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Abstract Diabetes mellitus in human and animal models has
been correlated with low sperm count, testicular abnormali-
ties, high levels of germ cell death, and oxidative stress. In this
study, we focus on three questions: (1) Is germ cell apoptosis
stage-specific in diabetic male rats? (2) Could ascorbic acid
(AA) reverse oxidative and histological damage and restore
testicular dysfunction? (3) Could AA treatment restore fertility
parameters in diabetic rats? Adult Sprague-Dawley rats were
divided into four groups: control, diabetic, control plus AA,
and diabetic plus AA. Seminiferous tubules underwent severe
histological damage, together with a change in frequency of
some stages of the seminiferous cycle, and germ cell apoptosis
was increased in a stage-dependent manner in diabetic rats.
We found a significant decrease in testosterone and higher
levels of lipid peroxidation in diabetic rats when compared
with controls. A major finding was that AA reversed the his-
tological damage and peroxidation levels to control levels in
diabetic rats, but testosterone levels remained unchanged. The
pregnancy rate was decreased in females that mated with dia-
betic rats and those treated with AA, but the litter size was
only reduced in the second case. Interestingly, spermatozoa
from diabetic and AA-treated rats showed reduced motility
and hyperactivation, but only diabetic rats had higher levels
of apoptosis when compared with controls. These results sug-
gest that treatment with AA reverses testicular damage in di-
abetic rats but is insufficient to restore testosterone levels,
sperm motility, and fertility in a rat model.
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Introduction

Diabetes is a metabolic disease that affects nearly 300 million
people worldwide (Agbaje et al. 2007). It is estimated that 366
million people will be diabetic by the year 2030, and so dia-
betes is considered a public health problem (Pontes et al.
2011). Diabetes is characterized by hyperglycemia attributable
to a deficiency in insulin secretion (diabetes mellitus type I) or
insulin action (diabetes mellitus type II) and leads to several
systemic abnormalities, such as ophthalmopathies, neuropa-
thies, kidney impairments, and cardiovascular and reproduc-
tive diseases (Maritim et al. 2003; Pitocco et al. 2010;
Zaccardi et al. 2015). With regard to reproductive abnormal-
ities and side effects, diabetes has been associated with sexual
dysfunctions in both male and female individuals. In males,
for whom fertility problems account for around 50% of all
infertility cases at medical consultancy (La Vignera et al.
2012; Poongothai et al. 2009), diabetes causes deleterious
effects on endocrinal hormone secretion (hypothalamic-pitui-
tary-gonadal axis), spermatogenesis, and ejaculation (Sexton
and Jarow 1997). For instance, low levels of testosterone and
androstenedione found in men suggest an effect on Leydig
cells (Gluud et al. 1982). Likewise, results from testicular
biopsies of individuals with diabetes type I who were also
sexually impotent (Cameron et al. 1985) showed decreased
tubule diameters, luminal occlusion, and sloughed germ cells.
Moreover, diminished sperm count and alterations in motility
and morphology have been reported in semen samples of sub-
fertile men with diabetes type I (Bartak et al. 1975; Delfino
et al. 2007; Padron et al. 1984; Ranganathan et al. 2002).
Retrograde ejaculation, an abnormality that occurs when se-
men is redirected to the urinary bladder instead of being
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expelled via the urethra, is another pathology found in these
patients (Greene and Kelalis 1967). Therefore, diabetes is as-
sociated with testicular abnormalities and lower sperm pro-
duction in male diabetic patients.

With regard to testicular abnormalities in diabetes, an-
imal models have provided similar results to those found
in humans suggesting that they are good models for
studying this disease. For example, streptozotocin (STZ;
60 mg/kg ip) or alloxan (40 mg/kg iv) has been found to
reduce significantly the weight of the testes and epididy-
mis of diabetic rats in comparison with normal rats
(Shrilatha and Muralidhara 2007a). In addition, diabetic
rats show a decrease of testosterone levels and diameters
of the seminiferous tubules (Atalay et al. 2009), atrophy
of the tubules and fewer or a total absence of spermatozoa
in the luminal space (Arikawe et al. 2006; Atalay et al.
2009; Scarano et al. 2006; Shrilatha and Muralidhara
2007b), and Sertoli cell damage in early stages of STZ
treatment (Xu et al. 2014).

Spermatogenesis is a complex process in which testicular
stem cells (named spermatogonia) produce spermatozoa un-
der the influence of steroidal hormones, through successive
mitosis, meiosis, and the differentiation of haploid spermatids
(Hermo et al. 2010). Spermatogenesis can be divided into
stages or groups of cells in a specific phase of development
(Russell et al. 1990). Even though the purpose of spermato-
genesis is constantly to produce spermatozoa throughout the
male fertile life, apoptosis or germ cell death have been re-
ported as a physiological event that ensures the quality of
gamete production (Blanco-Rodriguez and Martinez-Garcia
1996; Dunkel et al. 1997; Moreno et al. 2011). In this sense,
some studies have found elevated levels of apoptosis in the
testicular tissue of diabetic rats, an aspect that may be closely
related to hypo-spermatogenesis (Kilarkaje et al. 2014). In
addition, increased levels of the phosphorylation of JNK (c-
Jun NH,-terminal kinase) and the activation of Bax and its
effector caspase-3, all of them indicators of apoptosis, have
been detected in testicular lysates of rats treated with 60 mg/kg
STZ (Koh 2007). Likewise, higher apoptosis, as evaluated by
the Annexin V technique, has been determined in spermato-
gonia, spermatocytes, and spermatids of mice with insulitis, a
pathology that produces a phenotype similar to diabetes
mellitus (Sainio-Pollanen et al. 1997).

Oxidative stress is an important component of the reproduc-
tive system pathogenesis caused by diabetes mellitus. Higher
levels of lipid peroxidation, reactive oxygen species (ROS),
and lower levels of catalase, glutathione reductase, glutathione
peroxidase, and superoxide dismutase antioxidant activity
have been found in cytosolic and mitochondrial fractions of
testes of diabetic rats treated with STZ when compared with
controls (Shrilatha and Muralidhara 2007b). Similar findings
have been reported by Bal et al. (2011) for lipid peroxidation
and glutathione reductase levels. These observations have been
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reinforced by data showing that the activity of antioxidant
enzymes is re-established when rats are treated with a daily
dose of 1.5 mg/kg ascorbic acid (AA; El-Missiry 1999).

AA or Vitamin C is an antioxidant widely prescribed to
treat scurvy and to prevent flu. An antioxidant is a natural or
synthetic substance that scavenges free radicals and protects
against cellular damage. Vitamin C, Vitamin A, Vitamin E,
Q;0 Coenzyme, and several bioflavonoids appear on the list of
antioxidants used by diabetic patients to improve non-
reproductive parameters (Maritim et al. 2003).

Thus, in view of these antecedents, we have focused on
three questions in the present study: (1) Is germ cell apoptosis
stage-specific in diabetic adult male rats? (2) Could AA treat-
ment prevent oxidative and histological damage in diabetic
rats and restore testicular dysfunction? (3) How does AA treat-
ment affect fertility parameters in diabetic rats?

Materials and methods
Chemicals and reagents

STZ, Harris hematoxylin solution, sucrose, chlorhydric acid
(37%), and acetic acid were purchased from Sigma-Aldrich
Chemical (St. Louis, Mo., USA). Sodium citrate and thiobar-
bituric acid, L-ascorbate, and Entellan were acquired from
Merck (Darmstadt, Germany). The terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick end labeling (TUNEL)
kit was obtained from Roche (Roche Diagnostics, Mannheim,
Germany). All chemicals used were of analytical grade. All
solutions were made up with distilled water.

Induction of diabetes

Male Sprague-Dawley rats (8-9 weeks old; 150 — 200 g) were
acquired from the Faculty Animal Facility. Animals were
housed in polycarbonate cages under a 12 L:12D cycle and
were provided with fresh drinking water and rat chow ad
libitum. All animal handling protocols were endorsed by the
Chilean National Fund of Science and Technology
(Fondecyt).

In order to generate a chemically induced diabetic
model, 6— to 8-h-fasted rats were injected intra-
peritoneally with STZ, a [3-pancreatic cell toxicant, ac-
cording to the protocol of Wu and Huan (2008). Briefly,
STZ was diluted in citrate buffer (pH 4.5), was adminis-
trated at a single dose of 65 mg/kg body weight, and was
followed by the administration of 10% sucrose water dur-
ing the following 24 h. For the control group, an equal
volume of citrate buffer was injected, and plain water was
provided. Blood glucose was measured by using reagent
strips (Accu-Check Glucometer, Roche). Animals were
considered diabetic if blood glucose values were higher
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than 200 mg/dl (Hernandez-Salinas et al. 2013; Scarano
et al. 2006; Shrilatha and Muralidhara 2007a). Glucose
and weight were monitored weekly for 60 days under
conditions described previously. All individuals that did
not reach the glucose limit were not considered diabetic
(200 mg/dl) and were excluded from the study.

AA therapy

Animals were randomly divided into four groups of four an-
imals per cage, and the antioxidant therapy was daily admin-
istered by gavage. This therapy started 31 days after diabetes
was confirmed and was continued for another 30 days. The
groups were as follows:

(1) Control group: non-diabetic rats receiving distilled water.

(2) Control + AA group: non-diabetic rats receiving an aque-
ous solution of AA by gavage and at a concentration of
70 mg/kg rat weight.

(3) STZ-diabetic group: STZ-induced diabetic rats receiving
distilled water.

(4) STZ-diabetic + AA group: STZ-induced diabetic rats
receiving an aqueous solution of AA by gavage, at a
concentration of 70 mg/kg of rat weight.

The dose of AA was chosen according to previous studies
performed by our group (Hernandez-Salinas et al. 2015,
2013).

Assessment of stages and morphological analysis

Routine histology was performed to assess cycle stages and
morphology. Briefly, testes were dehydrated in ascending con-
centrations of ethanol and embedded in paraftin. Thin sections
(5-7 wm) were cut and stained with periodic acid-Schiff and
hematoxylin. Sections were mounted with Entellan and exam-
ined under a light microscope (Olympux CX41, Tokyo,
Japan) at a magnification of x600.

Seminiferous tubule stages were classified into
groups: [-III, TV-VI, VII-VIII, IX-XI, and XII — XIV
(Leblond and Clermont 1952; Russell et al. 1990). To
evaluate the frequency of stages, 200 cross sections of
seminiferous tubules were randomly analyzed per indi-
vidual. In addition, an important group of seminiferous
tubules that could not be classified into any stage be-
cause of their high grade of damage were designated as
unidentified. Seminiferous tubule diameters were mea-
sured in rounded-shaped seminiferous tubules and
expressed as an average diameter (um). An average of
TUNEL(+) cells were estimated by counting all
TUNEL(+) cells present in 300 cross sections of semi-
niferous tubules in each animal. All of these studies were
carried out by light microscopy.

Status of lipid peroxidation

Lipid peroxidation was estimated through levels of
thiobarbituric-acid-reactive substances (TBARS). It was
assessed in testicular tissue homogenates by using the method
described by Ramanathan et al. (1994) with slight modifica-
tions and malondialdehyde as a standard (MDA; Sigma-
Aldrich, St. Louis, Mo., USA). Briefly, testicular homoge-
nates were mixed with SDS (8% w/v), TBA (0.8% w/v),
and acetic acid (20% v/v) and heated for 60 min at 90 °C.
Precipitated materials were removed by centrifugation, and
the absorbance of the supernatant was determined at
532 nm. Levels of TBARS were calculated by using a cali-
bration curve with MDA.

TUNEL staining

Fragmentation of DNA was evaluated by immunohistochem-
ical detection with the In Situ Cell Death Detection Kit, POD
(Roche Diagnostics, Mannheim, Germany), according to the
manufacturer’s protocol with some modifications. In short,
testicular tissue sections that had been previously dewaxed
were placed in a Couplin jar containing 0.01 citrate buffer
pH 6.0. They were blocked with 9% hydrogen peroxide in
TRIS-HCI (0.1 M, pH 7.2) containing 3% bovine serum albu-
min (BSA). Slides were rinsed with phosphate-buffered saline
(PBS), and 50 ul TUNEL reaction mixture was added follow-
ed by incubation at 37 °C. Subsequently, 50 pl POD-converter
was added to each section, and slides were incubated for
30 min at 37 °C. After three PBS rinses, 50 pl diaminobenzi-
dine substrate was added, and the slides were rinsed again.
Finally, Entellan (Merck, Darmstadt, Germany) was used to
mount the sections, which were then analyzed by light micros-
copy (Olympus Cx31, Japan).

Plasma testosterone determination

After sedation of the rats with CO,, blood was collected in
tubes containing clot activator and centrifuged (4000 rpm,
10 min, 4 °C) in order to obtain plasma for the assessment
of testosterone. Values for testosterone were determined by
radioimmunoassay (RIA) by using the kits from the WHO
Matched Reagent Programme (World Health Organization —
Program for the Provision of Matched Assay Reagents for the
Radioimmunoassay of Hormones in Reproductive
Physiology, Genéve, Switzerland, 1980), following the man-
ufacturer’s protocol. The sensitivity for this assay was 380 fM.

Sperm isolation and capacitation assay
Mature rat cauda epididymal sections were separated from the

epididymis and placed in 1 ml non-capacitation medium at
37 °C under mineral oil. Three incisions were made with fine
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scissors, and the non-capacitation medium drops containing
the tissue were incubated for 20 min to allow the spermatozoa
to swim out. Media were prepared according to Kaplan and
Kracier (1978) with double-distilled and deionized water.
Stock solution A contained 87.9 mM NaCl, 5.1 mM KCI,
1.5 mM KHPOy,, 1,5 mM MgSO4, 14 mM CaCl,,
31.25 mM HEPES (N-2-hydroxietil piperazine-N’" -2-
etanosulfonate), and 4 mg/ml phenol red. Stock A was titrated
to pH 7.2. Stock solution B contained 167.1 mM NaHCO;
and 3 mg/ml phenol red. The final solution for the capacitation
medium was prepared by mixing 80 ml solution A and 15 ml
solution B and by adding 0.54 mM glucose, 10,000 units pen-
icillin, 5 mg streptomycin, and 400 mg BSA to give a final
volume of 100 ml (Kaplan and Kraicer 1978). Non-
capacitation medium was based on the solution described
above, but NaHCO; and BSA were substituted by NaCl and
HEPES. Aliquots of the original suspension were diluted to
5 x 10° cells/ml fresh capacitation or non-capacitation medi-
um and incubated for up to 2.5 h at 37 °C under an atmosphere
of 5% COs.

Annexin V-PI assay

Phosphatidylserine exposure was evaluated by flow cy-
tometry (fluorescence-activated cell sorting [FACS]) with
the Annexin V-FITC and propidium iodide (PI) kit fol-
lowing the manufacturer’s recommendations (Invitrogen,
Carlsbad, Calif., USA) with some modifications. Mature
rat sperms were recovered from the cauda epididymis in
tempered PBS, concentrated to 1 x 10° cells/ml, and
washed twice in cold PBS. The suspension was split into
four tubes of 100 ul each. One tube was used to evaluate
autofluorescence, the second was incubated with 0.5 uM
PI, the third with annexin V-FITC, and the fourth with
Annexin V-FITC plus 0.5 uM PI. The samples were
vortexed and incubated for 15 min at room temperature
in darkness. Fluorescence was evaluated in a FACS Canto
Cytometer (BD Biosciences, San Jose, Calif., USA), and
10,000 gated events were acquired for each condition. All
data were analyzed by using FCS express V2.0 software
(De Novo Software, Los Angeles, Calif., USA).

Dicholorofluorescein-diacetate-PI assay

Oxidative stress was evaluated by flow cytometry by
using the dichlorofluorescein diacetate (DCF-DA) and PI
kit following the manufacturer’s recommendations
(Molecular Probes D399, Invitrogen, Carlsbad, Calif,,
USA). Rat sperm were recovered from epididymis in tem-
pered PBS and concentrated to 1 x 10° cells/ml. The sus-
pension was split into four tubes of 100 ul each. One tube
was used to evaluate autofluorescence, the second was
incubated with 0.5 uM PI, the third with 25 uM DCF-
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DA, and the fourth with 25 uM DCF-DA plus 0.5 uM PI.
Fluorescence was evaluated in a FACS Canto Cytometer
(BD Biosciences), and 10,000 gated events were acquired
for each condition. All data were analyzed by using FCS
express V2.0 software (De Novo Software).

Computer-assisted sperm analysis

Sperm motility was analyzed at Centro de Espermiogramas
Digitales Asistidos por Internet (CEDALI, http://www.cedai.
cl) by analytical computational tools developed in SCIAN-
Lab (http://www.scian.cl) based on Interactive Data
Language (IDL) 8.2 (ITT, Bolder, Colo., USA). The
CEDAI system has been standardized and validated by
three experts in human semen analysis, and CEDAI has
shown a high correlation with the CASA SCA system
(http://www.micropticsl.com/products/sperm-class-
analyzer-casa-system/). The algorithm for the
quantification of human semen parameters has been
previously adapted and published for the analysis of
mouse spermatozoa (Busso et al. 2014). Head size and head
shape parameters were adjusted for rat sperm detection by
visual analysis by an expert. The evaluation of tail move-
ment was included in the motility classification criteria.
Three sperm motility groups (Progressive, Slow, and
Hyperactivated) were selected from test tracks to check/
define rat motility parameters and thresholds. Image acqui-
sition was carried out at xy resolution (750/580 pixels, 650/
484 mm, 8-bit intensity scale), and one-second videos were
captured at 30 Hz with a charge-coupled device (CCD)
scA780-54 gc camera (Basler, Ahrensburg, Germany) with
a light-emitting diode (LED)-illuminated Zeiss microscope
(Axio Lab.A1; Ls objective; Dark Field). Home-made soft-
ware (CEDAI-GRABBER) controlled image acquisition.
Sperm samples (10 pl) were added into a Neubauer cham-
ber (10 um deep) to obtain microscope acquisitions. At
least three samples from each animal and time point were
analyzed following the same procedure. Interactive compu-
tational tools for sperm head and tail segmentation and
tracking were adapted from a system optimized/optimized
for human sperm motility analysis at CEDAI. Tracks of 15—
30 points were accepted. Four types of sperm trajectories,
namely hyperactivated (HY), progressive (PR), slow, and
static, were classified according to a combination of head
and tail motility patterns (VSL: straight line velocity; VCL:
curvilinear velocity; ALH: lateral head displacement; LIN:
linearity; WOB: balancing). Head motility patterns were as
follows: Static (VSL < 10 um/s), Slow (VCL < 50 um/s),
PR (VCL > 50 pm/s), HY (VCL > 100 pum/s; LIN < 51%;
ALH > 2.0 pum). Tail motility patterns: Static
(VSL £ 10 pm/s), Slow (VCL < 50 um/s), PR
(VCL > 50 pm/s), HY (LIN < 38.0%, ALH > 0.88 um,
WOB > 16 pm).
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Statistical analysis

Data are expressed as means + SEM. Comparisons between
groups were made by using an analysis of variance (ANOVA)
or a non-parametric test, namely the Mann-Whitney U-test,
with GraphPad Prism 5.0 (La Jolla, Calif., USA).
Differences were considered significant at P < 0.05.

Results

In order to induce diabetes, 6— to 8-h-fasted animals were
injected with 65 mg/kg STZ according to the protocol de-
scribed above (see Materials and methods). In animals treated
with STZ, blood glucose levels rose approximately three-fold
during the first week when compared with the control group
(Fig. 1a). By the end of treatment (63 days), blood glucose
values had steadily increased up to 5 times when compared
with controls. On the other hand, blood glucose levels of con-
trol rats did not change during the studied period. Body weight
of controls steadily increased, whereas the weight of diabetic
rats only slightly changed during the 63 days after STZ injec-
tion (Fig. 1b, P < 0.001). Treatment with AA did not change
blood glucose levels or body weight in control rats. To find out
if AA treatment was an effective antioxidant therapy, we esti-
mated the levels of MDA as a measure of lipid peroxidation in
testicular homogenates (Fig. 2). We found a significant two-
fold increase of MDA levels in diabetic rat testes
(1.10 £ 0.22 nmol/mg protein) when compared with the con-
trol group (0.40 = 0.09 nmol/mg protein, P = 0.02). The treat-
ment with AA reduced the MDA levels in diabetic rats to
values similar to those of controls (Fig. 2).

Thus, our results showed that STZ promoted elevated
blood sugar level and decreased body weight together with
its effect on oxidative stress in our rat model. In addition,
treatment with AA decreased oxidative damage in testes but
did not have any effect on blood glucose levels or body
weight.

Diabetes induce testicular damage

The next step was to determine the extent of testicular damage
in diabetic rats. The relative weight of testes in animals from
the four groups was similar (Table 1). The diameter of semi-
niferous tubules and epithelium thickness decreased in diabet-
ic rats when compared with those of control rats (Table 1,
Fig. 3a, b). Diabetic rats treated with AA showed a partial
reversion of these parameters but did not reach control levels
(Table 1, Fig. 3f). AA treatment did not modify the diameter of
seminiferous tubules or epithelium thickness in control rats
(Fig. 3f, Table 1). In addition, diabetic rat seminiferous tubules
showed empty spaces in the seminiferous epithelium (also
named vacuolization, Fig. 3c, arrow), and some of them
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Fig. 1 Ascorbic acid (AA) does not modify weight or glycemia in
diabetic adult rats. Diabetes was induced in adult rats on week 0 by a
streptozotocin (STZ) injection at a dose of 65 mg/kg followed by oral
administration of 10% sucrose water for 24 h. Ascorbic acid was
administered by gavage. Blood glucose (a) and body weights (b) were
monitored weekly. Each point represents mean = SEM. Mann Whitney
U-test (*P < 0.05, ***P < 0.001 vs values in control rats)

showed individual or groups of sloughed cells in the lumen
(Fig. 3d, arrowhead). Quantification of these alterations
showed that they were significantly higher in diabetic rats
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Fig. 2 Lipid peroxidation in testes of diabetic rats with and without
ascorbic acid (AA). Lipid peroxidation was measured in protein extract
from testes of control (n = 4), diabetic (n = 10), control + AA (n = 6), and
diabetic + AA (n = 9) rats. Bars Means + SEM (*P < 0.05, **P < 0.01)
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Table 1

Morphofunctional parameters of control and diabetic rat testes with or without ascorbic acid (AA) treatment. Significant statistical

significances in comparison to control rats is shown (*P < 0.05, **P < 0.01, ***P < 0.001)

Groups Ratio Diameter of Lumen Seminiferous Percentage of Percentage of
testis/body (%) seminiferous diameter (pm) epithelium tubules with tubules with
tubules (pm) thickness (pm) vacuolization (%) desquamation
Control 0.50£0.01 4362 £ 8.1 216.7+£2.6 1092 £1.1 50+0.8 3.0£0.6
Diabetic 0.54 +£0.02 395.0 + 12.3%* 2114 +3.0 98.7 & (.97 28.3 + 3.5%* 25.7 £2.2%*
Control + AA 0.49 £0.02 4250+0,5 2159+£2.7 108.8 £ 1.1 74+0.8 21+02
Diabetic + AA 0.50£0.01 4123 £10.9%* 209.6 £3.0 97.9 £ (.9%** 9.9 + 1.8%* 8.3 +£0.9%*

when compared with controls (Table 1). Interestingly, the
vacuolization of seminiferous tubules and cell sloughing were
reduced in animals treated with AA (Fig. 3e, Table 1).

Next, we studied whether the seminiferous cycle was af-
fected in diabetic rats. Results showed that diabetic rats pre-
sented a significant proportion of seminiferous tubules whose
identity could not be ascribed to a particular stage (Fig. 4). In

Fig. 3 AA prevents testicular
histological damage in diabetic
rats. a Seminiferous tubules from
control rats showing complete
spermatogenesis. b-d
Seminiferous tubules from
diabetic rats showing a decreased
diameter and disorganized
morphology (arrow
vacuolization, arrowhead
desquamation). e Control testes
treated with AA exhibiting
normal histological appearance. f
Testes of diabetic rats treated with
AA. Note the amelioration of
seminiferous tubule damage
when AA was administrated.
Magnification x400. Bar 100 pm
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addition, we found a significant decrease in the frequency of
stages VII-VIII and a concomitant increase in stages XII-XIV
in diabetic rats, when compared with control rats (Fig. 4). This
dramatic effect observed in diabetic rats might have been at-
tributable to a significant decrease in circulating plasma levels
of'testosterone in comparison with control rats (0.19 +0.02 v/s
2.06 £ 0.66 ng/ml, Fig. 5). When diabetic rats were treated
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Fig.4 AA reverts changes in the frequency of stages in testes from STZ-
induced diabetic rats. Frequencies were obtained during histological
examination of 100 cross sections by light microscopy. Values represent
means + SEM observed frequency of stages. Control n = 5; diabetic n = 5;
Control AA n = 3; Diabetic + AA n = 5. Significant differences from
controls are indicated (*P < 0.05, **P < 0.01)

with AA, the frequency of stages VII-VIII and XII-XIV was
restored, and the number of unidentified tubules reduced (Fig.
4). However, the plasma testosterone level was not reinstated
to that observed in control rats with or without AA (Fig. 5).
Thus, these results suggest that the changes in stage frequency
observed in diabetic rats are probably related to oxidative
damage and not to testosterone levels.

Diabetes promotes a stage-specific increase of germ cell
apoptosis

In order to determine the degree of apoptosis, we quan-
tified the number of TUNEL(+) cells in randomized cho-
sen seminiferous tubules (total of 300 tubules per animal;
n = 3). As a whole, results showed a tendency to in-
creased apoptosis (TUNEL(+) cells) in diabetic rats when
compared with controls (Fig. 6, P = 0.059). The percent-
age of tubules with three apoptotic cells in diabetic rats
was significantly higher than that in controls, and in
some tubules, four (P = 0.22), five (P = 0.1), and six
(P = 0.1) apoptotic cells (Fig. 7) could be seen. The
apoptosis rate in seminiferous tubules of diabetic rats
treated with AA was similar to that in controls (Fig. 6a,
7). Interestingly, AA treatment reduced physiological ap-
optosis in control rats (control = 0.79 £ 0.09 versus di-
abetic = 0.20 = 0.12, P < 0.05), suggesting that oxidative
stress is important in this process during normal sper-
matogenesis (Fig. 6a). We observed that spermatocytes
were more likely to be marked positively for TUNEL
staining regardless of the origin of the tubules (from
control or treated rats; Fig. 6b-e). In order to detect sub-
tle changes in the apoptosis rate in seminiferous tubules,
we decided to quantify TUNEL(+) cells in the various
stages of the seminiferous epithelium. The rate of
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Fig. 5 AA did not restore plasma testosterone levels in diabetic rats.
Plasma levels of testosterone were measured 2 months after treatment
with a single dose of STZ; radioimmunoassay (RIA) technique.
Depicted columns are means = SEM (*P < 0.05). Control (n = 4),
control + AA (n = 5), diabetic (n = 6), diabetic + AA (n = 3)
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Hasma testosterore (ng/ml)
N

apoptosis was corrected by the frequency of the stages
found in normal (control) and diabetic rats. Results
showed a significant increase in levels of apoptosis in
diabetic rat testes at stages I- IV (0.67 + 0.08), IV-VI
(control 0.5 + 0.09 vs. diabetic 1.98 + 0.42; P = 0.05),
VII-VIII (control = 0.51 = 0.21 vs. diabetic = 1.07 + 0.16;
P = 0.03), and unidentified seminiferous tubules (con-
trol = 0.41 £ 0.25 versus diabetic = 1.91 + 0.44;
P = 0.02). Administration of AA to diabetic rats signif-
icantly reduced apoptosis to values similar to that of the
controls at stages [-VIII and XII-XIV, but not in the
unidentified group (Fig. 6g). In addition, we found san
increase in the percentage of seminiferous tubules with 3
apoptotic cells, and after AA treatment, the percentage of
tubules with 4, 5, and 6 cells significantly decreased
(Fig. 7). Thus, these results suggest that AA prevents
stage-specific germ cell apoptosis in diabetes rats.
Finally, we wanted to explore whether spermatozoa
were also affected in diabetic rats. Results showed that
the percentage of hyperactive spermatozoa in control
mice was higher in capacitating medium (CM) when com-
pared with non-capacitating medium (NCM; Fig. 8a).
Hyperactivation was similar in CM and NCM in sperma-
tozoa from the other three experimental groups and was
significantly reduced when compared with controls. The
percentage of progressive motility and slow-moving sper-
matozoa was similar in the four experimental groups re-
gardless of incubation in CM or NCM (Fig. 8b, ¢). On the
other hand, the percentage of static spermatozoa (showing
no type of movement) was significantly higher in diabet-
ic, diabetic + AA, and control + AA samples when com-
pared with controls in CM and NCM (Fig. 8d). Since we
found an increased proportion of static spermatozoa, we
wondered about their viability, and so we quantified
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Fig. 6 AA restores germ cell a
apoptosis of diabetic rats to
control levels. a Diabetic rat
exhibited a tendency to higher
levels of apoptosis than control
(control = 0.79 + 0.09 versus
diabetic = 1.41 +0.28). Treatment
with AA restored germ cell
apoptosis in diabetic rats to a
value similar to that of controls
(control =0.20 = 0.12 vs
diabetic = 0.68 + 0.16). No
significant differences were
found. b—f Micrographs of
seminiferous tubules in stages
VII-VIII from (b) control, (¢)
diabetic, (d) control + AA, (e)
diabetic + AA (arrowheads
apoptotic cells). Note that no
signal was detectable in negative
control (f) or Sertoli cells.

Bar 100 um. g Seminiferous
tubules in stages (IV-VI) and
(VII-VIII) and unidentified
seminiferous tubules showed a
higher level of apoptosis than
controls. When ascorbic acid was
administered to diabetic rats,
these levels returned towards
control values. Control n = 4;
diabetic n = 5; control AA n =3;
diabetic + AAn=4

Average of Tunel(+) Cells
per Tubule
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results following the exposure of spermatozoa to
phosphatidylserine (Annexin-V positive cells) and PI in-
corporation by flow cytometry. Spermatozoa from diabet-
ic rats showed an increased proportion of Annexin-V- and
PI-positive cells when compared with controls and those
treated with AA (Fig. 9a, b). In addition to PI incorpora-
tion, we assessed oxidative stress through the fluorescent
probe 2',7'-dichlorodihydrofluorescein diacetate (DCF),
which is a sensor of reactive oxygen species (ROS).
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Interestingly, spermatozoa from diabetic and AA-treated
animals showed an increased percentage of positive cells
for DCF (Fig. 9a), but only spermatozoa from diabetic
rats were positive for both DCF and PI (Fig. 9d). This
suggests that, despite the higher levels of oxidative stress
in spermatozoa from AA-treated rats, only those from
diabetic animals were dead. Thus, higher levels of oxida-
tive stress (ROS) correlate with an increase in death and
decreased motility in rat spermatozoa.
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Fig. 7 Frequency of apoptotic cells.
(AA), diabetic and diabetic plus AA.

Discussion

In this work, we show that diabetes induced by STZ in male
rats promotes several histological alterations, changes in the
frequency of seminiferous epithelium stages, increase of oxi-
dative stress, and germ cell apoptosis together with a decrease
in plasma testosterone, sperm motility, and fertility. Treatment
with AA reduced the levels of peroxidation and histological
alterations in seminiferous tubules but did not restore the plas-
ma levels of testosterone, fertility, or sperm motility.
Previous studies have shown that diabetic rats present se-
vere damage in seminiferous tubules together with increased
apoptosis (El-Missiry 1999; Kilarkaje et al. 2014; Koh 2007,
Xu et al. 2014). Our data supported the previous findings and
revealed that more than 50% of the tubules have some type of
damage such as vacuolization and/or cell detachment from the
basal membrane. We also found that diabetic rats present a
decrease in the diameter of their seminiferous tubules. One
of the questions that we wished to answer in this work was
whether alterations in seminiferous tubules were dependent on
the seminiferous epithelium cycle. Interestingly, we deter-
mined that the frequency of stages VII-VIII and XII-XIV in
diabetic rats was significantly different from that of control
animals. Moreover, we discovered that the stages of a signif-
icant portion of seminiferous tubules could not be assessed in
diabetic rats. During stages VII-VIIL, fully mature spermatids
are known to be released into the seminiferous lumen, where-
as during stages XII-XIV, zygotene spermatocytes develop
into pachytene, and meiosis II takes place giving rise to

Percentage (%)

Percentage (%)

2 apoptotic cells per
seminiferous tubule

3 apoptotic cells per

seminiferous tubule
k.3

1 1 | %

-

Percentage (%)

f 6 apoptotic cells per
seminiferous tubule

7 and more apoptotic cells per
seminiferous tubule

*

—

Percentage (%)

Graphs represent the frequency of apoptotic cells per seminiferous tubules in control, control plus ascorbic acid
Control n = 4; Diabetic n = 5; Control AA n = 3; Diabetic + AAn=4

haploid round spermatids. Furthermore, spermatids type 11
advance to spermatids type 14 (Hermo et al. 2010; Russell
et al. 1990). Therefore, our findings suggest a detention and/
or slowdown of the cell cycle at stages XII-XIV possibly
leading to a decrease in the production of fully mature sper-
matids. On the other hand, the reduction of tubules in stages
VII-VIII suggests a decrease in the release of fully mature
spermatids into the seminiferous tubule lumen. Our data might
explain the reduction in sperm production of diabetic rats ob-
served in this study and previous work (Fernandes et al.
2011a; La Vignera et al. 2012; Scarano et al. 2006).

Our data reveal that a two-fold increase occurs in the MDA
levels in diabetic rat testes. Previous studies have shown that
Wistar rats treated with 50 mg/kg STZ and maintained during
five weeks exhibit an increase of ~ 2.6 times in lipid peroxi-
dation levels compared with control rat levels (192.8 £21.5 vs
74. 9 £ 3.1 nmol/ml MDA, P < 0.001; Bal et al. 2011). In
another study of rats treated with 40 mg/kg STZ, MDA levels
in diabetic rats were found to be double those in control levels
(Kong et al. 2016). Other work determined a ratio of ~1.7
times between the two groups (diabetic = 2.60 £+ 0.24 vs
control = 1.67 £ 0.09 nmol/mg protein; Orman et al. 2015).
Finally, another study in Wistar rats treated with STZ
(60 mg/kg) showed that MDA levels were ~1.5 times higher
than the control levels, and that, after AA administration for
21 consecutive days (30 mg i.p / day), those levels were re-
duced to one third (Naziroglu 2003). Thus, the level of MDA
found in the present study is within the ranges previously
reported. Curiously, our findings demonstrate that the
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Fig. 8 Spermatozoa motility a Hyperac’uvated b prog ressive
analysis in control and diabetic
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treatment with 70 mg/kg AA does not restore the testosterone
levels in diabetic rats but recovers the frequency of seminifer-
ous tubules stages to values similar to those of controls. Only
two studies in diabetic rats have shown that treatment with
150 mg Vitamin C per day or 429 mg/kg (considering 350 g
as being rat weight) restores the levels of plasma testosterone
to values similar to those of controls (Fernandes et al. 2011a,
2011b). However, the dose in those previous studies was 7
times higher than that used in this study and 15 times higher
than the highest dose in humans (28 mg/kg, human weight 70
kg) based on a daily intake of 2000 mg (Mayo-Clinic 2015:
http://www.mayoclinic.org/vitamin-c/expert-answers/FAQ-
20058030?p=1). Thus, the results of those studies do not fully
apply to humans, and their results may be skewed because of
the non-physiological dosage of Vitamin C. Interestingly,
treatment of STZ-induced diabetic rats with insulin did not
restore apoptotic levels or histological seminiferous tubule
damage to control levels, as we report here with AA (Xu
et al. 2014). This might be because of the broader spectrum
of action that AA has in reducing oxidative damage and thus
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in reversing direct and indirect effects of insulin signaling. On
the other hand, STZ has been shown to induce cytotoxicity by
increasing ROS/RNS production, oxidative stress, and mito-
chondrial dysfunction (Raza and John 2012). Thus another
plausible interpretation of the results of this study is that
STZ directly damages the testes, and that AA reverts this
cytotoxicity.

Previous findings and those presented in this study show a
reduction in the levels of testosterone in diabetic rats, suggest-
ing that this effect is linked to alterations in spermatogenesis
stage frequency (Fernandes et al. 2011a, 2011b; La Vignera
et al. 2012; Scarano et al. 2006; Shrilatha and Muralidhara
2007a; Wu and Huan 2008). The reduction in testosterone
levels, in diabetic rats, has been linked to a decrease in 3-3-
hydroxysteroid-dehydrogenase (HSD) and 17-HSD enzyme
activities in Leydig cell because of oxidative stress, since
treatment with an antioxidant such as Vitamic C reverts the
hormone levels to those similar to control levels (Chang et al.
2007; Sen Gupta et al. 2004). We have shown here that treat-
ment with 70 mg/kg AA does not improve the levels of
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testosterone but reduces histological damage and apoptosis in
testes from diabetic rats. These results suggest that the oxida-
tive damage rather than the decrease in testosterone levels
causate seminiferous tubules damage and increased apoptosis
in diabetic rats. However, alternative pathways, not related to
oxidative stress, might trigger testicular damage and decrease
sperm motility and viability. This scenario may be the eason
that AA restores testicular histology, but not fertility.

Studies from other authors have shown correlation between
the levels of AA and the percentage of morphologically ab-
normal human spermatozoa (Colagar and Marzony 2009; Das
et al. 2009). In addition, the levels of AA have been found to
be lower in infertile men (Colagar and Marzony 2009).
However, Silver et al. (2005) determined no correlation be-
tween the index of DNA fragmentation in sperm and the daily
dose of Vitamin C in a healthy non-smoking population.
Moreover, Rolf et al. (1999) detected no effect on semen pa-
rameters in patients with asthenozoospermia or moderate
oligoasthenozoospermia treated with high-dose vitamin C
and vitamin E. Thus, the scarce data in humans is still contro-
versial. We have found here that most spermatozoa from dia-
betic rats do not move because they are dead, as evaluated by
PI and Annexin-V. However, this finding does not explain the

great proportion of motionless spermatozoa found in AA-
treated rats. In this regard, all static (motionless) spermatozoa
show high levels of ROS as evaluated by the probe DCEF,
which suggests that, despite having high levels of oxidative
stress, AA treatment protects them from death, but not from a
decrease in motility. These results may partly explain the re-
duced fertility observed in diabetic and AA-treated animals
when compared with controls. Our results agree with previous
studies in human spermatozoa showing a correlation between
higher ROS production and lower cell viability and motility
(Dona et al. 2011). Interestingly, we found that AA treatment
in non-diabtetic rats decreased sperm motility, a finding that
might be attributable to an effect of AA on ROS in mature
spermatozoa. When generated at lower and controlled levels,
ROS act as second messengers (de Lamirande and Gagnon
1992; de Lamirande and O’Flaherty 2008), and its balance is
important for mammalian spermatozoa to maintain motility
and achieve capacitation. In this context, exogenous AA
might imbalance ROS production and alter the signaling path-
ways involved in sperm motility.

Diabetes is a complex pathology involving multiple steps
and affecting various organs, among them testes and sperm
production. We have shown that, in a rat model, diabetes
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impairs testicular organization and affects sperm motility,
mainly by increasing oxidative stress, which contributes to
the decreased fertility of these males. Our results suggest that
Vitamin C might be a good choice for reverting testicular
damage, but not sperm motility or fertility.
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