number of 

Leydig cells expressing androgen receptor reduced significantly in all treated groups compared 

to the control, (A: p=0.0438, cART: p<0.0001, and A+cART: p<0.0001). In addition, Leydig 

cells expressing androgen receptor in cART and A+cART treated groups decreased 

significantly compared to A (p=0.0164 and p<0.0001). However, the number of Leydig cells 

expressing androgen receptor in A+cART was significantly decreased compared to cART 

(p=0.0007) (Fig. 5.4).  



103 
 

 

 

Figure 5.4: Representative photomicrographs showing Sertoli and Leydig cell androgen 

receptor (AR) immunoreactivity (arrowheads) and respective mean number of immunoreactive 

cells graphs. Different symbols *, α, and ǂ represent significant differences (p<0.05) as analyzed 

by a Bonferroni’s multiple comparison test; ‘*’ significantly decreased compared to control, 

‘α’ significantly decreased compared to alcohol (A), and ‘ǂ’ significantly decreased compared 

to cART. Magnification, x400; scale bar, 50μm. Key: Image: A; control group, B; alcohol 

group, C; cART group, and D; A+cART group. A, alcohol; cART, combination antiretroviral 

therapy; A+cART, alcohol and combination antiretroviral therapy. 

 

Germ cell proliferation (Ki-67) 

Proliferation marker Ki-67 was expressed mainly in spermatocytes and round spermatids 

across the animal groups. The number of germ cells expressing Ki-67 reduced significantly in 

all treated groups compared to the control group; A: p=0.0129, cART: p=0.0046, and A+cART: 

p=0.0002 (Fig. 5.5). 
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Figure 5.5: Representative photomicrographs showing Ki-67 immunoreactivity (arrowheads) 

and a graph of the mean number of immunoreactive cells. The symbol * represent significant 

difference (p<0.05) as analyzed by a Bonferroni’s multiple comparison test; ‘*’ significantly 

decreased compared to control. Magnification, x400; scale bar, 50μm. Key: Image: A; control 

group, B; alcohol group, C; cART group, and D; A+cART group. A, alcohol; cART, 

combination antiretroviral therapy; A+cART, alcohol and combination antiretroviral therapy. 

 

DISCUSSION  

The processes involved in testis development, spermatogenesis, and steroidogenesis are tightly 

regulated by the hypothalamic-pituitary-gonadal (HPG) axis hormones, i.e. luteinizing 

hormone (LH), follicle-stimulating hormone (FSH), and testosterone (TT) (Marques et al., 

2000; Corradi et al., 2016). These hormones work via respective receptors present in the 

testicular somatic cells and are controlled through a negative feedback mechanism (Oremosu 

and Akang, 2015; Clavijo and Hsiao, 2018). The LH and FSH receptors are exclusively present 

in the Leydig and Sertoli cells respectively (Marques et al., 2000; Gurung and Jialal, 2019), 

while the TT receptors, also known as the androgen receptors (AR), are expressed by Leydig, 

Sertoli, myoid, and pericyte cells (Shan et al., 1997; Basiri et al., 2016). Though changes in 

levels of reproductive hormones have been studied extensively in several male reproductive 

dysfunctions, investigations about the changes in their respective receptors are scanty. 

Nevertheless, reproductive hormone receptor resistance, receptor reduction, or both, including 

changes in reproductive hormone levels are major contributing factors for male reproductive 

dysfunctions and infertility (Petersen and Söder, 2006; Corradi et al., 2016). 

In this study, we observed a significantly elevated LH levels in alcohol and A+cART treated 

groups and FSH in all treated groups, but no significant changes were detected in levels of TT 
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and inhibin B relative to control.  Similar results of enhanced LH and FSH levels with serious 

adverse impacts on reproductive male parameters have been reported following alcohol abuse 

(Muthusami and Chinnaswamy, 2005). Furthermore, decreased or normal TT levels together 

with elevated gonadotropins (LH and FSH) levels, similar to the present result, are associated 

with poor sperm quality and azoospermia (Zhao et al., 2020). However, contrary to our 

findings, a previous report (Oremosu and Akang, 2015) indicated a reduction in LH, FSH, and 

TT levels in rats treated with alcohol. Discrepancies in reports also exist on the impact of cART 

on reproductive hormones levels, with some studies showing no significant changes 

(Ogedengbe et al., 2018), decreased levels (Akhigbe, Hamed and Odetayo, 2021), and 

increased levels (Collazos et al., 2002; Olojede et al., 2022).  In this study, rats treated with 

cART had significantly increased FSH levels, an insignificant increase in LH and inhibin B 

levels, but TT level was insignificantly decreased. The conflicting results could be due to the 

different doses and durations of the treatments, and the different drug component combinations 

in the case of cART studies.  

 

Notably, normal germ cell development requires a well-balanced interplay between 

reproductive hormones of the HPG axis, gonadotropins (LH and FSH) and testicular hormones 

(TT and inhibin B) (Corradi et al., 2016). Consequently, alteration in the negative feedback 

mechanism signals would lead to hormonal imbalance and subsequently affect the processes 

and progress of spermatogenesis (Clavijo and Hsiao, 2018). The negative feedback mechanism 

for gonadotropin releasing hormone (GnRH) and LH production by the hypothalamus and 

pituitary respectively is modulated by TT (Marques et al., 2000; Corradi et al., 2016). Inhibin 

B, a gonadal peptide hormone synthesized by Sertoli cells is responsible for the FSH feedback 

regulation (Petersen and Söder, 2006; Clavijo and Hsiao, 2018). Therefore, the observed 

significant elevations of LH and FSH with unaltered TT and inhibin B levels in treated rats 

could have resulted from a disruption in the feedback mechanism, which invariably will lead 

to dysregulation of spermatogenesis. Additionally, the hormonal imbalance might result from 

a hormone-receptor resistant state due to a decrease in androgen receptors and/or sensitivity, 

which is characterized by elevated LH levels and normal or increased TT (Hughes et al., 2012; 

Corradi et al., 2016).  

Since germ cells do not express androgen receptors, the impact of TT on spermatogenesis is 

mediated via Sertoli cells’ androgen receptors (Petersen and Söder, 2006; Smith and Walker, 

2014; O’Hara and Smith, 2015). We found a significant decrease in the number of Sertoli cells 
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expressing androgen receptors in the testis of animals treated with cART and A+cART. This 

implies a dysfunction of androgen receptors, which subsequently leads to spermatogenesis 

failure. Also, previous studies have linked depletion of androgen receptors to male infertility 

(O’Hara and Smith, 2015) and increased risk of germ cell malignancy (Barros et al., 2021). 

Although the expression of androgen receptors following alcohol or/and cART has not been 

widely reported, one study found a weak androgen receptors expression in the testis of animals 

treated with cART (Ismail et al., 2017). Other toxic chemicals such as organochlorinated 

pesticides, industrial chemicals, and plasticizers have been shown to diminish the number and 

action of androgen receptors (Luccio-Camelo and Prins, 2011). A study by  Qiu et al., (2013) 

reported significantly decreased androgen receptor expression in the testis of rats exposed to 

bisphenol A. Further, in vivo studies in male mice have demonstrated testicular feminizing 

syndrome (characterized by microphallus penis, urethral hypospadias, small undescended 

testes, labia majora-like scrotal sac, and absence of vas deferens, epididymis, seminal vesicle, 

and prostate) following androgen receptor knockout  (Yeh et al., 2002; Wang et al., 2009).  

Conversely, a reduction in androgen receptors points to a disruption in the regulatory activity 

of testosterone on spermatogenesis. However, a non-significant decrease in the number of 

Sertoli cells expressing AR recorded in the testis of rats treated with only alcohol could be the 

underlying mechanism for the restoration of testicular function when alcohol abuse is 

discontinued. Previous human and animal studies have reported restoration of normal 

spermatogenesis after abstaining from alcohol (Dosumu et al., 2014; Guthauser et al., 2014). 

Furthermore, androgen receptor regulates the function and structure of the cells such as Leydig, 

Sertoli, myoid, and pericyte cells, which are involved in the regulation of spermatogenic 

process (Shan et al., 1997; Wang et al., 2009; Mayer et al., 2018). 

 

Remarkably, androgen receptors expression modulates Sertoli and myoid cell secretory 

function (Pöllänen et al., 1985; Mayerhofer, 2013), including secretion of components of 

connective tissue and tubule basement membrane such as collagen and laminin (Petersen and 

Söder, 2006; Mayer et al., 2018). We observed a general increase in testicular capsule and 

seminiferous tubule basement membrane thickness of the treated groups compared to the 

control, but a significant increase in these parameters was only recorded in A+cART and cART 

treated animals respectively. Such increases may suggest structural alterations induced by 

treatments, which will lead to capsular and seminiferous tubule basement membrane 

dysfunctions (Ogedengbe et al., 2016; Olasile et al., 2018).  These changes complement the 
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decrease in the components of connective tissue (collagen, reticulin, and elastin) recorded in 

testis of all treated animals. Consistent with our findings, earlier studies reported deleterious 

effects of alcohol (Asuquo et al., 2020) and cART (Olojede et al., 2021) on the testicular 

capsule. Studies by Ogedengbe et al., (2016) and Olasile et al., (2018), found distorted and 

thickened seminiferous tubule basement membrane in cART treated animals. Further, changes 

in collagen (Shayakhmetova et al., 2013) and absence of reticulin fibers (Fakoya and Ademola 

Caxton-Martins, 2004) have been demonstrated in rats exposed to alcohol. Testicular 

connective tissue, including the capsule, interstitial tissue, and seminiferous tubule basement 

membrane play a crucial role in maintaining testicular structural integrity and functioning and 

also enable spermatozoa propulsive movement to the rete testis (Aire and Ozegbe, 2007; Fleck 

et al., 2021). This is a crucial function in the reproductive process, and is attributed to the 

contractility of myoid cells (Mayerhofer, 2013; Fleck et al., 2021). Conversely, the alterations 

recorded in these parameters in treated groups suggest testicular toxicity and spermatogenesis 

failure. 

 

Associated with the normal physiology and integrity of the testicular structure, is the constant 

cell division and germ cell proliferation for continuous sperm production. Thus, the germ cells 

at different stages of spermatogenesis express a nucleus-associated proliferation marker, the 

Ki-67 (Zhao et al., 2018) that regulates the cell cycle and chromosomal structure and integrity 

(Cuylen-Haering et al., 2020). Consistent with previous reports on testicular toxicity (Moon et 

al., 2014; Zhao et al., 2018), a significant decrease in the number of germ cells expressing Ki-

67 was recorded in all the treated groups relative to control. This suggests impaired testicular 

germ cell proliferation which ultimately translate to diminished spermatozoa production. 

 

CONCLUSIONS 

This study demonstrated that exposure to alcohol, combination antiretroviral therapy (cART), 

or both disrupts the HPG axis function and testis structure integrity, leading to testicular 

dysfunction.  The treated animal groups showed alteration in reproductive hormone levels, 

seminiferous tubule basement membrane and testicular capsule thickness, interstitial 

connective tissue fibers (collagen, reticulin, and elastin), and Sertoli and Leydig cell androgen 

receptor and germ cells Ki-67 expression. With exception of seminiferous tubule basement 

membrane thickness, all the observed changes were exacerbated in the animals treated with 

both alcohol and cART (A+cART group), implying a severe impact of alcohol and cART 

concurrent use on the male reproductive function. Further, our findings suggest that depletion 
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of androgen receptors might be an underlying mechanism for inducing testis structure and 

spermatogenesis impairments by chemical insults (alcohol or/and cART). Therefore, the study 

results may be clinically invaluable in the management of male sexual insufficiency and 

reproductive failure, especially in HIV/AIDS positive individuals on cART regimen and who 

drink alcohol regularly.    

 

APPENDIX  

Macro script for connective tissue fibers quantification 

(a). run("Duplicate...", "title=[] duplicate");  

(b). //run("Brightness/Contrast..."); 

 (c). run("Enhance Contrast", "saturated=0.35");  

(d). run("Apply LUT", "stack");  

(e). setAutoThreshold("Default dark no-reset");  

(f). //run("Threshold...");  

(g). setThreshold(129, 255);  

(h). setOption("BlackBackground", false);  

(i). run("Convert to Mask", "method=Default background=Dark calculate");  

(j). run("Invert", "stack");  

(k). run("Shape Filter", "area=10-Infinity area_convex_hull=0-Infinity perimeter=0-Infinity 

perimeter_convex_hull=0-Infinity feret_diameter=0-Infinity min._feret_diameter=0-Infinity 

long_side_min._bounding_rect.=0-Infinity short_side_min._bounding_rect.=0-

Infinityaspect_ratio=1-Infinity area_to_perimeter_ratio=0-Infinity circularity=0-Infinity 

elongation=0-1 convexity=0-1 solidity=0-1 num._of_holes=0-Infinity thinnes_ratio=0-1 

contour_temperatur=0-1 fractal_box_dimension=0-2 option->box-

sizes=2,3,4,6,8,12,16,32,64 draw_holes stack");  

(l). run("Measure Stack...");  

(m). run("Summarize"). 
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CHAPTER 6: THIRD MANUSCRIPT  

 

Impact of Concurrent Exposure of Diabetic male Sprague Dawley rats to Alcohol  

and Combination Antiretroviral Therapy (cART) on Reproductive Capacity: 

Evaluation of Testicular Histomorphology, Hormonal Profile,  

and Androgen Receptor Expression 

 

ABSTRACT 

Prevalence of diabetic patients on cART therapy and with alcohol abuse is rising in the society. 

Data on the impact of diabetes mellitus with concurrent exposure to alcohol and cART on 

testicular health and male reproductive viability is scarce and therefore was evaluated.  Thirty, 

10 weeks old male Sprague Dawley rats were distributed into five groups of six rats each; 

control, diabetic only (DM), diabetic treated with alcohol (DM+A), diabetic treated with cART 

(DM+cART), and diabetic treated with both alcohol and cART (DM+A+cART). After 90 days 

of treatment, rats were terminated, and blood and testes were harvested for immunoassay, 

histological, and immunohistochemistry analyses. All treated groups showed alteration in testis 

and seminiferous tubule morphometry, spermatogenic, Sertoli, and Leydig cells. Further, a 

significant decrease in Johnsen’s testicular score, seminiferous tubule lesions, changes in the 

basement membrane and capsule thickness, and reduction of testis connective tissue fibers were 

demonstrated in treated groups. Also, reproductive hormone levels were altered and the number 

and staining intensity of Sertoli and Leydig cells expressing androgen receptor reduced 

significantly in all treated rats. The study results revealed that consumption of alcohol or/and 

cART in diabetic condition induces derangement in circulating reproductive hormone levels 

and in testicular structure and function which may underscore the declining male reproductive 

capacity. 

 

Keywords: Testicular structure, HPG axis, Diabetes mellitus, Alcohol abuse, Antiretroviral 

therapy 
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INTRODUCTION 

A decline in male fertility is increasingly becoming a global concern (Sun et al., 2019) and is 

associated with rising incidences of obesity, drug abuse, non-communicable diseases (NCDs), 

and environmental toxins (Khawcharoenporn and Sha, 2016; Mann, Shiff, et al., 2020). 

Diabetes mellitus (DM) is a chronic disorder of blood glucose dysregulation, marked by 

persistent hyperglycemia (Cho et al., 2017). DM is one of the most common NCD globally and 

has emerged as a public health burden in sub-Saharan Africa (Pheiffer et al., 2018). In South 

Africa, the prevalence of DM has almost doubled since 2017 from 5.4% to the current 11.3% 

(Cho et al., 2017). The fast-rising incidence of DM has been linked to the predominance of 

high carbohydrate staple food, obesity, and excessive alcohol consumption  (Pheiffer et al., 

2018). Additionally, more than 33% of the South African population consumes alcohol 

regularly (Vellios and van Walbeek, 2018). Unfortunately, the country is also faced with a high 

prevalence of human immunodeficiency virus/acquired immunodeficiency syndrome 

(HIV/AIDS), with almost 20% of the adult population living with HIV/AIDS, warranting an 

extensive use of combination antiretroviral therapy (cART) (UNAIDS, 2019).  

Incidentally, an increased number of males within reproductive age are impacted with diabetes 

(Condorelli et al., 2018), alcohol abuse (World Health Organisation, 2011), and cART regimen 

(Khawcharoenporn and Sha, 2016). Moreover, an intricate connection exists among these 

conditions, for instance, alcohol is a recognized risk factor for diabetes (Goecke and 

Baumeister, 2021), and has also been implicated in the increased spread of HIV and 

consequently is linked to the rise in cART use (Kumar et al., 2015). Equally, an increase in 

alcohol use in individuals living with HIV including those on cART has also been reported 

(Mondal et al., 2019). Further, both HIV infection and cART have been implicated in diabetes 

induction (Avari and Devendra, 2017). Therefore, these three conditions can simultaneously 

occur in an individual and the associated testicular histopathology and reproductive health 

implications need to be documented.  

Moreover, diabetes, alcohol consumption, and cART use have each been reported to affect the 

male reproductive system.  Studies on diabetes have reported reproductive hormone imbalance, 

testicular structure derangements, seminiferous tubule lesions, reduced ejaculate volume, poor 

sperm quality, and sexual dysfunctions in diabetic condition (Condorelli et al., 2018; Ray and 

Pramanik, 2020), as well as in alcohol abuse (Dosumu et al., 2014; Oremosu and Akang, 2015; 

Finelli et al., 2022), and also in cART use  (Kushnir and Lewis, 2011; Azu et al., 2014; 
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Ogedengbe et al., 2016). Unfortunately, there is no scientific literature available on the impact 

of the multimorbidity of these conditions (diabetes, alcohol abuse, and cART) on male fertility. 

Yet, such studies are particularly relevant since these conditions exist in society and are 

particularly rampant in the population of reproductive age. Hence, this study reports on the 

impact of a co-presence of alcohol and cART in a diabetic condition on testicular 

histomorphology and possible consequences on its reproductive function.  

 

MATERIALS AND METHODS 

Chemical and reagents 

Streptozotocin (STZ) (S0130) was purchased from Sigma-Aldrich Chemical Company (St. 

Louis, MO, USA) and Atripla, a fixed-dose combination antiretroviral drug was purchased 

from Bristol-Myers Squibb and Gilead Sciences (Foster City, CA, USA).  Androgen receptor 

rabbit monoclonal (ab105225) primary antibody was procured from Abcam (Cambridge, MA, 

USA) and biotinylated goat anti-rabbit (BA-1000) secondary antibody and Avidin-Biotin 

Complex kit (ABC) (PK-6100) were procured from Vector Laboratories (Burlingame, CA, 

USA). Then, ELISA kits for luteinizing hormone (LH; E-EL-R0026), follicle stimulating 

hormone (FSH; E-EL-R0391), testosterone (TT; E-EL-R0155), and inhibin B (INHB; E-EL-

R1027) were procured from Elabscience (Houston, Texas, USA). 

 

Ethical clearance 

The Animal Research Ethics committee (AREC) University of the Witwatersrand (Wits) 

approved this study (approval number: 2018/011/58/C) and all experiments were carried out at 

the Wits Research Animal Facility (WARF) following AREC guidelines.  

 

Animal husbandry 

Thirty (30) adult (10 weeks old) male Sprague Dawley rats were utilized. Every rat was kept 

apart in a clean plastic cage, housed at room temperature (21-23⁰C), with a 12/12-hour 

light/dark cycle, and fed on a standard rat chow and given drinking fluid (water and/or alcohol 

solution) ad libitum depending on treatment regimen. 

 

Type 2 diabetes induction 

A modified procedure described by Wilson and Islam, 2012 (Wilson and Islam, 2012) was used 

to induce type 2 diabetes mellitus. Briefly, animals were fed on a 20% fructose reconstituted 
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rat chow diet for two weeks, after which a single injection of 40mg/kg streptozotocin (STZ) in 

freshly prepared 0.05M (pH 4.5) citrate buffer was administered intraperitoneally. Then, non-

fasting blood glucose levels were measured 72 hours after STZ administration and rats with 

glucose levels ≥ 250 mg/dl were regarded as diabetic. Once the diabetic state was confirmed 

in animals, they were placed on a standard rat chow diet. Further, fasting blood glucose (FBG) 

levels were measured following a 12 h fasting (20:00 to 08:00) biweekly through a tail prick, 

using the Accu-Chek meter and glucose strips. 

 

Experimental design 

The rats were divided into five groups, each consisting of six as follows. Control group, 

diabetic (DM) group, diabetic rats treated with 10% v/v alcohol daily (DM+A), diabetic rats 

treated with an extrapolated human equivalent dose of 23.22 mg/kg of cART (consisting of 

efavirenz 600 mg + emtricitabine 200 mg + tenofovir 245 mg) (Frampton and Croom, 2006) 

in gelatine cubes daily (DM+cART), and diabetic animals treated with both alcohol and cART 

(DM+A+cART) groups. The rats were treated for 90 days, after which they were weighed, 

anesthetized with 240mg/ml pentobarbitone, and terminated. Blood was drawn through a 

cardiac puncture and transferred into plain vacutainers, thereafter, rats were perfused with 2 

mL/min of 0.1-M phosphate buffer (PB) in 0.9% saline before extracting the testes. The testes 

were then preserved in 10% neutral buffered formalin for subsequent processing. Collected 

blood samples were left to clot, then centrifuged, and the serum was transferred into a new 

Eppendorf tube and stored at -80℃ for immunoassays. 

 

Testis morphometry 

Testis weight and volume 

The weight of the testes was recorded immediately after their extraction using an electronic 

scale (Kern PCB 200-2 weighing scale). Testis volume was determined using the Archimedes 

principle of water displacement in a measuring cylinder (Ansa et al., 2017). The initial volume 

(Vi) of distilled water in a graduated cylinder was recorded, and then the final volume (Vf) was 

determined after adding the testis to the graduated cylinder containing the known amount of 

distilled water. The volume of the testis (Vt) was calculated by subtracting the initial volume 

(Vi) from the final volume (Vf) as shown below.  

𝑉𝑡 = 𝑉𝑓 − 𝑉𝑖 (mm3)  
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Testis size 

A sliding digital Vernier caliper was used to measure the width and length of the testes, as 

described by Parhizkar et al., (2014). Testis size was then calculated using the spheroid 

formula:  

𝑇𝑒𝑠𝑡𝑖𝑠 𝑠𝑖𝑧𝑒 = 𝑤𝑖𝑑𝑡ℎ2 × 𝑙𝑒𝑛𝑔𝑡ℎ × 0.523 (𝑚𝑚) 

 

Histology and histomorphometry (H&E) 

The fixed testes were dehydrated sequentially in 70-100% alcohol grades and embedded in 

molten paraffin wax and sectioned at 5μm thickness. The sections were stained with H&E and 

examined using the Axioskop 2 plus light microscope (Nikon Eclipse Ci, 104C type). 

Photomicrographs of testicular tissue sections were obtained using a linked computerized Zeiss 

digital image system, the AxioCam 208 color (Zeiss group, Oberkochen, Germany) for 

morphometric assessment.  

 

Testicular component area fractions 

Testicular component (seminiferous epithelium, connective tissue, lumen, and interstitial 

space) area fractions were determined using the Fiji 84-intersection grid. The grid was 

superimposed on H&E-stained images captured at x100 magnification and the intersecting 

points for each component were counted. The average intersecting points for each testicular 

component were calculated in 24 camera fields for each animal (i.e., 144 fields per group) and 

each testicular component area fraction was determined using the formula below (Kangawa et 

al., 2019). 

Area fraction = (𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑝𝑜𝑖𝑛𝑡 × 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡𝑠) × 100 (%) 

𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑚𝑖𝑐𝑟𝑜𝑔𝑟𝑎𝑝ℎ 

 

 

Seminiferous tubule morphometry 

Seminiferous tubule area, tubule diameter, and epithelium height were measured in 50 round 

or nearly round seminiferous tubules for each animal (i.e., 300 tubules per group) using Fiji 

software. The seminiferous tubule cross-sectional area was determined by tracing around the 

seminiferous tubule using the Fiji freehand selection tool. The average tubule diameter and 

epithelial height were calculated using the minor and major axes measurements (Kumar and 

Nagar, 2014). To exclude longitudinal tubules, an average tubule diameter was considered only 
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if D1/D2 ≥ 0.85, a value of D1/D2 =1.0 representing a perfectly rounded circle (Olasile et al., 

2018).  

 

Germinal epithelium cell quantification 

The number of the different germinal epithelium cells (Sertoli, spermatogonia, spermatocytes, 

round, and elongated spermatids) were counted in H & E-stained sections at x400. For each 

animal, 10 rounded VII seminiferous tubules were considered (i.e., 60 tubules per group) (Qiu 

et al., 2013).  

 

Leydig cell morphometry 

The diameters of 50 nuclei with distinct nucleoli were considered for each animal (i.e., 300 per 

group) were measured using Fiji software per group on H&E-stained images captured at x400. 

The nuclear volume was obtained using the formula below (Monteiro et al., 2012). 

      𝐿𝑒𝑦𝑑𝑖𝑔 𝑐𝑒𝑙𝑙 𝑛𝑢𝑐𝑙𝑒𝑎𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 =
4

3
𝜋𝑅3(µm3). Where, Radius (R) = D/2, and 𝜋 = 3.14. 

 

Histopathological evaluation 

Johnsen’s testicular score  

Spermatogenesis was classified in 50 seminiferous tubules (stage II-VII) per animal (i.e., 300 

tubules per group) using Johnsen’s testicular score. Each tubule was assigned a score from 10 

to 1 according to modified Johnsen scoring criteria. Tubules with; Many spermatozoa in the 

tubule lumen=10, many elongated spermatids in the apical region of the epithelium=9, many 

elongated spermatids still embedded in the Sertoli cell membrane=8, few elongated spermatids 

but had many round spermatids=7, no elongated spermatids but had few round spermatids =6, 

no spermatids but had many spermatocytes=5, few spermatocytes=4, spermatogonia cell 

only=3, Sertoli cells only=2, and no seminiferous epithelial cells=1. Thereafter the number of 

tubules for an individual score was multiplied by the score, and then the total for all the scores 

was divided by 50 (the total number of tubules scored) to obtain the mean Johnsen’s score per 

group for further analysis (Thanh et al., 2020).   

 

Histological changes 

Testicular H&E-stained sections were examined for the presence of histological changes. The 

observed changes were then graded in 24 microscopic fields for each animal (i.e., 144 fields 

per group). The changes in each field were semi-quantitatively categorized into five grades as 
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follows; grade 4 = very severe (change seen in >75% of the field), grade 3 = severe (change 

seen in >50%˂75% of the field), grade 2 = moderate (change seen in >25%˂50% of the field), 

grade 1= mild (change seen in ˂25% of the field), and grade 0 = none (no change in the field) 

(Erpek et al., 2007). 

 

Measurement of seminiferous tubule basement membrane (STBM) 

Photomicrographs of PAS-stained sections were captured at x400, and Fiji software was used 

to measure the thickness of the basement membrane. The thickness of STBM was measured at 

two points (from the minor and major axis) in 50 randomly selected tubules for each animal 

(i.e., 300 tubules per group) (Omar et al., 2018).  

 

Evaluation of testicular capsule thickness 

The capsule thickness was measured on Masson’s Trichrome stained sections. 

Photomicrographs of six fields from the free surface of the capsule were captured at x400, and 

three points were measured on each field (i.e., 18 measurements for each animal, 108 per 

group) (Aire and Ozegbe, 2007). 

 

Interstitial connective tissue quantification 

Components of testicular connective tissue i.e., collagen, reticulin, and elastin fibers were 

quantified in the photomicrographs of sections stained with Masson’s Trichrome, Gordon and 

Sweet’s silver impregnation, and Gomori’s Aldehyde Fuchsin techniques respectively. 

Collagen, reticulin, and elastin fibers were quantified in the 24 microscopic fields captured at 

x100 for each animal (i.e., 144 sections per group). Previously reported steps were followed to 

segment connective tissue images using ilastik (v1.3.3; https://www.ilastik.org) and 

subsequently quantify the segments in Fiji software (v1.52e; https://imagej.net/Fiji) 

(Owembabazi et al., 2023).  

 

Immunoassay for reproductive hormones  

Serum levels of reproductive hormones viz. luteinizing hormone (LH), follicle stimulating 

hormone (FSH), testosterone (TT), and inhibin B (INHB) were quantified using enzyme-linked 

immunosorbent assay (ELISA) following the manufacturer's protocols. The standards and 

samples were run in duplicates, and the concentration of serum TT, LH, FSH, and INHB were 

determined from respective standard curves plotted with the standard concentration and their 

optical densities. 

https://www.ilastik.org/
https://imagej.net/Fiji
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Immunocytochemistry (IHC) technique for androgen receptor  

Testicular tissue sections of 5μm thickness were mounted onto saline-coated slides and 

immunolabeled with AR antibody following the IHC steps we previously reported 

(Owembabazi et al., 2023). Briefly, sections were incubated with 1:100 anti-androgen receptor 

at 4°C overnight. The immunoreaction was detected using 3, 3’-diaminobenzidine tetrachloride 

(DAB) and counterstained in hematoxylin. The number of Sertoli cells expressing androgen 

receptor immunoreactivity were counted in 20 rounded seminiferous tubules (stage II-VII) 

(Bremner et al., 1994) for each animal (i.e., 120 tubules for each group). The number of Leydig 

cells expressing androgen receptor immunoreactivity were counted in 20 microscopic fields at 

x400 for each animal (i.e., 120 fields for each group). Further, staining intensity was quantified 

in 25 androgen receptor immuno-positive Sertoli and Leydig cells for each animal group (see 

Appendix). 

 

Data analysis 

GraphPad Prism 6 windows software was used for data analysis. Data were expressed as Mean 

± SEM. Group means of parametric data were compared using a one-way analysis of variance, 

followed by Bonferroni’s post hoc test. Non-parametric data (Johnsen’s and histological 

change scores) was compared using Kruskall Wallis, followed by Dunn’s post hoc test. 

Deeming a p<0.05 value statistically significant. 

 

RESULTS 

Blood glucose level 

Fasting blood glucose (FBG) levels increased significantly in all treated groups (DM 

(p=0.0325), DM+A (p=0.0020), DM+cART (p<0.0001), and DM+A+cART (p=0.0202)) 

relative to the control. Further, the FBG level of DM+cART group was significantly increased 

(p=0.0499) relative to the DM group (Table 6.1). 

Table 6.1: Mean ± SEM fasting glucose, testis and tubule morphometry, and component area 

fractions of animal groups 

Animal groups  Control  DM DM+A DM+cART DM+A+cART 

Fasting glucose (mmol/L) 

Testis morphometry 

4.99±0.11a 11.35±1.70b 13.97±1.36b* 17.65±2.31c 12.06±0.82 b* 
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Testis weight (g)   1.91±0.05a 1.69±0.07a* 1.31±0.27b* 1.72±0.05a* 1.72±0.09a* 

Testis volume (mm3) 1.88±0.09a 1.63±0.13a* 1.2±0.2b* 1.67±0.08a* 1.7±0.12a* 

Testis size (mm) 1493±41a 1199±85a* 991±96b* 1271±49a* 1218±103a* 

Area fractions (AF) (%)      

Epithelial (EAF) 74.25±0.5a 71.62±0.73b 69.69±0.58b 70.9±0.57b 74.08±0.42a 

Lumen (LAF) 8.56±0.29a 7.02±0.23b* 8.68±0.34a 7.36±0.29b* 7.59±0.22a* 

Interstitial space (ISAF) 4.93±0.12a 6.13±0.14b 6.12±0.16b 5.59±0.15b 5.76±0.16b  

Connective tissue (CTAF) 11.97±0.31a 14.69±0.37b* 15.12±0.32b 15.77±0.39b 13.53±0.35c* 

Tubule morphometry      

Tubule area (µm2) 78939± 

692a 

59561± 

1000b 

49840± 

1180c 

65393± 

722d 

75870± 

849a 

Tubule diameter (µm) 310.2±1.3a 269.7±2.35b 233±3.12c 284.7±1.38d 302.8±1.55a 

Epithelial height (µm) 97.52±0.62a 89.25±1b 64.51±1.37c 92.29±0.8b 96.31±0.78a 

Lumen diameter (µm) 97.97±3.54a 79.53±2.84b 112.1±3.25a 81.79±3.16b 107.4±3.86a 

For all parameters: Values in the same row with similar superscripts are not significantly 

different. Whilst values in the same row with different superscripts are significantly different 

(p<0.05) except when the different superscripts are both marked with an asterisk (*). DM, 

diabetes; DM+A, diabetes and alcohol; DM+cART, diabetes and combination antiretroviral 

therapy; DM+A+cART, diabetes and alcohol and combination antiretroviral therapy. 

Testis morphometry 

A general decrease was observed in the testicular weight, volume, and size of all treated groups 

relative to control, but only DM+A treated group had a significant decrease in weight 

(p=0.0242), volume (p=0.0096), and size (p=0.0018) relative to control (Table 6.1). 

 

Testicular component area fractions  

Epithelial area fraction (EAF) of treated groups, DM, DM+A, and DM+cART was 

significantly reduced relative to control (p=0.0116, p<0.0001, and p=0.0004) and 

DM+A+cART (p=0.0233, p< 0.0001, and p=0.0009) respectively (Table 6.1). However, the 

DM+A+cART treated group showed an insignificant reduction (p>0.05) in EAF relative to 

control. Then DM and DM+cART treated groups showed a significant decrease in the lumen 

area fraction (LAF) relative to control (p=0.0011 and p=0.0239) and DM+A (p=0.0003 and 

p=0.0088) respectively. Relative to the control group, the interstitial space area fraction (ISAF) 

increased significantly in DM (p<0.0001), DM+A (p<0.0001), DM+cART (p=0.0196), and 

DM+A+cART (p=0.0009) treated groups. A significant increase in connective tissue area 
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fraction (CTAF) was detected in all treated groups relative to the control group (DM 

(p<0.0001), DM+A (p<0.0001), DM+cART (p<0.0001), and DM+A+cART (p=0.0162)). 

Further, the CTAF of treated groups DM+A and DM+cART was significantly increased 

relative to DM+A+cART (p=0.0129 and p<0.0001 respectively) (Table 6.1).  

 

Seminiferous tubule morphometry  

Tubule area and diameter of DM, DM+A, and DM+cART treated groups reduced significantly 

(p<0.0001) relative to control and DM+A+cART (Table 6.1).  Further, DM and DM+A groups 

showed a significant decrease (p<0.0001) in the tubular area and diameter compared to 

DM+cART group. The treated groups, DM, DM+A, and DM+cART had a significant 

reduction in epithelial height relative to control (p<0.0001, p<0.0001, and p=0.0010 

respectively) as well as in comparison with DM+A+cART (p<0.0001, p<0.0001, and p=0.0273 

respectively). However, a nonsignificant reduction (p>0.05) was detected in the epithelial 

height of DM+A+cART relative to control group. Then, epithelial height of the DM+A group 

was significantly reduced (p<0.0001) relative to DM and DM+cART treated groups. A 

significant decrease was found in the lumen diameter of DM and DM+cART treated groups 

relative to control (p=0.0049 and p=0.0167) and in comparison with DM+A (p<0.0001), and 

DM+A+cART (p<0.0001 and p=0.0002 respectively) (Table 6.1). 

 

Germinal epithelium cells  

The DM and DM+A+cART groups showed a significant increase (p<0.0001) of spermatogonia 

relative to control (Table 6.2). However, in DM+A and DM+cART treated groups, 

spermatogonia decreased significantly (p<0.0001) relative to control and the rest of the treated 

groups. Further, spermatogonia in the DM+A were significantly decreased (p<0.0001) 

compared to DM+cART group. Spermatocytes were significantly decreased in all treated 

groups relative to control group (DM, p=0.0316; DM+A, p<0.0001; DM+cART, p<0.0001; 

and DM+A+cART, p<0.0001). Then, treated groups DM+A and DM+cART showed a 

significant decrease in spermatocyte relative to DM (p<0.0001 for both) and DM+A+cART 

(p<0.0001 and p=0.0068 respectively). In addition, spermatocytes of the DM+A group were 

significantly decreased (p<0.0001) relative to DM+cART group. All treated groups showed a 

significant reduction in round spermatids relative to control group (DM, p=0.0023; DM+A, 

(p<0.0001; and DM+cART, p<0.0001; and DM+A+cART, p<0.0001), but the round 

spermatids of treated group DM+A reduced significantly (p<0.0001) relative to the other 

treated groups. Furthermore, a significant decrease in elongated spermatids was observed in all 
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treated groups relative to control group (p<0.0001), and elongated spermatids of DM, DM+A, 

and DM+cART treated groups were significantly reduced relative to DM+A+cART (p=0.0004, 

p<0.0001, and p=0.0250 respectively). Also, DM+A group had significantly decreased 

(p<0.0001) elongated spermatids relative to DM and DM+cART treated groups (Table 6.2). 

 

Table 6.2: Mean ± SEM germinal epithelium cell count and Leydig cell morphometry of 

animal groups 

Animal groups  Control   DM DM+A DM+cART DM+A+cART 

Epithelium cell count      

Spermatogonia  59.2±0.62a 72.8±1.18b 40.64±1.05c 60.51±1.12a 76.72±1.37b 

Spermatocytes  88.62±0.8a 83.92±0.95b 46.72±1.16c 75.44±1.33d 80.87±1.27b 

Round spermatids  92.3±0.95a 85.7±1.66b 36.33±0.55c 83.48±1.49b 83.57±0.86b 

Elongated spermatids  102.9±1.02a 76.97±1.31b 0.00±0.00c 78.69±1.33b 83.49±1.3d 

Sertoli 23.61±0.24a 22.41±0.41a 9.64±0.2b 22.39±0.34a 22.39±0.33a 

Leydig cell nuclear      

Diameter (µm) 5.85±0.04a 4.82±0.06b 4.24±0.07c 5.16±0.06d 5.52±0.05e 

Volume (µm3) 110±2.46a 67.67±2.63b 48.43±2.07c 79.8±2.65d 94.09±2.46e 

 For all parameters: Values in the same row with similar superscripts are not significantly 

different. Whilst values in the same row with different superscripts are significantly different 

(p<0.05). DM, diabetes; DM+A, diabetes and alcohol; DM+cART, diabetes and combination 

antiretroviral therapy; DM+A+cART, diabetes and alcohol and combination antiretroviral 

therapy. 

 

Testicular somatic cells (Sertoli and Leydig cells)  

The number of Sertoli cells reduced significantly (p<0.0001) in DM+A treated group relative 

to the control and all other treated groups (Table 6.2). A significant reduction in Leydig cell 

nuclear diameter (LCND) was found in all treated groups relative to control group (DM, 

p<0.0001; DM+A, p<0.0001; DM+cART, p<0.0001; and DM+A+cART, p=0.0004). Then, 

LCND of treated groups DM, DM+A, and DM+cART was significantly reduced (p<0.0001) 

relative to DM+A+cART group. Also, the LCND of DM group was significantly reduced 

(p=0.0001) relative to DM+cART, and the LCND of DM+A treated group reduced 

significantly (p<0.0001) relative to DM and DM+cART groups. Furthermore, the Leydig cell 

nuclear volume (LCNV) of all treated groups significantly reduced (p<0.0001) relative to 

control. In the DM, DM+A, and DM+cART treated groups, LCNV reduced significantly 
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relative to DM+A+cART group (p<0.0001, p<0.0001, and p=0.0004 respectively). The LCNV 

of the DM group reduced significantly (p=0.0051) relative to DM+cART group and DM+A 

group had significantly reduced (p<0.0001) LCNV relative to DM and DM+cART treated 

groups (Table 6.2). 

 

Histopathological evaluation 

Johnsen’s testicular score reflects progress of spermatogenesis and the quantity of sperm cells. 

All treated groups showed a reduction in Johnsen’s score, but only DM and DM+A treated 

groups significantly reduced Johnsen’s score relative to the control (p=0.0268 and p=0.0002 

respectively, Table 3). Further, the histology of the control group revealed a normal 

histoarchitecture characterized by approximately rounded tubules surrounded by a smoothly 

contoured basement membrane, a discretely arranged germinal epithelium with a series of 

spermatogenetic cells, and an interstitium consisting of blood vessels, connective tissue, 

Leydig cell, myoid cell, and macrophages. On the other hand, varying severity of seminiferous 

tubule lesions was observed in testes of the treated animals (Fig. 6.1). The comparisons for the 

lifting of epithelium, epithelial sloughing, and karyolysis across the animal groups (Table 6.3). 

An insignificant increase in the lifting of epithelium was detected in DM+cART and 

DM+A+cART treated groups relative to control, but lifting of epithelium in the DM+A+cART 

group was significantly increased (p=0.0063) in comparison to DM+A group. Epithelial 

sloughing in DM+A and DM+A+cART treated groups was significantly increased relative to 

control (p=0.0100 and p=0.0460) and DM+cART (p=0.0100 and p=0.0460) respectively. The 

DM+A and DM+cART treated groups, showed significantly increased karyolysis compared to 

control (p=0.0019 and p=0.0003), DM (p=0.0026 and p=0.0004), and DM+A+cART 

(p=0.0026 and p=0.0005) respectively. Additionally, changes such as widened intercellular 

space, extensive tubular atrophy, and ghost cells were predominant in the DM+A group. Then, 

germ cell pyknosis was mainly recorded in the DM and DM+A treated groups. Furthermore, 

increased germ cell size and germinal epithelium derangement were observed in DM+A and 

DM+A+cART treated groups (Fig. 6.1).  
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Table 6.3: Median Johnsen’s score and histological changes observed in animal groups 

Animal groups  Control   DM  DM+A DM+cART DM+A+cART 

Johnsen’s score  

Histological changes 

8.81a 8.44b* 4.04b* 8.61a* 8.62a* 

Lifting of epithelium  0.04a* 0.04a* 0.00a  0.13a* 0.58 b* 

Epithelial sloughing  0.00a 0.08a* 0.63b* 0.00a 0.29b* 

Karyolysis  0.00a 0.00a 0.25b 0.25b 0.00a 

For all parameters: Values in the same row with similar superscripts are not significantly 

different. Whilst values in the same row with different superscripts are significantly different 

(p<0.05) except when the different superscripts are both marked with an asterisk (*). DM, 

diabetes; DM+A, diabetes and alcohol; DM+cART, diabetes and combination antiretroviral 

therapy; DM+A+cART, diabetes and alcohol and combination antiretroviral therapy.  
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Figure 6.1: Representative photomicrographs of H&E-stained testicular section. Testis of the 

control group (image A) showed a normal oval-shaped seminiferous tubule (ST) separated by 

a layer of interstitial connective tissue (thick arrow). Changes in testicular normal morphology 
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were observed in animals of treated groups. Image B (DM group) shows increased interstitial 

space (double arrow), image C (DM+A group) shows extensive tubular atrophy and germinal 

epithelium derangement (arrowheads), image D (DM+cART group) shows lifting of 

epithelium (thin arrow), image E (DM+A+cART group) shows epithelial sloughing 

(arrowheads). Images F, G, H, I, and J are a magnification of the square area indicated in images 

A, B, C, D, and E. Demonstrated in images; F is the germinal epithelium (double arrow) 

consisting of a discretely arranged series of spermatogenic cells and a lumen (asterisk), G 

shows germ cell pyknosis (thin arrow), H is showing ghost cell (thick arrow) and widened 

intercellular space (arrowhead), I shows karyolysis (thin arrow), and J is showing sloughed 

germ cells in the lumen (asterisk) and germ cells with increased size (arrowheads). The left and 

right panels are ×100 and ×400 with scale bars of 200µm and 50µm respectively. DM, diabetes; 

DM+A, diabetes and alcohol; DM+cART, diabetes and combination antiretroviral therapy; 

DM+A+cART, diabetes and alcohol and combination antiretroviral therapy. 

 

Seminiferous tubule basement membrane (STBM) thickness 

The basement membrane surrounding the seminiferous tubule was identified as a thin PAS-

positive staining sheet-like structure with a single layer of myoid cells (Fig. 6.2). A significant 

increase in the thickness of STBM was found in treated groups DM+A and DM+cART relative 

to control (p<0.0001 and p=0.0002 respectively), DM (p<0.0001 for both), and DM+A+cART 

(p<0.0001 and p=0.0490 respectively). Also, STBM thickness of the DM+A treated group was 

significantly increased (p<0.0001) relative to DM+cART treated group.  

 

Testicular capsule thickness 

The testicular capsule also referred to as the tunica albuginea comprised of majorly collagen 

fibers braced with a network of myoid cells (Fig. 6.2). The thickness of the capsule was 

significantly increased in treated groups DM+A and DM+A+cART in comparison to control, 

p=0.0002 and p=0.0055 respectively. The DM and DM+cART treated groups respectively 

showed an insignificant (p>0.05) decrease and increase in capsule thickness compared to the 

control, but the capsule thickness in DM+cART increased significantly (p=0.0002) relative to 

DM group. 
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Figure 6.2: Representative seminiferous tubule basement membrane (STBM) (arrowheads) 

and testicular capsule (double arrows) photomicrographs, PAS and Masson’s trichrome stain 

respectively. Graphs show respective mean ± SEM thickness. Different symbols *, #, α, and Ф 

represent significant differences (p<0.05) as analyzed by a Bonferroni’s multiple comparison 

test; ‘*’ significantly increased compared to control, ‘#’ significantly increased compared to 

DM, ‘α’ significantly increased compared to DM+cART, and ‘Ф’ significantly increased 

compared to DM+A+cART. Magnification, x400; scale bar, 50μm. Key: Image: A; control 

group, B; DM group, C; DM+A group, D; DM+cART group, and E; DM+A+cART group. 

DM, diabetes; DM+A, diabetes and alcohol; DM+cART, diabetes and combination 

antiretroviral therapy; DM+A+cART, diabetes and alcohol and combination antiretroviral 

therapy. 
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Interstitial connective tissue  

The interstitial connective tissue found between seminiferous tubules and surrounding the 

tubules consisted of collagen, reticulin, and elastin fibers (Fig. 6.3). All treated groups showed 

a significant reduction (p<0.0001) in collagen fibers relative to control. The DM+A treated 

group had significantly reduced collagen fibers compared to DM (p=0.0141) and 

DM+A+cART (p=0.0103). The reticulin fibers of all treated groups significantly decreased 

relative to control (DM, p=0.0015; DM+A, p=0.0102; DM+cART, p=0.0035; and 

DM+A+cART, p<0.0001). Further, relative to the control group, elastin fibers reduced 

significantly in all treated groups (DM, p=0.0171; DM+A, p=0.0047; DM+cART, p<0.0001; 

and DM+A+cART, p=0.0004). 
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Figure 6.3: Representative collagen, reticulin, and elastin indicated with arrowheads in 

photomicrographs, Masson’s trichrome, Gordon and Sweet’s silver impregnation, and 

Verhoeff Van Gieson stain respectively. Graphs show respective mean ± SEM percentage area. 

Different symbols *, #, and Ф represent significant differences (p<0.05) as analyzed by a 

Bonferroni’s multiple comparison test; ‘*’ significantly reduced compared to control, ‘#’ 

significantly reduced compared to DM, and ‘Ф’ significantly reduced compared to 

DM+A+cART. Magnification, x100; scale bar, 200μm. Key: Image: A; control group, B; DM 

group, C; DM+A group, D; DM+cART group, and E; DM+A+cART group. DM, diabetes; 

DM+A, diabetes and alcohol; DM+cART, diabetes and combination antiretroviral therapy; 

DM+A+cART, diabetes and alcohol and combination antiretroviral therapy.  

 

Reproductive hormone profile 

The serum luteinizing hormone level decreased significantly (p=0.0142) in the DM+A+cART 

group relative to the control, whereas the luteinizing hormone level of DM+A significantly 

increased relative to other treated groups (DM, p=0.0035; DM+cART, p=0.0027; and 

DM+A+cART, p=0.0002). A significant increase in serum follicle stimulating hormone was 

recorded in DM, DM+A, and DM+A+cART treated groups, relative to control (p=0.0073, 

p=0.0004, and p=0.0069 respectively). Further, the follicle stimulating hormone level of 

DM+A group was significantly increased (p=0.0176) relative to DM+cART group. 

Additionally, in comparison to the control group, the serum testosterone levels decreased 

significantly in treated groups; DM, p=0.0102; DM+A, p=0.0166; and DM+A+cART, 

p=0.0016. There was no significant difference in serum inhibin B levels between the control 

and treated groups, however, the inhibin B levels of DM+A+cART treated group was 

significantly increased (p=0.0057) relative to DM+cART treated group (Fig. 6.4). 
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Figure 6.4: Graphs showing mean ± SEM serum levels of reproductive hormones. Different 

symbols *, #, α, and Ф represent significant differences (p<0.05) as analyzed by a Bonferroni’s 

multiple comparison test; ‘*’ significantly different compared to control, ‘#’ significantly 

increased compared to DM, ‘α’ significantly increased compared to DM+cART, and ‘Ф’ 

significantly increased compared to DM+A+cART. DM, diabetes; DM+A, diabetes and 

alcohol; DM+cART, diabetes and combination antiretroviral therapy; DM+A+cART, diabetes 

and alcohol and combination antiretroviral therapy.  

 

Androgen receptor (AR) immunoexpression and staining intensity 

Testicular AR was expressed in Sertoli cells, Leydig cells, pericytes, and myoid cells of the 

control and all treated animals, with exception of the DM+A treated group where expression 

of AR was only detected in very few Sertoli cells (Fig. 6.5). In the testes of all treated groups 

(DM, DM+A, DM+cART, and DM+A+cART), Sertoli cell androgen receptor (SAR) 

expression was significantly reduced relative to the control (p=0.0009, p<0.0001, p<0.0001, 

and p<0.0001 respectively). But, in DM+A treated group, SAR expression reduced 

significantly (p<0.0001) relative to other treated groups. Also, expression SAR in the 

DM+A+cART group reduced significantly (p=0.0049) relative to the DM group. The result 

also showed that the SAR intensity was reduced significantly (p<0.0001) in all treated groups 
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Figure 4: Graphs showing mean ± SEM serum levels of reproductive hormones. Different 

symbols *, #, α, and Ф represent significant differences (p<0.05) as analyzed by a Bonferroni’s 

multiple comparison test; ‘*’ significantly different compared to control, ‘#’ significantly 

increased compared to DM, ‘α’ significantly increased compared to DM+cART, and ‘Ф’ 

significantly increased compared to DM+A+cART. DM, diabetes; DM+A, diabetes and 

alcohol; DM+cART, diabetes and combination antiretroviral therapy; DM+A+cART, diabetes 

and alcohol and combination antiretroviral therapy.  
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relative to control, but SAR intensity in DM+A treated group reduced significantly (p<0.0001) 

compared to other treated groups. The Leydig androgen receptor (LAR) expression in all 

treated groups decreased significantly (p<0.0001) relative to the control group, However, 

expression of LAR in the DM+A treated group was significantly decreased (p<0.0001) relative 

to other treated groups but the LAR expression in the DM+A+cART treated group decreased 

significantly relative to DM (p<0.0001) and DM+cART (p=0.0346). Equally, all treated groups 

showed a significant reduction in the LAR intensity relative to control (DM, p=0.0001; DM+A, 

p<0.0001; DM+cART, p=0.0054; and DM+A+cART, p= 0.0158). Further, LAR intensity in 

the DM+A treated group was significantly reduced (p<0.0001) relative to other treated groups 

(Fig. 6.5). 
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Figure 6.5: Representative photomicrographs showing Sertoli and Leydig cell androgen 

receptor (AR) immunoreactivity (arrowheads) and respective graphs of mean ± SEM number 

of immunoreactive cells and intensity. Different symbols *, #, α, and Ф represent significant 

differences (p<0.05) as analyzed by a Bonferroni’s multiple comparison test; ‘*’ significantly 

decreased compared to control, ‘#’ significantly decreased compared to DM, ‘α’ significantly 

decreased compared to DM+cART, and ‘Ф’ significantly decreased compared to 

Sertoli cell AR 
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DM+A+cART. Magnification, x400; scale bar, 50μm. Key: Image: A; control group, B; DM 

group, C; DM+A group, D; DM+cART group, and E; DM+A+cART group. DM, diabetes; 

DM+A, diabetes and alcohol; DM+cART, diabetes and combination antiretroviral therapy; 

DM+A+cART, diabetes and alcohol and combination antiretroviral therapy. 

 

DISCUSSION 

In a millennium marked by a worldwide decline in male fertility (Sun et al., 2019), the rising 

prevalence of; diabetes (Condorelli et al., 2018), alcohol abuse (World Health Organisation, 

2011), and combination antiretroviral therapy (cART) regimen due to increasing HIV/AIDS 

disease (Khawcharoenporn and Sha, 2016) in males of reproductive age is of great concern. 

Moreover, previous studies have demonstrated the damaging effects of; diabetes (Nna et al., 

2019; Ray and Pramanik, 2020), alcohol abuse (Dosumu et al., 2014; Finelli et al., 2022), and 

cART use (Kushnir and Lewis, 2011; Ogedengbe et al., 2016) on the male reproductive system. 

Additionally these conditions are intricately connected and can occur simultaneously in an 

individual (Kumar et al., 2015; Avari and Devendra, 2017; Mondal et al., 2019; Goecke and 

Baumeister, 2021),  a conundrum that might elicit severe testicular dysfunctions. The present 

report highlights the impact of diabetes, alcohol, and cART interaction on male reproductive 

capacity and male fertility. 

 

Morphometry and histopathology are widely used tools to determine perturbations of testis 

structure and function (Lanning et al., 2002; Azu et al., 2014) and were utilized in the present 

study. Although the mean morphometric and histopathological parameters of the treated groups 

were statistically different from the control group, we observed that certain seminiferous 

tubules were severely altered, some slightly altered, but others were unaltered suggesting 

variable tubular effects of the treatment. This implies that the degree of disruption of 

spermatogenesis may differ in various tubules, thus normal spermatogenesis is sustained in 

some tubules regardless of the treatment toxicities as previously demonstrated by Azu et al., 

(2014). Our findings revealed alterations in the evaluated morphometry parameters of the testis, 

with significant decreases in mean testicular and tubule parameters, component area fractions, 

and germinal epithelium cells in treated animals relative to the control group. These indicate 

severe testicular architecture perturbations and derangement of cellular coherency due to 

toxicity associated with coexistence of alcohol, cART, or both in diabetic condition. However, 

while the significant increases in testicular interstitium area fraction may complement the 
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decreases in tubule diameter, the increased lumen diameter in the alcohol and cART treated 

may reflect the highly significant decreases recorded in epithelial height and overall adverse 

effects on germinal epithelial cells. Further, the significant reduction in tubular area and 

diameter points to tubular shrinkage in the treated groups and suggest tubular degenerative 

changes following the treatments in diabetes (Ogedengbe et al., 2018; Khairuddin et al., 2020) 

as well as evidence of disturbed spermatogenesis. Also, the significant increment in connective 

tissue area fraction recorded across the treated groups may imply a build-up of fibrosis in the 

interstitium which corresponds to earlier report (Apa et al., 2002) in infertile men with impaired 

testicular integrity and cellular (Leydig, macrophage, myoid) function. Conversely, the 

morphometric findings conformed with the histopathological observations and the 

seminiferous tubule lesions across the treatment groups suggesting consistency of treatment 

effects on the testicular histological profile. Previous studies have documented seminiferous 

tubule atrophy, epithelial derangement, germ cell depletion, and distorted interstitium in 

animals that are diabetic (Nna et al., 2019), exposed to alcohol (Dosumu et al., 2014), and 

treated with cART (Ogedengbe et al., 2016). Testicular histological and morphometric 

alterations are morphological indicators of disruption of testicular structure integrity with its 

attendant dysregulation impact on spermatogenesis (Vidal and Whitney, 2014; Olojede et al., 

2022). Overall, alcohol in diabetes, showed the greatest toxicosis, in all the morphometry 

parameters, followed by cART and then both alcohol-cART in diabetes.  

The function of testicular somatic cells (Sertoli and Leydig cells) is essential for the 

development of the testis and regulation of spermatogenesis (Clavijo and Hsiao, 2018). Sertoli 

cells nurse germ cells and control the seminiferous tubules milieu (Petersen and Söder, 2006). 

Our results revealed a non-significant reduction in Sertoli cell number in the testis of diabetic 

animals and in all treated groups but a marked significant reduction in diabetic-alcohol treated 

group (DM+A) with extensive germ cell depletion suggesting a disruption in the critical role 

of Sertoli cells in spermatogenic processes. The non-significant reduction of Sertoli cell 

number in diabetic, diabetic plus cART, and diabetic plus alcohol plus cART groups suggests 

minimal perturbations of Sertoli cell function, which may be linked to its high content of anti-

apoptotic makers, Bcl-w and Bcl-xL (Yuko Ito and Otsuki, 2013; Aslani et al., 2017). However, 

disruptions of Sertoli cell structure impair the cell’s  functional, which affects the blood-testis 

barrier and can lead to germinal epithelial detachment into the lumen (Johnson, 2014), as 

recorded in the present study, especially in the diabetic plus alcohol group. Previous reports 

show that the number of Sertoli cells determines the size of testis and the number of 
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spermatozoa produced (Petersen and Söder, 2006), and consequently, loss of Sertoli cells has 

been associated with diminished spermatozoa production (Petersen and Söder, 2006; 

Rebourcet et al., 2017; Oduwole et al., 2018). Furthermore, consistent with our results, diabetes 

has been reported to cause Sertoli cell degeneration (Meskari et al., 2018; Olojede et al., 2022) 

and alcohol has deleterious impacts on Sertoli and Leydig cells (Emanuele and Emanuele, 

1998; Ramlau-Hansen et al., 2010) which may substantiate the observed toxicity.  

Additionally, the results showed a significant decrease in the Leydig cell nuclear diameter 

(LCND) and volume (LCNV) in all treated groups, indicating a possible detrimental effect of 

treatment on the steroidogenic capacity, since studies have shown that altered nuclear volume 

and size are functionally associated (Wu et al., 2022).  In agreement with our finding, while 

Giannessi et al., (2015) observed necrotic Leydig cells in testis of mice treated with alcohol,  

Olasile et al., (2018) reported reduced LCNV in rats treated with cART. Further, Kianifard et 

al., (2012) found changes in the ultrastructure of Sertoli and Leydig cells in testis of male 

diabetic rats. Leydig cells via the steroidogenesis process produce testosterone, a male 

androgen that is essential for successful spermatogenesis. The Leydig cell steroidogenic 

capacity is suggested to be determined by the amount of cell nuclear organelles such as 

mitochondria rather than the number of the cell themselves (Wang et al., 2017; Clavijo and 

Hsiao, 2018). Previously, researchers have shown that a reduction of Leydig cell nuclear 

volume is associated with decreased testosterone levels (Neves et al., 2017; Wang et al., 2017). 

Thus, the observed deleterious alternations of Sertoli and Leydig cells induced by the treatment 

may elicit dysfunction of these testicular somatic cells that will eventually lead to 

spermatogenesis impairments. 

While the cellular components of the testis are crucial in successful reproduction, the 

surrounding testicular capsule and the stroma which is sandwiched between seminiferous 

tubules also play an essential role. These connective tissue components are essential for the 

maintenance of testicular structure and germinal epithelium integrity (Gao et al., 2017; Qin et 

al., 2017). Recently, capsular, interstitial, and peritubular connective tissue have also been 

recognized to play a role in transportation of spermatozoa, particularly attributed to the 

contractility of myoid cells that aids propulsion of spermatozoa from the tubule lumen to the 

rete testis (Aire and Ozegbe, 2007). Therefore, the observed significant increase in thickness 

of seminiferous tubule basement membrane (STBM) in the testis of DM+A and DM+cART 

groups and the testicular capsule in DM+A and DM+A+cART groups suggest structural 

distortion effects of the treatments which may adversely affect their respective functions. In 
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agreement with our findings, Olojede et al., (2021) found an increase in STBM and testicular 

capsule thickness in diabetic rats, and in the present study in the combinations of DM+cART 

and DM+A+cART.  Further, distorted capsular collagen orientation has been reported 

following alcohol administration (Asuquo et al., 2020). Our results further showed that 

connective tissue fibers (collagen, reticulin, and elastin) were reduced in treated groups relative 

to control, and is consistent with previous reports that documented a reduction of collagen and 

reticulin fibers in rats treated with alcohol (Fakoya and Ademola Caxton-Martins, 2004; Rosa 

et al., 2018). Similarly, loss of elastin fibers has been reported in skin and vasculature of 

diabetic patients (Akhtar et al., 2010; Dremin et al., 2021). The alternations observed in 

testicular connective tissue show that the treatments disintegrated the testis structural integrity, 

which subsequently leads to testicular dysfunction. 

 

Furthermore, the testicular structure and functions are regulated by hormones of the 

hypothalamic-pituitary-gonadal (HPG) axis (Corradi et al., 2016; Clavijo and Hsiao, 2018). 

Consequently, changes in reproductive hormone levels will lead to dysregulation of 

steroidogenesis and spermatogenesis. We recorded a significant decrease in luteinizing 

hormone (LH) (except in the DM+A group) and testosterone (TT) levels in all the treated 

groups, greatly in the DM+A+cART group. With significantly increased levels of follicle 

stimulating hormone (FSH) and insignificant increase in inhibin B (INHB) levels in all treated 

groups, except the DM+cART group which showed a non-significant increase in FSH and a 

decrease in INHB level. These perturbations of the hormonal profile reflect disturbances of 

endocrine homeostasis (Clavijo and Hsiao, 2018). In addition, high levels of FSH indicate an 

impairment in testis function, particularly the Sertoli cells that secrete INHB which regulates 

FSH production (Jankowska et al., 2022). Though similarities and discrepancies in hormonal 

profile results abound with increased levels of LH and FSH (Anderson et al., 1987) and LH 

and TT (Salardi et al., 2002) in diabetes, decreased level of TT in diabetes (Zha et al., 2018), 

alcohol consumption (Oremosu and Akang, 2015), and cART use (Akhigbe, Hamed and 

Odetayo, 2021) and decreased FSH in diabetes (Olojede et al., 2022). Remarkably, Rossi et al., 

(2020) found that Sertoli cells exposed to bisphenol A had increased INHB production. While 

such observed hormonal imbalances may reflect differences in research design, methods, and 

duration of treatment exposures, they all express adverse functional perturbations of the HPG 

axis. Furthermore, the balance of HPG axis hormones is regulated via a negative feedback 

mechanism whereby TT and INHB hormones produced by testicular cells (Leydig and Sertoli 
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cells respectively) modulate the pituitary secretion of LH and FSH respectively (Marques et 

al., 2000; Corradi et al., 2016). Conversely, decreased levels of both LH and TT and an increase 

in FSH levels when the level of INHB is not reduced as observed in this study might imply that 

the treatments disrupted the HPG axis feedback mechanism. Accordingly, the recorded 

hormonal imbalances conform with the observed Sertoli and Leydig cell perturbations and 

consequently lead to spermatogenesis and steroidogenesis impairments.  

 

Though the impact of changes in levels of reproductive hormones has been studied extensively 

in male reproductive dysfunction, investigations about the changes in their receptors are scanty, 

notwithstanding the vital role in successful male reproduction and fertility (Petersen and Söder, 

2006; Corradi et al., 2016). Androgen receptor is expressed by testicular somatic cells such as 

Leydig, Sertoli, myoid, and pericyte cells, and it regulates the structure and function of these 

cells and mediates the actions of TT on spermatogenesis (Shan et al., 1997; Wang et al., 2009).  

The observed significant reduction in the number and staining intensity of Sertoli and Leydig 

cells expressing androgen receptor in all treated groups and interestingly with severest loss 

recorded in the diabetes-alcohol treated group (DM+A), overall, suggests testicular toxicity 

and consequent dysfunctions. Our findings are consistent with previous reports on the 

decreased androgen receptor  expression in diabetic rat testis that resulted in, weak androgen 

receptor signalling and led to testicular and sexual dysfunctions (Liu and Wang, 2005; Al-

Shathly et al., 2020). Other studies on organochlorinated pesticides, industrial chemicals, and 

plasticizers have reported similar testicular toxic effects  (Luccio-Camelo and Prins, 2011; Qiu 

et al., 2013), including several seminiferous tubule impairments in rats treated with diacerein 

drug (de Oliveira et al., 2021). Moreover, hypocellular testis with the arrest of spermatogenesis 

was reported in androgen receptor knockout animal models (Yeh et al., 2002; Wang et al., 

2009). In addition, transgenic androgen receptor disruption studies have revealed the 

involvement of androgen receptor signalling in maintenance of spermatogonia proliferation, 

integrity of blood-testis barrier, spermatogenesis progression, and spermiation (O’Hara and 

Smith, 2015), this indicates the crucial role of androgen receptor in spermatogenesis failure, 

subfertility, and infertility (Yong et al., 2003; Davey and Grossmann, 2016). Therefore, the 

downregulation of androgen receptor in treated animals could have led to alterations in 

testicular morphometry, structural integrity, and spermatogenesis as observed in the current 

study. 
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It is an interesting finding that the testicular histoarchitecture was more severely affected in the 

diabetic-alcohol treated group (DM+A group) than in the other treated groups. This adverse 

effect may not be unrelated to the uncontrollable high blood glucose levels associated with 

alcohol abuse in diabetic condition which could have led to the exacerbated testicular damage 

observed (Engler et al., 2013; Pourentezari et al., 2016). However, overall, diabetes+alcohol 

and/or cART or both variably adversely affected the parameters evaluated. The lesser adverse 

effects observed in DM+A+cART treated group may be due to the shared metabolism pathway 

(cytochrome P450) for alcohol and cART leading to diminished impact when alcohol and 

cART are used concurrently in diabetes (McCance-Katz et al., 2013; Mondal et al., 2019) or 

due to altered bioavailability of cART (tenofovir) in diabetic-HIV patients as was previously 

reported (Mann et al., 2020).  

 

CONCLUSION 

This study revealed that using alcohol or/and cART in diabetic condition causes testicular 

morphometric and structure derangement, loss of germ and Sertoli cells, reduction of volume 

of Leydig cell nucleus, and seminiferous tubule lesions. These adverse effects are upon 

reproductive hormones dysregulation and androgen receptor reduction following the 

treatments, with greater toxicity demonstrated in diabetic animals treated with alcohol and 

points to derangements in spermatogenesis and male reproductive capacity/fertility. The results 

further suggest that the interaction arising from a co-presence of cART and alcohol in diabetic 

condition could mildly diminish their independent effects due to their common cytochrome 

P450 metabolic pathway. The study findings will invaluably assist clinicians in the 

management of male reproductive dysfunctions that could emerge in diabetic people living 

with HIV/AIDS on a cART regimen and who consume alcohol regularly.  
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APPENDIX  

IHC staining intensity quantification 

The Fiji software was used to measure the mean gray values (MGV) of selected stained regions 

of interest (ROI) as shown in figure A (Jensen, 2013; Cizkova et al., 2021).  The steps below 

were followed.   

1. Opening the image in Fiji: File > Open > Select the image > Open 

2. Setting the scale: Analyze > Set scale > Ok 

3. Drawing a ROI: Edit > Selection > Specify > Ok 

4. Selecting the parameters: Analyze > Set measurement (check the MGV box) > Ok 

5. Taking the measurement: Analyze > Measure 

6. Opening the next image: File > Open next  

7. Choosing the same ROI size and shape: Edit > Selection > Restore selection  

8. Proceed to take the measurement: Analyze > Measure 

8. Save the results as a CVS file for statistical analysis. 

Worthy noting is that the darker stained areas have a low MGV and the lightly stained areas 

have a high MGV, thus the staining intensity is equal to the MGV reciprocal (Cizkova et al., 

2021). The staining intensity of Sertoli cell AR, and Leydig cell AR was calculated as follows.             

                                      Intensity =     1       (Cizkova et al., 2021) 

MGV 

 

 

Figure A: Representative images for Sertoli cell AR and Leydig cell AR quantified in Fiji, the 

mean gray values of selected ROI (thick arrow) are displayed. Key; AR: androgen receptor and 

ROI: region of interest. 
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CHAPTER 7: FOURTH MANUSCRIPT  

 

Potential Role of Inducible Nitric Oxide Synthase (iNOS) Activity in Testicular 

Dysfunction Following Co-administration of Alcohol and Combination  

Antiretroviral Therapy (cART) in Diabetic Rats 

 

ABSTRACT 

Diabetes, alcohol abuse, and combination antiretroviral therapy (cART) use have been reported 

to cause multi-organ complications via induction of oxidative stress and inflammation. 

Moreover, these are the most common factors implicated in male reproductive dysfunctions. 

This study evaluated testicular oxidative stress, inflammation, apoptosis, and germ cell 

proliferation in diabetic rats receiving alcohol and cART and their combination. Thirty adult 

male Sprague Dawley rats were divided into five groups, each consisting of six rats; control, 

diabetic only (DM), diabetic treated with alcohol (DM+A), diabetic treated with cART 

(DM+cART), and diabetic treated with both alcohol and cART (DM+A+cART). After 90 days 

of treatment administration, the rats were euthanized, and the testes were extracted and 

processed for immunohistochemistry analysis of oxidative stress, inflammatory, apoptosis, and 

proliferation markers. In comparison to the control, oxidative stress markers, inducible nitric 

oxide synthase (iNOS), malondialdehyde (MDA), and 8-hydroxydeoxyguanosine (8-OHDG) 

increased significantly in all treated groups when compared to the control.  Expression of 

testicular proinflammatory cytokines interleukin-1β and tumor necrosis factor-α was 

upregulated in all treated groups, but interleukin-6 was upregulated in DM, DM+cART, and 

DM+A+cART treated groups and was downregulated in the DM+A treated group. All treated 

animal groups showed an upregulation of apoptosis marker (caspase 3) and a downregulation 

of proliferation marker (Ki-67), however, Ki-67 staining intensity significantly increased in 

treated animals compared to the control. The study findings indicate that diabetes, alcohol 

abuse, cART use, and their combination via iNOS upregulation can induce inflammation and 

oxidative stress in testicular tissue, subsequently stimulate germ cell apoptosis and proliferation 

inhibition that leads to spermatogenesis failure.  

 

Keywords: Diabetes mellitus, Alcohol abuse, Antiretroviral therapy, Inflammation, Oxidative 

stress 
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INTRODUCTION 

A high number of reproductive age males are diabetic (Condorelli et al., 2018), involved in 

lifestyle alcohol abuse (World Health Organisation, 2011), and chronic (HIV infected) or 

prophylaxis cART users (Khawcharoenporn and Sha, 2016). Unfortunately, diabetes 

(Condorelli et al., 2018; Ray and Pramanik, 2020),  alcohol (Oremosu and Akang, 2015; Finelli 

et al., 2022), cART (Ogedengbe et al., 2016; Savasi et al., 2018) have been reported to cause 

alternations in reproductive hormone levels, testicular structure, and sperm parameters. 

Previous studies show that pathogenesis of multi-organ complications associated with diabetes 

(Ray and Pramanik, 2020), alcohol abuse (Rachdaoui and Sarkar, 2017), and cART use (Khan 

et al., 2014) is via oxidative stress and inflammation (Barcia et al., 2015; Ogedengbe, Naidu 

and Azu, 2018). Oxidative stress and inflammation are interlinked, and stimulate the 

occurrence of one another (Dutta et al., 2021) and are incidentally key characteristic features 

observed in reproductive dysfunctions (Tremellen, 2012; Maresch et al., 2018).  

 

Nitric oxide synthases (NOS) are established to mediate testicular oxidative stress induction in 

several testis disorders including cryptorchidism, testicular torsion, varicocele, and toxicity 

(Köksal et al., 2003; Eid et al., 2011).  The three NOS isoforms viz. endothelial (eNOS or 

NOS3), inducible (iNOS or NOS2), and neuronal (nNOS or NOS1) catalyze the production of 

nitric oxide from L-arginine (Turner and Lysiak, 2008). Nitric oxide is a free radical recognized 

to play a regulatory role in the process of spermatogenesis at low concentrations (O’Bryan et 

al., 2000; Levine et al., 2012). However, nitric oxide elevation, a consequence of NOS 

upregulation leads to formation of nitrogen-based reactive oxygen species (ROS), which are 

detrimental to the testicular tissue (Turner and Lysiak, 2008; Yu et al., 2017). Unlike eNOS 

and nNOS,  iNOS is calcium-independent and produces NO in larger quantities, and is thus 

clinically important in the induction of testicular oxidative stress (Köksal et al., 2003; Kolasa 

et al., 2009).  

 

Markedly, the testis is particularly vulnerable to oxidative stress because of high mitochondrial 

oxygen consumption to support the inherent spermatogenic cell divisions and steroidogenesis 

(Asadi et al., 2017).  Testicular tissue is further predisposed to oxidative stress because of poor 

vascularization and relatively high amounts of unsaturated fatty acids (Tremellen, 2012; 

Guerriero et al., 2014). Therefore, based on previous reports that diabetes (Volpe et al., 2018), 

alcohol (Finelli et al., 2022), and cART (Ikekpeazu et al., 2019) can independently induce 

oxidative stress and inflammation, this study evaluated effects on testicular health of the co-
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existence of cART and alcohol abuse in a diabetic condition relative to inducible nitric oxide 

synthase (iNOS), oxidative stress, inflammation, apoptosis, and cell proliferation.  

 

MATERIALS AND METHODS 

Chemical and reagents 

Streptozotocin (STZ) (S0130) was procured from Sigma-Aldrich Chemical Company (St. 

Louis, MO, USA) and Atripla, a fixed-dose combination antiretroviral drug was purchased 

from Bristol-Myers Squibb and Gilead Sciences (Foster City, CA, USA). The primary 

antibodies interleukin-1beta (IL-1β) (ab2105), interleukin-6 (IL-6) (ab9324), tumor necrosis 

factor-alpha (TNF-α) (ab6671), inducible nitric oxide synthase (iNOS) (ab115819), 

malondialdehyde (MDA) (ab243066), 8-hydroxydeoxyguanosine (8-OHDG) (ab62623), 

caspase 3 (ab4051), and Ki-67 (ab15580) were purchased from Abcam (Cambridge, MA, 

USA). The biotinylated goat anti-rabbit (BA-1000) and goat anti-mouse (BA-9200) secondary 

antibodies, and Avidin-Biotin Complex kit (ABC) (PK-6100) were purchased from Vector 

Laboratories (Burlingame, CA, USA). 

 

Ethical clearance 

The Animal Research Ethics committee (AREC) of University of the Witwatersrand (Wits) 

approved the animal study protocol with approval number 2018/011/58/C. All experiments 

were carried out at Wits Animal Research Facility (WARF) per the guidelines of AREC. 

 

Animal husbandry 

For investigation, 30 adult male Sprague Dawley rats (10 weeks old; weighing 330-370 grams) 

were used. Every rat was housed individually in a clean plastic cage at a room temperature of 

21-23⁰C, with a 12/12-hour light/dark cycle, and allowed free access to rat chow and water. 

Throughout the 90 days treatment duration, the rats freely accessed drinking water or alcohol, 

and rat chow according to respective treatment groupings.  

 

Induction of type 2 diabetes  

Type 2 diabetes mellitus was induced using a modified procedure described by Wilson & Islam, 

2012. Briefly, rats were fed on a 20% fructose reconstituted rat chow diet for two weeks, after 

which a single injection of freshly prepared 40mg/kg STZ in 0.05M (pH 4.5) citrate buffer was 

administered intraperitoneally. Then, non-fasting blood glucose (non-fasting) levels were 

measured 72 hours after STZ administration and rats with glucose levels ≥ 250 mg/dl were 
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regarded as diabetic. Once the diabetic state was confirmed in rats, they were placed on a 

standard rat chow diet. 

 

Experimental design 

The rats were divided into five groups, each with six rats as follows. Control group, Diabetic 

(DM) group, diabetic rats treated with 10% v/v alcohol daily (DM+A) group, diabetic rats 

treated with an extrapolated human equivalent dose of 23.22 mg/kg of cART (consisting of 

efavirenz 600 mg + emtricitabine 200 mg + tenofovir 245 mg) (Frampton and Croom, 2006) 

in gelatine cubes daily (DM+cART), and diabetic rats treated with both alcohol and cART 

(DM+A+cART) group. The rats were treated for 90 days, after which they were weighed, 

anesthetized with 240mg/ml pentobarbitone, and terminated. The testes were then extracted 

and preserved in 10% neutral buffered formalin for subsequent processing.  

 

Food and fluid intake 

The amount of food and fluid consumed by each rat was recorded daily throughout the 

experimental period. 

 

Body weight and gonadosomatic index 

The rats were weighed before termination (final body weight) and testis weight was recorded 

immediately after their extraction. Then, the final body and testis weights were used to 

calculate the gonadosomatic index, using the formula previously reported by Olasile et al., 

2018. 

Gonadosomatic index = 𝑇𝑒𝑠𝑡𝑖𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 × 100 (%) 

                               𝐵𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 

 

Immunohistochemistry for oxidative stress, inflammatory, apoptosis, and proliferation 

biomarkers 

The harvested and fixed testes were dehydrated sequentially in 70-100% alcohol grades and 

embedded in molten paraffin wax and sectioned at 5μm thickness using a Leica RM 2125 

rotatory microtome. The sections were floated in a warm water bath (45oc) for 60 seconds, then 

mounted onto silane-coated glass slides for antibody immunolabeling. The sections were dried 

overnight, followed by deparaffinizing in xylene, hydrating in a series of decreasing alcohol 

concentrations, and rinsing in running tap water for 5 minutes. The sections were incubated in 

citrate buffer overnight in a water bath at 60oc for antigen retrieval. Then, sections were rinsed 
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in phosphate-buffered saline (PBS) for 5 minutes, thereafter, immersed in 1% hydrogen 

peroxide in methanol for 20 minutes to inhibit endogenous peroxidase. After rinsing in 

phosphate-buffered saline (PBS) for three changes of five minutes each, 5% normal goat serum 

was added to the sections to block nonspecific antibody binding. This was tapped off after 30 

minutes, and the primary antibody was added subsequently (1:100 for anti-TNF-α and anti-

iNOS, 1:200 for anti-IL-1β, anti-IL-6, anti-MDA, and anti-caspase 3, and 1:1000 for anti-8-

OHDG and anti-Ki-67) and left overnight (approximately 16 hours) at 4°C. Thereafter, the 

sections were rinsed in PBS and incubated with the secondary antibody (1:1000 biotinylated 

goat anti-rabbit for the IL-1β, TNF-α, iNOS, caspase 3, and Ki-67 antibodies and 1: 1000 

biotinylated goat anti-mouse for IL-6, MDA, and 8-OHDG antibodies) for 30 minutes. Then, 

after rinsing in PBS, avidin-biotin complex (ABC) reagent was added for 30 minutes. 

Afterward, the sections were rinsed in PBS and incubated with 3, 3’-diaminobenzidine 

tetrachloride (DAB) for five minutes. DAB was then washed off under running tap water for 

five minutes and the slides were dipped in hematoxylin for one minute to counter-stain. 

Followed by rinsing in running tap water to remove excess stain, dehydration of slides in 

alcohol series, and coverslipped with Dibutylphthalate Polystyrene Xylene (DPX). For the 

antibodies with immunoreactivity localized to cell nuclei (IL-6, 8-OHDG, caspase 3, and Ki-

67), the total number of cell nuclei expressing immunoreactivity were counted in 20 rounded 

seminiferous tubules for each animal (i.e., 120 tubules for each group) at x400.  The images of 

antibodies with immunoreactivity localized to both cell nucleus and cytoplasm (IL-1β, TNF-α, 

iNOS, and MDA) were captured in 144 microscopic fields at x100 for each group and were 

segmented using the ilastik pixel classification workflow. Further, ilastik software (v1.3.3; 

https://www.ilastik.org) was used for image segmentation, then Fiji software (v1.52e; 

https://imagej.net/Fiji) was used to quantify immunostaining in the image segments as we 

previously described (Owembabazi et al., 2023). Below is the procedure for quantifying Ki-67 

staining intensity.  

 

IHC staining intensity quantification 

The Fiji software (v1.52e; https://imagej.net/Fiji) was used to measure the mean gray values 

(MGV) of selected stained regions of interest (ROI) as shown in figure 1 (Jensen, 2013; 

Cizkova et al., 2021).  Worth noting is that the darker stained areas have a low MGV and the 

lightly stained areas have a high MGV, thus the staining intensity is equal to the MGV 

reciprocal (Cizkova et al., 2021). The steps followed for Ki-67 staining intensity quantification 

were as follows; opening the image in Fiji: File > Open > Select the image > Open; setting the 

https://www.ilastik.org/
https://imagej.net/Fiji
https://imagej.net/Fiji
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scale: Analyze > Set scale > Ok; drawing an ROI: Edit > Selection > Specify > Ok; selecting 

the parameters: Analyze > Set measurement (check the MGV box) > Ok; taking the 

measurement: Analyze > Measure; opening the next image: File > Open next; choosing the 

same ROI size and shape: Edit > Selection > Restore selection; proceed to take the 

measurement: Analyze > Measure; save the results as a CVS file for statistical analysis. 

Thereafter, the staining intensity of Ki-67 was calculated as follows.             

                                      Intensity =     1       (Cizkova et al., 2021) 

𝑀𝐺𝑉 

 

Figure 1: Representative Ki-67 image quantified in Fiji, the mean gray values of a selected 

region of interest (ROI) illustrated with a thick arrow. 

 

Data analysis 

The data were analyzed using the Windows version of GraphPad Prism 6 and the data was 

presented as Mean ± SEM. The group means were compared using one-way analysis of 

variance (ANOVA), and the Bonferroni post hoc test was performed for multiple comparisons. 

Deeming P< 0.05 value statistically significant. 
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RESULTS 

Food and fluid intake 

A general reduction in food intake was recorded in all treated groups relative to the control 

group but was significant in only DM+A (p=0.0455) and DM+A+cART (p=0.0090) treated 

rats (Fig. 2). In comparison with the control, fluid intake increased significantly (p<0.0001) in 

DM and DM+cART treated groups, however, an insignificant increase (p>0.05) was recorded 

in DM+A and DM+A+cART treated groups. Further, the fluid intake in DM and DM+cART 

was significantly increased (p<0.0001) relative to DM+A and DM+A+cART (Fig.  2). 

 

 

Figure 2: Graphs showing mean ± SEM food and fluid intake, final body weight, and 

gonadosomatic index. Different symbols *, π, and Ф represent significant differences (p<0.05) 

as analyzed by a Bonferroni’s multiple comparison test; ‘*’ significantly different compared to 

control, ‘π’ significantly increased compared to DM+A, and ‘Ф’ significantly increased 

compared to DM+A+cART. DM, diabetes; DM+A, diabetes and alcohol; DM+cART, diabetes 
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and combination antiretroviral therapy; DM+A+cART, diabetes and alcohol and combination 

antiretroviral therapy.  

Body weight and gonadosomatic index 

All treated groups showed a decrease in final body weight compared to the control, but a 

significant decrease was recorded in only DM+A (p=0.0197) and DM+A+cART (p=0.0357) 

treated groups (Fig. 2). Gonadosomatic index increased significantly in DM+A+cART relative 

to control (p=0.0306) and DM+A (p=0.0190). However, the gonadosomatic index of DM+A 

treated group was insignificantly deceased (p>0.05) compared to the control. Further, a non-

significant increase (p>0.05) was recorded in the gonadosomatic index of DM and DM+cART 

treated groups relative to the control group (Fig. 2). 

 

Oxidative stress biomarker immunoexpression  

Expression of iNOS was found in the testicular interstitial cells, Leydig cells, and macrophages 

of the control and treated groups (Fig. 3). The DM, DM+cART, and DM+A+cART) treated 

groups had significantly increased iNOS expression compared to the control (p<0.0001 for all) 

and DM+A (p=0.0005, p<0.0001, and p<0.0001 respectively). The DM+A treated group iNOS 

expression increased significantly (p=0.0041) relative to the control group. Further, iNOS 

expression in DM+A+cART group was significantly increased compared to DM (p<0.0001) 

and DM+cART (p=0.0003). Similarly, immunostaining of MDA was detected in the Leydig 

cells and macrophages (Fig. 3). Compared to the control, the expression of MDA significantly 

increased in all treated groups (DM: p<0.0001, DM+A: p<0.0001, DM+cART: (p=0.0041, and 

DM+A+cART: p<0.0001). Also, the MDA expression in DM+A treated group increased 

significantly (p<0.0001) compared to the other treated groups. Furthermore, DM group MDA 

expression was significantly increased (p=0.0004) compared to DM+cART. The control and 

treated groups showed 8-OHDG immunostaining in the spermatogenic cells (Fig. 3). The 8-

OHDG immunostaining of all treated groups increased significantly (p<0.0001) compared to 

control, whilst the expression in the DM+A treated group was respectively significantly 

increased (p<0.0001) compared to the other treated groups (DM, DM+cART, and 

DM+A+cART). 
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Figure 3: Photomicrographs of oxidative stress markers immunoexpression and respective 

mean of expression graphs. Representative immunoreactivity is indicated with arrowhead. The 

mean ± SEM percentage area of expression for iNOS and MDA, and the mean number of cells 
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expressing 8-OHDG were reported. Different symbols *, #, π, α, and Ф represent significant 

differences (p<0.05) as analyzed by a Bonferroni’s multiple comparison test; ‘*’ significantly 

increased compared to control, ‘#’ significantly increased compared to DM, ‘π’ significantly 

increased compared to DM+A, ‘α’ significantly increased compared to DM+cART, and ‘Ф’ 

significantly increased compared to DM+A+cART. Magnification, x400; scale bar, 50μm. 

Key: Image: A; control group, B; DM group, C; DM+A group, D; DM+cART group, and E; 

DM+A+cART group DM, diabetes; DM+A, diabetes and alcohol; DM+cART, diabetes and 

combination antiretroviral therapy; DM+A+cART, diabetes and alcohol and combination 

antiretroviral therapy. 

 

Proinflammatory cytokine immunoexpression 

The interleukin-1beta (IL-1β) immunostaining was observed in the testicular interstitial cells, 

macrophages, and Leydig cells of the control and treated groups, except in DM+A treated 

group that showed IL-1β immunostaining in the germinal epithelium as well (Fig. 4). All 

treated groups (DM, DM+A, DM+cART, and DM+A+cART) showed significant increases in 

IL-1β expression in comparison with the control group (p<0.0001, p<0.0001, p=0.0389, and 

p=0.0095 respectively). Moreso, the expression of IL-1β in the DM group was significantly 

increased compared to DM+A (p=0.0005), DM+cART (p<0.0001), and DM+A+cART 

(p<0.0001) treated groups. The interleukin-6 (IL-6) immunostaining in both control and treated 

groups was detected in Sertoli cells, macrophages, and Leydig cells, except the DM+A group 

which had immunostaining in only a few Sertoli cells (Fig. 4). For this study, only 

immunostained Sertoli cells were quantified. The IL-6 expression in DM, DM+cART, and 

DM+A+cART treated groups increased significantly (p<0.0001) compared to control and 

DM+A. However, DM+A treated group had a significantly decreased (p<0.0001) IL-6 

expression compared to control. Additionally, DM+cART group IL-6 expression was 

significantly increased compared to DM (p<0.0001) and DM+A+cART (p=0.0001), the IL-6 

expression in DM+A+cART was increased significantly (p<0.0001) compared to DM group. 

Further, tumor necrosis factor-alpha (TNF-α) immunostaining was similar to that of IL-1β 

mentioned above. In comparison with control, TNF-α expression increased significantly in all 

treated groups (DM: p=0.0016, DM+A: p<0.0001, DM+cART: p<0.0001, and DM+A+cART: 

p=0.0019) (Fig. 4). 
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Figure 4: Photomicrographs of cytokine expression and respective mean of expression graphs. 

Representative immunoreactivity is indicated with arrowhead. The mean ± SEM percentage 
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area of expression for IL-1β and TNF-α, and the number of cells expressing IL-6 were reported. 

Different symbols *, #, π, α, and Ф represent significant differences (p<0.05) as analyzed by a 

Bonferroni’s multiple comparison test; ‘*’ significantly different compared to control, ‘#’ 

significantly increased compared to DM, ‘π’ significantly increased compared to DM+A, ‘α’ 

significantly increased compared to DM+cART, and ‘Ф’ significantly increased compared to 

DM+A+cART. Magnification, x400; scale bar, 50μm. Key: Image: A; control group, B; DM 

group, C; DM+A group, D; DM+cART group, and E; DM+A+cART group. DM, diabetes; 

DM+A, diabetes and alcohol; DM+cART, diabetes and combination antiretroviral therapy; 

DM+A+cART, diabetes and alcohol and combination antiretroviral therapy.  

 

Apoptosis marker, caspase 3 immunoexpression 

Caspase 3 immunostaining was detected in the germinal epithelium cells of both control and 

treated groups (Fig. 5). Compared to the control, all treated groups showed a significant 

increase (p<0.0001) in the number of germ cells expressing caspase 3. However, the expression 

of caspase 3 was significantly increased in DM+A treated group in comparison with other 

treated groups (DM: p=0.0385, DM+cART: p<0.0001, and DM+A+cART: p<0.0001). and the 

expression in DM treated group increased significantly (p=0.0002) compared to DM+A+cART 

treated group. 

 

Figure 5: Representative photomicrographs showing caspase 3 expression (arrowheads) and a 

graph showing the mean ± SEM number of immunostained cells. Different symbols *, #, α, 

and Ф represent significant differences (p<0.05) as analyzed by a Bonferroni’s multiple 

comparison test; ‘*’ significantly increased compared to control, ‘#’ significantly increased 
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compared to DM, ‘α’ significantly increased compared to DM+cART, and ‘Ф’ significantly 

increased compared to DM+A+cART. Magnification, x400; scale bar, 50μm. Key: Image: A; 

control group, B; DM group, C; DM+A group, D; DM+cART group, and E; DM+A+cART 

group. DM, diabetes; DM+A, diabetes and alcohol; DM+cART, diabetes and combination 

antiretroviral therapy; DM+A+cART, diabetes and alcohol and combination antiretroviral 

therapy.  

 

Proliferation marker, Ki-67 immunoexpression 

The Ki-67 expression was found in germ cells, majorly the spermatocytes and round spermatids 

of the control and treated groups (Fig. 6). A significant reduction in the number of germ cells 

expressing Ki-67 was detected in all treated groups (p<0.0001) in comparison with control. Ki-

67 expression in DM+A treated group reduced significantly (p<0.0001) compared to the other 

treated groups, and the expression in DM group was also respectively significantly reduced 

(p<0.0001) when compared with treated groups DM+cART and DM+A+cART. However, Ki-

67 staining intensity increased significantly (p<0.0001) in all treated groups compared to the 

control. The intensity of Ki-67 in DM+A group was significantly increased (p<0.0001) in 

comparison with the other treated groups, and the intensity in DM and DM+A+cART treated 

groups increased significantly (p<0.0001) compared with DM+cART treated group. 
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Figure 6: Representative photomicrographs showing Ki-67 expression (arrowheads) and 

respective graphs of the mean ± SEM number of immunostained cells and staining intensity. 

Different symbols *, #, α, and Ф represent significant differences (p<0.05) as analyzed by a 

Bonferroni’s multiple comparison test; ‘*’ significantly different compared to control, ‘#’ 

significantly different compared to DM, ‘α’ significantly different compared to DM+cART, 

and ‘Ф’ significantly different compared to DM+A+cART. Magnification, x400; scale bar, 

50μm. Key: Image: A; control group, B; DM group, C; DM+A group, D; DM+cART group, 

and E; DM+A+cART group. DM, diabetes; DM+A, diabetes and alcohol; DM+cART, diabetes 

and combination antiretroviral therapy; DM+A+cART, diabetes and alcohol and combination 

antiretroviral therapy.  

 

DISCUSSION 

Diabetes and combination antiretroviral therapy (cART) regimen due to HIV infection are a 

huge public health concern  (Bam et al., 2020), and alcohol abuse as a lifestyle is also prevalent 

in society (Trangenstein et al., 2018). The prevalence of these trio (diabetes, alcohol abuse, and 

cART use) and their co-existence in one individual is increasing especially in sub-Saharan 

Africa and in males of reproductive age (Pourentezari et al., 2016; Avari and Devendra, 2017). 

Consistent with previous studies  (Sultan et al., 2014; Olasile et al., 2018), our results showed 

that the treated groups had a decreased food intake but had an increased fluid intake compared 

to the control group. This observation could be attributed to diabetes-associated metabolism 

dysregulation, polydipsia, and polyuria  (Olasile et al., 2018).  Further, while the final body 

weight of all treated groups decreased, an increase was found in their gonadosomatic index 

(GSI) except the DM+A (diabetic animals treated with alcohol) group had a slightly decreased 

GSI compared to the control.  GSI is an indicator of reproductive output, both increased and 

decreased GSI implicate impairment in testicular structure and function (Santos et al., 2020; 

Babaei et al., 2021).  Since diabetes is known to cause body weight loss (Sultan et al., 2014)  

and GSI is the ratio of the gonad (testis) weight to body weight (Sultan et al., 2014; Nna et al., 

2019), thus increased GSI is suggestive of an increase in testicular weight which could be due 

to fibrosis and/or inflammation (Santos et al., 2020). Further, a decreased GSI reflects a 

reduction in testis weight that could have resulted from tissue degeneration (Nna et al., 2019; 

Babaei et al., 2021).  
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In this study, highly significant upregulation of oxidative stress biomarkers evaluated, 

inducible nitric oxide synthase (iNOS), malondialdehyde (MDA), and 8-

hydroxydeoxyguanosine (8-OHDG) in the testis of all treated groups were recorded relative to 

control. Oxidative stress plays a major role in the pathogenesis of testicular dysfunctions (Wu 

et al., 2020; Dutta et al., 2021), and incidentally, diabetes, alcohol, and cART are well-

established oxidative stress inducers (Barcia et al., 2015; Ogedengbe, Naidu and Azu, 2018; 

Finelli et al., 2022). Corroborating with the results of this study, increased expression of iNOS 

has been previously reported in testis of diabetic rats (Sönmez et al., 2016), rats exposed to 

alcohol (Eid et al., 2011), and those treated with cART (Akhigbe, Hamed and Aremu, 2021). 

Moreover, a clinical study by Coştur et al., (2012) observed an intense iNOS expression in the 

testis of azoospermic patients. Remarkably, iNOS was greatly upregulated in diabetic animals 

treated with both alcohol and cART compared to other treated and control groups, suggesting 

a heightened oxidative stress induction due to interaction between chemicals (alcohol and 

cART) and disease (diabetes). In the same vein, the result further showed that cART treatment 

significantly upregulated iNOS more than alcohol.   

 

Earlier studies have established that iNOS plays a key role in induction of testicular oxidative 

stress and its dysfunction through catalysis of nitric oxide production (Kolasa et al., 2009; 

Aprioku, 2013; Yu et al., 2017). Though nitric oxide level was not determined in the present 

study, the upregulation of iNOS would imply an increase in nitric oxide (Coştur et al., 2012; 

Nna et al., 2019). Nitric oxide is a free radical generated during normal mitochondrial oxidative 

phosphorylation and synthesized by enzymatic conversion of L-arginine to L-citrulline 

catalyzed by nitric oxide synthase (NOS) (Kolasa et al., 2009; Yu et al., 2017). Further, nitric 

oxide serves as a signaling molecule in several physiological processes (Levine et al., 2012). 

At low concentrations (<1µM), nitric oxide promotes homeostasis, cell proliferation, and 

survival, but elevated nitric oxide levels (>1µM) which may occur following induction of 

oxidative stress by chemical insults stimulate spermatogenic cell proliferation arrest and 

apoptosis (Turner and Lysiak, 2008; Aprioku, 2013; Zhu et al., 2019). This conforms with the 

significant germ cell loss and distortions of seminiferous tubules amongst other seminiferous 

lesions observed in the testis of treated animals. 

 

Furthermore, testis tissue has relatively high amounts of unsaturated fatty acids compared to 

other tissues (Asadi et al., 2017; Guerriero et al., 2014) and Leydig cell also utilizes an immense 

amount of fatty acids during the biosynthesis of testosterone (Koganti et al., 2022) and are very 



153 
 

susceptible to lipid peroxidation (Wang et al., 2017). Moreover, macrophages which are a main 

source of iNOS/NO lie adjacent to macrophages in the testicular interstitium, making the 

Leydig cells immediate targets of iNOS/NO activity (Kolasa et al., 2009; Coştur et al., 2012). 

Consequently, high testicular iNOS/NO levels stimulate lipid peroxidation leading to 

production of unsaturated reactive aldehyde, malondialdehyde (MDA) (Violi et al., 1999; Zhu 

et al., 2019). Accordingly, elevated MDA levels were recorded in all treated groups, the 

diabetic animals treated with alcohol (DM+A group) had the highest MDA levels. Our findings 

agree with previous studies that recorded increased MDA levels in testis tissue homogenate of 

rats that were diabetic (Khairuddin et al., 2020), exposed to alcohol (Oremosu and Akang, 

2015), and treated with cART (Ikekpeazu et al., 2019). Elevation of MDA levels is evidence 

of lipid peroxidation which causes testicular cell disintegration and subsequently results in 

steroidogenesis and spermatogenesis impairments (Violi et al., 1999; Levine et al., 2012; Su et 

al., 2019).  

 

Additionally, testicular iNOS/NO upregulation stimulates an increased formation of reactive 

oxygen species (ROS) and lowers cellular antioxidant production (Levine et al., 2012). ROS is 

a potent mediator of DNA oxidation and consequently leads to DNA breakdown and generation 

of 8-hydroxydeoxyguanosine (8-OHDG) (Nakae et al., 2000). Conversely, increased nuclear 

8-OHDG is an indicator of testicular oxidative stress (Wu et al., 2020; Dutta et al., 2021), and 

has been suggested to be involved in the induction of several mutations such as transitions, 

deletions, frameshifts, and epigenetic changes, and these could in turn lead to infertility and 

genetic disorders in offspring (Nakae et al., 2000; Wu et al., 2020). Therefore, the increased 

levels of 8-OHDG observed in the testis of treated animal groups suggests severe oxidative 

stress induced by the treatments, the highest upregulation recorded in diabetic-alcohol treated 

groups may reflect the severe adverse effects of alcohol abuse in diabetic condition. In 

corroboration, previous studies have reported increased testicular DNA fragmentation in rats 

treated with alcohol (Eid et al., 2011) and cART (Akhigbe, Hamed and Aremu, 2021), which 

adversely affect male reproductive capacity.  

 

Previous studies have demonstrated that elevated iNOS/NO levels stimulate testicular 

inflammation via the nuclear factor- kβ (NF-kβ) pathway (Levine et al., 2012; Su et al., 2019), 

leading to the release of cytokines such as interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor 

necrosis factor-α (TNF-α), and interferons (IFNs) (Aprioku, 2013; Nna et al., 2019). Although 

NF-kβ antibody immunostaining was nonspecific (not reported) in the present study, earlier 
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studies have demonstrated increased testicular NF- kβ in conditions associated with testicular 

oxidative stress and inflammation (Barcia et al., 2015; Dutta et al., 2021). We found 

significantly elevated levels of testicular pro-inflammatory cytokines such as IL-1β, IL-6, and 

TNF-α in the treated groups, except for the DM+A group (diabetic animals treated with 

alcohol) that had a significantly decreased IL-6 expression relative to the control group. This 

observation suggests that the treatments induced inflammation in the testis tissue, conversely, 

other studies have reported elevated levels of proinflammatory cytokines (IL-1β and TNF-α) 

in testicular tissue homogenate of diabetic rats (Khairuddin et al., 2020) and those treated with 

cART alone (Akhigbe, Hamed and Aremu, 2021).  Further, since IL-6 is majorly expressed by 

Sertoli cells (Białas et al., 2009), the extensive Sertoli cell degeneration observed in the testis 

of DM+A group may be linked to the significant IL-6 reduction and other associated adverse 

effects recorded in this group. 

 

Earlier reports have demonstrated increased levels of pro-inflammatory cytokines in testicular 

injury, infection, ischemia, and toxicosis (Białas et al., 2009; Pérez et al., 2013; Loveland et 

al., 2017). Upregulation of testicular cytokines is associated with suppressed steroidogenesis, 

disruption of blood-testis barrier (BTB) integrity, and diminished spermatozoa viability, 

subsequently leading to spermatogenesis and fertility impairments (Zhang et al., 2014; Alves-

Silva et al., 2021). Furthermore, studies show that both increase and decrease in the expression 

of  IL-1β  (de Oliveira et al., 2021) and TNF-α (Suh et al., 2008) can be detrimental to Leydig 

cell function,  through inhibition of Leydig cell cytochrome P450 steroidogenic enzymes  

(CYP11A1 and CYP17A1) (Suh et al., 2008; de Oliveira et al., 2021). Therefore, alternations 

in testicular cytokines recorded in this study corroborates earlier reports and conform with the 

testicular structure and cellular derangements, that eventually cause steroidogenesis and 

spermatogenesis failure. 

Consequently, accumulation of ROS (oxidative stress) and cytokines (inflammation) are both 

triggers of testicular cell apoptosis (Nna et al., 2019; Asadi et al., 2021). Our results revealed 

that immuno-expression of caspase 3 increased significantly in testis of treated groups relative 

to the control. Notably, caspase 3 is a key effector protease that cleaves structural and cell cycle 

proteins during both extrinsic and intrinsic apoptotic pathways leading to cell death (Jana et 

al., 2010; Sharma and Agarwal, 2013; El-Mehi and Faried, 2019). Less testicular toxicosis has 

previously been reported in animals that are diabetic (Sisman et al., 2014; Nna et al., 2019), 

exposed to alcohol (Nishi et al., 2018; Liu et al., 2020), and treated with cART (Azu et al., 
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2014; Akhigbe, Hamed and Aremu, 2021). Also, a significant decrease in the number of germ 

cells expressing Ki-67 but with strong staining intensity was recorded in the treated groups 

suggesting a disruption of germ cell proliferation and spermatogenesis dysfunction. Similar 

findings have been demonstrated in cryptorchidism (Moon et al., 2014) and fluoride-induced 

testicular toxicity (Zhao et al., 2018). 

 

CONCLUSION 

This study demonstrated that diabetes, alcohol, cART, and their concurrency trigger testicular 

oxidative stress, inflammation, and apoptosis and disruption of spermatogenic cell 

proliferation, leading to testis structural and spermatogenesis derangement. Our results suggest 

that the deleterious impacts of alcohol consumption or/and cART in diabetic condition on the 

testis may amongst others be mediated through iNOS upregulation that triggers reactive oxygen 

species accumulation, and in turn stimulates testicular oxidative stress and inflammation with 

resultant dysregulation of testis structure and function. Generally, the greatest perturbations 

were observed in testis of diabetic animals exposed to alcohol, cART, and both. The current 

study highlights the possible critical male reproductive health impact of multimorbidity of 

alcohol abuse and cART therapy that may arise amongst diabetic patients and further, gives 

clinical insight into the management of reproductive dysfunctions emerging in male diabetic 

patients living with HIV/AIDS who take cART and regularly consume alcohol. 
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CHAPTER 8: GENERAL DISCUSSION, CONCLUSION, AND 

RECOMMENDATIONS 

8.1 Preamble  

Currently, declining fertility factor is a major global health concern (Skakkebæk et al., 2022). 

Infertility affects 15% of couples worldwide, with more than 50% of the cases in males 

(Agarwal et al., 2021). An annual increase of 0·291% in male infertility was documented by 

the global burden of disease survey (Sun et al., 2019). Infertility is associated with socio-

physiological challenges that diminish the quality of life and in males, it is considered a health-

impairing condition especially when hypogonadism or/and sexual dysfunction is/are present 

(Ventimiglia et al., 2016; Lotti and Maggi, 2018). Myriad aetiologies have been implicated in 

male infertility, these include physical factors (age and weight) (Agarwal et al., 2021), lifestyle 

(diet, inactivity, alcohol consumption, and illicit drug use) (Sansone et al., 2018), psychological 

(anxiety, depression, and trauma) (Dutta et al., 2021),  pathologies (non-communicable and 

infectious diseases) (Naz and Kamal, 2017), medication (opioids, endocrine disruptors, and 

long-term drugs) (Owyong and Ramasamy, 2018),  and environmental (heat, radiations, 

chemicals, and heavy metals) (Skakkebæk et al., 2022). Conversely, the fast-rising conditions 

viz. diabetes, alcohol abuse, and cART use are predominant in males of reproductive age (Kalra 

et al., 2011; Pourentezari et al., 2016; Mann, Morrow, et al., 2020). This infers that they would 

experience a longer period of exposure to these conditions, which is worrisome because of the 

multiple long-term organ dysfunctions associated with diabetes, alcohol, and cART 

(Ogedengbe, Naidu and Azu, 2018; Volpe et al., 2018).  

Earlier studies have reported increased production of reactive oxygen species (ROS) during 

diabetes (Blake and Trounce, 2014), alcohol abuse (Das and Vasudevan, 2007), and cART use 

(Ikekpeazu et al., 2019), which subsequently trigger oxidative stress (OS) and inflammation 

(Barcia et al., 2015; Ogedengbe, Naidu and Azu, 2018). These (OS and inflammation) are key 

factors in the pathogenesis of diabetes, alcohol, and cART induced multi-organ complications 

(Volpe et al., 2018; Ikekpeazu et al., 2019; Finelli et al., 2022). Incidentally, OS and 

inflammation are common features in conditions that damage the structure and functioning of 

the testis (Dutta et al., 2021). Accordingly, diabetes, alcohol, and cART have each been shown 

to negatively impact the male reproductive system (Azu, 2012; Condorelli et al., 2018; Finelli 

et al., 2022). Clinical and experimental studies have demonstrated hypothalamic-pituitary-

gonadal (HPG) axis impairment, sexual dysfunctions, seminal fluid alterations, poor sperm 

quality, and testicular structural derangement in diabetes condition (Gandhi and Dagur, 2016; 
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Condorelli et al., 2018; Long et al., 2018; Ray and Pramanik, 2020), alcohol abuse (Rachdaoui 

and Sarkar, 2013; Dosumu et al., 2014; Oremosu and Akang, 2015; Finelli et al., 2022), and 

cART use  (Kushnir and Lewis, 2011; Azu et al., 2014; Ogedengbe et al., 2016; Savasi et al., 

2018).  

Moreover, diabetes, alcohol, and cART have an intricate connection. While alcohol is a potent 

risk factor for diabetes (Rehm, 2011; Goecke and Baumeister, 2021) and the spread of  HIV, 

which leads to cART use (Watson et al., 2014; Kumar et al., 2015; Schneider et al., 2016; Scott-

Sheldon et al., 2016). A high incidence of alcohol consumption, majorly for euphoric purposes 

has been reported amongst  people living with HIV including those on cART (McCance-Katz 

et al., 2013; Mondal et al., 2019). Unfortunately, both HIV infection and cART are associated 

with increased diabetes onset (Avari and Devendra, 2017; Bam et al., 2020), suggesting their 

possible simultaneous co-existence of in the body or in an individual.  Therefore, impact of 

using alcohol and cART concurrently during a diabetic health condition was evaluated to 

determine the effect on the functioning of HPG axis and testis, and testicular structure integrity 

based on morphometry changes, alterations in reproductive hormone levels, oxidative stress, 

inflammation, apoptosis, germ cell proliferation, and androgen receptor expression in diabetic 

rats exposed to alcohol and/or cART regimen of extrapolated daily recommended cART dose 

in animals. 

8.1.1 The effect of diabetes, alcohol, cART, and their combinations on testicular morphometry  

The application of morphometry techniques in testicular toxicology and/or histomorphology 

studies is scientifically accepted and adopted (Lanning et al., 2002; Azu et al., 2014). Using 

this technique, the study findings revealed a general alteration (increase or decrease) in all 

treated groups (A, cART, A+cART, DM, DM+A, DM+cART, and DM+A+cART) relative to 

control group, in all the parameters evaluated which included testis weight, volume, and size, 

the epithelial area fraction, epithelial height, tubule area and diameter, luminal area fraction 

and luminal diameter. Additionally, connective tissue and interstitial area fraction values were 

similarly significantly increased in all treated groups. These changes were consistent previous 

report on adverse impact of diabetes (Trindade et al., 2013), alcohol consumption (Dosumu et 

al., 2014), and cART use (Ogedengbe et al., 2016) on testicular morphometry parameters. 

Morphometric parameters reflect the state of testis tissue (Monteiro, Luis, and Predes, 2012; 

Soliman et al., 2014), consequently, the observed changes indicate structural derangement and 

dysfunction of the testis (Liu et al., 2009; Vidal and Whitney, 2014). The organ morpho-
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functional relationship is scientifically established and underline the functional or pathology 

organ output. 

 

8.1.2 The effect of diabetes, alcohol, cART, and their combinations on spermatogenic germ 

cells 

The assessment of the number of different testicular spermatogenic epithelial cells viz. 

spermatogonia, spermatocytes, round spermatids, and elongated spermatids also showed 

alterations (increase and decreases) in the treated groups (A, cART, DM, and DM+A+cART) 

compared to the control group, suggesting testicular toxicosis due to the treatments. These 

changes agree with alterations reported in previous reports which found   increased 

spermatogonia in non-obstructive azoospermia patients (Fietz et al., 2020), and possibly 

suggests an attempt  to increase in the germ cell pool in response to a decline in 

spermatogenesis (Griswold, 2016; Pohl et al., 2019). However, with exception of 

spermatocytes number in alcohol group. Similar other in vivo studies have reported germ cell 

depletion, decreased sperm quality, and increased immotile sperms (Ogedengbe et al., 2018; 

Olasile et al., 2018; Olojede et al., 2022). This indicates that the treatments are deleterious to 

germ cells, and consequently will lead to dysfunctions of the process of spermatogenesis and 

possible associated fertility problems. 

 

8.1.3 The effect of diabetes, alcohol, cART, and their combinations on testicular somatic cells 

The decrease in the number of Sertoli cells and in the Leydig cell diameter and volume in all 

the treated groups (A, cART, A+cART, DM, DM+A, DM+cART, and DM+A+cART) 

compared to the control group, suggest reduction and disturbance of their crucial critical role 

in the maintenance of spermatogenesis, through their physiological control of male 

reproductive hormone regulation. Additionally, the reduction of Sertoli cell number may 

adversely affect male reproductive function since in adult testis, Sertoli cells play a role in the 

retention of normal adult Leydig cell population and also support the function of normal 

peritubular myoid cell. Consequently, the process of spermatogenesis and reproductive 

processes will be adversely impacted and may result in fertility problems (Rebourcet et al., 

2017). Additionally, consistent with our results, previous studies have demonstrated 

deleterious effects of diabetes (Kianifard et al., 2012; Meskari et al., 2018), alcohol (Emanuele 

and Emanuele, 1998; Giannessi et al., 2015), and cART (Olasile et al., 2018; Olojede et al., 

2022) on Sertoli and Leydig cells and in the present study the adverse effects of the combined 

alcohol and/or cART in diabetes..  
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8.1.4 The effect of diabetes, alcohol, cART, and their combinations on testis histology  

The significant reduction in Johnsen’s testicular score in all the treated groups (A, A+cART, 

DM, and DM+A) relative to the control group points to adverse implications of the treatments 

on the testicular histomorphology architecture. The testicular histology alterations indicate 

deleterious impacts of the treatments on the testis structure and function (Lanning et al., 2002; 

Vidal and Whitney, 2014). Johnsen’s score is a widely used histological evaluation tool for 

profiling the progress of spermatogenesis in animal and human testis (Mushtaq et al., 2013; Ito 

et al., 2020; Thanh et al., 2020).  Similar findings were previously reported in STZ-induced 

diabetes (Long et al., 2018) and in mice treated with alcohol (Liu et al., 2020).  Numerous 

studies have shown that a reduction in Johnsen’s score is linked to incomplete/unsuccessful 

spermatogenesis and inadequate spermatozoa production (Teixeira et al., 2019; Ito et al., 2020). 

Additionally, varying severity of seminiferous tubules (ST) lesions such as atrophied ST, lifting 

of epithelium, widened intercellular space, karyolysis, epithelial sloughing, multinucleated 

giant cells, and germinal epithelium derangement were observed across the treated animal 

group, this was parallel with previous studies (Ogedengbe et al., 2018; Olasile et al., 2018; 

Olojede et al., 2022).  

 

8.1.5 The effect of diabetes, alcohol, cART, and their combinations on testicular connective 

tissue 

The significant increase in the ST basement membrane and testicular capsule thicknesses in 

the treatment groups (A+cART, DM+A, and DM+A+cART) compared to the control group 

and suggests alteration on the structural integrity of these structures which will ultimately 

adversely affect their function in the productive processes. The increased thickness may be due 

to decrease in the compactness of the ST basement membrane and testicular capsule. The 

observed general increase in testicular capsule and seminiferous tubule basement membrane 

thickness of the treated groups compared to the control, but with significant increase recorded 

in A+cART and cART treated animals, may suggest structural alterations induced by 

treatments, which will lead to capsular and seminiferous tubule basement membrane 

dysfunctions (Ogedengbe et al., 2016; Olasile et al., 2018).  These changes complement the 

decrease in the components of connective tissue (collagen, reticulin, and elastin) recorded in 

testis of all treated animals. Conversely, earlier studies demonstrated elevated collagenase 

enzyme activity in diabetes (Huang and Kyriakides, 2020), alcohol abuse (Kanbak et al., 2012) 

and cART use (Hansen et al., 2013), which causes fibroblast dysfunction and increased 
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connective tissue fibre degradation, and consequently lead to a reduction in connective tissue 

deposit (Kanbak et al., 2012; Hansen et al., 2013). In addition, Ranzer et al., (2011) found that 

decreased fibroblast proliferative activity and its type 1 collagen synthesis capacity led to a 

reduction of collagen content following alcohol exposure. However, due to a shared 

cytochrome P450 metabolic pathway, the interaction between the treatment chemicals (alcohol 

and cART) could mildly diminish some of their independent impacts as reflected by the lesser 

decrease in collagen content in testis of animals treated with both alcohol and cART (A+cART 

group).  

 

8.1.6 The effect of diabetes, alcohol, cART, and their combinations on reproductive hormones 

The treatments generally and variably affected the hormonal levels indicating possible 

disturbances of the steroidogenic processes involved in spermatogenesis.  In this study, LH was 

significantly elevated in A and A+cART groups but significantly reduced in the DM+A+cART 

group. However, FSH increased significantly in all treated, with exception of the DM+cART 

group. The level of testosterone was significantly reduced in DM, DM+A, and DM+A+cART 

groups, but no significant difference (p>0.05) was found in the inhibin B level of all treated 

groups compared to the control.  Previous studies have shown that changes in reproductive 

hormone levels implicate a disruption in HPG axis function, which adversely affects testicular 

functions (Corradi et al., 2016; Olojede et al., 2022). Our findings suggest that the treatments 

interfered with Leydig cell steroidogenic activity, leading to low levels of TT, and in response, 

the pituitary increases the secretion of gonadotropin (LH and FSH) (La Vignera et al., 2012). 

However, the low LH levels in the DM+A+cART group when TT is significantly reduced 

could imply that this treatment impaired the TT-LH feedback mechanism. Dysfunctions of the 

HPG axis and the hormone feedback loop are associated with impaired steroidogenesis and 

spermatogenesis (Clavijo and Hsiao, 2018; Sengupta et al., 2022). 

 

8.1.7 The effect of diabetes, alcohol, cART, and their combinations on the expression of 

testicular androgen receptor  

Study findings revealed a significant reduction in the intensity and number of Sertoli and 

Leydig cells expressing androgen receptors (AR) in all treated groups (A, cART, A+cART, 

DM, DM+A, DM+cART, and DM+A+cART), except for the number of Sertoli cells 

expressing AR in the alcohol (A) group. The insignificant reduction of Sertoli cells expressing 

AR recorded in the testis of animals treated with only alcohol is suggested to contribute to 
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restoration of testicular function following abstinence from alcohol as previously reported 

(Vicari et al., 2002;  Dosumu, Osinubi, and Duru, 2014; Guthauser et al, 2014). Conversely, 

loss of AR and suppression of its action has been observed following exposure to some medical 

drugs and chemicals such as organochlorinated pesticides, industrial chemicals, and 

plasticizers  (Luccio-Camelo and Prins, 2011; de Oliveira et al., 2021).  A study by  Qiu et al., 

(2013) demonstrated a downregulation of AR expression in the testis of rats administered with 

bisphenol A (BPA), leading to spermatogenesis dysfunction (Qiu et al., 2013). Furthermore, 

studies using AR knockout (ARKO) and transgenic AR disruption animal models have 

demonstrated that AR is required for development and maintenance of male reproductive 

organs, and the initiation and regulation of spermatogenesis (Yeh et al., 2002; Wang et al., 

2009).  Consequently, the downregulation of AR expression has been previously reported to 

be  linked to testicular dysfunctions (Luccio-Camelo and Prins, 2011; O’Hara and Smith, 2015) 

and the reduced AR expression may imply disruption of receptor structural integrity  with its 

resultant adverse impact on spermatogenesis via depletion of AR, which is consistent with 

previous study reports (Qiu et al., 2013; de Oliveira et al., 2021). In addition to the testis, AR 

is expressed in other reproductive organs including the epididymis and prostate, and non-

reproductive organs including the liver, brain, and muscle. Thus, the AR-testosterone 

signalling is involved in regulation of several physiological processes such as reproductive, 

musculoskeletal, metabolic, cardiovascular, nervous, immune, and hemopoiesis is thus 

essential for the maintenance of male fecundity and well-being (Davey and Grossmann, 2016; 

Martin, 2016; Lotti et al., 2021).  

 

8.1.8 The effect of diabetes, alcohol, cART, and their combinations on the expression of 

oxidative stress markers in the testis 

Oxidative stress (OS), a state of elevated reactive oxygen species (ROS), is a common factor 

in testicular dysfunctions and mediates cellular damages through lipids, proteins and DNA 

damages. Oxidative stress has been associated with numerous pathologies (Turner and Lysiak, 

2008; Tremellen, 2012; Sakr and Nooh, 2013; Asadi et al., 2017; Wu et al., 2020; Dutta et al., 

2021). The significant increase in testicular expression of oxidative stress biomarkers viz. 

inducible nitric oxide synthase (iNOS), malondialdehyde (MDA), and 8-

hydroxydeoxyguanosine (8-OHDG) in all treated groups, with exception of MDA in the 

alcohol treated group showed that oxidative stress system was impacted and may be involved 

in the histopathological derangements recorded in this study. Incidentally, OS plays a key role 



162 
 

in the pathogenesis of complications associated with diabetes (Barcia et al., 2015), alcohol 

abuse (Finelli et al., 2022),  and cART treatment (Ogedengbe, Naidu and Azu, 2018). In 

agreement with this study's findings, increased iNOS expression was observed in testis of rats 

treated with alcohol (Eid et al., 2011). Further, increased levels of MDA have been detected in 

testis tissue homogenate of diabetic rats  (Olojede et al., 2022), exposed to alcohol (Oremosu 

and Akang, 2015), and treated with cART (Ogedengbe et al., 2018). Though, the present study 

did not investigate the treatment effect on DNA of spermatozoa, previous reports identified 

testicular OS as the  main cause of spermatozoa DNA fragmentation (SDF), a well-known 

contributing factor to male infertility (Robinson et al., 2012; Cho and Agarwal, 2018).  

 

8.1.9 The effect of diabetes, alcohol, cART, and their combinations on testicular cytokines 

The proinflammatory cytokine interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis 

factor-α (TNF-α)) levels significantly increased in the testis of all treated groups, with 

exception of IL-1β in A+cART group and TNF-α in cART and A+cART groups. Inflammation 

is a predominant factor in male infertility and common testicular disorders that cause 

inflammation such as testicular torsion, varicocele, and orchitis are associated with 

deterioration of spermatogenesis (Dutta et al., 2021). Cytokines, IL-1β, IL-6, and TNF-α are 

major mediators of testicular inflammation and their increased production has been reported in 

testis injury, infection, and ischemia (Hedger and Meinhardt, 2003; Lampiao and du Plessis, 

2008; Loveland et al., 2017). Corroborating with our results, Nna et al., (2019) showed 

testicular upregulation of IL-1β and TNF-α expression in experimental diabetes. A study by 

Akhigbe et al., (2021) reported inflammation in testis of rats treated with cART, demonstrated 

by elevated myeloperoxidase activity. Testicular cytokines upregulation has been reported to 

impair the steroidogenesis process, Sertoli cell function, and blood-testis barrier (BTB) 

dynamics, consequently leading to derangement of testicular structure and spermatogenesis 

failure (Lampiao and du Plessis, 2008; Zhang et al., 2014; Alves-Silva et al., 2021).  

 

8.1.10 The effect of diabetes, alcohol, cART, and their combinations on germ cell apoptosis 

The upregulation of caspase 3 (apoptosis marker) in all treated groups (A, cART, A+cART, 

DM, DM+A, DM+cART, and DM+A+cART) is indicative of testicular perturbations of 

apoptotic pathway and the normal apoptotic processes due to the treatments.  Apoptosis, as a 

process of regulated/programmed cell death, serves numerous vital roles in the testis, some of 

which include preserving proper germ cell to Sertoli cells ratio, removal of defective/imperfect 

germ cells and preserving overall quality control in sperm production (Hai et al., 2014; Asadi 
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et al., 2021). However, the increased apoptotic activity is evidence of treatment effect, is 

detrimental to germ cells, and consequently will lead to reduced sperm production, which will 

reflect on inadequate spermatogenesis or its dysfunction (Sisman et al., 2014).  It has been 

previously reported that removal of follicles stimulating hormone (FSH) and luteinizing 

hormone (LH) induces germ cell apoptosis through indirect effects (Shukla et al., 2012), which 

complements perturbations of the anterior pituitary hormonal system recorded in the present 

study. Other studies have also reported increased germ cell apoptosis in the testis of diabetic 

rats (Nna et al., 2019), alcohol-treated mice (Liu et al., 2020), and cART treated rats (Akhigbe, 

Hamed and Aremu, 2021). The present study reports elevated apoptosis in combinations of 

alcohol and cART in diabetic condition. Generally, in the testis, apoptosis, is essential in 

regulation of the spermatogenesis process (Shaha et al., 2010; Asadi et al., 2021).  

 

8.1.11 The effect of diabetes, alcohol, cART, and their combinations on the testicular 

expression of proliferation marker, Ki-67 

The significant reduction found in the number of germ cells expressing proliferation marker 

Ki-67 in all treated groups (A, cART, A+cART, DM, DM+A, DM+cART, and DM+A+cART) 

with significantly increased staining intensity points to reduced germ proliferation and 

consequently will result in reduced spermatogenic cells.  An earlier study reported reduction 

in proliferating cell nuclear antigen (PCNA) immunoreactive spermatogenic cells in testis of 

diabetic rats (Nna et al., 2019). Additionally, strong staining intensity of Ki-67 and PCNA 

expression was detected in fluoride-induced testicular toxicity (Zhao et al., 2018). Both Ki-67 

and PCNA reflect the state of germ cell proliferation and also play a regulatory role in the 

spermatogenesis process (He et al., 2016; Zhao et al., 2018). Although PCNA immunostaining 

was not part of this study, the decreased germ cell expression of Ki-67 detected suggests that 

the treatments impaired germ cell proliferation. 

 

8.2 Conclusion  

The overall result suggests a variation in the effects of the different treatments on the studied 

parameters in diabetic condition. This study has demonstrated that diabetes, alcohol, and 

cART, either separately or in their combinations are detrimental to HPG axis function, testis 

structure, and spermatogenesis evidenced by alternations in reproductive hormone levels, 

testicular histomorphology architecture, interstitial connective tissue, expression of androgen 

receptor, and Ki-67 expression. Furthermore, the results show that the treatments perturbed 

multiple molecular pathways evidenced by the alterations of biomarkers for oxidative stress 
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(iNOS, MDA, and 8-OHDG), inflammation (IL-1β, IL-6, and TNF-α), and apoptosis (caspase 

3) in all treated animal groups. Leading to increased ROS formation that subsequently induces 

oxidative stress and inflammation in the testis. Additionally, testicular and spermatogenesis 

perturbations observed in treated groups might have been mediated via the recorded androgen 

receptor depletion and HPG axis dysregulation. Conversely, exacerbated alternations were 

observed in the combined alcohol and/or cART in diabetes, and were most severe in the 

diabetic animals treated with alcohol (DM+A group). This could be due to aggravated ROS 

production, resulting from uncontrollable high blood glucose levels associated with 

consumption of alcohol in diabetes. The results also suggest that cART and alcohol, acting 

through the same enzyme system, P450, mildly reduced the activity of each other when present 

concomitantly in the body and also,  Our study findings are a vital contribution to science on 

the impact of diabetes, alcohol abuse, and cART multimorbidity on the male reproductive 

system which has not been previously reported and will invaluably assist in the clinical 

management of male reproductive dysfunctions that could emerge in diabetic people living 

with HIV/AIDS (PLWHA) on cART and who consume alcohol regularly.  

 

8.3 Recommendations and further studies 

Recommendations  

Analysis of our results suggests that alcohol consumption should be minimized in diabetic 

patients and amongst PLWHA who are diabetic, especially amongst those with a desire to 

reproduce. Supplementation of antioxidants to ameliorate oxidative stress in the categories of 

patients suffering from reproductive dysfunctions should be considered by fertility clinicians. 

In addition, it might be necessary to review and adjust the antiretroviral drug type and dosage 

of cART for PLWHA who are diabetic.  

Further studies 

Since the present study did not involve HIV virus, further studies should utilize HIV model 

and consider incorporating anti-diabetic agents in the study to delineate the reproductive 

perturbations which mimics a complete clinical situation of diabetic PLWHA receiving anti-

diabetic drugs and cART and help to unveil the mechanisms reproductive toxicity by the 

treatments. This will be instrumental in the development of suitable treatment drug delivery 

strategies that will be effective in management of testicular perturbations arising in diabetes 

and/or alcohol abuse and/or cART use. Additionally, further investigations using transmission 

electron microscopy to obtain detailed pathological changes in the testis that include studies on 

Sertoli cell mitochondria and genetic analysis will be considered.
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Sample size calculation 

Two samples sizes of 8 and 10 with 9 groups (7 experimental and 2 controls) were used based 

on the null analysis (the mean of 2 groups do not differ). 

A power of 0.8 (80%) for sample size of 8 rats and a power of 0.9 (90%) for sample size of 10 

rats was obtained. 

The following values were used in other to arrive at the power size of 80% or 90%. 

Effect size (medium value) of clinical or scientific importance since we have more than one 

experimental/treatment groups which interacts with each other,  

Therefore, we chose a medium effect size of 1. 

Effect size = 1 ( Mean 1- mean 2/SD) 

Number of groups = 9 

Sample size of 8 rats/group for power analysis of 80% and 10 rats/group for power analysis of 

90% 

Significance level of 0.05 (5%) 

Finally, we have chosen the total sample of 90 animals which will be divided into 9 groups (7 

treatment/ experimental group and 2 controls) having the sample size (the number of 10 rats in 

each group). 

The power level of 0.9 (90%) was achieved using the STATA statistical software. 

The larger the sample size, the higher the power size. 

 

Treatment preparation and dosage calculation 

High (20%) fructose diet preparation 

To prepare 1kg of high fructose diet, 800 grams of ground normal rodent chow was mixed with 

200 grams of fructose (granulated fruit sugar, Nature’s choice). Water was then added to form 

a uniform mixture, which was poured into the pellet food mold and dehydrated in a low-

temperature oven to obtain the high (20%) fructose reconstituted rodent chow. 

 

 



208 
 

Streptozotocin (STZ) 40mg/kg in 0.05M (pH 4.5) citrate buffer  

The 0.05M citrate buffer was prepared by adding 3 parts of 0.05M citrate acid to 2 parts of 

0.05m sodium citrate and stirring, followed by adjusting the pH to 4.5. 

For an STZ 40mg/Kg body weight (BW) dose in 0.05M (pH 4.5), citrate buffer the calculation 

was as follows. 

40mg STZ in 10ml citrate buffer = 1 Kg BW, then 10ml STZ in citrate buffer =1000g BW, and 

1 ml STZ in citrate buffer = 100g BW. Therefore, X ml STZ in citrate buffer = X g BW x 0.01 

X ml STZ in citrate buffer was administered to each animal according to its body weight. 

 

Atripla® drug dose calculations 

An average adolescent of 45kg body weight (BW) receives 1 tablet of Atripla (efavirenz 

600mg+ emtricitabine 200mg+ tenofovir 245mg) per day.  

Since 1 tablet =1045mg active ingredients (AI), therefore, 1kg BW = 1045/45 (23.22) mg AI 

per day, and 1g BW= 0.0232mg AI per day. Moreso, one Atripla® tablet with 1045mg AI 

weighs 1612mg, thus, 1mg tablet = 1X1045/1612 (0.648) AI/mg tablet.  

If 1g BW requires 0.0232mg AI per day, Then Xg BW requires Xg x0.0232 mg AI per day/ 

0.648mg AI/mg tablet.   

 

Gelatine Cubes preparations 

The mixture for each gelatine consisted of 5ml distilled water, 0.25g sugar, 2g gelatine, and 

0.1g beefy Bovril. The required amount of water was heated to boiling in a sterile beaker, all 

other ingredients were added to the beaker while stirring. When the mixture had cooled the 

required crushed Atripla tablet amount per cube was added and then the mixture was stirred for 

5 minutes. Thereafter, the mixture was aliquoted using a syringe into gelatine molds (5ml each) 

and placed in the fridge to set. The cART treated groups received one gelatine cube daily. 
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