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Abstract 
Oxidative stress due to obesity plays a detrimental role in the testicular microenvironment and sperm 
parameters. We explored the impact of a hypercaloric diet in male BALB/c mice as a condition to trigger 
damage to the spermatogenic process and the antioxidant effect of Aspalathus linearis as well. We used a 
hypercaloric diet in animals divided into 3 groups: Control, Hypercaloric diet control (HC) and Hypercaloric 
diet and Rooibos infusion (HCR). Morphometric parameters, enzyme dosages, cell viability, and tubular 
histopathology were evaluated. Body weight increased in HCR animals at weeks 3, 4, and 8. We found a 
reduction in seminiferous epithelium height, with an increase in the tubular diameter of the HCR group. 
Catalase levels were lower in HC and HCR, while carbonyl protein was decreased in HC. We estimate that it 
induces oxidative stress (OS) capable of affecting the seminiferous epithelium and that the infusion of A. 
linearis does not demonstrate a potential benefit in cell preservation. 
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1. Introduction 
 

Several studies address the impairment of the male reproductive system due to obesity (Kefer 
2009; Salas-Huetos 2017; Leisegang 2019), stating that the increase in infertility is as a result of the 
prevalence of obesity in male subjects (Leisegang 2019). Excess visceral adipose tissue in obese individuals 
causes changes in hormone levels and promotes a chronic inflammatory state in the male reproductive 
tract, physiologically harming sperm during both spermatogenesis and sperm maturation in the 
epididymis, reducing sperm quality and increasing the risk of male infertility (Liu 2017). 

Several mechanisms relate the negative effects of obesity on fertility, such as the production of 
adipokines by adipose tissue, inducing severe inflammation and oxidative stress in the male reproductive 
tract. In particular, reactive oxygen species (ROS) play a fundamental role in sperm maturation, fertilization 
capacity and sperm parameters. Although indispensable, excess ROS production require antioxidant 
defense mechanisms to counteract this dysregulation. Oxidative stress is characterized by systemic 
imbalance with exacerbated production of ROS by the body. Evidence suggests that oxidative stress is 
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related, regardless of etiology, to male infertility. About 30 to 80% of infertile men have high levels of 
reactive species in the semen (Wagner 2017; Agarwal 2019; Dutta 2019). 

The administration of antioxidants is one of the methods to counteract oxidative stress side effects 
in the reproductive tract. Recently, the interest in the performance of various natural and commercial 
products to prevent and treat several diseases has increased, due to the antioxidant characteristics of their 
main components. In this context, the species Aspalathus linearis, popularly known as Rooibos, stands out. 
Recent studies demonstrate the beneficial effects of using Rooibos tea, owing to its effectiveness in 
lowering the levels of blood lipid markers (Uličná et al. 2006; Awoniyi 2012; Sasaki 2019).  

Therefore, considering that obesity generates metabolic and inflammatory impairment in the body 
and in the reproductive tract, especially in the testicular parenchyma, we seek to investigate how the 
harmful effects caused by obesity could be attenuated. This study aimed to confirm the harmful potential 
of the hypercaloric diet on the spermatogenic process, as well as to determine whether the administration 
of the species A. linearis is able to attenuate or minimize the effects of oxidative stress in the male 
reproductive tract. 
 
2. Material and Methods 
 
Experimental groups 
 

Adult male BALB/c mice (5-7 weeks of age, 22 - 23 g) were kept in the animal facility of the 
Biochemistry Department of the Federal University of Triângulo Mineiro (UFTM) for eight weeks, with 
controlled temperature (22 ± 2°C) and light cycle (12/12h dark/light cycles). The animals were divided into 
three groups (n=8): Control (normocaloric diet and water), HC (hypercaloric diet and water) and HCR 
(hypercaloric diet and Rooibos) for 8 weeks. All groups had free access to food and water supply except the 
HCR group, which received the infusion as the only water source. The administered diet and the water 
were introduced together from the beginning to the end of the experiment. The normocaloric diet (4.0 
kcal/g) contained 65.8% carbohydrates, 3.1% fat and 31.1% protein. The HC diet was composed of 45% 
condensed milk, 10% refined sugar, and 45% chow diet.  The macronutrient composition of the chow diet 
(4.0 kcal/g) was 65.8% carbohydrate, 3.1% fat, and 31.1% protein, while the HC diet (4.4 kcal/g) was 74.2% 
carbohydrate, 5.8% fat, and 20% protein. It is important to note that the HC diet contained at least 30% 
refined sugars, mostly sucrose (Oliveira et al. 2013). 

Body weight was measured every week, while water intake and food supply were daily measured. 
The commercial infusion of Rooibos was prepared following Ulična et al. (2006). All experimental 
procedures were evaluated and approved by the Ethics Committee for the Use of Animals at UFTM (CEUA-
UFTM) (protocol 11/2018/CEUA/PROPPG - number: 23085.002424/2018-59). 

 
Tissue harvesting and processing 
 

The animals were euthanized and dissected after intramuscular anesthesia, applied to the left 
quadriceps with a mixture of xylazine (10 mg/kg) and ketamine (100 mg/kg) considering the weight of each 
animal. Left vas deferens were removed, frozen in a cryovial and stored at -20 ˚C for subsequent sperm 
analysis. Testicular weight was measured after animals were euthanized and the organ was removed.  

The left testes were frozen in liquid nitrogen and cryopreserved at -80ºC, for further enzymatic 
analysis of oxidative stress. The right testes were fixed in 2.5% glutaraldehyde solution in 0.1mol/L sodium 
phosphate buffer, pH 7.2 for 24 h, for histological analysis. Briefly, the material was routinely dehydrated 
in ethanol and embedded in glycolmethacrylate (Historesina®), according to the manufacturer's 
recommendations. Histological sections with 3 µm of thickness were made in an automatic microtome 
(Leica® Jung RM2055), respecting the interval of 40 µm between sections. Histological sections were 
stained with toluidine blue/1% sodium borate for morphological and testicular morphometric analysis. 
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Testis biometry, morphometry and stereology 
 

The gonadosomatic index (GSI%) was obtained by dividing the testicular weight by the body weight 
multiplied by 100 (Melo 2010). The mean seminiferous tubule diameter was obtained after measuring 10 
cross-sections of random seminiferous tubules from each animal. The height of the seminiferous 
epithelium was measured in the same tubular sections as the tubule diameter was obtained (as the 
average of two diametrically opposite measurements). The areas of the seminiferous tubule (STAr), lumen 
(LAr) and epithelium (EAr) were estimated according to the formulas: STAr = πTR2 (TR = tubular radius); LAr 
= πLR2 (LR = luminal radius); EAr = STAr - LAr. The epithelial/tubule ratio (ETR) ratio was calculated using 
the formula: RET = EpAr/STAr.  

The volumetric proportions (%) of the testicular parenchyma components were analyzed using an 
orthogonal grid with 357 intersection points placed on the testicular parenchyma digital images (100X 
magnification). The number of intersections located over the interstitium and the seminiferous tubules 
were counted, determining the proportion of each component in 10 images per animal. All 
morphometrical analysis were made using the ImageJ software. 

 
Germ and Sertoli cells count 
 

Germ cell’s populations that constitute the seminiferous tubules in Stage VII/VIII of the 
seminiferous epithelium cycle were counted according to Oliveira et al. (2013) and corrected for the mean 
nuclear/nucleolar diameter, as described by Amann and Almquist (1962). Populations of type A 
spermatogonia (GoA), primary spermatocytes in leptotene/pre-leptotene (SPTL) and pachytene (SPTP), 
round spermatids (SPDAr) and Sertoli cells (SC) were quantified in 10 cross sections of the tubule 
seminiferous per animal. 

In order to evaluate the efficiency of the spermatogenic process and of the Sertoli cells, the ratios 
between the germ cell’s populations, as well as between germ cells and Sertoli cells were estimated. The 
following ratios were used: spermatogonial mitosis efficiency coefficient (SPTL/GoA); general 
spermatogenesis yield (SPDAr/GoA); meiotic index (SPDAr/SPTP); Sertoli cell index (SPDAr/SC); Sertoli cell's 
total support capacity (GoA + SPTL + SPTP + SPDAr/SC). 

 
Sperm morphology 
 

Cryopreserved sperm, contained in one centimeter of the vas deferens adjacent to the epididymis, 
were collected and resuspended in a 0.1 M sodium phosphate buffer solution, pH=7, for 15 minutes. One 
drop of the solution was placed on a slide and covered with a cover slip. The slide was immediately 
observed under a light microscope, with phase contrast, in a 40X objective. Two hundred sperm from each 
animal were evaluated to verify the presence of abnormalities in the head and tail (Seed et al. 1996). 

 
Oxidative stress analysis 
 

Enzyme assays for oxidative stress were performed from testicular samples kept at -80°C. Each 
testis was weighed and homogenized in 1000 µL of a 20 mM potassium phosphate buffer solution (pH 7.4) 
and centrifuged at 12000 rpm, 4 ºC, for 10 minutes. After centrifuging the homogenate, this material was 
fractionated and the supernatant and pellet stored separately in cryovials at -20 ºC. The supernatant was 
used to measure nitric oxide (NO), superoxide dismutase (SOD), catalase (CAT) and glutathione-S-
transferase (GST), malondialdehyde (MDA) and total protein levels. The pellet formed was resuspended in 
10% trichloroacetic acid for subsequent dosage of carbonyl protein. Duplicates were made for all samples. 
All enzyme activities were determined in duplicate using a spectrophotometer (UV-Mini 1240, Shimadzu). 

CAT activity was evaluated according to the method described by Aebi, where the decomposition 
rate of H2O2 was measured at 0, 30 and 60 seconds. SOD activity was determined by using the 
supernatants according to the method described by Del Mestro and McDonald (1984), while glutathione S-
transferase (GST) levels were determined by the formation of conjugated glutathione-2,4-dinitrobenzene 
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(CDNB). Malondialdehyde (MDA) levels were determined using TBARS solution (15% trichloroacetic acid / 
0.375% thiobarbituric acid / 0.25 M hydrochloric acid). The total MDA levels in each sample were 
determined by using a standard curve from known concentrations of 1,1,3,3-tetramethoxypropane (TMPO) 
(Rosengren and Shertzer 1993; Wallin 1993). The concentration of nitric oxide (NO) was indirectly 
determined through the content of nitrite/nitrate by the Griess reaction (Ricart-Jané et al. 2002). Total 
protein was measured using bovine serum albumin as standard curve (Lowry 1951) and used for 
homogenization of oxidative stress data. 
 
Germ cell viability 
 

Semi-serial histological sections (1 µm) of the seminiferous tubules were stained with acridine 
orange (AO) and propidium iodide (PI). Digital images were used to assess viability and cell morphology 
changes. Ten fields showing seminiferous tubules were analyzed per region and per animal (Giri and Roy 
2016; Dias et al. 2019, 2020). The cell classification was based on the fragmentation and condensation of 
the cell nucleus, along with the integrity of the membrane, according to double fluorescent labeling by 
acridine orange and propidium iodide. The histomorphological criteria for classification of cell viability 
indicated that viable cells have a green nucleus, which makes their recognition easily noticeable. Dead cells 
show color ranging from yellow to orange in agreement with the estimate of loss of membrane integrity 
indicated by labeling with propidium iodide. Acridine orange demonstrates potential in staining both viable 
cells and cells dying, whereas propidium iodide reveals only cells that show loss of cell integrity (Dias et al. 
2019; Giri and Roy 2019). 

 
Histopathology analysis 

 
The proportions of normal and pathological seminiferous tubules were estimated by counting 200 

random tubules in histological preparations from the testes of each animal. According to Johnsen (1970), 
there are 10 levels of alteration in the seminiferous tubule. In our study, the scores were modified to eight 
levels: Level 1 - intact tubules with germ cells arranged in their normal location and few vacuoles; Level 2 - 
vacuoles at the base of the epithelium; Level 3 - vacuoles at the apex of the epithelium; Level 4 - vacuoles 
at the apex and base of the epithelium; Level 5 - spermatogenic cells in tubular lumen and cell 
degeneration; Level 6 - tubules with only basal cells; Level 7 - tubules with only Sertoli cells; Level 8 - 
tubules without Sertoli or germ cells, characterizing a state of irreversible degeneration. These levels were 
grouped into normal (Level 1), mild pathologies (Levels 2 and 3), moderate pathologies (Levels 4 and 5), 
and severe pathologies (Levels 6, 7 and 8), as described by Dias et al. (2019). 

 
Statistics 
 

Statistical analyzes were performed using GraphPad Prism Software version 5.00.288. Data were 
analysed using the Shapiro-Wilk t testo assess normality. For parametric data, we used ANOVA followed by 
Tukey test. For non-parametric data, the Kruskal-Wallis test was used. The significance level was defined as 
5%.  
 
3. Results 
 
Food/water consumption and caloric intake 
 

During the eight weeks of treatment, both food intake (Figure 1A) and energy intake (Figure 1B) 
were significantly higher among mice from groups C and HCR (p<0.001) and from groups HC and HCR 
(p<0.05). Food consumption in the HC group, however, was not different from that in the control group, 
although caloric intake was higher (p<0.001). Water consumption in the HCR group was higher than in the 
HC group (p<0.001), with the same diet, while water consumption of the HC group was lower than the 
control (p<0.001) (Figure 1C). 
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Figure 1. Food and water intake after the hypercaloric diet intake and after Aspalathus linearis treatment. 

A - Daily food intake (g/day); B - Daily energy intake (kcal/day); C - Daily hydric consumption (mL/day). 
Treatment time = eight weeks. Data are mean ± SD. *p<.05, ***p<.001. CTRL= control, HC= hypercaloric 

diet, HCR= hypercaloric diet+Rooibos. 
 
Body and testicular weight 
 

Animals fed hypercaloric diet and treated with Rooibos infusion gained weight compared to the 
other groups at weeks 3, 4 and 8, respectively (Figure 2A). Despite the increase in body weight, the 
testicular weight (Figure 2B) and the GSI (Figure 2C) were not altered. 

 

 
Figure 2. Body and testis weights. A - Weekly weight gain of animals treated with a normocaloric and 

hypercaloric diet, with or without Rooibos. B - Testicular weight. C - gonadosomatic index. Data are mean ± 
SD. *p<0.05. CTRL= control, HC= hypercaloric diet, HCR= hypercaloric diet+Rooibos. GSI= gonadosomatic 

index. 
 

Testicular morphometry and stereology 
 

No statistical differences were found in the morphometric and stereological measurements of the 
seminiferous tubules (Table 1, Fig. 3). 
 
Table 1. Seminiferous tubules morphometry. 

Seminiferous tubule Control HC HCR 

Tubule diameter (µm) 223.0 ± 11.56 226.2 ± 11.64 228.5 ± 0.78 
Lumen diameter (µm) 63.57 ± 16.63 67.63 ± 23.46 81.59 ± 9.55 

Epithelium height (µm) 79.70 ± 11.25 79.30 ± 17.14 74.75 ± 4.23 
Tubule area (µm2) 39136 ± 4045 40285 ± 4129 41024 ± 281.40 
Lumen area (µm2) 3364 ± 1711 3952 ± 2320 5286 ± 1249 

Epithelium area (µm2) 35772 ± 4688 36332 ± 6316 36678 ± 1894 
ETR 0.92 ± 0.04 0.90 ± 0.07 0.87 ± 0.03 

IVP (%) 9.29 ± 2.41 7.38 ± 0.94 7.94 ± 1.43 
TVP (%) 90.71 ± 2.41 92.62 ± 0.94 92.06 ± 1.43 

1(ETR) Epithelium/tubule ratio; (IVP) Interstitial volumetric proportion; (TVP) Tubule volumetric proportion. Values are mean ± SD (ANOVA and 
t test, p<0.05). HC= hypercaloric diet, HCR= hypercaloric diet+Rooibos. 
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Figure 3. Testicular parenchyma showing the seminiferous tubules (ST), the interstitium (arrow) and the 

germinal epithelium of all experimental groups. A – control; B - hypercaloric diet, and C - hypercaloric diet 
+ roiboos. No significant changes were noticed in the seminiferous tubules and interstitium. Bar = 50µm. 

 
Germ and Sertoli cell counts 
 

The number of spermatocytes in pre-leptotene/leptotene (SPTL) was increased in the HC and HCR 
groups (p<0.01). The mitotic index was significantly higher in the HC (p<0.05) and HCR (p<0.01) groups 
(Table 2). 



Bioscience Journal  |  2023  |  vol. 39, e39030  |  https://doi.org/10.14393/BJ-v39n0a2023-64537 

 
 

 
7 

RUAS, H.N., et al. 

Table 2. Germ and Sertoli cells count by seminiferous tubules cross-sections in stage VII/VIII of the 
seminiferous epithelium, as well as the ratios between cell populations. 

Parameters Control HC HCR 

Spermatogonia 0.85 ± 0.14 0.68 ± 0.12 0.62 ± 0.21 
Spermatocyte in pre-leptotene/leptotene 11.49 ± 0.89 b 13.98 ± 1.26 a 12.99 ± 1.53 ab 

Spermatocyte in pachytene 8.25 ± 0.83 9.15 ± 1.71 8.26 ± 1.42 
Round spermatid 18.38 ± 2.08 20.16 ± 3.26 18.60 ± 2.52 

Sertoli Cell 2.60 ± 0.36 3.05 ± 0.53 2.45 ± 0.52 
Spermatogenic yield 21.83 ± 2.82 30.21 ± 6.88 32.81 ± 12.73 

Mitotic index 13.70 ± 1.93 a 21.17 ± 5.12 b 22.19 ± 4.81 b 
Meiotic index 2.24 ± 0.32 2.23 ± 0.30 2.33 ± 0.60 

Sertoli cell index 7.19 ± 1.46 6.86 ± 1.99 8.01 ± 2.62 
Sertoli support capacity 15.21± 2.60 14.94 ± 3.83 17.18 ± 3.92 

1 Values are mean ± SD. Different superscripts (a,b) are p<0.05 (ANOVA and t test, n=6) HC= hypercaloric diet, HCR= hypercaloric diet+Rooibos. 

 
Sperm morphology 
 

There were no significant changes in sperm morphology (Table 3). 
 
Table 3. Sperm morphology.  

Sperm parameters (%) Control HC HCR 

Normal 97.25 ± 0.68 97.92 ± 1.28 97.66 ± 1.47 
Tail defects 2.58 ± 0.58 1.75 ± 1.33 1.67 ± 0.87 

Head defects 0.17 ± 0.25 0.33 ± 0.60 0.67 ± 0.75 
1 Values are mean ± SD. HC= hypercaloric diet, HCR= hypercaloric diet+Rooibos. 

 
Oxidative stress assay 
 

The levels of carbonylated protein were reduced in HC (p<0.05). Furthermore, catalase levels 
decreased in the HC and HCR groups (p<0.01) when compared to the control, as well as a decrease in the 
HCR group compared to the HC group. MDA, ON, SOD and GST levels were not changed (Figure 4). 
 
Germ cell viability 
 

Figure 5 illustrates the assessment of cell viability (%) in histological sections of seminiferous 
epithelium stained by acridine orange/propidium iodide. No changes on germ cells viability were observed 
between groups. 
 
Histopathology 
 

No significant pathological alterations were observed in the seminiferous tubules of HC and HCR 
groups (Figure 6). 
 
4. Discussion 
 

In the present study, we explored the potential impact of the induction of a hypercaloric diet in 
male BALB/c mice as a condition triggering damage to the testicular seminiferous tubules in order to test 
the attenuating effect of the plant species Aspalathus linearis on testicular cells. 

The adoption of controlled hypercaloric diets has been widely used in animal models for inducing 
the state of obesity as a consequence of higher caloric intake, whether from lipids or carbohydrates 
(Nascimento et al. 2008; Pereira 2018). In this sense, we observed a relevant acceptance of the 
hypercaloric refined carbohydrate diet by the treated mice, which might be due to the increase in food 
consumption between the groups. The inclusion of condensed milk in diets could help to increase food 
intake (Chu et al. 2014). The consumption of palatable and high-calorie foods is among the most important 
predisposing factors for obesity in rodents (Velloso 2009; Rosini 2012). On the other hand, there are 
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studies that reveal that the lower food intake of hypercaloric diets, both lipids and carbohydrates, but with 
high caloric content, still express important body weight gain (Nascimento et al. 2008; White 2013; Chu et 
al. 2014; Fan 2015; Funes et al. 2019; Gómez-Elías et al. 2019).  

 

 
Figure 4. Levels of A - Carbonylated protein; B - Malondialdhyde (MDA); C - Nitric oxide (NO); D - 

Superoxide dismutase (SOD); E - Catalase (CAT) and F - Glutathione-S-transferase (GST). (Date are mean ± 
SD, ANOVA and t test, *p<0.05; **p<0.01, n=4) CTRL = Control, HC= hypercaloric diet, HCR= hypercaloric 

diet+Rooibos. 
 

 
Figure 5. Germ cell viability (%) in histological sections of seminiferous tubule epithelium of BALB/c mice 

labeled with acridine orange and AO/IP propidium iodide (Date are reported as mean ± standard deviation 
of the mean, ANOVA and t test) CTRL = Control, HC= hypercaloric diet, HCR= hypercaloric diet+Rooibos. 

 
It is worth mentioning that the energy composition of the diet is also a factor for weight gain in 

attempts to induce obesity in animal models. Pereira et al. (2018) report that the dietary intake of the 
high-fat diet (42% lipids) was lower than the normocaloric diet consumed by the control group. However, 
despite the low food intake, the treated animals showed weight gain because the energy density of the 
high-fat diet was higher. The animal's age at the beginning of the experimental protocol can also interfere 
with body mass gain, since young animals would convert energy gain into lean mass and not exclusively 



Bioscience Journal  |  2023  |  vol. 39, e39030  |  https://doi.org/10.14393/BJ-v39n0a2023-64537 

 
 

 
9 

RUAS, H.N., et al. 

into weight gain (Rosini 2012). Gómez-Elías et al. (2019) assume that different strains of mice chosen for 
the experimental design could influence the response to treatments for inducing obesity and fertility. 
Questions such as time and energy efficiency of treatments must be analyzed, so that the induction of 
obesity in rodents is efficient and reflects possible changes. Thus, Funes et al. (2019) indicate that the 
longer is the treatment period for inducing obesity by diet in rodents, the more the data tend to show 
significant changes in body weight and cause changes in testicular health. In the present study, there was a 
significant increase in food consumption and caloric intake. Although food consumption of the HC group 
was similar to that of the control group, their energy intake was higher, which demonstrates that the diet, 
by itself, has sufficient caloric intake. The HCR group also showed increased energy intake when compared 
to the control and HC group. Despite the record of energy efficiency by diet, the body weight of the 
animals was significantly higher, especially at the end of the treatment for the HCR group. Although such 
increase in energy intake and body weight has been recorded, testicular weight was not altered over the 
experimental time, as also described previously by Ribeiro et al. (2017), Asadi et al. (2017) and Gómez-Elías 
et al. (2019). On the other hand, Oliveira et al. (2013) did not record changes in body weight and food 
consumption, although the diet was able to expand retroperitoneal adipose tissue.  

 
 

 
Figure 6. Histopathological evaluation of seminiferous tubules cross-sections, considering alterations 

within the seminiferous epithelium (mean ± SD, ANOVA and t test). CTRL = Control, HC= hypercaloric diet, 
HCR= hypercaloric diet+Rooibos. 

 
Considering water consumption, Morton (1983) describes the Rooibos tea as a beverage with a 

pleasant aroma and a non-astringent taste. We consider that the differences in the amount of volume 
ingested by the control and HC groups, and between the HC and HCR groups may have been influenced by 
this characteristic. However, some studies demonstrate that water consumption by animals on 
normocaloric diets is equivalent to those on a hypercaloric diet (Nascimento et al. 2008; Lin 2016). Even 
though the increase in water consumption body weight gain was not altered, following the results from 
Awoniyi et al. (2012). Canda et al (2014) in order to verify the potential attenuating effect of Rooibos in 
Wistar rats induced to a framework of oxidative stress, they verified that the water consumption of 
Rooibos was lower than the group that received water as the sole water source. Despite the lower water 
consumption of Rooibos, the animals' body weight was not different between groups. Thus, we assumed 
that Rooibos intake would not imply to increase body mass. 

Testicular weight and volume are often used to assess testicular development. As in our study 
Opuwari and Monsees (2014) did not find significant changes in testis weight and body weight after 
treatment with Rooibos (fermented) at a concentration of 2% and 5%. However, the authors believe that 
prolonged consumption of Rooibos could generate subtle structural changes in the male reproductive 
system. Thus, despite the increase in food and caloric intakes, the extension of the treatment period would 
possibly induce considerable increases in body and testicular weights. In addition, there is great variation 
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in the literature regarding the period that best describes an obesity condition and the type of diet 
administered (Rosini 2012; Mathijs 2014; Pereira 2018). Yuan et al. (2014) report that the decrease in 
testicular weight and volume is accompanied by hyperleptinemia, which is harmful to the testicular 
structure. In their study, they assume that the exposure time to the diet was not long enough to cause 
changes in body weight, nor in testicle weight. Kenagy and Trombulak (2016)  and Lozi (2019) relate the size 
of the testes to the reproductive physiology of males and attest that testicular biometry can provide 
information that inferred changes in the rate of sperm production. 

The GSI showed no significant changes between groups, which can be explained by the 
maintenance of testicular weight, because even with the increase in body weight, this proportionally did 
not reflect the increase in testicular weight. Mu et al. (2016) demonstrated that male Sprague-Dawley rats 
maintained on high-calorie diets for a period of eight weeks presented a reduction in GSI and testicular 
weight, indicating alterations in spermatogenesis. In addition, the authors cite atrophy in the diameter of 
the seminiferous tubule, predictive of the loss of sperm production capacity. Species whose testes have a 
high proportion of seminiferous tubules produce more sperm per mass unit (Hess and De Franca 2008). 

The stereology of the seminiferous tubules shows us the existence of two distinct populations of 
cells that make up the seminiferous epithelium: germ cells and Sertoli cells (Karl and Capel 1998). It is 
known that obesity can cause damage to testicular cells causing changes, mainly, in the structure of the 
seminiferous epithelium in human and animal models (McPherson and Lane 2015). Our results indicate a 
decreasing trend in epithelial height and ETR (epithelium/tubule ratio) in the HCR group, with an increase 
in the lumen diameter. Although germ cell quantity and tubular diameter are related parameters, the 
decrease in the number of cells would not necessarily result in a decrease in the height of the epithelium, 
which would be possible due to cell rearrangement and increased intercellular distance (Gholami and 
Ansari 2015; De Oliveira 2020).  

The determination of spermatogenesis efficiency can be assessed by counting the germ cell 
population. The number of primary spermatocytes in pre-leptotene was increased due to the hypercaloric 
diet intake, thus increasing the mitotic index. However, such increase was not reflected in an increase of 
the spermatogenic yield, nor in the numbers of other cells present in the adluminal epithelial space, 
including Sertoli cells. Sertoli cells regulate sperm production and testicle size as they support limited 
numbers of germ cells (Holsberger 2005; Mäkelä et al. 2019). According to Opuwari and Monsees (2014), 
long-term Rooibos intake would be harmful to sperm, which was not observed in the present study. 

Even though the morphological and morphometrical analyses did not show important testicular 
alterations, the oxidative stress analyses showed reduction in carbonyl protein levels due to the 
hypercaloric diet intake. The dosage of carbonylated protein is often used as a marker of protein oxidation, 
being an indicator of the oxidant/antioxidant balance within the tissues (Gonçalves et al. 2012). On the 
other hand, MDA levels did not indicate changes between groups, which points to the absence of lipid 
damage to germ cell membranes, indicating that the treatments did not induce the generation of a 
sufficient amount of lipid peroxides capable of changing the structure of the plasma membranes of such 
cells. Awoniyi et al. (2012) reveal that the polyphenols present in Rooibos bind to lipid peroxides and, in 
this way, prevent the lipid peroxidation cascade. With the increased production of reactive oxygen species, 
there is activation of antioxidant enzymes (SOD, CAT and GSH, in that order) to reduce the amount of 
reactive oxygen species. SOD catalyzes the reaction of converting the superoxide radical to H2O2 (Barbosa 
2010), while CAT converts H2O2 to oxygen and water (Bansal 2011). Both groups treated with the 
hypercaloric diet showed significant reductions of CAT levels, which may indicate that this enzyme reached 
exhaustion and its activity maintained normal to low levels of MDA and carbonyl protein. Thus, Rooibos 
was not able to prevent CAT exhaustion induced by the hypercaloric diet.  

GST, in turn, is responsible for cell detoxification (Habig and Jakoby 1974) and activated after CAT 
depletion. GST activity was not changed between experimental groups. Thus, we believe there is an 
increase in ROS and that the first line of antioxidant defense was not enough to contain the increases in 
reactive oxygen species. The activation of the second line of defense naturally occurs to contain ROS 
increase, however, CAT, even reaching exhaustion, was capable of preventing lipid and protein damage in 
sperm membranes and in the testicular microenvironment, explainable by GST levels. Such assumption 
corroborates the fact that germ cell viability was not altered due to hypercaloric and/or Rooibos intake. In 
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addition, no significant histopathological alterations were noticed due to Rooibos and/or the hypercaloric 
intake, corroborating the germ cells analysis previously discussed.  
 
5. Conclusions 
 

The hypercaloric diet proposed for eight weeks was able to induce changes in the levels of 
carbonylated protein and catalase, indicating the beginning of the testicular oxidative stress process. 
However, such alterations were not able to induce significant changes in the testicular parenchyma, or 
even in the viability of cell germ cells. Furthermore, despite not causing testicular damage, the infusion of 
Rooibos at the concentration used in this work, failed to reverse the action of the hypercaloric diet on the 
exhaustion of the catalase enzyme. Further studies with a long-term intake of both Rooibos and the 
hypercaloric diet might be performed to verify the possible harmful effects of the hypercaloric diet over 
the testicular germ cells. 
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