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ABSTRACT

The aim of these studies was to evaluate the use of urinary creatine as a marker of
testicular dysfunction in rats and humans by a) comparing urinary creatine with other
markers of testicular dysfunction after the administration of various testicular toxicants,
b) identifying and assessing possible sources of interference, and c) investigating the route
by which creatine enters the urine from the testes.

In rats acutely dosed with 2-methoxyethanol (2-ME) or cadmium chloride (CdCl,),
the significant increase in urinary creatine and the creatine:creatinine ratio was more
sensitive than testes weights or serum testosterone and lactate dehydrogenase-C4 (LDH-
C4) at detecting testicular damage. Acute dosing with 1,3-dinitrobenzene (1,3-DNB)
caused a discrete testicular lesion but no creatinuria, while ethyl methane sulphonate
(EMS) caused significant creatinuria, but no detectable effect on the testes or the other
markers. Semi-chronic daily administration of retinoic acid (RA) caused a testicular
lesion, but no change in urinary creatine or serum testosterone and LDH-C4.

Creatine was present in rat testis in concentrations second only to the muscle.
Some creatinuria occurred after food restriction for 48 h, and after dosing with 2,3,5,6-
tetramethyl p-phenylenediamine (TMPD), a muscle toxicant, but only when testicular
damage was present.

Urinary creatine excretion was not significantly higher in sham-operated than
vasectomized rats following acute administration of 2-ME or CdCl,, suggesting that most
of the creatine enters urine via the blood rather than the vasa deferentia.

Urinary creatine and the creatine:creatinine ratio were increased in human male
adults exposed to lead, ethanol or a mixture of solvents.

Thus urinary creatine, an easily measured, non-invasive marker is potentially more
sensitive than other markers at detecting testicular damage in rats, although it may not
detect all types of testicular dysfunction, and may have a role in detecting testicular

dysfunction in humans.
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CHAPTER 1

INTRODUCTION



1.1 PROLOGUE

Historically, work on the effect of toxicants on reproductive function has focused on the
female, with particular emphasis being placed on pregnancy outcome. However, in the last
couple of decades, there has been increasing awareness of the potential of environmental,
industrial, medical and domestic exposure to a wide range of compounds to adversely affect
the male reproductive system. Realization of the importance of detecting the potentially
adverse effects of male reproductive toxicants led the National Academy of Sciences/National
Research Council (NAS/NRC) to conduct a study of the scientific basis and current state of
development, validation and use of biological markers, or biomarkers, in environmental
health research (Committee on Biological Markers of the National Research Council, 1987),
the first section of which addressed biomarkers of male reproductive toxicology (Ewing &
Mattison, 1987). This, in turn, has spawned a wealth of reviews on the myriad of markers
available to monitor the effects of toxicants on the male reproductive system (Ewing er al,
1989; Kelce & Ewing, 1991), including some detailing the incorporation and use of these
markers in risk assessment (Mattison, 1991; Meistrich, 1992).

The function of the male reproductive system is to produce and deliver sperm capable
of fertilizing an ovum and producing normal offspring. This is not dependent on a discrete
target organ, but on a complex process involving the hypothalamus, pituitary, testes and
accessory sex organs. Male reproductive toxicants, before or after metabolism, may act
directly, due to structural similarity to endogenous compounds (e.g. hormones, nutrients) or
chemical reactivity (e.g. alkylating agents, denaturants, chelators), or indirectly, by
producing alterations in physiological control mechanisms (e.g. enzyme induction or
inhibition) (Ewing & Mattison, 1987). This may disrupt the system at one or more levels,
ultimately resulting in infertility. Thus, compounds with very different mechanisms of action
can produce the same end effect. In addition, mutagenic and carcinogenic compounds
represent a potential health hazard to the individual, as well as to its offspring. Therefore,
useful biomarkers of male reproductive toxicology should facilitate the detection of early
signs of damage before it becomes irreversible, whilst helping to identify the site and, if
possible, mechanism of action.

This chapter will give an overview of the structure and function of the male
reproductive system, followed by a description of biomarkers used in male reproductive
toxicology, including the background to urinary creatine, a potential non-invasive biomarker

of male reproductive dysfunction. The aims of the studies in this thesis will be outlined.
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1.2 THE MALE REPRODUCTIVE SYSTEM

The structure and function of the male reproductive system have been the subject of several
extensive reviews and monographs (for examples see: Heindel & Treinen, 1989; Creasy &
Foster, 1991; de Kretser, 1992), some of which look particularly at the effect of toxicants
on this system (for examples see: Lamb & Foster, 1988, Working, 1989). The following
provides an overview of the male reproductive system pertinent to understanding the
following thesis, but, in the space available, cannot detail the full complexity of the structure,
function, and regulation of this system. For the sake of brevity and readability, generally

accepted information is not referenced and readers are referred to the reviews cited above.

1.2.1 Male reproduction: a summary

The role of the male reproductive system is two-fold: to produce and deliver sperm capable
of fertilizing an ovum and producing normal offspring, and to produce testosterone essential
to the maintenance of spermatogenesis and to the development of secondary sexual
characteristics. These processes are complex and involve the integration and regulation of
several interrelated organs and systems including the hypothalamus, pituitary, testes,
excurrent ducts, accessory glandular organs, penis, sympathetic and parasympathetic nervous
systems and peripheral androgen receptors.

Luteinizing hormone-releasing hormone (LHRH) secreted episodically from the
hypothalamus acts on the pituitary to release the glycoproteins, luteinizing hormone (LH) and
follicle-stimulating hormone (FSH). LH stimulates testosterone production and secretion by
the Leydig cells in the testes. Testosterone then acts back on the hypothalamus and pituitary
to modulate LH secretion. In the periphery, testosterone is the dominant androgen in the
muscle, brain, pituitary gland and kidney. However, in tissues such as the skin, prostate
gland, seminal vesicles, and epididymis, testosterone is first metabolized by the microsomal
membrane-bound enzyme, Sa-reductase, to Sa-dihydrotestosterone (Sa-DHT) (Yen & Jaffe,
1991).

In the presence of high intratesticular testosterone concentrations, FSH acts on the
Sertoli cells of the seminiferous tubules to promote spermatogenesis. In this process,
primitive stem cell spermatogonia close to the basement membrane divide and develop
through various stages to produce spermatozoa, which are released into the lumen of the
seminiferous tubule. Feedback inhibition by inhibin, one of many Sertoli cell products, acts
to modulate FSH secretion from the pituitary. Following release into the lumen of the

seminiferous tubule, spermatozoa pass through the ducts of the rete testis, and are stored in
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the epididymis, where the final stages of maturation are thought to occur.

During coitus, sympathetic innervation of the epididymes, vasa deferentia, seminal
vesicles and prostate culminate in the ejaculation of sperm and secretions from the accessory
organs that together constitute semen. Further passage of the spermatozoa from the seminal
deposit in the vagina through the cervical canal and into the uterus depends largely on their
motility. Fertilization of a single ovum by a single spermatozoa occurs in the Fallopian tube,
after which implantation and development of the foetus occur.

Various aspects of this complex process are explained in more detail below. The rat
will be used as the main example, as it is the species in which most studies on the male
reproductive system have been carried out, and is the species most commonly used in toxicity
studies. In addition, it is the species used for the main studies in this thesis. Marked

variations from the male reproductive system in the human are included where relevant.

1.2.2 Basic structure of the testis

The testes are two ovoid structures that, at puberty, descend through the inguinal canal into
the scrotal sac that lies outside the abdominal cavity. Each testis remains linked to the
abdominal cavity by the cremaster muscles, which, with the blood vessels (of which the veins
form the pampiniform plexus) and nerves that supply the testis and vas deferens, form the
spermatic cord. Its relation to the excurrent ducts and the accessory organs in the rat is
shown in Figure 1.1.

The testis is surrounded by a capsule that has three layers. The tunica vaginalis lines
the scrotal sac and surrounds the tunica albuginea, which is composed of collagen fibres. The
innermost layer is the tunica vasculosa, that is rich in fine blood vessels. These enclose the
parenchymal tissue, which is composed of seminiferous tubules separated by interstitial
tissue.

The interstitial tissue is composed of loose connective tissue containing Leydig cells,
macrophages, fibroblasts, blood vessels, and lymphatic channels. It surrounds the
seminiferous tubules, which comprise 98% of the testicular volume (Al Salim et al, 1995).
The seminiferous tubules are long, convoluted structures connected at both ends into the rete
testis. The tubules are lined by the seminiferous epithelium which contains somatic Sertoli
cells, and germ cells at different stages of maturity, and is bounded by the tunica propria,
a multilayered peritubular capsule. This capsule consists of an inner basement membrane
surrounded by a layer of myoid epithelial cells, bounded by a non-cellular layer composed

mainly of collagen, and an outer endothelial layer. The peritubular cells, originally thought
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In the first phase, undifferentiated type A spermatogonia divide mitotically to form
either two daughter cells, which separate to yield two new type A stem cells, or two cells
joined by a cytoplasmic bridge that are committed to differentiation (second phase) and
undergo six mitotic divisions through intermediate and type B spermatogonia before giving
rise to the preleptotene or resting spermatocyte. As proliferation of spermatogonia still occurs
in hypophysectomized animals, it is thought that control of this process may be due, in part,
to products of the Sertoli cell (Sharpe, 1986).

Spermatocytes proceed through a long meiotic prophase. The preleptotene
spermatocytes pass through the specialized tight junctions between the Sertoli cells ("blood-
tubule barrier") as they develop into leptotene spermatocytes. Chromosome pairing occurs
during the zygotene stage, and is complete in the pachytene spermatocytes. Following a short
diplotene step, the first meiotic division occurs yielding secondary spermatocytes, whilst the
second meiotic division produces the haploid spermatids (third phase).

During spermiogenesis (fourth phase), the early, round spermatids develop an
acrosome (an organelle containing lysosomal enzymes that will enable the sperm to penetrate
the zona pellucida of the oocyte for fertilization) from the Golgi apparatus, elongate,
condense their nuclei, and develop a tail. Specialized contacts between the spermatid and the
Sertoli cell enables smooth transition of the later spermatids towards the lumen of the tubule.
Most of the spermatid cytoplasm and organelles form a "residual body" that is phagocytosed
by the Sertoli cell. The resultant mature spermatozoan is then released into the lumen
(spermiation).

Development of any one generation of spermatogonia, spermatocytes, or spermatids
is closely integrated with that of other generations present in the same area of the tubule.
Thus cells are organized into well-defined cellular associations that succeed one another in
time, in any given area of the seminiferous tubule, producing a sequence that continually
repeats itself. The series of changes that occurs in a given area of the seminiferous
epithelium, between two successive appearances of the same cellular associations, is known
as the cycle of the seminiferous epithelium, while each specific cellular association represents
a stage of the cycle. The duration of the cycle and, thus, the duration of spermatogenesis is
constant for a given species and strain of animal. In the rat, spermatogenesis takes 48-53
days, with a cycle time of 12-13 days, depending on the strain, whilst in men, the whole
process takes 64 days (Creasy & Foster, 1991). Based on the cytological characteristics of
the developing spermatid, LeBlond and Clermont (1952) identified 14 stages in the cycle of

the seminiferous epithelium in the rat, referred to using roman numerals (I-XIV) (Figure 1.3).
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Table 1.1

Some regulators

of male reproduction

FACTOR SOURCE TARGET EFFECT
FSH Pituitary gland | Sertoli cell Secretion of androgen binding protein (ABP),
tubular fluid, lactate, pyruvate, alpha
ketoacids; estrogen secretion (pre-puberty)
Testicular Secretion of lactate
macrophage
LH Pituitary gland | Leydig cell Secretion of testosterone; increase in vascular
permeability, ? via prostaglandin or beta
endorphin secretion
Testosterone Leydig cell Sertoli cell Secretion of ABP
Peritubular cell Modulation of ABP secretion from Sertoli cell
Accessory sex Secretion of glandular fluids
organs
Inhibin Sertoli cell Pituitary gland Inhibition of FSH secretion
LHRH-like Sertoli cell Leydig cell Modulation of testosterone secretion
peptide
Transforming Sertoli cell Leydig cell Regulation of steroidogenesis
growth factor 3
(TGF-B)
Mitogenic Sertoli cell Spermatogonia Stimulation of mitotic division
factor
Activins Leydig cell 7 Pituitary gland Paracrine regulation
Oestradiol Leydig cell Leydig cell Down regulation of testosterone production
Oxytocin Leydig cell Peritubular cell Tubular contraction

peripheral functions or negative feedback, and levels in testicular interstitial fluid can be 100-

fold higher than in the plasma (Sharpe, 1988).

1.2.4c

Although the testis is under overall control by pituitary gonadotrophins, intratesticular control

Local control systems in the testis

mechanisms are important because of the unique structural organization of the testis, and
because of the organization and local requirements of spermatogenesis. Due to the avascular
nature of the seminiferous tubules their exceptionally high energy and nutritional demands,
intense and continuous cell involved in

required because of the multiplication

spermatogenesis, have to be met by local transport in the testicular interstitial fluid. In
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addition, the multiplicity of factors involved in the endocrine, paracrine and autocrine
regulation of the testicular cells (see Table 1.1 for examples), in particular the stage-specific
testosterone requirements for the maintenance of the spermatogenic cycle, and their intricate
interactions with each other, require a system of transport between the different areas of the
testis. These requirements are met by the testicular interstitial fluid (IF), which is present in
copious amounts surrounding the seminiferous tubules and Leydig cells and which fills the
interstitial spaces.

Interstitial fluid is formed by filtration from the capillaries, with its rate of formation
being dependent on capillary permeability. It has been suggested that local control of
intratesticular testosterone is mediated by a Sertoli cell factor (or factors) which act on the
Leydig cell and which interact with LH to modulate the levels of testosterone in testicular
IF (Sharpe 1984). A LHRH analogue has been shown to have dose-dependent effects on
capillary permeability and the IF levels of testosterone, that are modulated according to the
ambient level of LH. Thus, it is likely that testicular LHRH has an important role in
regulating the level of intratesticular testosterone that is central to the maintenance and

control of spermatogenesis.

1.2.5 The role of the Leydig cell

The Leydig cells form clusters of cells that are intimately associated with blood and lymph
vessels, their precise anatomical location varying with species and the stage of the
spermatogenic cycle (Foster, 1988). In the rat, Leydig cells are relatively small (10 um
diameter) and are clustered around the blood vessels of the interstitium, becoming
particularly associated with the seminiferous tubules where the testosterone requirements are
highest (Stages VII and VIII) (Foster, 1988). Leukotrienes, produced by testicular
macrophages that make up about 20% of testicular interstitial tissue in adult animals, have
been shown to stimulate Leydig cell production (Heindel & Treinen, 1989).

The prime function of the Leydig cells is the production of testosterone. As already
discussed, this process is controlled primarily by the pituitary hormone LH. However, a
multiplicity of factors, some of which are outlined below, modulate the production of
testosterone by the Leydig cells.

Prolactin, produced by the pituitary, regulates LH receptor number, with
hyperprolactinaemia increasing the number of LH receptors and the responsiveness of the
cells to LH. LH acts as an endocrine hormone, interacting with specific receptors on the

Leydig cell to promote steroidogenesis via activation of the cAMP second messenger system
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with possible additional regulation by C-kinase and calmodulin modulated by intracellular
calcium (Heindel & Treinen, 1989). Leydig cells also have a specific angiotensin II receptor,
occupation of which activates the Ni (inhibitory) subunit of adenylate cyclase, inhibiting
gonadotrophin stimulation of cAMP, resulting in decreased testosterone production (Heindel
& Treinen, 1989). LHRH and LHRH-like factor (thought to be produced by the Sertoli cells)
act in a paracrine manner to stimulate testosterone production during a short exposure time
(up to 24 h) and to inhibit production during more prolonged periods of exposure (3 days or
more) (Heindel & Treinen, 1989). LHRH-like factor may have an additional role in altering
vascular permeability and testicular blood flow, further regulating the concentration of
testosterone in testicular interstitial fluid (Sharpe, 1984).

Oestradiol, produced by the Leydig cell from testosterone by aromatase, acts in an
autocrine manner to down-regulate androgen synthesis by inhibiting 17-c-hydroxylase and
17-20 lyase, two important enzymes in the synthetic pathway for testosterone. A Sertoli cell
factor that increases Leydig cell aromatase activity has also been identified, as well as an
aromatase inhibitor, that has been shown in vitro to be produced by seminiferous tubules
preferentially at Stages VII-VIII. By thus minimizing the conversion of testosterone to
oestrogen by the neighbouring Leydig cells, the Sertoli cell can maintain high intratesticular
concentrations of testosterone during the most androgen-dependent stages of the cycle
(Heindel & Treinen, 1989).

1.2.6 The role of the Sertoli cell

The Sertoli cell is a tall, irregularly outlined columnar cell that reaches from the basal lamina
to the lumen of the seminiferous tubule and is in direct contact with both the peritubular cells
and the developing germ cells. Inter-Sertoli cell tight junctions, that form part of the "blood-
tubule" barrier, divide the seminiferous epithelium into basal and adluminal compartments
(Figure 1.2).

The functions of the Sertoli cell are central to the integrity of the seminiferous
epithelium, and include metabolic regulation of spermatogenesis, structural and metabolic
support of germ cells, spermiation (release of the spermatozoa into the lumen), secretion of
tubular fluid for sperm transport, paracrine control of Leydig cell and peritubular cell
function, feedback control of FSH secretion through the production of inhibin and
maintenance of a permeability barrier, the "blood-testis" barrier, between the interstitial and
tubular compartments.

FSH is the main trophic hormone of the Sertoli cell, stimulating its growth (in
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immature animals) and its differentiated functions. It acts on receptors coupled to the cAMP
second messenger system. Other hormones and compounds can be considered as modulators
of Sertoli cell function and include: testosterone, catecholamines, glucocorticoids, oestrogens
and acetylcholine; adenosine, acetylcholine (hamster) and 8-endorphin, which act through the
inhibitory pathway of the cAMP system (adenosine acts in an autocrine manner to inhibit the
Sertoli cell response to FSH); P-mod-S, a paracrine regulator produced by the peritubular
cells; prostaglandins, TGF-@3, b-fibroblast growth factor (b-FGF), and insulin-like growth
factor I (IGF-I), that are produced by and act on the Sertoli cell and several other growth
factors including insulin, insulin-like growth factor II (IGF-II), and epidermal growth factor
(EGF) (Heindel & Treinen, 1989).

One of the predominant functions of the Sertoli cell is the synthesis and secretion of
a host of factors involved in the regulation of many of the functions of the male reproductive
system. Inhibin, a 2 subunit glycoprotein existing in 2 forms A and B that are equipotent,
is produced by the Sertoli cell and is involved in the negative feedback system on FSH
secretion from the pituitary (Heindel & Treinen, 1989). The secretion of FSH by the pituitary
and the production of inhibin by the Sertoli cell are reciprocally related with serum
concentrations of inhibin in rats varying inversely with serum FSH during development. In
the normal adult male rat, inhibin inhibits FSH but not LH secretion from the pituitary. It
may also have an intratesticular paracrine role, as the a8 heterodimer enhanced and the 56
homodimer suppressed the LH stimulation of Leydig cell testosterone production in vitro
(Heindel & Treinen, 1989). This evidence suggests that there is cross-communication
between the FSH-inhibin feedback system and the LH-testosterone axis.

Androgen binding protein (ABP) is a heterodimeric glycoprotein (MW 85kDa), the
production of which is stimulated by both FSH and testosterone in vivo (Heindel & Treinen,
1989). It is secreted by the Sertoli cell, with 20% entering the bloodstream via the interstitial
fluid and 80% being secreted into the tubule fluid. Following its transport into the
epididymis, it is taken up by the epithelial cells. Although its mechanism of action is still
unknown, it binds testosterone and So-DHT with high affinity and is thought to be the carrier
protein that provides androgens to the cells in the epididymis.

The structure and functions of the Sertoli cell vary with the stage of the cycle of the
seminiferous tubule (Section 1.2.3), including changes in the morphology, lipid content,
phagocytotic activity and enzyme content, as well as cyclical secretion of some proteins, such
as ABP, plasminogen activator, cyclic protein-2 and acid phosphatases. There is also a

variation in the FSH stimulation of Sertoli cell function. As there is an age-dependent
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decrease in the ability of FSH to stimulate cAMP accumulation in cultured rat Sertoli cells,
the overall response of adult Sertoli cells is quite low. However, using transillumination
techniques, it has been shown that cAMP accumulation is highest in Stages I-IV, while Stages
VII-VIII, where the spermatids are moving towards the lumen, are virtually insensitive to
FSH, there being a good correlation between FSH responsiveness and the location of
spermatids deep in the Sertoli cell cytoplasm (Parvinen et al, 1986). Cyclical changes also
occur in testosterone, with the highest concentrations in Stages VII-IX, and the lowest in
Stages XIII-XIV and Stages I-V, whilst Stages IX-XIV and Stage I have the highest androgen
receptor concentrations, which coincides with the Stage XIV meiotic divisions that are

dependent upon androgen stimulation.

1.2.7 The excurrent ducts

After the rete testis, the spermatozoa cnter the efferent ducts (ductuli efferentes), which join
to form the extremely long convoluted duct, the epididymis, following which they enter the
vas deferens through which they are propelled into the urethra during ejaculation. The
structure, function, and regulation of the excurrent ducts, which include the efferent ducts,
epididymis and vas deferens, have been extensively reviewed by Robaire and Hermo (1988),
who are the source of unreferenced data in the following text and to whom readers are
referred for additional information.

The excurrent ducts develop during gestation under the influence of testosterone and
rot Sa-DHT. Although they are the route by which spermatozoa are transported from the
testes to the urethra, they do not act simply as a passive conduit, but have an active role in
the further maturation of spermatozoa, as well as their maintenance, transport and storage.
The integrity of the "blood-tubule barrier", maintained by tight junctions present in the
epithelial cells of the excurrent ducts, is not altered by high doses of oestradiol, vasectomy
or induction of varicocele, and may have a role in preventing the recognition and destruction

of spermatozoa as "foreign material".

1.2.7a Epididymis

The epididymis is composed of three main sections: the caput, corpus and cauda. It has a
mesonephric origin common with the kidney with the presence of similar ionic gradients. The
epithelial cells of the epididymis secrete many proteins and other substances into the lumen,
including some which are actively taken up by the cells from the general circulation. They

reabsorb considerable volumes of tubular fluid -resulting in a multifold increase in the
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concentration of spermatozoa, and are involved in active transport of ions and proteins across
ihé epithelium. They also have a role in the support of intermediary metabolism, and in the
synthesis and metabolism of steroids and other compounds such as prostaglandins. During
passage of the sperm through the epididymis, changes in sperm morphology occur, including
acquisitionbf the ability to fuse with and fertilize an oocyte.

The larger diameter cauda serves as a storage receptacle for the mature, motile sperm
prior to ejaculation. Depending on the species and frequency of ejaculation, sperm reach the
cauda 1-2 weeks after release from the seminiferous tubule. Sperm production is a continuous
process: if the stored sperm are not removed by frequent ejaculation, they are voided in the
urine or removed from the lumen by the epithelial cells (spermiophagy).

The androgens, particularly 5a-DHT, are the primary modulators of the functions of
the epididymis and the rest of the excurrent duct system and are thought to be delivered
directly to the cytoplasmic receptors in the epithelial cells of the epididymis by ABP. Of the
major functions described for the epididymis, only spermiophagy has not been proven to
depend directly on androgens, while 5¢-DHT is the only androgen capable of permitting the
development of the fertilizing ability of spermatozoa during their passage through the
epididymis.

The varied functions of the excurrent ducts requires the interaction of various
regulatory systems in addition to effects of androgens. Some of the proposed regulatory
systems are analogous to the kidney. Aldosterone is involved in regulating the concentration
of spermatozoa in the epididymis by effects on water reabsorption from the lumen. An
epididymis-specific form of angiotensin converting enzyme (ACE) is present in the rat
epididymal lumen in higher concentrations than ACE found elsewhere in the body. In
addition, the level of prorenin found in human seminal fluid was found to be several-fold
greater than in plasma and was directly proportional to the sperm density in semen samples
(Mukhopadhyay et al, 1995). Combined this data suggests that a complete prorenin-renin-
angiotensin system exists in human semen and that this system may be relevant to sperm
function. The epididymis is capable of metabolising 25-hydroxy Vitamin D to 1,25-dihydroxy
Vitamin D and 24,25-dihydroxy Vitamin D, the latter metabolite being present in higher
concentrations than in any other tissue and specific receptors for 1,25-dihydroxy Vitamin D
have been identified in the rat epididymis. It is postulated that Vitamin D metabolites may
have a role in regulating phosphorus and that 24,25-dihydroxy Vitamin D may regulate the
flux of phosphate into the epididymis. Certain epididymal functions, such as the regulation

of epididymal nuclear 5a-reductase, are mediated in a paracrine manner by substances,
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probably synthesized by the Sertoli cells or early germ cells, entering the epididymis from

the testis.

1.2.7b Vas Deferens

The vasa deferentia (ductus deferens) extend from the epididymes to the prostatic urethra,
and transfer spermatozoa to the urethra, where additional secretions are added from the
accessory glands to produce semen. Innervation is extremely complex and involves
adrenergic, purinergic and peptidergic neurotransmission and results in the contraction of the
thick fibromuscular coat that surrounds the duct to provide the rapid propulsion of the sperm
along the tract during ejaculation. Although the main role of the vasa deferentia may be
considered to be expulsion of sperm from the male reproductive tract, it also has many of
the same functions as the epididymis and may still be important in the modulation and

maintenance of sperm function and viability.

1.2.8 The accessory organs

In rodents, these include the seminal vesicles, prostate gland, coagulating gland,
bulbourethral gland, and preputial gland. The glands secrete a variety of complex fluids
containing enzymes, lipids, amines, metal ions and other compounds that are essential for
the normal function of spermatozoa as they are transported out of the male and into the
female genital tract. Secretory activity is extremely sensitive to androgen levels, and weight
change and altered cellular activity in the seminal vesicle and prostate can be used as a good

and relatively rapid indicator of altered circulating androgen levels.

1.2.9 The male reproductive system as a target for toxicant action

The male reproductive system involves a complex process with the interaction of many
different cell types and regulatory systems. Dependent on their distribution, metabolism, and
mode of action, toxicants may act on the hypothalamic-pituitary-testicular axis, or on one or
more cell-types in the male reproductive tract with particular emphasis on the Leydig,
Sertoli, and germ cells. The Sertoli cell in the seminiferous tubule might be expected to be
particularly vulnerable to irreversible damage, as Sertoli cells do not divide after 18-21 days
of age in the rat. However, the lack of a renewable population is ameliorated by their
extreme resistance to lethal injury, although they frequently show evidence of morphological
as well as functional injury following toxicant exposure (Creasy & Foster, 1991). The

presence of the Leydig cells in the interstitial space might make them more vulnerable due
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to earlier exposure to higher concentrations of the toxicant, as it enters the interstitial space
from the interstitial capillaries. Toxicity to Leydig cells is normally manifest as an inhibition
of its primary function, the production of testosterone. Germ cells are metabolically highly
active during mitosis and meiosis, both of which may be easily disrupted by toxicant action
if they were exposed directly. However, this would depend on whether the germ cells had
passed from the outer portion of the seminiferous tubules through the Sertoli cell tight
junctions and whether the structure and action of the toxicant allowed it to pass through the
Sertoli cell. Germ cells are also vulnerable to indirect toxicity if effects on the Sertoli cell
result in interruptions in the supply of nutrients and required regulatory factors. In addition,
there may be indirect mechanisms ranging from effects on the vasculature to interference
with the effect of photoperiod in seasonally breeding animals.

This diversity of possible effects on the male reproductive system highlights the need
for investigations of the reproductive toxicity of any compound. This may include not only
some measure of the ultimate effect on fertility, but also a battery of procedures to assess the
systemic and local effects of the toxicant, choice of which may be aided by prior knowledge
of effects in other organs or tissues or of its proposed mechanism(s) of action. A myriad of
biomarkers have been developed to improve the detection of reproductive toxicity and to
identify the site(s) and mechanism(s) of action. The next section will introduce the field of
biomarkers and outline some of the biomarkers of present interest in the field of male

reproductive toxicology.

1.3 BIOMARKERS
1.3.1 What is a biomarker?
Biomarkers have been broadly defined as indicators signalling events in biological systems
or samples (NRC, 1987). In the field of toxicology, biomarkers are tools used to predict
health impairment or potential health impairment resulting from exposure to toxic agents
(Kelce & Ewing, 1991). They have been classified into three types that have been defined
by the Committee on Biological Markers of the National Research Council (NRC, 1987).
A biomarker of exposure may be either an exogenous substance within the system
(e.g. lead in blood), the product of an interaction between a xenobiotic compound and an
endogenous substance (e.g. carboxyhaemoglobin), or the result of some other events in the
biological system related to the initial exposure (e.g. induction of the enyme ~y-glutamyl
transferase following chronic exposure to alcohol). Biomarkers of exposure include

biomarkers both of internal and of effective dose. Biomarkers of internal dose involve the
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measurement of the compound or its metabolite(s) in body fluids, the internal dose being a
function of the external dose and the amount which is actually absorbed into the organism
(Mattison, 1991). Biomarkers of effective dose are a measure of the portion of the internal
dose which reaches target tissues or sites in the body and produces biological alterations
(Mattison, 1991). Biomarkers of exposure have been extensively studied, and are used
predominantly to determine and monitor the extent of exposure to a xenobiotic.

A biomarker of susceptibility is an indicator that the health of the system is especially
sensitive to the challenge of exposure to a xenobiotic, and may be either inherent or
acquired. Importantly, it must be noted that susceptibility is independent of exposure. If
certain individuals in the population are vulnerable to the effects of a specific toxicant, their
susceptibility will only become apparent and be detrimental to their health, if exposure to the
toxicant occurs (Mattison, 1991).

A biomarker of effect is an indicator of any effect of a xenobiotic on the biological
system that can be recognized as an established or potential health impairment. It may be an
endogenous component of the biological system, a measure of the functional capacity of the
system, or an altered state of the system signifying impairment or disease. For a compound
to exert a toxic effect, a biologically effective dose that is of sufficient magnitude to
overwhelm the endogenous repair mechanisms, must be acheived at the site of action. By
incorporating both environmental and physiological factors, including dose and susceptibility,
a biomarker of effect gives a much clearer picture of the ultimate effects of toxicant
exposure, whilst also providing information on potential sites of toxicant action. When used
in regulatory toxicology studies, data obtained by using appropriate biomarkers of effect is
essential in risk assessment extrapolations to man (Kelce & Ewing, 1991), and may also form
part of a screening strategy to monitor individuals considered to be at risk of adverse
exposure. Although biomarkers of exposure and effect represent a continuum, it is
predominantly the latter class that are pertinent in investigating and assessing the effect of
a toxicant on the male reproductive system, and which thus form the bulk of the following

discussion.

1.3.2 Characteristics of an ideal biomarker of effect

When investigating the effects of a toxicant on the male reproductive system, Kelce & Ewing
(1991) have advocated using a battery of biomarkers of effect, as no one parameter has been
found that provides all the answers to all the questions. Finding the ultimate "all-singing, all-

dancing" biomarker of effect may not be possible in such a complex system, but any potential
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biomarker should be assessed with due reference to the ideal standards. In order to be useful,

a good biomarker of effect will fulfil the following characteristics:

. Sensitive i.e. able to detect small, adverse effects before damage becomes irreversible
. Non-invasive  i.e. measurable in sample types taken without puncturing the skin

. Informative  i.e. giving insight into the site of toxicant action and/or damage

. Practical 1i.e. easily measurable by, if possible, an automated method

. Cheap

. Versatile 1i.e. able to detect acute and chronic effects

AN L A W N -

1.3.3 Biomarkers of toxicity to the male reproductive system

Traditionally, the potential of compounds to cause damage to the male reproductive system
has been assessed using fertility studies, where male and female animals are exposed to the
compound of interest prior to mating, during mating and up to sacrifice. Possible adverse
effects are identified by examining fetuses during pregnancy and monitoring the number,
viability and reproductive capacity of the offspring produced (Beltrame & Mazué, 1993).
These studies are capable of identifying possible adverse effects on all stages of reproductive
performance, from changes in fertility and damage to the male and female gametes to late
effects on the progeny. However, they are costly in terms of time and animals. In the human
situation, it is possible to look at fertility rates, but it is difficult to set up studies where the
exposure to the substance(s) is known, there is a suitably matched control group, and the
results are not confounded by social and economic factors.

Although the information provided by fertility studies on the site and mechanism of
action of the toxicant is limited, these studies do allow assessment of the ultimate endpoint,
the production of live, viable offspring and are, therefore, as yet unlikely to relinquish their
central role in regulatory reproductive toxicology. However, routine protocols for fertility
studies may be refined by including a variety of specific biomarkers of male reproductive
toxicology increasing the quality and quantity of data obtained, and thus helping to satisfy
the future requirements of regulatory bodies for specific information on the effects on the
male reproductive system.

Biomarkers of male reproductive toxicology presently of interest include sperm
parameters, hormones, testis-specific enzymes, testis-specific compounds, DNA adducts and
DNA probes, and these will be discussed before describing the background to a potential new

non-invasive biomarker of testicular dysfunction, urinary creatine.
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1.3.3a Sperm parameters

As the main function of the male reproductive system is to produce viable sperm, the effect
of toxicants on their number and integrity has long been of interest. In humans, routine
semen analysis involves the measurement of a range of parameters including semen volume,
and sperm concentration, motility, and morphology, and can be extended to include sperm
viability (the number of live sperm), the number of leucocytes, and the presence of anti-
sperm antibodies (Comhaire, 1992).

In animals, the production of spermatozoa may be quantified by counting the number
of homogenization-resistant spermatid nuclei from the testicular parenchyma at autopsy
(Amann & Lambiase, 1969), as this shows a high correlation with daily sperm production
in rabbits (Amann, 1970). Sperm number in ejaculates or epididymal sperm count may also
be used in rabbits, although there may be variation dependent on previous sexual activity.

Unfortunately, sperm ejaculates cannot be obtained in rodents, the species most
commonly used for toxicology studies. Therefore, in these species, the epididymes are the
most common site for sample collection. A variety of sperm parameters, including number,
morphology, viability, and motility, may then be assessed. Sperm number or daily sperm
production represents a fairly insensitive measure, especially as rats and mice have been
shown to remain fertile when sperm counts are reduced by >90% (Meistrich, 1982). Sperm
morphology is also a crude measure, abnormalities being indicative of quite severe damage.
Sperm motility is fully attained during passage through the epididymis, however, its
assessment is fairly laborious.

In order to overcome some of the problems in the traditional manual methods for
assessment of sperm parameters, computer-assisted sperm analysis (CASA) was designed,
with the aim of providing objective measurements of various sperm parameters. It was hoped
that this would herald the dawn of a new age, where the standardized assessment of large
numbers of sperm samples in both research and clinical settings would be possible with a
speed, accuracy, and economy hitherto unseen with non-automated methods (Boyers et al,
1989). It also allows more detailed assessment of the motility of sperm, including many
aspects not previously studied, such as the movement of the sperm head and the beating of
the sperm tail. Its potential has been illustrated by Toth et al (1989), who have shown that
epichlorhydrin, which impaired fertility at the highest dose tested, did not affect testis or
epididymal weights or sperm number, morphology or percent motile. However, it did cause
a significant decrease in curvilinear and straight-line velocity, linearity and amplitude of

lateral head displacement, and a significant increase in beat cross frequency, suggesting
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impaired motility that might affect the fertilizing ability of the sperm.

In addition, CASA has been used to prioritize compounds for thorough reproductive
and developmental testing in the preliminary screening of drinking water disinfection
byproducts by identifying alterations in rat epididymal sperm motility, which seemed to be
predictive of more generalized toxicity of the male reproductive system (Klinefelter ez al,
1995). However, many technical problems still exist and non-standard practices are followed
within or across instruments (Davis & Katz, 1993). Therefore, semen analysis is still
predominantly carried out using traditional manual techniques based on the WHO
recommendations (World Health Organization, 1987).

Of greater diagnostic value in predicting the functional integrity, and thus fertilizing
potential of sperm, are those tests designed to measure the functional competence of the
spermatozoa, with bioassays available to assess the penetration of cervical mucus, the sperm-
zona interaction, the acrosome reaction, and sperm-oocyte fusion (Irvine & Aitken, 1994).
The ability of sperm to penetrate zona pellucida-free hamster ova has been used to assess the
effect of toxicants on sperm function. The ultimate fertilizing capacity of sperm can also be
investigated in animal studies by in vitro fertilization (IVF) or artificial insemination with
sperm, following various periods of exposure to a toxicant. This represents a very sensitive
method of assessment, as identical numbers of sperm can be used in the control and treated
individuals.

The use of sperm parameters as markers of male reproductive toxicology continues
to be a popular area of research, but unless ejaculates are used (only possible in non-rodent
species), does not include possible effects of the accessory organs and seminal plasma on
function. In addition, use for screening in humans in the general population or in industry
is limited because collection and analysis of semen samples in such a setting requires a highly
motivated population and excellent technical resources, both of which may present

difficulties.

1.3.3b Hormones

LH, FSH and testosterone have frequently been measured in the blood to establish the
hormonal status of the animal. This is particularly important in the case of testosterone as
it acts on many sites other than the testes. Serum LH and testosterone give an indication of
Leydig cell function. However, measurement of testosterone is complicated by the pulsatile
nature of LH release, resulting in large variations in serum testosterone, depending on the

time of sample collection. Nevertheless, significantly reduced testosterone levels are normally
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associated with severe impairment of Leydig cell function, while the testosterone/LH ratio
has been used as an index of more subtle dysfunction (Giagulli & Vermeulen, 1988).

Elevated FSH levels are considered to indicate Sertoli cell dysfunction.

1.3.3¢ Testis-specific enzymes

The testis has been shown to contain a large number of specific isoenzymes present in
spermatozoa or the germinal epithelium. This propensity to uniqueness provides a fertile
hunting ground for specific markers of male reproductive toxicology. Goldberg (1985)
describes the biological properties and occurrence of the following: phosphoglycerate kinase-
B, expressed specifically in spermatids and spermatozoa, measurement of which has been
used in the characterization of the testicular damage induced by 2-methoxyethanol (2-ME)
(Koizumi er al, 1990); enolase S, found exclusively in sperm; testicular cytochrome c,
present in the mitochondria of mid-pachytene spermatocytes; and lactate dehydrogenase-C4
(LDH-C4), which first appears in pachytene spermatocytes and is predominantly cytosolic,
although 10% is on the surface of the spermatozoon.

Of these testis-specific enzymes, LDH-C4 has been most extensively characterized and
was increased in serum following acute cadmium chloride (CdCl,) administration in mice
(Itoh and Ozasa, 1985), and after acute 1,3-dinitrobenzene (1,3-DNB) and 2-ME in rats,
where the rise preceded obvious signs of histopathological damage (Reader er al, 1991).

The measurement of specific isoenzymes in the interstitial or seminiferous tubule
fluids may give an indication of the site of toxicant damage due to their localization to and
release from specific cell types or stages, whereas measurement in peripheral blood may
provide a convenient marker for screening for toxicant damage. These isoenzymes also

provide a specific target for DNA probes (Section 1.3.3e).

1.3.3d Testis-specific compounds

Several compounds are produced by particular cell types in the testis. The Sertoli cell
secretes many compounds including inhibin, ABP and transferrin. Tsatsoulis et al (1990)
have shown that serum immunoactive inhibin is reduced in radiotherapy-induced testicular
damage in men where there is severe impairment of Sertoli cell function. More subtle Sertoli
cell dysfunction, due to cytotoxic chemotherapy, resulted in a decrease in the inhibin/FSH
ratio, although inhibin levels were unchanged. Therefore, the use of serum inhibin levels in
the assessment of Sertoli cell function must always be in the context of circulating FSH

levels.
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ABP in the adult rat (rABP) can be measured in the interstitial and seminiferous
tubule fluids, allowing the effect of toxicants on the integrity of the Sertoli cell-Sertoli cell
tight junctions to be investigated. It has been suggested that the measurement of serum and
testicular interstitial fluid ABP would provide a marker of Sertoli cell function (Heindel &
Treinen, 1989). Reader er al (1991) have reported increased ABP levels in the plasma
following acute 1,3-DNB or 2-ME administration in rats. However, human ABP is difficult
to measure specifically as it is nearly identical to sex hormone binding globulin (SHBG)
(Kelce & Ewing, 1991), although it has been shown that its affinity for 5a-DHT is different
to that of liver SHBG (Fabbrini et al, 1990).

Levels of transferrin in the human seminal fluid have been shown to be closely
associated with spermatogenesis in oligospermia, as well as in azoospermia due to damaged
spermatogenesis (Fabbrini e al, 1990).

The accessory sex organs, the specific functions of which are largely unknown, also
secrete some specific compounds with potential as markers of male reproductive dysfunction
in animals. These include proteins IV and V from rat seminal vesicles (Kinghorn et al, 1987)
and prostatein from rat ventral prostate (Lea et al, 1979). In humans, the diagnosis and
monitoring of prostatic carcinoma has been facilitated to some extent by the analysis of serum

levels of prostate-specific antigen (PSA) (Brawer & Lange, 1989).

1.3.3e DNA probes and DNA adducts

DNA damage in germ cells may lead to reduced fertility and a variety of adverse outcomes
in offspring including fetal loss, prematurity, reduced birthweight, birth defects and
childhood cancer (Wiger, 1994). Therefore, the detection of changes in sperm DNA is an
important marker of toxicant action on male reproduction.

Molecular hybridization analyses of DNA isolated from ejaculated sperm using
specific DNA probes, as described by Hecht (1987), allow the detection of subtle DNA
changes that have not been repaired in vivo, but are not sufficiently severe to prevent the
completion of spermatogenesis. The technique involves the comparison of a fragment of
DNA or RNA with an equivalent DNA fragment of known sequence by annealing the two
and monitoring for base-pair mismatches. DNA probes for ubiquitously expressed proteins
are easily obtained and can be used to monitor random damage to the human genome, whilst
probes for genes solely expressed in the testis, often stage- or cell-specific, such as testis-
specific isoenzymes or proteins, allow the screening of random alterations in a defined part

of the genome, and the investigation of possible genetic and/or cell type "hot spots" (regions
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of the genome highly susceptible to damage), and may give insight into the site and
mechanism. of action of the toxicant. This technique is highly reproducible, but is limited
because the total number of DNA probes available represents only a miniscule fraction of the
mammalian gene.

DNA adducts, due to their relatively long lifetimes, reflect the cumulative daily
chronic exposure to a toxicant(s), although lifestyle factors such as smoking, can result in
large interindividual variation. Several techniques to detect DNA adducts have been described
by van Welie et al (1992). Physicochemical techniques, such as GC and HPLC with different
detection methods are both sensitive and selective, as are immunochemical techniques,
although these are compounded by the cross-reactivity of antibodies, the production of which
can also be difficult and time-consuming. **P post-labelling is extremely sensitive and
aselective, being a possible candidate for general screening where the toxicant exposure is
unknown. Adducts have been measured in lymphocytes, placenta, liver, kidney, white blood
cells and bone marrow. Future work in this field should include the validation of the use of

DNA adducts in sperm as a marker of male reproductive dysfunction.

1.3.3f Urinary markers

As can be seen from these examples, present biomarkers for toxic effects on the male
reproductive system are mostly invasive, and the samples are often not easy to obtain. A
urinary marker of testicular damage would be extremely valuable, being easy to collect,
providing large volumes for analysis, allowing continuous assessment of reproductive status
during toxicology studies in animals and representing a more acceptable option in human
studies than blood or semen collection. In addition, changes in urinary markers are not so
transient as those in blood and the concentration may be higher in urine, making it easier to
detect. The potential use of urinary creatine as a non-invasive urinary marker of testicular
damage is the subject of the studies comprising this thesis and the background to this work

is given in the following section.

1.4 CREATINE
Since its discovery in 1932, many investigators have been involved in the study of the
biosynthesis, regulation and function of creatine (see Walker, 1980 for review) with some

of the more recent findings contained in a series of articles on the role of coupled creatine

kinases (Saks & Ventura-Clapier, 1994).
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1.4.1 Creatine distribution and biosynthesis

Creatine (Figure 1.5) is ubiquitous in the body, but is accumulated predominantly in the
skeletal muscle, which, in humans, accounts for 95% of the total creatine content. Of this,
about one third is present as creatine, the free form, the remainder being phosphorylated by
the action of creatine kinase (CK) to form phosphocreatine (Balsom et al, 1994). High
concentrations of creatine and phosphocreatine have also been observed in heart, spermatozoa
and photoreceptor cells of the retina, with lower concentrations in brain, brown adipose
tissue, intestine, seminal vesicles and seminal vesicle fluid and only low amounts in lung,
spleen, kidney, liver, white adipose tissue, erythrocytes and serum (Wyss & Wallimann,
1994).

In vivo, creatine is synthesized by a two-step process. L-arginine:glycine
amidinotransferase (AGAT) catalyzes the transfer of the amidino group from arginine to
glycine to yield L-ornithine and guanidoacetate. In an irreversible reaction, S-
adenosylmethionine: guanidinoacetate N-methyltransferase (GAMT) then catalyzes the transfer
of a methyl group from S-adenosyl methionine to guanidoacetate to form creatine (Figure
1.6). Exogenous soﬁrces include meat and fish.

In mammals, the pancreas contains high concentrations of both enzymes, while the
kidneys have fairly high concentrations of AGAT, bui lower concentrations of GAMT.
Mammalian livers contain high concentrations of GAMT. The livers of cow, pig, monkey |
and man have also been shown to have high concentrations of AGAT and are capable of de
novo creatine synthesis. In contrast, the livers of common laboratory animals were reported
to lack AGAT activity (Walker, 1980). This led to the acceptance that the main route of

synthesis involved the formation of guanidoacetate in the kidney, its transport to the liver via

o R
H,C—N H,C—N
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) |
0) NH, 0- til—- H
Creatine 0= l|)= 0
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Figure 1.5  Structure of creatine, phosphocreatine and creatinine.
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the blood, and its methylation in the liver to creatine, which would then be exported to
creatine-requiring tissues. However, more recent work has demonstrated significant AGAT
activity in rat liver, as well as in kidney and pancreas, with previous underestimation thought
to be due to high concentrations of liver arginase interfering with the AGAT assay. AGAT
activity was also detected in heart, lung, spleen, muscle, brain, testis and thymus, the total
amount of AGAT in these tissues approaching the AGAT activity in kidney and pancreas.
In addition to kidney, liver and pancreas, GAMT activity has also been detected in human
fetal lung fibroblasts and rat spleen, heart and skeletal muscle, concentrations in the latter
being sufficient to synthesize all the creatine required by the tissue (Wyss & Walliman,
1994). Lee et al (1994) found that GAMT in mice was most highly expressed in the male and
female reproductive organs.

Studies into creatine transport and uptake have demonstrated the presence of a
specific, saturable, Na*- and Cl’-dependent creatine transporter in skeletal muscle, heart,
smooth muscle, fibroblasts, astroglia cells, red blood cells and macrophages. Following
cloning of the creatine transporter cDNA, large amounts of the creatine transporter mRNA
have been found in heart, kidney, and skeletal muscle, with lower amounts in brain, lung,
testis and epididymis, but none in the uterus, liver, small intestine and spleen (Wyss &
Wallimann, 1994).

Despite increasing knowledge, the respective contributions of various tissues to total
creatine synthesis and the relevance of guanidoacetate and creatine transport through the
blood and creatine uptake into cells, is still poorly understood with marked species

differences further complicating investigations.

1.4.2 Biodegradation and excretion of creatine
There are several pathways for the biodegradation of creatine. Creatinine, the cyclic
anhydride of creatine, is formed largely in the muscle by the irreversible non-enzymatic
dehydration of creatine and phosphocreatine (Figure 1.6). About 2% of the total creatine pool
is converted to creatinine each day (Walker, 1980). Creatinine is membrane-permeable and,
in the absence of a specific saturable uptake mechanism, constantly diffuses out of the tissues
into the blood. It is excreted into the urine by the kidneys at a fairly constant rate for each
individual that is related to the total mass of muscle.

Creatininase, an enzyme expressed by some bacteria, converts creatinine to creatine
which is then further metabolized by creatinase to urea and sarcosine. However, although

creatinase has been detected in human skeletal muscle and shows altered kinetic properties
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in Duchenne muscular dystrophy, it is as yet unknown whether this pathway has any
relevance in the biodegradation of creatine (Wyss & Wallimann, 1994).

Creatine excretion in urine is very low or undetectable under normal conditions. It
is filtered by the glomerulus and then reabsorbed in the renal tubules by the same mechanism
as guanidoacetate, which is filtered in comparable amounts. Sims & Seldin (1949) found no
evidence that either substance is excreted by tubular secretion and established that the
reabsorptive mechanism shows less affinity for guanidoacetate than for creatine. The
mechanism of the renal tubular reabsorption has not yet been elucidated, but as
phosphorylation of creatine added to rat kidney homogenates in vitro has been demonstrated,
it is possible that creatine is phosphorylated by the tubular cell on reabsorption (Sims &
Seldin, 1949).

Increased creatine excretion (creatinuria) occurs in conditions where creatine
concentrations in the blood exceed the renal threshold (68 +12 umol/L; Delange er al, 1988).
This has been reported in hyperthyroidism (Kuhlbach, 1957; Kurahashi & Kuroshima, 1977),
after physical trauma (Threlfall ez al, 1984), in early acute myocardial infarction (Delanghe
et al, 1988), when renal reabsorption is impaired (Geigy Scientific Tables, 1981), following
toxicant-induced liver damage in animal studies (Timbrell ez al, 1994), and in various muscle
diseases, diabetes, cancer and Vitamin B deficiency (Walker, 1980), while decreased urinary
excretion of creatine has been observed in hypothyroidism (Geigy Scientific Tables, 1981)

and in vegetarians (Delanghe et al, 1989).

1.4.3 Regulation of creatine biosynthesis
The metabolic costs of creatine synthesis are high, each mole of creatine synthesized and
subsequently excreted as creatinine representing the loss of 1 mole of methyl groups. This
approximates the methyl groups supplied by the average daily intake of methionine (Walker,
1980). In view of the variable contribution of dietary creatine to its replacement, it is obvious
that there must be homeostatic mechanisms that maintain the relative constancy of the
creatine pool. Various potential regulatory mechanisms have been considered operating at
several sites including the biosynthesis of creatine, the uptake and retention of creatine by
tissues, and reabsorption of creatine by kidney tubules.

Following the discovery that the formation of guanidoacetate was rate-limiting for
creatine synthesis, the AGAT reaction (Figure 1.6) has been confirmed as the control step
in the biosynthetic pathway. Regulation of tissue concentrations of AGAT is most

dramatically controlled by feedback repression of AGAT by the end-product of the pathway,
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creatine, particularly in kidney and pancreas, the main tissues of guanidoacetate formation
(Walker, 1980). As an increase in the endogenous or exogenous creatine supply causes a
parallel decrease in the mRNA content, the enzyme concentration, and the specific activity
of AGAT, it would appear that this regulation occurs at a pre-translational level. In rat
kidney, where the half-life of AGAT is two to three days, the end-product repression by
creatine represents a slow process suitable for long-term adaptations. Further subtlety in the
fine-tuning of regulation is suggested, since only some of the multiple forms of AGAT found
in the rat kidney during immunological studies are repressible by creatine (Wyss &
Wallimann, 1994). In addition, AGAT activity is inhibited very efficiently by ornithine
(Walker, 1980).

Dietary and hormonal factors have also been implicated in the regulation of AGAT
expression. The decrease in AGAT expression in liver, pancreas and kidney due to dietary
deficiencies (fasting, protein-free diets) and diseases (vitamin E deficiency, streptozotocin-
induced diabetes) may be explained, in part, by an increase in the concentration of creatine
in blood (Wyss & Wallimann, 1994), but also occurs in response to increased secretion of
glucocorticoids and glucagon. This is necessary to prevent wasteful biosynthesis of creatine
from amino acids from the degradation of protein that occurs on an inadequate diet (Walker,
1980). Experiments in hypophysectomized and thyroidectomized rats have shown that growth
hormone and thyroxine act together to maintain the concentration of AGAT in rat kidney,
again acting pre-translationally, with growth hormone and creatine having antagonistic actions
on AGAT expression (Wyss & Wallimann, 1994). Sex hormones also regulate the
concentration of AGAT, which is decreased by oestradiol and diethylstilbesterol in chick liver
and increased by testosterone in rat kidney (Walker, 1980).

Hormonal effects on GAMT expression may also play a role in the homeostatic
regulation of creatine synthesis. In mice, the higher concentration of GAMT mRNA in
female liver compared to male liver, and the increasing amount of GAMT protein in testes,
concomitant with the decreasing amount in livers of the same animals, as the mice developed
from neonatal stages through sexual development, suggests that GAMT expression in the
testes, and perhaps the liver, is regulated by sex hormones (Lee er al, 1994).

Insulin stimulates muscle uptake of creatine from the blood (Koszalka & Andrew,
1972), while extracellular creatine acts to down-regulate the creatine transporter activity in
rat and human myotubes (Wyss & Wallimann, 1994).

Finally, an increase in the concentration of creatine in the blood increases the

excretion of its precursor guanidinoacetate, probably by inhibiting its reabsorption by kidney
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1981), to explain the mechanism by which the CK system is involved in intracellular energy
generation and utilization. This has been most extensively studied in muscle cells, but has
also been shown to be important in numerous non-muscle tissues and cells, (Wallimann &
Hemmer, 1994), although some, such as liver, contain little or no creatine kinase and

function without a PCr-circuit.

1.4.5 Functions of the creatine kinase (CK) system

The CK system plays an important role in energy metabolism, particularly in cells with
intermittently high and fluctuating energy requirements, such as skeletal and cardiac muscle,
neural tissues like brain and retina, or spermatozoa and electrocytes. The main functions of
this system include energy buffering, regulation of local intracellular ATP concentrations,
energy transport and channelling, and modulation of glycolysis and oxidative phosphorylation
(Walker, 1980; Wallimann & Hemmer, 1994).

The CK system serves as a temporal energy buffer, preventing a rapid fall of [ATP]
and a large build-up of [ADP] during cellular work (Wallimann & Hemmer, 1994). In
addition to keeping [ATP] and [ADP] steady, inorganic phosphate, produced by the
conversion of phosphocreatine to creatine and ATP, acts with other buffers to prevent
intracellular acidification due to the release of protons during the hydrolysis of ATP (Walker,
1980).

By keeping intracellular [ADP] low and ATP/ADP ratios high at subcellular sites
where CK is functionally coupled to ATP-requiring processes, like ion-pumps, that are
largely dependent on a high affinity of ATP hydrolysis, the PCr-circuit serves to improve the
thermodynamic efficiency of ATP hydrolysis. This improvement is important in many
pumps, and, in the case of the sarcoplasmic Ca’*-ATPase which operates close to
thermodynamic equilibrium, is crucial to maintain a high local ATP/ADP ratio to allow for
the efficient sequestration of Ca?* into the lumen (Wallimann & Hemmer, 1994).

There is strong evidence for energy transport and channelling being one of the main
functions of the PCr-circuit (Wallimann & Hemmer, 1994). In this role, phosphocreatine
serves as an energy carrier connecting sites of energy generation (e.g. mitochondrial
oxidative phosphorylation) with sites of energy utilization (Figure 1.7).

The CK reaction results in a net release of inorganic phosphate from phosphocreatine,
which exerts a regulatory influence on glycogenolysis and glycolysis by stimulating
phosphorylase and phosphofructokinase, and relieving the inhibition of hexokinase by

glucose-6-phosphate (Wallimann & Hemmer, 1994).
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Thus, as a part of the CK system, creatine has an integral role in intracellular energy
metabolism and requires complex homeostatic mechanisms to maintain the total body pool
and to regulate tissue levels as required. In addition, creatine and creatinine may have other
functions, as suggested by their anti-inflammatory and analgesic properties (Khanna &
Madan, 1978).

1.4.6 Evidence for a role for creatine in male reproductive function

Research into creatine has focussed predominantly on its role in skeletal muscle. However,
realisation of the synthetic capacity of many tissues and better understanding of the functions
of the CK system has led, in recent years, to considerable interest in the role of the creatine
kinase system in non-muscle cells (Wallimann & Hemmer, 1994). In the male reproductive
system, this interest has centered on spermatozoa which, like muscle cells, are characterized
by intermittently high and fluctuating energy requirements.

Spermatozoa have a DNA-containing head and a long flagellar tail containing the
axoneme, which consists of microtubules and dynein. The head and tail are joined by a short
midpiece containing mitochondria. The flagellar wave that results in sperm movement is
generated by the dynein motor protein which uses ATP as a direct energy source for the
movement of microtubules relative to each other. The diffusion of the rather bulky and
negatively-charged ATP molecule from the mitochondria to the distal axoneme is likely to
be severely limited. However, Tombes and Shapiro (1985) demonstrated that sea urchin
sperm, which contain CK levels similar to those found in vertebrate muscle, have distinct
mitochondrial and axonemal isoenzymes of CK, leading to the proposal that a
phosphocreatine shuttle mediates energy transport from the mitochondrion to the axoneme
(Figure 1.8).

Two different CK isoenzymes, brain-type CK (B-CK) and mitochondrial-type CK (Mi-
CK), have been identified in rooster and human sperm (Wallimann ez al, 1986). In rooster
sperm, B-CK was found along the entire length of the tail, whereas Mi-CK was located in
the midpiece (Wallimann et al, 1986). Further work has identified the mitochondrial CK
isoenzyme in rooster sperm as sarcomeric muscle-type Mi,-CK (Wallimann & Hemmer,
1994). However, in human sperm, the identity of the CK located in the mid-piece is not yet
clarified, being identified as Mi-CK by Wallimann ez al (1986), but as the cytosolic muscle-
type M-isoform of CK by Huszar et al (1992). The number of testis-specific isoenzymes
already described (Goldberg, 1985), suggests that, in due course, an additional sperm-specific

CK isoform may be discovered. The importance of the CK system in spermatozoa is
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system in the rat showed high concentrations of creatine in the testes, vasa deferentia, and
seminal vesicles, but only lower levels in the caput and cauda epididymes (Navon et al,
1985), suggesting that there may be species differences in the distribution of enzymes
involved in creatine synthesis, or that GAMT may have functions other than synthesizing
creatine (Lee et al, 1994).

It has been suggested that ecto-protein kinases, found in rat, goat and human sperm,
are involved in regulation of sperm forward motility. For this, they would need a high-
energy phosphate source (i.e. phosphocreatine) in extracellular semen in order to promote
phosphorylation of ADP to ATP (Halder & Majumder, 1986). In mice and rats, Lee ef al
(1988) have reported the presence of high concentrations of creatine and phosphocreatine in
the seminal vesicles. Both creatine and phosphocreatine are secreted into the seminal
vesicular fluid, where concentrations are comparable to those in skeletal muscle. This
accumulation is regulated by testosterone (Lee et al, 1991). As GAMT mRNA and protein
have not been detected in mouse seminal vesicles, it has to be assumed that the creatine is
probably transported from the blood into the seminal vesicle lumen (Lee et al, 1994). Human
seminal fluid has also been reported to contain high concentrations of creatine (1.3 mmol/L;
Geigy Scientific Tables, 1981). Other indications that the external supply of high energy
phosphates to vertebrate sperm via seminal vesicle fluid may be important for sperm motility
include the discovery that the loss of rooster sperm motility after treatment with CK
inhibitors was significantly reversed by the addition of phosphocreatine (Wallimann et al,
1986). In addition, human sperm motility and velocity was enhanced after addition of
phosphocreatine in vitro (Fakih et al, 1986). Despite this evidence, it is still unclear whether
in vivo phosphocreatine in the seminal fluid can be taken up by spermatozoa and utilized as
an immediate energy source, or whether it is metabolized by B-CK, found in both seminal
vesicle and prostate fluid, and exerts its effects on sperm motility indirectly (Wallimann &
Hemmer, 1994).

Alternatively, creatine might be the product of a pathway used to produce other
important compounds, such as S-adenosylhomocysteine, produced in equimolar amounts with
creatine due to the action of GAMT. The action of S-adenosylhomocysteine hydrolase,
regulated by testosterone in the testis, would then create adenosine able to act locally on
Sertoli cell or germ cell receptors. Both adenosylhomocysteine and adenosine have been
shown to inhibit sperm motility, and may be used to maintain developing spermatids in a

quiescent state within the seminiferous tubule and caput epididymis (Lee et al, 1994).
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1.4.7 Urinary creatine as a marker of testicular dysfunction in rats

Evidence of the role of the CK system in male reproduction suggests that alterations in this
system may be involved in testicular dysfunction, and measurement of these alterations might
provide a means of detecting testicular dysfunction. In seminal plasma, Asseo et al (1981)
found statistically significant differences in B-CK activity in men with oligoasthenozooic
sperm. Unfortunately, the overlap of the individual values was too wide for routine
diagnostic purposes. In infertile male patients, sperm CK activity was found to be higher in
individuals with lower sperm concentrations (Huszar et al, 1988). This apparent anomaly is
due to abnormal maturation, where sperm head cytoplasm is retained rather than being lost
to the Sertoli cell (Huszar & Vigue, 1993). Thus, the ratio of muscle (M-CK) to B-CK is
increased. This ratio has been used in humans as a measure of normal sperm development
and its ability to predict the fertilizing potential of men has been shown to be independent
of sperm concentrations in a blinded study involving 84 infertile couples, where it was also
able to detect unexplained male fertility (i.e. infertile men with normal sperm parameters)
(Huszar et al, 1992). However, in regulatory toxicology studies in rodents, examination of
the sperm normally requires termination and a semen sample would also be undesirable for
a test developed to screen men exposed to potential reproductive toxicants, as many
participants would find the idea unacceptable. Thus, the proposed use of urinary creatine as
a non-invasive marker of testicular dysfunction provides an exciting way forward.

The potential of urinary creatine as a biomarker of testicular dysfunction was revealed
following proton NMR analysis of urine. Studies of cadmium toxicity in rats using proton
NMR for analysis of urinary changes showed that there was a marked rise in urinary creatine
(Nicholson et al, 1989) which was dose related. At the doses of cadmium chloride (CdCl,)
used, the major toxic effect observed was testicular damage. This toxic effect was variable
and increased creatine excretion only occurred in those animals in which there was also
testicular damage. However, there was negligible creatinuria after toxic doses of cadmium
in orchidectomized rats (Gray er al, 1990) or in female rats (Nicholson et al, 1989).
Ischaemic necrosis of the testes caused by ligation of the pampiniform plexus also caused
marked creatinuria in rats (Gray er al, 1990). These studies suggested that the testis was the
probable source of the creatine.

Work with cell-specific toxicants demonstrated creatinuria following acute
administration of 2-methoxyethanol (2-ME) (Rawcliffe er al, 1989) and its metabolite 2-
methoxyacetic acid, which affect pachytene spermatocytes, and 1,3-dinitrobenzene (1,3-DNB)

and di-n-pentyl phthalate (Moore et al, 1992), which are Sertoli cell toxicants. Toxic doses
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of 2-ME did not cause creatinuria in female rats (Rawcliffe et al, 1989). As well as acute
testicular damage, additional studies with 2-ME showed that semi-chronic exposure could be
detected, as the urinary creatine remained elevated over the whole exposure time (Timbrell
et al, 1996). In contrast, there was no creatinuria following acute administration of ethane-
1,2-dimethane sulphonate (EDS), a specific Leydig cell toxin, despite morphological changes
in the Leydig cells and significantly reduced relative testis weights (Moore et al, 1992). This
provided additional evidence that creatine is associated with cells of the seminiferous tubules

and might serve as a non-invasive marker for damage to these cells in vivo.

1.4.8 Urinary creatinine

Urinary creatinine is often measured as part of the creatinine clearance test in the assessment
of renal function. In the healthy individual, its excretion in urine is relatively constant,
reflecting the muscle mass of the individual. Therefore, urine measurements are often
expressed as a ratio with urinary creatinine, in order to control for the wide variations in the
concentration of urine samples. In addition, as it is a breakdown product of phosphocreatine
and creatine, it may give an indication of subtle effects on creatine uptake, metabolism

and/or excretion. Thus, its routine measurement in studies of urinary creatine is indicated.

1.4.9 The determination of creatine in body fluids

Several methods have been used to quantitate creatine in serum and urine. In the widely-used
Jaffé reaction, creatinine is measured before and after conversion of creatine to creatinine,
and the creatine calculated by difference. However, there are large method errors due to the
small difference between the total creatine+creatinine concentration and the creatinine
concentration in urine (Beyer, 1993). There are also several enzymatic methods using either
creatine kinase, pyruvate and lactate dehydrogenase with or without sample pretreatment
(Beyer, 1993), or a creatininase-creatinase-sarcosine oxidase-peroxidase system with
fluorophotometric (Kinoshita & Hiraga, 1980) or colorimetric (Suzuki & Yoshida, 1984,
Poortman & Diaz, 1986) detection.

The Boehringer Creatinine-PAP kit assay (based on the creatinine method of Siedel
et al, 1984) is a commercial kit with easily reconstituted reagents, and has been easily
adapted to the measurement of creatine (Rawcliffe ez al, 1989; Gray et al, 1990). It has the
advantage that it can be used to determine creatine and creatinine concentrations in a single
sample in the same assay, avoiding possible errors due to variations in assay conditions. This

is important if the creatine:creatinine ratio is of interest.
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1.5 AIMS OF THE PRESENT STUDIES
In view of the paucity of non-invasive markers of testicular damage and the strong potential

of urinary creatine in this field, the present studies were carried out with two main aims.

1. To evaluate the use of urinary creatine as a marker of testicular damage in rats by:

a) Identifying possible confounding sources of creatine, assessing the effects of body
weight loss, and a specific muscle toxicant, 2,3,5,6-tetramethyl p-phenylenediamine,
on the excretion of urinary creatine and investigating the route via which creatine
enters the urine following acute toxicant-induced damage.

b) Comparing the ability of urinary creatine to detect pathological damage with other
markers of testicular damage, namely testes weights, histology, and serum lactate-
dehydrogenase-C4 and testosterone, following acute administration of cadmium, 2-
methoxyethanol, 1,3-dinitrobenzene, and ethyl methane sulphonate, and following

semi-chronic administration of retinoic acid.

2. To assess the use of urinary creatine as a marker of testicular damage in humans by
measuring urinary creatine in samples from collaborative studies, where individuals
were exposed to various known or potential reproductive toxicants including:

a) Ethanol

b) Solvents

c) Lead

In all these studies, creatine and creatinine were measured concomitantly using the

Boehringer Creatinine PAP-kit, a simple, enzymatic, colorimetric assay.
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CHAPTER 2

MATERIALS AND METHODS



2.1 MATERIALS

Test-Combination Creatinine-PAP kits (No. 843270), used to measure creatine and
creatinine, and 2,4,6-tribromo-3-hydroxybenzoic acid were obtained from Boehringer
Mannheim UK Ltd (Lewes, East Sussex, UK). The testosterone/dihydrotestosterone [*H]
assay system used to measure total testosterone was purchased from Amersham
International plc (Aylesbury, Bucks., UK). Liquid scintillation counting was carried out
using Aquasol universal cocktail (NEN Du Pont, Stevenage, Herts., UK) or Ecolite (ICN
Flow, Thame, Oxon., UK).

Coomassie Plus Protein Assay Reagent was supplied by Pierce and Warriner
(Chester, Cheshire, UK). 2-Methoxyethanol (2-ME; 99.5% purity) and perchloric acid
(70%) were obtained from BDH Ltd (Poole, Dorset, UK). All-trans retinoic acid,
provided by Glaxo (Ware, Herts., UK), was supplied by Fluka (Chemika BioChemika,
Buchs, Switzerland). Pioneer Research Chemicals Ltd (Colchester, Essex, UK) supplied
10.5% (w/w) phosphate-buffered formalin (pH 7.2) used for histological processing.
Diethylether (solvent ether and anaesthetic ether BP) were provided by Rhone-Poulenc
Ltd (Manchester, UK).

The following compounds were supplied by the Sigma Chemical Company (Poole,
Dorset, UK): |

4-aminophenazone (4-aminoantipyrine) ascorbate oxidase

cadmium chloride (CdCl,; 20% H,O content) creatine

1,3-dinitrobenzene (1,3-DNB) creatinine

ethyl methane sulphonate (EMS) a-ketoisocaproic acid

gelatin (Type B from bovine skin) NADH

lipase (Type II Crude from porcine pancreas) potassium hexacyanoferrate II
peroxidase (Type I from horseradish) sarcosine oxidase

sodium cholate (cholic acid, sodium salt) sarcosine
2,3,5,6-tetramethyl p-phenylenediamine (TMPD) Triton X-100

All chemicals used were of Analar grade or of the highest purity commercially available.
Water was of ultra high quality (UHQ), prepared using an Elgastat water purifier. Unless
otherwise stated all phosphate buffers were made by combining solutions of potassium
dihydrogen orthophosphate (KH,PO,) and disodium hydrogen orthophosphate (Na,HPO,)

of the required molarity until the desired pH was reached.
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2.2 IN vIVO STUDY PROCEDURE

2.2.1 Animals and treatment

Outbred Sprague-Dawley rats (Glaxo Research & Development), weighing 175-375 g,
were used for the majority of the studies. Male AHA rats (Glaxo Research &
Development), weighing 340-395 g, were used to study the effects of chronic retinoic
acid administration. Sham-operated and vasectomized caesarian-derived male Sprague-
Dawley rats, provided by Charles River UK (Manstone, Kent, UK), were used in the
studies to investigate the route of entry of testicular creatine into the urine.

The animals were housed in communal cages and fed a rat and mouse maintenance
cube diet (691 diet, Quest Nutrition Ltd, Wingham, Kent, UK) and water ad libitum for
1-24 days after arrival. During the studies, animals were divided into treatment groups
of 4, housed in individual metabolism cages designed to separate and collect faeces and
urine (Techmate Ltd, Milton Keynes, UK), and fed Lab 41B powdered diet (Special Diet
Services, Witham, Essex, UK) and water ad libitum. Lighting was controlled to give a
12 h light-dark cycle (lights on at 7 am - off at 7 pm) and room temperature was
maintained at 21 + 2°C. After acclimatizing for 3-4 days, a 24 h urine collection was
made. Urine was then collected for 24 h periods following an acute dose or the start of
a dosing/experimental regime, until the termination of the study. Food intake and water
consumption were measured daily throughout each study from 48 h before the start of the
dosing/experimental regime. The body weight and general condition of animals were also

monitored daily and immediately prior to termination.

2.2.2 Urine collection and storage

Urine was collected for 24 h before dosing or the start of the experimental regime, and
for two or more 24 h periods thereafter. All urine samples were collected over ice. Urine
volumes were measured and recorded and, in some of the studies, the pH was also
measured. The samples were then diluted to 25 mL with UHQ water, centrifuged, and
aliquots stored at -80°C for future analysis. If the volume was greater than 25 mL, the

volume was simply noted prior to centrifuging and storing the sample.

2.2.3 Experiment termination
Animals were killed between 9 am and 2 pm, one animal from each treatment group
being killed in succession to reduce variation due to diurnal changes. Following diethyl

ether anaesthesia, animals were exsanguinated from the abdominal aorta. Blood samples
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were put into Microtainers (Beckton Dickinson and Co, Rutherford, NJ, USA) for the
separation of serum after allowing the blood to clot for at least 45 min (centrifuged 1300
X g, 15 min, 4°C or 14,000 x g, 45 s, 21°C) or into lithium-containing Microtainers for
the preparation of plasma after 30 s mixing (centrifuged 14,000 x g, 3 min, 21°C).
Tissues were removed for histology, or frozen and stored at -80°C for creatine
analysis and, in the testis, testosterone and lactate dehydrogenase-C4 (LDH-C4)
determination. In male rats, the testes and, in some studies, the epididymes, were
removed, weighed and one of each taken for histology, while the other was frozen in a
beaker on liquid nitrogen (N,) for biochemical analyses (in some cases, both epididymes
were taken for histology). In studies where the seminal vesicles were removed, they were
clamped at the base and frozen in liquid N, before weighing to prevent the loss of the
seminal vesicle fluid. In all studies, the liver was weighed and, in most cases, a slice of
the median lobe taken for histology, with the lower portion of the median lobe being
frozen for subsequent biochemical analyses. A slice from the middle of the left kidney
was taken for histology. In some studies, other tissues were removed and fixed for
histology, or frozen over liquid N, and stored for creatine determination (see subsequent

Chapters for details).

2.3 . HISTOLOGY

2.3.1 Fixing and staining

Testes were either fixed initially in Bouin’s fixative, cut in half after 24 h and transferred
to 10.5% buffered formalin after about 72 h, or were fixed directly in 10.5% buffered
formalin with the other tissues. Tissues were stained with haematoxylin and eosin (H&E).
In studies where fatty liver was suspected, frozen liver sections (10 pm) were stained for

lipid with Oil Red O in triethyl phosphate with Mayer’s haematoxylin as a counterstain.

2.3.2 Pathology score for the testes

Testis sections, examined under a light microscope using Leblond and Clermont’s
classification (1952) to identify cellular associations within the seminiferous tubules (see
Figure 1.3 for summary diagram), were given a semi-quantitative score to allow
comparison of the pathological damage with other parameters. The severity of the
testicular damage and proportion of affected tubules were each assigned a "pathology

score" out of 5, giving a combined score out of 10.

72



24 BIOCHEMICAL MEASUREMENTS

2.4.1 Creatine and creatinine

2.4.1a - Principle

Plasma, serum and tissue creatine, and urine creatine and creatinine, were measured
using the enzymatic colorimetric assay of Siedel et al (1984), as described by Rawcliffe
et al (1989) and Gray et al (1990), using the Creatinine-PAP kit from Boehringer
Mannheim.

Originally designed to measure creatinine, the assay depends on the conversion
of creatinine to creatine and then to sarcosine, which is oxidised to glycine. This process
liberates hydrogen peroxide that reacts with other components of the reaction mixture in
the Trinder reaction (Richterich & Colombo, 1978) to produce a quinone-imine dye,
giving a colour change from orange to pink that is measurable at 510 nm. The reagent
blank omits the conversion of creatinine to creatine and therefore gives a measure of the

creatine content (Figure 2.1).

creatininase
creatinine + H,O -> creatine

creatinase
creatine + H,O —> sarcosine + urea

sarcosine oxidase
sarcosine + H,0 + O, - glycine + HCHO + H,0,

peroxidase
H,0, + TBHB" + 4-aminophenazone ---------------- - quinone-imine dye + 2H,0 + HBr

['TBHB = 2,4,6-tribromo-3-hydroxybenzoic acid]

Figure 2.1 Reactions involved in the measurement of creatine and creatinine by
the method of Siedel et al (1984).

2.4.1b Extraction of tissue creatine

Tissue creatine was extracted using a modified method of Lee et al (1988). Frozen tissue
(testes were first decapsulated), pulverized to a fine powder in a liquid N,-cooled stainless
steel percussion mortar, was weighed, mixed with 5 volumes of perchloric acid (0.5 M,

4°C) and centrifuged (11,000 x g, 10 min, 4°C). It was then neutralized with potassium
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hydroxide (2 M, 4°C) and diluted 1:3 with phosphate buffer (0.15 M, pH 7.7, 4°C) to
obtain a final pH between pH 7 and 8 before storage at -80°C prior to analysis. In later
studies, the frozen tissue was homogenized over ice in 5 volumes of perchloric acid using
an Ystral X-10/25 homogenizer with either a 10 or 4 mm generator, depending on the
sample size (Scientific Instruments Center, Eastleigh, Hants., UK). All subsequent

procedures were identical.

2.4.1c Determination of creatine and creatinine
Stored urine samples were thawed at room temperature and diluted 1:20 with UHQ
water. Plasma, serum and tissue extracts were used undiluted. The assay was carried out
according to the manufacturer’s instructions. After mixing with the appropriate reagent,
samples were incubated for 20 min at 20°C before measuring the absorbance at 510 nm.
In order to conserve reagent, volumes were initially decreased to % volume and then a
microtitre plate method was developed, calculating results from a standard curve made
from the 177 umol.L! creatinine standard provided in the Kit.

Urine levels were expressed as umol creatine or creatinine kg™.24h™ in rats, and
pmol.24h? and pmol.L' or mmol.24h' and mmol.L"' in humans, or as a ratio of
creatine:creatinine. Serum and plasma creatine were reported as umol.L!, and tissue

creatine as nmol.mg tissue™ or umol.tissue™.

2.4.2 Sarcosine

Tissue extracts from several studies (from rats treated with high doses of toxicant and
their corresponding controls; see Section 3.3.2 for details) were checked for the presence
of sarcosine to ensure that sarcosine was not contributing to the creatine and creatinine
values obtained. The same reagent solution used in the determination of creatine and
creatinine was made up, but the enzymes creatininase and creatinase were omitted.

Results were calculated from a sarcosine standard curve (0-177 pmol.L?).

2.4.3 Lactate dehydrogenase-C4 (LDH-C4)

2.4.3a Principle

LDH-C4, a testis-specific isoenzyme of lactate dehydrogenase, is located in the
spermatocytes in the seminiferous tubules and is not normally present in the serum except
when there is testicular damage.

LDH-C4 in serum and tissue extracts (Section 2.4.3b) was measured using a
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modified method of the NADH-linked Kinetic spectrophotometric assay of Reader et al
(1991). Using o-Ketoisocaproic acid as the specific substrate, the change in absorbance

at 340 nm due to the disappearance of NADH was monitored.

LDH-C4
o-ketoisocaproate + NADH + H* -> a-hydroxyisocaproate + NAD™

2.4.3b Extraction of testicular LDH-C4

Tissue extracts were prepared by the method of Reader et al (1991). Weighed portions
of frozen, decapsulated testis were homogenized in phosphate buffer (50 mM, pH 7.5,
4°C) and centrifuged (20,000 x g, 40 min, 4°C). The supernatant was used for assay.

2.4.3c Determination of LDH-C4

Plasma and serum samples were thawed at room temperature, while testicular supernatant
was analysed directly after extraction (Section 2.4.3b). All samples were kept on ice
during the assay. After warming the reagents (1 mM «-ketoisocaproic acid and 320 uM
NADH) to 30°C in a 4 mL cuvette, the reaction was started by adding 100 uL sample
(giving a final volume of 3 mL) and mixing. The absorbance change was monitored for
a period of 1.5 min and the absorbance change over 1 min following the initial lag phase
was used to calculate the results. The results were calculated as units per litre (U.L?) or
units per g testis (U.g testis™), a unit being defined as the quantity of LDH-C4 that will

catalyze the conversion of 1 umol of a-ketoisocaproic acid per min at 30°C.

2.4.4 Testosterone
2.4.4a Principle
Testosterone and its metabolite, dihydrotestosterone, are the two main androgenic steroids
that mediate a variety of biological effects in the male. Although "free" testosterone is
believed to be the biologically active material, >98% of testosterone in the bloodstream
is bound to carrier proteins such as albumin and sex hormone binding globulin (SHBG).
In some tissues, conversion to dihydrotestosterone is required before androgenicity
occurs.

Plasma, serum and testicular testosterone were measured using the
testosterone/dihydrotestosterone [*H] assay system from Amersham International plc. The

assay is based on the competition between unlabelled testosterone and/or
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dihydrotestosterone in samples and a fixed amount of tritium-labelled dihydrotestosterone,
for binding to an antiserum. Dextran-coated charcoal is used to adsorb unbound steroid
and thus separate it from antibody-bound steroid. The amount of labelled
dihydrotestosterone bound to the antiserum is inversely related to the amount of
testosterone and dihydrotestosterone in the assay sample. The antiserum, specific for
testosterone and dihydrotestosterone, binds more strongly to testosterone than
dihydrotestosterone. As the cross-reactivity of dihydrotestosterone for the antiserum is
45-50%, this assay measures the total testosterone concentration and 45-50% of the
dihydrotestosterone concentration.

In this instance, initial measurements of the dihydrotesterone concentration in
serum and testis samples from male Sprague-Dawley rats following oxidative destruction
of the testosterone showed that dihydrotestosterone levels were negligible. Therefore, the
assay effectively gave the total testosterone concentration (both "free" and protein-bound;
see Section 2.4.4b) in the sample. Measurement of the antibody-bound radioactivity in
a liquid scintillation counter allowed the amount of testosterone (and dihydrotestosterone)

in a sample to be calculated from the specific activity of the labelled dihydrotestosterone.

2.4.4b Solvent extraction

Testosterone and dihydrotestosterone were removed from binding proteins by solvent
extraction. Weighed portions of frozen, decapsulated testis were homogenized in UHQ
water prior to ether extraction. Samples of plasma, serum or testicular homogenate, made
up to 1 mL with UHQ water, were extracted twice with 3 mL ether. The aqueous and
ether layers were separated by freezing the lower aqueous layer in an acetone/dry ice
bath and decanting the upper ether layer. The ether extracts were combined and
evaporated to dryness in a water-bath at 37°C. Samples were redissolved in 1.5 mL Tris
buffer (0.05 M, pH 8.0, 0.1% (w/v) gelatin) before 200 ul aliquots were pipetted into
Eppendorfs (1.5 mL) and stored for up to 48 h at -20°C before being used directly as
assay samples after thawing at room temperature. The average recovery following

extraction was 91% for serum samples and 86% for testicular homogenates.

2.4.4c Determination of total testosterone
Total testosterone in serum and testicular extracts was measured using the
testosterone/dihydrotestosterone [*H] assay system (Amersham International plc). Cross-

reactivity of the antiserum with 5a-dihydrotestosterone (45-50%), Sa-androstan-3¢,17(3-
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diol (4.5%) and 5a-androstan-33,178-diol (7.1%) was significant, but cross-reactivity
with estrogens, progestrogens and corticosteroids was negligible. The assay was carried
out according to the manufacturer’s instructions, although no standard curve was used.
After assay, samples were counted for 5 min in a scintillation counter (Beckman LS 6000
Series Liquid Scintillation System, Beckman Instruments Inc, Fullerton, CA, USA).
Results were calculated from dpm using the specific activity of the labelled
dihydrotestosterone. The samples from each study were analysed in a single assay. The

mean intra-assay coefficient of variation was 4.7%.

2.4.5 Urinary protein

When raised, urinary protein is considered indicative of glomerular damage. It was,
therefore, measured in studies where kidney damage was suspected. Coomassie Blue
(Pierce Protein Plus Assay Reagent), added in equal volume to urine samples diluted
1:250 or 1:200, was used to estimate protein concentration using a microassay or
microtitre plate method. The absorbance was read at 595 nm and compared to a standard

curve using bovine serum albumin (0-25 pg.mL") (Macart & Gerbaut, 1982).

2.4.6 Serum biochemistry

Standard clinical biochemical analysis of serum samples was carried out at Glaxo Group
Research (Ware, Herts., UK) for those studies where liver, kidney or muscle damage was
suspected.

The parameters measured included:

Alkaline phosphatase (ALP) Albumin
Total bilirubin Calcium
Cholesterol Chloride
Creatine kinase (CK) Creatinine
Hydroxybutyrate dehydrogenase (HBDH) Glucose
Lactate dehydrogenase (LDH) Phosphate
Potassium Total protein
Transaminases - alanine transaminase (ALT) Sodium

- aspartate transaminase (AST) Triglycerides

Blood urea nitrogen (BUN)
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These parameters were measured at 37°C using the appropriate Kkits (Boehringer
Mannheim GmbH Diagnostica) with an automatic centrifugal analyzer (IL Monarch 2000,
Instrumentation Laboratory (UK) Ltd). Isoenzymes of creatine kinase and lactate
dehydrogenase were separated using electrophoresis and quantified by scanning
densitometry using the REP automated electrophoresis system at Glaxo Group Research
(Helena Laboratories (UK) Ltd).

2.5 STATISTICAL ANALYSIS

Urine levels of creatine, creatinine and protein, food and water intake, urine volume and
pH measured in the same animal on different days were compared with the preceeding
pre-dose value using a paired z-test done on the individual values. An unpaired #-test was
used to compare each treated group with the relevant control group. For multiple
comparisons with a single control group (including the % change in body weight), a
Dunnett’s test was used (Dunnett, 1964). Where appropriate, the relationship between
two sets of data was defined using the Pearson correlation unless stated otherwise. Values

were given to 3 significant figures for all data.
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CHAPTER 3

CREATINE DISTRIBUTION AND INVESTIGATION OF FACTORS
AFFECTINGITSEXCRETION, STABILITY AND MEASUREMENT



3.1 INTRODUCTION

As part of the process of validating urinary creatine as a biomarker of testicular damage,
or dysfunction, it was necessary to consider both in vivo and in vitro factors that might
complicate its measurement or interpretation.

Creatine is known to be ubiquitous in the body. In order to gauge the significance
of any increase in creatine excretion after administration of testicular toxicants, it was
considered important to know the relative concentrations of creatine in all the major
organs of the male Sprague-Dawley rat, the main experimental subject used in the studies
in this thesis, and thus identify possible sources of creatine that might contribute to the
increase in creatine excretion and affect the specificity of urinary creatine as a marker of
testicular dysfunction.

Accurate detection or diagnosis of a particular lesion or disease is affected not
only by the choice of marker, but also by the method of measurement used. In a
comparison of methods for measuring creatine, Beyer (1993) noted that the enzymatic
method used in the following studies did not correct for endogenous sarcosine, which
may be present, although rarely (Levy et al, 1984), in increased concentrations (Gerritsen
& Waisman, 1966, Tippett & Danks, 1974; Blom & Fernandes, 1979). Waterfield (1992)
has already shown no sarcosine to be present in urine samples containing high creatine
concentrations from rats treated with several hepatotoxins. As these studies measured
creatine in tissue extracts as well as urine, representative tissue extract samples from
several studies (see Section 3.3.2 for details) were checked for the presence of sarcosine,
which might interfere with the measurement of tissue creatine concentrations.

Creatine is present in only low concentrations in the urine of both rats fed ad
libitum and adult human males. However, during fasting or an inadequate diet, increased
creatine excretion has been observed (Walker, 1980). As toxicant administration itself
often results in reduced food intake and loss of body weight, the relationship between
food intake, body weight and urinary creatine concentrations in the absence of toxicant
action was investigated.

If a urinary marker is to be used routinely in regulatory toxicology, or to screen
industrial workers or patients for testicular dysfunction, it is important to know the
optimal storage conditions for the urine samples, especially as the ease of interconversion
between creatine and creatinine has been noted by several investigators (Boroujerdi &
Mattocks, 1983; Fuller & Elia, 1988). Although Fuller and Elia reported that after 24 h

at temperatures below 4°C the rate of conversion was negligible, and undetectable in

80



solutions that were frozen, there was a need to analyse the stability of our own samples
in various conditions likely to be encountered during storage. Therefore, the stability of
spiked urine samples adjusted to pH 5.0 and 8.0 (representing the expected outer limits
of pH of stored urine), and solutions of creatine and creatinine at pH 6-7, were assessed

in different storage conditions over an extended time period.

3.2 AIMS
The aims of these preliminary studies were:
a) to investigate the distribution of creatine in all the major organs and tissues of the

main experimental animal i.e. the male Sprague-Dawley rat

b) to check for interference from endogenous sarcosine in measurements of tissue

creatine and creatinine

c) to assess the effect of reduced food intake on creatine excretion

d) to examine the effect of a variety of storage conditions on creatine and creatinine

concentrations in urine and in solution

3.3 METHODS

3.3.1 Distribution of creatine in the rat

Four male Sprague-Dawley rats (Glaxo Research & Development), weighing 215-247 g,
were housed in individual metabolism cages and allowed to acclimatize for 4 days. Urine
was then collected and stored for two 24 h periods before termination, as previously
described in Section 2.2.2. The following tissues were taken and frozen until creatine
extraction and determination (Section 2.4.1): skeletal muscle, liver, spleen, duodenum,
pancreas, ileum, adrenal glands, kidneys, seminal vesicles, epididymes, testes,
diaphragm, heart, lungs, skin, and brain. In addition, plasma and serum samples were

prepared from blood taken from the abdominal aorta (Section 2.2.3).

3.3.2 Measurement of tissue sarcosine concentrations

Tissue extracts from the testes of rats given 750 mg.kg 2-methoxyethanol (2-ME) or 3.0
mg.kg! cadmium chloride (CdCl,) (Section 4.3), from the testes and muscle of ethyl
methane sulphonate (EMS)-treated rats (200 mg.kg?; Section 5.3), and from the same
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tissues in the corresponding control animals, were used. Sarcosine concentrations in tissue
extracts from control and toxicant-treated rats were measured using the method described
in Section 2.4.2. Once the linearity of the sarcosine standard curve (0-177 umol.L?) had
been established, creatine and creatinine standard curves (0-177 umol.L') were

measured, followed by the tissue extracts.

3.3.3 Effect of reduced food intake on urinary creatine

Male Sprague-Dawley rats (Glaxo Resesarch & Development), weighing 192-230 g, were
housed in individual metabolism cages and were allowed to acclimatize for 4 days.
Groups of four animals were given 75%, 50% or 30% of their normal food intake (based
on an average of their individual food consumption in the two 24 h periods after
acclimatization). Control animals had unlimited access to food and water throughout the
study. Urine was collected for each 24 h period following acclimatization (Section 2.2.2).
Animals were terminated 48 h after food intake was restricted. Blood from the abdominal
aorta was used to prepare serum samples (Section 2.2.3). The testes were excised and
weighed. Urinary creatine and creatinine and serum creatine were determined as

described in Section 2.4.1. Serum LDH-C4 was measured as described in Section 2.4.3.

3.3.4 Stability of creatine and creatinine in solution and in urine under various
storage conditions

Urine samples (collected from four animals in the first 24 h period following
acclimatization in the food restriction study) were used for this study. The pH of the
urines was measured. The pH of two of the urines was then adjusted to pH 5.0 using 1
M HCI, while the other two urines were adjusted to pH 8.0 with 1 M NaOH. Each urine
was then spiked with 50 umoles of creatine (1 mL of 50 mmol.L"! creatine solution) and
made up to a total of 25 mL with UHQ water giving final creatine concentrations similar
to those observed after acute administration of a high dose of CdCl, (Gray et al, 1990).
The fresh solutions of creatine and creatinine (each 2 mmol.L!) and the altered urine
samples were aliquoted into Eppendorf tubes (1.5 mL) and stored at room temperature, -
20°C and -80°C. Creatine and creatinine concentrations were measured immediately after
collection and dilution of the urine samples or, in the case of the creatine and creatinine
solutions, immediately following dissolution. Further determinations were carried out at
6 h, 24 h, 1 week (9 days), 4 weeks (5 weeks), 12 weeks and 24 weeks after storage

using two previously unmeasured aliquots at each time point (time periods in brackets
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indicate time of measurement of creatine and creatinine solutions, where different to urine
samples). Frozen samples were thawed at room temperature, and before each
determination the pH of every sample was measured. Creatine and creatinine solutions
were diluted 1+20, as for urine samples, and were measured as described in Section

2.4.1.

3.4 RESULTS

3.4.1 Distribution of creatine in the rat

Table 3.1 shows the creatine content of various tissues and organs in the male Sprague-
Dawley rat. Skeletal muscle contained the highest concentration of creatine per mg tissue,
and, due to its total mass, represented the largest store of creatine in the rat. The testes
also contained a high concentration of creatine per mg tissue and, of those tissues in
which the total tissue content of creatine could be calculated, contained more creatine
than any other tissue or organ apart from muscle, although both the heart and brain
contained reasonably large amounts of creatine. Creatine concentrations in the seminal
vesicles and diaphragm were also high, but, due to the small size of these tissues,
represented only a small fraction of the total body pool. The liver, pancreas and kidney,
considered to have major roles in creatine synthesis, had negligible stores of creatine.
Although the stomach, duodenum and ileum did not have particularly high creatine
concentrations per mg tissue, the gastrointestinal (GI) tract may contain a significant
amount of creatine, as its total mass, although unknown in this instance, is not
inconsiderable. Similarly, the skin, in which the concentration of creatine was slightly

higher than in GI tract tissues, might also be a significant source of creatine.

3.4.2 Sarcosine concentrations in tissue extracts

The sarcosine standard curve was linear with a blank value (UHQ water) of 0.037 OD
units. Using the same modified reagent solution (containing no creatininase or creatinase),
the creatine and creatinine standard curves gave blank values (UHQ water) of 0.060 and
0.063 OD units respectively. The higher blank values may have been due to the need to
alter the settings of the spectrophotometer after the sarcosine standard curve was plotted
in order to obtain zero absorbance prior to measuring the creatine and creatinine standard
curves and the tissue extracts. The absorbance of the creatine and creatinine standards
and the tissue extracts were found to be no different from the blank values of the creatine

and creatinine standard curves, indicating that there was no measurable sarcosine present.
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Table 3.1

Distribution of creatine in the rat

ORGAN/TISSUE CREATINE TOTAL CREATINE
(nmol.mg tissue™) (pmol.tissue™)
LIVER 0.64 + 0.05 5.95 + 0.46
EPIDIDYMES 0.83 £ 0.10 1.20 + 0.15
KIDNEYS 1.16 + 0.14 2.30 + 0.28
SPLEEN 1.19 £+ 0.09 0.75 + 0.09
PANCREAS 1.43 £ 0.22 1.34 + 0.29
LUNG 2.13 + 0.07 2.25 £ 0.16
STOMACH 3.17 £ 0.18 3.57 £ 0.13
ILEUM 3.41 + 0.17 Not available*
DUODENUM 3.90 + 0.36 Not available*
SKIN 5.26 + 0.57 Not available*
BRAIN 11.3 + 0.56 18.6 + 0.97
SEMINAL VESICLES 13.5 + 0.64 4,77 + 0.23
HEART 16.1 + 0.84 15.6 + 0.76
TESTES 19.6 + 1.07 45.8 + 3.50
DIAPHRAGM 28.7 + 1.77 Not available*
MUSCLE 33.8 + 1.90 3000-4000%**
PLASMA 188 + 8.39* -
SERUM 159 + 10.0° -
URINE 13.3 + 2.23 -

*umol. L™

®umol.kg.day

Data are mean + SEM (n=4, except ', where n=3).

*Total tissue content not calculated as total mass of tissue not known

**Estimated value based on assumption that total muscle mass is 40% of total body weight
(Kurahashi & Kuroshima, 1977)
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3.4.3 Effect of reduced food intake on urinary creatine

The mean food intake of the four groups of rats over the 48 h period of food restriction
was 97%, 71%, 47% and 29% of the normal food intake (Figure 3.1a). There was a
decrease in water intake that was significant 0-24 h after fbod restriction at 75% of
normal food intake, and 24-48 h after food restriction at 50% and 30% of normal food
intake (Figure 3.1b). After food restriction, urine volume (range 4.68-39.3 mL) did not
differ significantly from values before food restriction (data not given). Urine pH (range
6.19-7.33) was significantly decreased at 30% of normal food intake 24-48 h after food
restriction (before food restriction - pH = 6.83 + 0.13, 24-48 h after restriction to 30%
of normal food intake - pH = 6.60 + 0.09, P=0.044 (paired t-test)). Body weight loss
was statistically significant at 50% and 30% of normal food intake and was greatest 0-24
h after food was restricted (Figure 3.2).

There was a small increase in urinary creatine 0-24 h after food was restricted,
but it did not correspond with the degree of food restriction and was only just significant
at 50% of normal food intake (P=0.049, Figure 3.3a). A larger increase in urinary
creatine 24-48 h after food was restricted did correspond with the degree of food

restriction, but did not reach statistical significance at 50% of normal food intake
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Figure 3.2  The effect of reduced food intake on body weight in the rat. Each bar
represents mean + SEM (n=4). Significant difference from control group
with normal food intake (Dunnett’s test): *P<0.05; “P<0.01.
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(P=0.055, Figure 3.3a). However, it was statistically significant when food was reduced
to 30% of normal food intake (Figure 3.3a). There was a small decrease in urinary
creatinine 24-48 h after food was restricted at 50% and 30% of normal food intake
(Figure 3.3b), but it was not significant. Thus, the urinary ratio of creatine to creatinine,
which increased as food intake decreased, was significantly elevated at both 50% and
30% of normal food intake 24-48 h after food restriction, when compared with values
measured before food restriction (Figure 3.4). When the change in body weight in the
48 h following the start of food restriction was plotted against the total excess creatine
excreted for each individual during this period, it can be seen that although there seemed
to be some relationship between the two parameters, the degree of creatinuria for a
certain change in body weight was very variable (Figure 3.5).

There was no significant change in absolute or relative testes weights, serum

creatine or serum LDH-C4 (Table 3.2).

Table 3.2 Effect of reduced food intake on testes weights and serum parameters
in the rat 48 h after food restriction

% OF ABSOLUTE RELATIVE SERUM SERUM

NORMAL TESTES WT. TESTES WT. CREATINE LDH-C4

FOOD INTAKE @ (g.100g body wt.™m) (zmol.LY) (U.LY

100% 2.57+0.03 1.10+0.02 228+14.1 32.2+5.15
75% 2.41+0.11 1.12+0.05 252+18.3 45.2+5.73
50% 2.49+0.12 1.1440.05 269+20.0 35.1+£5.92
30% 2.48+0.09 1.19+0.02 268+21.4 36.446.50

Data are mean + SEM (n=4). No significant difference from control group with normal
food intake (Dunnett’s test).

3.4.4 Stability of creatine and creatinine in solution and in urine under various
storage conditions

The pH changes in the urine samples during storage are shown in Figure 3.6. There were
no pH changes in samples stored at -20°C or -80°C over the 24 week period of the
study, except for a very small drop in the pH of the creatine and creatinine solutions

during the first 24 h (data not shown). This decrease may have been caused by the use
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represents the mean result from two separate aliquots.
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of a different pH meter for the first two measurements. In samples stored at room
temperature, there was a drop in pH over the first 24 h in all but the urine samples
adjusted to pH 5.0. During the rest of the storage period, the pH of both the urine
samples and the creatine solution increased, whilst that of the creatinine solution did not
change (Figure 3.6; data for creatine and creatinine solutions not shown).

Overall, there was an increase in the concentration of creatine, with a concomitant
decrease in the creatinine concentration of the urine samples and the creatinine solution
stored at room temperature during the 24 week storage period. However, there were no
significant changes in the samples stored at -20°C or -80°C. These changes are illustrated
by the creatine:creatinine ratio in the urine samples (Figure 3.7). There was some
variability in the results over the first 24 h and, as for the pH, this might have been due
to insufficient equilibration of the contents and temperature of the samples.

In contrast, the creatine solution stored at room temperature showed a marked
decrease in the creatine concentration to about 30% of the initial value at 24 weeks
(Figure 3.8). However, the proportion of creatinine in this sample did not change,
suggesting degradation to some product(s) other than creatinine. Contamination with
bacteria expressing creatinase and possibly sarcosine dehydrogenase activity, capable of
breaking down creatine to urea and sarcosine, and then to glycine, respectively, would
provide a possible explanation. The marked increase in the pH of these aliquots over the
24 week storage period supports the theory that bacterial contamination occurred.
Bacterial contamination would also explain the increase in pH and creatine and the
marked decrease in creatinine content seen in the urine samples stored at room

temperature during the 24 week storage period (Figure 3.6).

3.5 DISCUSSION

3.5.1 Distribution of creatine

In the male Sprague-Dawley rat, every tissue and organ examined was found to contain
creatine, although there was great variability in the concentrations present. Although the
total tissue content was estimated, the muscle clearly contained the largest store of
creatine in the male Sprague Dawley rat. It has been proposed that dissimilar defects in
creatine metabolism in skeletal muscle cause similar changes in urinary and tissue

concentrations of creatine (Fitch er al, 1968). Thus, in cases where a toxicant disturbs
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the metabolic balance between creatine, phosphocreatine and creatinine, causes muscle
damage resulting in leakage into the bloodstream, or interferes with creatine uptake or
release, as seen with thyroxine in hyperthyroidism (Kurahashi & Kuroshima, 1977), the
muscle may represent the primary source of increased urinary creatine. This may be
exacerbated if reabsorption of creatine in the kidney tubules is impaired (Geigy Scientific
Tables, 1981). Due to the large amount of creatine in muscle, small fluctuations in this
pool will dominate the blood and urine picture (Walker, 1980). For this reason, a study
investigating the effect of muscle damage on urinary creatine excretion was undertaken
(see Chapter 7).

The kidney, liver and pancreas, considered to be the main sites of creatine
synthesis, contained relatively small amounts of creatine, although in liver necrosis
increased creatine excretion has been demonstrated in combination with increased taurine
excretion (Timbrell ez al, 1994). Compared with most other organs in the body, the brain
and the heart contained relatively large amounts of creatine and, indeed, urinary creatine
has been proposed as an early marker of acute myocardial infarction (Delanghe et al,
1988). However, work by Waterfield er al (1993) with the heart toxin allylamine in rats
showed no significant increase in creatine excretion 48 h after an acute dose of 150
mg.kg?, that was seen histologically to cause damage to the heart. This supports the
suggestion by Delanghe et al (1988) that after acute myocardial infarction, intact extra-
cardiac tissues are involved in creatine release, possibly due to the effects of endogenous
compounds released during acute myocardial infarction. The presence of creatine in the
brain and in nerves indicates that caution is required in its use as a marker of testicular
dysfunction if disorders of the nervous system have already been identified.

It was not possible to determine the total creatine content of skin or the GI tract.
However, considering the creatine concentration of these tissues and their not
inconsiderable total mass, these tissues might represent a significant source of creatine.
In addition, these tissues have a high risk of suffering damage following toxicant
exposure, where toxicants are absorbed through the skin and/or ingested. Further work
using toxicants specific to the skin or GI tract would be required to determine whether
damage to these tissues might cause an increase in urinary creatine excretion.
Unfortunately, these studies were not in the scope of this thesis. Until this work is carried
out, conclusions regarding the use of creatine as a marker of testicular dysfunction must
include the proviso that there is no evidence of damage to the skin or GI tract.

Lee et al (1988) have previously reported the presence of creatine in rat seminal
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vesicles at concentrations 65 times higher than that found in blood. They found that most
of the creatine was localized in the seminal vesicular fluid (13.0 + 1.51 nmol.mg?,
compared to 5.34 + 1.04 nmol.mg™ in the seminal vesicles after the fluid was extruded)
and have suggested that the extracellular creatine, ATP and phosphocreatine are involved
in sperm metabolism. This study showed a similar amount of creatine in the seminal
vesicles (the value included the creatine in the seminal vesicular fluid as it was not
extruded). A slight increase in creatine excretion could occur if a toxicant had a
pharmacological effect resulting in contraction of the seminal vesicles and expulsion of
their contents into the urine via the vasa deferentia.

Therefore, there are several in vivo sources of creatine that might contribute to
an increase in creatine excretion. Indeed, increased creatine excretion has already been
reported in various conditions (Section 1.4.2). In addition, an increase in urinary creatine
has been proposed as a marker of early acute myocardial infarction (Delanghe er al,
1988) and as an indicator of red cell age (Syllm-Rapoport et al, 1980). Nevertheless, the
testes contained the second highest concentration of creatine per mg tissue and represent
a significant store of creatine in the male Sprague-Dawley rat. In addition, previous work
with acute doses of CdCl, showed no significant creatinuria in female or orchidectomized
rats (Gray et al, 1990), indicating that the main source of the excess creatine was the
testes. However, the results from this study indicate that there is not enough creatine in
the testes to account for the total increase in creatine excretion seen in previous studies
with testicular toxicants (Nicholson et al, 1989; Rawcliffe ef al, 1989; Gray et al, 1990;
Moore et al, 1992) through simple leakage alone. Lee et al (1988) have shown that the
creatine is present extracellularly, and Moore et al (1989) have shown that de novo
synthesis is localized within the seminiferous tubular compartment. Therefore, there is
the possibility that increased creatine excretion caused by leakage is augmented by
alterations in synthesis, metabolism and interconversion, resulting in increased
excretion/release of creatine from the testes and/or seminal vesicles into the extracellular

fluid and/or the circulation.

3.5.2 Tissue sarcosine concentrations

Due to the enzymatic reactions involved (Figure 2.1), sarcosine would be expected to
interfere with the Creatinine-PAP kit assay used to measure creatine and creatinine in the
studies in this thesis. However, sarcosine was undetectable in the tissue extracts measured

in this study and was not detected in the urine of hepatotoxin-treated rats (Waterfield,
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1992) or in human seminal fluid (Draper, 1996). In view of these findings and the fact
that hypersarcosinemia and hypersarcosinuria are both very rare conditions (Levy et al,
1984), it is unlikely that interference from sarcosine is a concern in the use of the

Creatinine-PAP kit assay for the measurement of creatine and creatinine.

3.5.3 Effect of body weight loss on urinary creatine excretion

Reduced food intake and subsequent loss of body weight often occur after dosing with
toxicants. Sims and Seldin (1949) showed that during fasting, blood -creatine
concentrations increased over the amounts that could be reabsorbed by the kidneys,
resulting in increased creatine excretion. It was, however, not certain whether the
resultant urinary creatine came from newly synthesized creatine not taken up by muscle
or creatine released from muscle. Walker (1960) reported that an increase in tissue
creatine concentrations actually decreased the biosynthesis of creatine by depressing the
activity of AGAT, tissue concentrations of which were also lowered by any process, such
as starvation or inadequate diet, that interfered with protein synthesis. However, it has
been suggested that a drop in blood glucose concentrations may result in mobilization of
creatine from the muscle (Ord & Stocken, 1955). Therefore, the increase in creatine
excretion following reduced food intake is probably a result of the increased blood
concentrations caused by mobilization or release of creatine from stores such as skeletal
muscle due to catabolism or due to the effects of hormones such as glucocorticoids or
insulin (Walker, 1980). However, the overall effect of restricted food intake on creatine
biosynthesis is not easy to determine, as Walker (1980) has also proposed that muscle
protein degradation due to the effect of glucocorticoids secreted during dietary
inadequacies may increase the supply of amino acid precursors available and promote
creatine biosynthesis.

In this study, restriction of food intake caused a loss in body weight that was most
marked in the first 24 h period after food restriction (up to 20-30 g; data not given), with
a smaller decrease during the period 24-48 h after food restriction (up to 5-10 g; data not
given). The slight increase in urinary creatine in the first 24 h period after food
restriction showed no relation to the degree of food restriction, and was probably within
the bounds of intra- and inter-individual variation, especially as the rats given normal
food intake showed an incremental increase in urinary creatine over the experimental
period. However, the increase in urinary creatine excretion observed in the 24-48 h

period after food restriction did seem to be related to the degree of food restriction, being
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higher in the groups which had the least food, although the greatest loss in body weight
occurred in the previous 24 h period. Although the relationship between the change in
body weight and the total excess creatine excreted was not marked, it gives some idea
of the relationship between weight loss and creatine excretion, and can be used to help
estimate the contribution of fasting-induced creatine excretion to the creatinuria caused

by acute toxicant administration.

3.5.4 Effect of body weight loss on urinary creatinine excretion

Creatinine is formed by a non-enzymatic process from the dephosphorylation of
phosphocreatine and the dehydration of creatine, the former proceeding at the faster rate
(Boroujerdi, 1986). The small decrease in urinary creatinine at 50% and 30% of food
intake 24-48 h after food restriction may be due to systemic effects of the reduced food
intake and loss in body weight on creatinine production or on its excretion by the kidney.
Although creatinaemia was not demonstrated at the time of termination, the presence of
excess creatine in the urine following food restriction strongly indicates that creatine
concentrations in the blood exceeded the renal threshold. Such an increase in blood
creatine concentrations would feed back to inhibit AGAT activity in the main synthetic
tissues, while the decrease in food intake would affect the supply of precursors for
creatine synthesis. Although the effects of starvation and creatine feeding on AGAT
activity are rapid (Walker, 1980), there is no direct evidence that the resultant decrease
in creatine synthesis would affect the formation of creatinine, particularly so soon after
food restriction. Thus, there may be effects on the rate of filtration or secretion into the
urine possibly mediated by endogenous hormones, such as glucocorticoids, released in

response to the stress of inadequate food intake (Walker, 1980).

3.5.5 Stability of creatine and creatinine in urine and solution under various
storage conditions

The conversion of creatine and phosphocreatine to creatinine is non-enzymatic and may
be affected by physical factors such as pH and temperature (Fuller & Elia, 1988), while
creatinine may be converted to creatine if there is contamination with bacteria expressing
the enzyme, creatininase (Wyss & Wallimann, 1994). Although this study on sample
stability under various storage conditions was limited in its scope by insufficient
manpower to prepare more samples simultaneously, it was sufficient to demonstrate that

in both solutions of creatine and creatinine and in urine samples stored at -20°C and
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-80°C, there was no significant change in pH or creatine and creatinine levels at 24
weeks, although changes in samples stored at room temperature were more marked.
These results are consistent with those of Fuller and Elia (1988), coauthors of the most
comprehensive study to date of creatine and creatinine interconversion under various
conditions. They found that the rate of conversion at temperatures below 4°C were
negligible and were undetectable in frozen samples after 24 h, but predicted that at higher
temperatures, the loss of creatinine from urine samples stored at pH 6.0, might ultimately
be as great as 50%. The results from this study suggest that bacterial contamination may
be causative in the interconversion and/or degradation of creatine and creatinine in
samples stored for long periods at room temperature.

Thus, in conjunction with the data from Fuller and Elia (1988), basic
recommendations for the collection and storage of samples for the measurement of
creatine and creatinine can be constructed. As the stability of samples during storage is
dependent on pH, temperature, the type of preservative used and the time period, such
information should be stated where appropriate. Urine samples should be collected over
ice (for animal studies) or kept refrigerated during the collection period (for human urine
samples), and should be frozen as soon as possible after collection. The pH should be
measured and adjusted if considered adverse before freezing and storing (at < -20°C).
If such facilities are not available, samples should be kept as cold as possible and
measured at the earliest opportunity. During assay, samples should not sit on the bench
at room temperature for too long. Creatine and creatinine measurement by the Jaffé
method is strongly dependent on pH. Adverse effects due to the presence of strong
buffers in the sample can be overcome by using high dilution factors (Spencer, 1986).

Some other factors detailed by Fuller and Elia (1988) must also be taken into
account. Conversion of creatine or phosphocreatine (which has a slightly faster rate of
conversion than creatine) to creatinine is nonenzymatic and thus affected by physical
factors, such as pH and temperature, the effect of pH increasing with a rise in
temperature. However, this may not only be of importance during storage, but may also
occur in vivo or in the bladder. Therefore, a general or localized rise in temperature may
increase daily creatinine production (15-20% for a 3°C rise in body temperature).
Conversely, a drop in temperature may lower the rate. Tanzer and Gilvarg (1959) noted
that in the bladder, decreasing creatinine concentrations were associated with increasing
creatine concentrations, although Fuller and Elia (1988) have shown a maximum decrease

in creatinine of 2-3% over 12 h.
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3.6

CONCLUSIONS

These preliminary studies have shown that:

a)

b)

d)

In the male Sprague-Dawley rat all tissues contained creatine with the muscle
representing the largest store of creatine. The testes contained the second highest
concentration of creatine per mg tissue and represented a significant source of
creatine. Heart and brain, as well as the skin and GI tract, also had quite high
concentrations per mg tissue and, because of the size of these tissues, might also

contribute to increased creatine excretion in certain conditions.

Tissue extracts contained no sarcosine that might interfere with the measurement

of creatine and creatinine.

Reduced food intake resulted in a loss in body weight and a significant rise in
urinary creatine. The relationship between these parameters might be used to
estimate the contribution of fasting-induced creatine excretion to the creatinuria

observed after acute administration of testicular toxicants.

Changes in pH and creatine and creatinine content were evident in urine samples
and creatine and creatinine samples stored at room temperature over a period of
24 weeks, whilst changes in aliquots stored at -20°C or -80°C were negligible.
Therefore, samples for creatine and creatinine determination should, if possible,
be stored frozen and changes in pH and temperature in vivo and during storage

should be taken into account when interpreting study results.
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CHAPTER 4

COMPARISON OF URINARY CREATINE WITH OTHER
MARKERS OF TESTICULAR DYSFUNCTION



4.1 INTRODUCTION

For urinary creatine to attain recognition as an effective marker of male reproductive
dysfunction, it must be shown to be at least as sensitive as other biomarkers in the
detection of testicular damage. In addition, it must be able to detect damage caused by
a range of toxicants with different mechanisms of action.

Increased creatine excretion has been demonstrated following the acute
administration of several testicular toxicants with differing specificities: 2-methoxyethanol
(2-ME) (Rawcliffe et al, 1989), and its metabolite, 2-methoxyacetic acid (2-MAA)
(Moore et al, 1992), germ cell toxicants; di-n-pentyl phthalate, and 1,3-dinitrobenzene
(1,3-DNB) (Moore et al, 1992), Sertoli cell toxicants; and cadmium chloride (CdCl,)
(Nicholson ef al, 1989; Gray et al, 1990), a non-specific testicular toxicant. However,
these studies did not compare the size of the increase in creatine excretion with the
degree of histopathological damage to the testes, the testes weights, or any other
biochemical markers of testicular dysfunction in order to assess the relative sensitivities

of these measures of male reproductive dysfunction.

4.1.1 2-Methoxyethanol (2-ME)

2-Methoxyethanol (ethylene glycol monomethyl ether) belongs to a family of ethylene
glycol monoalkyl ethers widely used in the chemical, and food industries as solvents,
detergents, and emulsifiers. However, some have been reported to have adverse effects
on the reproductive, developmental, haematopoietic, and central nervous systems. In
recent years, increasing data in humans is enabling better evaluation of the hazard glycol
ethers represent (Welch et al, 1988; Browning & Curry, 1994; Cicolella, 1997). In male
rats, 2-ME has been shown to be a testicular toxicant, causing specific damage to early
and late spermatocytes in the pachytene stage (Foster et al, 1984; Creasy et al, 1985).
2-Methoxyacetic acid (2-MAA), an in vivo oxidation product of 2-ME (Moss ez al,
1985), induced the same cell-specific lesion as 2-ME (Foster et al, 1987) and metabolism
of 2-ME to 2-MAA has been shown to be a prerequisite for the expression of the
testicular lesion (Gray er al, 1985; Moss et al, 1985). In addition, pre-treatment with
pyrazole, which prevented the metabolism of 2-ME to 2-MAA protected against 2-ME-
induced testicular toxicity in rats (Browning & Curry, 1994). The intermediate
metabolite, 2-methoxyacetaldehyde. also produced the characteristic cell-specific damage
seen with 2-ME and 2-MAA (Foster et al, 1986a). Thus, it is thought that 2-MAA and/or

other metabolites cause the testicular lesion in rats treated with 2-ME (Miller et al, 1982,
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Foster et al, 1984; Foster et al, 1986a) by a direct effect upon the spermatocytes, which
have been shown to degenerate when incubated with 2-MAA in the absence of Sertoli
cells (Moss et al, 1987). Further work showing protection from 2-ME-induced toxicity
by treatment with physiological compounds such as serine (Mebus et al, 1989), and
calcium channel blockers such as verapamil and diltiazem (Ghanayem & Chapin, 1990),
suggests that effects on one-carbon moiety transfer into purine and pyrimidine bases and
effects on calcium homeostasis in the testicular cell may both be involved in 2-ME-

induced testicular toxicity.

4.1.2 1,3-Dinitrobenzene (1,3-DNB)

1,3-Dinitrobenzene (1,3-DNB) is the predominant isomer in commercial dinitrobenzene,
a nitroéromatic compound, used mainly as an intermediate in the synthesis of plastics and
dyes (Working, 1989). All three isomers cause methaemoglobinaemia, but unlike the 1,2-
and 1,4-isomers, 1,3-DNB is also a reproductive toxicant causing testicular atrophy, and
decreases in sperm quality and fertility in male rats (Working, 1989). It initially causes
damage to the Sertoli cells, with germ cell degeneration and exfoliation (particularly of
pachytene spermatocytes in Stages VIII to XIII) occurring as a secondary event 24 h after
an acute dose (Foster ez al, 1986b; Blackburn et al, 1988). Working (1989) demonstrated
that 1,3-DNB itself is the likely toxic form in the testis, and that the isomer-specific
toxicity is probably due to differences in metabolism. The 1,2- and 1,4-DNB isomers do
not attain toxic concentrations in the testis as they are predominantly metabolized by
glutathione conjugation and nitro-reduction at extragonadal sites. However, 1,3-DNB is
only metabolized by nitro group reduction with no detectable metabolism occurring in
seminiferous tubule segment culture systems after 24 h of culture, when metabolism of
1,2- and 1,4-DNB had reached a maximum at 6 h.

4.1.3 Cadmium (Cd)

Cadmium is a heavy metal used in metal plating and in various industrial processes such
as the production of cadmium compounds, pigments, nickel-cadmium batteries, alloys and
solders. Its toxic effects are dependent on the type of exposure and the species, but can
include the kidney, liver, gastrointestinal tract, central nervous system, ovaries, and
placenta. The testes are especially sensitive to acute doses and, in most strains of rats and
mice, will show extensive haemorrhagic necrosis of all cell types within the testis

followed by permanent sterility, at doses which have no effect on other organs (Parizek
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& Zahor, 1956; Samarawickrama, 1979). Cadmium damages the testicular vasculature,
resulting in ischaemic necrosis (Aoki & Hoffer, 1978) and may also have a direct cellular
toxic effect as it is known to enter the interstitial cells (Waalkes & Poirier, 1985).
Chelation therapy with dithiocarbamates has been shown to prevent Cd-induced testicular
damage (Kojima et al, 1992), the dose of Cd present in the testes probably being a major
factor in determining the degree of toxicity. Differing susceptibilities to its toxic effects
may also be due, in part, to differing concentrations of a cytosolic metallothionein-like
protein that can bind cadmium in these interstitial cells (Chellman et al, 1985).

It has been reported that Cd-induced testicular damage is due to the enhancement
of lipid peroxidation in the testis and that the haemorrhagic inflammation and concomitant
increase in the concentration of lipid peroxides was completely eliminated by
simultaneous injection of selenium (Se) (Ohta & Imamiya, 1986). A high MW Se-Cd
complex was found in the plasma and testis of acutely dosed Cd-treated male Wistar rats
injected simultaneously with Se, but it decreased rapidly with time post-dose. In contrast,
the levels of Cd bound to the inducible metal-binding protein, metallothionein (MT), in
the testis increased with time post-dose. It was also noted that Se prevented the Cd-
induced inhibition of glutathione-S-transferase activity. Thus, it was suggested that the
protection against acute Cd toxicity afforded by selenium was because the initial
formation of the high MW Se-Cd complex and the secondary induction of MT prevented
the inhibitory effects of Cd on enzyme activity (Otah & Imamiya, 1986). Thus, the final
concentration of Cd in the testes may be dependent on more than one system.

It has been reported that rat and mouse testes are deficient in MT (Wahba e al,
1990), and that the inducibility of MT in the testes is lower than in other organs such as
liver and kidney (Passia er al, 1985). It has been shown that the lethality of Cd
administration in mice is increased by glutathione (GSH) depletion (Singhal et al, 1987)
and that the reduction of GSH in whole testes and in testicular, cytosolic and nuclear
fractions was found to correspond with the susceptibility of the testes to Cd toxicity
(Wahba et al, 1990). In addition, low dose pre-treatment with Cd increased GSH levels
in interstitial cells, providing a possible explanation for the protection provided by low
dose Cd pre-treatment against acute Cd-induced testicular damage (Wahba et al, 1990).
Cd-induced testicular toxicity in CF-1 mice is prevented by calmodulin inhibitors
(Niewenhuis & Prozialeck, 1987), that have been shown to have a marked stimulatory
effect on hepatic and renal MT gene expression, but no effect on testicular MT mRNA
or on testicular Cd-binding protein (TCBP) in rats (Shiraishi & Waalkes, 1994).
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42 AIM

To assess the use of urinary creatine as a biomarker of testicular damage by comparing
its ability to detect acute toxicant-induced pathological damage with testes weights and
with two serum markers, LDH-C4 and testosterone, using testicular toxicants with
differing sites and mechanisms of damage, namely 2-methoxyethanol, 1,3-dinitrobenzene,

and cadmium chloride (CdCl,).

4.3 METHODS

4.3.1 Animals and treatment

Outbred male Sprague-Dawley rats (Glaxo Research & Development) were housed and
monitored as described in Section 2.2.1, being allowed to acclimatize for 2-3 days in
metabolism cages before the start of each study. Dose ranges, decided on by reference
to the published literature, were designed to include doses causing minimal and easily
detectable toxic effects.

2-ME. Groups of four animals, weighing 192-233 g, were given a single i.p. injection
of 2-ME in UHQ water (5.5 ml.kg) at doses of 100, 250, 500, or 750 mg.kg" body
weight. The results shown are the combination of two studies.

1,3-DNB. Groups of four animals, weighing 176-235 g, were given a single dose of 1,3-
DNB in 1.5% DMSO in corn oil (5 ml.kg!) by oral gavage at doses of 12, 30, or 60
mg.kg’ body weight.

CdCl, Groups of four animals, weighing 185-240 g, were given a single i.p. injection
of CdCl, in UHQ water (1 ml.kg’) at doses of 0.75, 1.125, 1.5 or 3.0 mg.kg! body
weight. The results shown are the combination of two studies.

Control groups were given the respective vehicle.

4.3.2 Urine collection
Urine was collected as previously described in Section 2.2.2. The pH of the urine

samples from the second 2-ME study, and from both CdCl, studies were measured.

4.3.3 Experiment termination

Animals were killed 48 h after dosing and blood collected for the preparation of serum
(Section 2.2.3). The testes, seminal vesicles, liver and kidney were excised and processed
for histology and/or biochemical analyses, as described in Section 2.2.3. In addition,

liver from the CdCl, studies was frozen for the determination of creatine content and, in
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the study with 1,3-DNB, the spleen was removed and weighed.

4.3.4 Histology

Testes from these studies were initially fixed in Bouin’s fixative before transfer to 10.5%
buffered formalin. Testes were scored according to the regime detailed in Section 2.3.2.
H & E sections were prepared for liver and kidney from the studies with CdCl,, where
liver was also frozen for the determination of creatine content. Signs of fatty liver were

further investigated by examining sections stained with Oil Red O.

4.3.5 Creatine and creatinine extraction and determination

Creatine was extracted from the testes, seminal vesicles and, in the CdCl, study, from
the liver, by a modification of the method of Lee er al, (1988) (Section 2.4.1b). Serum
and tissue creatine, and urinary creatine and creatinine were determined by the enzymatic
method of Siedel et al, (1984), as described in Section 2.4.1c.

4.3.6 LDH-C4 determination
Tissue extracts were prepared and serum and testicular LDH-C4 assayed with reference

to the methods used by Reader er al, (1991), as previously described in Section 2.4.3.

4.3.7 Testosterone radioimmunoassay
Serum and testicular testosterone were measured using a commercially available single-
antibody radioimmunoassay kit (Testosterone/dihydrotestosterone [°H] assay system,

Amersham International plc). See Section 2.4.4 for details.

4.4 RESULTS
4.4.1 2-METHOXYETHANOL
4.4.1a Clinical effects of 2-ME administration
No adverse effects of dosing were observed with 2-ME. The maximal effects on body
weights, food and water intake, and urine volume and pH occurred 0-24 h after dosing
with 2-ME.

At 0-24 h post-dose, food intake was significantly decreased at all doses when
compared with pre-dose values (Figure 4.1a). Food intake had increased at 24-48 h post-

dose, but was still significantly lower than pre-dose values in all except the highest dose
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2-ME, n=4; 250 & 500 mg.kg* 2-ME, n=8). Significant
difference from pre-treatment value (paired t-test):

*P<0.05; *"P<0.01; "™ P<0.001.
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Figure 4.2  The effect of 2-ME on body weight in the rat. Each bar
represents mean + SEM (control, n=7; 100 & 750 mg.kg™*
2-ME, n=4; 250 & 500 mg.kg"' 2-ME, n=8). Significant
difference from control (Dunnett’s test): ‘P<0.05;
**P<0.001.

group. Water intake only showed a significant decrease after 250 and 500 mg.kg" 2-ME,
0-24 h post-dose (Figure 4.1b')».

At the lowest dose of 2-ME (100 mg.kg!), there was a small, but non-significant
decrease in weight gain 0-24 h post-dose compared with the control group (Figure 4.2).
A statistically significant weight loss was seen at all other doses 0-24 h post-dose, the
effect increasing with dose. At 2448 h post-dose, the animals were gaining weight
normally, although the total increase in body weight (%) since the start of the study at
500 and 750 mg.kg! 2-ME was significantly lower than the control group (Figure 4.2).

Urine volume increased significantly above the pre-dose value at the highest dose
of 2-ME (750 mg.kg™), 0-24 h post-dose (Figure 4.3a). The urine volume at 500 and 750
mg.kg! 2-ME 24-48 h after do'sing was significantly lower than the pre-dose values
(Figure 4.3a). The pH of the urine (measured in the second study only) was significantly
decreased at all doses of 2-ME 0-24 h after dosing, lower urine pH values being
associated with higher doses of 2-ME (Figure 4.3b).
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Table 4.1 Effect of 2-ME on testes and liver weights in the rat

DOSE OF ACTUAL RELATIVE ACTUAL RELATIVE
2-ME TESTES WT. TESTES WT. LIVER WT. LIVER WT.
(mg.kg™) (@ (g.100g body wt.) (® (g.100g™" body wt.)

0 2.294+0.08 0.94+0.03 10.8+0.41 4.40+0.10

100 2.534+0.13 1.054+0.05 9.35+0.35" 3.8940.13"
250 2.13+£0.06 0.88+0.03 9.79+0.29 4.05+0.43

500 1.8840.04™ 0.80+0.02" 9.30+£0.29™ 3.80+£0.15™
750 1.7940.06™ 0.76+0.02™ 8.92+0.37™ 3.7940.17°

Data are mean + SEM (control, n=7; 100 & 750 mg.kg’ 2-ME, n=4; 250 & 500 mg.kg" 2-ME, n=38).
Significant difference from control (Dunnett’s test): *P<0.05; “P<0.01.

4.4.1b Effect of 2-ME on organ weights

2-ME had no effect on actual or relative testes weights at 100 mg.kg™. At higher doses,
a dose-related decrease in actual and relative testes weights was seen, which was
statistically significant at 500 and 750 mg.kg' 2-ME (Table 4.1). Liver weight (actual
and relative) was decreased at all doses of 2-ME, but this effect was not statistically
significant at 250 mg.kg' (Table 4.1). 2-ME had no significant effect on actual and

relative seminal vesicle (SV) weights (data not given).

4.4.1c Effect of 2-ME on the histopathology of the testis
At 100 mg.kg' 2-ME, there was no obvious effect on the testis apart from one or two
late stage pachytene spermatocytes in the first stages of necrosis (Plate 4.1b). At doses
of 250 mg.kg' and above, there was depletion of early and late stage pachytene
spermatocytes that extended to mid-pachytene spermatocytes at the highest doses with
vacuoles and multinucleate bodies also present in these tubules (Plates 4.2a & b). A
section from a control testis can be seen in Plate 4.1a.

Table 4.2 (pg 112) shows the combined score for the frequency and severity of
the pathological damage caused by 2-ME in the rat testis. Severity was judged on the
extent of pachytene spermatocyte depletion and the number of necrotic cells, vacuoles and

multinucleate bodies present in the tubules.
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Table 4.2 "Pathology score" for 2-ME-induced testicular damage in the rat testis

DOSE OF 2-ME (mg.kg") n AVERAGE COMBINED SCORE
0 7 1.14 + 0.14
100 4 1.50 + 0.29
250 8 6.25 + 0.37
500 8 8.88 + 0.13
750 4 9.50 + 0.29

Data are mean + SEM.

4.4.1d Creatine and creatinine concentrations in the urine, serum and tissues
after dosing with 2-ME

There was a maximal, dose-related increase in urinary creatine, 0-24 h after dosing with
2-ME, that was significant at 100, 500, and 750 mg.kg’. Creatine excretion was still
elevated above pre-treatment values 24-48 h after dosing, although this was only
significant at the two highest doses (Figure 4.4a). Urinary creatinine excretion was
significantly decreased 0-24 h after dosing at 500 and 750 mg.kg" 2-ME (Figure 4.4b).
The creatine:creatinine ratio in the urine (Figure 4.5) showed the same dose-related
effects as seen with creatine excretion, although the rise 0-24 h after 500 and 750 mg.kg™*
2-ME was more marked due to the decrease in urinary creatinine excretion (Figure 4.4b).
There was a significant decrease in serum creatine at all doses of 2-ME, but the effect
did not seem to be dose-related (Table 4.3). There was no change in the concentration
of creatine in the testes, but due to the significant decrease in testes weights at 500 and
750 mg.kg"' 2-ME (Table 4.1), there was a decrease in the total creatine content of the
testes (Table 4.3). In contrast, there was a significant increase in the creatine
concentration in the seminal vesicles (SV) at the highest dose, with no change in the total
creatine content of this tissue (Table 4.3), showing a concentration effect due to the slight

decrease in seminal vesicle weight at this dose (data not given).

4.4.1e Effects of 2-ME on serum and testicular LDH-C4 and
testosterone

Dosing with 2-ME had no effect on serum or testicular LDH-C4 (data not given). At 100
mg.kg! 2-ME, there was no effect on serum and testicular testosterone levels. There was
an observable decrease in serum testosterone at 250, 500 and 750 mg.kg™! 2-ME, but due

to the marked inter-individual variation, this only reached statistical significance at 500
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n=7; 100 & 750 mg.kg' 2-ME, n=4; 250 & 500 mg.kg"
2-ME, n=8). Significant difference from pre-treatment
value (paired #-test): "P<0.05; "P<0.01.
Table 4.3 Serum, testes and SV creatine content in 2-ME-treated rats
DOSE OF SERUM TESTICULAR CREATINE SV CREATINE
2-ME CREATINE
(mg.kg™") (umol.L™) .(nmol. (umol. (nmol. (umol.
mg tissue) tissue™) mg’ tissue) tissue™)
0 213+12.0 18.7+1.81 42.944.49 15.5+1.41 6.87+0.95
100 144+12.17 18.842.55 47.948.31 12.2+1.81 6.90+1.33
250 156+8.49™ 19.540.73 41.441.41 16.7+1.22 5.7710.60
500 159+15.0™ 17.64+0.69 33.1+1.45 17.7+1.09 6.96140.77
750 127+3.76™ 18.54+0.60 33.1+1.81 21.4+1.40° 6.86+1.15

Data are mean + SEM (control, n=7; 100 & 750 mg.kg' 2-ME, n=4, except n=3 for serum creatine at
100 mg.kg"'; 250 & 500 mg.kg' 2-ME, n=8). Significant difference from control (Dunnett’s test):

"P<0.05; "P<0.01.
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Table 4.4 The effect of 2-ME on serum and testicular testosterone

DOSE OF 2-ME SERUM TESTOSTERONE TESTICULAR TESTOSTERONE
(mg.kg") (ng.L" serum) (ng.g" testis)
0 448 + 66.1 13.2 £ 2.22
100 460 + 242 13.6 + 5.98
250 208 + 54.0 12.6 + 3.98
500 124 + 43.8" 10.8 + 3.27
750 148 + 55.7 8.56 + 3.24

Data are mean + SEM (control, n=7; 100 & 750 mg.kg"' 2-ME, n=4, except n=3 for serum testosterone
at 100 mg.kg"'; 250 & 500 mg.kg"' 2-ME, n=8). Significant difference from control (Dunnett’s test):
"P<0.01.

mg.kg! 2-ME, which also seemed to be the dose at which the maximal effect occurred
(Table 4.4). Testicular testosterone showed a dose-related decrease at 250 mg.kg"' 2-ME
and above, that was significant at the highest dose (Table 4.4).

4.4.1f Correlation of parameters indicative of testicular damage after
dosing with 2-ME

Actual and relative testes weights showed a significant negative correlation with the
"pathology score" (r=-0.766 and r=-0.742, respectively, P<0.001). Urinary creatine
excretion at 0-24 h and at 24-48 h showed a significant negative correlation with actual
testes weights (r=-0.570, P<0.05; r=-0.665, P<0.01, respectively), and a significant
positive correlation with the combined "pathology score” (r=0.596, P<0.001; r=0.429,
P<0.05, respectively). Serum testosterone showed a significant negative correlation with
urinary creatine 24-48 h after dosing (r=-0.522, P<0.05), and with the combined
"pathology score” (r=-0.602, P<0.001). Serum LDH-C4 showed no correlation with

any of the other parameters.

4.4.2 1,3-DINITROBENZENE

4.4.2a Clinical effects of 1,3-DNB administration

In 3 of the rats dosed with 60 mg.kg' 1,3-DNB, there was marked cyanosis within
several hours, leading to death within 24 h. The remaining animal in this group was
terminated 24 h after dosing. At 30 mg.kg, there was reversible cyanosis in some of the

animals, recovery occurring within 12 h. The maximal effects on body weights, and food

115



40 T

__ 30 A
=
o
X
s
= 20
©
o
o
Y 40 -
0 -
(a)
40
:63 30
o
X
S
£ 20
| -y
)
ot
©
; 10 -
o .
(b)
Figure 4.6

dosed
a—=a control
&———a 12 mgkg™' 1,3-DNB
v---- 30 mgkg™' 1,3-DNB
(o T T ! '
-2 -1 0 1 2

Days before/after dosing with 1,3—DNB

dosed
s———@ control
&———a 12 mgkg™' 1,3-ONB
v ---+ 30 mgkg™' 1,3-ONB
f T T T ]
=2 -1 0 1 2

Days before/after dosing with 1,3-DNB

The effect of acute administration of 1,3-DNB on (a) 24 h
food, and (b) 24 h water intake in the rat. Each bar
represents mean + SEM (n=4). Significant difference from
pre-treatment value (paired ¢-test): "P<0.05.

116



and water intake occurred 0-24 h after dosing with 1,3-DNB.

Food intake was decreased 0-24 h after dosing at both doses, but this was only
significant at 30 mg.kg' 1,3-DNB (Figure 4.6a). There was also a slight decrease in
water intake at the highest dose (Figure 4.6b). Both food and water intake had returned
to normal at 24-48 h after dosing (Figures 4.6a & b). There was a small decrease in
weight gain at 12 mg.kg? 1,3-DNB, and a small loss of body weight at 30 mg.kg* 1,3-
DNB in the 24 h period after dosing. However, these results were not significant and
animals were gaining weight normally 24-48 h after dosing (Figure 4.7). There was no
effect of 1,3-DNB administration on urine volume in the rats given 12-30 mg.kg* 1,3-

DNB.

4.4.2b Effect of 1,3-DNB on organ weights
There was no significant effect of 1,3-DNB on testes, liver, seminal vesicle or spleen
weights, although the spleen weight was slightly increased in the treated groups, an effect

that seemed to be dose-related (data not given).
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Figure 4.7  The effect of 1,3-DNB on body weight in the rat. Each bar
represents mean + SEM (n=4). Significant difference from
control (Dunnett’s test): *P<0.05.

117



4.4.2c Effect of 1,3-DNB on the histopathology of the testis
The predominant effect of 1,3-DNB administration on the testis was a dose-dependent
depletion of pachytene spermatocytes in Stage XII tubules. At 12 mg.kg" 1,3-DNB, there
was partial to complete loss of pachytene spermatocytes in Stage XII (Plate 4.3b) with
some vacuoles present in other stages, such as Stage V. At 30 mg.kg’ 1,3-DNB, various
stages including Stages V, VIII-IX and XII-XIV, were affected, with abundant vacuoles,
necrotic cells and multinucleate bodies in evidence, as well as loss of Stage XII pachytene
spermatocytes (Plate 4.4a). In a section from the testis of the one animal in the group
treated with 60 mg.kg! 1,3-DNB, which was terminated 24 h after dosing, damage varied
from necrosis of pachytene spermatocytes in various stages to complete tubular
disorganisation with sloughing of cells into the lumen (Plates 4.4b). Plate 4.3a shows a
section from the testis of a control animal.

Table 4.5 shows the "pathology score" for 1,3-DNB-induced testicular damage.
The severity of the lesion was judged on the extent of pachytene spermatocyte depletion,
particularly in Stage XII tubules, and on the degree of vacuolization and necrosis, and

the number of multinucleate bodies present in the seminiferous tubules.

Table 4.5 "Pathology score" for testis sections from 1,3-DNB-treated rats

DOSE OF 1,3-DNB (mg.kg") AVERAGE COMBINED SCORE
0 1.00 + 0.00
12 575 £ 0.25
30 8.50 + 0.29

Data are mean + SEM (n=4).

4.4.2d Creatine and creatinine concentrations in urine, serum and tissues after
dosing with 1,3-DNB

1,3-DNB caused a very slight increase in urinary creatine excretion that was significant
at the highest dose 0-24 h post-dose (Figure 4.8a). There was no significant effect on
urinary creatinine (Figure 4.8b). A small increase was also seen in the urinary
creatine:creatinine ratio at both doses that was significant at 12 mg.kg" 1,3-DNB in the
24 h period following dosing (Figure 4.9).

There was no statistically significant effect of 1,3-DNB on serum creatine, or on

the creatine concentration or the total creatine content of the seminal vesicles (data not
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