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Introduction: Diabetes and thyroid dysfunction often co-exist. One
autoimmune disorder always invites another and it has been reported that
such co-morbid ailments always become detrimental to the health of the
patients.

Materials and methods: In our previous work, we elucidated the interactions of
diabetes and hypothyroidism on testicular development and spermatogenesis.
However, the present study illuminates the interface between diabetes and
hyperthyroidism, where 16 ICR pregnant primiparous mice were used and
subsequently 48 male pups were randomly selected (n=12/group) and
separated into 4 groups: control (C), diabetic (D), diabetic + hyperthyroidism
(DH) and hyperthyroidism (H).

Results: Computerized sperm analyses showed significant reductions in count
by 20% and increases of 15% in D and H animals, respectively, vs. controls.
However, rapid progressive sperm motility was significantly lower only in D (30%)
compared with C mice. Our histomorphometric investigation depicted
damaging effects on testicular and epididymal tissues; the stroma adjacent to
the seminiferous tubules of the D mice revealed edematous fluid and
unstructured material. However, in the epididymis, germ cell diminution
contraction of tubules, compacted principal and clear cells, lipid vacuolization,
atypical cellular connections, exfoliated epithelial cells, and round spermatids
were conspicuous in DH mice.

Discussion: Collectively, our experiment was undertaken to ultimately better
recognize male reproductive disorders in diabetic-hyperthyroid patients.
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1 Introduction

Organ-specific autoimmune disorders are developing in certain
individuals, and many families have become victims of such
syndromes (1). Persistent hyperglycemia can affect thyroid gland
activity, one of the important endocrine systems in animals (2). The
two most frequent endocrine ailments encountered in clinical
practices are the thyroid diseases and diabetes mellitus (3). The
high occurrence of autoimmunity of thyroid (AIT) and thyroid
malfunctioning have been reported in type-1 diabetic patients (4).
The strong association between diabetes and thyroid diseases
stimulated the American Diabetes Association (ADA) to
recommend that people with diabetes be tested sporadically for
thyroid malfunctioning (5). Many diabetic individuals have also
been extensively reported to have reproductive alterations (6), the
relationship between the two endocrine disorders has been
described in various groups during the past two decades (7-9). It
is reported that deiodinases and thyroid receptors are presented in
the testis, and thousands of novel genes in testes that are regulated
by T3 (1, 3). It certainly affects the glucose metabolism which is
critical in the testis function. Testes regulate the carbohydrate
metabolism in turn. For example, testosterone which mainly
secreted from the testis in male animals are involved in
carbohydrate metabolism via direct effects on skeletal muscle,
liver, adipose tissue, and immune cells and indirectly through
changes in body fat mass and distribution (10).

Thyroid malfunctioning has been found to be predominant
among diabetic populations when compared with non-diabetics
(11). In our previous study, we examined the concomitant effects of
diabetes mellitus and hypothyroidism on spermatogenesis (12).
However, the regarding synchronous effects of diabetes mellitus
and hyperthyroidism on spermatogenesis are scarce.

The consequences of the concomitant metabolic disturbances
on the different systems of the body have been debated only
retrospectively based upon clinical case records in humans, but
the data were seen as deficient in the context of research trials for
the investigation of such syndromes and their connections with
reproductive fitness. This investigation attempts to mimic such
complications where multiple glands are involved by producing
experimental DM concurrently with hyperthyroidism through
injections of STZ and levothyroxine, respectively. The
consequences of these co-morbid metabolic indices were
examined in the morphology of testis and epididymis, along with
a quantitative evaluation of endocrine hormones and
spermatogenesis in the germinal epithelia of the testis.

2 Materials and methods
2.1 Ethics statement

The investigational procedures involving mice were directed in
agreement with the Guide for the Care and Use of Laboratory
Animals organized by the Institutional Animal Care and Use
Committee of Nanjing Agricultural University, China.
Authorization regarding the use of laboratory animals in our
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university was certificated by No. SYXK (Su) 2017-0007, and the
ethics approval number of this project is NAU2015018 from our
university ethics committee.

2.2 Experimental animals and treatments

Sixteen primiparous ICR-strain female mice, pregnant for
approximately 15 days were purchased from the Qinglongshan
Laboratory Animal Company (Nanjing, China). These animals
were maintained at a controlled temperature (21-22°C), light
cycle (12h light vs 12h dark), and humidity (65%-70%). Tags
were made for all mice and mice were offered standard balanced
mouse pellets as feed with drinking water ad libitum. Following
parturition, 48 male pups were randomly selected (n=12/group)
and distributed into 4 groups: C, D, DH, and H. We used cold
citrate buffer (pH 4.4) to dissolve STZ for immediate use prior to
injection. Diabetes was induced in pups of groups D and DH by 3
intra-peritoneal injections of STZ at a dose of 40 mg/kg on postnatal
days 3, 4 and 8 (13). The induction of diabetes in pups was proposed
on postnatal day 3 because most of the testicular cell population
started to develop at about the same day in mice (14). The second
reason was to avoid maternal aggression leading to pup
cannibalism. The post-delivery females of groups DH and H were
made hyperthyroid by injecting 0.3 mg/kg body weight of
levothyroxine on a daily basis (15). After weaning (24 d), half of
the pups were sampled and observed, and the other half continued
to receive the same hyperthyroid treatment until 56 days of age. The
total duration of treatment to the experimental animals was
8 weeks.

2.3 Collection of samples

Regarding the animals (n=6/group) that were sampled at 24 d
(weaning), following measurement of body weights, the animals
were anesthetized with halothane for collection of blood samples
and then euthanized by cervical dislocation. The weight of both
testes and epididymides were recorded and the left testis and
epididymis were fixed in 4% paraformaldehyde for histologic
analysis. Blood serum was isolated by centrifugation of the
samples at 4000 g for 10 min., and the sera were stored at —80°C
until further use.

Spermatozoa of 56-day-old mice were collected according to
our laboratory methods (16). We carefully collected each cauda
from all mice and following washing with normal saline at 37°C,
they were transferred to 1.5-ml Eppendorf tubes containing 500 pl
of artificial human tubular fluid (HTF, 37°C) medium (17).

2.4 Biochemical assays

The random blood glucose levels of every mouse were assayed
during blood sampling with a Sannuo rapid blood glucose meter
(Sinocare Inc., Changsha, China). The maximal limit of the device is
27.8 mmol/L, so the values above that we denoted as 28 mmol/L.
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We determined serum concentrations of hormones by using
commercial radioimmunoassay (RIA) kits (North Institute of
Biotechnology, Beijing, China) at the General Hospital of the
Nanjing Military Command, Nanjing, China. The sensitivity for
insulin-like growth factor 1 (IGF-1), testosterone (T), free thyroxine
(fT4), and free triiodothyronine (fI'3) were <5 ng/ml, 0.02 ng/ml, 1
fmol/ml, and 0.5 fmol/ml, respectively. The intra- and inter-assay
coefficients of variation for all hormones (IGF1, T, fT4, and fT3)
were <10% and <15%, respectively.

2.5 Sperm quality assessment

2.5.1 Sample preparation

After 8 weeks of treatment, cauda epididymides were isolated,
cleaned once in normal saline, separated from fat and adjoining
tissues, and transferred to 500 ul of sperm suspense on medium
(HTF). The cauda epididymides were incubated at 37°C in 5% CO2/
95% air for 5 minutes, minced 5-7 times inside the tube, and left for
15 min under the same conditions to allow the release of sperm into
the medium.

2.5.2 Sperm count

A Neubauer chambered slide was used for counting sperm at a
1:20 dilution (18),. We then measured the average sperm density in
millions/millimeter by counting them in the 4 large corners and the
center squares.

2.5.3 Sperm motility

Briefly, for the sperm motility assessment, we prepared a 10-pl
sample to perform computer-assisted sperm analysis (CASA), and
for every single evaluation, we analyzed 30 frames in 0.5 sec and
made 6 measurements, with a total of at least 2000 spermatozoa for
each animal (16).

2.6 Histomorphometric analyses

The fixed-tissue samples were dehydrated through a graded
series of alcohol, cleared in xylene, and embedded in paraffin. The 5-
pm thick sections were cut and stained with hematoxylin and eosin
(HE). Three independent observers, unaware of the slide identity,
observed histo-morphologic changes under a light microscope
(Nikon, Tokyo, Japan). Epithelial cells, gametes, and interstitial
spaces were examined, noting extent of epithelial thickening, and
diameter and size of the lumen in micrometers. The morphometric
measurements were done by microscopic calibration under 400x
magnification in accordance with systematic technique of
microscopic investigation (12).

2.7 Statistical analysis

Graph Pad Prism (Version 5.0) software was used
for computations. Values are presented as means * standard error
of the mean (SEM). The variances of groups were calculated with 1-
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way ANOVA, followed by Tukey’s post-hoc test and 2-way ANOVA
by considering Bonferroni post-hoc tests to compare the means of the
replicates. A P-value of <0.05 was considered significant.

3 Results
3.1 Body, testes and epididymal weights

Body weights of experimental animals were recorded before
sacrifice. The pre-pubertal mice showed decreased body weights
following the induction of diabetes and hyperthyroidism; however,
it was profoundly diminished in the DH (by 32%) mice in
comparison to controls (Figures 1A, 2). The 80% of pre-pubertal
mice in the DH and D groups exhibited no and fewer hairs on their
body, respectively. However, this type of disorder disappeared,
when they entered the age of puberty (Figure 2). When these
mice entered the age of puberty at day 56, the mice of DH were
found consequently suffering from lower weights (40%), followed
by D (29%) compared with control animals. However, the animals
receiving levothyroxine (0.3 mg/kg body weight) daily reset their
body weights to normal levels with no statistical differences in
comparison to control animals.

3.2 Blood glucose and hormone levels

Following the induction of diabetes with STZ, >95% animals
were observed to be in the state of polydypsia, polyphagia and
polyuria until the end of the trial. At the time of sacrifice, the
random blood glucose levels (Figure 1D) of immature animals were
significantly elevated in the D (108%) and DH groups (112%), while
at 56 d of age, these values were markedly higher in the D (254%)
and DH (225%) groups in comparison to the control group.
However, the control and hyperthyroid mice showed no statistical
differences during the short- and long-term study periods.

Serum levels of IGF-1 (Figure 1E) were remarkably decreased in
STZ-diabetic mice, however, it was found to be significantly
elevated in hyperthyroid animals in both study periods.
Hyperthyroidism consistently augmented IGF-1 levels of DH
mice to the same level as controls. The growth rate of animals
remained at a peak level just before and after puberty, and this, we
believe, is why IGF-1 values showed no overall statistical
significance between pre- and post-pubertal periods.

Serum testosterone levels (Figure 1F) in pre-pubertal mice were
significantly decreased in D (52%) and elevated in H groups (68%)
compared to controls. However, the DH animals showed distinctly
attenuated values for testosterone that were comparable only to H
mice. Similarly, post-pubertal mice exhibited minimal and maximal
values of testosterone in D (62%) and H (88%) groups, respectively
in comparison to controls. However, at this stage the DH group
showed higher values than D, but were still not significantly
different from control animals.

The pre-pubertal mice exhibited markedly reduced T4 levels
(Figure 1G) in diabetic (21%) mice, and increased in the H group
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Effects of STZ-induced diabetes and hyperthyroidism on body, testes, and epididymal weights, with random blood glucose levels and serum
concentration of different hormones of pre- (24 d) and post-pubertal (56 d) mice. Part Labels shows; (A) body weight, (B) testes weight, (C)
epididymides weight, (D) random blood glucose level, (E) IGF1, (F) testosterone level, (G) free thyroxine level, (H) free triiodothyronine level. Each bar
represents a mean (n=6) with SEM-vertical line on the top. The data were analyzed across groups by 2-way ANOVA by considering Bonferroni post-
hoc tests to assess differences within and between groups of the 2 age classes (i.e. 24 days vs. 56 days). Different labels on Figure bars indicate

significant (P<0.05) discrepancies among groups

(31%) compared to controls. However, fT4 was diminished in D
(16%) and elevated in H groups (22%) followed by DH (14%)
animals compared with controls in the longer period. Collectively,
the lowest values for fT4 were seen in D animals at both times.
During the short-study period, blood fT3 levels (Figure 1H)
were significantly decreased in the D group (40%), however, these
were increased by 41% in the H group compared with control mice.

Frontiers in Endocrinology

Similarly, in adult animals the values were noticeably lower in D
(44%) and higher in H groups (118%) compared with controls,
although STZ-induced diabetes circumvented the rise in fT'3 values
in the DH relative to C animals at both times.

Our results suggest that effects of short-period hyperthyroidism
on blood T4 and fT3 values in neonatal mice can be ameliorated by
breastfeeding compared with treatment in adults.
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FIGURE 2

Photographs of mice and correlating testes at the different age levels; i.e., 24 (left panel) and 56 days of age (right panel). Each mouse in this
photograph was randomly selected from each group and photographs were captured using a Cannon (Power Shot SX700 HS) digital camera.

3.3 Morphometric measurements of
testicular and epididymal tissues at
different ages

We performed the histomorphometric analysis of the
seminiferous and epididymal tubules of pre- and post-pubertal
mice (Table 1) through microscopic calibrations. The diameter of
the seminiferous tubules of pre-pubertal mice was found to be
markedly decreased in all treated animals compared with controls,
while during the post-pubertal period, we found it to be profoundly
reduced only in the DH group compared with all other
experimental animal groups. However, in comparison to controls,
the lumen diameter of these tubes increased significantly in D (56%)
and DH (35%) groups in the short-term and DH (36%), D (31%),
and H (17%) in the long-term study. We observed shrinkage of
germinal epithelium in all treated mice during both study periods
compared with controls; however, a marked decrement was only
noted in the DH group (30%), which was chronically exposed to
these co-morbid diseases. The diameter of the seminiferous tubules
along with their lumen diameter and epithelial height rose
significantly with age between the 2 study periods.

The diameter of caput epididymis (CpE) was reduced
significantly in all treated mice compared with controls at either
times (24 d and 56 d), except for hyperthyroid animals during
pubertal life. The lumen diameter of CpE was markedly decreased
only in the D (39%) during short study period, although it was found
significantly increased in the DH group (12%) compared with
controls at the long study period. The epithelial height of CpE
showed a tendency to increase in the DH group at both study
periods, while it was found profoundly elevated (43%) in post-
pubertal mice. The diameter of CdE was diminished by 42%, 23%
and 17% in DH, H, and D groups, respectively, in adult mice;
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however, this decrement was noticed only in DH and H pre-pubertal
animals compared to controls. We determined the lumen of CdE to
be inversely proportional to the epithelial height of this segment,
where the luminal diameter was found to be decreased significantly
in DH (48%) and H (22%) groups compared with controls of adult
mice; in contrast, their epithelium became wider. All these findings
indicated some developmental impairments and inflammatory
changes inside the tubes under the influence of diabetes and
thyrotoxicosis. Collectively, hyperthyroidism induced through
breastfeeding had minimal effects on the growth parameters of
pre-pubertal mice; however, it might severely affect the
histoarchitecture of these reproductive tubes when induced
directly and concomitantly with diabetes.

3.4 Histopathology of experimental
mouse testes

Histopathologic observations of testicular sections of pre-
pubertal mice (Figure 3) revealed a well-organized germinal
cellular lineage with normal size and number of cells inside the
seminiferous tubules along with Leydig cells in the interstitial
stroma. STZ-induced diabetic animals exhibited increased sizes of
the lumen of seminiferous tubules, with a limited number of
germinal cell and fewer underdeveloped cells (Figure 3; panels B1
and B2). We noted sloughed and undifferentiated germ cells in most
of the tubes of the testes of the DH group animals (Figure 3, panels
Cl1 and C2). We observed in the germinal epithelium of thyrotoxic
subjects extensive vacuolization at many sites in the seminiferous
tubules (Figure 3, panels D1 and D2).

Testicular sections of adult mice under different treatments
exhibited a number of germ cells with fine structures in the control
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TABLE 1 Morphometric measurements of different parts of seminiferous and epididymal tubules in micro meters (um) in STZ-diabetic and
hyperthyroid mice through microscopic calibrations.

Control Diabetic DlElecie
+Hyper
Pre-pubertal (24d) St. diameter 1472 + 2.4° 1292 +23° 133.9 +2.3° 1229 + 1.4°
St. Lumen diameter 345 + 26" 53.7 +2.4° 461 +2.9° 34,0 +2.5°
St. Epithelial height 54.8 + 1.2° 421 +1.4¢ 47.5 + 1.1° 486+ 1.7°
Caput diameter 88.9 +2.1% 63.9 + 2.2° 82.1 +2.5" 753 + 1.3°
Caput lumen diameter 36.2 + 1.3° 227 +0.7° 37.1 + 1.1° 34.6 + 1.0°
Caput Epithelial height 243 + 0.8 224+ 05" 26.0 + 0.9 213+ 0.6°
Cauda diameter 121.8 + 3.2% 111.1 + 3.7% 97.9 + 2. 9> 91.9 +2.7°
Cauda lumen diameter 61.3 + 2.7 424 + 3.3¢ 514 + 1.4 43.0 + 3.0
Cauda Epithelial height 36.4 +1.27 37.2+1.2° 253 + 1.0° 293 +0.9°
Post-pubertal (56d) St. diameter 204.8 + 4.0° 199.1 + 4.2° 1759 + 3.1¢ 204.7 + 5.2¢
St. Lumen diameter 644 + 3.4° 842 + 2.5 86.7 + 2.5 752 + 249
St. Epithelial height 70.2 + 1.6° 56.7 + 2.3 49.0 + 1.1° 60.2 + 2.0°
Caput diameter 128.7 +2.4¢ 1153 + 2.8° 121.2 + 2.0° 1314 + 159
Caput lumen diameter 68.2 + 1.49 69.2 + 1.7¢ 759 + 1.3 64.7 + 1.7
Caput Epithelial height 27.9 + 1.4° 28.1 +0.8° 40.4 £ 1.0° 32.8 + 1.0¢
Cauda diameter 247.8 + 6.4° 206.6 + 6.4° 144.7 + 3.48 191.4 + 4.6°
Cauda lumen diameter 208.2 + 8.2¢ 182.9 + 5.7° 107.6 + 3.78 162.5 + 4.2°
Cauda Epithelial height 113 +0.8° 13.8 +0.9¢ 20.8 +1.0¢ 213 +1.2¢

Values are expressed as mean + SEM (n=6). Different labels indicate significant differences among groups within each column for different parameters at P<0.05. hyperthyroidism (Hyper),

seminiferous tubule (St.).

group (Figures 3, 4). Many sites in the seminiferous tubules of D
animals revealed missing stem cells and primary spermatocytes
with increased luminal sizes (Figure 3, panels B3 and B4).
Irregularly outlined seminiferous tubules with sloughed epithelial
cells inside the lumen and disrupted cellular lineage were depicted
in the DH group of mice (Figure 3, panels C3 and C4; Figure 4,
panels C1-C5). However, hyperthyroid animals showed wider
luminal diameters with a reduced number of cells near the
basement membrane (Figure 3, panels D3 and D4; Figure 4,
panels D1-D5).

3.5 Sperm count and motility
measurements

Mice exposed to thyrotoxicosis and diabetes mellitus were
assessed as to their fertility through sperm concentration and
motility parameters (Figure 5). Sperm count was significantly
reduced by 20% and increased 15% in D and H animals,
respectively, compared with controls (Figure 5A). Rapid
progressive sperm motility was significantly lower only in
D (30%) compared with C mice (Figure 5B). Similarly, we
noted a number of non-progressive sperm only in diabetic
animals (Figure 5B).

Frontiers in Endocrinology

4 Discussions

This is the first study where investigators have induced diabetes
mellitus-plus-hyperthyroidism to ICR mice from neonatal to adult
ages. We exposed the mice to these co-morbid metabolic diseases,
and the fertility of the animals were scrutinized at both pre-pubertal
(24 d) and post-pubertal (56 d of age) periods. Our results also
clearly demonstrated that serum testosterone levels were increased
by hyperthyroidism, but decreased by diabetes during peri-pubertal
time. However, the interaction among testosterone, thyroid
hormone and carbohydrate metabolism are so complex and
require further studies.

We in the present study noted significant changes of body
weights, testicular weights and epididymal weights, suggested that
hyperthyroidism, induced concomitantly with diabetes, could exert
adverse effects, while individual treatment with levothyroxine could
have some beneficial effects.

Our study observed hair loss characters in over 80% of pre-
pubertal mice in the DH and D groups, with either no body hair or
relatively few hairs, respectively; however, this type of disorder
disappeared when these animals entered puberty. Alopecia (hair
loss) has proven to be the most prevalent of autoimmune diseases.
Consistent findings of alopecia were reported in nonhuman
primates manifesting various biologic dysfunctions, including
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24 day old

56 day old

FIGURE 3
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Histoarchitecture of the testes of pre- and post-pubertal mice exposed to diabetes and hyperthyroidism. control, C; diabetic, D; diabetic +
hyperthyroidism, DH; hyperthyroidism, H; seminiferous tubule, ST; blood vessel, Bv; Leydig cell, LC; spermatogonia, SG; seminiferous tubule lumen,
L. Representative images were captured at 100x and 400X magnifications. Different markings inside the images were inserted through Adobe
Photoshop CS5, and the sizes of bars are 200 um in the top row and 50, 100, and 50 um in the subsequent bottom rows.

endocrine disorders, immunologic diseases, and genetic mutations
(20). Intriguingly, hair loss is one of the multiple cutaneous
manifestations observed with endocrine disorders such as
diabetes, and hyper- and hypothyroidism (19). These outcomes
suggest that the rough skin coat or hair loss of treated mice during
our experiment might be the result of a hormonal imbalance or
some autoimmune reactions. Regardless, the detailed mechanisms
involved still require elucidation.

The primary function of IGF is to control cellular production,
differentiation, and apoptosis. However malfunctioning of the IGF
axis has been shown to be linked to type-2 diabetes mellitus
(T2DM) and pre-diabetic symptoms (21). It is believed that IGF-
1 plays an important role in reducing the risk of T2DM.
Peripherally, IGF-1 increases glucose uptake and functional
inactivation of IGFIR in skeletal muscles of mice, resulting in
insulin resistance and diabetes (22). Our present study found that
hyperthyroidism markedly elevates IGF-1 and, conversely, STZ-
induced diabetes suppresses IGF-1 from immaturity to adult age in
mice, while in the DH syndrome group, thyrotoxic treatment
caused up-regulation of IGF-1 to control levels. IGF-I and insulin
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have thus been proven to be crucial modulators of testicular
functions and inducing a marked decrease in testicular IGF-I
receptor content in STZ-diabetic rats (6). It is generally accepted
that hyperthyroid animals show increased total testosterone levels
in blood (23-25). Furthermore, the effects of thyroid hormones on
male reproduction and fertility have been reviewed extensively; and
it was concluded that despite increased total testosterone levels,
thyrotoxic men experienced a relative androgen deficiency due to
reduced free and bio-available testosterone and a relative rise in
estrogen (26, 27). In accordance with reported data and our
previous work (28), the present study showed elevated total
testosterone values in hyperthyroid mice; however, the elevation
was found to be distinctly diminished in diabetic subjects in both of
our study periods. Decreased testosterone levels have also been
demonstrated in STZ-diabetic animals (17, 29). Similarly,
steroidogenesis is rouse promptly in Leydig cells by thyroid
hormones. Thyroid hormones source multiplying of the
cytoplasmic organelle peroxisome and excite the production of
steroidogenic grave regulatory protein (StAR) and StAR mRNA
in Leydig cells; both peroxisomes and StAR are linked with the
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Photomicrographs of the testicular sections of adult mice treated with levothyroxine and STZ. These H&E-stained photographs were examined and
captured under light microscopy at a magnification of 1000x usiing oil immersion. The images represent histopathologic changes at different stages
of development of the seminiferous tubule at different stages of spermatogenesis. The stages are marked at the top of Figure and are denoted
according to the staging method defined for the laboratory mouse (19). Ps, primary spermatocytes; Sc-N, Sertoli cell nuclei; Ss, secondary
spermatocyte; Sd, spermatid; S, spermatozoa. Different markings within the images were inserted through Adobe Photoshop CS5, and bars are 30

um in size

passage of cholesterol, the essential in-between in steroid hormone
biosynthesis, into mitochondria (5). The Leydig cells in the testes
are responsible for testosterone production. Studies have shown
that thyroid hormones regulate the function of Leydig cells by
controlling the expression of enzymes involved in steroidogenesis,
including cholesterol side-chain cleavage enzyme (CYP11Al) and
170-hydroxylase (CYP17A1) (6). These findings indicate that
reduced gonadotropins, either caused by diabetes or
hyperthyroidism, were directly linked to male infertility.

The pre-pubertal mice in our study exhibited markedly reduced
T4 levels in the D group (21%) mice, and increased in the H group
(31%), compared with controls. However, fT4 was diminished in D
(16%) and elevated in H (22%) followed by DH (14%) animals
compared with controls in the long-study group. Collectively, we
observed the lowest values for fT4 in D animals at both times.
During the short-study period, the levels of fT'3 were significantly
decreased in the D group (40%); however, these values were
increased by 41% in the H group, compared with control mice.
Similarly, in adult animals the values were much lower in D (44%)
and higher in H groups (118%), compared with control subjects;
although STZ-induced diabetes contravened the rise of fT'3 values in
the DH group in comparison to C animals at both times. These
results suggest that induction of short-period hyperthyroidism in
neonatal mice might be ameliorated by breastfeeding compared
with treatments in adults.

Frontiers in Endocrinology

The thyroid hormones (T3 and T4) are important key
regulators of various biochemical actions, including lipid and
carbohydrate metabolism, oxygen consumption, and several
physiologic functions such as development, reproduction, and
growth (30). The present study revealed diminished fT4 and I3
levels in the serum of both pre- and post-pubertal STZ-diabetic
mice; however, in contrast, these values were found profoundly
elevated in levothyroxine (L-T4) treated animals. Consistently
reduced levels of fT4 and fI3 have been reported in diabetic
children, in spite of taking insulin (31). Current results are also
in agreement with our previous work (14), where we observed
higher concentrations of T3 and T4 in hyperthyroid immature rats.
Research has shown that thyroid hormones can promote the
proliferation and differentiation of spermatogonia, leading to the
formation of mature sperm cells. In particular, studies have found
that T3 can stimulate the expression of genes involved in
spermatogonial differentiation and meiotic progression, leading
to the formation of haploid sperm cells (7). However, excessive
or insufficient levels of thyroid hormones can also have negative
effects on spermatogonial development. For example,
hypothyroidism (low thyroid hormone levels) has been associated
with reduced sperm production and impaired spermatogonial
development, while hyperthyroidism (excess thyroid hormone
levels) can lead to increased oxidative stress and DNA damage in
sperm cells (8).
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FIGURE 5

The effects of diabetes mellitus and hyperthyroidism on sperm concentration and percent motility in 8-week-old mice. (A) Each bar represents a
mean + SEM (n=12) and statistical differences were determined by 1-way ANOVA, followed by Tukey’s multiple-comparison test. Different labels
indicate significant (p<0.05) differences among groups. The graph was created with GraphPad Prism, version 5.0. (B) Each bar represents a mean +
SEM (n=36), and different labels indicate significant (p<0.05) differences among groups. The graph was created with Graph-pad Prism, version 5.0.

Our observations revealed that the reduced size of seminiferous
tubules along with undifferentiated germinal cells led to disturbed
cellular lineage in hyperthyroid and concomitant diabetes plus
hyperthyroid animals at 24 days of age. However, at short as well
as long study periods, the sizes of the tubal lumen were elevated in D
and DH group animals. Furthermore, the DH mice showed
frequent residual bodies inside the seminiferous tubules at the
short- (24 d), and sloughed germ cells during long-term (56 d)
study. At the age of 24 d, only a few Leydig cells were extant in the
testicular interstitium of DH and H groups compared with control
mice. However, we saw many dispersed red blood cells near the
basement membrane of seminiferous tubules in the testes of
hyperthyroid animals at 8 weeks of age. The diverse
spermatogenic cycles of seminiferous tubules were only observed
in the testes of 56-d- old mice, whereas these cycles were rare at 24 d
of age. The DH and H mice showed missing or dislocated primary
spermatocytes and sloughed epithelial cells during observations of
their cell cycle stages. During our study, reduced epithelial height
and germ cell populations with abnormal cellular lineage were
recorded in the seminiferous tubules of diabetic groups. Similar
histoarchitecture of the testes with disruption of spermatogenesis in
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adult rats following a single intraperitoneal injection of STZ has also
been reported previously (29). Furthermore, supportive evidences
for the cellular abnormalities and irregular epithelial lining of
seminiferous tubules with thyroid malfunction are seen in
neonatal or prepubertal rodents (31). These findings demonstrate
the importance of metabolic hormones for normal reproductive
performance in male animals.

The basic morphologic and physiologic conditions of the
epididymis are required for successful sperm transport together
with regulation of their fertilizing capacity (32). The epididymis,
being an important store house of spermatozoa, could be affected by
direct and indirect disorders of the testes. We herein discovered
intense adverse effects of STZ-diabetes—plus-hyperthyroidism on
the epididymis of mice. We evaluated the proximal CpE and distal
CdE of the ductus epididymis during the short (24 d) and long
(56 d) study periods, and found that the normal control animals
showed well organized, tall ciliated columnar cells (principal cells),
basal cells, and clear cells; while concomitant diabetes mellitus-plus-
hyperthyroidism critically damaged the ductulis efferentes and the
ductus epididymis in DH subjects at both time periods. Others have
also observed consistent histologic changes in pre-pubertal rats
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following STZ-induced diabetes (28, 33). The STZ-induced diabetic
mice were severely affected, with reduced sperm count, progressive
motility, and DNA integrity (34). A retrospective study (35)
revealed a high prevalence of sub-fertility (51%) in diabetic
patients, and consistently lower sperm concentration and motility
were reported in diabetic rodents by other investigators (36-38).
Similar to published studies, we found markedly reduced sperm
count in DH and H (72%) groups followed by the D (12%) group,
and progressive sperm motility was diminished by 81%, 42%, and
30% in DH, H, and D animals, respectively compared with control
subjects. These findings suggest that diabetes and hyperthyroidism
adversely affect the fertility of male animals, while concomitant
polyglandular autoimmune disorders can exacerbate the effect
toward infertility.
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