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Abstract
Purpose Asthenozoospermia is a major cause of male infer-
tility. However, the molecular mechanisms underlying sperm-
motility defects remain largely unknown in the majority of
cases. In our previous study, we applied a proteomic approach
to identify unknown proteins that were downregulated in
spermatozoa with low motility compared to spermatozoa with
good motility. Several sperm motility- related proteins have
been identified. In this study, 3-hydroxyisobutyrate dehydro-
genase (HIBADH), one of the proteins identified using the
proteomic tools, is further characterized.

Methods Reverse-transcription polymerase chain reactions
(RT-PCR), western blotting, and immunofluorescence
assays (IFA) were preformed to investigate the expression
pattern. The enzymatic activity of HIBADH was evaluated
in sperm with good (>50 %), moderate (< 50 %) and lower
motility (< 20 %).
Results Using RT-PCR, we found that transcripts of
HIBADH are enriched in the cerebellum, heart, skeletal
muscle, uterus, placenta, and testes of male humans. In
western blotting, it is expressed in the placenta, testes, and
spermatozoa. During spermiogenesis, HIBADH is located at

Capsule HIBADH is involved in the mitochondrial function of
spermatozoa and maintains sperm motility. It may serve as a sperm-
motility marker.
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the mid-piece (a specialized development from the mito-
chondria) of elongating, elongated, and mature sperm. The
enzymatic activity of HIBADH in sperm with moderate and
lower motility were significantly reduced compared with
good motility (P<0.0001 and P<0.05, respectively).
Conclusions Our study indicated that HIBADH is involved
in the mitochondrial function of spermatozoa, and maintains
sperm motility. It may serve as a sperm-motility marker.
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Introduction

Approximately 10 % of couples worldwide are affected by
reduced fertility, and male infertility accounts for approxi-
mately half of infertile couples [1, 2]. Several studies have
reported concerns that infertility rates and the sperm quality of
men may be increasing worldwide [3, 4]. Common problems
of male subfertility or infertility include oligozoospermia,
azoospermia, asthenozoospermia, teratozoospermia, and any
combination of these problems [5, 6]. Asthenozoospermia is
sperm motility<50 % or progressive motility<25 % [5]. A
large clinical study indicated that more than 80 % of infertile
men have sperm-motility defects [7]. The causes of poor
sperm motility include structural defects in the sperm tail,
functional defects of the epididymis or other accessory sex
glands, and abnormal metabolism in the testicular tissue
and/or epididymis [8–10].

Several proteins have been implicated in the regulation of
sperm motility. For example, sperm motility is regulated by
the cAMP-dependent phosphorylation of flagellar proteins in
mammals. One of the downstream targets of cAMP is protein-
kinase A (PK-A), a serine/threonine kinase [11]. Mutations of
one isoform of PK-A disrupt sperm motility [12]. Calcium
signaling is also involved in sperm motility. Sperm express
various voltage-gated Ca2+ channels [13, 14]. Certain voltage-
gated Ca2+ channels have been shown to be critical for sperm
motility by knockout experiments in mice [15, 16]. In addition
to the cAMP-dependent PK-A pathways and Ca2+ signaling
pathways, other signaling pathways are also likely to play
roles. For example, changes in pH affect sperm motility [17].

A proteomic approach has been used to identify unknown
proteins involved in spermatozoa in differential species
[18–20]. This approach has been used specifically to discov-
er differential sperm-related proteins (e.g., sperm-surface
proteins and antisperm antibodies) [21–23]. In other studies,
calcium-binding proteins and proteins undergoing tyrosine
phosphorylation during capacitation were identified using
the proteomic approach [24, 25]. A modified proteomic
method, difference 2D gel electrophoresis, was developed
to analyze post-translational modification of proteins during

sperm maturation [26]. Using this powerful approach, sev-
eral studies, including ours, have revealed a growing list
of proteins that may be involved in regulating sperm
motility [27–32].

In our previous study, one metabolism-related protein, 3-
hydroxyisobutyrate dehydrogenase (HIBADH; EC
1.1.1.31), which is one of the critical enzymes generating
glucose by metabolizing amino acids in the gluconeogenesis
pathway, was identified [32]. HIBADH belongs to the
family of oxidoreductases, specifically those acting on the
CH-OH group of donors with NAD+ or NADP+ acceptors
[33, 34]. The 2 substrates of this enzyme are 3-hydroxy-2-
methylpropanoate and NAD+, whereas its 3 products are 2-
methyl-3- oxopropanoate, NADH, and H+. HIBADH partici-
pates in valine, leucine, and isoleucine degradation and is a
central metabolic enzyme in the valine catabolic pathway [35].
HIBADH is primarily expressed in the mitochondria of the
liver, kidney, muscle, and cultured neuron cells [33, 34]. In
neural cells, HIBADH may use valine imported into the brain
for the generation of energy. In previous study, muscle RING-
Finger protein-1 (MuRF1), which has been proposed to trigger
muscle protein degradation during pathophysiological muscle
wastage, interacted with HIBADH to regulate the amino acid
metabolism [36].

In this study, we found that HIBADH is downregulated in
low-motility sperm, and is enriched expressed during human
spermiogenesis. The enzymatic ability of HIBADH was also
reduced in lower-motility sperm. Our findings suggest that
HIBADH plays an important role in regulating sperm
motility and may serve as a novel sperm-motility marker.

Materials and methods

Reverse transcription

A human total RNA panel (Clontech, Palo Alto, CA) was
used to study the expression patterns of HIBADH. Reverse
transcription-polymerase chain reactions (RT-PCR) for the
synthesis of complementary DNA (cDNA), 12 μL aliquots
of master mixture containing 100 ng of human testes RNA,
1 μL of 500 ng/μL oligo(dT)12–18 primer (Invetrogen, Grand
Island, NY, USA), and 9 μL of diethylpyrocarbonate-treated
water were heated to 70 °C for 10 min and put on ice. RT
reactions were performed in 20 μL containingmaster mixture,
4 μL of 5X first-strand synthesis buffer, 0.1 M dithiothreitol,
10 mM of each dNTP, and 200 units of SuperscriptTM II
RNase H- reverse transcriptase (Invetrogen, Grand Island,
NY, USA). The RT temperature profile used was 42 °C for
1 h, 75 °C for 15 min, and final cooling to 4 °C. Aliquots of
the cDNA were stored at −20 °C until use. The PCR condi-
tions, product detections, and control primer were used as
described in our previous publication [37]. Primer sequences
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of HIBADH for PCRwere shown as Forward: tgg,cta,agg,atc,
tgg,gat,tg and Reverse: gat,gct,tgg,gga,tca,aac,tt.

Western blotting and immunofluorescence assay

Western blotting and immunofluorescence (IF) were per-
formed using an anti-HIBADH antibody (Sigma, Cat NO.
HPA021002; http://www.sigmaaldrich.com/catalog/product/
sigma/hpa021002?lang=en&region=TW). Western blot anal-
ysis was performed according to the standard protocols [38].
For the immunofluorescence assay (IFA), the slides were
treated with 0.1 % Triton X-100 and washed twice with
Tris-buffered-saline (TBS), followed by incubation with the
anti-HIBADH antibody (1:100) for 60 min at room tempera-
ture. Following the washing steps with TBS, sections were
exposed to goat-anti-rabbit Alexa Flou 488 (Molecular
Probes, Carlsbad, CA, USA) for 60 min at room temperature
and washed with TBS. DAPI was used to stain the nucleus.

Separation of the testicular germ cell populations
and sperm preparation

Separation of spermatogenic cells was performed by a
centrifugal system based on the density of different types of
germ cells, as described in our previous study [39]. After de-
capsulation and enzyme digestion of testes biopsies from the
case treated with testicular sperm extraction (TESE), germ cell
suspensions were filtered through 35 μM nylon filters (Falcon;
Becton Dickinson, Franklin Lakes, NJ, USA), followed by
centrifugation using a Kubota centrifuge 2010. Germ cells at

different developmental stages were collected. Mature sperma-
tozoa were collected from the semen samples of both infertile
and fertile men. Finally, suspensions were centrifuged with
maximal force (2,580 x g, Kubota 2010) for 10 min, spread
on a slide, and air-dried. The slides were then subjected to IFA.

Preparation of sperm for expression levels and enzyme
activity for HIBADH

This study was conducted according to the principles expressed
in the Declaration of Helsinki. The study was also approved by
the ethics committee of National Cheng Kung University Hos-
pital, and all patients signed informed consent forms approving
the use of their semen for research purposes. To assay the
activity of HIBADH, sperm samples were obtained from 10
fertile men with normal sperm motility and 20 men with
various degrees of asthenozoospermia. The control patients
had more than 50 % sperm motility (n=10). Men with asthe-
nozoospermia had < 50 % of motile sperm (n=20). The semen
parameters of fertile men and patients with asthenozoospermia
are shown in Table 1. No significant pyospermia, hemosper-
mia, or hyperviscosity was present in the semen samples. The
semen samples were washed 3 times with 1X PBS, followed by
centrifugation at 5,000 x g, and the cell pellet was immediately
frozen at −70 °C before future use.

Enzyme activity assay

Enzyme activity of HIBADH was measured spectrophotometri-
cally, as described [33, 40]. In brief, the enzyme was assayed in

Fig. 1 Identification of
HIBADH from two-
dimensional (2-D) gel. a–b Two
peptide sequences from 2 D
spot match to HIBADH
(Product ion scan data against
NCBI sequence database)
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25 mM ammonium chloride/ammonium hydroxide (pH 10.0 at
20 °C), 1 mM NAD+, 1 mM DTT, and 2 mMS-3-hydroxyiso-
butyrate (Sigma). Production of NADHwas measured by absor-
bance at 340 nm in a Beckman DU spectrophotometer
(Beckman, Fullerton, CA, USA). One unit of activity is defined
as the product of 1 μmol NADH produced in 1 min.

Statistical analysis

Sperm samples were grouped according to their progressive
motility percentage. The differences for sperm motility and
sperm counts between groups were analyzed by the un-
paired Student t test. Results of enzyme assays were also
analyzed by the unpaired Student t test. We used Prism
statistical package version 4.0 (GraphPad, San Diego, CA,
USA) for statistical analysis.

Results

Expression patterns of HIBADH in mature human
spermatozoa

In previous studies, we identified decreasing HIBADH in poor-
motility sperm compared to good-motility sperm by using
proteomic analysis (Fig. 1) [32]. HIBADH is an NAD+-depen-
dent enzyme that catalyzes the reversible oxidation of 3-
hydroxyisobutyrate to methylmalonate semialdehyde in valine
catabolism in the gluconeogenesis pathway. HIBADH is
expressed in rat liver, heart, muscle, kidney, and cultural neural
cells [34, 41]. A larger-scale proteomic study identified approx-
imately 100 proteins in mature human sperm, including
HIBADH [18]. However, its detailed expressional patterns in
different human organs and developmental stages have not

Fig. 2 Expression patterns of
HIBADH in tissues. a The
transcripts of HIBADH are
enriched to several human
organs. Gapdh was used as an
internal control for RT-PCR. b
Human testis (T), human
placenta (P), human sperm
(HS), and mouse sperm (MS).
β-actin was used as a loading
control

Fig. 3 HIBADH is expressed
at human spermatozoa. Arrow
heads indicate that HIBADH
proteins are mainly localized at
sperm neck and midpiece and to
a lesser extent at the sperm
head. IgG: negative control.
IgG signals (a, green), merge of
IgG signals and nuclear DNA
signals (b), HIBADH signals
(c, green) and merge of
HIBADH and nuclear DNA
signals (d). Scale bare:10 μm
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been fully characterized. We learned that transcripts of
HIBADH are enriched in the human cerebellum, heart, skeletal
muscle, uterus, placenta, and testes by RT-PCR (Fig. 2a). Using
western blotting, HIBADH was expressed in human placenta,
testis, spermatozoa, and murine spermatozoa (Fig. 2b). It was
expressed the most in the neck- and mid-piece, an area that
contains the mitochondria in men’s spermatozoa, through IFA
(Fig. 3). Because HIBADH is mainly expressed in post-meiotic
germ cells, IFAwas applied to study its expression patterns in
different steps of spermiogenesis using fractionated germ cells.
HIBADH was expressed in the neck region of early elongating
spermatids (Fig. 4a). In elongating spermatids, the protein was

aggregated to form the mid-piece, and the signals were slightly
diffused in the head region (Fig. 4b–d). After completion of
spermiogenesis, HIBADH is located mainly at the neck- and
mid-piece. Dislocalization may cause spermatozoa with low
motility. We determined the localization of HIBADH in sper-
matozoa from asthenospermia cases. However, the expression
patterns are similar to spermatoza from the control cases (data
not shown, Fig. 3).

Enzyme activity of HIBADH in spermatozoa from patients
with asthenozoospermia

According to the proteomic data and expression pattern in
sperm, we propose that HIBAD is involved in regulating
sperm motility, and could be used as a sperm-motility marker.
Enzyme activity of HIBADH was measured in the spermato-
zoa of 10 fertile controls and 20 infertile men with astheno-
zoospermia (<50 % of motile sperm) (Table 1). An enzyme
assay showed decreased HIBADH enzyme activity in sperm
samples of infertile men with asthenozoospermia compared

Fig. 4 Immuno-fluorescence microscopy showed multiple localiza-
tions of HIBADH signals during human spermiogenesis. Early elon-
gating spermatids (a), middle elongating spermatid (b), late elongating
spermatids (c) and mature spermatozoa (d). a–d from left to right:
HIBADH (green signal), merge of HIBADH and nucleus signal (blue)
and IgG control (merge of IgG and nucleus signals). Scale bare:5 μm

Table 1 Sperm parameters for normal and cases with asthenozoospermia
subjected to enzyme assay

Group Range of
sperm
count
(×106/mL)

Average of
sperm
count
(×106/mL)

Range of
sperm
motility in
category A
(%)

Average of
sperm motility
in category A
(%)

Normal 33–204 a 101 55–92 b 72

Asthenozoospermia 27–199 a 83 2–48 b 31

a There is no significant difference for sperm counts between normal
and asthenozoospermic men
b Statistically significant difference for sperm motility (p<0.001 by
Student’s t test) between normal and asthenozoospermic men

Fig. 5 Enzyme activity for 3-hydroxyisobutyrate dehydrogenase
(HIBADH) in human sperm with different motility. Sample collected
from normal (n=10) and asthenozoospermic men (n=20). Significant
differences were noted between the two groups with P-value
of <0.0001 and 0.0186, respectively (unpaired Student’s t-test)
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with the sperm samples of fertile men (P<0.05 by the Student
t test, Fig. 5). Together, our findings show reduced expression
and enzymatic activity of HIBADH in poor-motility sperm.

Discussion

The major indices of semen parameters are sperm count, mo-
tility, and morphology [42]. Sperm motility is the critical attri-
bute that allows sperm to travel along the uterus to the fallopian
tubes prior to penetrating the surface of the ovum and fertilizing
the egg. Thus, adequate sperm motility is vital for successful
fertilization [43]. Our previous study focused on proteomic
profiles of spoor-motility spermatozoa [32]. Approximately
300 areas were resolved in a 2D map in pH values ranging
from 4 to 7. Four areas were found to have reduced intensity in
at least quintuplicate runs of 2D electrophoresis. In this study,
the expression pattern of 1 of these 4 genes (HIBADH) was
characterized, and may be a novel sperm-motility marker.

In mammalian spermatozoa, large quantities of adenosine
triphosphate (ATP) are required along the full length of the
motile flagellum [44]. Sperm mitochondria are located in the
mid-piece and produce ATP through aerobic respiration. Sev-
eral ATP production-related proteins have been identified in
the mitochondria of spermatozoa. For example, both sperm-
specific isoforms of lactate dehydrogenase catalyze the inter-
conversion of pyruvate and lactate with concomitant intercon-
version of NADH and NAD+; hexokinase catalyzes the
conversion of glucose to glucose-6-phosphate in the initial
step of glycolysis and is expressed at the mid-piece of mouse
sperm [45, 46]. HIBADH is an NAD+-dependent mitochon-
drial enzyme that catalyzes oxidation of 3-hydroxyisobutyrate,
an intermediate of valine catabolism, to methylmalonate semi-
aldehyde [33, 34]. In this study, we found that both the protein-
expressional level and enzymatic activity of HIBADH are
reduced in poor-motility spermatozoa. Considering this en-
zyme is concentrated in the sperm neck and mid-piece, it may
be involved in regulating sperm motility.

HIBADH is an NAD+-dependent enzyme that catalyzes the
reversible oxidation of 3-hydroxyisobutyrate to methylmalonate
semialdehyde in valine [47] . This mitochondrial enzyme has
been characterized from the liver, kidney, and muscle [33, 34].
Radovan et al. showed that HIBADH is expressed in several
types of cultured neural cells [41]. In spermatozoa, amino acids
can be readily converted to glucose, primarily through degrada-
tion pathways that generate citric acid cycle intermediates,
which are subsequently converted to oxaloacteate. Oxaloacteate
is used for gluconeogenesis (Fig. 6, modified from Mathews et
al.) [33, 47, 48]. Several studies have also shown that glycogen
is present in dog sperm, suggesting that gluconeogenesis is
important to maintain motility and to achieve in vitro capacita-
tion [49, 50]. Considering that glycogen is stored in human
sperm, and sperm from numerous species can remain motile in

glucose-free media, it is highly likely that human sperm might
be capable of gluconeogenesis [51, 52]. If this is correct,
HIBADH is involved in gluconeogenic pathways and is impor-
tant for the regulation of sperm motility.

In summary, HIBADH was identified as a novel sperm-
motility marker in this study. Because HIBADH is abundantly
expressed in the mid-piece, it may be involved in regulating the
amino acid metabolism and energy supply. Further studies are
required to investigate the physiological roles of amino acid
metabolism in human spermatozoa. Whether gluconeogenesis
is essential for sperm motility must also be investigated. Our
results may provide valuable knowledge in developing preven-
tive or therapeutic strategies for asthenozoospermia.
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