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Abstract: Iron deficiency is the most common micronutrient deficiency in the world. Previous studies
have shown that iron deficiency increases oxidative stress and decreases antioxidant enzymes, and
studies of male infertility indicated that oxidative stress may affect male reproductive functions.
The aim of this study was to investigate the effects of iron supplementation on spermatogenesis
and testicular functions in iron-deficient rats. Three-week-old male Sprague Dawley (SD) rats were
randomly divided into two groups: an iron-adequate control (AI group, 35 ppm FeSO4) and an
iron-deficient group (ID group, <5 ppm FeSO4). After three weeks, the iron-deficient group was
divided into an original iron-deficient group and five iron-supplemented groups, the latter fed diets
containing different doses of FeSO4 (6, 12, 18, 24, and 35 ppm). After five weeks, blood and testis tissue
were analyzed. We presented as median (interquartile range, IQR) for continuous measurements
and compared their differences using the Kruskal–Wallis test followed by the Mann–Whitney U
test among groups. The results showed that as compared with the AI group, the ID group had
significantly lower serum testosterone and poorer spermatogenesis (The medians (QR) were 187.4
(185.6–190.8) of AI group vs. 87.5 (85.7–90.4) of ID group in serum testosterone, p < 0.05; 9.3 (8.8–10.6)
of AI group vs. 4.9 (3.4–5.4) of ID group in mean testicular biopsy score (MTBS], p < 0.05); iron
supplementation reversed the impairment of testis tissue. In the testosterone biosynthesis pathway,
iron supplementation improved the lowered protein expressions of hydroxysteroid dehydrogenases
caused by iron deficiency. Additionally, decreased activities of glutathione peroxidase and catalase,
and increased cleaved-caspase 8 and caspase 3 expression, were found in the iron-deficient rats. The
iron-supplemented rats that received > 12 ppm FeSO4 exhibited improvements in antioxidant levels.
In conclusion, iron supplementation can abrogate testis dysfunction due to iron deficiency through
regulation of the testicular antioxidant capacity.

Keywords: iron deficiency; iron supplementation; testis; spermatogenesis; oxidative stress

1. Introduction

Iron deficiency is the most common micronutrient deficiency according to published
statistics, and has been reported to be frequently found in anemic patients, with a prevalence
of up to 50% [1,2]. In addition, iron-deficiency anemia was reported to be one of the five
leading causes of years lived with disability (YLDs) in 2016 [3]. Briefly, iron deficiency can
be categorized into an increased iron requirement, inadequate iron intake, and decreased
iron absorption. Populations such as infants, children, and adolescents during the growth
spurt, women during menstruation, and pregnant and lactating women have greater iron
requirements. An inadequate iron intake may result from appetite loss, a vegan dietary
pattern, or low dietary quality with poor iron sources. Unlike heme iron, an animal source
of iron, non-heme iron obtained from plants has a lower bioavailability. In addition, surgery,
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Crohn’s disease, side effects of drugs, and Helicobacter pylori infection cause malabsorption
of iron [4], and increased iron loss associated with bleeding due to surgery, trauma, or
blood donation tends to lead to the development of iron deficiency [5].

Chronic or severe iron deficiency affects the oxygen-carrying ability of red blood cells
and thus causes hypoxia, which has been found to increase the risks of acute coronary
syndrome and myocardial infarction [6]. In addition, evidence shows that iron deficiency in
childhood leads to poorer brain neurophysiologic development [7]. Cognitive impairments
and memory deficits due to alteration of the hippocampus are also adverse effects of iron
deficiency [8].

In the male reproductive system, the testes maintain testosterone and sperm pro-
duction via the regulation of Sertoli cells, Leydig cells, and upstream hormones involved
in the hypothalamic-pituitary-gonadal axis [9]. Ferritin, an easily-available iron source,
existing in Sertoli and Leydig cells helps boost sperm production and protect the testes [10].
Oxidative stress has been demonstrated to be a major cause of male reproductive dys-
function [11,12]. Imbalance in the redox status requires enzymatic and non-enzymatic
antioxidants to diminish. Iron deficiency affects iron-porphyrin enzymes such as peroxi-
dases and catalase. The results of a human study including 33 female iron-deficient anemia
patients performed in order to analyze the redox status showed that the activity of catalase
and the total antioxidant capacity in the anemia group were significantly lower than in the
controls. Moreover, the oxidant activity was elevated in the anemia group [13]. Blocking of
defense mechanisms causes the generation of reactive oxygen species (ROS) and increases
oxidative stress, leading to mitochondrial, DNA and other cellular damage, thus inducing
apoptosis [11,14]. Nagababu et al. reported that iron-deficient diet-fed mice had a greater
erythrocytic oxidative stress, as iron-deficiency anemia reduced the lifespan of blood cells,
causing hemoglobin autoxidation and ROS production [15].

Human fertility is affected not only biological consequences but also so socioeconomic
factors [16]. Declining fertility is a key driver behind the rapid aging of populations
worldwide. Taiwan is also going on the demographic transition from high birth and
death rates to low birth and death rates. Gender-dependent differences are one of the
issues but women always take on a disproportionate share of fertility tasks. Unlike female
infertility, male infertility is not well reported in general. Thus, we want to explore the
association between male reproductive health-related diseases and the potential role of
nutrition factors.

The present study aimed to explore the effects of iron deficiency on rat testis functions,
ascertain whether any improvement occurred in iron-deficient rats after iron supplementa-
tion, and examine whether a dose-response relationship exists by comparing rats receiving
different doses of iron supplementation.

2. Materials and Methods
2.1. Animals and Diets

Fifty-two three-week-old male Sprague Dawley (SD) rats were purchased from Bi-
oLASCO Taiwan Co., Ltd. (Taipei, Taiwan), housed in together but kept in the cage
individually under controlled conditions (room temperature 22–24 ◦C, humidity 50–60%,
12-h light/12-h dark cycle) with free access to water and food. After adaptation, the
rats were divided into a control group (AI group, n = 6) and an iron-deficient group
(ID group, n = 46) and maintained for 3 weeks to create an iron-deficient rat model. The
iron-deficient rats were then randomly allocated into six groups as follows: iron-deficient
group (ID group, n = 8) and five iron-supplemented groups (S6, S12, S18 and S24 groups,
n = 8; S35 group, n = 6) for 2 weeks. All diets were modified from the AIN-93G rodent
standard diet (#115072, Dyets, Inc., Bethlehem, PA, USA). For the AI group, 35 ppm sulfate
heptahydrate (FeSO4·7H2O, F7002, Sigma-Aldrich, Saint Louis, MO, USA) was added to
the AIN-93G diet, while less than 5 ppm FeSO4 was added to the AIN-93G diet for the ID
group. For the iron-deficient rats supplemented with iron in the 5 experimental weeks,
6, 12, 18, 24, and 35 ppm FeSO4 were added to the AIN-93G diet for the S6, S12, S18, S24,
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and S35 groups, respectively. The rats were finally fasted for 12 h and euthanatized by
inhalation exposure to carbon dioxide for at least 5 min. Blood and testes samples were
collected for further analyses.

2.2. Hematology Analyses

The hemoglobin (Hgb) content in whole blood was measured using a commercial
Hgb kit (HG1539, Randox, Crumlin, UK) according to the manufacturer’s instructions. For
cholesterol and testosterone measurement, samples of serum were collected and assayed by
the Taiwan Society of Laboratory Medicine (Taipei, Taiwan). The cholesterol level was de-
termined by the enzymatic (CHOD-POD) method, and the testosterone level was measured
using a Centaur XP (0-SM-CENTAURXP, Siemens Healthcare, Erlangen, Germany).

2.3. Hematoxylin and Eosin Staining

Testis tissue was soaked in 10% formaldehyde solution (11-0735, Sigma-Aldrich, Saint
Louis, MO, USA) for 24 h, then dehydrated, embedded, sliced to 3 µm, and mounted
on glass slides at the Department of Pathology of Cardinal Tien Hospital (New Taipei
City, Taiwan). The slides were processed using a Leica Autostainer XL (ST5010, North
Chicago, IL, USA) and mounted with coverslips. The stained slides were observed under
a light microscope (Eclipse E400, Nikon, Tokyo, Japan) at ×400 magnification. The mean
seminiferous tubule diameter (MSTD) was measured and the mean testicular biopsy score
(MTBS) [17] was ascertained.

2.4. Immunofluorescence Staining

For immunofluorescence staining, slides were placed in an oven at 65 ◦C for 4 h and
soaked in Histo-Clear II (National Diagnostics, Atlanta, GA, USA) overnight. Then, slides
were placed in Histo-Clear II for 10 min twice, followed by 100%, 95%, 80%, and 70%
ethanol for 30 s once, and rinsed with dH2O for 10 min once and washed with 1× TBS
(Bioman, New Taipei City, Taiwan) for 5 min twice. Slides were subsequently immersed in
Lectin solution (L21409, Thermo Fisher Scientific, Waltham, MA, USA) for 20 min, followed
by 1× TBS wash for 5 min, DAPI solution (4′,6-diamidino-2-phenylindole; D3541, Thermo
Fisher Scientific) for 3 min, and 1× TBS wash for 5 min, then mounted with coverslips.
Slides were observed under a light microscope (Eclipse E400, Nikon) to determine the
stages of testicular seminiferous tubules.

2.5. TUNEL Staining

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was
performed using the DeadEndTM Colorimetric TUNEL System (G7130, Promega, Madison,
WI, USA). In brief, 3-µm paraffin-embedded slides were soaked in 0.85% saline for 5 min
followed by 1× PBS wash for 5 min. Then, 100 µL Proteinase K solution (20 µg/mL) was
added to the slides for 15 min, which were then washed with 1× PBS three times (5 min
each), followed by the addition of 100 µL equilibration solution. After 10 min, 100 µL rTdT
solution was added and coverslips placed on the slides for 60 min in a 37 ◦C water bath.
The coverslips were then removed, and 2× SSC solution was added for 15 min, followed
by 1× PBS wash three times (5 min each), HRP solution for 30 min, and 1× PBS wash three
times (5 min each). Subsequently, 100 µL DAB solution was added for 1 min, and slides
were then rinsed with dH2O for 3 min. Slides were observed under a light microscope
(Eclipse E400, Nikon) to determine changes to the nuclei of apoptotic cells in the testis.

2.6. Testicular Redox Status

The testicular redox status, including the activities of superoxide dismutase (SOD),
glutathione peroxidase (GPx), and catalase (CAT), was assessed. Testis tissue (about 0.05 g)
was added to ice-cold 200 µL RIPA buffer, 2 µL protease inhibitor, and 2 µL phosphatase
inhibitor, homogenized, and centrifuged at 14,000× g for 15 min at 4 ◦C, following which
the supernatant was transferred to a new 1.5-mL Eppendorf flask and stored at −80 ◦C. All
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parameters were measured using the testicular lysate following protocols provided with
the assay kits (706002, Cayman, Ann Arbor, MI, USA; 703102, Cayman; 707002, Cayman).

2.7. Western Blotting

Protein extraction was performed on testis tissue using the methods described in the
former paragraph. Samples containing 20 µg of protein were loaded on a 10% sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to
polyvinylidene difluoride (PVDF) membranes (Bioman) via wet transfer. After soaking in
blocking buffer (5% non-fat milk dissolved in 1× TBST) for 1 h, membranes were incubated
with primary antibodies overnight at 4 ◦C. The following primary antibodies were used for
testosterone biosynthesis: CYP11A1 (1:1000, sc-292456, Santa Cruz, CA, USA), CYP17A1
(1:1000, sc-66850, Santa Cruz), 3β-HSD (1:500, sc-28206, Santa Cruz), 17β-HSD (1:250, sc-
135044, Santa Cruz), StAR (1:1000, sc-25806, Santa Cruz); for three forms of SOD: SOD1
(1:1000, ab16831, Abcam, Boston, MA, USA), SOD2 (1:1000, ab16956, Abcam), SOD3 (1:1000,
ab83108, Abcam); for the apoptosis pathway: cleaved-caspase 8 (1:1000,GTX59607, GeneTex,
Irvine, CA, USA), Bcl-XL (1:1000, ab32370, Abcam), Bax (1:1000, #2772, Cell Signaling,
Danvers, MA, USA), caspase 9 (1:1000, #9508, Cell Signaling), caspase 3 (1:1000, #9662,
Cell Signaling), PARP (1:1000, #3542, Cell Signaling); and for loading control: β-actin
(1:10,000, A5316, Sigma-Aldrich). After three washes with 1× TBST, membranes were then
incubated with either goat anti-mouse IgG secondary antibody (1:5000, sc-2005, Santa Cruz)
or goat anti-rabbit IgG secondary antibody (1:5000, sc-2054, Santa Cruz) for 1 h. Following
three washes with TBST, the bands on the PVDF membranes interacted with ECL solution
(1705061, Bio-Rad, Santa Rosa, CA, USA) and were detected by densitometry.

2.8. Statistical Analyses

The experimental results were analyzed using SAS Software version 9.4 (SAS Insti-
tute Inc., Cary, NC, USA) and presented as median (interquartile range, IQR) because of
non-normal distribution. Data were compared using the Kruskal–Wallis test followed
by the Mann–Whitney U test; statistical significance was considered when p < 0.05. In
addition, Spearman’s correlation test was conducted to estimate linear regression between
two variables.

3. Results
3.1. Body Weight and Food Intake

Before receiving an iron-deficient diet, the rats in the AI group and the ID group had a
similar mean body weight. However, after 3 weeks of an iron-deficient diet, the ID group
had less weight gain and a lower food intake as compared with the AI group. A two-week
period of iron supplementation significantly increased the body weight and food intake in
all iron-supplemented groups as compared with the ID group; the content of iron in the
diet was positively associated with food intake and thus increased body weight. Data are
presented in Figure 1.

3.2. Biochemical Values

The iron-deficient diet caused a reduction in the blood Hgb level, but this level
was elevated in a dose-dependent manner after iron supplementation; however, all iron-
supplemented groups had a significantly lower Hgb level than the control group. In
addition, the serum testosterone concentration of the rats fed an iron-deficient diet showed
a significant reduction in comparison with the rats fed an iron-adequate diet. However,
the iron-deficient rats treated with different doses of iron displayed a gradual increase in
testosterone concentration, but only the rats in group S35 reached a normal testosterone
concentration. Serum cholesterol was measured after the experiment, as it serves in the
role of testosterone precursor; however, the levels of cholesterol in all groups were similar
(Figure 2a). Statistical comparisons of three values revealed a positive correlation (R = 0.58)
between the levels of serum testosterone and serum Hgb (Figure 2b), from which the
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hypothesis that iron status may not influence the cholesterol level, but does influence the
blood Hgb and testosterone levels, may be derived.
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3.3. Protein Expressions of Testosterone Biosynthesis Enzymes

As the precursor content was similar in all groups, enzymes involved in testosterone
biosynthesis were measured using western blot (Figure 3). In comparison with the AI group,
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the ID group had a lower StAR protein expression and a higher 3β-HSD protein expression.
After iron supplementation, the StAR protein expression was increased, and a decreasing
trend in 3β-HSD was observed only in group S35. In addition, the iron-supplemented
groups displayed a gradual increase in 17β-HSD; moreover, groups S12, S18, and S24 had
significantly higher protein expressions than the AI and ID groups, and group S35 had
higher protein expressions than the ID group (Figure 3).
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3.4. Testicular Histology

As shown in the figures, unlike the normal structure observed in the AI group, testicu-
lar sections from rats exposed to a low-iron diet exhibited a thinner seminiferous epithelium,
cavities, and scattered and decreased germ cells in seminiferous tubules; iron supplementa-
tion improved this damage (Figure 4a). Quantitative analyses of morphological alterations
revealed a slightly increased mean seminiferous tubule diameter (MSTD) and a signifi-
cantly decreased mean testicular biopsy score (MTBS) in the iron-deficient rats, which were
reversed in the iron-supplemented rats. The former parameter, MSTD, was reduced in
groups S6, S12, and S24, but no significant difference was seen in groups S18 and S35, while
the latter parameter, MTBS, was elevated in all supplemented groups, and no difference
was observed as compared with the controls in the S24 and S35 groups (Figure 4b).
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3.5. Testicular Spermatogenesis

Testicular sections were stained with nuclear marker DAPI and acrosome marker lectin
to detect stages of spermatogenesis and types of spermatogenic cells in the different stages.
In reference to Nakata et al. [18], five stages (stages II–III to VI) of spermatogenesis were
determined in the present study. The lectin-stained shape of the acrosome of spermatids
was dot-like in stages II-III (Figure 5a) and larger in stage IV (Figure 6a); the acrosome
became spindle-shaped in stage V (Figure 7a), and turned triangle-shaped in stage VI
(Figure 8a). Fluorescence images of rat seminiferous tubules in stages II-III and stage IV
showed greater numbers of germ cells in the ID group as compared with the AI group,
while in stages V and VI, more germ cells were observed in the AI group; however, no
statistically significant difference between the ID and AI groups was observed at any stage.
In addition, the iron-deficient rats exhibited an increasing trend in the number of germ
cells after iron supplementation in stages II-III, IV, and VI. In detail, germ cells in stage IV
in group S6 were significantly lower in number than in group S18 and the ID group; in
stage V, group S18 had an apparently higher number of germ cells than groups S12, S24,
S35, and the ID group; and in stage VI, germ cells in group S18 numbered higher than in
group S6. Data for stages II-III are shown in Figure 5b, stage IV in Figure 6b, stage V in
Figure 7b, and stage VI in Figure 8b.
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3.6. Testicular Redox Status and Protein Expression of SOD

Despite no difference in SOD activity being observed between the AI and ID groups,
decreasing activities of GPx and catalase were observed in the iron-deficient rats. After
iron supplementation, all parameters exhibited a gradually increasing trend. In detail, the
SOD activity in group S18 was higher than in group S12 and the ID group; the GPx activity
in group S24 was higher than in groups S18 and S35, and the ID group; and the catalase
activities in the groups supplemented with 12 ppm to 35 ppm were higher than in group
S6 and the ID group (Figure 9a).
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As SOD is a metal-dependent enzyme, the protein expressions of different forms
of SOD in the testis were measured using western blot. Iron deficiency resulted in a
lower protein expression of SOD2 (Mn-SOD) and higher SOD3 (extracellular Cu/Zn-SOD),
whereas a decreasing trend in SOD1 (intracellular Cu/Zn-SOD) was observed. The protein
expressions of SOD1 and SOD2 showed a similar trend, increasing in the 6 and 12 ppm
iron supplementation groups and decreasing in the 18, 24, and 35 ppm supplementation
groups. In contrast, the iron-deficient rats supplemented with doses of iron exhibited
marked increases in the protein expression of SOD3 as compared with the rats under a
normal iron status. Additionally, the expressions of SOD3 in groups S6, S12, and S24 were
significantly higher than in the ID group (Figure 9b).
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3.7. Testicular Apoptosis and Protein Expressions of Apoptosis Markers

Increased levels of apoptotic cells in testis tissue were observed in the iron-deficient
rats using TUNEL analysis, which were reduced after different doses of iron supple-
mentation; however, the levels of apoptotic germ cells in the iron-supplemented groups
were significantly higher than in the AI group (Figure 10a,b). The expressions of intrinsic
(Figure 11a) and extrinsic (Figure 11b) apoptosis pathway-related markers were determined
by western blot. The rats receiving a low-iron diet had a significantly lower expression of
caspase 3, and higher expressions of cleaved-caspase 8 and cleaved-caspase 3; however,
the iron-supplemented rats did not exhibit any improvements in protein expressions. In
detail, the protein expressions of anti-apoptotic marker BCL-xL in groups S6, S12, and
S35 were higher than in the AI group, and that in group S12 was higher than in the ID
group; in addition, the levels of pro-apoptotic marker Bax in groups S12 and S35 were
higher than in the AI and ID groups. Besides, the protein expressions of cleaved-caspase 9,
cleaved-caspase 8, and caspase 3 in the iron-supplemented rats were generally higher than
those in the iron-deficient and normal rats. Only the change in cleaved-caspase 3 was
reversed after 24 ppm iron supplementation.
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Figure 11. Effects of different doses of iron supplementation on protein expressions of markers related
to the testicular (a) intrinsic apoptosis pathway and (b) extrinsic apoptosis pathway in iron-deficient
rats. Values are presented as median (interquartile range, IQR). n = 3–4 per group. Values not sharing
the same letters are significantly different at p < 0.05.
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4. Discussion

Few studies have investigated reproductive functions under iron deficiency, and the
effects of iron deficiency followed by supplementation with different doses of iron are also
unknown. According to the Nutrition and Health Survey in Taiwan from 1993–1996 [19],
2.1% of men was iron deficient, and a higher prevalence of iron deficiency was found
in teenage boys and aged men. The reason that the iron-deficient group and five iron-
supplemented groups with diets containing different doses of ferrous sulfate were designed,
is to closely mimic the different statuses of iron deficiency. In this rat model of diet-
induced iron deficiency, reproductive functions including testosterone level, semen quality,
testicular histology, and spermatogenesis, in addition to possible modulation pathways,
were explored.

Our study showed that a 3-week low-iron diet (<5 ppm) in rats was capable of reducing
the mean Hgb level to 80% lower than that in the control rats, indicating the successful
development of an iron-deficient rat model [20]. The iron-deficient rats also had a lesser
body weight gain and a lower food intake, in agreement with previous studies [21–23].
A 3-week iron-deficient diet-induced rat model developed by Ghada et al. exhibited a
lower weight gain, food intake, and Hgb level [24]. Decreased food consumption may
be explained by the presence of iron-deficient anemia, which causes fatigue, weakness
and lower physical activity owing to a decline in the oxygen-carrying ability of red blood
cells [25], thus inducing a lower weight gain. Tanaka et al. reported similar findings,
and stated that hypermetabolism in iron-deficient rats may influence the growth rate and
lead to a lower body weight [26]. Five-week supplementation with different levels of
FeSO4, a commonly used treatment for iron deficiency, gradually increased the serum
Hgb level, body weight, and food intake, in line with He et al. [23] and Ghada et al. [24].
However, analysis of parameters related to iron deficiency, such as the hematocrit level and
erythrocyte count, was lacking in this study; similarly, indicators of iron status, including
serum iron level, transferrin saturation, and ferritin, were not measured.

After iron depletion, the serum testosterone level and protein expressions of testos-
terone production-related enzymes were markedly affected in parallel, which were partly
reversed following iron supplementation. A pilot study conducted in 2014 showed an
obviously elevated serum testosterone level in anemic men due to iron deficiency after
iron administration; moreover, the serum Hgb level was positively correlated with the
serum testosterone level [27]. Iron deficiency may lead to hypoxia owing to the low Hgb
concentration [28,29], and a deleterious effect of low blood flow on the testes has been
reported, in that poor circulation causes hypoxia, increases oxidative stress, and disturbs
reproductive functions [30,31].

The serum cholesterol levels of our study were similar among all groups, indicating
that iron status did not affect the initial material of testosterone production; however,
in terms of the steroidogenic pathway, one of the defective enzymes, StAR, represents
the rate-limiting step in testosterone production that regulates cholesterol transport into
mitochondria of Leydig cells [32]. Musicki et al. reported that hypogonadism was observed
in a sickle-cell anemia mouse model, which could be explained by a decreased protein
expression of StAR, which impaired testosterone production via limiting the initial mate-
rial of testosterone, and may be attributed to over-activation of NADPH oxidase-induced
oxidative stress [33]. Furthermore, the iron-deficient and most iron-supplemented rats in
the present study showed increasing trends in the protein expressions of hydroxysteroid
dehydrogenases, because both 3β-HSD and 17β-HSD require NADPH and NADH in testos-
terone production [34], whereas NADPH and NADH are related to redox hemostasis [35].
Therefore, the iron status may affect redox homeostasis, regulate the levels of NADPH and
NADH, and mediate enzymes involved in testosterone production, thus altering the blood
testosterone concentration.

Testosterone plays a pivotal role in spermatogenesis [36], and as mentioned in the
former section, iron status affects the blood testosterone concentration. Histochemical
stains of the testes were therefore evaluated in order to determine the effects of iron status
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on testicular histology and spermatogenesis. Iron was found to be an essential factor in
spermatogenesis [37], in line with the observations of the testis tissue, which included
an increased seminiferous tubule diameter, a thinner seminiferous epithelium, reduced
spermatozoa, and disorganized spermatogenesis under the condition of iron deficiency;
iron supplementation reversed the damaged testicular histology. Iron supplementation also
reversed the impaired epithelial maturation in iron-deficient rats based on Johnsen’s MTBS,
which was supported by Sylvester et al. that ferric ions were involved in the formation of
spermatogonia and round spermatids [38]. In addition, the results of immunofluorescence
staining showed elevated germ cell levels in stages II-IV of spermatogenesis and decreased
levels until the administration of 18 ppm iron supplementation. A possible explanation
for these results may be owing to divalent metal transporter 1 (DMT1), a factor regulating
iron status, being found to increase under iron deficiency [39]. Griffin et al. also reported a
higher protein expression of DMT1, a transporter of iron, in seminiferous tubules during
spermatogenesis [40]. It appears that iron deficiency leads to increased spermatogonia to
stimulate iron absorption, and further studies including an analysis of the expression of
DMT1 need to be undertaken.

Studies have revealed that both iron deficiency and iron overload affect redox hemosta-
sis [13,41]. Kurtoglu et al. found that 6-week iron therapy reversed the changes in SOD,
CAT, and GPx activities in red blood cells and decreased the plasma MDA content in anemic
patients [42]. Akarsu et al. reported that the plasma total antioxidant capacity of patients
with iron-deficiency anemia increased after receiving iron therapy [43]. The activities of
antioxidative enzymes in this study displayed similar trends or findings to those observed
in former studies, suggesting that iron status may mediate testicular antioxidants and
affect redox hemostasis. It has been reported that oxidative stress causes greater harmful
effects in spermatozoa than in other cells [12,44], whereas both human and animal studies
have demonstrated that SOD is present at relatively higher levels than other antioxida-
tive enzymes, protecting spermatozoa via reduction of ROS [11,45,46]. The components
of SOD contain metal ions [47], and our results showed that the iron-deficient rats had
lower Mn-SOD and higher extracellular Cu/Zn-SOD protein expressions. However, iron
supplementation did not result in obvious improvement in types of SOD, but did improve
the antioxidant levels, raising questions as to the mechanisms of how iron status affects
testicular antioxidants.

Oxidative stress and apoptosis are underlying mechanisms of male infertility, as
demonstrated in previous studies [12,48]. In addition, a positive correlation between ROS
and apoptosis was reported [14]. Recently, iron deficiency or iron overload was found
to enhance sperm oxidative stress, leading to an increase in sperm DNA fragmentation,
induction of apoptosis, and finally impairment of semen quality [29,49]. In the present
study, iron deficiency-induced apoptosis via upregulating the caspase 8 expression in the
extrinsic apoptotic pathway and directly activating caspase 3. A possible explanation may
be that testicular mitochondrial ferritin protects mitochondria against oxidative damage
by increasing oxygen consumption to reduce ROS production [50]. Hence, it is likely that
iron-induced apoptosis is triggered by the extrinsic pathway and not the intrinsic pathway
owing to the protective response of mitochondria.

The results of this study demonstrated the potential effects of iron deficiency on
testis function and prospective improvements resulting from iron supplementation after
iron deficiency. However, a limitation of this study was that parameters such as semen
quality and fertility were lacking, and further experiments to assess iron deficiency and
reproductive functions are needed. Another limitation was the relatively smaller sample
size of the individual group; future studies should take more sample sizes of rats to enroll
for the increased statistical power.

5. Conclusions

In conclusion, iron deficiency modulated testicular anti-oxidative enzymes and protein
expressions of apoptotic markers to affect testosterone biosynthesis-related enzymes and
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the serum testosterone level, and thus altered spermatogenesis and the morphology of
the testis. Under iron supplementation, testicular functions were improved via increasing
activities of testicular antioxidants.
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43. Akarsu, S.; Demir, H.; Selek, Ş.; Oguzoncul, A. Iron Deficiency Anemia and Levels of Oxidative Stress Induced by Treatment
Modalities. Pediatrics Int. 2013, 55, 289–295. [CrossRef] [PubMed]

44. Agarwal, A.; Sharma, R.; Gupta, S.; Harlev, A.; Ahmad, G.; Du Plessis, S.S.; Esteves, S.C.; Wang, S.M.; Durairajanayagam, D.
Oxidative Stress in Human Reproduction: Shedding Light on a Complicated Phenomenon; Springer: Berlin/Heidelberg, Germany, 2017.

45. Yan, L.; Liu, J.; Wu, S.; Zhang, S.; Ji, G.; Gu, A. Seminal superoxide dismutase activity and its relationship with semen quality and
SOD gene polymorphism. J. Assist. Reprod. Genet. 2014, 31, 549–554. [CrossRef]

46. Perumal, P. Effect of Superoxide Dismutase on Semen Parameters and Antioxidant Enzyme Activities of Liquid Stored (5 ◦C)
Mithun (Bos frontalis) Semen. J. Anim. 2014, 2014, 821954. [CrossRef]

47. Miller, A.F. Superoxide dismutases: Ancient enzymes and new insights. FEBS Lett. 2012, 586, 585–595. [CrossRef]
48. Agarwal, A.; Virk, G.; Ong, C.; du Plessis, S.S. Effect of oxidative stress on male reproduction. World J. Mens Health 2014, 32, 1–17.

[CrossRef]

http://doi.org/10.2991/phico-17.2018.22
http://doi.org/10.13005/bbra/2722
http://doi.org/10.1039/C8RA08451C
http://www.ncbi.nlm.nih.gov/pubmed/35514661
http://doi.org/10.1089/ars.2011.4271
http://www.ncbi.nlm.nih.gov/pubmed/23199217
http://doi.org/10.11172/keitaikinou2002.7.67
http://doi.org/10.4103/2230-8210.131158
http://doi.org/10.1016/j.freeradbiomed.2010.12.023
http://doi.org/10.1007/s10815-014-0344-7
http://doi.org/10.4067/S0716-97602011000200008
http://doi.org/10.1007/s00204-013-1024-6
http://www.ncbi.nlm.nih.gov/pubmed/23430139
http://doi.org/10.1007/s12020-015-0715-6
http://www.ncbi.nlm.nih.gov/pubmed/26271515
http://doi.org/10.1371/journal.pone.0128694
http://www.ncbi.nlm.nih.gov/pubmed/26023917
http://doi.org/10.1016/j.steroids.2011.03.007
http://www.ncbi.nlm.nih.gov/pubmed/21440566
http://doi.org/10.3389/fenvs.2014.00055
http://doi.org/10.4161/spmg.1.2.16956
http://doi.org/10.1152/ajpendo.00007.2012
http://doi.org/10.1152/ajpgi.00160.2015
http://doi.org/10.1152/ajpcell.00061.2004
http://doi.org/10.4236/ns.2010.26069
http://doi.org/10.1385/BTER:96:1-3:117
http://doi.org/10.1111/ped.12054
http://www.ncbi.nlm.nih.gov/pubmed/23316876
http://doi.org/10.1007/s10815-014-0215-2
http://doi.org/10.1155/2014/821954
http://doi.org/10.1016/j.febslet.2011.10.048
http://doi.org/10.5534/wjmh.2014.32.1.1


Nutrients 2022, 14, 2063 17 of 17

49. Lucesoli, F.; Caligiuri, M.; Roberti, M.F.; Perazzo, J.C.; Fraga, C.G. Dose-dependent increase of oxidative damage in the testes of
rats subjected to acute iron overload. Arch. Biochem. Biophys. 1999, 372, 37–43. [CrossRef]

50. Santambrogio, P.; Biasiotto, G.; Sanvito, F.; Olivieri, S.; Arosio, P.; Levi, S. Mitochondrial ferritin expression in adult mouse tissues.
J. Histochem. Cytochem. 2007, 55, 1129–1137. [CrossRef]

http://doi.org/10.1006/abbi.1999.1476
http://doi.org/10.1369/jhc.7A7273.2007

	Introduction 
	Materials and Methods 
	Animals and Diets 
	Hematology Analyses 
	Hematoxylin and Eosin Staining 
	Immunofluorescence Staining 
	TUNEL Staining 
	Testicular Redox Status 
	Western Blotting 
	Statistical Analyses 

	Results 
	Body Weight and Food Intake 
	Biochemical Values 
	Protein Expressions of Testosterone Biosynthesis Enzymes 
	Testicular Histology 
	Testicular Spermatogenesis 
	Testicular Redox Status and Protein Expression of SOD 
	Testicular Apoptosis and Protein Expressions of Apoptosis Markers 

	Discussion 
	Conclusions 
	References

