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ABSTRACT

Objective: Obstructive bladder dysfunction (OBD) caused by benign prostatic hyperplasia is a common
medical problem in ageing men. As the prostate enlarges and compresses the urethra, the bladder wall thick-
ness and the bladder is termed “compensated” because its function is still relatively normal. Subsequently,
bladder function begins to fail and this change is termed “decompensation.” The extent of decompensation
progresses from mild through severe. Bladder decompensation is mediated by cyclical ischemia followed by
reperfusion (I/R) resulting in an increased generation of free radicals and oxidative stress. Previous studies
demonstrated that both vitamin E (tocopherol) and alpha-lipoic acid (LA) showed significant antioxidant
activity in experimental urinary bladder oxidative stress models. We hypothesized that co-drugs derived
from these antioxidants would result in enhanced antioxidant activity relative to either individual compound
for the treatment of oxidative stress in the lower urinary tract.

Material and methods: Two ester co-drugs of TOC and LA, tocopherol ester (0a-TOCE) and §-TOCE
were synthesized. Six adult male New Zealand White (NZW) rabbits were divided into two groups of
three rabbits each. Eight full thickness strips from each rabbit bladder were taken for in vitro I/R experi-
ments. The strips from the first set were control rabbits (24 strips). Six strips were not incubated, while
the remaining strips were incubated in a-TOCE dissolved in 1% (n=6) or 2.5% ethanol (n=6) solutions.
These strips were not subjected to in vitro I/R. The strips from the second set were processed as follows:
6 strips were not incubated, while the remaining strips were incubated in a-TOCE dissolved in 1% (n=6)
or in 8-TOCE dissolved in 2.5% ethanol. These strips were subjected to 1 hour in vitro ischemia followed
by two hours reperfusion.

Results: Preliminary studies demonstrated that neither antioxidant had any effect on the contractile
responses to 1% or 2.5% ethanol. Neither antioxidant had any effect on the control contractile responses.
Both antioxidants protected the tissue from the initial effects of ischemia. Both antioxidants had sig-
nificant protective effects on the contractile responses to all forms of stimulation after the reperfusion
period.

Conclusion: Incubation with both antioxidants had similar protective effects on responses both to ischemia
and to reperfusion.

Keywords: Alpha-lipoic acid; antioxidants; bladder; ischemia/reperfusion; oxidative stress; vitamin E.

availability of metabolic energy sources (cy-
tosolic ATP and mitochondrial oxidative me-

Introduction

The urinary bladder is a smooth muscle (SM)  tabolites).!"*! These factors are intimately as-
organ whose function is to collect and store
urine at low intravesical pressures and then

sociated with an alteration in bladder function
in one and can induce substantial adaptive
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to periodically expel the urine via highly co-
ordinated, sustained contractions.''?! Bladder
function depends upon several factors includ-
ing state of innervation, structure of the or-
gan as a whole, contractile response of the
SM elements to autonomic stimulation and

changes in the others. Partial outlet obstruc-
tion of urinary bladder is a common medi-
cal problem. More than 80% of males older
than 50 years of age have varying degrees of
bladder outlet obstruction secondary to be-
nign prostatic hyperplasia (BPH).”*! Recent
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evidence has demonstrated that ischemia is a major etiologi-
cal factor in bladder dysfunction secondary to BPH and blad-
der outflow obstruction. Experimentally, bladder ischemia has
been shown to produce significant changes in bladder function
and structure leading to noncompliance and hyperreflexia.>”!
Ischemia-induced cellular and molecular changes in the blad-
der have been shown to be similar to those induced by over-
distension and partial outlet obstruction.® Ischemia-induced
bladder fibrosis and decrease in the volume fraction of smooth

muscle contribute to the development of bladder dysfunction.
[8-10]

In order to understand the effects of outlet obstruction on blad-
der morphology, physiology, biochemistry and pharmacology,
several animal models of obstruction have been developed us-
ing different species.!""' One problem is that partial outlet ob-
struction (PBOO) has a variety of effects on bladder structure
and function other than ischemia/reperfusion (I/R) including
SM hypertrophy, mucosal hyperplasia, changes in blood flow
and blood vessel density.*'¥ Several I/R models have been
developed which eliminates these non-ischemic responses to
PBOO, including in vivo bilateral I/R studies">'%!, and in vitro
I/R studies.'®!""" The advantage of the in vitro models are that
the experiments can be completed within several hours where-
as the completion of in vivo models can take several weeks.
Additionally the in vivo models require substantially greater
number of animals relative to in vitro models. Several anti-
oxidants and natural products with antioxidant activity have
been shown to protect the bladder from dysfunctions medi-
ated by PBOO!"3! in vivo I/R!"2% and in vitro I/R.1"72! Two
of the major antioxidants shown to be effective in protecting
the bladder from oxidative stress are tocopherol (vitamin E)
(22231 and a-lipoicacid.'?* Tocopherol exists in eight different
forms, four tocopherols and four tocotrienols. All forms fea-
ture a chromane ring, with a hydroxyl group that can donate a
hydrogen atom to reduce free radicals, and a hydrophobic side
chain which allows for penetration into biological membranes.
Compared to the other forms, a-tocopherol is preferentially
absorbed and accumulated in humans, and it is the most widely
utilized form.” a-Tocopherolis an orally bioavailable form of
the naturally-occurring fat-soluble vitamin E with antioxidant
activity that contains a phenolic hydrogen, but has two fewer
methyl groups associated with the chromane ring. Although the
exact mechanism of action of a-tocopherol has yet to be fully
identified, its phenolic hydrogen has the same ability to scav-
enge free radicals as a-tocopherol, and is thus able to protect
cells against oxidative damage, presumably through the same
mechanism. We chose these two forms of vitamin E because of
their different structural, absorption and bio-availability char-
acteristics.

Tocopherol (TOC) and lipoic acid (LA), either alone or in
combination, have been previously shown to exhibit antioxi-
dant activity. Formulations containing TOC, or prodrugs of
TOC, have been developed to maintain or restore concentra-
tions of this protective antioxidant. Ester prodrugs of TOC
analogs have also been developed to improve formulation
stability and enhance bioavailability of TOC. Co-drugs are
single chemical entities derived from synergistic drugs that
are chemically linked together in order to improve drug de-
livery properties and efficacy of one or both drugs. We have
prepared two ester co-drugs (Figure 1), derived from TOC and
LA that are designed to simultaneously deliver these antioxi-
dants where they undergo hydrolytic activation to the parent
compounds which then act synergistically to inhibit ischemia-
induced ROS in the bladder.The ester co-drugs protect the
susceptible phenolic group of TOC against thermal and photo-
degradation, and mask the carboxylic acid of LA to optimize
bioavailability. In vivo hydrolytic metabolism of the co-drugs
triggers release of TOC and LA and allows for synergistic an-
tioxidant activity.

As stated above, TOC and LA have been shown to be active
antioxidants for the treatment of oxidative stress of the lower
urinary tract. We hypothesized that co-drugs derived from these
antioxidants would result in enhanced antioxidant activity rela-
tive to either individual compound for the treatment of oxidative
stress in the lower urinary tract. Both a-and 8-TOC, lipoic acid,
and the ester co-drugs are lipophilic with low water solubility,
but all are soluble in a water-ethanol mixtures. Figure 1 shows
the structure of the two novel co-drugs derived from TOC and
LA.

Material and methods

All studies were approved by the Institutional Animal Care and
Use Committee and Research and Development Committee of
the Stratton VA Medical Center, Albany, NY, USA (Approval,
545016-1]. In vitro Studies on the Ability of Natural Products
and Antioxidants to Protect Rabbit Bladders from In vitro Mod-
els of Ischemia/Reperfusion).

Synthesis of Ester Co-Drugs (a-and 6-TOCE)

A solution of dicyclohexylcarbodiimide (DCC, 1.1 mmol) in di-
chloromethane (DCM, 10 mL) was added in 5 min to a solution
of TOC (1 mmol), LA (1.25 mmol) and DMAP (0.8mmol) in
DCM (10 mL) at 0° C under N,. After the addition was com-
pleted the cooling bath was removed and the reaction was stirred
overnight. The solvent was evaporated and the crude reaction
mixture was purified by flash column chromatography on silica
gel using hexane:ethyl acetate 100:0-98:2-96:4 to yield the pure
product as a yellow viscous oil.
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a-Tocopheryllipoylester («-TOCE)
s-Tocopheryllipoylester (5-TOCE)

Ry, R2=CHj
Ry, Ry=H

Figure 1. Structures of ester co-drugs derived from tocophe-
rols and lipoic acid
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Figure 2. Effect of 1 and 2.5% ethanol on the contractile res-
ponses to FS and carbachol. Each bar is the mean +/-SEM of 6
individual full thickness strips of bladder body; *significantly

different from 0% ethanol, x = significantly different from 1%
ethanol, p<0.05
FS: field stimulation

o-TOCE: Yield: 90%APCI-MS (m/z):619.41 (M*+1).Anal caled
for C,H,,0.,S,(618.41): C,71.79; H, 10.10; 0, 7.75; S, 10.36. IR
(neat): 2926cm’; 2865 cm, 1758cm."H NMR (CDCL,): & 3.65-
355 (1H, q), 32 (2H, t), 2.65-2.54 (4H, m), 2.51-2.4 (2H, m), 2.1
(3H,'s), 1.95 (3H, s), 1.94-1.89 (2H, m), 1.85-1.71 (5H, m), 1.65-
145 (6H, m), 1.45-1.32 (10H, m), 1.15-1.31 (4H, m), 1.24 (3H, s),
1.14-1.0 (5SH,m). 0.89 (3H,s), 0.85 (3H, s), 0.81 (3H, s); *C NMR
(CDCL,): 6 172.13 (CO, ester), 149.98, 14502, 126.73, 124.92,
123.14, 11748, 7498, 56.44, 4034, 3949, 38.61, 37.51, 3649,
34.76,33.99,32.89,32.33,29.05,28.09,28.01,24.99,24 93,24 91,
24.55,24.31,22.83,22.74,20.72,19.86,19.80,13.11,12.27,11.94.

0-TOCE: Yield: 98% APCI-MS (m/z): 591.38 (M*+1).Anal
calcd for C35H5803S2 (590.38): C, 71.13; H, 9.89; O, 8.12; S,
10.85. IR (neat): 2925cm™, 2865 cm’, 1755¢cm™.'"H NMR
(CDCL,): 6 6.65 (1H, 5), 6.60 (1H, s), 3.,s), 1.96-1.88 (1H, m),
1.83-1.70 (6H, m), 1.58-1.50 (5H, m), 1.38-1.34 (4H, m), 1.27-

1.24 (9H, m), 1.16-1.04 (7H, m), 0.87 (3H, ), 0.85 (3H, s), 0.84
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Figure 3. Effect of a-TLA and 3-TLA on the contractile res-
ponses to FS and carbachol. Each bar is the mean +/-SEM of 6

individual full thickness strips of bladder body; *significantly
different from1% ethanol +/-a-TLA, p<0.05
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Figure 4. Effect of a-TLA on the response to 60 minutes isc-
hemia. Each bar is the mean +/-SEM of 6 individual full thick-

ness strips of bladder body; *significantly different from 1%
Ethanol, p<0.05

(3H, s),0.83 (3H, s). "C NMR (CDCl,): 8 172.75 (CO, ester),
149.86, 142.64, 127.51, 121.03, 119.05, 56.44, 40.35, 39.52,
38.61, 37.56, 37.53, 37.40, 34.73, 34.24, 32.90, 32.80, 31.09,
28.84, 28.09, 2491, 24.87, 24.56, 24.34, 22.84, 2275, 2257,
21.07,19.87,19.76, 16.24.

Six adult male New Zealand white rabbits (approximately 3.5 kg
each) were divided into two groups of three rabbits each. Each
rabbit was anesthetized with 3% isoflurane. The bladder of each
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animal was rapidly removed and weighed and the rabbit was
euthanized with 2 mL Fatal Plus euthanasia fluid IV. Each blad-
der was opened longitudinally and eight full thickness strips (1.5
cm long and 2 mm wide) of bladder body (separated from the
bladder base at the ureteral orifices) were placed in individual
15 mL organ baths containing Tyrode’s solution with glucose
(1 mg/mL) at 37°C and equilibrated with 95% oxygen and 5%
carbon dioxide.

The strips from the first set were harvested from control rabbits
(24 strips). Six strips were not incubated, while 6 strips were in-
cubated in a-TOCE (10 mg/mL dissolved in Tyrodes containing
1% ethanol); 6 stripsin Tyrode’s solution containing d-TOCE
(10 mg/mL dissolved in Tyrode’s solution containing 2.5% etha-
nol). These strips were not subjected to in vitro I/R. The strips
from the second set were separated as follows: 6 strips were not
incubated, while the remaining strips were incubated in Tyrode’s
solution containing a-TOCE (n=6) dissolved in 1% ethanol or in
Tyrode’s solution containing 8-TOCEdissolved in 2.5% ethanol
(n=6).

Both antioxidants were not soluble in Tyrode’s solution without
ethanol. The concentration of ethanol required to solubilize the
antioxidants were determined in preliminary experiments. The
concentrations of ethanol given were the final concentrations in
the baths.

Each strip was incubated for two hours prior to the start of the
experiment. Each strip was set at 2 gm passive tension and
stimulated with field stimulation (FS: 2 Hz, 8 Hz, 32 Hz, 1
ms duration for 20 seconds with 3 minutes in between stim-
ulations). Carbachol (20 M) was then applied to each strip
for 3 minutes. After the control stimulations, each bath was
then filled with Tyrode’s solution +/-antioxidant without glu-
cose and equilibrated in the presence of 95% nitrogen and 5%
carbon dioxide for 1 hour with stimulation at 32 Hz every 5
minutes (ischemic period).The buffer was then switched back
to standard oxygenated Tyrode’s with glucose +/-antioxidant,
and the strips were allowed to recover for two hours (reperfu-
sion period). The strips were again stimulated as originally de-
scribed. Each strip was then removed from the bath, weighed
and frozen in liquid nitrogen and stored at -80°C for biochemi-
cal analyses.

Field stimulation mimics neurotransmitter stimulation of muscle
contraction. Carbachol is a muscarinic agonist stimulating the
receptor directly without resorting to neuro-transmission.*s!

Statistical analysis

One way analysis of variance followed by the Tukey test for
individual differences were used for all studies. A p<0.05 was
required for statistical significance.

Results

The contractile responses of the bladder body +/-ethanol is pre-
sented in Figure 2. At 2 and 8 Hz FS, 2.5% ethanol inhibited the
contraction to a significantly greater degree than 1% ethanol. At
32 Hz and in the presence ofcarbachol, 2.5% ethanol inhibited
contraction to a similar degree than 1% ethanol, although 2.5%
ethanol inhibited carbachol-induced contraction to a statisti-
cally greater degree than 1% ethanol. Although not shown in
the figure both a-and 6-TOCE had no effects on the contractile
responses to ethanol.

Figure 3 shows the effects of a-and §-TOCE on the contractile
responses to FS and carbachol. Both forms of tocopherol had
no effect on the contractile responses to FS or carbachol. Please
note that the control strips from the a-TOCE were incubated in
1% ethanol and the control strips from the §-TOCE were incu-
bated in 2.5% ethanol.

Figure 4 shows the effects of a-TOCE on the response to 60
minutes of ischemia. The “0” time represents the initial response
after change to the ischemic medium. Ischemia at all time points
significantly and progressively inhibited the contractile response
to both control and a-TOCE groups. a-TOCE significantly pro-
tected the contractile response to 32 Hz FS at virtually all time
points, including at 60 minutes.

Figure 5 shows the effects of -TOCE on the response to 60
minutes of ischemia. Ischemia at all time points significantly
and progressively inhibited the contractile response to both con-
trol and 0-Tocopherol groups. 0-TOCE significantly protected
the contractile response to 32 Hz FS at only 0, 10 and 15 min-
utes. Thus o-TOCE was more protective against ischemia than
0-TOCE.

Figure 6 shows the effect of 1 and 2.5% ethanol on the con-
tractile responses following the 2 hours of reperfusion period.
Ethanol (2.5%) was significantly more inhibitive for FS at all
frequencies of stimulation and for carbachol.

Figure 7 shows the post-ischemic contractile responses in the
presence of a-TOCE. a-TOC was protective at all frequencies
of FS and for carbachol.

Figure 8 shows the post-ischemic contractile responses in the
presence of O-TOCE. 8-TOCE was protective at all frequen-
cies of FS and for carbachol. It should be noted that the post-
ischemic responses to all forms of stimulation were significantly
lower for 8-TOC than for a-TOCE. This would be due to the use
of 2.5% ethanol for §-TOCE which is much more inhibitory on
contraction than o-TOCE dissolved in 1.0% ethanol.
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Discussion

Oxidative stress plays important roles in a variety of specific
pathophysiologies and in the ageing process. Urinary bladder
outlet obstruction is a common medical problem in men. More
than 80% of males older than 50 years of age have varying
degrees of bladder outlet obstruction secondary to BPH.?"28
Although it is a common knowledge that in man progressive
bladder dysfunction occurs in association with ageing, there is
also excellent evidence that both bladder physiological and bio-
chemical dysfunctions of bladder occur in rabbits.”>?" We have
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Figure 8. Effect of -TLA on the contractile responses to FS

and carbachol at the end of the reperfusion period; * = signifi-
cantly different from 1% ethanol, p<0.05

strong evidence that progression of obstructive bladder dysfunc-
tion (OBD) in men is very similar to the progression of OBD
in rabbits subjected to PBOOQ.!"*3132Results of our recent stud-
ies provided direct evidence that one of the major etiologies for
OBD in both men and rabbits is ischemia followed by reperfu-
sion (I/R). Ischemia resulting from decreased blood flow during
contraction followed by reperfusion results in the generation of
free radicals and oxidative damage to muscle and mucosal cel-
lular and subcellular membranes.”***4 Indirect evidence for an
I/R etiology of OBD comes from a series of published studies
using a variety of in vivo and in vitro models, and demonstrating
that several specific natural antioxidant products can protect the
bladder from oxidative stress.!'72%
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As mentioned in the introduction, in addition to hypoxia, isch-
emia, and reperfusion, OBD also induces SM hypertrophy, mu-
cosal hyperplasia, and collagen infiltration into the smooth mus-
cle compartment.!'*! In order to discriminate the I/R effects of
OBD from the structural effects, we have utilized a recognized
in vitro model of I/R.133¢

We have clearly identified that the primary etiology of the patho-
logical effects of I/R is due to the generation of free radicals
and oxidative stress!!®¥73; thus the protective effects of o and
0-TOCE would be due to their strong antioxidant effects.

Although specific antioxidants and natural products have been
shown to protect bladder contractile responses to I/R and partial
bladder outlet obstruction (PBOQ)!8:2021401 "ot all antioxidants
have this effect. This was best observed when we compared the
effects of a freeze dried preparation of whole grapes with the
effects of pure resveratrol. These studies demonstrated that al-
though resveratrol (the proposed major antioxidant of grapes)
had an extremely potent in vitro antioxidant activity, it was not
nearly as effective as the whole grape preparation in protecting
the bladder from oxidative stress.*'#? As mentioned previously,
several clinical studies on the effectiveness of specific antioxi-
dants on specific diseases linked to oxidative stress have been
disappointing [*3-4]

The bladder SM and mucosal cells have both lipid components
(cell wall, intracellular organelle wall) and aqueous components
(intracellular fluid). For this reason we thought a combination
antioxidant with a lipid-soluble component (lipoic acid) and
aqueous component (tocopherol) would have better access into
the bladder cells as a whole. The major difference between the
two antioxidants was that a-TOCE was extremely effective of
protecting the contractile response of carbachol from I/R, while
0-TOCE had no significant effect.

This preliminary study indicates that this composite antioxidant
has extremely potent activity in protecting the isolated bladder
strips from significant oxidative stress. Additional dose-response
studies are planned to directly compare the potency of these two
composite antioxidants with their two components namely TOC
and LA.

Ethics Committee Approval: Ethics committee approval was received
for this study from the ethics committee ofthe Stratton VA Medical
Center, Study (# 545016-1] In vitro Studies on the Ability of Natu-
ral Products and Antioxidants to Protect Rabbit Bladders from In vitro
Models of Ischemia/Reperfusion).

Peer-review: Externally peer-reviewed.

Author Contributions: Concept — R.L., M.H.; Design — R.L., M.H.;
Supervision — R.L.; Resources — R.Leggett; Materials — R.Leggett,
C.S.; Data Collection and/or Processing — R.Leggett., C.S.; Analysis
and/or Interpretation —R.L., M..S ; Literature Search — R.L., M.S.; Writ-
ing Manuscript — R.L., M.S; Critical Review — R.L., M.S.

Conflict of Interest: The authors have no conflicts of interest to de-
clare.

Financial Disclosure: This manuscript was funded in part by the Of-
fice of Research and Development Department of the Veterans Affairs,
and by the Capital Region Medical Research Foundation.

References

1. Andersson KE, Arner A. Urinary bladder contraction and relax-
ation: 1. Andersson KE, Arner A. Urinary bladder contraction
and relaxation: physiology and pathophysiology. Physiol Rev
2004;84:935-86. [CrossRef]

2. Damaser MS, Whitbeck C, Barreto M, Horan P, Benno H,
O'Connor LJ, et al. Comparative physiology and biochemistry of
rat and rabbit urinary bladder. BJU Int 2000;85:519-25. [CrossRef]

3. Lee CL, Kuo HC. Pathophysiology of benign prostate enlargement
and lower urinary tract symptoms: Current concepts. Ci Ji Yi Xue
Za Zhi 2017;29:79-83.

4. Egan KB. The Epidemiology of Benign Prostatic Hyperplasia As-
sociated with Lower Urinary Tract Symptoms: Prevalence and In-
cident Rates. Urol Clin North Am 2016;43:289-97. [CrossRef]

5. Mannikarottu AS, Kogan B, Levin RM. Ischemic etiology of ob-
structive bladder dysfunction: A review. Recent Res Devel Mol
Cell Biochem 2005;2:15-34.

6. Fusco F, Creta M, De Nunzio C, Iacovelli V, Mangiapia F, Li Mar-
zi V, et al. Progressive bladder remodeling due to bladder outlet
obstruction: a systematic review of morphological and molecular
evidences in humans. BMC Urol 2018;18:15. [CrossRef]

7. Lin AT, Juan YS. Ischemia, Hypoxia and Oxidative Stress in Blad-
der Outlet Obstruction and Bladder Overdistention Injury. Low
Urin Tract Symptoms 2012;4(Suppl 1):27-31.

8. Levin RM, Levin SS, Zhao Y, Buttyan R. Cellular and molecular
aspects of bladder hypertrophy. Eur Urol 1997;32(Suppl 1):15-21.

9. Levin RM, Monson FC, Haugaard N, Buttyan R, Hudson A, Ro-
elofs M, et al. Genetic and cellular characteristics of bladder outlet
obstruction. Urol Clin North Am 1995;22:263-83.

10. Azadzoi KM, Tarcan T, Kozlowski R, Krane RJ, Siroky MB. Over-
activity and structural changes in the chronically ischemic bladder.
J Urol 1999;162:1768-78. [CrossRef]

11. Buttyan R, Chen MW, Levin RM. Animal models of bladder outlet
obstruction and molecular insights into the basis for the develop-
ment of bladder dysfunction. Eur Urol 1997;32(Suppl 1):32-9.

12. Kitta T, Kanno Y, Chiba H, Higuchi M, Ouchi M, Togo M, et al. Ben-
efits and limitations of animal models in partial bladder outlet obstruc-
tion for translational research. Int J Urol 2018;25:36-44. [CrossRef]

13. Levin RM, Longhurst PA, Monson FC, Kato K, Wein AJ. Effect of
bladder outlet obstruction on the morphology, physiology, and phar-
macology of the bladder. Prostate Suppl 1990;3:9-26. [CrossRef]


https://doi.org/10.1152/physrev.00038.2003
https://doi.org/10.1046/j.1464-410x.2000.00444.x
https://doi.org/10.1016/j.ucl.2016.04.001
https://doi.org/10.1186/s12894-018-0329-4
https://doi.org/10.1016/S0022-5347(05)68236-5
https://doi.org/10.1111/iju.13471
https://doi.org/10.1002/pros.2990170503

Levin et al. The effect of a-and &-tocopherol-lipoic acid ester co-drugs on the response of the rabbit bladder to in vitro ischemia/reperfusion

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Levin RM, Haugaard N, O'Connor L, Buttyan R, Das A, Dixon
JS, et al. Obstructive response of human bladder to BPH vs. rabbit
bladder response to partial outlet obstruction: a direct comparison.
Neurourol Urodyn 2000;19:609-29. [CrossRef]

Levin RM, Xia L, Wei W, Schuler C, Leggett RE, Lin AD. Effects
of Ganoderma Lucidum shell-broken spore on oxidative stress of
the rabbit urinary bladder using an in vivo model of ischemia/re-
perfusion. Mol Cell Biochem 2017;435:25-35. [CrossRef]

Lin AD, Mannikarottu A, Kogan BA, Whitbeck C, Leggett RE, Levin
RM. Effect of bilateral in vivo ischemia/reperfusion on the activi-
ties of superoxide dismutase and catalase: response to a standardized
grape suspension. Mol Cell Biochem 2007;296:11-6. [CrossRef]
Radu F, Leggett RE, Schuler C, Levin RM. The effect of antioxi-
dants on the response of the rabbit urinary bladder to in vitro isch-
emia/reperfusion. Mol Cell Biochem 2011;355:65-73. [CrossRef]
Juan YS, Levin RM, Chuang SM, Hydery T, Li S, Kogan B, et al. The
beneficial effect of coenzyme Q10 and lipoic acid on obstructive blad-
der dysfunction in the rabbit. J Urol 2008;180:2234-40. [CrossRef]
Lin AD, Mannikarottu A, Chaudhry A, Whitbeck C, Kogan
BA, Chichester P, et al. Protective effects of grape suspension
on in vivo ischaemia/reperfusion of the rabbit bladder. BJU Int
2005;96:1397-402. [CrossRef]

Juan YS, Hydery T, Mannikarottu A, Kogan B, Schuler C, Leggett
RE, et al. Coenzyme Q10 protect against ischemia/reperfusion in-
duced biochemical and functional changes in rabbit urinary blad-
der. Mol Cell Biochem 2008;311:73-80. [CrossRef]

Li HT, Schuler C, Leggett RE, Levin RM. Differential effects of
coenzyme Q10 and alpha-lipoic acid on two models of in vitro
oxidative damage to the rabbit urinary bladder. Int Urol Nephrol
2011;43:91-7. [CrossRef]

Farshid AA, Tamaddonfard E, Ranjbar S. Oral administration of vi-
tamin C and histidine attenuate cyclophosphamide-induced hemor-
rhagic cystitis in rats. Indian J Pharmacol 2013;45:126-9. [CrossRef]
Lorenzetti F, Dambros M, Castro M, Ribeiro ML, Miranda DD, Ortiz
V. Influence of oxidative stress and alpha tocopherol supplementation
on urothelial cells of the urinary bladder in ovariectomised rats. Int
Urogynecol J Pelvic Floor Dysfunct 2007;18:1351-6. [CrossRef]
Jiang YJ, Gong DX, Liu HB, Yang CM, Sun ZX, Kong CZ. Abil-
ity of alpha-lipoic acid to reverse the diabetic cystopathy in a rat
model. Acta Pharmacol Sin 2008;29:713-9. [CrossRef]

Rigotti A. Absorption, transport, and tissue delivery of vitamin E.
Mol Aspects Med 2007;28:423-36. [CrossRef]

Rehfuss A, Schuler C, Maxemous C, Leggett RE, Levin RM. Cy-
clical estrogen and free radical damage to the rabbit urinary blad-
der. Int Urogynecol J 2010;21:489-94. [CrossRef]

Barry M, Meigs, JB. The natural history of benign prostatic hyper-
plasia. In: Lepor H, editor. Prostatic Diseases. Philadelphia: WB
Saunders and Co.; 2000.p.106-15.

Bushman W. Etiology, epidemiology, and natural history of benign
prostatic hyperplasia. Urol Clin North Am 2009;36:403-15. [CrossRef]
Guven A, Mannikarottu A, Whitbeck C, Chichester P, Leggett RE, Ko-
gan BA, et al. Effect of age on the response to short-term partial bladder
outlet obstruction in the rabbit. BJU Int 2007;100:930-4. [CrossRef]
Guven A, Lin WY, Leggett RE, Kogan BA, Levin RM, Manni-
karottu A. Effect of aging on the response of biochemical markers
in the rabbit subjected to short-term partial bladder obstruction.
Mol Cell Biochem 2007;306:213-9. [CrossRef]

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Gosling JA, Kung LS, Dixon JS, Horan P, Whitbeck C, Levin
RM. Correlation between the structure and function of the rab-
bit urinary bladder following partial outlet obstruction. J Urol
2000;163:1349-56. [CrossRef]

Levin RM, Haugaard N, Mogavero L, Leggett RE, Das AK. Biochem-
ical evaluation of obstructive bladder dysfunction in men secondary to
BPH: a preliminary report. Urology 1999:;53:446-50. [CrossRef]
Juan YS, Lin WY, Kalorin C, Kogan BA, Levin RM, Mannikarottu
A. The effect of partial bladder outlet obstruction on carbonyl and
nitrotyrosine distribution in rabbit bladder. Urology 2007;70:1249-
53. [CrossRef]

Mannikarottu A, Lin AD, Whitebeck C, Leggett R, Kogan B,
Levin R. Effect of partial bladder outlet obstruction on nitrotyro-
sine levels and their correlation with contractile function. Neurou-
rol Urodyn 2006;25:397-401. [CrossRef]

Malone L, Schuler C, Leggett RE, Levin RM. Effect of estrogen
and ovariectomy on response of the female rabbit urinary blad-
der to two forms of in vitro oxidative stress. Int Urogynecol J
2014;25:791-8. [CrossRef]

Malone L, Schuler C, Leggett RE, Levin RM. The effect of in vitro
oxidative stress on the female rabbit bladder contractile response
and antioxidant levels. ISRN Urol 2013;639685.

Erdem E, Whitbeck C, Kogan BA, Levin RM. Effect of matura-
tion and aging on response of rabbit bladder to bilateral in vivo
ischemia/reperfusion. Urology 2006;67:220-4. [CrossRef]
Bratslavsky G, Whitbeck C, Horan P, Levin RM. Effects of in vivo
ischemia on contractile responses of rabbit bladder to field stimulation,
carbachol, ATP and KCI. Pharmacology 1999;59:221-6. [CrossRef]
Gill HS, Monson FC, Wein AJ, Ruggieri MR, Levin RM. The ef-
fects of short-term in vivoischemia on the contractile function of
the rabbit urinary bladder. J Urol 1988;139:1350-4. [CrossRef]
Juan YS, Chuang SM, Mannikarottu A, Huang CH, Li S, Schuler
C, et al. Coenzyme Q10 diminishes ischemia-reperfusion induced
apoptosis and nerve injury in rabbit urinary bladder. Neurourol
Urodyn 2009;28:339-42. [CrossRef]

Francis JA, Leggett RE, Schuler C, Levin RM. Comparative bio-
chemical responses and antioxidant activities of the rabbit urinary
bladder to whole grapes versus resveratrol. Mol Cell Biochem
2015;410:121-9. [CrossRef]

Francis JA, Leggett RE, Schuler C, Levin RM. Effect of hydrogen
peroxide on contractility and citrate synthase activity of the rabbit uri-
nary bladder in the presence and absence of resveratrol and a whole-
grape suspension. Mol Cell Biochem 2014;391:233-9. [CrossRef]
Suksomboon N, Poolsup N, Juanak N. Effects of coenzyme Q10 sup-
plementation on metabolic profile in diabetes: a systematic review and
meta-analysis. J Clin Pharm Ther 2015;40:413-8. [CrossRef]
Ozkanlar S, Akcay F. Antioxidant vitamins in atherosclerosis-
-animal experiments and clinical studies. Adv Clin Exp Med
2012;21:115-23.

Lonn E. Do antioxidant vitamins protect against atherosclerosis?
The proof is still lacking®. J Am Coll Cardiol 2001;38:1795-8.
[CrossRef]

McQuillan BM, Hung J, Beilby JP, Nidorf M, Thompson PL. Anti-
oxidant vitamins and the risk of carotid atherosclerosis. The Perth
Carotid Ultrasound Disease Assessment study (CUDAS). J Am
Coll Cardiol 2001;38:1788-94. [CrossRef]


https://doi.org/10.1002/1520-6777(2000)19:5<609::AID-NAU7>3.0.CO;2-H
https://doi.org/10.1007/s11010-017-3053-6
https://doi.org/10.1007/s11010-005-9068-4
https://doi.org/10.1007/s11010-011-0839-9
https://doi.org/10.1016/j.juro.2008.07.022
https://doi.org/10.1111/j.1464-410X.2005.05832.x
https://doi.org/10.1007/s11010-007-9696-y
https://doi.org/10.1007/s11255-010-9771-2
https://doi.org/10.4103/0253-7613.108283
https://doi.org/10.1007/s00192-007-0325-9
https://doi.org/10.1111/j.1745-7254.2008.00790.x
https://doi.org/10.1016/j.mam.2007.01.002
https://doi.org/10.1007/s00192-009-1048-x
https://doi.org/10.1016/j.ucl.2009.07.003
https://doi.org/10.1111/j.1464-410X.2007.07135.x
https://doi.org/10.1007/s11010-007-9571-x
https://doi.org/10.1097/00005392-200004000-00083
https://doi.org/10.1016/S0090-4295(98)00497-X
https://doi.org/10.1016/j.urology.2007.09.047
https://doi.org/10.1002/nau.20219
https://doi.org/10.1007/s00192-013-2289-2
https://doi.org/10.1016/j.urology.2005.07.055
https://doi.org/10.1159/000028323
https://doi.org/10.1016/S0022-5347(17)42917-X
https://doi.org/10.1002/nau.20662
https://doi.org/10.1007/s11010-015-2544-6
https://doi.org/10.1007/s11010-014-2007-5
https://doi.org/10.1111/jcpt.12280
https://doi.org/10.1016/S0735-1097(01)01626-6
https://doi.org/10.1016/S0735-1097(01)01676-X



