
BIOLOGY OF REPRODUCTION 80, 124–133 (2009)
Published online before print 17 September 2008.
DOI 10.1095/biolreprod.108.068882

Sorbitol Can Fuel Mouse Sperm Motility and Protein Tyrosine Phosphorylation
via Sorbitol Dehydrogenase1

Wenlei Cao,3 Haig K. Aghajanian,3 Lisa A. Haig-Ladewig,3 and George L. Gerton2,3,4

Center for Research on Reproduction and Women’s Health,3 Department of Obstetrics and Gynecology,4 University of
Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104

ABSTRACT

Energy sources that can be metabolized to yield ATP are
essential for normal sperm functions such as motility. Two major
monosaccharides, sorbitol and fructose, are present in semen.
Furthermore, sorbitol dehydrogenase (SORD) can convert
sorbitol to fructose, which can then be metabolized via the
glycolytic pathway in sperm to make ATP. Here we characterize
Sord mRNA and SORD expression during mouse spermatogen-
esis and examine the ability of sorbitol to support epididymal
sperm motility and tyrosine phosphorylation. Sord mRNA levels
increased during the course of spermatogenic differentiation.
SORD protein, however, was first detected at the condensing
spermatid stage. By indirect immunofluorescence, SORD was
present along the length of the flagella of caudal epididymal
sperm. Furthermore, immunoelectron microscopy showed that
SORD was associated with mitochondria and the plasma
membranes of sperm. Sperm incubated with sorbitol maintained
motility, indicating that sorbitol was utilized as an energy
source. Sorbitol, as well as glucose and fructose, were not
essential to induce hyperactive motility. Protein tyrosine
phosphorylation increased in a similar manner when sorbitol
was substituted for glucose in the incubation medium used for
sperm capacitation. These results indicate that sorbitol can serve
as an alternative energy source for sperm motility and protein
tyrosine phosphorylation.

epididymis, flagellum, sorbitol, sorbitol dehydrogenase, sperm,
spermatogenesis, sperm capacitation, sperm motility and transport

INTRODUCTION

Unlike most mammalian cells, sperm are highly motile and
consume considerable amounts of energy. Furthermore, sperm
spend a substantial amount of time maturing in the male and
female reproductive tracts before they become competent for
fertilization. As a consequence, sperm must maintain the ability
to produce and utilize energy efficiently. Although sperm of
some species have been reported to utilize glycogen to survive
longer in vivo [1], the consensus is that sperm rely heavily on
energy sources from the extracellular milieu to support their
energy needs. Mammalian sperm generally utilize monosac-
charides for energy [2], from ubiquitous glucose to less-

common sugars, such as fructose or sorbitol [2–5], as well as
other carbon sources, such as lactate, pyruvate, citrate, and
glycerol [5–7].

All tissues in the male reproductive tract, except the testis,
have the ability to produce sorbitol and fructose [8]. Unlike
other body fluids, fructose—instead of glucose—is generally
the principal reducing sugar in seminal plasma, and thus serves
as the main glycolyzable substrate for spermatozoa in semen
[9]. Depending on the species, seminal plasma fructose
concentrations vary from high levels in bull and ram to lower
amounts in other species, such as dog and stallion, where it is
essentially absent [10]. However, even in the semen of species
where fructose is low, sorbitol is always present [10]. Sorbitol
is also detected in the female reproductive tract [11, 12].

Sorbitol dehydrogenase (SORD), which oxidizes sorbitol to
fructose at the expense of one molecule of NAD being
converted to NADH, was first detected in sperm by enzymatic
assays [13]. Until now, a limited number of investigations have
been carried out on a variety of species, but most of these
studies focus on the distribution of SORD in male accessory
glands [8, 14–16]. Although sorbitol can be utilized by sperm,
no study has focused on the detailed expression or localization
of SORD in sperm, or on the ability of sorbitol to support sperm
motility and capacitation. Here, we demonstrate the expression
of Sord mRNA and protein in mouse spermatogenic cells and
sperm, determine the subcellular localization of SORD during
sperm maturation, and provide direct evidence of a role for
sorbitol in sperm motility and tyrosine phosphorylation.

MATERIALS AND METHODS

Sperm and Germ Cell Preparation

All animal procedures were approved by the University of Pennsylvania
Institutional Animal Care and Use Committee. Male germ cells were prepared
from decapsulated testes of adult mice (CD1 retired breeders; Charles River
Laboratories) by sequential dissociation with collagenase and trypsin-DNase I
[17]. To purify populations of pachytene spermatocytes, round spermatids, and
condensing spermatids, the cells were separated at unit gravity in a 2%–4%
BSA gradient in enriched Krebs-bicarbonate medium [18]. Both the pachytene
spermatocyte and round spermatid populations were at least 85% pure as
determined by microscopic examination and differential counting with a
hemocytometer, while the condensing spermatid population was approximately
40%–50% pure, with the balance primarily being anucleate residual bodies and
round spermatids.

Epididymal sperm were collected by mincing the caudae epididymides and
allowing the sperm to swim out in PBS (2.68 mM KCl, 136.09 mM NaCl, 1.47
mM KH

2
PO

4
, 8.07 mM Na

2
HPO

4
, pH 7.4). The supernatant containing sperm

was gently aspirated, and sperm (.99% pure as assessed by light microscopy)
were collected by centrifugation at 800 3 g for 5 min at room temperature. The
sperm were then homogenized in 1% SDS, 75 mM NaCl, 24 mM EDTA, pH
6.0 (S-EDTA), layered onto a 1.6 M sucrose cushion in S-EDTA, and
centrifuged at 5000 3 g for 1 h at room temperature. The SDS-resistant tail
structures (sperm accessory structures) were collected from the interface [19].
The purity was visually checked by light microscopy (Supplemental Fig. S1
and all other supplemental data are available online at www.biolreprod.org).
Previous results demonstrated the purity by electron microscopy and
immunoblotting [20, 21].
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Gel Electrophoresis and Immunoblot Analyses

The sperm and sperm tails were concentrated by centrifugation, washed in 1
ml of PBS, resuspended in sample buffer (62.5 mM Tris-HCl, pH 6.8, 1.67 %
SDS, 10% glycerol), and boiled for 5 min. Kidney tissue was homogenized,
sonicated, and boiled in the sample buffer. After centrifuging, the supernatants
were saved. The protein concentration was determined by the bicinchoninic acid
protein assay (Pierce Chemical Company, Rockford, IL). Subsequently,
dithiothreitol (DTT) and bromophenol blue were added to a final concentration
of 100 mM and 0.002%. The samples were boiled for 5 min, and 10 lg of
protein samples were separated by SDS-PAGE in 10% polyacrylamide gels [22].
The gels were then transferred to polyvinylidene fluoride membranes (Millipore,
Bedford, MA) [23], which were blocked with Tris-buffered saline-Tween
(TBST; 25 mM Tris-HCl, pH 8.0; 125 mM NaCl; 0.1% Tween 20) containing
5% BSA and incubated with primary antibody (goat anti-mouse SORD IgG
[Imgenex, San Diego, CA], 0.5 lg/ml in 5% BSA-TBST). After washing with
TBST, the blots were incubated with secondary antibody (donkey anti-goat IgG
conjugated with horseradish peroxidase [Santa Cruz Biotechnology, Santa Cruz,
CA], 0.08 lg/ml in 5% BSA-TBST) and the bound enzyme was developed with
the enhanced chemiluminescence (ECL) kit (GE Healthcare, Buckinghamshire,
U.K.), according to the manufacturer’s directions, and exposed to film.

To test the extractability of SORD, 107 sperm were extracted with one of
three solutions: 50 ll ice-cold PBS solution (155.17 mM NaCl, 1.06 mM
KH

2
PO

4
, 2.97 mM Na

2
HPO

4
-7H

2
O, pH 7.4), 1% Triton X-100, or 1% SDS-

EDTA. After centrifugation of the extracted sperm, the supernatants and pellets
were collected. To each 50 ll supernatant, 10 ll 63 sample buffer (375 mM
Tris-HCl, pH 6.8, 10% SDS, 30% glycerol, 600 mM DTT, and 0.012%
bromophenol blue) was added, and to each pellet was added 50 ll 13 sample
buffer (62.5 mM Tris-HCl, pH 6.8, 1.67% SDS, 5% glycerol, 100 mM DTT,
and 0.002% bromophenol blue). Each sample was vortexed and boiled for 5
min. Aliquots of each sample (10 ll) were separated by SDS-PAGE in 10%
polyacrylamide gels and analyzed by immunoblotting, as described above.

Indirect Immunofluorescence Analyses

Epididymal sperm were collected, mixed by pipette, washed once with
PBS, attached to slides, and fixed with 4% paraformaldehyde in PBS for 15
min. After washing with PBS, the sperm were permeabilized with �208C
methanol for 2 min (or without methanol treatment to observe the plasma
membrane localization). The slides were washed with PBS and the samples
were incubated with 10% horse serum in PBS (blocking solution) for 60 min at
room temperature and then with the mixed solution of primary antibodies (5 lg/
ml goat anti-SORD antibody; 3.9 lg/ml mouse monoclonal anti-a-tubulin
antibody [T5168; Sigma, St. Louis, MO]) in blocking solution for 1 h at room

temperature. For a control, equivalent amounts of normal goat IgG and mouse
IgG were substituted for the primary antibody mixture. After washing with
PBS, the samples were incubated with a mixture of secondary antibodies (1 lg/
ml each of rabbit anti-goat IgG and rabbit anti-mouse linked with Alexa Fluo-
488 and -568, respectively [Molecular Probes, Eugene, OR]) in blocking
solution for 1 h at room temperature. After washing with PBS, the samples
were mounted with coverslips using Fluoromount-G (Southern Biotechnology
Associates, Inc., Birmingham, AL), examined using an inverted microscope
(Nikon Eclipse TE 2000-U, Nikon Corp.) and photographed with a Scion
Corporation CFW-1610C digital FireWire camera using the NIH ImageJ
Imaging Software [24].

Immunoelectron Microscopy

For immunoelectron microscopy, sperm were isolated and fixed with 4%
paraformaldehyde and 0.25% glutaraldehyde. The samples were embedded in
Lowicryl K4M that was then polymerized with ultraviolet light (365 nm) for 5
days. Ultrathin sections were cut and mounted on nickel grids coated with
Formvar. To prevent nonspecific binding, grids were incubated with blocking
buffer (PBS with 1% BSA and 2% normal horse serum) for 30 min at room
temperature. The sections were incubated with primary antibody (anti-SORD
antibody at 10 lg/ml in blocking buffer or an equal amount of normal goat IgG
for negative control) for 1 h at room temperature, washed in buffer, and
incubated with 10 nm gold particle-labeled anti-rabbit IgG (2.51 lg/ml in
blocking buffer; Ted Pella, Inc., Redding, CA). After incubation at room
temperature for 1 h, the grids were rinsed with buffer followed by deionized
water for 3 min, air dried, and then examined with a FEI Tecnai G2 electron
microscope. Images were collected with a Gatan Camera (Gatan, Inc.,
Pleasanton, CA).

Sperm Incubation with Sorbitol and Computer-Assisted
Semen Analysis

Cauda epididymal sperm were released into a PBS solution (155.17 mM
NaCl, 1.06 mM KH

2
PO

4
, 2.97 mM Na

2
HPO

4
-7H

2
O, pH 7.4) as described

before, but no centrifugation was utilized for the sperm motility assay. Caudae
epididymides were dissected, minced, and incubated at 378C. After 5 min, the
adequate dispersion of the sperm was determined visually. The sperm
supernatant was aspirated and the sperm concentration was counted with a
hemocytometer. The final sperm concentration was adjusted to 2.0 3 106

sperm/ml. Sorbitol, glucose, or fructose in stock solutions of 1 M in PBS were
individually added to 200 ll sperm aliquots to a final concentration of 5 mM. In
the no-sugar control samples, NaCl was added for a final concentration of 2.5
mM to control for osmolarity differences between the experimental and control
samples. Aliquots were analyzed using computer-assisted semen analysis
(CASA) (Hamilton-Thorne IVOS V12.2L; Hamilton-Thorne Research, Dan-
vers, MA). CASA measurements were obtained after 0, 60, 120, 180, and 240
min of incubation. Videos of the sperm were taken to document sperm motility
at the 1 h and 4 h time points. To further evaluate the effect of sorbitol on sperm

FIG. 1. SORD is present in sperm but not in SDS-insoluble accessory
structures of tails. Proteins (10 lg per lane) from kidney (Kd), epididymal
sperm (Sp), and SDS-insoluble accessory structures of tails (Ta) were
prepared and processed for immunoblot analysis. An immunoreactive
band of the predicted size for SORD was present in both kidney and sperm
samples. The SORD signal was not detected in SDS-insoluble tails. A)
Immunoblot probed with anti-SORD polyclonal antibody. B) Normal goat
IgG. C) Anti-SORD polyclonal antibody. Numbers to the left of the figure
represent molecular weights of standard proteins (310�3).

TABLE 1. Parameter settings used with the Hamilton Thorne IVOS
software, version 12.2L for mouse for CASA analysis.

Parameter Setting

Image capture
Frame per second 60 Hz
No. of frame 30

Cell detection
Minimum contrast 30
Minimum size 4 pix

Progressive cells
Average path velocity (VAP) 50.0 lm/sec
Straightness (STR) 50%

Defaults (if ,5 motile cells)
Cell size 13 pix
Cell intensity 75

Slow Cell
VAP cutoff 10.0 lm/sec
Straight line velocity (VSL) cutoff 0.0 lm/sec

Sort parameter for hyperactive sperm
Curvilinear velocity (VCL) .180 lm/sec
Amplitude of lateral head (ALH) .9.5 lm
Mean linearity (LIN) ,38%
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motility, either sorbitol and the glycolytic pathway inhibitor alpha-chlorohydrin

(ACH; final concentrations of 5 mM and 10 mM, respectively) or sorbitol alone

(5 mM final concentration with 5 mM NaCl to control for the osmolality

difference) were added to 200-ll aliquots of a sperm suspension in PBS [25,

26]. Sperm motility was measured at 0, 15, 30, 60, and 120 min by CASA. The

CASA analysis was done as follows. Sperm aliquots (5 ll) were placed on a

prewarmed, 20-lm-depth counting chamber slide (Leja Products, The Nether-

lands). The CASA motility parameters used were those recommended by the

manufacturer for mouse sperm (see Table 1).

Capacitation of Spermatozoa, Protein Preparation,
and Measurement of Hyperactive Sperm Motility

For experiments in which protein tyrosine phosphorylation was assessed,

sperm were collected and incubated under capacitating conditions as described

by Travis et al. [27]. Briefly, sperm were allowed to swim out from the caudae

epididymides into 2 ml of modified Whitten medium (ModW: 22 mM HEPES,

1.2 mM MgCl
2
, 100 mM NaCl, 4.7 mM KCl, 1 mM pyruvic acid, 4.8 mM

lactic acid hemi-calcium salt, pH 7.35) at 378C. Epididymal tissue was
removed, and the sperm were washed at 100 3 g for 1 min in a clinical
centrifuge to remove any gross tissue debris. The sperm were resuspended in a
final volume of 3–8 ml of ModW, and then centrifuged at 500 3 g for 8 min in
a round-bottomed tube. The resultant ‘‘fluffy’’ pellet was counted, assessed for
motility, and diluted for use. In all cases, large-bore plastic transfer pipettes or
large-orifice pipette tips were used to minimize damage to the sperm
membranes. After collection and washing, sperm were incubated under
noncapacitating (ModW medium with respective monosaccharide) or capac-
itating conditions (ModW with 10 mM NaHCO

3
, 3 mM 2-hydroxypropyl-b-

cyclodextrin [2-OH-b-CD], and respective monosaccharide), and capacitation
conditions without monosaccharide (ModW with 10 mM NaHCO

3
, and 3 mM

2-OH-b-CD) for 1.5 h in a 378C water bath at a final concentration of 4 3 106

sperm in 600 ll. To use a completely defined medium, 2-OH-b-CD was used as
a cholesterol acceptor in place of BSA. Depending upon the experiment, the
sperm were incubated with sorbitol, glucose, or fructose as metabolic
substrates. Sperm were then concentrated by centrifugation at 10 000 3 g and
then washed in 1 ml of ModW containing 0.2 mM Na

3
VO

4
to inhibit

phosphatase activity during extraction. Sperm were centrifuged at 10 000 3 g
again, and the pellet was suspended in 50 ll 13 sample buffer (62.5 mM Tris-
Cl, pH 6.8, 10% glycerol, 1.67% SDS, 100 mM DTT, 0.002% bromophenol
blue). The samples were boiled at 1008C for 5 min and spun at 10 000 3 g. The
supernatant was ready for subsequent electrophoresis.

For experiments measuring sperm hyperactive motility, all steps were
similar, except that the sperm from 2–3 mice were suspended in 0.5 ml. No
centrifugation was needed. The final sperm concentration was adjusted to 2 3

106 sperm in 300 ll. Samples of sperm (5 ll) were removed for CASA analysis
after 1.5-h incubation, as described above. Hyperactivated motility was defined
as motility with high-amplitude thrashing patterns and short trajectory
distances. The criteria for detecting hyperactivated spermatozoa were VCL
.180 lm/sec, ALH . 9.5 lm, and LIN , 38% [28]. The increase in
hyperactive motility was calculated by subtracting the baseline hyperactive
motility measured at 0 min of incubation.

Detection of Protein Tyrosine Phosphorylation

Supernatant aliquots (10 ll) were separated under reducing conditions by
SDS-PAGE in 10% polyacrylamide gels. Detection of tyrosine phosphorylation
was achieved by immunoblotting after transfer to Immobilon-P membranes
(Millipore). Membranes were blocked for at least 1 h in PBS containing 0.1%
Tween 20 (PBST) and 5% cold-water fish gelatin (Sigma), and washed three
times in PBST for 5 min, probed overnight with anti-phosphotyrosine mouse
monoclonal antibody 4G10 (0.1 lg/ml in PBST; Upstate Biotechnology,
Billerica, MA). Blots were then washed three times in PBST for 5 min before
being incubated for 1 h with donkey anti-mouse IgG conjugated with
horseradish peroxidase (1:5000 dilution in PBST; GE Healthcare). Blots were
washed three times in PBST for 5 min and then detected with the ECL kit (GE
Healthcare) according to the manufacturer’s directions, and exposed to film.

Quantitative PCR Analyses

For quantitative RT-PCR assays, primers were designed using Primer
Express 1.5 Taqman Primer Design software (Applied Biosystems, Foster City,
CA). The Sord primers, 50-TGG GAG CTG CTC AAG TTG TG-30 (forward)
and 50-GGT CTC TTT GCC AAC CTG GAT-30 (reverse), were used at a
working concentration of 22.5 nM and yielded a product of 100 bp. The
ribosomal protein S16 (Rps16 [GenBank accession number: BC082286])
primers, 50-AGA TGA TCG AGC CGC GC-30 (forward) and 50-GCT ACC
AGG GCC TTT GAG ATG GA-30 (reverse), were used at a working
concentration of 11.25 nM and yielded a product of 163 bp [29]. Products were
amplified with the SYBR Green PCR Master Mix and analyzed with the ABI
7900 HT Sequence Detection system. The following PCR protocol was used: 1)
denaturation (508C for 2 min, 958C for 10 min), 2) amplification and
quantification (958C for 15 sec, 608C for 1 min) repeated for 40 cycles, 3) a
dissociation curve program (958C for 15 sec, 608C for 15 sec, 958C for 15 sec),
and 4) cooling at 48C. Amplicons were analyzed by generating a dissociation
curve and determining the threshold cycle (Ct) value for each transcript. The
relative quantification of gene expression was analyzed by the 2�DDCT method
[30]. The mRNA corresponding to Rps16 was used as a control [29].

Statistical Analysis

Data were expressed as means 6 SEM and compared by one-way ANOVA
and Student-Newman-Keuls multiple comparison test. Statistical analyses were
performed using the GraphPad Prism program (GraphPad Software, San Diego,
CA).

FIG. 2. Sord mRNA and its encoded protein are highly expressed at the
end stage of spermiogenesis; SORD protein becomes more abundant in
condensing spermatids and epididymal sperm. A) Quantitative RT-PCR of
Sord from pachytene spermatocytes (PS), round spermatids (RS), and
condensing spermatids (CS). Results were normalized to mRNA corre-
sponding to ribosomal protein S16. B) Immunoblot analysis of SORD
(arrow) from pachytene spermatocytes (PS), round spermatids (RS),
condensing spermatids (CS), and epididymal sperm (Sp). a) Anti-SORD
polyclonal antibody. b) Normal goat IgG. The arrow indicates the specific
SORD band. Please note: to see the weak signal of SORD in condensing
spermatids, the film is overexposed. Therefore, some weak background
bands appeared (also present in control), compared with Figure 1.
Numbers to the left of the figure represent molecular weights of standard
proteins (310�3).
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RESULTS

Mouse Sperm SORD

We determined that SORD was present in mouse sperm by
immunoblotting (Fig. 1, A and B). A single band with the
expected molecular weight of approximately 39 000 kDa was
identified in mouse sperm; a similar-sized band was found in
kidney protein, which was used as a positive control. No signal
was detected in the control blot, probed with an equal amount
of normal goat IgG, demonstrating that the signal in Figure 1A
was specific for SORD. We further examined whether this
enzyme was part of sperm accessory structures, composed of
the mitochondrial sheath, outer dense fibers, and fibrous sheath
(Fig. 1C). The purified accessory structure was examined
visually under light microscope (see Supplemental Fig. S1) and
by immunoblotting and immunoelectron microscopy [20, 21].
Equal amounts of sperm and purified sperm accessory structure
protein were analyzed by SDS-PAGE. No signal was detected
in the latter sample, indicating that SORD either was lost

during sample preparation because it was not tightly associated
with the sperm accessory structures, or that it was not present.
Since 1% SDS (S-EDTA) used in purifying accessory
structures might extract some proteins from the outer dense
fibers, fibrous sheath, or the mitochondrial sheath, milder
extraction conditions were used to confirm the previous
findings. Ice-cold PBS or 1% Triton X-100 was utilized to
extract protein from sperm. As demonstrated by immunoblot-
ting, SORD was easily extracted from sperm, even with ice-
cold PBS. Almost all of the SORD could be extracted into the
supernatant with 1% Triton X-100 (see Supplemental Fig. S2).

Sord mRNA and SORD Protein Expression Up-Regulated

During Late Spermiogenesis

To examine the expression pattern of Sord mRNA in germ
cells, quantitative real-time PCR was conducted (Fig. 2A).
Sord mRNA was present in pachytene spermatocytes, round

FIG. 3. SORD is present along the entire
length of sperm flagellum, but does not
show the same distribution pattern as a-
tubulin. Indirect immunofluorescence of
sperm probed with anti-SORD antibody (A),
normal goat IgG (B), monoclonal antibody
to a-tubulin (C), and normal mouse IgG (D).
E) Merged image of A and C. F) Merged
image of B and D. G) Corresponding
Nomarski differential interference contrast
image of test group. H) Corresponding
Nomarski image of control group. Bar ¼ 10
lm.
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spermatids, and condensing spermatids. However, the level
was higher in condensing spermatids (.3-fold), compared to
pachytene spermatocytes. Expression results at the protein
level suggested that the translation of the Sord mRNA was
regulated, since SORD protein was first detected by immuno-
blotting in condensing spermatids (Fig. 2B). The finding that

the signal intensity in condensing spermatids was not as high as
was found for sperm can be largely explained because the
condensing spermatids recovered from the purification proce-
dure have lost their flagella as a result of the trypsinization step
used to disperse the seminiferous tubules into a single cell
suspension.

FIG. 4. SORD is associated with mito-
chondria and near the plasma membrane of
the sperm flagellum. Immunoelectron mi-
croscopy of cross sections of sperm (left
column) and longitudinal sections (right
column) of similar regions. A, B, E, and F
are views of the midpiece. C, D, G, and H
are sections of the principal piece. Sperm
sections in A–D were probed with normal
goat IgG. Sections in E–H were probed with
anti-SORD polyclonal antibody. Bar ¼ 0.5
lm.
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SORD Present along the Full Length of the Sperm Flagellum
in Two Subcompartments

To compare the subcellular localization of SORD with the
axoneme, which runs the full length of the sperm flagellum, we
detected SORD by immunofluorescence concurrently with a-
tubulin (Fig. 3). Although both SORD and a-tubulin were
found throughout the entire length of sperm flagellum (Fig. 3,
A and C), their respective signal intensities were distributed
differently (Fig. 3E). SORD immunofluorescence demonstrat-
ed more intense signals in the midpiece, whereas axonemal a-
tubulin showed stronger fluorescence in the distal region of the
flagellum, probably because the antibody had a greater

accessibility to the axoneme due to the absence of accessory
structures in the end piece. To clarify whether SORD is on the
membrane or in cytoplasm, sperm without methanol treatment
were probed with anti-SORD antibody. The signal was
detected along the entire length of the sperm tail (see
Supplemental Fig. S3).

To refine the subcellular localization of SORD, immuno-
electron microscopy was conducted. Normal goat IgG was
used as a control, which demonstrated that negligible numbers
of nonspecific binding gold particles mainly appeared around
the outer dense fibers in both the midpiece and principal piece
(Fig. 4, A–D). When probed with the anti-SORD antibody,
numerous gold particles were associated with mitochondria of
the midpiece (Fig. 4, E and F) and near the plasma membrane
in the principal piece of the flagellum (Fig. 4, G and H).

Sorbitol Support of Sperm Motility

Fructose has been demonstrated to be an energy source for
sperm. Since SORD is involved in fructose synthesis by the
polyol pathway, we hypothesized that SORD could support
sperm motility. However, few experiments have been done to
evaluate the role of SORD in sperm motility. Here, we applied
CASA of sperm incubated with sorbitol to determine its effect
on motility. To exclude any other energy source, PBS was
chosen as the sperm medium. The results showed that sorbitol,
as well as glucose and fructose, were able to maintain sperm
motility longer than 4 h, whereas most sperm without an added
energy source were immotile by this time point (Fig. 5A). The
motility decrease was significantly different (P , 0.05). Sperm
incubated without monosaccharide exhibited progressive motil-
ity for at least 1 h (see Fig. 6 and Supplemental Movie), but most
of the sperm were immotile after a 4-h incubation. However,
sperm incubated with sorbitol maintained substantial motility by
4 h. When ACH, a blocker of glycolytic pathway [26], was
added to the sperm cultured with 5 mM sorbitol, the sperm
motility decreased dramatically (Fig. 5B; P , 0.01). Sorbitol
and fructose can also replace glucose in sperm capacitating
medium, which showed about a 5%–10% increase of hyperac-

FIG. 5. Sorbitol helps maintain sperm motility during incubation.
Motility of sperm incubated in PBS with NaCl (control), sorbitol, fructose,
or glucose was measured by computer-assisted semen analysis (CASA) at
different time points. Three experiments were performed, and the results
were reproducible. This figure demonstrates the changes over the course
of incubation: A) The progressive sperm percentage of total sperm (n¼ 3;
*P , 0.05). B) ACH effect on sperm motility maintained by sorbitol (n¼3;
*P , 0.05, **P , 0.01).

FIG. 6. Sperm were incubated in PBS with an additional 2.5 mM NaCl
(control) or with 5 mM sorbitol added (experimental). Sperm progressive
motility patterns were measured by CASA and recorded as videos. This
image is a still from a composite video (see Supplemental Movie available
online at http://www.biolreprod.org) of the various treatments presented in
the following sequence: control at 1 h, experimental at 1 h, control at 4 h,
and experimental at 4 h.
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tive sperm percentage compared with the noncapacitating
control group. However, sperm incubated in capacitating
medium without any added monosaccharide also exhibited a
10% increase in hyperactive motility (Fig. 7B). The increase in
hyperactive motility is similar to the values reported in other
studies, although the solutions used are different [31, 32].

Sorbitol Incubation Leads to Increased Protein Tyrosine
Phosphorylation

To examine the role of sorbitol in sperm function, we
explored whether sorbitol is able to support sperm protein
tyrosine phosphorylation. One striking hallmark of the process
of sperm capacitation is an overall increase in protein tyrosine
phosphorylation compared with noncapacitated sperm. We
divided the sperm sample into three groups to see the effects
of glucose, fructose, and sorbitol (5 mM each) on sperm
capacitation. Incubation of sperm under capacitating conditions
with any one of the three monosaccharides clearly resulted in
much higher protein tyrosine phosphorylation signals than
were found for noncapacitated sperm. Moreover, among the
three capacitation groups, sperm incubated with glucose showed
a stronger signal than those with either fructose or sorbitol. In
addition, the capacitation-associated increase in protein tyrosine
phosphorylation was dependent upon the addition of monosac-
charide; as has been previously found for glucose, if we omitted
either fructose or sorbitol, the tyrosine phosphorylation signals
decreased dramatically in each case (Fig. 7A).

DISCUSSION

Sorbitol and Sperm Physiology

Although sorbitol has long been known to be present in
male and female reproductive tract fluids, a direct connection
between sorbitol and sperm function has not been established.
Our studies show that sperm were able to utilize sorbitol as an
energy source to maintain baseline motility (Figs. 5A and 6;
Supplemental Movie). Sperm incubated for 1 h in control PBS
or 5 mM sorbitol were still quite mobile. This may have been
partially due to the fact that the sperm were not centrifuged and
may have carried some epididymal energy sources along with
them to the assay. However, any energy sources emanating
from the epididymal fluid would have been equally distributed
to both the control and experimental samples. By 4 h, the
control sperm were almost all immotile, but the sperm kept in 5
mM sorbitol maintained a high level of motility.

Sperm capacitation is related to acrosomal exocytosis,
sperm hyperactive motility, protein tyrosine phosphorylation,
etc. Our results show that sorbitol increased the level of protein
tyrosine phosphorylation (Fig. 7A). Our findings suggest that
carbohydrates other than glucose may be able to fulfill the role
of an energy source for this process. Although our results show
that sorbitol could increase tyrosine phosphorylation levels
when replacing glucose in capacitating conditions, this polyol
was not able to induce as robust a tyrosine phosphorylation
response as did glucose or fructose, possibly because sorbitol
needs to be converted into fructose to enter the metabolic
pathway. On the other hand, these phenomena indicate that
mouse sperm utilize glucose more efficiently than other
monosaccharides at the same concentration (Fig. 7A). It is
likely that sperm from other species may show differential
tyrosine phosphorylation in response to various sugars or sugar
alcohols. Sorbitol can replace glucose as a component in the
medium used for sperm capacitation and lead to an increase in
protein tyrosine phosphorylation similar to that seen with
glucose. However, monosaccharides might not be important

FIG. 7. Sorbitol can substitute for glucose or fructose in capacitating
media. Sperm were incubated in noncapacitating medium (ModW with
monosaccharide), regular capacitating medium (ModW with monosac-
charide, sodium bicarbonate, 2-OH-b-CD [labeled as 2-OH-b-CD]), or
regular capacitating medium lacking monosaccharide for 1.5 h. A) Sperm
proteins were extracted, subjected to SDS-PAGE, immunoblotted, and
probed with anti-phosphotyrosine antibody. This experiment was repeated
twice with similar results. Numbers to the left of the figure represent
molecular weights of standard proteins (310�3). B) Hyperactive motility
was measured among the different groups above. Increased hyperactive
motility was normalized by subtracting baseline hyperactive motility (at
time point 0). The sperm were incubated in noncapacitating media (with
glucose [a], fructose [b], sorbitol [c]) or in capacitating medium (with no
added sugar [d], glucose [e], fructose [f], sorbitol [g]) (n ¼ 3).
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factors in the initiation and maintenance of hyperactive motility
(Fig. 7B), since a ‘‘capacitating’’ medium lacking sorbitol,
glucose, or fructose can achieve similar levels of hyperactive
motility. In particular, 2-OH-b-CD and/or NaHCO

3
could be

important factors for the observed increase in hyperactive
motility.

Sorbitol Dehydrogenase Expression and Localization

Few studies have looked at the expression and localization
of SORD in male reproductive tissues [8, 14–16]. Quantitative
RT-PCR demonstrated that Sord mRNA was present early in
spermatogenesis in the meiotic pachytene spermatocytes (Fig.
2A). However, SORD protein was first detectable in
postmeiotic haploid condensing spermatids, suggesting that a
post-transcriptional delay in protein synthesis exists (Fig. 2B).
By using in situ hybridization and immunohistochemistry of rat
and mouse testes, other groups also reported that Sord mRNA
and protein levels were found to rise over the course of germ
cell differentiation [8, 14]. One immunocytochemical study
was performed on rat sperm, showing that the entire sperm
stained evenly [8]. Our results in the mouse, however,
demonstrate that the SORD signal is found mainly in the
sperm flagellum, and that there is negligible staining in the
sperm head. This discrepancy in localization in rat and mouse
sperm might be due to a difference between species. Since
tubulin is the major protein in the axoneme, the fact that SORD
and tubulin displayed immunofluorescence signal intensity
differences along the length of the flagellum suggests that
SORD is not an axonemal protein (Fig. 3). Based on the
distribution pattern of SORD, it is also unlikely that SORD is a
part of a flagellar accessory structure, because the end piece,
which contains only the axoneme enclosed by the plasma
membrane, was also stained. SORD signal could also be
detected in the full length of sperm tail without pretreatment of
methanol (see Supplemental Fig. S3). These results suggest
that some SORD is associated with the plasma membrane. In
addition, in comparison to whole mouse sperm, the SORD
immunoblotting signal in isolated flagellar accessory structures

was not abundant. This indicates that SORD is not a
component of the accessory structures, or that it is not tightly
bound to the fibrous sheath or outer dense fibers, as is the case
with hexokinase [27] (Fig. 1). SORD was also readily extracted
by ice-cold PBS and 1% Triton X-100, which further supports
our conclusion that SORD is not associated with flagellar
accessory structures (Supplemental Fig. S2). Utilizing immu-
noelectron microscopy, we found SORD signals near the
plasma membrane and also in association with mitochondria
(Fig. 4, E and G). We also observed that the gold particles were
not randomly distributed, nor were they detected in the
negative control, demonstrating that the gold particles were
binding specifically to the mitochondria.

A vesicle called epididymosome [33, 34], secreted by the
epididymal epithelium in an apocrine manner, has been shown
to be a carrier of SORD by immunoblotting [15]. Furthermore,
epididymosomes transfer proteins, such as p25b, from the
epididymal fluid to the sperm surface [35]. Thus, it is likely
that SORD may also be transferred to the sperm surface. As a
result, SORD in sperm could be derived from two sources: the
progenitor germ cell or an exogenous source, such as the
epididymal epithelium.

Sorbitol Metabolic Pathway in Sperm

Sorbitol, unlike glucose and fructose, is a linear molecule,
which makes it difficult to penetrate eukaryotic cell plasma
membranes [36]. With SORD near the sperm plasma
membrane, the enzyme will be able to convert sorbitol into
fructose [37]. The glucose transporter isoform, glucose
transporter 5, officially known as SLC2A5, has been shown
to function also as a fructose transporter, and has been
localized to the plasma membrane of mature spermatozoa,
including the entire sperm flagellum [38]. As a consequence,
the transporter could move sorbitol-derived fructose into
sperm, which could then be used as an energy source for
glycolysis and oxidative phosphorylation. In addition, there
have been several reports showing, by radiochemical methods,
that sperm can take up fructose [39, 40]. Another possibility is

FIG. 8. Sorbitol can act as an alterative
energy source for sperm motility and signal
transduction in proposed metabolic pathway.
ACH blocks glyceraldehyde 3-phosphate
dehydrogenase. DAP, dihydroxyacetone
phosphate; F-1-P, fructose 1-phosphate; F-6-
P, fructose6-phosphate;GAP, glyceraldehyde
3-phosphate; GLUT, glucose transporter; HK,
hexokinase; PFK, phosphofructokinase; PGI,
phosphoglucose isomerase; SORD, sorbitol
dehydrogenase; TCA, citric acid cycle; TK,
triokinase.
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that sorbitol could be transported into the sperm by a specific
transporter. This kind of transporter has been cloned from
bacteria, and other studies have indicated that there is a sorbitol
transport system in renal interstitial cells [41, 42]. Inside sperm,
fructose can be converted to fructose 1-phosphate by
hexokinase to enter the glycolytic pathway. In addition, most
enzymes in fructose metabolism have also been reported to be
present in the mammalian sperm flagellum, indicating that
fructose metabolic pathways may be operative [43–48] (Fig. 8).
By these paths, SORD could promote the use of sorbitol as an
alternative energy source. The ability of sorbitol to support
sperm motility is blocked by ACH, indicating that sorbitol
produces energy through the glycolytic pathway (Fig. 5B).

Future Directions

Many aspects of the functional significance of sorbitol and
SORD in sperm remain unclear. The role of sorbitol in
acrosomal exocytosis, as well as sperm-egg interactions, must
still be determined. Although SORD-deficient mice do not
demonstrate a significant fertilization defect [49], compensa-
tion for the missing SORD activity at the enzyme level or the
reduced sugar level in the reproductive tract have not been
determined. In addition, complete blockage of the SORD
enzymatic reaction might also help reveal the role of SORD in
sperm physiology.
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