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ABSTRACT

The present study is aimed to explore the impact of experimental diabetes and insulin replacement on epididymal secretory products, sperm
count, motility, and fertilizing ability in albino rats. Prepubertal and adult male Wistar strain rats were made diabetic with a single
intraperitoneal injection of streptozotocin (STZ), at 120 and 65 mg/kg body weight for prepubertal and adult rats, respectively. After 3 days of
STZ administration, insulin was given to a group of diabetic rats at a dose of 3 U/100 g body weight, subcutaneously and killed after 20 days of
treatment. STZ-diabetes significantly reduced the epididymal tissue concentrations of testosterone, androgen-binding protein, sialic acid,
glycerylphosphoryl choline, and carnitine, suggesting its adverse effects on the secretory activity and concentrating capacity of epididymal
epithelium. Impaired cauda epididymidal sperm motility and fertility (in vivo) of STZ-diabetic rats imply the defective sperm maturation.
Insulin replacement prevented these changes either partially or completely. From the above findings, it is evident that STZ-diabetes has an
adverse effect on sperm maturation, which may be due to the decrease in the bioavailability of testosterone and epididymal secretory products.
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B oth type-1 (insulin-dependent) and type-2 (non-insulin-
dependent) diabetes mellitus have adverse effects on sexual
and reproductive functions in adolescent boys and men, which
include impairment of spermatogenesis, reduced serum testosterone
and seminal fluid volume, impotency, loss of libido, ejaculation
difficulties, and infertility [Dinulovic and Radonjic, 1990; Steger
and Rabe, 1997; Betancourt-Albrecht and Cunningham, 2003].
Studies carried out using semen samples of diabetic patients
revealed oligozoospermia, impaired motility of the sperm and
increased number of abnormal spermatozoa [Steger and Rabe, 1997;
Betancourt-Albrecht and Cunningham, 2003]. Alterations to the
seminal characters encountered under diabetic state indicate
impaired sperm maturation, which may be due to altered epididymal
structure and function. The maintenance of a constant internal
milieu in the epididymal lumen is regulated by androgens, which
influence the capacity of epididymal epithelium for absorption and
secretion [Ezer and Robaire, 2002; Wong et al., 2002]. Subnormal
androgenic status prevailing in diabetic patients [Dinulovic and
Radonjic, 1990; Steger and Rabe, 1997; Sudha et al., 2000;

Betancourt-Albrecht and Cunningham, 2003] was found to be the
most probable cause for the impairment of secretory activity of
epididymal epithelium and impeding sperm maturation. Hence, it is
hypothesized that the epididymal function may undergo modifica-
tion under diabetic state owing to subnormal androgenic status
[Dinulovic and Radonjic, 1990; Steger and Rabe, 1997; Sudha et al.,
2000; Betancourt-Albrecht and Cunningham, 2003] and altered
epididymidal histoarchitecture [Soudamani et al., 2005]. To test this
hypothesis, the present study was designed to delineate the impact
of a diabetogenic agent, Streptozotocin (STZ)-induced diabetes and
insulin replacement on the secretory products such as sialic acid,
glycerylphosphoryl choline (GPC), and carnitine.

Sialic acid binds to the sperm surface as a terminal sugar of
sialoglycoprotein and increases the negative surface charge on
sperm during their epididymal sojourn [Yanagimachi et al., 1972].
Sialic acid also plays a major role in stabilizing the plasma and
acrosomal membranes of the sperm, in maintaining the spermatozoa
in a decapitated state, regulating the ionic balance in the epididymal
fluid, and in the antigenic interaction between the sperm and the
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epididymal epithelium [Yanagimachi et al., 1972; Rajalakshmi et al.,
1976]. Sialic acid acts as a lubricant, immunoprotectant, and helps
in facilitating the downward transport of spermatozoa from the
caput epididymis [Yanagimachi et al., 1972; Rajalakshmi et al.,
1976]. GPC, another secretory product of epididymis, maintains
osmotic pressure balance in the lumen, and plays an important role
in the maintenance of epididymal pH and sperm membrane stability
by inhibiting phospholipase A, activity, which is involved in
acrosomal reaction [Robaire and Hermo, 1988; Mitra and
Chowdhury, 1994]. Fatty acids released during GPC synthesis have
been proposed to be utilized by spermatozoa as the energy source
[Mitra and Chowdhury, 1994]. Seminal GPC is considered as an
index of epididymal secretory activity [Robaire and Hermo, 1988].
Among the secretory products, carnitine, an essential cofactor,
was found to be involved in the mitochondrial transport and
B-oxidation, thus producing acetyl-CoA [Robaire and Hermo, 1988],
which acts as a substrate for the oxidative process that produces
energy for the sperm forward motility [Pruneda et al., 2007]. A
positive correlation among seminal carnitine with sperm motility,
number of motile spermatozoa, and fertility rate has been reported
previously [Jeulin and Lewin, 1996]. Quantification of these
secretory products will pave way for a better understanding with
regard to the reproductive disorders prevailing in diabetic men. In
addition, sperm count, sperm forward motility, sperm abnormalities,
and fertility test (in vivo) were undertaken to delineate the impact of
diabetes on fertility.

ANIMALS

Healthy prepubertal (40 days old; 70-80 g) and adult (100 days old;
180-200 g) male Wistar strain rats (Rattus norvegicus) were used in
the present study. Rats were kept in clean cages in a temperature-
controlled environment with 12 h light/dark cycle. This study was
approved by the Institutional Animal Ethical Committee (IAEC).
Both prepubertal (18) and adult (18) rats were divided into the
following groups, each consisting of six rats. Control: Rats received
vehicle (0.1 M citrate buffer, pH 4.5) alone. Diabetic: Rats were given
a single intraperitoneal injection of STZ at a dose of 120 mg/kg body
weight for prepubertal and 65 mg/kg body weight for adult rats,
dissolved in 0.1 M citrate buffer, after overnight fasting. Insulin-
treated diabetic: After 3 days of STZ administration, one set of
diabetic rats was given insulin (Lente: Porcine origin) at a dose of
3U/100 g body weight, subcutaneously, daily in two equally divided
doses at 8.00 a.m. and 6.00 p.m. After 20 days of treatment, rats
were killed by decapitation. Both the epididymes were gently
dissected out, cleaned off from adhering fat and connective tissues,
and weighed accurately on a torsion balance. After weighing, each
epididymis was divided into caput, corpus, and caudal segments,
in accordance with the guidelines of Hamilton [1975].

SEPARATION OF EPIDIDYMAL SPERM AND TISSUE

Epididymal spermatozoa were separated according to the method of
Brooks [1981], and the sperm-free epididymidal tissues were used
for assays of various biochemical parameters.

ASSAY OF EPIDIDYMIDAL TISSUE TESTOSTERONE

Steroids from epididymidal tissues were extracted using ethyl
acetate/iso-octane (1.1) mixture according to the method of Jean-
Faucher et al. [1985]. After evaporation, the residue was dissolved
in steroid hormone assay buffer and used for the estimation of
testosterone using a solid-phase RIA kit obtained from DiaSorin
(Italy).

ASSAY OF EPIDIDYMIDAL ANDROGEN-BINDING PROTEIN

The concentration of androgen-binding protein (ABP) was estimated
using the method of Danzo et al. [1990]. Specific binding was
determined by subtracting the amount of radioactivity in the tubes
containing unlabelled 5a-DHT from that in the tubes containing
[PH]5a-DHT alone.

ASSAY OF BIOCHEMICAL PARAMETERS

Sialic acid was estimated by the method of Warren [1959]. GPC
concentration was determined following the method of Wirthen-
sohn and Guder [1985]. Carnitine was estimated using the method of
Pearson et al. [1974].

SPERM COUNT
Epididymidal spermatozoa were counted in accordance with the
method of Zaneveld and Polakoski [1977].

CAUDA SPERM FORWARD MOTILITY

After the rats were anesthetized, epididymis was exposed by scrotal
incision, and the spermatozoa were expressed out by cutting the
distal end of the cauda epididymidal tubule. Spermatozoa with
epididymal fluid was diluted with physiological saline and
placed on a thin glass slide, and the forward motility (rate) of
100 spermatozoa/rat was observed under microscope using
precalibrated ocular micrometer [Ratnasooriya, 1984].

FERTILITY ASSESSMENT (IN VIVO)

Three batches of experiments (control/STZ-diabetic/insulin
replaced) were conducted, and each batch consisted of six adult
male rats. Two proven fertile proestrus female rats were cohabitated
with one adult male rat and were observed for the presence of
spermatozoa in the vaginal smear or vaginal plug to confirm mating.
Rats that became pregnant were taken into consideration to assess
the fertility of male rats.

STATISTICAL ANALYSIS

Data were analyzed using one-way analysis of variance (ANOVA)
followed by Student-Newman-Keuls test to assess the significance
between control and experimental groups by using a computer-
based software, SPSS (version 7.5).

BIOAVAILABILITY OF TESTOSTERONE

In control rats of both age groups, caput had the maximal
concentration of testosterone followed by corpus and caudal
segments. Induction of diabetes resulted in a significant decrease in
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the bioavailability of testosterone in all the three segments of
prepubertal and adult rats, and the magnitude of diminution was
comparatively greater in prepubertal rats. Insulin replacement on
the other hand, elevated the bioavailability of testosterone in all
the three segments in prepubertal rats while in adults, insulin
replacement prevented the diminution in the epididymal tissue
concentration of testosterone and maintained the same in par with
control rats (Fig. 1).

ABP

In control rats, regional differences in ABP concentration occur
irrespective of the age. At both ages, caput had the maximal
concentration of ABP. In control rats, an age-dependent increase in
ABP concentration was evident only in corpus region. After STZ
treatment, there was a significant decrease in ABP concentration
in all the three segments of prepubertal and adult rats. Insulin
replacement prevented the decrease in ABP concentration in the
corpus of prepubertal rats and in the caput and corpus segments of
adult rats. However, in the caput of prepubertal rats and caudal
segment of adult rats, it was able to do so partially. On the other
hand, ABP concentration in the caudal segment of prepubertal rats
remained unresponsive to insulin replacement (Fig. 2).

SIALIC ACID
In control rats, sialic acid exhibited an age-dependent increase in
corpus and caudal segments alone. Among the three segments,
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caudal segment had the maximal concentration of sialic acid,
followed by corpus and caput regions, regardless of the age.
STZ-diabetes brought down the levels of sialic acid in all the
three-epididymidal regions of prepubertal and adult rats. Insulin
replacement prevented the diminution of sialic acid in the caput
region of adults alone. In the corpus and caudal segments of adult
rats and all the three segments of prepubertal rats, sialic acid
concentration was only partially maintained (Fig. 3).

GPC

An age-dependent increase in GPC concentration was evident in
all the three segments. In both prepubertal and adult rats, GPC
concentration was greater in caput, followed by cauda and then
corpus segment. STZ-diabetes decreased the levels of GPC,
regardless of age and segment. After insulin replacement, GPC
concentration was partially maintained in the caput and caudal
segments of prepubertal and adult rats. In the corpus segment of
adult rats, GPC concentration was maintained at the normal level,
whereas in the same region of prepubertal rats, insulin replacement
failed to prevent the decrease in GPC concentration (Fig. 4).

CARNITINE

Similar to sialic acid, carnitine also exhibited an age-dependent
increase in all the three segments. In both prepubertal and adult
control rats, caudal segment had the maximal concentration of
carnitine. STZ-diabetic and insulin-replaced groups of adult rats
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also exhibited a similar trend (i.e., increase in the caudal segment)
compared with other segments. STZ-diabetes resulted
significant decrease in carnitine concentration in all the segments
of prepubertal rats and in the caudal segment of adult rats. Insulin
replacement prevented the decrease in carnitine concentration in the

in a

corpus segment of prepubertal and in the caudal segment of adult
rats. Whereas in the caudal segment of prepubertal rats, insulin
replacement was able to prevent the diminution in carnitine
concentration only partially (Fig. 5).

SPERM CONTENT AND CAUDA EPIDIDYMIDAL SPERM

FORWARD MOTILITY

In adult control rats, sperm content was greater in the cauda segment
followed by caput and corpus segments. Upon induction of diabetes,
sperm content was significantly reduced, irrespective of the regions.
Insulin replacement prevented the decrease in sperm content only
in the caput segment, whereas in the corpus and caudal segments
it was only partial. Cauda epididymidal sperm forward motility
declined in STZ-diabetic rats, which was prevented by the
immediate replacement of insulin (Fig. 6).

FERTILITY INDEX

STZ-diabetes decreased the fertility rate, which is reflected in the
number of animals became pregnant. Insulin replacement prevented
the decrease in the fertilizing ability of diabetic rats (Fig. 7).
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Epididymis derives testosterone from the circulation and testicular
fluid [Ezer and Robaire, 2002]. STZ-induced diabetes exerted an
adverse effect on the tissue concentration of testosterone. The
quantum of decrease in the bioavailability of testosterone varied
with age and the impact being greater in prepubertal rats. In the
adult rats, even though such an adverse effect of diabetes was
evidenced, there was a segmental variation in the bioavailability of
testosterone, suggesting specific uptake of testosterone by caput,
corpus, and caudal segments. Local availability of testosterone at the
level of epididymis and its conversion to DHT are indispensable for
the maintenance of normal structure and function of epididymis
[Ezer and Robaire, 2002; Wong et al., 2002]. Decreased bioavail-
ability of testosterone in caput, corpus and cauda epididymides may
be attributed to the decreased synthesis, secretion and transport of
testosterone. Impaired steroidogenic function of Leydig cells in
diabetic rats [Benitez and Perez-Diaz, 1985; Murray et al., 1985;
Sudha et al., 2000], reduced secretion of testosterone into the
testicular interstitial fluid and decreased concentration of intrates-
ticular testosterone [Sudha et al., 2000] lend support to the above
view. Reduced concentration of epididymidal ABP observed in the
present study also strengthens the view of reduced transport of
testosterone to the epididymis. Insulin replacement, surprisingly,
enhanced the bioavailability of testosterone more than the control.
This may be due to the reduced activity of 5a-reductase or
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aromatase that caused the accumulation of testosterone. Enhanced
bioavailability also underscores the existence of local regulatory
mechanisms in the epididymis. Prevention of adverse effects on
testosterone bioavailability by insulin replacement ascertains the
role of insulin on the synthesis, secretion, and transport of
testosterone.

The data on ABP concentration revealed an age-dependent,
segment-specific variation in control, STZ-diabetic and insulin-
replaced groups of rats. The reduction in ABP concentration in
caput, corpus, and caudal segments of the prepubertal and adult rats
under diabetic state may be due to the decreased synthesis and
secretion of ABP. Sertoli cells are the only source of ABP [Gunsalus
and Bardin, 1991], and they secrete 20% of the available ABP across
the basal membranes into the interstitial compartment and 80% into
the lumen of the seminiferous tubules [Gunsalus and Bardin, 1991;
Munell et al., 2002]. ABP is then transported via the rete testis and
efferent ductules into the caput and cauda epididymides [Jeyaraj
et al., 2005]. Both in vivo and in vitro studies have shown that the
synthesis and secretion of ABP is regulated by androgens and
follicle stimulating hormone (FSH) [Gunsalus and Bardin, 1991;
Munell et al., 2002; Jeyaraj et al., 2005]. A previous study from
this laboratory has shown decreased serum testosterone and FSH
titers in diabetic rats [Sudha et al., 2000]. Therefore, the reduced
concentration of ABP in epididymidal segments may be due to the
cumulative effect of reduced androgenic and FSH stimulation on the
production of ABP.

A Sperm Content

Cauda

Caput

Carpus

Fig. 6.

It has already been reported that the tubules of the caput
epididymidis accumulate *H-testosterone more efficiently from the
luminal surface in the presence of ABP [Danzo and Eller, 1976]. The
function of ABP is to establish and maintain the high androgen
levels required for sperm maturation in the epididymis [Gunsalus
and Bardin, 1991; Munell et al., 2002]. Therefore, in the present
study, the reduction in ABP concentration observed under diabetic
state may have curtailed the transport of testosterone along the
epididymidal segments, enforced changes in the binding, inter-
nalization and the subsequent delivery of 5a-DHT to the
epididymidal tissue and sperm, and impeded with sperm matura-
tional events. In the present study, partial restoration of normal
serum testosterone titers observed in the insulin-replaced group of
rats as well as in earlier studies [Benitez and Perez-Diaz, 1985;
Murray et al., 1985; Sudha et al., 2000; Betancourt-Albrecht and
Cunningham, 2003] may be responsible for the partial recovery of
ABP in caput, corpus, and caudal segments of the epididymis.
Probably, a critical intratesticular concentration of testosterone is
required to ensure the normal transport of ABP from the testis to the
epididymis.

The data with regard to sialic acid revealed a gradual increase
in its concentration along the length of the epididymis with a
maximum level being observed in the cauda epididymidal segment
of both prepubertal and adult control rats. Sialic acids, free or bound
to proteins as sialomucoproteins, are secreted by the epididymis of
the rat, hamster, rabbit, monkey, and human [Yanagimachi et al.,
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of adult male rats. () Control, () STZ-diabetic, () insulin replacement.
Each bar represents mean & SEM of six animals. Significance at P< 0.05. a,
versus control; b, versus STZ-diabetic.

1972; Rajalakshmi et al., 1976]. In support of the present findings,
earlier studies have shown that the level of sialic acid in the
epididymal plasma was maximal in the cauda epididymidis
[Yanagimachi et al., 1972; Rajalakshmi et al., 1976]. It is the
region between the distal corpus and the proximal cauda of rat
epididymis, when spermatozoa migrating along the duct sequen-
tially encounter a sudden increase in the potential for motility and
the development for fertilizing ability [Casillas, 1973]. Therefore,
high levels of sialic acid in the caudal segment affirm maximal
synthesis in this segment in view of a role for sialoproteins in
the development and maintenance of the fertilizing ability of
spermatozoa.

GPC levels are considered as an index of epididymal secretory
activity [Robaire and Hermo, 1988]. The decrease in GPC
concentration under diabetic state may be due to its impaired
synthesis. The activity of phospholipase A2, which is responsible for
the first hydrolytic step in the conversion of lecithin to GPC, is
androgen-dependent [Wang et al., 1981]. As the synthesis and
secretion of GPC are under androgenic control [Bjerve and Reitan,
1978; Robaire and Hermo, 1988], the decrease in the bioavailability
of testosterone, observed in the current study, as well as serum
testosterone and DHT levels, as reported earlier [Sudha et al., 2000],
may be responsible for the decreased GPC concentration.

The normal flow of fluid and sperm concentration have been
suggested to promote the synthesis of GPC [Robaire and Hermo,
1988]. Therefore, in the present study, the fall in sperm con-
centration observed after the induction of STZ-diabetes may also be
correlated with the reduced concentration of GPC. As GPC also plays
a role in maintaining the epididymal luminal fluid osmolarity
[Robaire and Hermo, 1988] as well as in stabilizing the spermatozoal
membrane [Mitra and Chowdhury, 1994], the low level of GPC
observed after the induction of STZ-diabetes may have an adverse
effect on the epididymal milieu making it not conducive for sperm
maturation.

Accumulation of carnitine in the epididymis [Pruneda et al.,
2007] and the secretion of acetyl carnitine in the epididymal fluid
[Jeulin and Lewin, 1996] are shown to be associated with the
acquisition of flagellar movement and sperm motility. The data on
carnitine concentration revealed an age-dependent increase in the
control, diabetic and insulin-replaced groups of rats. Among the

regions, caudal segment exhibited the maximal concentration of
carnitine. This is the area where there is a sudden increase in
the potential for the motility of spermatozoa [Casillas, 1973].
This indicates that the accumulation of carnitine may directly be
associated with the acquisition of flagellar movement [Jeulin and
Lewin, 1996]. As carnitine is one of the factors responsible for sperm
motility, any agent that decreases the level of carnitine may have
definite impact on sperm motility. In diabetic rats, among the three
regions, even though the caudal segment had maximal concentra-
tion of carnitine, the level was significantly lower than that of
control rats. Therefore, in the present study, low levels of carnitine
observed in STZ-induced diabetic rats could be one of the reasons
for the impaired cauda epididymidal sperm motility in these
animals.

Further, the accumulating mechanism of carnitine is also
influenced by circulating androgens [Jeulin and Lewin, 1996;
Pruneda et al., 2007] and androgen bound to the intraluminal ABP
[Bohmer and Hansson, 1975]. Therefore, in the present study, the
reduced concentration of carnitine in the caput, corpus and cadual
segments may be due to the impaired uptake of carnitine from
circulation or reduced concentrating capacity of epididymal
epithelial cells, which may be secondary to the consequence of
STZ-induced deprivation in serum testosterone and DHT levels
[Benitez and Perez-Diaz, 1985; Murray et al., 1985; Sudha et al.,
2000]. Low levels of epididymidal testosterone and ABP could also
be the contributing factors for the low levels of carnitine observed in
diabetic rats.

Sperm content was significantly reduced in caput, corpus, and
caudal segments of adult diabetic rats, which is consistent with the
clinical and experimental evidences showing oligozoospermia
[Murray et al., 1985; Dinulovic and Radonjic, 1990; Steger and
Rabe, 1997; Betancourt-Albrecht and Cunningham, 2003]. The
reduced sperm content in caput, corpus, and cauda epididymides
implies an adverse effect of STZ-induced diabetes on spermatogen-
esis. In support of this, histological studies undertaken in the testis of
diabetic men and animals illustrate the spermatogenic arrest at the
level of primary spermatocytes, desquamation of immature germ
cells, malformation of elongated spermatids and loss of germ cells
[Murray et al., 1985; Dinulovic and Radonjic, 1990; Steger and Rabe,
1997; Betancourt-Albrecht and Cunningham, 2003].

After spermatozoa leave the testis in an immature state, they
undergo maturational changes and acquire the potential for
progressive forward motility during passage through the caput
and corpus epididymides [Yeung and Cooper, 2002]. Epididymal
secretory products furnish a microenvironment that is considered
vital for the acquisition of motility and viability of sperm [Wong
et al., 2002; Yeung and Cooper, 2002]. Immature spermatozoa swim
poorly or not at all, and mature spermatozoa express a high degree
of progressive forward motility [Robaire and Hermo, 1988; Wong
et al., 2002; Yeung and Cooper, 2002]. In the present study, the
diminished forward motility of spermatozoa obtained from caudal
segment is in correlation with the clinical observation of
asthenozoospermia in diabetic patients [Dinulovic and Radonjic,
1990; Steger and Rabe, 1997; Betancourt-Albrecht and Cunning-
ham, 2003]. Gatti et al. [2004] reported that sperm forward motility
is the result of a balance between maturation of the flagellum and
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inhibition of the flagellar machinery that keeps spermatozoa in an
immotile state.

In the present study, the decreased fertility of diabetic rats as
assessed by in vivo fertility test is probably the result of not only
reduced sperm production, but also the abnormal spermatozoa and
their impaired forward motility, which might have rendered them
incapable of fertilizing the ova. The reduced synthesis or uptake of a
number of secretory products such as sialic acid, GPC, and carnitine
as well as defective sperm motility are clear manifestations of altered
epididymal milieu and impaired sperm maturation, which may be a
plausible reason for the diminished fertility of STZ-treated rats.
Immediate insulin replacement helps to maintain these secretory
products partially or completely in an age- and region-specific
manner. Sperm forward motility and fertility (in vivo) remained
normal in insulin-replaced group of rats.

On the basis of the present study, it is concluded that STZ-induced
diabetes has an adverse effect on the epididymal secretory products,
which may be due to subnormal androgenic status. The modified
composition of secretory products, lead to defective sperm
maturation and this may be responsible for the reduced fertility
of STZ-diabetic rats. Amelioration of these changes either partially
or completely by insulin replacement suggests that insulin is one of
the hormones required along with testosterone for sperm matura-
tional events.

ACKNOWLEDGMENTS

Financial assistance to Dr. Soudamani Singh from the Department
of Science and Technology (DST), Government of India, New Delhi,
in the form of Women Scientist Fellowship (DST-WO0S-A) is
gratefully acknowledged (Award letter No. SR/WOS-A/LS-227/
2005 dated 03-07-2006). University Grants Commission (UGC-
SAP) and Department of Science and Technology, (DST)-FIST are
greatly acknowledged for financial support.

REFERENCES

Benitez A, Perez-Diaz J. 1985. Effect of streptozotocin-diabetes and insulin
treatment on regulation of Leydig cell function in the rat. Horm Metab Res
17:5-7.

Betancourt-Albrecht M, Cunningham GR. 2003. Hypogonadism and dia-
betes. Int J Impot Res 4:S14-S20.

Bjerve KS, Reitan LJ. 1978. The presence of an androgen controlled phos-
pholipase A in rat epididymis. Int J Androl 2:574-580.

Bohmer T, Hansson V. 1975. Androgen-dependent accumulation of carnitine
by rat epididymis after injection of [*H] butyrobetaine in vivo. Mol Cell
Endocrinol 3:103-115.

Brooks DE. 1981. Secretion of proteins and glycoproteins by the rat epidi-
dymis: Regional differences, androgen-dependence, and effects of protease
inhibitors, procaine, and tunicamycin. Biol Reprod 25:1099-1117.

Casillas ER. 1973. Accumulation of carnitine by bovine spermatozoa during
maturation in the epididymis. J Biol Chem 248:8227-8232.

Danzo BJ, Eller BC. 1976. Nuclear binding of [*H]-androgens by the epidi-
dymis of sexually mature castrated rabbits. J Steroid Biochem 7:733-739.

Danzo BJ, Pauvou SN, Anthony HL. 1990. Hormonal regulation of androgen-
binding protein in the rat. Endocrinology 127:2829-2838.

Dinulovic O, Radonjic G. 1990. Diabetes mellitus/male infertility. Arch
Androl 25:277-293.

Ezer N, Robaire B. 2002. Androgenic regulation of the structure and function
of the epididymis. In: Robaire B, Hinton T, editors. The epididymis: From
molecules to clinical practices. New York: Kluwer Academic/Plenum Pub-
lishers. pp 371-388.

Gatti JL, Castella S, Dacheux F, Ecroyd H, Metayer S, Thimon V, Dacheux JL.
2004. Post-testicular sperm environment and fertility. Anim Reprod Sci
83:321-390.

Gunsalus GL, Bardin CW. 1991. Sertoli-germ cell interactions as determi-
nants of bidirectional secretion of androgen-binding protein. Ann NY Acad
Sci 637:322-326.

Hamilton DW. 1975. Structure and function of the epithelium lining the
ductuli efferentes, ductus epididymidis, and ductus deferens in the rat. In:
Hamilton DW, Greep RO, editors. Handbook of physiology. Section 7,
Endocrinology, Vol. 5: Male reproductive system. Washington DC: American
Physiological Society. pp 259-301.

Jean-Faucher C, Berger M, de Turckheim M, Veyssiere G, Jean C. 1985.
Testosterone and dihydrotestosterone levels in the epididymis, vas deferens
and preputial gland of mice during sexual maturation. Int J Androl 8:
44-57.

Jeulin C, Lewin LM. 1996. Role of free L-carnitine and acetyl-L-carnitine in
post-gonadal maturation of mammalian spermatozoa. Hum Reprod 2:87-
102.

Jeyaraj DA, Grossman G, Petrusz P. 2005. Altered bioavailability of testos-
terone in androgen-binding protein-transgenic mice. Steroids 70:704-
714.

Mitra J, Chowdhury M. 1994. Association of glycerylphosphoryl choline with
human sperm and effect of capacitation on their metabolism. Reprod Fertil
Dev 6:679-685.

Munell F, Suarez-Quian CA, Selva DM, Tirado OM, Reventos J. 2002.
Androgen-binding protein and reproduction: Where do we stand? J Androl
23:598-609.

Murray FT, Cameron DF, Orth JM, Katovich MJ. 1985. Gonadal dysfunction
in the spontaneously diabetic BB rat: Alterations of testes morphology, serum
testosterone and LH. Horm Metab Res 17:495-501.

Pearson DJ, Tubbs PK, Chase FA. 1974. Carnitine and acetylcarnitine. In:
Bergmeyer HU, editor. Methods of enzymatic analysis, Vol. 4. Weinheim:
Verlag Chemie. pp 1762-1767.

Pruneda A, Yeung CH, Bonet S, Pinart E, Cooper TG. 2007. Concentrations of
carnitine, glutamate and myo-inositol in epididymal fluid and spermatozoa
from boars. Anim Reprod Sci 97:344-355.

Rajalakshmi M, Arora R, Bose TK, Dinakar N, Gupta G, Thampan TN, Prasad
MR, Anand Kumar TC, Moudgal NR. 1976. Physiology of the epididymis
and induction of functional sterility in the male. J Reprod Fertil Suppl 24:
71-94.

Ratnasooriya WD. 1984. Effect of atropine on fertility of female rat and
sperm motility. Indian J Exp Biol 22:463-466.

Robaire B, Hermo L. 1988. Efferent ducts, epididymis, and vas deferens:
Structure, functions and their regulation. In: Knobil E, Neill JD, editors.
The physiology of reproduction, Vol. 1. New York: Raven Press. pp 999-
1080.

Soudamani S, Malini T, Balasubramanian K. 2005. Effects of streptozotocin-
diabetes and insulin replacement on the epididymis of prepubertal rats:
Histological and histomorphometric studies. Endocr Res 31:81-98.

Steger RW, Rabe MB. 1997. The effects of diabetes mellitus on endocrine and
reproductive function. Proc Soc Exp Biol Med 214:1-11.

Sudha S, Valli G, Julie PM, Arunakaran J, Govindarajulu P, Balasubramanian
K. 2000. Influence of streptozotocin-induced diabetes and insulin

1100

EXPERIMENTAL DIABETES AND SPERM MATURATION

JOURNAL OF CELLULAR BIOCHEMISTRY



replacement on the pituitary-testicular axis during sexual maturation in rats.
Exp Clin Endocrinol Diabet 108:14-20.

Wang CY, Killian G, Chapman DA. 1981. Association of '*C-phosphatidyl-
choline with rat epididymal sperm and its conversion to '*C-glycerylpho-
sphorylcholine by sperm and principal cells. Biol Reprod 25:969-976.
Warren L. 1959. Thiobarbituric acid assay of sialic acids. J Biol Chem 234:
1971-1975.

Wirthensohn G, Guder WG. 1985. Glycerophosphorylcholine. In: Bergmeyer
HU, Grbal M, editors. Methods of enzymatic analysis. Vol. III, Metabolites.
Weinheim: Verlag Chemie. pp 112-117.

Wong PDY, Gong XD, Leunh GPH, Chek BLY. 2002. Formation of the
epididymal fluid microenviroenment. In: Robaire B, Hinton T, editors. The

epididymis: From molecules to clinical practices. New York: Kluwer Aca-
demic/Plenum Publishers. pp 119-130.

Yanagimachi R, Noda YD, Fujimoto M, Nicolson GL. 1972. The distribution of
negative surface charges on mammalian spermatozoa. Am J Anat 135:497-
519.

Yeung CH, Cooper TG. 2002. Acquisition and development of sperm motility
upon maturation. In: Robaire B, Hinton T, editors. The epididymis: From
molecules to clinical practices. New York: Kluwer Academic/Plenum Pub-
lishers. pp 417-434.

Zaneveld LJD, Polakoski KL. 1977. Collection and physical examination of
the ejaculate. In: Hafez ESE, editor. Techniques of human andrology.
Amsterdam: North-Holland Biomedical Press. pp 147-156.

JOURNAL OF CELLULAR BIOCHEMISTRY

1101

EXPERIMENTAL DIABETES AND SPERM MATURATION



