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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 spermmotility 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 µl

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 (fT3) 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 µl 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-µl

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-

mm 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 400×

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-
Frontiers in Endocrinology 03
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 fT4 levels

(Figure 1G) in diabetic (21%) mice, and increased in the H group
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(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.
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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 fT3 values

in the DH relative to C animals at both times.

Our results suggest that effects of short-period hyperthyroidism

on blood fT4 and fT3 values in neonatal mice can be ameliorated by

breastfeeding compared with treatment in adults.
B

C D

E F

G H

A

FIGURE 1

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.
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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

C1 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
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.
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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 06
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
TABLE 1 Morphometric measurements of different parts of seminiferous and epididymal tubules in micro meters (µm) in STZ-diabetic and
hyperthyroid mice through microscopic calibrations.

day item Control Diabetic Diabetic
+Hyper Hyper

Pre-pubertal (24d) St. diameter 147.2 ± 2.4a 129.2 ± 2.3b 133.9 ± 2.3b 122.9 ± 1.4b

St. Lumen diameter 34.5 ± 2.6b 53.7 ± 2.4a 46.1 ± 2.9a 34.0 ± 2.5b

St. Epithelial height 54.8 ± 1.2a 42.1 ± 1.4d 47.5 ± 1.1bc 48.6 ± 1.7b

Caput diameter 88.9 ± 2.1a 63.9 ± 2.2c 82.1 ± 2.5b 75.3 ± 1.3b

Caput lumen diameter 36.2 ± 1.3a 22.7 ± 0.7b 37.1 ± 1.1a 34.6 ± 1.0a

Caput Epithelial height 24.3 ± 0.8ab 22.4 ± 0.5b 26.0 ± 0.9a 21.3 ± 0.6b

Cauda diameter 121.8 ± 3.2a 111.1 ± 3.7ab 97.9 ± 2. 9bc 91.9 ± 2.7c

Cauda lumen diameter 61.3 ± 2.7ab 42.4 ± 3.3c 51.4 ± 1.4bc 43.0 ± 3.0c

Cauda Epithelial height 36.4 ± 1.2a 37.2 ± 1.2a 25.3 ± 1.0c 29.3 ± 0.9b

Post-pubertal (56d) St. diameter 204.8 ± 4.0c 199.1 ± 4.2c 175.9 ± 3.1d 204.7 ± 5.2c

St. Lumen diameter 64.4 ± 3.4e 84.2 ± 2.5c 86.7 ± 2.5c 75.2 ± 2.4d

St. Epithelial height 70.2 ± 1.6e 56.7 ± 2.3f 49.0 ± 1.1c 60.2 ± 2.0f

Caput diameter 128.7 ± 2.4d 115.3 ± 2.8e 121.2 ± 2.0e 131.4 ± 1.5d

Caput lumen diameter 68.2 ± 1.4d 69.2 ± 1.7d 75.9 ± 1.3c 64.7 ± 1.7d

Caput Epithelial height 27.9 ± 1.4e 28.1 ± 0.8e 40.4 ± 1.0c 32.8 ± 1.0d

Cauda diameter 247.8 ± 6.4d 206.6 ± 6.4e 144.7 ± 3.4g 191.4 ± 4.6f

Cauda lumen diameter 208.2 ± 8.2d 182.9 ± 5.7e 107.6 ± 3.7g 162.5 ± 4.2f

Cauda Epithelial height 11.3 ± 0.8e 13.8 ± 0.9e 20.8 ± 1.0d 21.3 ± 1.2d
f

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.).
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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 IGF1R 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
Frontiers in Endocrinology 07
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
FIGURE 3

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 100× and 400× magnifications. Different markings inside the images were inserted through Adobe
Photoshop CS5, and the sizes of bars are 200 mm in the top row and 50, 100, and 50 mm in the subsequent bottom rows.
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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 (CYP11A1) and

17a-hydroxylase (CYP17A1) (6). These findings indicate that

reduced gonadotropins, ei ther caused by diabetes or

hyperthyroidism, were directly linked to male infertility.

The pre-pubertal mice in our study exhibited markedly reduced

fT4 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 fT3 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 fT3 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.
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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 fT3

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 fT3 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).
FIGURE 4

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 1000× 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
mm in size.
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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
B

A

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.
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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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13. Ariza L, Pagès G, Garcıá-Lareu B, Cobianchi S, Otaegui P, Ruberte J, et al.
Experimental diabetes in neonatal mice induces early peripheral sensorimotor
neuropathy. Neuroscience (2014) 274:250–9. doi: 10.1016/j.neuroscience.2014.05.015

14. Vergouwen R, Huiskamp R, Bas R, Roepers-Gajadien H, Davids J, De Rooij D.
Postnatal development of testicular cell populations in mice. J Reprod fertil (1993)
99:479–85. doi: 10.1530/jrf.0.0990479

15. Song Y-H, Li Y, Maclaren NK. The nature of autoantigens targeted in
autoimmune endocrine diseases. Immunol Today (1996) 17:232–8. doi: 10.1016/
0167-5699(96)10008-6

16. Gong T, Wei Q-W, Mao D-G, Nagaoka K, Watanabe G, Taya K, et al. Effects of
daily exposure to saccharin and sucrose on testicular biologic functions in mice 1. Biol
Reprod (2016) 95:116, 111–113. doi: 10.1095/biolreprod.116.140889

17. Wennemuth G, Westenbroek RE, Xu T, Hille B, Babcock DF. CaV2. 2 and
CaV2. 3 (N-and R-type) Ca2+ channels in depolarization-evoked entry of Ca2+ into
mouse sperm. J Biol Chem (2000) 275:21210–7. doi: 10.1074/jbc.M002068200

18. Afriani T, Jaswandi, Rastosari A, Al Razzak MC, Wahyudi D. Addition of
tomato juice as additive in diluent of egg yolk citrate on the quality of Pesisir Cattle
Semen. J Anim Health Prod (2023) 11(1):62–7. doi: 10.17582/journal.jahp/2023/
11.1.62.67

19. Jabbour SA. Cutaneous manifestations of endocrine disorders. Am J Clin
Dermatol (2003) 4:315–31. doi: 10.2165/00128071-200304050-00003

20. Novak MA, Meyer JS. Alopecia: possible causes and treatments, particularly in
captive nonhuman primates. Comp Med (2009) 59:18–26.

21. Sandhu M. Insulin-like growth factor-I and risk of type 2 diabetes and coronary
heart disease: molecular epidemiology. In: IGF-I and IGF Binding Proteins. Basel
(Switzerland): Karger Publishers (2005) 9:44–54.
frontiersin.org

https://doi.org/10.1136/pgmj.58.677.165
https://doi.org/10.1155/2013/417920
https://doi.org/10.1056/NEJMra030158
https://doi.org/10.2337/dc19-S008
https://doi.org/10.2337/dc19-S008
https://doi.org/10.1074/jbc.274.25.18093
https://doi.org/10.3390/biomedicines11030670
https://doi.org/10.3390/biomedicines11030670
https://doi.org/10.1097/00000421-199904000-00003
https://doi.org/10.1186/s12861-018-0174-4
https://doi.org/10.1016/j.neuroscience.2014.05.015
https://doi.org/10.1530/jrf.0.0990479
https://doi.org/10.1016/0167-5699(96)10008-6
https://doi.org/10.1016/0167-5699(96)10008-6
https://doi.org/10.1095/biolreprod.116.140889
https://doi.org/10.1074/jbc.M002068200
https://doi.org/10.17582/journal.jahp/2023/11.1.62.67
https://doi.org/10.17582/journal.jahp/2023/11.1.62.67
https://doi.org/10.2165/00128071-200304050-00003
https://doi.org/10.3389/fendo.2023.1191571
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Shi et al. 10.3389/fendo.2023.1191571
22. Fernández AM, Kim JK, Yakar S, Dupont J, Hernandez-Sanchez C, Castle AL,
et al. Functional inactivation of the IGF-I and insulin receptors in skeletal muscle
causes type 2 diabetes. Genes Dev (2001) 15:1926–34. doi: 10.1101/gad.908001

23. Aruldhas MM, Valivullah HM, Srinivasan N, Govindarajulu P. Role of thyroid on
testicular lipids in prepubertal, pubertal and adult rats. I. Hyperthyroidism. Biochim
Biophys Acta (BBA)-General Subj (1986) 881:462–9. doi: 10.1016/0304-4165(86)90040-1

24. Zähringer S, Tomova A, Von Werder K, Brabant G, Kumanov P, Schopohl J.
The influence of hyperthyroidism on the hypothalamic-pituitary-gonadal axis. Exp Clin
Endocrinol Diabetes (2000) 108:282–9. doi: 10.1055/s-2000-7756

25. Ford H, Cooke R, Kelghtley E, Feek C. Serum levels of free and bound
testosterone in hyperthyroidism. Clin Endocrinol (1992) 36:187–92. doi: 10.1111/
j.1365-2265.1992.tb00956.x

26. Krajewska-Kulak E, Sengupta P. Thyroid function in male infertility. Front
Endocrinol (2013) 4:174. doi: 10.3389/fendo.2013.00174

27. Aschebrook-Kilfoy B, Sabra MM, Brenner A, Moore SC, Ron E, Schatzkin A,
et al. Diabetes and thyroid cancer risk in the National Institutes of Health-AARP Diet
and Health Study. Thyroid (2011) 21:957–63. doi: 10.1089/thy.2010.0396

28. Korejo NA, Wei Q-w, Shah AH, Shi F. Effects of concomitant diabetes mellitus
and hyperthyroidism on testicular and epididymal histoarchitecture and
steroidogenesis in male animals. J Zhejiang University-SCIENCE B (2016) 17:850–63.
doi: 10.1631/jzus.B1600136

29. Deeds M, Anderson J, Armstrong A, Gastineau D, Hiddinga H, Jahangir A, et al.
Single dose streptozotocin-induced diabetes: considerations for study design in islet
transplantation models. Lab Anim (2011) 45:131–40. doi: 10.1258/la.2010.010090

30. Kundu S, Pramanik M, Roy S, De J, Biswas A, Ray AK. Maintenance of brain
thyroid hormone level during peripheral hypothyroid condition in adult rat. Life Sci
(2006) 79:1450–5. doi: 10.1016/j.lfs.2006.04.006
Frontiers in Endocrinology 11
31. Artimani T, Amiri I, Asl SS, Saidijam M, Hasanvand D, Afshar S. Amelioration
of diabetes‐induced testicular and sperm damage in rats by cerium oxide nanoparticle
treatment. Andrologia (2018) 50(9):e13089. doi: 10.1111/and.13089

32. James ER, Carrell DT, Aston KI, Jenkins TG, Yeste M, Salas-Huetos A. The role
of the epididymis and the contribution of epididymosomes to mammalian
reproduction. Int J Mol Sci (2020) 21(15):5377. doi: 10.3390/ijms21155377

33. Radetti G, Paganini C, Gentili L, Barbin F, Pasquino B, Zachmann M. Altered
adrenal and thyroid function in children with insulin-dependent diabetes mellitus. Acta
Diabetologica (1994) 31:138–40. doi: 10.1007/BF00570367

34. Mangoli E, Talebi AR, Anvari M, Pourentezari M. Effects of experimentally-
induced diabetes on sperm parameters and chromatin quality in mice. Iranian J Reprod
Med (2013) 11:53.

35. La Vignera S, Calogero A, Condorelli R, Lanzafame F, Giammusso B, Vicari E.
Andrological characterization of the patient with diabetes mellitus. Minerva
endocrinologica (2009) 34:1–9.

36. Scarano W, Messias A, Oliva S, Klinefelter G, Kempinas W. Sexual behaviour,
sperm quantity and quality after short-term streptozotocin-induced hyperglycaemia in
rats. Int J androl (2006) 29:482–8. doi: 10.1111/j.1365-2605.2006.00682.x

37. Kim ST, Moley KH. Paternal effect on embryo quality in diabetic mice is related
to poor sperm quality and associated with decreased glucose transporter expression.
Reproduction (2008) 136:313–22. doi: 10.1530/REP-08-0167

38. Xu R, Wang F, Zhang Z, Zhang Y, Tang Y, Bi J, et al. Diabetes-induced
autophagy dysregulation engenders testicular impairment via oxidative stress. Oxid
Med Cell Longev (2023) 2023:4365895. doi: 10.1155/2023/4365895
frontiersin.org

https://doi.org/10.1101/gad.908001
https://doi.org/10.1016/0304-4165(86)90040-1
https://doi.org/10.1055/s-2000-7756
https://doi.org/10.1111/j.1365-2265.1992.tb00956.x
https://doi.org/10.1111/j.1365-2265.1992.tb00956.x
https://doi.org/10.3389/fendo.2013.00174
https://doi.org/10.1089/thy.2010.0396
https://doi.org/10.1631/jzus.B1600136
https://doi.org/10.1258/la.2010.010090
https://doi.org/10.1016/j.lfs.2006.04.006
https://doi.org/10.1111/and.13089
https://doi.org/10.3390/ijms21155377
https://doi.org/10.1007/BF00570367
https://doi.org/10.1111/j.1365-2605.2006.00682.x
https://doi.org/10.1530/REP-08-0167
https://doi.org/10.1155/2023/4365895
https://doi.org/10.3389/fendo.2023.1191571
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Effects of hyperthyroidism and diabetes mellitus on spermatogenesis in peri- and post-pubertal mice
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Experimental animals and treatments
	2.3 Collection of samples
	2.4 Biochemical assays
	2.5 Sperm quality assessment
	2.5.1 Sample preparation
	2.5.2 Sperm count
	2.5.3 Sperm motility

	2.6 Histomorphometric analyses
	2.7 Statistical analysis

	3 Results
	3.1 Body, testes and epididymal weights
	3.2 Blood glucose and hormone levels
	3.3 Morphometric measurements of testicular and epididymal tissues at different ages
	3.4 Histopathology of experimental mouse testes
	3.5 Sperm count and motility measurements

	4 Discussions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


