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Abstract One etiology related directly to obstructive

urinary bladder dysfunction is ischemia/reperfusion

resulting in significant oxidative stress to the bladder.

Grapes, a natural source of antioxidants, have been proven

effective in preventing obstructive and ischemic bladder

dysfunction. Many investigators believe that resveratrol is

the primary active antioxidant ingredient in grapes. We

compared the ability of a whole-grape suspension with

pure resveratrol in their ability to protect the bladder from

in vitro oxidative stress mediated by hydrogen peroxide

(H2O2). Four male rabbit bladders were used. Two strips

from each bladder were incubated in the presence of 1 mg/

mL grape suspension for 30 min, another two strips were

incubated in the presence of 1 mg/mL resveratrol solution,

and the last two strips were incubated in the presence of

1 mg/mL sucrose/and fructose as controls. The rest of the

bladder was separated into muscle and mucosa, frozen and

stored for biochemical evaluation. (1) Chemically, resve-

ratrol has about 20 times the antioxidant capacity of the

grape suspension. (2) The grape suspension had significant

protective effects when the rate of tension was quantitated

at all concentrations of H2O2, while the resveratrol had no

effect. (3) Citrate synthase activities of the muscle and

mucosa were significantly protected by the grape suspen-

sion but not by resveratrol. These data demonstrate that the

grape suspension protects the mitochondria to a signifi-

cantly greater degree than resveratrol, which suggests that

the antioxidant activities are due to the combination of

active components found in the grape suspension and not

just resveratrol.
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Introduction

Obstructive bladder dysfunction (OBD) is a condition sec-

ondary to benign prostatic hyperplasia (BPH) which relates

to the enlargement of the prostate and compression of the

urethra [1, 2]. BPH involves hyperplasia of prostate cells

which ultimately results in an increase in size and mass of

the prostate, and when potentially large enough, leads to the

progressive obstruction of the urethra. This obstruction

interferes with the normal flow of urine which causes lower

urinary tract symptoms (LUTS) such as urine hesitancy,

frequent and painful urination, and an increased risk of

urinary infections [3–5]. This disease is a progressive issue

with aging men with more than 80 % over the age of 50

years requiring medical attention due to OBD [3–5].

Based on recent findings, one of the primary etiological

factors in obstructed bladder dysfunction is related directly

to ischemia followed by reperfusion [6, 7]. Ischemia is the

limitation of blood supply to tissues, which results in the

decrease of oxygen and glucose needed for cellular

metabolism. When blood supply is restored to ischemic

tissues, further damage—known as reperfusion injury—can

also occur. Reintroduction of blood flow brings oxygen

back to the tissues, causing a greater production of free

radicals and reactive oxygen species that can result in

damage to cells. The restored blood flow also exaggerates

the inflammation response of damaged tissues, causing
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white blood cells to destroy damaged cells that may

otherwise still be viable [8]. The combination of ischemia

followed by reperfusion is currently referred to as oxidative

stress.

Essentially, with OBD, blood flow is decreased to the

bladder smooth muscle and mucosa resulting in tissue

hypoxia/ischemia, increased free radical generation,

decreased contraction, denervation, and mitochondrial

dysfunction [9–11].

Hydrogen peroxide (H202), a common oxygen radical

and by-product of oxidative metabolism, is known to cause

substantial cellular and intracellular damage which poten-

tially leads to oxidative stress even at the low concentra-

tions [12–14]. Two enzymes responsible for antioxidant

defense in nearly all cells exposed to oxygen are super-

oxide dismutase (SOD) and catalase. SOD catalyzes the

formation of oxygen and hydrogen peroxide (H202); the

enzyme catalase is then responsible for reacting with the

hydrogen peroxide species to ultimately form water and

oxygen [12–14]. Partial outlet obstruction and in vivo

models of ischemia/reperfusion (I/R) have pronounced

damaging effects on the ratio of SOD and catalase, which

in turn result in a significant increase in the production of

H202 and further oxidative damage [12–15].

Many publications support the theory that natural products

having strong antioxidant and membrane protective proper-

ties can significantly reduce and reverse bladder damage

initiated by both partial outlet obstruction and bilateral I/R in

rabbits [16–21]. The antioxidant binds to the free radicals

ultimately making them harmless. Grapes, a natural source of

antioxidants with membrane protective properties, have been

proven effective in reducing the effects of ischemia reper-

fusion, preventing, and reversing obstructed bladder disease

when used as a suspension [1, 2]. It is known that grape

products contain a variety of antioxidant and membrane

protective compounds including resveratrol, quercetin,

procyanidins, flavonoids, phenolics, and others [1]. Many

investigators believe that resveratrol is the primary active

ingredient responsible for grapes’ antioxidant properties [22].

A number of our studies have shown that the mito-

chondria are one of the most sensitive subcellular organ-

elles to develop oxidative stress and free radical damage

from partial outlet obstruction and bilateral I/R [6, 7, 23,

24]. Citrate synthase, an enzyme that exists in nearly all

living cells, is commonly used as a quantitative marker for

the activity of intact mitochondria [25, 26]. It is involved in

the first step of the citric acid cycle (or Krebs Cycle) which

is a series of chemical reactions used by all aerobic

organisms to generate energy through the oxidization of

acetate derived from carbohydrates, fats, and proteins into

carbon dioxide. In addition, the cycle provides precursors

including certain amino acids as well as the reducing agent

(NADH) that are used in numerous biochemical reactions.

Citrate synthase’s key role in the citric acid cycle is the

catalysis of the condensation reaction with acetyl coen-

zyme A (Acetyl-CoA) and oxaloacetate. The reaction

produces CoA along with citrate, both of which are used

substantially throughout the cycle [27, 28].

In the current study, our objective is to determine the

comparative effect of grape suspension (Standardized freeze-

dried powder made from a variety of whole grapes grown in

California) versus pure resveratrol on (A) the contractile

response of isolated bladder strips to a field stimulation (FS)

and (B) citrate synthase activity to the oxidative effects of

H2O2. The contractile studies are important because FS

requires the release of acetylcholine, and synaptic function

has been demonstrated to be a major target for oxidative

damage as is mitochondrial function [29–33].

In these contractile studies, we evaluate both the maxi-

mal contractile response which depends on both the levels

of intracellular free calcium and the intracellular ATP

available. The maximal rate of contraction depends on the

rate at which intracellular calcium increases in association

with the available intracellular ATP. In our experience, the

rate of contractile response is more sensitive to oxidative

stress than the maximal tension developed.

Materials and methods

All studies were approved by the Institutional Animal Care

and Use Committee of the Stratton VA Medical Center.

Four male New Zealand white rabbits were anesthetized

with pentobarbital (25 mg/kg) and the bladder exposed

through a midline incision. Each bladder was then removed

and sectioned between body and base at the level of the

ureteral orifices. The bladder was opened longitudinally and

6 full-thickness isolated strips were taken (1 9 0.3 mm) and

mounted in individual baths containing oxygenated Ty-

rode’s solution (15 mL) at 37 �C for contractile studies. Two

of the six strips from each bladder were incubated in the

presence of 1 mg/mL grape suspension for 30 min, another

two strips were incubated in the presence of 1 mg/mL res-

veratrol solution, and the last two strips were incubated in the

presence of 1 mg/mL sugar composed of equal parts of

sucrose and fructose and used as the control. The rest of the

bladder was separated by blunt dissection into muscle and

mucosal compartments, and each compartment was frozen in

liquid nitrogen and stored at -80 �C for biochemical

evaluation.

Grape suspension [1, 2, 34]

A standardized freeze-dried powder was kindly supplied by

the California Table Grape Commission. The grape powder
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is a composite of whole red, green, and blue–black Cali-

fornia grapes, seeded and seedless varieties, in a freeze-

dried powder form. It was created using Good Manufac-

turing Practices and precautions to preserve the integrity of

the biologically active compounds found in fresh grapes.

As with fresh grapes, the grape powder is known to contain

anthocyanins, catechins, resveratrol, flavonols (including

quercetin), flavans, and simple phenolics as well as sugars.

The composition has been published previously [1]. Res-

veratrol was purchased from Sigma. The control for the

grape suspension is a sugar suspension made of equal parts

of sucrose and fructose, which gives the same carbohydrate

content as the grapes but has no significant antioxidant

activity.

CUPRAC assay for total antioxidants [35]

The CUPRAC assay was utilized to determine the total

antioxidant capacity of the grape and resveratrol solutions.

This assay relies on the electron donating capabilities of

antioxidants to reduce the copper ion. The CUPRAC

working solution consisted of 10 mM copper (II) chloride

dihydrate, 1 M ammonium acetate, and 7.5 mM neocupr-

oine. 0.15 mL of the above three solutions was added to

0.15 mL of each sample and allowed to react for 30 min at

room temperature, after which the absorbance was read at

450 nm in a Hitachi U-2001 spectrophotometer. Concen-

trations of resveratrol above 200 mg/ml showed optical

densities that were not linear and thus could not be used.

Hydrogen peroxide concentrations

Preliminary studies were performed both on contraction

and citrate synthase, and the concentrations that showed

progressive inhibition in the two systems were used in the

published studies.

Contractile studies [33]

Each isolated bladder strip was allowed to equilibrate for

30 min at 37 �C in an oxygenated Tyrodes bath. Passive

tension (2 g) was placed on each strip and they were

equilibrated for an additional 30 min. Preliminary studies

demonstrated that, at 2 g passive tension, maximal active

tension is generated. Each strip was then stimulated by FS

at 2, 8, and 32 Hz, 1 ms and 80 V. H2O2 was added to each

15-mL bath to give a final concentration of 0.1 %. The

strips were incubated for 10 min, and a second set of

stimulations was performed. This procedure was repeated

at 0.2, 0.4, and 0.8 % H2O2. We use a Model D Polygraph

to get a print out of the contractility curve for each

stimulation and then digitize it using the Polyview system,

which was designed to work with the polygraph. Using the

digital curve, we have the program to calculate the rate of

tension generation for the first 10 % of the contractile

response, which represents the maximal rate of tension rise

for the response.

No pharmacological or chemical contractile agents were

utilized because of the need to wash between additions and

the re-addition of H2O2. With the FS only, there was no

need to wash between increasing concentrations of H2O2.

Citrate synthase studies [25]

Samples of muscle and mucosa were homogenized in

0.05 M Tris buffer (100 mg/mL). Samples were then spun

at 2500 rpm for 10 min. 0.9 mL of supernatant plus

0.1 mL of Triton X-100 was combined in a test tube for

each sample. Samples (40 lL) were added to ten 0.5-cm

cuvettes, along with 1.1 mL of 0.05 M Tris buffer (pH

7.6), 30 lL of 24.6 mM acetyl coenzyme A, and 100 lL of

1 mM 5.50-dithiobis-2-nitrobenzoic acid (DTNB). 10 mg/

mL grape powder was added to all cuvettes to give a final

concentration of 1 mg/mL. The final volume in each cuv-

ette was 1,400 mL excluding the 50 lL oxaloacetate

(10 mM substrate) that were used to start the reaction.

Before oxaloacetate was added, 1.4 lL of the mixtures in

cuvettes 1 and 2 was removed and 1.4 lL of Tris buffer

added to serve as controls. Similarly, for the remainder of

the cuvettes, 1.4 lL of the mixtures was removed, and

1.4 lL of H2O2 was added to give final concentrations of

0.005, 0.01, 0.02, and 0.04 % H2O2. A pair of cuvettes that

contained no sample serves as additional controls. A

magnetic stir bar was placed in each cuvette to mix the

chemicals and, after 1 min, 50 lL of 10 mML oxaloacetate

was added to each cuvette. The activity was read every

2 min for 30 min in a Hitachi U-2001 spectrophotometer

while the free coenzyme-A generated by citrate synthase

activity reacted with DTNB to form a colored compound

that was quantified at 412 nm. This experiment was repe-

ated with resveratrol also at a final concentration of 1 mg/

mL.

Results

Figure 1 presents a comparison of the total antioxidant

capacity of resveratrol and the grape suspension. Chemi-

cally, resveratrol has about 20 times the antioxidant

capacity of the grape suspension.

In the contractile studies, Fig. 2 presents the maximal

tension and rate of tension generation for 2, 8, and 32 Hz

FS. Figures 2, 3, 4, and 5 show the effects of 0.1, 0.2, 0.4,
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and 0.8 % H2O2 on the percentage of no H2O2. The results

show that increasing the concentration of H2O2 resulted in

a progressive and significant decrease in the contractile

responses at all frequencies of stimulation. Interestingly,

whereas neither the grape suspension nor resveratrol had

any effect on the contractile responses to H2O2 when

maximal tension was quantitated, the grape suspension had

significant protective effects when the rate of tension was

quantitated at all concentrations of H2O2. Resveratrol had a

minor positive effect only at 2 Hz and at 0.4 and 0.8 %

H2O2.

When comparing the citrate synthase activities of rabbit

bladder muscle and mucosa (Fig. 6), it was found that the

activity of the citrate synthase is significantly higher in the

mucosa than in the muscle. In order to better visualize the

comparison of the sensitivities of the muscle and mucosal

preparations to H2O2, the citrate synthase activity in the

absence of H2O2 has been normalized to 100 % (Fig. 7a,

b). Neither the grape suspension nor the resveratrol had any

effect on citrate synthase activity in the absence of H2O2.

In general, the citrate synthase activities of the muscle and

mucosa were protected by the grape suspension and not by

the resveratrol. Resveratrol protected the mucosa only at

0.01 % H2O2.

Discussion

As mentioned in the introduction, the maximal tension

developed is based primarily on the maximal concentration

of intracellular calcium and the available intracellular ATP,

whereas the maximal rate of tension development is based

primarily on the rate at which calcium enters the cell

during the stimulation and the concentration of intracellular

ATP available. If oxidative stress slows down calcium

entry into the muscle cell but not the concentration of

intracellular calcium achieved, then antioxidants may very

Fig. 1 Total antioxidant capacity of resveratrol and the grape

suspension using the CUPRAC test. Each point is the mean of 4

individual rabbits. *Significantly higher activity than the grape

suspension, p \ 0.05

Fig. 2 Contractile response of control strips to FS. Each bar is the

mean of 4 individual rabbits. *Significantly different from 2 Hz,

p \ 0.05

Fig. 3 Contractile responses to 2 Hz FS in the presence of 0.1 %.

0.2, 0.4, and 0.8 % H2O2, respectively. Each bar is the mean of 4

individual rabbits. *Significantly different from control; x = signif-

icantly different from resveratrol, p \ 0.05
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well protect the rate of tension generation but not the

maximal tension achieved.

From the contractile results, the above may be true since

only the rate of tension generation was protected by the

grape suspension but not by the resveratrol. Previous sup-

portive studies have demonstrated that the rate of tension

generation to FS is significantly more sensitive to oxidative

stress, thus correlating with the current study [36, 37].

In regard to the citrate synthase study, it was observed that

the activity of citrate synthase was significantly higher in the

mucosa than in muscle. A higher SOD and catalase activity

in the mucosa compared to that of the muscle would explain

the difference in sensitivity to H2O2 between the two prep-

arations [2, 38]. Also, previous studies have demonstrated

that oxidative phosphorylation, glucose metabolism, and the

rate of ATP generation are also significantly higher in the

mucosal tissue than in the muscle [39–42].

The citrate synthase activity of the muscle was protected

by the grape suspension at 0.005, 0.01, and 0.02 % con-

centrations of H2O2 but surprisingly not sufficiently by the

resveratrol suspension. For the mucosa, the citrate synthase

activity was protected at all concentrations of H2O2 by the

grape suspension and protected by the resveratrol suspension

at 0.01 and 0.02 % concentrations of H2O2. This indicates

that the grape suspension was more protective of the citrate

synthase activity of both muscle and mucosa against damage

by H2O2 when compared to resveratrol. This comes as a

surprise since the data obtained using the CUPRAC method

of total antioxidant capacity revealed that resveratrol at the

same concentration as the grape suspension had a signifi-

cantly greater antioxidant activity (chemically) than grapes.

Fig. 4 Contractile responses to 8 Hz FS in the presence of 0.1 %.

0.2, 0.4, and 0.8 % H2O2, respectively. Each bar is the mean of 4

individual rabbits. *Significantly different from control; x = signif-

icantly different from resveratrol, p \ 0.05

Fig. 5 Contractile responses to 32 Hz FS in the presence of 0.1 %.

0.2, 0.4, and 0.8 % H2O2, respectively. Each bar is the mean of 4

individual rabbits. *Significantly different from control; x = signif-

icantly different from resveratrol, p \ 0.05

Fig. 6 Citrate synthase activities of muscle and mucosa. Each bar is

the mean of 4 individual rabbits. *Significantly different from muscle
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One can speculate that the resveratrol is not being absorbed

sufficiently by the tissue in comparison with the absorption

of the antioxidants of the grape suspension.

In accord with previous studies [1, 2], we believe that it

is the combination of antioxidants found in the grape sus-

pension rather than an individual component that work in

synergy to produce the protective effect.

Conclusion

These data clearly demonstrate that the standardized grape

suspension protects the mitochondria to a significantly

greater degree than pure resveratrol. The grape suspension

showed greater protective effect, suggesting that the anti-

oxidant activities are due to the combination of active

components found in the grape suspension and not just one

as seen with resveratrol.
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