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Abstract

Epalrestat, an aldose reductase inhibitor (ARI), was adopted to improve the function of peripheral nerves in diabetic patients.
The aim of this study was to investigate whether epalrestat could restore the erectile function of diabetic erectile dysfunction
using a rat model. From June 2016, 24 rats were given streptozocin (STZ) to induce the diabetic rat model, and epalrestat
was administered to ten diabetic erectile dysfunction (DED) rats. Intracavernous pressure (ICP) and mean systemic arterial
pressure (MAP), levels of aldose reductase (AR), nerve growth factor (NGF), neuronal nitric oxide synthase (nNOS), a-
smooth muscle antigen (a-SMA), and von Willebrand factor (vWF) in the corpus cavernosum were analyzed. We discovered
that epalrestat acted on cavernous tissue and partly restored erectile function. NGF and nNOS levels in the corpora were
increased after treatment with epalrestat. We also found that the content of a-SMA-positive smooth muscle cells and vWEF-
positive endothelial cells in the corpora cavernosum were declined. Accordingly, epalrestat might improve erectile function
by increasing the upregulation of NGF and nNOS to restore the function of the dorsal nerve of the penis.

Introduction

Erectile dysfunction (ED) refers to the inability to ade-
quately attain and/or maintain penile erection to allow
satisfying sexual intercourse [1], and it is a common com-
plication of diabetes mellitus. The incidence of ED in male
patients with diabetes is about three times higher than that
in nondiabetic men [2].

In the development of diabetic complications, the
increasing of the polyol pathway plays an important role in
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which sorbitol is accumulated in diabetic neuropathic
nerves. Subsequent depletion of myoinositol reduces Na/K-
ATPase activity and causes diabetic neuropathy [3]. The
degree of sorbitol accumulation has been shown to be sig-
nificantly linked to the severity of diabetic neuropathy [4].
Epalrestat is one of the inhibitors of aldose reductase (AR),
the rate-limiting enzyme of the polyol pathway [5, 6], and
was approved for use in the clinic in Japan to improve the
functional decrease of peripheral nerves and to increase the
number and diameter of nerve fibers [7, 8]. Studies have
shown that epalrestat could upregulate the level of nerve
growth factor (NGF) in sciatic nerve tissue [9] and improve
diabetic wound healing by upregulating NGF in diabetic
rats [10]. Interestingly, our previous studies have demon-
strated that NGF expression was upregulated in the corpus
cavernosum of diabetic erectile dysfunction (DED) rats
compared with control rats [11] and that exogenous NGF
could partly restore the erectile function of DED rats [12].
Recently, Wu et al. also found that NGF treatment could
improve diabetes-induced ED through upregulating the
expression of key enzymes in testosterone biosynthesis
[13]. In addition, a study indicated that in AR knockout
mice, neuronal nitric oxide synthase (nNOS) was upregu-
lated [14], while nNOS is an important enzyme involved in
the production of nitric oxide (NO) [15]. Any alteration in
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the formation of NO from the nerve terminals or the vas-
cular endothelium may influence the corporal smooth
muscle relaxation and subsequently reduce the blood flow
into corpus cavernosum, finally resulting in erectile dys-
function [16]. Thus, epalrestat showed a potential for
treating DED. This study aimed to investigate if epalrestat
can improve erectile function in DED rats and to uncover
the possible mechanism of this while focusing on the effect
on NGF and nNOS in the rat penis.

Materials and methods
Animals and treatments

All the experimental protocols were approved by the Insti-
tutional Animal Care Committee of Drum Tower Hospital.
Thirty 12-week-old male Sprague-Dawley rats (250-300 g)
were purchased from Shanghai Slac Laboratory Animal Co.
Ltd. (Shanghai, China) in June 2016. All rats were maintained
in animal-feeding room with a 12-h light-dark cycle at 25 °C
and were provided sufficient food and water. Twenty-four rats
were given intraperitoneal injection of freshly prepared STZ
(65 mg/kg) for type-I diabetic model. Six rats were given
vehicle only (0.1 mol/ citrate/phosphate buffer, pH 4.5) as a
control group. Blood glucose was measured 72 h after strep-
tozocin (STZ)/vehicle injection and those with high serum
glucose levels (>16.6 mmol/l or 300 mg/dL) were included in
this study. Twenty rats with high glucose level were randomly
divided into an experimental group (n=10), given intra-
gastric epalrestat daily (100 mg/kg/day; Yangtze River Phar-
maceutical Group, China) and an untreated DED group (n =
10), given intra-gastric normal saline daily at 8:00 am. The
level of blood glucose and body weight were measured reg-
ularly during the process of study. All rats were maintained
for 8 weeks, except for two rats in the DED group and one rat
in the epalrestat-treated group died before the end of the
study.

Erectile function assessment and tissue collection

To assess erectile function of rats, the intracarvernous
pressure (ICP) and the ratio of the ICP/ mean systemic
arterial pressure (MAP) were measured. The evaluation of
penile erection with ICP was described by Chen et al. since
the year of 1992 [17]. Briefly, under chloral hydrate (0.3 ml/
kg) anesthesia, the cavernous nerves were exposed via
midline laparotomy. The corpus cavernosum was cannulated
with a heparinized (200 U/mL) 25-G needle connected to
RM6240B/C multichannel bio-signal collection processing
system (Chengdu Implement Company, Chengdu, China).
Stimulations were performed at 5V for approximately 60 s
with resting periods of 5min between subsequent
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stimulations. The maximum increase of ICP of three stimuli
per side was selected for statistical analysis in each animal.
ICP was normalized to MAP, which was recorded using a
25-G needle inserted into the aortic bifurcation. After the
ICP/MAP assessment, rats were euthanized by an overdose
of chloral hydrate and thus the penises were collected. Part
of the proximal penis was stored in 4% paraformaldehyde;
the remains were stored at —80 °C.

Western blot

Western blotting was conducted to assess the protein
expression of AR, NGF, and nNOS in the penis. The penile
tissue that had been stored at —80 °C was powdered and lysed
in radioimmunoprecipitation assay buffer (phosphate-buffered
solution (PBS), 1% NP-40, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, and protease
inhibitors). The samples were then homogenized on ice for
10 min and centrifuged at 12,000xg for 15 min at 4 °C. The
supernatants were collected and stored at —80 °C. Equal
amounts of proteins were electrophoresed on 10% sodium
dodecyl sulfate—polyacrylamide gels (SDS-PAGE) and then
transferred to a nitrocellulose membrane. The membrane was
blocked in Blotto-Tween (10 mmol/L Tris—HCl (pH 8.0), 150
mmol/L NaCl, 5% nonfat dry milk, and 0.05% Tween-20)
overnight at 4 °C. The membrane was then incubated with
antibodies targeted against AR (Santa Cruz Biotechnology
Inc., USA; 1:500), NGF (Santa Cruz Biotechnology Inc.,
USA; 1:200), and nNOS (Santa Cruz Biotechnology Inc.,
USA; 1:200) at room temperature for 4 h and then for 1 h at
room temperature with goat anti-rabbit (Proteintech Group
Inc., USA; 1:2000) secondary antibodies. Detection was
performed using enhanced chemiluminescence (ASPEN,
Wuhan, China) followed by autoradiography. The densito-
metric results were quantified using Image-Pro Plus 6.0 soft-
ware (Media Cybernetics, Inc., Bethesda, MD, USA).

Immunohistochemistry of a-smooth muscle antigen
(aSMA), von Willebrand factor (vWF), and nNOS

For immunohistochemistry, the tissue was fixed in 4%
paraformaldehyde overnight. Following deparaffinization
and rehydration, sections (5 mm) were rinsed for 6 min
using PBS. Endogenous peroxidase activity was quenched
using 0.3% H,0, for 10 min. After 6 min of washing with
PBS, the tissue was blocked using 3% bovine serum albu-
min (BSA) for 30 min and then incubated with anti-nNOS
(Santa Cruz Biotechnology Inc., USA; 1:100), anti-a-
smooth muscle antigen (Abcam Inc., Hong Kong, China;
1:400), or anti-vWF (Abcam Inc., Hong Kong, China,
1:800) at 4 °C overnight. Sections were then incubated with
goat anti-rabbit secondary antibodies (Dako, Glostrup,
Denmark; 1:100) for 2h at room temperature and then
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Table 1 Body weight and blood

glucose change in control and Control group DED group Epalrestat-treated group P value

diabetic rats (mean + SD) Initial weight (g) 27117 11.25 27120+ 15.88 270.10+8.73 0.977
Final weight (g) 425.33 £18.52 249.62 +£19.63* 267.33 £19.54* <0.001
Initial BG (mol/dl) 6.22+0.32 19.51+1.71* 19.52 £2.19% <0.001
Final BG (mol/d]) 6.15+0.52 20.34 £ 1.98* 19.80 £ 2.45%* <0.001

One-way ANOVA followed by the LSD test for post hoc comparisons was used to compare the weight and
blood glucose among three groups. Independent Student’s t-test was used to compare the initial and final
weight and blood glucose of each group

BG, blood glucose, DED, diabetic erectile dysfunction

*P < 0.01 compared with the control group

#P < 0.01 compared with the diabetic group

counterstained with hematoxylin. Sections incubated with-
out primary antibodies were used as negative controls.
Images were captured using a Nikon microscope with a
Spot RT color digital camera and digital histomorphometric
analysis was performed using Image-Pro Plus 6.0 software.

Statistical analysis

All data were presented as the mean + standard deviation.
Independent Student’s #-test was used to compare the initial
and final weight and blood glucose, and one-way ANOVA
followed by the LSD test for post hoc comparisons was
used to compare the results among three groups. All sta-
tistical analyses were carried out with SPSS 24.0 software
(SPSS Inc., Chicago, IL, USA). P<0.05 was considered
statistically significant.

Results
Basic characteristics of rats

The blood glucose levels and body weights are listed in
Table 1. After 8 weeks, the body weight of rats in the DED
group was decreased (P < 0.001) and the blood glucose was
significantly increased when compared with the controls (P
< 0.001). The body weight and blood glucose of epalrestat-
treated rats were not improved after 8-week epalrestat
treating (P = 0.690 and 0.796, respectively), and both had
no difference with those of the diabetic rats (P =0.074 and
0.579, respectively).

Effect of epalrestat on erectile function of diabetic
rats

The ICP/MAP ratio is demonstrated in Fig. 1. When com-
pared with the ratio of normal rats (Fig. 1a), the mean ICP/
MAP ratio of untreated diabetic rats (Fig. 1b) had dropped
significantly (P <0.001). After the treatment of epalrestat
for 8 weeks, the mean ICP/MAP ratio had increased when

compared with that of diabetic rats (P =0.036) (Fig. Ic).
Epalrestat partially restored the reduction of erectile func-
tion but did not bring it back to normal level.

Protein levels of AR, NGF, and nNOS in the
cavernous tissue and dorsal nerve

Western blot was performed to assess the expression of AR,
NGF, and nNOS (Fig. 2). The level of AR protein increased
in the untreated diabetic rats when compared with that in
normal rats (P <0.001), but the levels of NGF and nNOS
were decreased (P =0.001). After 8 weeks of epalrestat
treatment, the AR level was decreased (P <0.001), while
the NGF and nNOS levels were increased in epalrestat-
treated diabetic group compared with that in the untreated
diabetic rats (both P <0.001).

Expression of nNOS in the dorsal nerve

Immunohistochemical staining was performed to assess
nNOS expression in nerve fibers (Fig. 3). The expression of
nNOS was significantly greater in the epalrestat-treated
group than in the untreated diabetic rats (P =0.012), but
still less than the control group (P < 0.001).

The effect of epalrestat on the smooth muscle
content of the cavernosum

The smooth muscle content (as indicated by a-SMA) was
significantly dropped in untreated diabetic rats (Fig. 4b)
compared to that in controls (Fig. 4a; P<0.001). After
8 weeks of epalrestat treatment, the smooth muscle content
increased when compared to untreated diabetic rats (P <
0.001) (Fig. 4c).

The effect of epalrestat on the endothelium content
of the cavernosum

The level of vWF was significantly reduced in the DED
group when compared with the control group (P <0.001).
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Fig. 1 Erectile function evaluation of control rats, diabetic rats, and
diabetic rats treated with epalrestat. Intracavernous pressure (ICP) and
peak intracavernous pressure/mean system arterial pressure (ICP/
MAP). a Control group. b Diabetic ED group. ¢ Epalrestat-treated

After 8 weeks of epalrestat administration, the endothelium
content was increased significantly compared to that of the
untreated DED group (P = 0.005) (Fig. 5).

Discussion

This study showed that treatment with epalrestat restored
ED in STZ-induced diabetic rat. Epalrestat partly restored
ICP and increased the ICP/MAP ratio. Two markers, a-
SMA and vWF, were used to indicate the content of smooth
muscle and endothelium, which played important roles in
the erectile function and were usually impaired in DED
[18]. a-SMA has been shown to be an excellent molecular
marker of smooth muscle cell phenotype [19] and vWF is
regarded as a more conventional marker of endothelial cell
activation in various diseases affecting the vascular system
[20]. The content of a-SMA-positive smooth muscle cells
and vWF-positive endothelial cells in the corpora caver-
nosum was decreased in DED rats, which coincided with
previous studies [21, 22], and was partly restored after
treatment with epalrestat.
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DED is a common diabetic complication and is caused by
multiple pathogenic mechanisms, including neural, vascular,
endocrine, and metabolic factors [18]. In the diabetic condi-
tion, a high concentration of advanced glycosylation end
products and free oxygen radicals produced by long periods of
high serum glucose lead to the impairment of smooth muscle
cells and endothelial cells in the penile cavernosum [23].
Studies have suggested that increased polyol pathway activity
resulted in metabolic imbalances which may contribute to the
long-term microvascular diabetic complications [24-26]. In
hyperglycemic conditions, more than 30% of glucose is
metabolized by the polyol pathway, in which increased aldose
reductase activity results in the accumulation of sorbitol.
Epalrestat is the most frequently used aldose reductase inhi-
bitor for humans at present. Studies have indicated that epal-
restat acts in the sciatic nerve, erythrocytes, and ocular tissue
in animals and in erythrocytes in humans [9, 27-29]. After
treatment with epalrestat, the level of AR in penile caverno-
sum in the Epal-treated group increased compared with the
DED group, suggesting that epalrestat also acted in penis.

NGF, one of the most researched neurotrophins, is an
important factor in the process of repair and regeneration of



Epalrestat, an Aldose Reductase Inhibitor, Restores Erectile Function in Streptozocin-induced Diabetic. .. 101

Fig. 2 a The protein level of a
AR, NGF, nNOS in the penile
tissue. b The AR protein level
was increased in the diabetic
group and decreased in the
epalrestat-treated group. ¢, d
The NGF and nNOS protein
levels were decreased in the
diabetic controls compared with
that in the normal control and
increased by epalrestat
treatment. *P < 0.01 compared
to the control group; *P <0.05
compared to the diabetic group.
DED diabetic group, Epal
epalrestat-treated group
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injured nerves [30, 31]. A study has shown that NGF in
combination with reconstitutive cavernous nerve guides
could enhance erectile responses in rats [32]. In this study,
the level of NGF in rats treated with epalrestat was further
increased compared to that of the DED group, indicating
that epalrestat could induce the expression of more NGF in
the penile dorsal nerve of the diabetic rat, which was in
accordance with Ohi’s [9] and Nakagaki’s [10] results. The
possible mechanism underlying the upregulating effect of
epalrestat on NGF may be the prevention of the over-
consumption of NADPH in the polyol pathway. In hyper-
glycemic conditions, NADPH is overused through
accelerated flux in the polyol pathway and secondarily
decreases the NADPH ratio in the pentose phosphate
pathway, which subsequently decreases GSH, consequently
leading to the reduction of NGF expression [33].

NOS plays an important role in maintaining erectile
function [15]. NO released within the corpora cavernosa
leads to the relaxation of the smooth muscle, initiating the
hemodynamic changes of penile cavernosum, and con-
tributing to the maintenance of tumescence [34]. The
specific NOS inhibitor L-NAME completely blocked the
salutary effects of a potent ARI on nerve conduction
velocities in STZ-rats, without affecting the accumulation
of sorbitol [3]. In this study, the expression of nNOS in
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the dorsal nerve of the penis was higher after treatment
with epalrestat than in DED rats, suggesting that epalrestat
increased the level of nNOS and facilitated the regenera-
tion of the nNOS-containing nerve fibers in the rat penile
dorsal nerve, which has never been reported before.

We also found that epalrestat increased the smooth muscle
content and the endothelium content in the cavernosum. Gu
et al. [35] demonstrated that epalrestat could reverse vascular
remodeling, perhaps through the inhibition of the Ang II-
induced signal pathway or AR-involved oxidative stress.
Epalrestat has also been reported to show a therapeutic effect
on macroangiopathy through inhibiting PKC activity and
oxidative stress. Thus, the effect of epalrestat on vascular
mechanisms and oxidative stress needs to be explored further.

Some limitations exist in this study. The diabetic rats were
induced with STZ, representing type-I diabetes mellitus. As
we focused on the neural effect of epalrestat, further studies
on the vascular effect and the effects on oxidative stress under
different glucose levels are recommended. As this study was
carried out in vivo, further study on cells in vitro may offer
more evidence on the therapeutic effect of epalrestat.
Although epalrestat was generally safe in clinical trials
[36-38], the effective dose on erectile function and the way to
combinate with other drugs treating ED is still to be explored,
both in rodents and in humans.
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Fig. 3 Evaluation of nNOS
expression in the nerve fibers of
the dorsal nerve. a Control
group. b Diabetic ED group.

¢ Epalrestat-treated group.

d Statistical chart of the nNOS
mean density among groups.
The arrows indicate the nerve
fibers expressing nNOS. *P <
0.01 compared to the control
group; *P <0.05 compared to
the diabetic group. DED diabetic
group, Epal epalrestat-treated
group. Scale bars = 10 um

Fig. 4 Immunohistochemical
staining of a-SMA. a Control
group. b Diabetic ED group.

¢ Epalrestat-treated group.

d Statistical chart of the a-SMA
density among groups; the
arrows indicate the smooth
muscle of cavernosum
expressing a-SMA. *P <0.01
compared to the normal control
group; P <0.05 compared to
the diabetic group. DED diabetic
group, Epal epalrestat-treated
group. a-SMA a-smooth muscle
actin. Scale bars = 100 pm
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shows promise in the treatment of DED, perhaps through
the upregulation of NGF and the recovery of nNOS

Epalrestat is an AR inhibitor used in humans to improve the  expression in the dorsal nerve. Though only tested in animal
declined function of peripheral nerves and increase the  experiments and with the vascular and oxidative stress
number and diameter of nerve fibers of diabetic patients. It  effects still to be verified, our results suggested a new kind
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of drug to treat DED. Further studies are recommended for
the restoration of erectile function in DED patients. 3
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