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Abstract The objective of this study is to compare the

antioxidant activity of a whole-grape suspension with the

antioxidant activity or pure resveratrol on the effect of

hydrogen peroxide (H2O2) on malondialdehyde (MDA)

generation, choline acetyltransferase (ChAT) activity, cal-

cium ATPase activity, and sarcoendoplasmic reticular

ATPase (SERCA) of the male rabbit urinary bladder. MDA

was used as a model for the effect of H2O2 on lipid peroxi-

dation. ChAT, SERCA, and calciumATPase were evaluated

based on their importance in urinary bladder physiology and

pathology. Four male rabbit bladders were used. Each

bladder was separated into muscle andmucosa, frozen under

liquid nitrogen and stored at -80 �C for biochemical eval-

uation. The effect of H2O2 on the enzymes listed above was

determined in the presence and absence of either resveratrol

or a whole-grape suspension. (1) Resveratrol was signifi-

cantly more effective than the grape suspension at protecting

the bladder muscle and mucosa against peroxidation as

quantitated by MDA formation. (2) The grape suspension

was significantly more effective at protecting ChAT activity

against oxidative stress of the muscle than resveratrol. (3)

Neither the grape suspension nor resveratrol were particu-

larly effective at protecting the bladder muscle or mucosa

calcium ATPase or SERCA against oxidative stress. (4)

ChAT was significantly more sensitive to oxidative stress

than either calcium ATPase or SERCA. These data support

the idea that the grape suspension protects the mitochondria

and nerve terminals to a significantly greater degree than

resveratrol which suggests that the activities of the grape

suspension are due to the combination of active components

found in the grape suspension and not just resveratrol alone.
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Introduction

Several journal articles have been published on the antioxi-

dant activity of whole grapes highlighting their ability as a

natural product to significantly inhibit oxidative stress in

several models of ischemia/reperfusion and hypoxic dys-

function [1–4] including obstructive bladder dysfunction

(OBD). It is known that grape products contain a variety of

antioxidant compounds including resveratrol, quercetin, pro-

cyanidins, flavonoids, and phenolics along with others [1].

However, it is believed bymany investigators that resveratrol

is the primary active ingredient responsible for grapes’

antioxidant properties [5–7] and as such is being advertised as

themajor antioxidant in grapeswhile being sold in pharmacies

as an over the counter (OTC) antioxidant supplement. Inter-

estingly, virtually all of the resveratrol preparations available

OTC have a variety of other ingredients includingmany types

of additional antioxidants which would certainly make the

product’s statements about the resveratrol in these specific

products suspect. This is why we used resveratrol purchased

from Sigma Chemical Company to ensure its purity.

In a previous study, 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) [8]. The results demonstrated

that (1) Chemically, resveratrol at 1 mg/ml has about 20
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times the antioxidant capacity of the grape suspension at

1 mg/ml. (2) The grape suspension had significant protec-

tive effects on the contractile response to field stimulation

at all concentrations of H2O2 while the resveratrol had no

effect. (3) Citrate synthase (CS) activity of the muscle and

mucosa were significantly protected by the grape suspen-

sion but not by resveratrol. One of the reviewers suggested

we expand these studies to include additional important

enzymes involved with bladder function and dysfunction.

This formed the basis of the current study.

In this regard, there are four critical enzymes involved

with bladder function which are extremely sensitive to

oxidative stress caused by partial bladder outlet obstruction

(PBOO) (which is an animal model for OBD [9–13]. They

include: CS as a biomarker for mitochondria [14, 15],

choline acetyl transferase (ChAT) which is a biomarker for

the synthesis of acetylcholine (Ach) in the cholinergic

synapses within the bladder smooth muscle [10, 15],

plasma calcium ATPase (Ca2?ATPase) as a biomarker for

calcium movement through the plasma membrane and

sarco-endoplasmic reticular calcium ATPase (SERCA) as a

biomarker for sarcoplasmic movement of calcium from the

cytosol into storage sites within the sarcoplasmic reticulum

(SR) [15–17]. These enzymes have proven to be sensitive

to free radical damage from obstructive bladder dysfunc-

tion (OBD)/partial bladder outlet obstruction (PBOO) and

bilateral ischemia/reperfusion [12, 13, 18, 19].

Our main objective of this current study is to expand our

original study [8] to include ChAT, Ca2?ATPase, and

SERCA. In our previous study, we compared the total

antioxidant activity of the grape suspension vs resveratrol

using the CUPRAC assay showing that resveratrol was

significantly more potent than the grape suspension at the

same concentration (1 mg/ml [8]. In the current study, we

directly compared the effect of the grape suspension with

resveratrol on the peroxidation of bladder muscle and

mucosa by H2O2 by quantitating the effect on malondi-

aldehyde formation (MDA).

OBD is a condition secondary to benign prostatic

hyperplasia (BPH) which is the progressive enlargement of

the prostate in man during aging [1, 2]. BPH involves

hyperplasia of prostate cells which ultimately results in an

increase in size and mass of the prostate leading to the

progressive partial obstruction of the urethra which in turn

interferes with the regular flow of urine. This causes

symptoms such as urine hesitancy, frequent, and painful

urination and an increased risk of urinary infections [20–

22]. As stated above, this disease is a progressive issue in

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

requiring medical attention due to OBD [20–22].

One of the leading etiological factors in OBD is the

relation between ischemia followed by reperfusion [12, 13,

23–25]. Ischemia is the restriction of blood supply to

tissues resulting in the decrease of oxygen and glucose

needed for cellular metabolism. Restoration of blood sup-

ply to ischemic tissues leads to further damage known as

reperfusion injury. Reintroduction of blood flow brings

oxygen back to the tissues causing a greater production of

free radicals [reactive oxygen species (ROS) and reactive

nitrogen species (RNS)] that damage cells [8]. Therefore,

reperfusion injury causes oxidative stress in addition to

restoring normal blood flow to the tissue.

Materials and methods

All protocols and experiments were approved by the

Institutional Animal Care and Use Committee of the

Stratton VAMC, Albany, NY.

Grape & Resveratrol Suspensions [1, 2, 26]

For these experiments, a standardized freeze-dried grape

suspension was used to prepare the suspension and was

kindly supplied by the California Table Grape Commis-

sion. The grape powder is a composite of whole red, green

and blue-black California grapes seeded and seedless

varieties in a freeze-dried powder form. It was created

using Good Manufacturing 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. This grape powder has

7 lM/kg powder resveratrol. The composition has been

published previously [1]. Resveratrol was also tested in

powdered form and purchased from Sigma Chemical

Company, St. Louis, MO. The control for the grape sus-

pension is a sugar suspension made of equal parts sucrose

and fructose which gives the same carbohydrate content as

the grapes but has no significant antioxidant activity.

Animal model

Four adult male New Zealand white rabbits were anes-

thetized 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 longitu-

dinally and six full thickness isolated strips were taken

(1 9 0.3 mm) and mounted in individual baths containing

oxygenated Tyrodes solution (15 ml) at 37 �C for con-

tractile studies. The contractile studies were published

previously [8]. The balance of the bladder was separated by

blunt dissection into muscle and mucosal compartments

and each compartment frozen in liquid nitrogen and stored

122 Mol Cell Biochem (2015) 410:121–129

123



at -80 �C for biochemical evaluation. The concentrations

of both resveratrol and the grape suspension were 1 mg/ml

within the bath. The concentration of resveratrol in the

grape suspension is given by the manufacturer (California

Table Grape Commission) as 7 lM/kg (1.6 lg/g grape

powder). In preliminary studies, we utilized this concen-

tration of resveratrol within the baths and observed no

significant effects on any of the enzymes tested; and thus

we utilized the higher concentration in the current study.

Since all of the enzymes studied have different sensi-

tivities to H2O2, we performed preliminary studies to

determine the range of H2O2 that inhibited the enzyme

activity between approximately 10 % inhibition to 100 %.

Malondialdehyde (MDA) assay

MDA is a reactive species that occurs naturally through

lipid peroxidation and is often used as a bio-marker for

oxidative stress. Lipid peroxidation refers to the oxidative

degradation of lipids and is a process in which free radicals

‘‘steal’’ electrons from the lipids in cell membranes

resulting in cell damage. MDA levels of the tissue and

experimental strips were quantified using a thiobarbituric

acid (TBA)-based assay [27–29].

Choline acetyl transferase (ChAT) assay

Each frozen bladder sample (180 mg) was homogenized at

50 mg/ml in 20 mM EDTA (pH 7.6). Each homogenate was

then diluted with Triton-X 100 to give a final concentration

of 1 % Triton-X. The samples were centrifuged at

20,0009g for 30 min. The supernatant was removed and

pellet discarded. Thereafter, 50 ll aliquots of each super-

natant plus 100 ll of a reaction mixture were added to 7 ml

scintillation vials and incubated in a water bath at 37 �C for

30 min. The reaction mixture consisted of: 0.04 mM acetyl-

CoA; 8 mM choline; 50 mM sodium phosphate; 300 mM

sodium chloride; 96 nM physostigmine ? 0.50 lCi3H-
acetyl-CoA. The reactions were stopped with 0.4 ml of

acetonitrile containing 5 mg/ml tetraphenylboron. Once the

reactions had stopped, 3 ml of Insta-Fluor Plus scintillation

fluid was slowly added to each vial. The vials were shaken

lightly and let stand for 1 h to allow the phases to separate.
3H-acetylcholine was extracted into the toluene phase while

radioactive acetyl-CoA remained in the aqueous phase (and

thus did not add to the DPM). Activity (DPM) was counted

in each vial via the scintillation counter.

Ca21ATPase and SERCA assays

40 mg of tissue (10 mg/ml) were homogenized in 50 mM

TRISbuffer-pH7.4.The samplewas thencentrifuged at 800 g

for 10 min. The supernatant was saved and the pellet

discarded. Each sample had (two) 2 tubes for each condition.

The conditions were sample plus thapsigargin (10 lM),

sample minus thapsigargin, control with no homogenate, and

control with no ATP. All sample tubes contained: 375 ll
sample, 50 ll CaCl2, 50 ll EDTA, (±) 5 ll thapsigargin,
25 ll ATP, and (±) grape suspension or (±) resveratrol.

Sample and control tubes were incubated at 37 �C for 40 min.

At the end of the incubation, 0.5 ml trichloroacetic acid

(TCA) was added to stop the reaction after which the tubes

were vortexed. 0.5 ml ferrous sulfate molybdate was then

added to all tubes, and the phosphate levels were measured at

650 nm.

The values for SERCA were determined by subtracting

the values of sample with thapsigargin from the values of

sample without thapsigargin. This was done to differentiate

between the enzyme activity of plasma Ca2?ATPase and

SERCA. Thapsigargin is a non-competitive inhibitor of

SERCA [30], thus total ATPase activity—activity in the

presence of thapsigargin = SERCA activity.

Statistical analysis

Each set of data was analysed individually. One-way analysis

of variance was used followed by the TUKEY test for indi-

vidual differences among the three groups (control, grape,

resveratrol). p\ 0.05was required for statistical significance.

Results

Antioxidant activity: MDA

Figure 1a, b display the muscle and mucosal tissue fol-

lowing 30 min incubation in the presence and absence of

increasing concentrations of H2O2 (0.0, 0.05, 0.16, 0.5 %)

and either the grape suspension, resveratrol, or nothing

(Control). In the absence of H2O2, both muscle and

mucosal MDA were significantly reduced by pre-incuba-

tion with resveratrol. The mucosa was only mildly reduced

by incubation in the grape suspension.

The results in the presence H2O2 demonstrated clearly that

as the concentration of H2O2 increased so did the levels of

MDAwhich indicated an increase in oxidative stress (control

tissue). Following treatment with resveratrol, MDA concen-

trations of both muscle and especially mucosa were signifi-

cantly decreased at all H2O2 concentrations. Treatment with

the grape suspension mildly reduced the MDA concentration

only at the 0.16 % H2O2 in the mucosa (Fig. 1b).

Choline acetyltransferase (ChAT) activity

The ChAT activity of the muscle was 116 ± 18 lM Ach/

mg tissue, whereas the activity of the mucosa was
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significantly lower at 18 ± 6 lM Ach/mg tissue. Figure 2

displays the effect of H2O2 on ChAT activity of the muscle

and mucosa. The bladder muscle was significantly more

sensitive to H2O2 than the mucosa at all concentrations of

H2O2. Because of the low ChAT activity and relatively

weak response to H2O2, the results with both the grape

suspension and resveratrol were very variable and not

publishable.

Figure 3 displays the effect of H2O2 on ChAT activity of

the muscle in the presence and absence of the grape sus-

pension and resveratrol. Neither the grape suspension nor

resveratrol had any significant effect on ChAT activity in

the absence of H2O2. At all H2O2 concentrations, the grape

suspension showed protective effects, whereas the resver-

atrol enhanced the effect of H2O2. We have no explanation

for the resveratrol effects on ChAT activity.

Figure 4 displays calcium ATPase and SERCA activi-

ties for muscle and mucosa. The muscle and mucosa have

approximately the same calcium ATPase activity; whereas

the SERCA activity is *10 % of the calcium ATPase

activity, and is significantly greater in the bladder muscle

than in the bladder mucosa. This is related to the contractile

function in the muscle and significantly greater concen-

tration of sarcoplasmic reticulum in the muscle than the

mucosa [12, 13].

Figure 5a, b display the effect of H2O2 on calcium

ATPase of the muscle (A) and mucosa (B). The effect of

H2O2 on SERCA activity is displayed in Fig. 6a, b. Both

calcium ATPase and SERCA were the least sensitive

enzymes to H2O2 of the enzymes or contractility tested in

either the current or previous study [8]. Neither the grape

suspension nor resveratrol had any effect on the response to

H2O2 at any concentration for the muscle for both calcium

ATPase and SERCA. Both the grape suspension and

resveratrol had minor protective effects on the response to

1.5 % H2O2 for the mucosa for both calcium ATPase and

SERCA.

Fig. 1 The effect of H2O2 (0, 0.05, 0.16, 0.5 %) on MDA formation

in bladder muscle (a) and mucosa (b) following exposure either

resveratrol or grape suspension. Each bar is the mean of four

individual rabbits. *Significantly different from control (nor grape or

resveratrol), p\ 0.05

Fig. 2 The effect of H2O2 on ChAT activity of the bladder muscle

and mucosa. Each bar is the mean of four individual rabbits.

*Significantly different from 0 H2O2; x significantly different from

muscle, p\ 0.05

Fig. 3 The effect of the grape suspension or resveratrol on the effect

of H2O2 on ChAT activity of bladder muscle. *Significantly different

from 0 H2O2; x significantly different from grape, p\ 0.05
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It is interesting that ChAT (muscle) and CS were the

most sensitive systems to H2O2 both of which are directly

involved with mitochondria [18, 19, 31–36]. Mitochondria

are very sensitive to oxidative stress [37–39]. Contractile

studies were intermediate, while calcium ATPase and

SERCA were the least sensitive to H2O2.

Discussion

It has been established from previous studies that the

antioxidant properties that grapes possess are characteris-

tics which can reduce the levels of free radicals and

oxidative damage in protecting the urinary bladder from

both obstructive and ischemic injury [1, 2, 9, 26]. It has

also been confirmed that pretreating bladder tissue with

grape suspension and exposing this treatment to increasing

concentrations of H2O2 reduces the level of damage caused

by the peroxide to both the contractile response to field

stimulation and mitochondrial CS activity [8, 9].

Field stimulation contracts the bladder smooth muscle via

the release of Ach from cholinergic nerve terminals, which

diffuses across the synaptic cleft to the cholinergic receptor on

the bladder smooth muscle cells. Mitochondria accumulate in

high concentrations in cholinergic nerve terminals [40] and

are directly involved in neural transmission [41–43].

Fig. 4 Calcium ATPase and SERCA activities in bladder muscle and

mucosa (no H2O2). Each bar is the mean of four individual rabbits.

*Significantly different from SERCA; x significantly different from

Mucosa, p\ 0.05

Fig. 5 Calcium ATPase activities in bladder muscle (a) and mucosa

(b) following exposure to H2O2 and either resveratrol, grape

suspension, or neither. Each bar is the mean of four individual

rabbits. *Significantly different from zero H2O2; x significantly

different from control, p\ 0.05

Fig. 6 SERCA activities in bladder muscle (a) and mucosa (b) fol-
lowing exposure to H2O2 and either resveratrol, grape suspension, or

neither. Each bar is the mean of four individual rabbits. *Significantly

different from zero H2O2; x significantly different from control,

p\ 0.05
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Although grapes have been recognized for their pro-

tective effects on bladder tissue, many investigators believe

that resveratrol is the primary active ingredient responsible

for grapes’ antioxidant properties [5]. Resveratrol (3,5,40-
trihydroxy-trans-stilbene) is a fat-soluble phytoalexin that

has gained recognition as an effective antioxidant and anti-

aging nutraceutical [44]. It has also been recognized for a

number of health benefits that include the direct scavenging

of ROS, the inhibition of xanthine oxidase and the acti-

vation of intracellular pathways that improve metabolism

and induce mitochondrial biogenesis [45]. Resveratrol has

also been proven effective in scavenging oxidants and

inhibiting low-density lipoprotein oxidation at high doses

in in vitro studies [46, 47]. However, there is controversial

evidence to support the theory that resveratrol supple-

mentation can be effective in the treatment of a variety of

systems in vivo [48–51].

In our lab, we have already determined that the pure

grape suspension has significant in vivo protective effects on

the response of rabbit urinary bladder to oxidative stress of

partial outlet obstruction and in vivo ischemia/reperfusion

[1, 2, 26]. Previous in vitro studies on the contractile

response of isolated rabbit bladder strips to field stimulation

(FS) in the presence of increasing concentrations of H2O2

demonstrated that pure resveratrol showed no effects while

the grape suspension was significantly protective [8]. It was

also demonstrated that CS activities of the muscle and

mucosa were significantly protected by the grape suspension

but not by resveratrol [8] which demonstrates that the grape

suspension protects the mitochondria to a significantly

greater degree than resveratrol against H2O2 oxidation.

Interestingly, the results obtained on the three enzymes

(ChAT, Ca2?ATPase, and SERCA), all thought to be

directly related to OBD were different than that of the CS

and contractility studies [8]. Whereas ChAT activity of the

muscle was significantly protected by the grape suspension,

resveratrol was not protective.

Resveratrol had significantly greater antioxidant activity

than the grape suspension in the CUPRAC test for total

antioxidant activity [8]; and also significantly greater

antioxidant activity in the current study on MDA response

to H2O2. These studies demonstrated that resveratrol had a

significantly greater chemical antioxidant activity when

compared to the grape suspension for both control and

H2O2 exposed tissues. However, when evaluating several

physiological and biochemical systems [8], it was found

that the grape suspension showed higher antioxidant

activity in protecting the bladder tissue from oxidative

damage when compared to resveratrol [8]. This means that

in a chemical assay resveratrol possess a higher antioxidant

activity than the grape suspension, whereas in the physio-

logical and biochemical studies the grape suspension was

significantly more potent than resveratrol.

In the current studies, we clearly demonstrated that the

enzyme ChAT was the enzyme most sensitive to H2O2

damage. This meant that the synthesis of Ach was

decreased which in turn resulted in lower muscarinic

receptor stimulation which in turn would lead to a decrease

in the levels of intracellular Ca2? necessary for contraction

[40–42]. Pre-incubation with the grape suspension showed

significant protective effects against H2O2 damage when

compared to the resveratrol which showed low protective

activity though not as great as with the CS enzyme from

our previous study [8]. In regard to resveratrol activity on

the ChAT enzyme of the muscle, not only did resveratrol

not show any protection against the peroxide damage, it

seemed to increase the oxidative effects of H2O2 on the

tissue when compared to the control. This indicates that the

enzyme is very sensitive to H2O2 and the presence of

resveratrol is increasing this sensitivity. In other words,

these results imply that taking resveratrol to improve

bladder smooth muscle contraction in terms of neuronal

activity may be a poor choice because not only is it not

having any positive effect, it is intensifying the oxidative

effects of H2O2 and ultimately increasing oxidative stress.

Throughout the study, oxidative stress was measured by

administering increasing concentrations of H2O2 in vitro

and this was chosen over a rabbit model of in vivo bilateral

ischemia/reperfusion because in a live animal it would be

difficult to know if the damage caused by ischemia/reper-

fusion was caused by the generation of H2O2 or free rad-

icals. Therefore, to have a more controlled environment,

the use of frozen tissue seemed more appropriate and

damage from H2O2 was more easily controlled and

quantitated.

Hydrogen peroxide (H2O2), a common oxygen radical

and by-product of oxidative metabolisms, is known to

cause substantial cellular and intracellular damage which

potentially leads to oxidative stress even at the smallest

concentrations [9, 52–55]. Two enzymes responsible for

antioxidant defense in nearly all cells exposed to oxygen

are superoxide dismutase (SOD) and catalase. SOD cat-

alyzes the formation of oxygen and hydrogen peroxide

(H2O2). The enzyme catalase is then responsible for

reacting with the hydrogen peroxide species to ultimately

form water and oxygen [9]. Partial outlet obstruction and

in vivo models of ischemia have pronounced damaging

effects on the ratio of SOD and catalase which in turn

results in a significant increase in the production of H2O2

and further oxidative damage [9, 54, 56, 57].

It was also observed from this and previous studies from

our lab [8] that the sensitivity to H2O2 varied among the

enzymes examined. The current in vitro studies demon-

strated that ChAT was the enzyme most sensitive to

oxidative stress, CS was the second most sensitive, and

SERCA and Ca2?ATPase the least sensitive to the direct
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effect of H2O2 (Table 1). However, treatment with the

grape suspension and resveratrol varied with each.

When compared to resveratrol, the use of the grape

suspension was more effective in protecting the rabbit

bladder tissue and enzyme activities from oxidative dam-

age by H2O2. In accordance with previous studies [1, 8, 9],

we believe that it is the combination of antioxidants found

in the grape suspension working in synergy rather than an

individual component working alone that produces the

protective effect. Therefore, it would seem more beneficial

for consumers to buy a bunch of grapes rather than a bottle

of resveratrol.

In examining the results for the Ca2?ATPase and SERCA,

it was observed that a concentration of 1.5 % H2O2 was

needed to initially create a damaging oxidative effect on tis-

sues. This is a much higher concentration used when com-

pared to the previously tested CS and currently tested ChAT

muscle enzymes. This perhaps indicates that these enzymes

are not principal enzymes involved in or affected by oxidative

injury caused by H2O2. Not only were these enzymes less

sensitive to the damaging effects of H2O2, but grape and

resveratrol did not showmuchprotection at the concentrations

at which the tissues responded to H2O2. Grapes, however,

showed a bit more protection than resveratrol but it was not

significant. The results also showed that there was a signifi-

cantly greater enzyme activity of Ca2?ATPase within the

muscle and mucosal tissue when compared to SERCA

activity. This is mostly due to the greater surface area the

plasma membrane has to house more Ca2?ATPase as

compared to SR inwhich SERCA resides. SERCAwas found

at significantlygreater concentrations in themuscle tissue than

the mucosa which corresponds with the fact that the SR is the

organelle responsible for the storage of calcium.

The ChAT activity of the bladder muscle was both

significantly more active and significantly more sensitive to

H2O2 than the bladder mucosa. It is clear that the bladder

mucosa has a significant effect on the muscle through a

variety of neurogenic signals including Ach [58–62]. Thus,

the function of ChAT in the mucosa is significantly dif-

ferent than the function in the muscle, and is probably the

reason for the significantly different response to H2O2.

Conclusion

Similar to our previous study, resveratrol has significantly

greater antioxidant activity than the grape suspension when

tested chemically (MDA studies) both in the presence and

absence of H2O2. Also consistent with the previous

demonstrations that the grape suspension was significantly

more protective of contractility and CS than resveratrol

against H2O2 oxidation [8], the current study demonstrated

that the grape suspension was also significantly more

protective than resveratrol for the enzyme ChAT. Since

both the mitochondrial enzyme CS and the synaptic

enzyme ChAT are both directly related to bladder smooth

muscle contraction, it would make sense for contractile

activity to also be protected by the grape suspension.

Table 1 Shows sensitivity of the different systems to H2O2

** Data published previously to provide direct comparisons with the data presented in the current study
a Ref. [8]
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The enzymes Calcium ATPase and SERCA were the

least sensitive to H2O2 and the lack of protection by either

the grape suspension or resveratrol was surprising based on

the sensitivity of both enzymes to ischemia/reperfusion and

PBOO [16, 63, 64]. These results clearly demonstrate that

although PBOO and ischemia/reperfusion both generate

free radicals and H2O2, the two forms of oxidative stress

have significantly different properties.

In summary, these studies support the idea that it is the

combination of antioxidants in the grape suspension that

provides greater protection against H2O2 oxidation than

resveratrol by itself.

Acknowledgments This material is based upon work supported in

part by the Office of Research and Development Department of the

Veterans Affairs and in part by the Capital Region Medical Research

Foundation.

References

1. Agartan CA, Whitbeck C, Sokol R, Chichester P, Levin RM

(2004) Protection of urinary bladder function by grape suspen-

sion. Phytother Res 18:1013–1018. doi:10.1002/ptr.1620

2. Lin AD, Mannikarottu A, Kogan BA, Whitbeck C, Leggett RE,

Levin RM (2007) Effect of bilateral in vivo ischemia/reperfusion

on the activities of superoxide dismutase and catalase: response

to a standardized grape suspension. Mol Cell Biochem

296:11–16. doi:10.1007/s11010-005-9068-4

3. Tenore GC, Manfra M, Stiuso P, Coppola L, Russo M, Gomez

Monterrey IM, Campiglia P (2012) Antioxidant profile and

in vitro cardiac radical-scavenging versus pro-oxidant effects of

commercial red grape juices (Vitis vinifera L. cv. Aglianico N.).

J Agric Food Chem 60:9680–9687. doi:10.1021/jf301647d

4. Baiano A, Terracone C (2011) Varietal differences among the

phenolic profiles and antioxidant activities of seven table grape

cultivars grown in the south of Italy based on chemometrics.

J Agric Food Chem 59:9815–9826. doi:10.1021/jf203003c

5. Hung LM, Chen JK, Huang SS, Lee RS, Su MJ (2000) Cardio-

protective effect of resveratrol, a natural antioxidant derived from

grapes. Cardiovasc Res 47:549–555

6. Quincozes-Santos A, Bobermin LD, Tramontina AC, Wartchow

KM, Tagliari B, Souza DO, Wyse AT, Goncalves CA (2014)

Oxidative stress mediated by NMDA, AMPA/KA channels in

acute hippocampal slices: neuroprotective effect of resveratrol.

Toxicol In Vitro 28:544–551. doi:10.1016/j.tiv.2013.12.021

7. de Freitas RB, Boligon AA, Rovani BT, Piana M, de Brum TF, da

Silva Jesus R, Rother FC, Alves NM, Teixeira da Rocha JB,

Athayde ML, Barrio JP, de Andrade ER, de Freitas Bauerman L

(2013) Effect of black grape juice against heart damage from

acute gamma TBI in rats. Molecules 18:12154–12167. doi:10.

3390/molecules181012154

8. Francis JA, Leggett RE, Schuler C, Levin RM (2014) Effect of

hydrogen peroxide on contractility and citrate synthase activity of

the rabbit urinary bladder in the presence and absence of

resveratrol and a whole-grape suspension. Mol Cell Biochem

391:233–239. doi:10.1007/s11010-014-2007-5

9. Venugopal V, Leggett RE, Schuler C, Levin RM (2010) Effect of

hydrogen peroxide on rabbit urinary bladder citrate synthase

activity in the presence and absence of a grape suspension. Int

Braz J Urol 36:749–757 (discussion 757–758)

10. Levin RM, Saito M, Wein AJ, Packard D, Cohen A, Haugaard N

(1993) Effect of partial outlet obstruction on choline acetyl-

transferase activity in the rat and rabbit. Neurourol Urodyn

12:255–261

11. Hass MA, Levin RM (2003) The role of lipids and lipid

metabolites in urinary bladder dysfunction induced by partial

outlet obstruction. Adv Exp Med Biol 539:217–237

12. Levin RM, Haugaard N, O’Connor L, Buttyan R, Das A, Dixon

JS, Gosling JA (2000) Obstructive response of human bladder to

BPH vs. rabbit bladder response to partial outlet obstruction: a

direct comparison. Neurourol Urodyn 19:609–629

13. Gosling JA, Kung LS, Dixon JS, Horan P, Whitbeck C, Levin

RM (2000) Correlation between the structure and function of the

rabbit urinary bladder following partial outlet obstruction. J Urol

163:1349–1356

14. Haugaard N, Potter L, Wein AJ, Levin RM (1992) Effect of

partial obstruction of the rabbit urinary bladder on malate dehy-

drogenase and citrate synthase activity. J Urol 147:1391–1393

15. Spettel S, De E, Elias T, Schuler C, Leggett RE, Levin RM

(2012) Citrate synthase, sarcoplasmic reticular calcium ATPase,

and choline acetyltransferase activities of specific pelvic floor

muscles of the rabbit. Mol Cell Biochem 370:1–5. doi:10.1007/

s11010-012-1347-2

16. Zderic SA, Rohrmann D, Gong C, Snyder HM, Duckett JW, Wein

AJ, Levin RM (1996) The decompensated detrusor II: evidence for

loss of sarcoplasmic reticulum function after bladder outlet

obstruction in the rabbit. J Urol 156:587–592

17. Rohrmann D, Levin RM, Duckett JW, Zderic SA (1996) The

decompensated detrusor I: the effects of bladder outlet obstruction

on the use of intracellular calcium stores. J Urol 156:578–581

18. Levin RM, Hudson AP (2004) The molecular genetic basis of

mitochondrial malfunction in bladder tissue following outlet

obstruction. J Urol 172:438–447. doi:10.1097/01.ju.0000129560.

25005.0e

19. Nevel-McGarvey CA, Levin RM, Haugaard N, Wu X, Hudson

AP (1999) Mitochondrial involvement in bladder function and

dysfunction. Mol Cell Biochem 194:1–15

20. Barry MJ (1990) Epidemiology and natural history of benign

prostatic hyperplasia. Urol Clin N Am 17:495–507

21. Barry MJ, Fowler Jr FJ, Bin L, Pitts JC 3rd, Harris CJ, Mulley Jr

AG (1997) The natural history of patients with benign prostatic

hyperplasia as diagnosed by North American urologists. J Urol

157:10–14 discussion 14-5
22. Girman CJ (1998) Natural history and epidemiology of benign

prostatic hyperplasia: relationship among urologic measures.

Urology 51:8–12

23. Mannikarottu AS, Kogan B, Levin RM (2005) Ischemic etiology

of obstructive bladder dysfunction: a review. Recent Res Devel

Mol Cell Biochem 2:15–34

24. Levin RM, Radu F, Topal T, Schuler C, Hydery T, Leggett RE

(2011) Role of antioxidants in the treatment of obstruction-me-

diated rabbit urinary bladder dysfunction. J Exp Integr Med

1:23–35

25. Callaghan CM, Schuler C, Leggett RE and Levin RM (2013)

Current studies on the etiology of obstructive dysfunction of the

male rabbit. In: Constanza GAA (ed) Rabbits: animal science,

issues and professionals series: biology, diet, eating habits and

disorders, E-Book, pp 113–124

26. Lin AD, Mannikarottu A, Chaudhry A, Whitbeck C, Kogan BA,

Chichester P, Levin RM (2005) Protective effects of grape sus-

pension on in vivo ischaemia/reperfusion of the rabbit bladder.

BJU Int 96:1397–1402. doi:10.1111/j.1464-410X.2005.05832.x

27. Conti M, Morand PC, Levillain P, Lemonnier A (1991) Improved

fluorometric determination of malonaldehyde. Clin Chem

37:1273–1275

128 Mol Cell Biochem (2015) 410:121–129

123

http://dx.doi.org/10.1002/ptr.1620
http://dx.doi.org/10.1007/s11010-005-9068-4
http://dx.doi.org/10.1021/jf301647d
http://dx.doi.org/10.1021/jf203003c
http://dx.doi.org/10.1016/j.tiv.2013.12.021
http://dx.doi.org/10.3390/molecules181012154
http://dx.doi.org/10.3390/molecules181012154
http://dx.doi.org/10.1007/s11010-014-2007-5
http://dx.doi.org/10.1007/s11010-012-1347-2
http://dx.doi.org/10.1007/s11010-012-1347-2
http://dx.doi.org/10.1097/01.ju.0000129560.25005.0e
http://dx.doi.org/10.1097/01.ju.0000129560.25005.0e
http://dx.doi.org/10.1111/j.1464-410X.2005.05832.x


28. Wasowicz W, Neve J, Peretz A (1993) Optimized steps in fluo-

rometric determination of thiobarbituric acid-reactive substances

in serum: importance of extraction pH and influence of sample

preservation and storage. Clin Chem 39:2522–2526

29. Jo C, Ahn DU (1998) Fluorometric analysis of 2-thiobarbituric

acid reactive substances in turkey. Poult Sci 77:475–480

30. Rogers TB, Inesi G, Wade R, Lederer WJ (1995) Use of thap-

sigargin to study Ca2? homeostasis in cardiac cells. Biosci Rep

15:341–349

31. Hsu TH, Levin RM, Wein AJ, Haugaard N (1994) Alterations of

mitochondrial oxidative metabolism in rabbit urinary bladder

after partial outlet obstruction. Mol Cell Biochem 141:21–26

32. Levin RM, Haugaard N, Packard D, Kaplan M, Wein AJ (1992)

Effect of ryanodine on mitochondrial respiration. Pharmacology

45:117–120

33. Nevel-McGarvey CA, Levin RM, Hudson AP (1997) Transcrip-

tion of mitochondrial and mitochondria-related nuclear genes in

rabbit bladder following partial outlet obstruction. Mol Cell

Biochem 173:95–102

34. Nevel-McGarvey CA, Rohrmann D, Levin RM, Hudson AP

(1999) Mitochondrial and mitochondrial-related nuclear genetic

function in rabbit urinary bladder following reversal of outlet

obstruction. Mol Cell Biochem 197:161–172

35. Wang Z, Wu X, Levin RM, Hudson AP (2001) Loss of mito-

chondrial DNA in rabbit bladder smooth muscle following

partial outlet obstruction results from lack of organellar DNA

replication. Mol Urol 5:99–104. doi:10.1089/10915360152

559576

36. Zhao Y, Levin RM, Levin SS, Nevel CA, Haugaard N, Hsu TH,

Hudson AP (1994) Partial outlet obstruction of the rabbit bladder

results in changes in the mitochondrial genetic system. Mol Cell

Biochem 141:47–55

37. Hepple RT (2014) Mitochondrial involvement and impact in

aging skeletal muscle. Front Aging Neurosci 6:211. doi:10.3389/

fnagi.2014.00211

38. Palomo GM, Manfredi G (2014) Exploring new pathways of

neurodegeneration in ALS: the role of mitochondria quality

control. Brain Res. doi:10.1016/j.brainres.2014.09.065

39. Picone P, Nuzzo D, Caruana L, Scafidi V, Di Carlo M (2014)

Mitochondrial dysfunction: different routes to Alzheimer’s dis-

ease therapy. Oxid Med Cell Longev 2014:780179. doi:10.1155/

2014/780179

40. Tuchek S, Dolezhal V, Richny I (1984) Regulation of acetyl-

choline synthesis in presynaptic endings of cholinergic neurons of

the central nervous system. Neirofiziologiia 16:603–611

41. Vos M, Lauwers E, Verstreken P (2010) Synaptic mitochondria

in synaptic transmission and organization of vesicle pools in

health and disease. Front Synaptic Neurosci 2:139. doi:10.3389/

fnsyn.2010.00139

42. Storozhuk MV, Ivanova SY, Balaban PM, Kostyuk PG (2005)

Possible role of mitochondria in posttetanic potentiation of

GABAergic synaptic transmission in rat neocortical cell cultures.

Synapse 58:45–52. doi:10.1002/syn.20186

43. Csordas G, Thomas AP, Hajnoczky G (1999) Quasi-synaptic

calcium signal transmission between endoplasmic reticulum and

mitochondria. EMBO J 18:96–108. doi:10.1093/emboj/18.1.96

44. Ryan MJ, Jackson JR, Hao Y, Williamson CL, Dabkowski ER,

Hollander JM, Alway SE (2010) Suppression of oxidative stress

by resveratrol after isometric contractions in gastrocnemius

muscles of aged mice. J Gerontol A 65:815–831. doi:10.1093/

gerona/glq080

45. Wang B, Sun J, Li X, Zhou Q, Bai J, Shi Y, Le G (2013)

Resveratrol prevents suppression of regulatory T-cell production,

oxidative stress, and inflammation of mice prone or resistant to

high-fat diet-induced obesity. Nutr Res 33:971–981. doi:10.1016/

j.nutres.2013.07.016

46. Stojanovic S, Sprinz H, Brede O (2001) Efficiency and mecha-

nism of the antioxidant action of trans-resveratrol and its ana-

logues in the radical liposome oxidation. Arch Biochem Biophys

391:79–89. doi:10.1006/abbi.2001.2388

47. Brito P, Almeida LM, Dinis TC (2002) The interaction of

resveratrol with ferrylmyoglobin and peroxynitrite; protection

against LDL oxidation. Free Radic Res 36:621–631

48. Bradamante S, Barenghi L, Villa A (2004) Cardiovascular pro-

tective effects of resveratrol. Cardiovasc Drug Rev 22:169–188

49. Hamza SM, Dyck JR (2014) Systemic and renal oxidative stress

in the pathogenesis of hypertension: modulation of long-term

control of arterial blood pressure by resveratrol. Front Physiol

5:292. doi:10.3389/fphys.2014.00292

50. Rege SD, Geetha T, Griffin GD, Broderick TL, Babu JR (2014)

Neuroprotective effects of resveratrol in Alzheimer disease

pathology. Front Aging Neurosci 6:218. doi:10.3389/fnagi.2014.

00218

51. Chachay VS, Kirkpatrick CM, Hickman IJ, Ferguson M, Prins

JB, Martin JH (2011) Resveratrol–pills to replace a healthy diet?

Br J Clin Pharmacol 72:27–38. doi:10.1111/j.1365-2125.2011.

03966.x

52. Aikawa K, Leggett R, Levin RM (2003) Effect of age on

hydrogen peroxide mediated contraction damage in the male rat

bladder. J Urol 170:2082–2085. doi:10.1097/01.ju.0000081461.

73156.48

53. Matsumoto S, Leggett RE, Levin RM (2003) The effect of

vitamin E on the response of rabbit bladder smooth muscle to

hydrogen peroxide. Mol Cell Biochem 254:347–351

54. Kalorin CM, Mannikarottu A, Neumann P, Leggett R, Weisbrot J,

Johnson A, Kogan BA, Levin RM (2008) Protein oxidation as a

novel biomarker of bladder decompensation. BJU Int

102:495–499. doi:10.1111/j.1464-410X.2008.07567.x

55. Siflinger-Birnboim A, Levin RM, Hass MA (2008) Partial outlet

obstruction of the rabbit urinary bladder induces selective protein

oxidation. Neurourol Urodyn 27:532–539. doi:10.1002/nau.

20557

56. Juan YS, Lin WY, Kalorin C, Kogan BA, Levin RM, Man-

nikarottu A (2007) The effect of partial bladder outlet obstruction

on carbonyl and nitrotyrosine distribution in rabbit bladder.

Urology 70:1249–1253. doi:10.1016/j.urology.2007.09.047

57. Erdem E, Leggett R, Dicks B, Kogan BA, Levin RM (2005)

Effect of bladder ischaemia/reperfusion on superoxide dismutase

activity and contraction. BJU Int 96:169–174. doi:10.1111/j.

1464-410X.2005.05589.x

58. Birder LA, Andersson KE, Kanai AJ, Hanna-Mitchell AT, Fry

CH (2014) Urothelial mucosal signaling and the overactive

bladder-ICI-RS 2013. Neurourol Urodyn 33:597–601. doi:10.

1002/nau.22604

59. Wein AJ (2013) Re: urothelial signaling. J Urol 190:2307–2308.

doi:10.1016/j.juro.2013.08.108

60. Birder L, Andersson KE (2013) Urothelial signaling. Physiol Rev

93:653–680. doi:10.1152/physrev.00030.2012

61. Wein AJ (2011) Re: urothelial signaling. J Urol 186:2127–2128.

doi:10.1016/j.juro.2011.08.125

62. Birder LA (2010) Urothelial signaling. Auton Neurosci

153:33–40. doi:10.1016/j.autneu.2009.07.005

63. Haugaard N, Wein AJ, Chandy B, Soyupak B, Zderic SA, Levin

RM (1996) Properties of Ca2(?)-Mg2? ATP-ase in rabbit

bladder muscle and mucosa: effect of urinary outlet obstruction.

Neurourol Urodyn 15:555–561. doi:10.1002/(SICI)1520-

6777(1996)15:5\555:AID-NAU11[3.0.CO;2-G

64. Guven A, Lin WY, Leggett RE, Kogan BA, Levin RM, Man-

nikarottu A (2007) Effect of aging on the response of biochemical

markers in the rabbit subjected to short-term partial bladder

obstruction. Mol Cell Biochem 306:213–219. doi:10.1007/

s11010-007-9571-x

Mol Cell Biochem (2015) 410:121–129 129

123

http://dx.doi.org/10.1089/10915360152559576
http://dx.doi.org/10.1089/10915360152559576
http://dx.doi.org/10.3389/fnagi.2014.00211
http://dx.doi.org/10.3389/fnagi.2014.00211
http://dx.doi.org/10.1016/j.brainres.2014.09.065
http://dx.doi.org/10.1155/2014/780179
http://dx.doi.org/10.1155/2014/780179
http://dx.doi.org/10.3389/fnsyn.2010.00139
http://dx.doi.org/10.3389/fnsyn.2010.00139
http://dx.doi.org/10.1002/syn.20186
http://dx.doi.org/10.1093/emboj/18.1.96
http://dx.doi.org/10.1093/gerona/glq080
http://dx.doi.org/10.1093/gerona/glq080
http://dx.doi.org/10.1016/j.nutres.2013.07.016
http://dx.doi.org/10.1016/j.nutres.2013.07.016
http://dx.doi.org/10.1006/abbi.2001.2388
http://dx.doi.org/10.3389/fphys.2014.00292
http://dx.doi.org/10.3389/fnagi.2014.00218
http://dx.doi.org/10.3389/fnagi.2014.00218
http://dx.doi.org/10.1111/j.1365-2125.2011.03966.x
http://dx.doi.org/10.1111/j.1365-2125.2011.03966.x
http://dx.doi.org/10.1097/01.ju.0000081461.73156.48
http://dx.doi.org/10.1097/01.ju.0000081461.73156.48
http://dx.doi.org/10.1111/j.1464-410X.2008.07567.x
http://dx.doi.org/10.1002/nau.20557
http://dx.doi.org/10.1002/nau.20557
http://dx.doi.org/10.1016/j.urology.2007.09.047
http://dx.doi.org/10.1111/j.1464-410X.2005.05589.x
http://dx.doi.org/10.1111/j.1464-410X.2005.05589.x
http://dx.doi.org/10.1002/nau.22604
http://dx.doi.org/10.1002/nau.22604
http://dx.doi.org/10.1016/j.juro.2013.08.108
http://dx.doi.org/10.1152/physrev.00030.2012
http://dx.doi.org/10.1016/j.juro.2011.08.125
http://dx.doi.org/10.1016/j.autneu.2009.07.005
http://dx.doi.org/10.1002/(SICI)1520-6777(1996)15:5%3c555:AID-NAU11%3e3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1520-6777(1996)15:5%3c555:AID-NAU11%3e3.0.CO;2-G
http://dx.doi.org/10.1007/s11010-007-9571-x
http://dx.doi.org/10.1007/s11010-007-9571-x

	Comparative biochemical responses and antioxidant activities of the rabbit urinary bladder to whole grapes versus resveratrol
	Abstract
	Introduction
	Materials and methods
	Grape & Resveratrol Suspensions [1, 2, 26]
	Animal model
	Malondialdehyde (MDA) assay
	Choline acetyl transferase (ChAT) assay
	Ca2+ATPase and SERCA assays
	Statistical analysis

	Results
	Antioxidant activity: MDA
	Choline acetyltransferase (ChAT) activity

	Discussion
	Conclusion
	Acknowledgments
	References




