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I. INTRODUCTION

Lactate dehydrogenase (LDH) (L-lactate:
NAD+-oxidoreductase E.C. 1.1.1.27) exists
in multimolecular tetrameric forms in a
single cell. LDH has been studied widely
mainly because it appears from in vitro stud-
ies that a considerable biochemical differ-
ence exists among various isozymes. In all
higher vertebrates, the structure of somatic
LDH consists two types of subunits, A and
B, which are encoded by two specific genes,
Ldh-a and Ldh-b, respectively. The associa-
tion of A and B subunits can generate five
tetrameric isozymes: A4, A1B3, A2B2, A3B1,
B4, which show different catalytic proper-
ties. This in turn affects the biochemical
properties of isozymes formed. Homo-
tetramers of LDH show extreme behavior,
whereas the heterotetramers show interme-
diate characteristics of A and B subunits
(Markert et al., 1975). Because the combi-
nation of the A and B subunits can at most
produce five tetrameric isozymes, the find-
ing of the sixth isozyme in mature human
testis (Blanco and Zinkham, 1963; Blanco
et al., 1964) and sperm (Goldberg, 1963;
1964) indicated the presence of an addi-
tional polypeptide subunit of LDH, desig-
nated LDH-X. Zinkham et al. (1964) dem-

onstrated LDH-X as the predominant LDH
fraction in mature spermatozoa. LDH-X
(also LDH-C4) is an unique isozyme that is
an iso-, allo-, and auto-antigen present only
in mammalian sperm cells.

The finding of the sixth isozyme in
mature human testis and sperm and loci
other than A and B encoding LDH have
been represented for many species (Markert
et al., 1975). These loci, best characterized
as 3rd Ldh locus, are observed in the testis
of mammals and in some birds. The subunit
was shown to be product of allelic genes
(C and C′) that must be different from those
that produce the A and B subunits. Evi-
dence was obtained that this isozyme con-
sists of a subunit that does not generally
interact in vivo with the A and B types of
LDH subunits except in pegions and swine
(Blanco et al., 1964; Markert, 1963), but
this interaction does occur appropriately in
in vitro conditions (Goldberg, 1965). How-
ever, Gavella and Lipovac (1987) showed
the presence of an additional form of LDH
in human sperm/testis, which is a hetero-
polymer of B and C subunits.

The synthesis of LDH-C4 in the testis
takes place during sexual maturation, and it
is the predominant lactate dehydrogenase
fraction in mature spermatozoa (Zinkham et
al., 1964). The catalytic properties of this
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isozyme have been examined in light of the
metabolic requirements of spermatogenesis
as well as of mature sperm cells. Structural
studies of the purified protein have estab-
lished that LDH-C4 is a distinct gene prod-
uct that retains extensive homology to LDH
isozymes. Biochemical studies dealing with
LDH-C4 in humans and rabbits have clearly
described its properties as different from
those of the other isozymes.

II. ONTOGENY AND
LOCALIZATION IN TESTIS

Every mammalian species examined
possesses LDH-C4, but it is found only in
the testis and spermatozoa and is not de-
tected in any other male or female tissue.
Sequence analysis revealed that mamma-
lian LDH-C4 is different from either the -A4
or -B4 more than these two isozymes are
different from each other (Li et al., 1983a;
Whitt, 1984). If all three genes had been
evolving at the same rates, it would be
reasonabe to propose that the Ldh c gene is
the ancestral gene from which A and B
genes were derived. However, sequences of
-C4 isozymes from mouse and rat are more
different than would be expected. This has
led to the suggestion that the -C4 isozyme is
evolving more rapidly than the -A4 and -B4

isozymes (Whitt, 1984). Thus, the Ldh c
gene may have arisen after Ldh-a or Ldh-b
loci and then rapidly diverged in structure.

There is a link between LDH-C4 and
spermatogenesis; prepubertal males are lack-
ing in this enzyme and the amount of LDH-
C4 increases with testis maturity. The loss
of LDH-C4 and the regression of the semi-
niferous epithelium occurs after hypophy-
sectomy of mice and rats (Goldberg and
Hawtrey, 1968; review by Goldberg, 1977).
At the cellular level, Hintz and Goldberg

(1977) showed that midpachytene primary
spermatocyte is the first stage of spermato-
genesis where LDH-C4 is detected by fluo-
rescence intensity that increases with the
progress of spermatogenesis. Thus, the Ldh-c
gene is activated abruptly at a specific time
in spermatogenesis. Therefore, it must be
under the control of a developmental pro-
gram, regulating this complex differentia-
tion sequence. In the fox testes also LDH-C4

first appears in pachytene spermatocytes and
the localized in sperm plasma membrane
(Bradley et al., 1996). Li et al. (1989) reex-
amined the distribution of LDH-C4 in germ
cells. The isozyme was predominant in
pachytene spermatocytes, round spermatids,
and condensing spermatids, whereas sper-
matozoa contained only LDH-C4 isozyme.
In addition, somatic LDH(s) consisting pri-
marily of B subunit were present in germ
cells throughout spermatogenesis. Sertoli
cells were positive for all somatic isozymes
formed by the association of A and B sub-
units. Burgos et al. (1995) obtained the di-
rect evidence of a dual localization of
LDH-C4 in the cytosol of spermatocytes,
spermatids, and spermatozoa, as well as in
the matrix of sperm type mitochondria. Out
of the total LDH-C4 present in spermatozoa,
10% of LDH is present on sperm surface,
whereas 85 and 10% are distributed in cyto-
sol and mitochondria, respectively (Alvarej
and Storey, 1984). Using the immuno-
fluoresence technique, -C4 has been local-
ized on the surface of mouse and rabbit
sperm (Erickson et al., 1975). Even though
Takatera et al. (1993) showed that LDH-C4

appeared in the xenografted tumor cells of
human seminoma and its metastatic lesions
in scid nude double mutant mice, although
enzyme did not express in the original tu-
mor of the patient. Thus, the human semi-
noma cells showed differential expression
of the sperm specific-isozyme in parallel
with their morphological changes.
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III. KINETICS OF LDH-C4

LDH-C4 is different in kinetics and sub-
strate specificity from -A4 and -B4 isozymes,
and the unusual catalytic properties of tes-
ticular isozyme have been confirmed by sev-
eral authors (Battelino et al., 1968; Hawtrey
and Goldberg, 1970). Mouse LDH-C4 is
highly thermostable and has different sub-
strate requirements when compared with
LDH-A4 and LDH-B4 (Hawtrey and
Goldberg, 1970; Wheat and Goldberg, 1975;
Coronel et al., 1983; Gupta and Goldberg,
1981).

A. Substrates (Metabolic
Significance)

All LDH isozymes catalyze the inter-
conversion of pyruvate and lactate, but they
do so with different kinetics (Battelino et
al., 1968; Coronel et al., 1983; Gupta et al.,
1988). There is a compulsory sequence in

interaction: first, the coenzyme is bound
and then the substrate. Even allelic isozymes
(B subunits) in fish have been shown to
differ in kinetics and in a way that should
have adaptive significance for the fish in
different habitats. Ketoform of pyruvate is
used as a substrate by LDH from beef heart
and by pig heart LDH. Other substrates that
are utilized by LDH are a number of
α-hydroxy and α-keto acids, which include
α-hydroxy-butyrate and α-ketobutyrate
(Schatz and Segal, 1969); α-hydroxybutyrate
and α-ketobutyrate have a lower Vmax when
compared with pyruvate or lactate (Figure 1).

Goldberg (1977) reviewed the substrate
specificities and kinetic parameters of
LDH-C4 when compared with other LDH
isozymes. LDH-C4 has broad substrate and
coenzyme specificity, particularly for α-keto
acids. Km measurements of LDH-C4 indi-
cated a higher affinity for lactate ( Gupta et
al., 1988). The turnover number for sub-
strate transformation is much lower than for
somatic LDH’s. Mita and Hall (1982)
showed that round spermatids from rat tes-
tes preferred lactate as an energy source

FIGURE 1. Substrate saturation curves for purified LDH isoymes. (From Hawtrey and Goldberg,
1970.)
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over glucose, fructose, and pyruvate by a
factor of 3 to 4. Glyoxylate can also serve as
a substrate for LDH, and it can be reduced
to glycolic acid as well as oxidized to ox-
alate (Warren, 1970). When catalytic
amounts of coenzyme are present in the
reaction mixture, LDH catalyzes a canizarro
reaction, in that 50% of the glyoxylate is
reduced and 50% is oxidized. Because
LCH-C4 replaces LDH-A and LHD-B in the
testes, it shows that sperm has a special
adaptive metabolism. It is thought that LDH-
C4 of spermatozoa and that present in the
testicular germ cells processes lactate as a
major energy source that occurs in high
concentrations in rete testis fluid, oviductal
fluid, and in seminal plasma. Sertoli cells
do supply lactate to spermatid (Mita and
Hall, 1982), and diffusion of other substrates
from plasma is not adequate to support germ
cells metabolism. LDH-C4, a sperm-specific
enzyme partially localized on the plasma
membrane of sperm, differs in its distribu-
tion pattern compared with other somatic
LDH isozymes. Sperm LDH-C4 has been
suggested to utilize lactate from seminal
plasma and in the production of energy
needed during sperm motility. However,
Yoshida et al. (1989) showed that purified
LDH-C4 has a high affinity for pyruvate and
α-ketoglutarate than lactate. Human LDH-
C4 is strongly inhibited in increasing the
concentration of substrate, especially lac-
tate. It appears that LDH-C4 plays an impor-
tant role in leucine metabolism in rat sper-
matogenic epithelium (Grootegoed et al.,
1985). Sertoli cells convert leucine into 4
methyl–2 oxovalerate, which is converted
to 2-hydroxy-4-methyl valerate by sperma-
tocytes and spermatids. This conversion is
catalyzed by LDH-C4 in the cytosol of sper-
matogenic cells.

It is well known that the reaction cata-
lyzed by LDH is inhibited in the presence of
a high level of substrate; inhibition is ob-
served in either direction, and it is more

pronounced with LDH-A4 than with LDH-B4

(Kaplan et al., 1968). Evidence showed that
phenomenon of substrate inhibition is re-
lated to the formation of ternary complex.
The existence and formation in vivo and
in vitro of abortive ternary complexes be-
tween LDH-NAD-pyruvate and LDH-
NADH-lactate is well documented (Everse
et al., 1971). LDH-C4 is similar to the other
LDH isozymes with respect to the ability to
form binary or ternary complexes with as-
sociating coenzymes, susbtrates, or inhibi-
tors (Lee et al., 1977; Gupta and Kang,
1997a). In contrast to other isozymes, there
is no pH-dependent conformational change
in the formation of a ternary complex.

C-DNA encoding Ldh-C was engineered
in E. coli isopropyl β-D-thiogalacto-
pyranoside-induced cells produced a 35-kDa
subunit that spontaneously formed the en-
zymatically active 140-kDa tetramer. The
human LDH-C4 purified from cultured cell
was heat stable and inhibited by pyruvate
above 0.3 mM, isozyme had a Km of
0.03 mM for pyruvate, and a turnover num-
ber of 14000 (nmol of NADH oxidized/mol
LDH/min) (Levan and Goldberg, 1991).

1. Inhibitors

The most potent inhibitor of LDH is the
reduced addition compound of pyruvate and
NAD+. Reduced pyruvate adduct of (Acpy)
NAD+ is a far better inhibitor of LDH com-
pared with a NAD+-pyruvate adduct.
Oxamate is a competitive inhibitor of LDH
isozymes with pyruvate as substrate, whereas
N-isopropyl oxamate proved to be a com-
petitive inhibitor of LDH-C4. Isopropylic
chain conferred oxamate a high affinity for
LDH-C4 and a marked decrease in the affin-
ity for other isozymes. Ki of LDH-1, LDH-5,
and LDH-C4 with oxamate were in the or-
der of 0.06 mM, 0.08 mM, and 0.25 mM,
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whereas with isopropyl oxamate Ki values
were 0.04 mM, 0.8 mM, and 0.014 mM with
three isozymes, respectively (Heck, 1969;
Wong et al., 1997).

All LDH isozymes investigated to date
are inhibited by sulfhydryl reagents, and
this effect has been attributed to cysteine
165 (Cys–165) (Holbrook et al., 1975). Al-
though this residue has been named the “es-
sential thiol”, it does not participate in ca-
talysis. Rather, inhibtion occurs because the
modifying agent sterically hinders coenzyme
binding and catalysis. The sequence around
this residue has been investigated as a
dodecapeptide isolated from numerous LDH
isozymes and is quite rigorously conserved
(Taylor and Oxley, 1976). This peptide is of
particular interest because mouse LDH-C4

is only partially inhibited by mercurial re-
agents, suggesting a deletion of Cys–165 or
modification around this residue (Goldberg,
1972). However, limited tryptic digestion
yielded a fragment with a sequence identi-
cal to the essential thiol peptide of other
mammalian LDH isozymes (Wheat et al.,
1977). The result confirms the importance
of this structure, but it fails to explain its
role on the unusual pattern of inhibition of
LDH-C4 by mercurial agents. LDH-C4 is
less susceptible to the inhibition of catalysis
by sulfhydry reagent when compared with
other somatic LDHs.

Compounds that do not have the nicoti-
namide ring, for example, ADPR, ADP,
AMP (coenzyme analogues), inhibit the re-
action and are competitive with NADH.
NMN+ also binds to LDH but weakly. Be-
cause ADP, AMP, and NMN+ all carry an
additional negative charge when compared
with their component parts in the coenzyme,
the poor binding of these moieties in the
binding of these compounds does not nec-
essarily reflect the contribution of these
moieties in the binding of NAD+. Studies
with high-resolution NMR spectroscopy in-
dicated an interaction between chicken

LDH-B4 and the adenine moieties of 5′-AMP
and ADPR (Sarma and Kaplan, 1970).

Gossypol, a polyphenolic pigment from
cotton plant, is a strong inhibitor of LDH-C4.
With respect to NAD-lactate reaction, gos-
sypol is a competitive inhibitor, whereas
with respect to a NADH-pyruvate system
gossypol is a noncompetitive inhibitor
(Gupta et al., 1988). Among all the LDH
isozymes, LDH-C4 is the most sensitive to
gossypol, and thus it forms a sensitive tar-
get for fertility regulation in males. The
measurement of intrinsic fluorescence of
LDH-C4 after excitation at 280 nm revealed
that gossypol quenches Trp fluorescence in
a dose dependent manner; gossypol (–) be-
ing more effective than gossypol (+) and
that the quenching involved two Stern-
Volmer constants (Ksv) between LDH and
gossypol (Gupta and Kang, 1997b).

IV. MOLECULAR
CHARACTERISTICS OF LDH-C 4

Subunits of lactate dehydrogenase, in-
cluding LDH-C, have been shown to have a
molecular weight of about 35 kDa in all
vertebrates, but the amino acid composition
differs for each of the subunits and for each
species. The exceptions are D-LDHs, that
are dimers of 70 kDa, in some organisms
and tetramers in others (Goldberg, 1977).

Pan et al. (1983) studied the 330 amino
acid sequence of LDH-C4 and compared it
with LDH-A4 and with LDH-B4 from mouse
and rat tissues. The results showed a high
variation in amino acid sequence and com-
position among A, B, and C subunits. Li et
al. (1983b) compared the amino acid se-
quence variation among seven LDH
isozymes from dogfish muscle, chicken
muscle, pig muscle and heart, mouse and rat
testis, with respect to whole dehydrogenase
polypeptide chains and their four functional

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Copyright © 1999, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material

without the consent of the publisher is prohibited.

366

domains. They found that the coenzyme
binding domain was more conserved than
the substrate binding domain. The sequence
of the loop and helix D region of testicular
LDH-C4 isozymes was very different from
those of somatic LDH-A and LDH-B
isozymes, while NH2-terminal arm was ex-
tremely variable. The characteristic cata-
lytic properties of LDH-C4 could be attrib-
uted to the marked difference in amino acid
sequence of loop helix region and coen-
zyme and substrate binding site of LDH-C4

when compared with LDH-A4 and LDH-B4

(Figure 2).
Twenty residues in amino terminal of

LDH isozyme are extremely variable, and
their primary function is to stabilize the
quaternary structure of tetrameric LDH
through their interaction with carboxy ter-
minal region of other subunits (Adams et
al., 1973). The most parsimonious phyloge-
netic tree among these seven vertebrate LDH
sequences clearly indicated that the LDH-A4

and LDH-B4 isozymes are more closely re-
lated to each other than either to the LDH-C4

isozyme. With the use of computer graph-
ics, space filling models of mouse and rat
testes LDH-C4 isozymes were constructed
from amino acid sequence and published
X-ray diffraction data. Thirty-two residues
that differ between mouse and rat LDH-C
sequences were also displayed on mono-
meric and tetrameric LDH molecules. Im-
munological properties of rat and mouse
LDH-C4 were compared and related to those
variable 32 amino acid residues. Amino acid
differences were also related to the struc-
tural-functional relationships of LDH-C4
with somatic LDH isozymes (Li et al.,
1983a).

V. 3-D STRUCTURE OF LDH-C

Positive temperature dependence and
relative stability of LDH in the presence of
dioxane H2O indicated that hydrophobic

forces may not be the primary forces of
importance in holding the subunits together,
rather coulombic attractions prevail in the
stabilization of tetrameric forms (Jaenicke
and Knof, 1968). Purified mouse LDH-C4

which readily crystallizes in the presence of
ammonium sulfate, formed the basis of
analysis of its three-dimensional structure
by X-ray diffraction. The unit cell dimen-
sions of -C subunit are similar to the sub-
units of other LDH isozymes (Adams et al.,
1973). At 7.5 Å resolution, the structure of
this isozyme could not be distinguished from
dogfish LDH-A4 (Musick et al., 1976). When
the analysis was extended to 2.9 Å resolu-
tion by the molecular replacement technique,
the similarity to other LDH isozymes was
even more apparent (Musick and Rossman,
1979). The overall folding of apo-LDH-C4

polypeptide chain backbone was found to
be similar to the structures of somatic LDH.
The same α-helices and β-pleated sheets
observed in other LDH isozymes were ap-
parent in LDH-C4. The unique feature of
mouse LDH-C4 structure is in the coenzyme
binding loop. All other isozymes crystal-
lized with the loop, corresponding to resi-
dues 99-112, in an open conformation
(Eventoff et al., 1977). In a ternary complex
with bound NAD+ this loop moves 13 Å to
cover the coenzyme. Although mouse
LDH-C4 is isolated as the apoenzyme, it
crystallizes with the loop closed. If this crys-
tal structure reflects the conformation of
LDH-C4 in solution, it could explain the
low turnover number of this isozyme, that
is, if the loop is in equilibrium between
open and closed conformations in solution,
the efficiency of coenzyme binding would
be reduced (Musick and Rossmann, 1979).
Triclinic crystals of apo-LDH-C4 in 40%
saturated ammonium sulfate at 4°C showed
tetrameric molecule in the unit cell with the
dimensions: a = 84.8 Å, b = 76.6 Å, c =
63.9 Å, = 109.7°, B = 89.5°, = 96.5°
(Haogrefe et al., 1987).
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FIGURE 2. Comparison of the nucleotide and amino acid sequences of mouse LDH-C cDNA with
those of mouse LDH-A. The deduced amino acid sequence of mouse LDH-C cDNA is given above
its nucleotide sequence. For mouse LDH-A only those nucleotides and amino acids that differ from
those of LDH-C are indicated. (From Sakai et al., 1987.)

Hogrefe et al. (1987) refined the atomic
structure of mouse testicular apolactate de-
hydrogenase-C4 to 3.0 Å resolution, yield-
ing a final crystallographic factor R of 0.256.
Comparison with the refined structure of
dogfish apolactate dehydrogenase-A4

showed that equivalent secondary structure
elements were essentially in the same posi-
tion relative to the molecular twofold axes,
except in the helices: αD, αE, and α2G in
the vicinity of the active center and the
carboxy1 terminal helix H (Figure 3). The
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FIGURE 3. The LDH-C4 subunit. Schematic diagram showing the secondary structure elements
and their nomenclature. (From Hogrefe et al., 1987.)

immunogenic sites that elicit antibody (Ab)
response are grouped into three regions; not
all the epitopes are situated on the molecu-
lar surface. The portions of antigenic pep-
tides correlate best with suretive accessi-
bilities of the monomer rather than of the
full tetrameric molecule that provides a ba-
sis for modeling of the antigen for
immunocontraceptive.

A. Ldh-c c-DNA

Mouse and human sperm specific Ldh-c
cDNA were cloned and sequenced from the
gtλ11 expression library of Sakai et al.
(1987) and Millan et al. (1987), respectively.
The mouse Ldh-c cDNA insert of 1236 bp
consists of the protein coding sequence (999
bp), the 5′ (54 bp), and 3′ (113 bp) noncoding
region, and the poly (A) tail (70 bp). The
northern blot analysis of poly (A) contain-
ing RNAs from mouse testis and liver indi-
cated that the Ldh-c gene is expressed in

testis but not in liver, and that its mRNA is
approximately 1400 nucleotides in length.
The nucleotide and amino acid sequence of
Ldh-c cDNA of mouse showed 73 and 72%
homologies, respectively, with those of the
mouse LDH-A. The Southern blot analysis
of genomic DNAs from mouse liver and
human placenta indicated the presence of
Ldh-c gene-related sequences. Studies by
Wu et al. (1987) also revealed that LDH-c4

has a 70% homology in amino acid sequence
with B4 isozyme. However, Wu et al. (1987)
reported slight modifications in Ldh-c cDNA
such as size comprising 1135 base pairs in
length that can code 332 amino acids
polypeptide and can express an mRNA of
1.5 kb in size. On the other hand, human
Ldhc-cDNA comprising 1000 bp sub-
fragment includes 66 bp of non-coding re-
gion with remaining base pairs that encodes
LDH-C protein. These structural studies re-
veal great similarities among the LDH
isozymes, confirming that LDH-A4, LDH-B4,
and LDH-C4 form a homologous gene fam-
ily. A full-length cDNA encoding the sperm-
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specific LDH was isolated from a fox testes
cDNA expression library and sequenced
(Bradley et al., 1996). The deduced trans-
lated protein was shown to be 86% identical
to that of human LDH-C4 with a subunit
molecular weight of 35 kDa. The investiga-
tors identified an epitope within the N-ter-
minal region of LDH-C4 that when admin-
istered to female foxes was found to be
antigenic and produced antibodies capable
of recognizing the native protein (Figure 4).

VI. THE REGULATION OF Ldh-c
GENE EXPRESSION IN THE
TESTIS

The mouse Ldh-c gene contains a TATA
box, whereas the human gene contains six
potential SP1 binding sites in the same re-
gion. SP1 binds in the promoter region and
appears to play a role in Ldh-c regulation at
the level of transcription. The expression of
Ldh-c gene is restricted to germinal epithe-
lium and is developmentally regulated. The
murine Ldh-c mRNA is first detected in
preleptotene spermatocyte and persists
postmeiotically to the round spermatid stage
(Thomas et al., 1990). The human Ldh-c
gene is interrupted by six introns at posi-
tions homolgous to those Ldh-a and Ldh-b
genes (Takano and Li, 1989). The promotor
of human Ldh-c has been cloned and stud-
ied in cell coculture system. In human, tes-
tis-specific expression is driven by a 180 bp
fragment of promoter region (Cooker et al.,
1993). Zhou and Goldberg (1996) have iden-
tified a 65-kDa protein designated as tran-
scription initiation responsor (TIR–1) in liver
nuclear extract as a possible candiate for
repressor, and a 103-kDa protein designated
as testis initiatiion factor (TIF–1) in testis
nuclear extract with possible role in tran-
scription initiation.

An in vitro transcription system was
used to characterize murine Ldh-c promoter
(Zhou and Goldberg, 1994; 1996). Murine
Ldh-c, which is less than 25 kb away from
Ldh-a on chromosome–7, arose by tandem
duplication of Ldh-a. Ldh-c gene expres-
sion starts early in leptotene/zygotene sper-
matocytes and continues through the elon-
gated spermatid stage of spermatogenesis.
Sequence analysis of a 720-bp fragment
containing promoter region revealed sev-
eral ubiquitous cis-regulatory elements, in-
cluding one TATA box, one GC box, and
two putative GCAAT elements. Deletion
analysis demonstrated that a 60-bp frag-
ment containing a 30-bp palindromic se-
quence was sufficient to direct transcription
in testes muclear extract (TN). This fraction
was transcriptionally inactive with liver
nuclear extracts (LN). Gel retardation and
Southwestern assays detected different pro-
tein binding activities to this palindromic
sequence in TN and LN. TATA box and 30-
bp palindromic sequence were both required
for promoter activity. Results suggested that
palindromic sequence contains both a nega-
tive element for repression in somaic tis-
sues and a positive element for activation of
Ldh-c gene in testis (Zhou and Goldberg,
1996).

The human Ldh-c gene is a single copy
gene with two alternative 5′-noncoding ex-
ons comprising an approximately 40-kb lo-
cus. The proximal region, relative to the
transcription starting site, binds protein ex-
tracts from human testis but not liver. The
upstream region contains three putative regu-
latory elements: a glucocorticoid or hor-
mone response element (HRE), a CRE, and
an octamer factor binding site (OCT). The
proximal promoter contains a small CpG
island that is hypermethylated in somatic
tissues but undermethylated in testis (Bonny
and Goldberg, 1995). Hypermethylation is
indicative of transcriptional repression.
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FIGURE 4. The cDNA and deduced amino acid sequences of human and baboon LDH-C cDNA.
The nucleotide sequence (top line) and deduced amino acid sequence (second line) of human
LDH-C are from previous studies. Only nucleotide differences (third line) and amino acid differ-
ences (fourth line) for baboon LDH-C cDNA are shown. (From O’ Hern et al., 1995.)

A. c-AMP Response Element

Of all the Ldh genes, promoter activity
has been rigorously demonstrated only for
the rat Ldh-a gene, which has been shown

to be cyclic AMP-dependent in an in vitro
transcription system (Short et al., 1991).
The mouse Ldh-c message initiates at a
single transcription start site, whereas hu-
man message has multiple initiation sites
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(Cooker et al., 1993). There is evidence that
there are regulatory differences between the
Ldh-c genes of mouse and rat, between
mouse and baboon at the posttranscriptional
level (Salehi-Ashtiani and Goldberg, 1993).
The authors demonstrated that the Ldh-c
gene message level is nearly ninefold greater
in mouse testes and remains high post mei-
otically. In contrast, rat Ldh-c mRNA is
highest in primary spermatocytes and re-
duced in spermatids. It was concluded that
nuclear post transcriptional events contrib-
ute to the differences in Ldh-c message
levels.

VII. LDH-C4 AS AN
IMMUNO-CONTRACEPTIVE

The strategy behind sperm-based con-
traceptives is to induce antibodies in the
female reproductive tract against sperm
antigen at a sufficient level to block fertili-
zation. It is envisioned that antibodies de-
veloped by this vaccine will act before fer-
tilization event, thus terming it as a ‘pre-
fertilization contraceptive. Being a cell-spe-
cific, LDH-C4 isozyme of spermatogenesis
and spermatozoa of man and animals is
partially localized on the plasma membrane
of sperm (Alvarej and Storey, 1984; Erickson
et al., 1975). It utilizes lactate from SP for
the production of energy needed for sperm
motility. These observations suggested that
LDH-C4 can be used as an antigen of choice
for immunocontraception in females.

A. The Immunological
Distinctiveness of -C Subunit

 Rabbit antibodies to highly purified
crystalline LDH-C4 from mouse do not
cross-react with A and B subunits as judged

by the inhibition of enzyme activity, pre-
cipitation reaction, Ouchterlony immuno-
diffusion, immunoelectrophoresis and
complement fixation (Goldberg, 1971).
Liang et al. (1986) reexamined the immu-
nological specificity of mouse LDH-C4 in
view of report of Wright and Swafford
(1984), who suggested that anti-serum to
mouse LDH-C4 is cross-reactive with
LDH-A 4 and LDH-B4. Liang et al. (1986),
using enzyme linked immunoabsorbance,
solid phase radioimmunoassay and competi-
tive inhibition radioimmuno assay, demon-
strated that antisera to LDH-C4 is specific
and do not cross-react with somatic
isozymes, LDH-A4, and LDH-B4.

Binding of monoclonal antibodies
(MAb) indicated that LDH-C4 develops
antibodies of high affinity ranging Ka from
1.5 × 109 M–1 to 16 × 109 M–1 (Goldman-
Leikin and Goldberg, 1983). The specificity
of MAb was localized to coenzyme binding
loop on the basis of its reactions with syn-
thetic peptide comprising residues 101 to
115 (Chang et al., 1979, 1980). Specificity
of MAb of LDH-C4 was further confirmed
by Wang et al. (1990). Most of these Abs
belonged to IgG class and appeared to be
located in post-acrosome region.

In a recent study, conformational anti-
genic determinants in tetrameric LDH-C4

were investigated by immunizing mice in
the form of LDH complexes with substrates,
coenzymes and gossypol (+) and gossypol
(–) as enzyme inhibitors. Study suggested
that IgG immune response is inhibited if the
native enzyme was complexed with lactic
acid, pyruvic acid, NAD and NADH2 and
gossypol (–). Maximum decline in Ab oc-
curred when LDH-C4 complexed with lac-
tate or gossypol (–) was used as an antigen.
Heat-denatured LDH-C4 at 80°C for 30 min
practically abolished humoral immunity,
suggesting that most of the Ab response of
LDH-C4 is linked to the quaternary struc-
ture of the protein. The loss of humoral Ab

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Copyright © 1999, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material

without the consent of the publisher is prohibited.

372

response in the presence of lactate and gos-
sypol (–) indicated that these binding sites
in LDH-C4 are mainly involved in antigenic
stimulatiion (Hundal et al., 1998, unpub-
lished). Significantly, racemic mixture of
gossypol (+) appeared to impose certain
constraints that were different from those
imposed by gossypol (+) or (–). Moreover,
study suggested that complexed LDH-C4

produced antibodies that were highly cross-
reactive with somatic LDH isozymes. Pos-
sibly cross-reactive epitopes in LDH-C4 are
buried within the molecule, which are ex-
posed after interaction with ligands such as
gossypol and enzyme substrates (Gupta and
Syal, 1999; Hundal et al., 1998) (Figure 5).
Ab response generated through intrarectal
route in female muce prior to mating was
associated with high rate of infertility (Gupta
and Syal, 1997).

B. Infertility by Immunization
with LDH-C4

Studies with rodents, rabbits, and ba-
boons have shown that the immunization of
animals with purified heterologous LDH-C4

caused a reduction of fertility but did not
lead to complete infertility (Goldberg,
1973b; Goldberg, 1975b; Lerum and
Goldberg, 1974; Goldberg et al., 1981; Gupta
et al., 1994). Antibodies against LDH-C4

may suppress fertility in two or more ways.
The inhibition of enzyme activity by IgG(s)
may impair enegy metabolism and func-
tional mortality of spermatozoa. Alterna-
tively, Ab binding sites on the surface of
LDH-C4 could mediate sperm agglutination
as well as complement-mediated cytotoxic-
ity (Goldberg et al., 1981). Anti-LDH-C4
serum transferred into female reproductive
tract (Kille and Goldberg, 1979) and sperm
transport is markedly inhibited in female
genital tract of immunized females (Kille

and Goldberg, 1980). In order to determine
whether immunization of both males and
females would have a greater antifertility
effect than immunization of one sex alone,
Mahi-Brown et al. (1990) showed that the
immunization of male mice but not female
mice impaired fertilization. There was no
significant effect on sperm transport to the
oviduct either. Immunization of both sexes
and subsequent mating did not have obvi-
ous synergistic effect. Gupta and Kinsky
(1988, 1994) in a different enquiry, taking
pregnancy as the end point, also showed
that isogenic pregnancy is not affected after
systemic immunization of female mice with
LDH-C4. On the other hand, a significantly
higher number of viable embryos were de-
livered by immunized rodents. If there was
any effect of LDH-C4 on fertility rate in
females, that could be seen in animals after
immunization with heterologous antigen
only (Gupta et al., 1994; Goldberg 1973b;
Goldberg et al., 1981). Although the immu-
nized males failed to fertilize the female
mice, it appeared that male infertility was
associated with testicular orchitis and auto-
immune-like reactivity (Gupta and Malhotra
1994; Mahi-Brown et al., 1990). Similarly,
Goldberg and Wheat (1976); and Wheat
and Goldberg (1976) reported infertility fol-
lowing LDH-C4 immunization in male rab-
bits and mice, respectively, taking pregnancy
and number of offsprings as the end point
but without reporting any histopathological
damage of testes after immunization.

It is still not clear how immunization of
males interferes with spermocyte interac-
tion because there did not seem to be any
effect on sperm transport to oviduct. Be-
cause sperm agglutination could be visual-
ized in epididymis after immunization
(Gupta and Malhotra, 1994), it is likely that
lack of fertilization could be related to ag-
glutination of sperm after interaction with
antibodies. Nonetheless, antibody-mediated
complement lysis of sperm cannot be ruled
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FIGURE 5. ELISA titer curves analyzed by indirect method. Absorbance at 405 nm (A405) for
antibody response in sera produced after immunization of female Balb/c mice with native LDH-C4

from testes of LACA mice through intrarectal route (1 × 50 + 2 × 30) µg as positive control (n–n)
and LDH complexes with (a) lactic acid (.–.), pyruvic acid (,–,), NAD(×–×), NADH (d–d); (b)
gossypol (–) (j–j), gossypol (+) (h–h), and heat denatured at 80°C for 30 min (×---×). Nonimmune
serum (s–s) served as negative control. Plates were coated with 0.1 µg LDH-C4. (From Hundal
et al., 1998; unpublished data.)
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out (Goldberg et al., 1981). Thus, it was
suggested that it would be prudent to pursue
LDH-C4 as an antigen for female vaccina-
tion unless its safety is established in males
(Mahi-Brown et al., 1990).

To define the basis of LDH-C4 immu-
nity in relation to contraception in females,
cell-mediated cytotoxic responses to
LDH-C4 were tested by 51Cr release assay.
Lysis of labeled tumour cells by LDH-C4

immunized splenocytes supported the cy-
tolysis of sperm in the female reproductive
tract as one of the mechanisms whereby
fertility is reduced following immunization
with LDH-C4 (Shelton and Goldberg, 1985a;
1985b). In a subsequent report Shelton and
Goldberg (1986) suggested the cause of re-
duction of fertility in females to be associ-
ated with the induction of local mucosal
immunity and the release of the IgA class of
antibodies specific to LDH-C4. On the other
hand, it has been reported that -C4 is immu-
nosuppressive for alloimmune responses,
including CTL, and that immunization with
sperm-specific LDH generates suppressor
T-cells in situ (Gupta and Kinsky, 1993;
Gupta et al., 1992). Besides, the effect is
more significant with female splenocytes
when compared with male spleen cells
(Gupta et al., 1996). However, the suppres-
sive effect of LDH-C4 on the B cell function
was identical on both males and females.
The role of LDH-C4 in the protection of
allogenic sperm in the female genital tract
has also been suggested (Gupta and Kinsky,
1994).

In contrast to native LDH-C4, the chemi-
cally modified allogenic LDH-C4 in the form
of glucosylated protein (Glu-LDH-C4) and
in the form of protein-gossypol adduct
(Gossy-LDH-C4) were highly immunogenic
for IgG immune response and were most
effective in reducing fertility after inocula-
tion through intra-rectal route using Al(OH)3

as an adjuvant (Gupta and Syal, 1997). It
appeared that infertility induced by modi-

fied LDH-C4 was due to a change in confor-
mation and exposure of cross-reactive anti-
genic epitopes that were more immunogenic
for Ab response (Gupta and Syal, 1999).
Significantly, racemic mixture of gossypol
(+) gave higher antibody titer than the titer
produced by gossypol (–), which was more
immunogenic than gossypol (+). It indicated
that stereospecificity of gossypol plays a
significant role in inducing Ab and infertil-
ity (Gupta and Kang, 1997b; Hundal et al.,
1998) (Figure 5). It appeared that gossypol
induces infertility in males as a toxic mani-
festation of the gossypol-LDH complex
(Gupta and Syal, 1999).

In another approach, Adoyo et al. (1995)
identified components from guinea pig
acrosomes that might have been conserved
during evolution can be used for develop-
ment of an immunocontraceptive. In one
clone (1.75 kb), the first 1132 nucleotides
displayed 90% homology to human LDH-C4

gene. The finding suggests that a strategy
involving the screening across species for
conserved moieties of mammalian acrosome
may be useful for identifying antigens for a
immuno contraceptive.

C. The Regulation of Immune
Response: Effect of Adjuvant
and Route of Immunization

The genetic control of immune response
to mouse LDH-C4 has been investigated in
mice (Kille et al., 1978). Because athymic
nude mice do not respond, LDH-C4 must be
a T-dependent antigen. A cellular response
to -C4 was demonstrated by a delayed-type
hypersensitivity reaction. Magnitude and
kinetics of cellular immune reponse appeared
to be under separate genetic control, none
of which was associated with H-2 complex
or with Ig allotype. This type of response by
LDH-C4 was unusual in the sense that Ab to
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LDH-B4 as well as many other protein anti-
gens is controlled by Ir genes in the H-2
complex (Melchers et al., 1973).

The effect of LDH-C4 alone or with
MDP and FCA on immune respones and
breedng capacity in isogenic mice was stud-
ied after systemic immunization (Gupta and
Kinsky, 1994). The amplication of MDP as
a adjuvant in IgG response was half of that
induced by FCA. Systemic immunization
(s.c.) did not reduce the overall pregnancy
rate but reduced the frequency of embryo
resorption and increased litter size signifi-
cantly. Local graft vs. host reaction (LGVH)
revealed that maternal lymphocyte cell com-
petence was depressed by LDH-C4 during
gestation. MDP, like LDH-C4 alone, did not
modify LGVH reaction significantly, al-
though it exerted an effect similar to LDH-C4

in embryo protection (Gupta and Kinsky,
1994). However, Al(OH)3 used as an adju-
vant through intrarectal route appeared to
induce a faily good Ab response, that was
not associated with any immunological sup-
pression of lymphocyte proliferation in vitro
(Gupta and Syal, 1997).

In order to improve the secretory im-
mune response in the uterine tract, Alexander
et al. (1992) exposed the uterei of mice
directly to LDH-C4 with and without vari-
ous combinations of adjuvants as muramyl
dipeptide (MDP) and cholera toxin B (CTB).
Measurable antibodies (IgA and IgG) in
uterine flushings were not detected unless
primary systemic immunization was em-
ployed. MDP and CTB helped in enhanced
antibody response. When different sites and
sequence of immunization was compared
uterine Ab levels were highest when sys-
temic antigen exposure was followed by a
gastric exposure and then an intrauterine
challenge. Female rhesus macaques devel-
oped circulating antibodies following pri-
mary s.c. immunization of LDH-C4 with
Bordetella pertussis followed by boosters
after a week in the presence of aerosol to

stimulate BALT or by enterically coated
capsules to stimulate GALT. Immune
challeges consisted of antigen administered
intravaginally. Levels of IgA and IgG in
vaginal washes did not mirror serum level,
indicating local production rather than trans-
duction of these immunoglobulins. Thus in
both animal models local IgA production in
reproductive tract required systemic prim-
ing followed by local secondary immuniza-
tion of LDH-C4.

D. Immunological Protection of
Pregnancy by LDH-C 4

Effects on fertility of female mice after
hyper-immunization with human LDH-C4
have been studied for two consecutive cycles
of pregnancy (Gupta et al., 1994). Taking
pregnancy as the end point, low dose of
antigen produced higher Ab response and
higher infertility (70%) than that produced
by higher dose of LDH-C4 (46%) after first
cycle. However, fertility and antibody re-
sponse before mating after two doses were
reversed during second cycle of pregnancy.
LDH-C4-induced infertility was reversible.
In a significant observation, the fertile im-
munized dams delivered a significantly
higher litter size when compared with
nonimmunized control dams. It was con-
cluded that immunity due to LDH-C4 is
beneficial to pregnancy for embryo survival
as substantiated in another trial reported
elsewhere (Gupta and Kinsky, 1994). It has
been suggested that a low level of LDH-C4

is immunosuppressive for cellular immune
responses against hiscompatibility antigen,
and prior immunization of virgin mice with
LDH-C4 decreases the pregnancy of em-
bryo resorption in syngenic pregnancy. Prior
immunization with LDH-C4 not only sup-
presses local graft vs. host reaction, but also
induces formation of suppressor T cells and
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generation of cytotoxic T cells in vitro
(Gupta and Kinsky 1993, Gupta et al., 1992).
LGVH reactivity in hybrid mice also indi-
cated a suppression of stimulation index in
primary and secondary set of LGVH in
LDH-C4-sensitized mice, whereas rejection
of allograft of SaI (A/J) in C57 Bl/Ks mice in
the presence of LDH-C4 was significantly
delayed. LDH-sensitized lymphocytes from
female mice were more prone to immune
suppression by LDH-C4 than female lym-
phocytes (Gupta et al., 1996; Gupta and
Chaturvedi, 1999).

VIII. LDH-C4 BASED PEPTIDE
IMMUNOCONTRACEPTIVE
VACCINE

The antigenic structure of LDH-C for
the development of an immunocontraceptic
has been studied (Wheat and Goldberg
1985a,b; Wheat et al., 1985; Beyler et al.,
1985; Gonzales-Prevatt et al., 1982). The
replacement of the natural isozyme with a
synthetic antigen would ensure the avail-
ability and homogenity of vaccine prepara-
tions as well as guarantee the antigenic speci-
ficity of LDH-C4 (Goldberg et al., 1983).
These short peptides coupled to carrier
molecules can generate antibodies against
molecule from which peptides are derived.
Wheat and Goldberg (1983; 1985a) and
Beyler et al. (1985) identified tryptic pep-
tides of mouse LDH-C4 that bind Ab against
the native protein. The most antigenic pep-
tides are relatively nonhydrophilic. Because
antigenic domains after contain proline resi-
due, peptides containing antigenic domains
include 8 of a total of 11 proline residues of
LDH-C4. The association of proline with
antigenic domains is probably a function of
the effect of that residue on the fold of
polypeptide chain, inducing reverse turns
rather than some special chemical interac-

tions with the immune system. One pure
peptide that represents residues 152 to 159
of mouse LDH-C4 was active in binding
anti-LDH-C4 and its synthetic analogue was
tested to induce an immune response to
native protein (Gonzales-Prevatt et al.,
1982). Based on the presence of antigenic
sequences on the surface of LDH-C4

(Hogrefe et al., 1987), it was possible to
study immunological properties of a panel
of synthetic peptides that represent the most
accessible and mobile segments of LDH-C
(Hogrefe et al., 1989). Ten peptides corre-
sponding to mouse LDH-C amino acid se-
quences: 1-14, 5-15, 49-58, 97-110, 211-
220, 231-243, 274-286, 304-316, and
318-330 were synthesized and compared in
terms of binding of antibodies raised in rab-
bits against native intact protein. Immuno-
genicity of mouse LDH-C peptides coupled
to diphthreia Toxoid (DT) in rabbits could
be ranked in following order: 5-15, 304-316
> 211-220, 274-286 > 49-58, 97-110; the
antigenicity of best peptides was 1/8th of
the whole structure of LDH-C4 (Figure 6).

Three synthetic peptides based on resi-
due no. 310-327 of mouse LDH-C4, and
their conformations were evaluated for im-
munogenicity. An 18-residue random coil
(αN) and its amphipathic alpha helix (α1)
were weakly immunogenic. A conforma-
tionally stable 40 residue alpha-alpha-fold
peptide (α3) was highly immunogenic and
reacted with a native molecule by ELISA
(O’Hern, 1991).

Kaumaya et al. (1990, 1992, 1993) de-
signed, synthesized, and characterized model
peptides with predetermined secondary, ter-
tiary, and quaternary structures in an at-
tempt to mimic the three-dimensional struc-
ture of an antigenic determinant of LDH-C4.
Kaumaya et al. (1992) demonstrated that a
putative topographic determinant of the tes-
tis-specific isozyme of LDH-C4, designed
and synthesized to adopt a well-defined al-
pha-helical secondary and tertiary structure

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Copyright © 1999, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material

without the consent of the publisher is prohibited.

377

FIGURE 6. Amino acid sequence variability in the putative epitopes of human LDH-C4. The seven
most accessible segments of the mouse LDH-C4 molecule (Hogrefe et al., 1987) are shown, with
the corresponding amino acid sequences of human LDH-C4 (HC) human LDH-A4 (HA) and human
LDH-B4 (HB). Asterisks mark the positions of residues that are particularly accessible to a 10-A
radius probe in mouse LDH-C4. (From Hogrefe et al., 1989.)

(four helix bundle motif) in aqueous solu-
tions, is highly immunogenic in rabbits and
mice, inducing IgG antibodies that bind to

native LDH-C4. This engineered conforma-
tional 40-residue peptide was shown to be
considerably more effective in inducing anti-
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bodies, when compared with the corre-
sponding linear peptide. The antibody re-
sponse that was obtained without coupling
the peptide to a carrier protein suggested
that the peptide contains a T-cell antigenic
determinant.

An ideal peptide vaccine should con-
tain both B- and T-cell epitopes. The strat-
egies for co-inclusion of T-cell ‘helper’
epitopes with the B-cell determinant elicit-
ing immune responses that are in most cases
genetically restricted to only one or few
alleles of the MHC with limited activity
across divergent MHC class II haplotypes.
This genetically restricted T-cell costimul-
atory activity of peptides is a serious ob-
stacle, and consequently such constructs
would be of limited practical value as a
vaccine targeted to a majority of an out-
bred population. Kaumaya et al. (1993)
constructed a contraceptive peptide vac-
cine and engineered two peptides to en-
compass the sequences from the univer-
sally immunogenic tetanus toxoid (TT)
epitope and the contraceptive vaccine can-
didate LDH-C4. It was demonstrated that
the peptide vaccine containing a ‘promis-
cuous’ T-cell epitopes and a defined B-cell
epitope was able to induce high titer
antipeptide IgG antibodies specific for na-
tive protein antigen LDH-C4 in several in-
bred strains of mice, outbred mice, and
rabbits.

Kobs-Conrad et al. (1993) showed that
an antigenic epitope from the model con-
traceptive vaccine candidate LDH-C can
be rationally engineered into a highly struc-
tured conformation that mimics the corre-
sponding site in the native three-dimen-
sional protein. It was also suggested that
the antibodies raised to the various con-
struct had high affinity for native protein.

The conformations of designed anti-
genic peptides that mimic to various de-
grees the antibody binding regions have
been investigated by deuterium hydrogen

exchange and electropray ionization mass
spectrometry (ESI-MS). The technique
described a viable method for the charac-
terization of the conformations of protein
antigen such as LDH-C4 and for screening
the conformation of antigenic peptides
designed to elicit optimal immune re-
sponses (Downard, 1997).

Antigenic properties of LDH-C4 of pig,
rabbit, and rat as well as of human LDH-C4

were studied using antipeptide antibodies
against pig LDH-M4 fragment (180–214)
(Grebenshchikova and Prozorovski, 1991).
Authors identified an amino acid sequence
180–214 containing His-195 that was in-
volved on the active site of LDH isozymes.
It proved to be a total antigenic determi-
nant only for human and pig M4-isozymes.
An amino acid sequence of total antigenic
determinant did not allow any substitution
of essential amino acid residues. His–195,
participating in substrate binding, was not
involved immediately in reactions with an-
tibodies as shown by means of chemical
modification of pig M4-isozyme with di-
ethyl pyrocarbonate and after production
of antibodies against the modified isoen-
zyme.

O’Hern et al. (1995) reported that the
first 20 residues of the amino terminal arm
were likely to contain the most immuno-
genic portion of human LDH-C. Out of
this sequence residue 9 to 20 (C9–20) con-
jugated to diphtheria toxoid was the best
antigen in eliciting Ab response over other
over lapping antigens. DT-C9–20 was
tested in female baboons for immunologi-
cal infertility. In a trial of 14 females 12
were infertile in immuniozed group com-
pared with 7 pregnant baboons out of 15 in
nonimmunized control after 4 menstrual
cycles. However, in reversal trial after
1 year, the pregnancy rate in the immu-
nized group was not different from the con-
trol baboons. There was no correlation be-
tween Ab titer and infertility.
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IX. LDH-C4 AS A MARKER

A. Testis Injury and Infertility

Pathological disturbances of spermato-
genesis result in disturbance of LDH-C4.
The isozyme is not detected in seminal
plasma or testicular biopsies from infertile
men showing azospermia or aspermia
(Szeinberg et al., 1966). In addition,
isozyme is absent from cryptorchid testis
(Goldberg and Hawtrey, 1968) and in ra-
diation-induced atrophic testis (Gupta and
Bawa, 1981). LDH-C4 has been found to
be absent from the semen of men with
azosermia, and it also disappears after va-
sectomy (Eliasson et al., 1967; Prasad et
al., 1976; Keltimlidis et al., 1988). Virji
and Eliasson (1985) showed that LDH-C4/
sperm ratio can be related to the status of
seminiferous epithelium.

As an infertility index in men, Gavella
and Cvitkovi (1985) and Velasco et al.
(1993) determined LDH-C4 in seminal
fluid. It appeared that LDH-C4 discrimi-
nates well between infertile groups with
oligospermia and normo-spermic subjects
and between infertile groups and fertile
group with proven fertility. It was con-
cluded that LDH-C4 offers a clinical utility
marker for both germinal activity and sper-
matozoid quality. However, Laudat et al.
(1997) did not find a correlation between
seminal LDH-C4 and sperm motility in
patients with acrosomal abnormalities.
Occasionally, LDH-C4 increases in the se-
rum of men after testis injury following
exposure of toxic substances such as muscle
toxicant 2,3,5,6 tetramethyl p-phenylene
diamine (TMPO) (Draper et al., 1994),
1, 3-dinitrobenzene (DNB) and ethylene
glycol monomethyl ether (EGME) (Reader
et al., 1991). In some cases LDH-C4 actvity
correlated with androgen binding protein
in blood plasma (Reader et al., 1991).

A. In Forensic Science

The usefulness of LDH-C4 as a semen-
specific marker in blood-semen mixture has
been tested using various techniques.
Polyclonal antisera of LDH-C4 were highly
sensitive and highly specific (Pawlowski
and Brinkmann, 1992).
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