
PURPOSE

Lifestyle changes and advancements in medicine have greatly

improved the health and longevity those with diabetes. A

Korean study reported that 9.7% of the Korean population had

diabetes in 2000.
1
Diabetes and urologic complications, such as

bladder dysfunction, sexual and erectile dysfunction, and
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Purpose: To evaluate whether alpha-lipoic acid (ALA) is effective at
restoring the levels of nitric oxide synthase (NOS) expression and pre-
venting ultrastructural changes in the bladder of rats with streptozotocin-
induced diabetes.
Materials and Methods: Nine-week-old male Sprague-Dawley rats were
used. The experimental groups included a control group (n=6), a diabetes
group (n=6), and two groups of diabetic rats treated with intraperitoneal
injections of ALA (n=12) at either 50 (ALA50) or 100mg/kg/day (ALA100)
for 8 weeks after the induction of diabetes. Diabetic oxidative stress was
determined based on evaluation of immunohistochemical staining for
8-hydroxy-2-deoxyguanosine (8-OHdG). The measurements of the levels
of eNOS and nNOS expressions, as well as an assessment of the ultra-
structural changes in detrusor smooth muscle cells were performed.
Results: The highest expression of 8-OHdG was observed in the diabetes
group; whereas, the 8-OHdG expression in the ALA-treated groups was
similar to that in the control group. Both eNOS and nNOS were con-
stitutively expressed in the control group. The expression levels of both
eNOS and nNOS proteins were higher in the diabetes group, which had
experienced increased oxidative stress, than in the ALA50 and ALA100
groups. Compared with the control group, the diabetes group exhibited
severe degeneration of the detrusor muscle cells. In the rats treated with
ALA, the detrusor muscle cells showed mild to moderate degeneration.
The mean numbers of mitochondria per smooth muscle cell in the control,
diabetes, ALA50 and ALA100 groups were 12.6±1.5, 5.1±0.7, 18.3±0.7
and 19.3±1.3, respectively (p＜0.01).
Conclusions: Our data suggest that diabetes enhanced the levels of eNOS
and nNOS expressions in the bladder, and ALA inhibited the expressions
of eNOS and nNOS. ALA had a protective effect against the degeneration
of intracellular micro-organelles produced by diabetic oxidative damage
in detrusor muscle cells. This study suggests that early treatment with
ALA can reduce the damage caused by diabetic oxidative stress. (Korean
J Urol 2007;48:212-218)
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urinary tract infections, are common health problems that

markedly increase in prevalence and incidence with advancing

age. Although greater than 50% of patients with diabetes may

have bladder dysfunction,
2
the cause of bladder dysfunction in

diabetic patients is not clear.

One of the most important consequences of glucose toxicity

in tissues susceptible to diabetic complications is enhanced

oxidative stress-induced production of reactive oxygen species

(ROS) combined with a down-regulation or insufficient up-re-

gulation of antioxidant defense mechanisms.
3
An imbalance

between the production and scavenging of free radicals is

primarily responsible for the cell and tissue damage associated

with diabetes mellitus.

Alpha-lipoic acid (ALA), a disulfide compound found natu-

rally in mitochondria, is the coenzyme for pyruvate dehy-

drogenase and a-ketoglutarate dehydrogenase. ALA has recently

gained attention as a potent antioxidant, and its reduced form,

dihydrolipoic acid (DHLA), reacts with ROS such as super-

oxide radicals, hydroxyl radicals, hypochlorous acid, peroxyl

radicals, and singlet oxygen.
4
Prolonged ALA supplementation

of streptozotocin (STZ)-induced diabetic rats was associated

with an attenuation of hyperglycemia, and ALA has been used

as a therapy for diabetic neuropathy.
5,6

The present study further examined the antioxidative effects

of ALA and determined its effects on rats with 8 weeks of

uncontrolled type I diabetes. The marker of oxidative stress was

8-hydroxy-2'-deoxyguanosine (8-OHdG) immunoreactivity. Ni-

tric oxide synthase (NOS) expression levels, and ultrastructural

changes in bladder cells were examed.

MATERIALS AND METHODS

All animal procedures were approved by the Inje University

Ethics Committee for Animal Experiments. The study was per-

formed using male Sprague-Dawley rats weighing 200-230g

(Orient Co., Korea). Diabetes was induced by a single injection

of STZ (Sigma Co., USA) at a dose of 60mg/kg body weight.

Blood samples for glucose measurements were taken from the

tail vein.

Rats with blood glucose=300mg/dl were considered to be

diabetic in 72h after STZ injection. The experimental groups

included a control group (n=6, control), a diabetes group (n=6,

diabetes), and two groups of diabetic rats treated with intra-

peritoneal injection of ALA (Thioctacid injection, Bukwang

Pharmaceutical Co., Korea) at either 50 (n=6, ALA50) or 100

mg/kg/day (n=6, ALA100) for 8 weeks after the induction of

diabetes.

The rats were sedated with ether and killed by cervical dislo-

cation. After dissection of the bladder from the pelvic cavity,

the bladder tissue was fixed overnight in 4% paraformaldehyde,

washed in phosphate-buffered saline (PBS), and frozen in liquid

nitrogen.

1. Western blot assay

Frozen bladder tissue samples were homogenized in lysis

buffer (50mM Tris-HCl, 150mM NaCl, 5mM EDTA, 1% NP-

40, 1g/ml aprotinin). The lysate was incubated on ice for 10

min and centrifuged at 12,000rpm for 10 min at 4
o
C. The

supernatant was collected, and the protein concentration was

determined using Bradford reagent (Bio-Rad Laboratories, Her-

cules, USA). Lysate samples (50ug protein) were mixed with

5 SDS gel loading buffer and boiled for 5 min at 100
o
C. The

proteins were separated by SDS-PAGE and transferred to a

polyvinylidene-difluoride (PVDF) membrane. The membranes

were blocked with 5% nonfat milk in Tris-buffered saline

containing 0.1% Tween-20 (TBST) for 1 h at room temperature.

The membranes were washed three times in TBST for 10 min

each and then incubated overnight at 4
o
C with rabbit polyclonal

anti-NOS1,3 (SC-8309, 8311, Santa Cruz Biotechnology, USA)

diluted 1:1,000 in TBST. The membranes were washed three

times in TBST for 10 min each and then incubated with

horseradish peroxidase (HRP)-conjugated secondary antibody

(1:500) in 5% nonfat milk in TBST at room temperature for

1 h. After the membranes were washed three times in TBST

for 10 min, the target protein was visualized using an electro-

chemiluminescence system (Amersham International PLC, USA),

and the protein band intensity was quantified by densitometry.

2. Immunohistochemical staining

Tissue specimens were embedded in optimal cutting temper-

ature (OCT) compound and snap-frozen in pre-cooled (-70
o
C)

isopentane. Five micrometer slices were taken from the frozen

blocks and applied to histology slides for immunohisto-

chemistry. The frozen sections were fixed in cold 4% PFA

(4
o
C) for 10 min. Each section was then immersed in a primary

antibody solution containing anti-8-OHdG monoclonal antibody

(Trevigen, USA) diluted 1:200 and incubated overnight at 4
o
C.

The sections were washed three times in TBST for 10 min;
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reacted with biotinylated rabbit anti-goat IgG (PK-6102, Vector

Laboratories, USA) as a secondary antibody; washed three

times in TBST for 10 min; treated with avidin-biotin complex

(ABC) (Vector Laboratories, USA) for 30 min, and stained with

DAB substrate. The sections were counterstained with hema-

toxylin, and the slides were dehydrated and mounted with Per-

mount. The slides were examined by light microscopy (Olym-

pus model CX31-P polarizing microscope, Olympus, Japan),

and images were captured using an Optronics video system

(Olympus, Japan) attached to the microscope.

The positive staining was quantitatively evaluated by

manually counting the cells at a magnification of 400 using a

10x10 grid in the eyepiece. At least 400 cells in four different

fields were counted. The mean percent immunoreactivity was

determined from the number of positively stained cells divided

by the total number of cells.
7

3. Tissue processing for transmission electron microscopy

The bladder was cut into small pieces (approximately 1mm
3
),

and the pieces were fixed in 2.5% glutaraldehyde, post-fixed

in 1% osmium tetroxide in 0.1M phosphate buffer, dehydrated

in a graded series of ethanol, and embedded in polar Epon mix.

Serial semi-thin sections were cut to approximately 0.5 micro-

meter, stained with 0.5% toluidine blue, and observed under

light microscopy. Ultrathin sections were cut, stained with

uranyl acetate and lead citrate, and examined using a JEM-

1200EXII transmission electron microscope (JEOL Ltd., Japan)

operated at 100kv, 61A. The examination, photography, and

initial diagnosis of all biopsy specimens were performed by the

primary examiner. The ultrastructure of muscle cells, especially

those with degenerative changes, was examined, documented

photographically, and compared by counting the number of

mitochondria in five muscle cells per slide.

4. Statistical analysis

The results are given as means±SEM. Data were compared

using the original non-parametric Mann-Whitney U tests. A

value of p＜0.05 was considered statistically significant.

RESULTS

1. Effects of ALA on blood glucose and body weight

Table 1 shows the initial and final mean body weights and

blood glucose levels in the four groups. The blood glucose

concentration was higher in the diabetic rats than in the control

rats and was affected dose-dependently by ALA treatment. The

final body weight was significantly lower in the diabetic and

ALA-treated rats than in the rats. The final body weight was

lower in the ALA-treated groups than in the untreated diabetes

group, but the difference was not significant.

2. Identification of oxidative damage: 8-OHdG expres-

sion

The quantitative evaluation of 8-OHdG expression based on

immunoreactivity is shown in Fig. 1. Immunoreactivity of

8-OHdG was observed in 36.2±4.1, 73.7±4.1, 50.2±4.8, and

35.0±6.4% of bladder cells in the control, diabetes, ALA50,

and ALA100 groups, respectively. The immunoreactivity pat-

tern and distribution of 8-OHdG expression in bladder tissue

sections is shown in Fig. 2. The 8-OHdG-positive cells were

localized in the urothelium and smooth muscle cells.

Table 1. Body weights and blood glucose levels

Groups Control (n=6) Diabetes (n=6) ALA50 (n=6) ALA100 (n=6)

Serum glucose (mg/dl)

Starting 123.8±2.6 127.3±5.8 115.4±1.1 124.0±4.2

Final 119.4±8.8 528.0±20.6* 449.2±46.6* 381.4±19.4*
†

Body weight (g)

Starting 214.2±1.7 214.9±3.2 220.4±2.6 212.3±1.2

Final 519.6±9.2 294.6±12.0
‡

276.2±27.9
‡

270.0±16.5
‡

Data are expressed as mean±SEM. *the blood glucose level was significantly increased in the diabetes, ALA50, and ALA100 groups

compared with the control group (p＜0.05),
†
the blood glucose level was higher in the ALA50 group than in the ALA100 group (p＜0.05),

‡
the body weight was significantly decreased in the diabetes, ALA50, and ALA100 groups compared with the control group (p＜0.05).

ALA: alpha-lipoic acid
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3. Expression of eNOS and nNOS protein

As shown in Fig. 3, eNOS (Fig. 3A, B) and nNOS (Fig. 3A,

C) were constitutively expressed in all the bladder tissues. The

expression of both eNOS and nNOS was higher in the diabetes

group than in the control, ALA50, and ALA100 groups (p＜

0.05). The expression of nNOS was decreased significantly and

dose-dependently by ALA treatment (p＜0.05).

4. Ultrastructure of bladder smooth muscle cells

As shown in Fig. 4, in the smooth muscle cells of the control

rats, the nucleus was capped on one side by smooth endo-

plasmic reticulum and mitochondria, the sarcoplasm was

packed with myofilaments and had evenly distributed dense

bodies and scattered mitochondria. In contrast, the detrusor

muscle cells of the diabetic rats showed severe degeneration,

including disruption of the dense bodies, vacuolation of the

sarcoplasm, irregular clumping of chromatin, and loss of

Fig. 1. The expressions of 8-hydroxy-2'-deoxyguanosine in the

urothelium and muscle cells of the bladder. Data are given as the

means and SEM for the percentage of cells showing 8-hydroxy

2'-deoxyguanosine immunoreactivity. *p＜0.01,
†
p=0.078. ALA50:

diabetic rats treated with alpha-lipoic acid at 50mg/kg/day, ALA100:

diabetic rats treated with alpha-lipoic acid at 100mg/kg/day. ALA:

alpha-lipoic acid.

Fig. 2. Immunostaining of 8-hydroxy-2'-deoxyguanosine (8-OHdG) in the bladder. The black arrows indicate the nuclei of the urothelium

and smooth muscle cells expressing immunoreactive 8-OHdG. The arrowheads indicate negative findings for 8-OHdG. A: control, B:

diabetes, C: ALA50, D: ALA100 groups (x200). ALA: alpha-lipoic acid.
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electron-dense bands. In the diabetic rats treated with ALA, the

detrusor muscle cells showed mild to moderate degeneration,

exhibiting misaligned, irregularly scattered dense bodies, and

the appearance of highly electron-dense patches in the sarco-

plasm. The mean numbers of mitochondria per smooth muscle

cell in the control, diabetes, ALA50, and ALA100 groups were

12.6±1.5, 5.1±0.7, 18.3±0.7, and 19.3±1.3, respectively (p

＜0.01).

DISCUSSION

In this study, prolonged supplementation of STZ-diabetic rats

with ALA affected hyperglycemia, NOS expression, and blad-

der smooth muscle cell ultrastructure.

Although ALA treatment reduced hyperglycemia, it had no

effect on body weight. Variable results have been reported for

the effect of ALA on hyperglycemia. Some studies have de-

monstrated a hyperglycemic-reducing effect of ALA in STZ-

diabetic rats, others have shown no reduction in hypergly-

cemia.
8,9
In a study by Maritim, ALA was used at only 10 or

50mg/kg/day for 14 days. A dosage of 600mg/day in human

is roughly 10mg/kg body weight, that is similar to the dose

used in rats. Many studies have assessed different doses of

ALA, ranging from 10-100mg/kg body weight for their ex-

periments. Therefore, two dosage of ALA (50 and 100mg/kg

body weight) were chosen for our experiments.
8-10

Our study showed a reduction in hyperglycemia, and we

suggest that this effect may be both dose and time dependent.

ALA was shown to lower elevated glucose levels in animal

Fig. 3. The expressions of eNOS and nNOS proteins. A: Western

blot analyses of eNOS and nNOS protein expression levels, B, C:

quantification of data, corrected for beta-actin, in each sample. *:

p＜0.05. eNOS: endothelial nitric oxide synthase, nNOS: neuronal

nitric oxide synthase.

Fig. 4. Cylindrical profiles of longitudinally sectioned detrusor smooth muscle cells. The black arrows indicate dense bodies, and open

arrows electron-dense bands. The asterisk indicates vacuolation. Many mitochondria are seen in the smooth muscle cells of the control

(A), whereas few are seen in the diabetes group (B), ALA treatment restored the number of mitochondria in the smooth muscle cells

(C, D). A: control, B: diabetes, C: ALA50, D: ALA100 groups (final magnification, x4,000). ALA: alpha-lipoic acid.
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models. ALA dose not protect pancreatic β-cells, affect insulin

secretion. ALA increases glucose uptake in skeletal muscle and

adipocytes, which was associated with a significant enhance-

ment of glycogen synthesis or inhibits of gluconeogenesis from

alanine and pyruvate.
11,12

One consequence of diabetes that is associated with glucose

toxicity is mediated through the oxidative stress that results

from increased production of ROS. In living cells, ROS are

continuously formed as a consequence of metabolic reactions.

Under normal physiological conditions, endogenous oxidants

and antioxidants are balanced. Excessive generation of oxidants

or decreased production of antioxidants can produce an im-

balance and can result in oxidative stress.

In the past, indicators of lipid peroxidation, such as

malondialdehyde, oxidized LDL, and MDA-modified LDL,

have been used as markers of oxidative stress. In recent years,

8-OHdG has emerged as a marker of oxidative stress in

diabetes.
13,14
The strong immunoreactivity of 8-OHdG in the

urothelium and smooth muscle cells of diabetic rats in the

present study demonstrated that diabetes-induced oxidative

stress had developed in these cells. The immunoreactivity of

8-OHdG was decreased significantly in the ALA-treated groups

compared with that in the diabetes group, suggesting that ALA

can neutralize or restore diabetes-induced oxidative damage.

Nitric oxide (NO) has gained recognition as an important

neurotransmitter and cell mediator in the lower urinary tract.

NO is synthesized by nitric oxide synthase (NOS). Hypergly-

cemia increase eNOS protein expression.
15

Our results showed an increase of eNOS protein expression

in the bladder tissue of diabetic rats and a decrease in the

expression of eNOS after ALA supplementation. In addition to

its direct scavenging activity, ALA may modulate endogenous

NO bioactivity owing to its known ability to increase intra-

cellular levels of glutathione.
16
By improving the intracellular

redox state, ALA may protect tetrahydrobiopterin, an essential

cofactor for eNOS from oxidation, thereby enhancing the

capacity for NO production in endothelial cells.
17
Expressions

of eNOS may be tissue specific. Increase of eNOS expression

is observed in heart and aorta, meanwhile eNOS expression

decrease in corpus cavernosum.
18-20

It is well known that autonomic neuropathy occurs as a

complications of diabetes including bladder dysfunction, impo-

tence. nNOS is detected in bladder and may be tissue-speci-

fic.
21
Our results showed an increase in nNOS protein ex-

pression in the bladder tissue of diabetic rats and a decrease

in the expression of nNOS after ALA supplementation. nNOS

expression in duodenum longitudinal muscle and penis de-

creased compared to male control and, in retina nNOS

expression was higher than control.
22-24
Some investigator has

reported ALA treatment restores nNOS expression similar to

control in ileum and penis.
23

With regard to smooth muscle change, we evaluated the

ultrastructure of the detrusor muscle. The features charac-

terizing disruptive degeneration were based on a study by

Elbadawi.
25
The ultrastructural hallmark of smooth muscle

change is a degeneration pattern, which is divided according

to the severity and extent of degeneration. Here, the features

of the detrusor muscle cells of the ALA-treated rats reflected

mild to moderate degeneration, and the features of the cells of

diabetic rats indicated severe degeneration. There was also a

difference in the number of mitochondria between the diabetic

and ALA-treated rats.

In cultured bovine aortic endothelial cells, hyperglycemia

resulted in an overproduction of superoxide anion in mito-

chondria.
26
Suicide of the mitochondria (mitoptosis) is initiated

by ROS, and sometimes the disappearance of mitochondria is

observed prior to cell death.
27
ALA supplementation enhances

the activities of mitochondrial enzymes and the antioxidant

status in cells, thereby protecting the function of the mito-

chondria.
10

CONCLUSIONS

ALA provides protection against the progression of bladder

dysfunction in streptozotocin-induced diabetes. This study de-

monstrates the presence of oxidative stress in the bladder tissue

of diabetic rats, and this oxidative stress is decreased by

antioxidant supplementation. ALA restored the expression

levels of eNOS and nNOS and inhibited the degeneration of

bladder smooth muscle cells.
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