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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. Animals were terminated after 90 days of treatment; then, the blood and testis were extracted for
analysis. Special staining for testicular connective tissue, immunoassay for reproductive hormones, and immunohistochemistry
for androgen receptor and Ki-67 were conducted. The study found significantly (p < 0:05) increased thickness of seminiferous
tubule basement membrane in the cART group and testicular capsule in the A+cART group. Collagen, reticulin, and elastin
fibers decreased significantly in all the treated groups, except for reticulin in the testis of A group animals. With exception of
luteinizing hormone in the cART group, all the treated groups had significantly elevated levels of luteinizing and follicle-
stimulating hormones, 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 reduced significantly in all the treated groups, except for A group’s
number of Sertoli cells expressing androgen receptor. Further, in all the 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 the A+cART group; we suggest that the exacerbated androgen receptor depletion recorded in the A+cART group
might have led to the observed severe testicular structural alteration and spermatogenesis derangement.

1. Introduction

The high prevalence of combination antiretroviral therapy
(cART) use [1] and alcohol abuse [2] 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 [3]. About 20% of the adult population is living with
HIV in South Africa, and thus, the use of cART is common
[4]. Incidentally, the prevalence of alcohol abuse in people liv-

ing with HIV/AIDS is alarming [5] and is reported to be more
than twofold higher compared to that of the general populace
[6], 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 [7, 8].

Clinical studies have documented hypogonadism and
feminization in male chronic alcoholics [9] and in people
living with HIV/AIDS on a cART regimen [10]. The most
common encountered manifestations of male hypogonad-
ism include low testosterone levels, gonadal atrophy,
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gynecomastia, and muscle wasting [10, 11]. However, hypo-
gonadism 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 [12]. Importantly, testosterone, an androgen
synthesized by the Leydig cells, is essential for successful
spermatozoa production (spermatogenesis) [13, 14]. The
impact of testosterone is mediated via the androgen receptor
[15, 16], but testosterone is also involved in the regulation of
androgen receptor expression [14, 17, 18].

In the testis, androgen receptor is expressed in the nuclei
of somatic cells, viz., Leydig, Sertoli, myoid, and pericyte cells
[13, 19, 20], and androgen receptor has been shown to regulate
the structure and functions of these cells [14, 17, 18]. Sertoli
cells’ androgen receptor transduces the action of testosterone
on spermatogenesis because germ cells do not express andro-
gen receptor [14, 16]. Additionally, the expression of androgen
receptor by Sertoli cells is an indicator of the cells’ maturity
and is essential for formation of an effective blood-testis bar-
rier that creates an immune-privileged microenvironment
necessary for successful spermatogenesis [15, 16, 21]. Further,
the myoid cells’ androgen receptor expression is required for
retinol processing, an essential factor for initiating spermato-
gonia differentiation [16, 18].

Thus, adequate reproductive hormone levels and
hormone-receptor interactions are necessary for sufficient
germ cell proliferation, differentiation, and maturation [22]
and maintenance of testicular structural integrity [17, 18].
Accordingly, the current study investigated the testicular
impact of alcohol and cART copresence in the body on serum
reproductive hormone levels, morphometry of testicular cap-
sule, interstitial connective tissue fibers, seminiferous tubule
basement membrane, and testicular androgen receptors and
Ki-67 expressions in male Sprague Dawley rats.

2. Methods and Material

2.1. Chemical and Reagents. Atripla, a fixed-dose combina-
tion 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). Then, biotinylated goat anti-rabbit (BA-1000) sec-
ondary 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).

2.2. Ethical Clearance. The Animal Research Ethics Commit-
tee (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.

2.3. Animals. Twenty-four (24) adult male Sprague Dawley
rats (10 weeks old) weighing between 330 and 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 appro-
priate treatment dosage. The rats were housed in sterile
plastic cage with pinewood shaving beddings at a room tem-
perature of 21-23°C, with a 12-/12-hour light/dark cycle, and
supplied with standard rat chow and water ad libitum.

2.4. Experimental Design. The animals 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 [23];
cART group, which received an animal dose adjusted from
the human cART dose of 23mg/kg daily in gelatin cubes
[24]; and alcohol plus cART group (A+cART), which
received both alcohol and cART daily. The animals were
treated for 90 days, after which they were weighed, anesthe-
tized with 240mg/mL pentobarbitone, and terminated. The
blood was withdrawn through a cardiac puncture into a
plain vacutainer. Thereafter, animals were perfused with
2mL/min of 0.1M phosphate buffer in 0.9% saline before
extracting the testes. The testes were then preserved for sub-
sequent processing in 10% neutral buffered formalin. Col-
lected blood samples were left to clot and then centrifuged,
and the serum was transferred into a new Eppendorf tube
for storage at -80°C before analysis.

2.5. Gonadosomatic Index. Final body and testis weights
were used to calculate the gonadosomatic index, using the
formula previously reported by Olasile et al. [25].

Gonadosomatic index =
Testis weight
Body weight

× 100 %ð Þ: ð1Þ

2.6. Immunoassay. Serum levels of reproductive hormones
were quantified using enzyme-linked immunosorbent assay
(ELISA). A sandwich ELISA technique was used for luteini-
zing hormone (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 solu-
tions, biotinylated detection antibody, and horseradish perox-
idase 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 100μL 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°C for 90min.
After that, the solution was decanted from the wells, and with-
out washing the plate, 100μL of the biotinylated detection
antibody working solution was added to each well. Afterward,
the plate was sealed and incubated at 37°C for 60min. In the
competitive technique for TT assay, a volume of 50μL for
standards and samples was carefully added to the bottom of
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the respective plate wells, and immediately, 50μL of biotinyl-
ated detection antibody working solution was added to each
well. Subsequently, the plate was sealed and incubated at
37°C for 45min. Thereafter, the subsequent steps were similar
for both techniques. After incubation, the solution was dec-
anted from the wells before three-cycle washing step. The plate
was placed in a microplate washer, and 350 μL of wash buffer
was added to each well and allowed to soak for 60 sec per cycle.
Subsequently, 100μL of horseradish peroxidase conjugate
working solution was added to each well, and the plate was
sealed and incubated at 37°C for 30min. Then, the solution
was decanted from the wells, and the wash step was conducted
as above for five cycles. Next, 90μL of substrate reagent was
added to each well, and the plate was sealed, wrapped in alu-
minum foil (to protect it from light), and gently shaken before
incubation at 37°C for 15min, followed by immediate addition
of the stop solution to each well of the plate. The plate was put
on a microplate reader set at 450nm filter to measure the opti-
cal densities (OD). Themicroplate 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 of the
standard curve with the sample dilution factor.

2.7. Histomorphometric Analyses

2.7.1. Special Histology Stains for Testicular Connective
Tissue. The fixed testis tissue was dehydrated in a series of
70-100% alcohol grades and embedded in molten paraffin
wax, and sections of 5μm thickness were cut. Testicular tis-
sue 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 reti-
culin), 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 photomicro-
graphs captured with the linked computerized Zeiss digital
image system, the AxioCam 208 color (Zeiss group, Oberko-
chen, Germany) for quantification.

2.7.2. Measurement of Seminiferous Tubule Basement
Membrane (STBM). Photomicrographs of PAS-stained sec-
tions were captured at ×400, and Fiji software was used to
measure the thickness of the basement membrane. The
thickness of STBM was measured at two points in 50 ran-
domly selected tubules (i.e., 300 tubules per group) [26].

2.7.3. Evaluation of Testicular Capsule Thickness. The cap-
sule 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 ×400, and three points were measured on each field (i.e.,
18 measurements for each animal, 108 per group) [27].

2.7.4. Interstitial Connective Tissue Quantification. Compo-
nents 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
×100 for each animal (i.e., 144 fields per group).

(1) 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 1
illustrates the image processing procedure.

(2) Image Segmentation. The image was divided into fibers
and background using the Ilastik pixel classification tech-
nique [28, 29]. 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)
(Figure 1). The predictions were inspected after adding each
annotation, and 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
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 sim-
ple segmentations were exported for quantification.

(3) 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 (Figure 1) [29, 30]. 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 con-
nective tissue fibers were then quantified in a macro mode
(see Supplementary material (available here)). The percent-
age area occupied by the connective tissue fibers (collagen,
reticulin, and elastin) was calculated as follows:

%Area =
area of connective fiber

total area of photomicrograph
× 100: ð2Þ

2.8. 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 pH6 overnight in a
water bath at 60°C. The endogenous peroxidase was then
blocked for 20 minutes with 1% hydrogen peroxide in metha-
nol. The sections were then rinsed in phosphate-buffered
saline (PBS) before being treated with 5% normal goat serum
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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 (approx-
imately 16 hours). Thereafter, the sections were rinsed in PBS
and incubated with a 1 : 1000 biotinylated goat anti-rabbit sec-
ondary 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. Dibutylphtha-
late 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 ×400 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 immunore-
activity was counted in 20 rounded stages II-VII seminiferous
tubules [13] for each animal (i.e., 120 tubules per group).

2.9. Data Analysis. Data analysis was done using the Win-
dows version of GraphPad Prism 6, and the results were pre-
sented as mean± SEM. One-way analysis of variance was
used to compare the group means, and the Bonferroni post
hoc test was performed afterward. A p value of <0.05 was
deemed statistically significant.

(A) Collagen raw image (B) Segmentation preview (C) Segment quantification

(a)

(A) Reticulin raw image (B) Segmentation preview (C) Segment quantification

(b)

(A) Elastin raw image (B) Segmentation preview (C) Segment quantification

(c)

Figure 1: (a–c) 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. In (a), A, B, and C, 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 A, B, and C of (b). The
respective exported image segments opened in Fiji displaying quantified respective fibers are shown in A, B, and C of (c).
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3. Results

3.1. Gonadosomatic Index. The study results showed that
gonadosomatic index was not significantly different across
the animal groups (Table 1).

3.2. Reproductive Hormone Levels. An increase in serum
levels of luteinizing and follicle-stimulating hormones was
observed in all the treated groups compared to the control
(Table 1). The luteinizing hormone level in the A and A
+cART groups significantly increased compared to control
(p = 0:0072 and p = 0:0027, respectively). Further, the lutein-
izing hormone level in the A+cART group increased signif-
icantly (p = 0:0043) compared to cART, while follicle-
stimulating hormone significantly increased in all the treated
groups (A, cART, and A+cART) 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 the treated groups were insignificant (p > 0:05).

3.3. Seminiferous Tubule Basement Membrane (STBM)
Thickness. The basement membrane surrounding the semi-
niferous 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 (Figure 2). Fur-
ther, positive PAS staining was as well observed in elongated
spermatids and some Leydig cells. The testis of animals from
the control showed a smooth contoured basement mem-
brane, while the basement membrane of animals 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 the control and treated
groups A and A+cART (Figure 2). In the A- and A+cART-
treated groups, the STBM thickness reduced nonsignifi-
cantly when compared to the control group.

3.4. Capsule Thickness. The testicular capsule also referred to
as the tunica albuginea comprised of majorly collagen fibers
braced with a network of myoid cells (Figure 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 the testis of the A
+cART-treated group. Further, capsule thickness of the A
+cART-treated group was significantly increased compared
to the alcohol and cART groups, p = 0:0023 and p = 0:0064
, respectively (Figure 2).

3.5. Interstitial Connective Tissue. The interstitial connective
tissue found between seminiferous tubules and surrounding
the tubules consisted of collagen, reticulin, and elastin fibers
(Figure 3). A general decrease was recorded in connective
tissue components of the treated groups relative to the con-
trol group. Collagen content in the treated groups A, cART,
and A+cART significantly reduced relative to control, p =
0:0176, p < 0:0001, and p < 0:0001, respectively. Further, col-
lagen in the cART group was significantly decreased com-
pared to A (p < 0:0001) and A+cART (p = 0:0225). A
significant reduction in reticulin fibers was found in the
cART- and A+cART-treated groups compared to control

(p = 0:0154 and p < 0:0001, respectively), while reticulin of
the A+cART group was significantly reduced compared to
the A (p < 0:0001) and cART (p = 0:0004) treated groups.
In comparison with the control group, elastin was signifi-
cantly reduced in all the treated groups (A: p = 0:0144,
cART: p = 0:0338, and A+cART: p = 0:0010) (Figure 3).

3.6. Immunohistochemistry for Androgen Receptor and Germ
Cell Proliferation (Ki-67)

3.6.1. Androgen Receptor. In all groups, nuclei of Sertoli, Ley-
dig, pericyte, and myoid cells were positively immuno-
stained with androgen receptor antibody (Figure 4).
Noteworthy, germ cells did not show positive immunostain-
ing for androgen receptor either in their cytoplasm or
nucleus. The number of Sertoli cells expressing androgen
receptor significantly decreased in the cART- and A
+cART-treated groups compared to control (p < 0:0001)
and A (p = 0:0025 and p < 0:0001, respectively). Further,
the number of Sertoli cells expressing androgen receptor in
the A+cART group decreased significantly compared to
cART (p = 0:0195). But the number of Leydig cells express-
ing androgen receptor reduced significantly in all the 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 the 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 signifi-
cantly decreased compared to cART (p = 0:0007) (Figure 4).

3.6.2. 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 the treated
groups compared to the control group (A: p = 0:0129, cART:
p = 0:0046, and A+cART: p = 0:0002) (Figure 5).

4. Discussion

The processes involved in testis development, spermatogen-
esis, 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) [12, 31]. These hormones work
via respective receptors present in the testicular somatic cells
and are controlled through a negative feedback mechanism
[9, 32]. The LH and FSH receptors are exclusively present
in the Leydig and Sertoli cells, respectively [31, 33], while
the TT receptors also known as the androgen receptors
(AR) are expressed by Leydig, Sertoli, myoid, and pericyte
cells [19, 20]. Though changes in levels of reproductive hor-
mones have been studied extensively in several male repro-
ductive dysfunctions, investigations about the changes in
their respective receptors are scanty. Nevertheless, reproduc-
tive hormone receptor resistance, receptor reduction, or
both, including changes in reproductive hormone levels,
are major contributing factors for male reproductive dys-
functions and infertility [12, 15].

5Andrologia



In this study, we observed a significantly elevated LH
levels in the alcohol- and A+cART-treated groups and FSH
in all the treated groups, but no significant changes were
detected in levels of TT 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 [34]. Furthermore,
decreased or normal TT levels together with elevated gonad-
otropins (LH and FSH) levels, similar to the present result,
are associated with poor sperm quality and azoospermia
[35]. However, contrary to our findings, a previous report
[9] indicated a reduction in LH, FSH, and TT levels in rats

Table 1: Mean gonadosomatic index and serum levels of reproductive hormones for rats treated with alcohol, cART, and both.

Animal groups Control Alcohol (A) cART A+cART

Gonadosomatic index (%) 0:37 ± 0:03 0:37 ± 0:02 0:36 ± 0:03 0:38 ± 0:02
Reproductive hormones

Luteinizing hormone (mIU/mL) 67:23 ± 8:98 109:9 ± 9:76a 82:16 ± 5:38 112:9 ± 4:03ab

Follicle-stimulating hormone (ng/mL) 69:94 ± 8:80 129 ± 5:26a 127:2 ± 16:52a 118:2 ± 12:09a

Testosterone (ng/mL) 2:83 ± 0:46 2:66 ± 0:49 2:19 ± 0:59 2:14 ± 0:04

Inhibin B (pg/mL) 72:74 ± 6:23 71:78 ± 3:92 74:67 ± 1:69 69:16 ± 4:74
aSignificant compared to the control group in the same row. bSignificant compared to the cART group in the same row. Gonadosomatic index was not
significantly (p > 0:05) different across the groups. Luteinizing hormone of the cART and A+cART groups increased significantly (p < 0:05) compared to
A, and A+cART was significantly increased compared to cART. Follicle-stimulating hormone of the cART and A+cART groups significantly increased
(p < 0:05) compared to control. No statistical difference was found in testosterone and inhibin B levels across the animal groups.
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Figure 2: (a) Representative seminiferous tubule basement membrane (STBM) (arrowheads) and testicular capsule (double arrows)
photomicrographs, PAS and Masson’s Trichrome stain, respectively. (b) Leydig cell PAS positive (thick arrow) shown in a cART
photomicrograph. Graphs show respective mean thickness. Different symbols ∗, α, and ǂ represent comparison with groups control,
alcohol, and cART, respectively. STBM thickness in cART increased significantly (p < 0:05) compared to groups control, alcohol, and A
+cART. Capsule thickness in A+cART was significantly increased (p < 0:05) compared to control and cART. Magnification, ×400; scale
bar, 50μm. Key: image: A, control group; B, alcohol group; C, cART group, and D, A+cART group.
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Figure 3: (a–c) 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, A. Graphs show respective mean percentage areas. Different symbols ∗, α, and ǂ represent comparison with
groups control, alcohol, and cART, respectively. Collagen of the alcohol, cART, and A+cART groups decreased significantly (p < 0:05)
compared to control, while collagen in cART was significantly decreased compared to alcohol and A+cART. Reticulin significantly
decreased (p < 0:05) in the cART and A+cART groups compared to control; further, reticulin in A+cART decreased significantly
compared to A and cART. Elastin in the alcohol-, cART-, and A+cART-treated groups was significantly decreased (p < 0:05) compared
to control. Magnification, ×100; scale bar, 200μm. Key: image: A, control group; B, alcohol group; C, cART group; and D, A+cART group.
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treated with alcohol. Discrepancies in reports also exist on
the impact of cART on reproductive hormones levels, with
some studies showing no significant changes [7], decreased
levels [36], and increased levels [37, 38]. In this study, ani-
mals 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 combina-
tions 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 hor-
mones (TT and inhibin B) [12]. Consequently, alteration in
the negative feedback mechanism signals would lead to hor-
monal imbalance and subsequently affect the processes and
progress of spermatogenesis [32]. The negative feedback
mechanism for gonadotropin-releasing hormone (GnRH)
and LH production by the hypothalamus and pituitary,

respectively, is modulated by TT [12, 31]. Inhibin B, a
gonadal peptide hormone synthesized by Sertoli cells, is
responsible for the FSH feedback regulation [15, 32]. There-
fore, the observed significant elevations of LH and FSH with
unaltered TT and inhibin B levels in treated animals could
have resulted from a disruption in the feedback mechanism,
which invariably will lead to dysregulation of spermatogene-
sis. 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 [12, 39].

Since germ cells do not express androgen receptors, the
impact of TT on spermatogenesis is mediated via Sertoli
cells’ androgen receptors [14, 15, 22]. We found a significant
decrease in the number of Sertoli cells 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
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Figure 4: (a, b) Representative photomicrographs showing Sertoli and Leydig cell androgen receptor (AR) immunoreactivity (arrowheads)
and respective mean number of immunoreactive cell graphs. Different symbols ∗, α, and ǂ represent comparison with groups control,
alcohol (A), and cART, respectively. (c) Sertoli cell AR count decreased significantly (p < 0:05) in the cART and A+cART groups
compared to control and A; further, A+cART was significantly decreased compared to cART. (d) Leydig cell AR count of the A, cART,
and A+cART groups significantly decreased (p < 0:05) compared to control, while cART and A+cART were decreased significantly
compared to the A-treated group, and Leydig cell AR count was significantly decreased in the A+cART group when compared to the
cART group. Magnification, ×400; scale bar, 50 μm. Key: image: A, control group; B, alcohol group; C, cART group; and D, A+cART group.
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to male infertility [14] and increased risk of germ cell malig-
nancy [40]. Although the expression of androgen receptors
following alcohol or/and cART has not been widely
reported, one study found a weak androgen receptor expres-
sion in the testis of animals treated with cART [41]. Other
toxic chemicals such as organochlorinated pesticides, indus-
trial chemicals, and plasticizers have been shown to diminish
the number and action of androgen receptors [42]. A study
by Qiu et al. [43] 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 microphal-
lus penis, urethral hypospadias, small undescended testes,
labia majora-like scrotal sac, and absence of vas deferens,
epididymis, seminal vesicle, and prostate) following andro-
gen receptor knockout [17, 44].

Conversely, a reduction in androgen receptors points to
a disruption in the regulatory activity of testosterone on
spermatogenesis. However, a nonsignificant decrease in the
number of Sertoli cells expressing AR recorded in the testis
of animals 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 [45, 46]. Furthermore, andro-
gen receptors regulate the function and structure of the cells
such as Leydig, Sertoli, myoid, and pericyte cells, which are
involved in the regulation of spermatogenic process [17–19].

Remarkably, androgen receptor expression modulates
Sertoli and myoid cell secretory function [47, 48], including
secretion of components of connective tissue and tubule
basement membrane such as collagen and laminin [15, 18].
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 [25, 49]. These changes comple-
ment the decrease in the components of connective tissue
(collagen, reticulin, and elastin) recorded in the testis of all
treated animals. Conversely, earlier studies demonstrated
elevated collagenase enzyme activity following exposure to
alcohol [50] and cART [51], which causes fibroblast dys-
function and increased connective tissue fiber degradation
and consequently leads to a reduction in connective tissue
deposit [50, 51]. In addition, Ranzer et al. [52] found that
decreased fibroblast proliferative activity and type 1 collagen
synthesis capacity led to a reduction of collagen content fol-
lowing alcohol exposure. However, due to a shared cyto-
chrome 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 the testis of animals
treated with both alcohol and cART (A+cART group).

Consistent with our findings, earlier studies reported
deleterious effects of alcohol [53] and cART [54] on the tes-
ticular capsule. Studies by Ogedengbe et al. [49] and Olasile
et al. [25] found distorted and thickened seminiferous tubule
basement membrane in cART-treated animals. Further,
changes in collagen [55] and absence of reticulin fibers
[56] have been demonstrated in rats exposed to alcohol. Tes-
ticular 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 [27, 57]. This is a crucial func-
tion in the reproductive process and is attributed to the con-
tractility of myoid cells [48, 57]. Conversely, the alterations
recorded in these parameters in the treated groups suggest
testicular toxicity and spermatogenesis failure.
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Figure 5: (a, b) Representative photomicrographs showing Ki-67 immunoreactivity (arrowheads) and a graph of the mean number of
immunoreactive cells. Different symbols ∗, α, and ǂ represent comparison with groups control, alcohol (A), and cART, respectively. The
expression of Ki-67 was significantly reduced (p < 0:05) in the A-, cART-, and A+cART-treated groups compared to control.
Magnification, ×400; scale bar, 50μm. Key: image: A, control group; B, alcohol group; C, cART group; and D, A+cART group.
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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 [58]
that regulates the cell cycle and chromosomal structure
and integrity [59]. Consistent with previous reports on tes-
ticular toxicity [58, 60], 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 translates to dimin-
ished spermatozoa production.

5. Conclusions

This study demonstrated that exposure to alcohol, combina-
tion 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 connec-
tive tissue fibers (collagen, reticulin, and elastin), and Sertoli
and Leydig cell androgen receptor and germ cell Ki-67 expres-
sion. With exception of seminiferous tubule basement mem-
brane 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 concur-
rent use on the male reproductive function. Further, our find-
ings suggest that depletion of androgen receptors might be an
underlying mechanism for inducing testis structure and sper-
matogenesis impairments by chemical insults (alcohol or/and
cART). Therefore, the study results may be clinically invaluable
in the management of male sexual insufficiency and reproduc-
tive failure, especially in HIV/AIDS-positive individuals on
cART regimen and who drink alcohol regularly.
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