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Abstract

Hemorrhagic cystitis (HC) is the major dose-limiting adverse effect of the clinical use ifosfamide (IFOS). The incidence of this
side effect can be as high as 75%. Mesna has been used to reduce the risk of HC, although 5% of patients who get IFOS treatment
may still suffer from HC. In previous studies, our group demonstrated that «-phellandrene («x-PHE) possesses anti-inflammatory
activity, which opens the door for its study in the attenuation of HC. The objective of this study was to investigate the potential
uroprotective effect of the «-PHE in the mouse model of IFOS-induced HC. In order to analyze the reduction of the urothelial
damage, the bladder wet weight, hemoglobin content, and the Evans blue dye extravasation from the bladder matrix were
evaluated. To investigate the involvement of neutrophil migration and lipid peroxidation and involvement of enzymatic and
endogenous non-enzymatic antioxidants, the tissue markers myeloperoxidase (MPO), malondialdehyde, nitrite/nitrate (NOX),
superoxide dismutase (SOD), and reduced glutathione (GSH) were evaluated. TNF-« and IL-13 were measured by ELISA
immunoassay technique. The results show that pretreatment with «-PHE significantly reduced urothelial damage that was
accompanied by a decrease in the activity of MPO, MDA, and NOx levels and prevention of the depletion of SOD and GSH
in bladder tissues. In the assessment of cytokines, «x-PHE was able to significantly reduce TNF-« level. However, it does not
affect the activities of IL-13. These data confirm that «-PHE exerts potent anti-inflammatory properties and demonstrates that «-
PHE represents a promising therapeutic option for this pathological condition.
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Introduction

P4 Francisco de Assis Oliveira

fassisol@ufpi.edu.br Cyclophosphamide (CP) and ifosfamide (IFO)
(oxazaphosphorines) are among the most widely used cyto-
toxic drugs worldwide and are active against many types of
benign and malignant neoplastic diseases (Matz and Hsieh
2017). In addition, they are also used at lower doses to treat
rheumatic diseases (Yilmaz et al. 2015). Its use is based on its

action as a chelator of DNA which renders cells unfeasible for
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cell division (Altayli et al. 2012). IFO shares with CP a toxic
profile characterized by urotoxicity due to the metabolism of
these drugs and it involves the formation of toxic metabolite
(acrolein), which in turn has a high potential for tissue aggres-
sion when it accumulates in the bladder because it induces
bladder inflammatory damage, thus constituting hemorrhagic
cystitis (HC) (Decker et al. 2009).
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Oxazaphosphorine-induced bladder inflammation is medi-
ated by a variety of soluble factors, including reactive oxygen
species (ROS), reactive nitrogen species (RNS), and inflam-
matory cytokines (IL-1(3 and TNF) which are widely associ-
ated with epithelial damage in the bladder tissue (Macedo
et al. 2012). It is worth noting that HC occurs in up to 70%
of patients exposed to high doses of chemotherapy with CP or
IFO (Cannon et al. 1991). HC can cause bladder constriction
or perforation, anemia, recurrent urinary tract infections,
hydronephrosis, and renal failure, leading to death (Sencer
et al. 1993). In addition, HC is the main dose-limiting adverse
effect of oxazaphosphorines and its development compro-
mises the continuity of cancer treatment and despite the avail-
able treatments, there is a prevalence of this disease in up to
40% of oxazaphosphorine-treated patients (Silva Junior et al.
2013).

Among the chemoprotective agents used as coadjuvants in
chemotherapy treatment with cyclophosphamide, Mesna (2-
mercaptoethanesulfonate) is the most widely used drug as a
protector against the development of hemorrhagic cystitis
(Matz and Hsieh 2017). Mesna has the ability to bind to the
acrolein molecule and thus prevents its entry into the bladder
cells thus preventing oxidative stress, inflammation, and ne-
crosis from installing in these cells (Haselberger and
Schwinghammer 1995; Haldar 2014). However, about 5%
of patients treated with cyclophosphamide and submitted to
Mesna treatment still develop hemorrhagic cystitis. This is due
to the presence of other substances that do not bind to Mesna
and that have the capacity to induce HC (Altayli et al. 2012).
Indeed, ifosfamide also undergoes considerable chloroethyl
side chain oxidation with liberation of chloroacetaldehyde
(CAA). CAA may also contribute to the urotoxicity of
ifosfamide, not just acrolein (Mills et al. 2019).

In this sense, several other groups of drugs have been tested
in particular, anti-inflammatory drugs (Szabo et al. 2007) and
antioxidants (Vieira et al. 2004; Ozcan et al. 2005; Arafa
2009; Boeira et al. 2011).

Within this scope, several substances of natural origin
(ternatine, curcumin, quercetin, rutin, and gallic acid) were
tested in experimental models of cyclophosphamide/
ifosfamide-induced hemorrhagic cystitis (Vieira et al. 2004;
Boeira et al. 2011). In our previous studies, our group demon-
strated that monoterpene «-phellandrene has anti-
inflammatory and antioxidant activity (Siqueira et al.
2016a), which opens the door to investigate its potential ther-
apeutic effect on hemorrhagic cystitis.

In the present study, it was found that the o-phellandrene
(2-methyl-5-propane-2-cyclohexane-1,3-diene) had important
pharmacological effects, such as antinociceptive effect and
antidematogenic activity (Lima et al. 2011; Siqueira et al.
2016b). The anti-inflammatory effect exerted by this mono-
terpene probably still involves a decrease in neutrophil migra-
tion and stabilization of mast cell degranulation (Siqueira et al.
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2016a), which indicates that «-phellandrene is potentially use-
ful in the investigation of new agents with anti-inflammatory
activity. In this context, we hypothesized that o-phellandrene
might prevent (H,) experimentally ifosfamide-induced hem-
orrhagic cystitis in mice through suppression of inflammation
and oxidative stress, which paves the way for its application in
the study of attenuation of inflammatory bladder damage
caused by oxazaphosphorine chemotherapy in acute
evaluation.

Material and methods
Animals

Non-fasted Mus musculus mice of Swiss albino lineage,
males, weighing between 25 and 30 g were used. The animals
were obtained from the bioterium of the Medicinal Plants
Research center (NPPM) of the Federal University of Piaui.
The animals were kept at 22+2 °C and light/dark cycle of
12 h with water and food ad libitum. The experimental and
euthanasia procedures were performed according to the ethical
guidelines of animal experimentation and were approved by
the Committee of Ethics in Animal Experimentation of the
Federal University of Piaui through protocol No. 279/16
(CEUA-UFPI).

Drugs

The following drugs were used in this study: o-phellandrene
(Sigma), ifosfamide (Holoxane — ASTA — AG — Frankfurt.
Alemanha), Mesna (Mitexan®) (Baxter), Tween 80 (Riedel,
Alemanha), sodium chloride (LabSynth, Brazil), o-dianisidine
(Sigma), sodium thiopental (Abbots Lab, Brasil), lidocaine
(Sigma), hexadecyltrimethylammonium bromide (Sigma),
hydrogen peroxide (Quimesp Quimica), potassium chloride
(LabSynth, Brazil), phosphoric acid (Sigma), thiobarbituric
acid (Sigma), n-butanol, 5,5'-Dithiobis(2-nitrobenzoic acid)
(DTNB) (Sigma).

Hemorrhagic cystitis induced by ifosfamide

The mice were distributed in 8 (eight) groups of 5 (five) ani-
mals each. Dosage and route of administration of IFOS were
determined from that described in the literature (Ribeiro et al.
2002; Mota et al. 2007). The control group received pretreat-
ment with vehicle (Tween in saline solution at 0.05%, 0.5 mL/
10 g of animal weight, i.p.), the negative control (—) received
only ifosfamide (400 mg/kg, i.p.), the Mesna group received
two intraperitoneal doses of Mesna 80 mg/kg each, totaling
160 mg/kg, 30 min before and 6 h after the administration of
ifosfamide. The groups treated with «-phellandrene received
6.25, 12.5, 25, 50, and 100 mg/kg (Polysorbate 80 0.05% +
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NaCl 0.9%, i.p.) 30 min before the administration of
ifosfamide. For induction of hemorrhagic cystitis, the animals
received intraperitoneal injection of ifosfamide at a dose of
400 mg/kg 30 min after pretreatment according to the study
groups (Vieira et al. 2004; Silva-Junor 2013). After 12 h, the
animals were euthanized by anesthetic overdose (sodium thio-
pental 150 mg/kg and lidocaine 10 mg/kg via i.p.) (Macedo
et al. 2012; Silva-Junor 2013).

Macroscopic analysis

After euthanasia of the animals, exploratory laparatomy was
performed, the bladder of the animal was removed, emptied,
and weighed on an analytical scale, and bladder edema was
reported as increased bladder wet weight (BWW), which in
turn was expressed as normalized by bladder weight/20 g of
animal weight after treatment (Vieira et al. 2004).

Microscopic analysis

The bladders were fixed in formalin, diaphanized, and embed-
ded in paraffin after being weighed and after microtomy in
4 pum bands, they were stained with hematoxylin and eosin
(H&E) and analyzed in an optical microscope by two experi-
enced clinical analysts through blind evaluation.

Quantification of urinary hemoglobin
by cyanomethaemoglobin method

In this test, an adaptation of the technique described by Harold
and Drabkin (1935) was used. The bladders were homoge-
nized in Drabkin reagent (100 mg of bladder tissue per mL
of reagent) and after 1 h of incubation, the bladders were
centrifuged at 10,000 (g) for 10 min. The supernatants were
extracted and centrifuged again at 10,000g for 10 min. The
absorbance of the supernatant was quantified using a micro-
plate reader at wavelength of 450 nm and the hemoglobin
concentration was calculated through the analytical curve pre-
viously constructed using hemoglobin standard (Labtest,
Brazil) and the results were expressed in pg of hemoglobin/
mg of tissue.

Evaluation of vascular protein leakage by the Evans
blue dye technique

The animals submitted to intraperitoneal injection of
ifosfamide, 30 min before euthanasia, were received
(25 mg/kg) of Evans blue intravenously in the caudal plexus
as adapted from Mota et al. (2007). After euthanasia, the blad-
ders were removed, dissected, and incubated in test tubes con-
taining formamide solution (1 mL/bladder) at 56 °C for 6 h
(overnight) for dye extraction. The total dye extracted was
determined using a spectrophotometer at 550 nm, followed

by a standard curve to express the data in ng of Evans blue/
mg of tissue.

Determination of myeloperoxidase activity in bladder
tissue

The bladder tissue was homogenized in potassium phosphate
buffer containing 0.5% hexadecyltrimethylammonium bro-
mide and centrifuged at 4500 rpm for 15 min at 4 °C as
proposed by Alves-Filho et al. (2006). The pellet was resus-
pended and the myeloperoxidase (MPO) activity was deter-
mined at 450 nm using o-dianisidine dihydrochloride and 1%
hydrogen peroxide. An MPO unit was defined as the amount
of MPO capable of breaking 1 mmol of peroxide/min and the
data were reported in units per milligram of tissue (U/mg of
tissue).

Determination of malondialdehyde levels in bladder
tissue

Malondialdehyde (MDA) levels in bladder tissue were
determined by the Mihara and Uchiyama method
(1978). The samples were homogenized in KCL ice
1.15% to prepare a 10% homogenate. Then, aliquots of
250 pL of homogenate were added to tubes containing
1.5 mL of 1% H3;PO,4 and 500 puL of aqueous thiobarbi-
turic acid (0.6%). Subsequently, the tubes were heated for
a period of 45 min in a water bath at 100 °C and the
reaction mixture was then cooled in a cold water bath,
followed by the addition of 2 mL of n-butanol. After the
addition of n-butanol, the samples were shaken with a
vortex mixer for 1 min, and then centrifuged at
1500 rpm for 10 min. The supernatant was analyzed
using a UV-Vis spectrophotometer at an absorbance of
520 and 535 nm, and the result was obtained by the
difference in absorbance of the two readings. The results
were expressed in nmol/g of bladder tissue.

Measurement of tissue nitrite and nitrate levels

Nitrite/nitrate (NOX) is measured indirectly through its metab-
olites, nitrite and nitrate, using the Griess reagent, according to
the method described by Green et al. (1982). The tissue sam-
ples were homogenized in 0.15 M KCI1 (1 mL/100 mg of
tissue), and the homogenate was centrifuged under refrigera-
tion (Cunha et al. 2016). Later, 100 uL of the supernatant was
mixed with 100 puL of Griess reagent. The absorbance at
wavelength 540 nm was measured after 10 min of incubation.
Nitrate/nitrite levels were expressed as (M nitrite and nitrate

(NOx).
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Determination of superoxide dismutase levels
in bladder tissue

Superoxide dismutase concentration was measured using a
modified spectrophotometric assay (Das et al. 2000; Cunha
et al. 2016). In this method, the enzyme activity is calculated
by the amount of superoxide dismutase (SOD) capable of
inhibiting nitrite formation by 50%. The bladder tissue was
homogenized in 1 mL/100 mg of potassium phosphate buffer
(50 nM, pH 7.4). One hundred microliters of the homogenate
was added to 1110 uL phosphate buffer, 75 pL. L-methionine
(20 mM), 40 uL Triton X-100 (1% v/v), 75 uL hydroxylamine
chloride (10 mM), and 100 uL EDTA (50 uM). This solution
was incubated in a 37 °C water bath for 5 min, then 80 puL of
riboflavin solution (50 uM) was added and exposed to light
for 10 min. From this solution, 100 uL of the sample was
removed and another 100 uL of Griess reagent was added to
wells, and after 10 min, the absorbance was read at 550 nm on
scanning multiwell spectrophotometer ELISA reader. In addi-
tion, the amount of total protein was determined with a com-
mercial kit (Labtest, Brazil). The results were expressed as
units of SOD/ug of protein (uSOD/pg).

Determination of reduced glutathione levels
in bladder tissue

The glutathione (GSH) concentration was determined accord-
ing to the method proposed by Sedlak and Lindsay (1968).
The determination of reduced glutathione is based on the re-
action of DTNB [5.5 ditidio-bis-(acido-2-nitrobenzoic)] with
free thiol giving rise to a mixed disulfide plus 2-nitro-5-
benzoic acid. Samples of the bladder tissue were homogenized
in 0.02 M EDTA for subsequent preparation of a 10% homog-
enate. Next, 400 pl aliquots of the homogenate was added to
320 pl distilled water and 80 pl 50% trichloroacetic acid
(TCA). Then, the material was centrifuged at 3000 rpm for
15 min at 4 °C. After centrifugation, 400 uL of supernatant
was removed and mixed with 800 ul of 0.4 M TRIS buffer
(pH 8.9) and 20 uL of 0.01 M DTNB (Ellman’s reagent). The
mixture was finally stirred for 3 min and the absorbance was
measured at 412 nm in a spectrophotometer. Results were
expressed in g GSH/g tissue.

Measurement of tissue levels of IL-1B and TNF-a
by ELISA

Tissue concentrations of tumor necrosis factor-cc (TNF-¢) and
interleukin-13 (IL-1(3) were determined by enzyme-linked im-
munosorbent assay (ELISA) using commercially available kits
following manufacturer’s instructions (ELISA R & D Systems,
Minneapolis, MN, USA). The enzyme immunoassay was per-
formed at room temperature 25+ 5 °C using 100 puL of each
component. Briefly, antibodies and other substrates were diluted
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in BSA (1% bovine serum isolated albumin in PBS pH 7.4), and
the bladder tissue was homogenized at 10% in 0.5% BSA in PBS
(pH 7.4). The plates were washed three times with PBS Washing
Solution (pH 7.4 + 0.05% Tween 20) between steps. To perform
the ELISA, each well of the plate was coated with the optimal
concentration of capture antibody by overnight incubation (room
temperature 25 + 5 °C). After blocking with BSA for 1 h, follow-
ed by washing, samples and standards were distributed (duplicate
standards) and incubated for 2 h. After washing, the biotinylated
detection antibody was added and incubated for 2 h. After incu-
bation time and successful washing, streptoavidin was incubated
for 20 min (successful washing) and then the reaction was re-
vealed by incubation for 20 min at room temperature and under
the light of TMB chromogenic substrate (tetramethylbenzidine +
hydrogen peroxide), followed by the addition of a reaction inhib-
itor (H,SO4 1 M 100 pL). The reading was performed at a
wavelength of 450 nm in a microplate spectrophotometer and
the data were calculated from the serial concentration standard
curve. Results were expressed as cytokine picograms per milli-
gram of tissue (pg/mg of protein).

Statistical analysis

Multiple comparisons of groups were carried out through
analysis of variance (ANOVA) prior to Tukey’s post hoc test.
Tukey’s test was used as post hoc analysis once the null hy-
pothesis (HO) was rejected. The p value < 0.05 is considered
negative in the analyses, with a significance level of 0.05. All
analyses were performed using R Studio software (Version
R-3.6.2).

Results
Wet weight and histopathological parameters

The administration of ifosfamide at a dose of 400 mg/kg
(IFOS) induced severe changes that translated into hemor-
rhage and tissue edema in the bladders which could be verified
by the increase in the wet weight of the bladder (BWW) by
65.87% at 12 h compared with the control group (Fig. 1).
IFOS-evoked increase in BWW was significantly inhibited
by pretreatment with «-phellandrene at doses of 25 and
50 mg/kg (31.59 and 29.83%, respectively, Fig. 1).
However, a-phellandrene at doses of 6.25, 12.5, or 100 not
was capable of inhibiting IFOS-induced edema formation
(6.87, 19.74, and 6.50%). Pretreatment with the classic
Mesna protocol similarly inhibited the increase in BWW
(36% reduction) offering significant protection. There was
nonetheless no significant difference between the inhibitory
effects reached after treating animals with «-phellandrene (25
and 50 mg/kg) in relation to Mesna treatment.
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Fig. 1 Effect of a-phellandrene on bladder wet weight in ifosfamide-
induced hemorrhagic cystitis in mice. Data are expressed as a ratio of
wet weight of the bladders to animal weight (mg/20 g animal). The results
show through Fig. 2 the analysis of variance (ANOVA) for the variable
wet weight of the bladder. From ANOVA, it is observed that the variable
has p value lower than the considered significance level (« = 0.05). Thus,
there is a statistically significant difference between treatments regarding
the behavior of the variable

Macroscopic evaluation (Fig. 2) showed evident edema
and hemorrhage with mucosal hematomas and intravesical
clots, severe microscopic alterations, and the bladder presents

o-phe 25 mgkg a-phe 50 mg/kg

Fig. 2 Effects of «-phellandrene («-Phe) on macroscopic parameters of
hemorrhagic cystitis induced by ifosfamide. a Group “sham,” received
only saline as placebo, without induction of hemorrhagic cystitis. b
Negative control group, suffered induction of hemorrhagic cystitis and
was treated with the vehicle (Tween/Saline); pre and post-treatment stan-
dard. c¢—g Test groups, received pretreatment with monoterpene «-phe

multiple points of hemorrhage, cell loss,
polymorphonucleated infiltrate, and marked ulceration (+ 3
score) in the bladder of animals treated with ifosfamide differ-
ent from the control group (SHAM group) which received a
score of 0 (0-0) for edema and hemorrhage. Animal groups
pretreated with «-phellandrene (6.25 or 12.5 mg/kg) presents
only a slight difference compared with the IFOS group (+2
score) (p > 0.05). The «-phellandrene 25 and 50 mg/kg groups
showed a marked reduction in cell loss, hemorrhage, and ede-
ma, showing greater apparent protection compared with the
negative control group (p <0.05). Furthermore, no change
was observed in the bladder of the animals when they were
treated with o-phellandrene 100 mg/kg. According to the
macroscopic evaluation of the bladder, the reference com-
pound Mesna (160 mg/kg) exhibited a marked reduction in
cell loss, bleeding, and edema compared with the negative
control group (+ 1 score). Again, there was no significant dif-
ference between the inflammatory parameters in animals
treated with a-phandandrene (25 or 50 mg/kg) compared with
treatment with Mesna.

In light of the histological analysis, the administration of
ifosfamide induced severe microscopic changes besides the
development of pronounced edema and multiple bleeding
points, cell loss, infiltrate of polymorphos nuclear cells infil-
trate, and ulceration (Fig. 3b), when compared with the control

Positive control

a-phe 100 mgkg

(6.25;12.5; 25; 50; 100 mg/kg) respectively. h Positive control group,
received Mesna (2-mercaptoethanesulfonate sodium). All treatments
were intraperitoneal (ip); the choice of the above image was through the
selection of a bladder considered median among its group. The SHAM
group consisted only in the administration of vehicle to untreated animals
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Fig. 3 Effects of a-phellandrene on histopathological changes in bladder
tissues of mice with ifosfamide-induced hemorrhagic cystitis.
Representative histological alterations of the bladders obtained from rats

bladders (Fig. 3a). In turn, &-phellandrene attenuated the toxic
effects of administering ifosfamide expressed by reducing cell
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of different groups. a Control group. b IFOS group. ¢ IFOS + -
phellandrene (25 mg/kg) group. d IFOS+ Mesna (160 mg/kg) group
(hematoxylin and eosin staining, x 400 magnification)

loss, hemorrhage, and edema. The analysis of these results
showed that the dose of 25 mg/kg of «-phellandrene exhibited
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greater protective capacity for microscopic lesions induced by
ifosfamide (Fig. 3¢). Animals that were treated with Mesna
(160 mg/kg) exhibited characteristics close to those of normal
animals. The pattern of tissue preservation was higher than
that presented by the group treated with «-phellandrene
(IFOS + o-phellandrene) (Fig. 3d).

It is interesting to note that despite the lack of representa-
tion of the other doses of a-phellandrene in Fig. 2, in all doses
used, the pattern of tissue preservation was higher than that
presented by the group treated with Mesna (IFOS + Mesna)

(Fig. 3).

Effect of a-phellandrene on bleeding and bladder
edema induced by ifosfamide

Contrary to the saline group, the bladder wall in IFOS-treated
animals showed significantly increase hemorrhage by 62.94%
as indicated in Fig. 4a, b. Pretreatment with «-phellandrene
inhibited by 51.71 and 62.48% IFOS induced the hemorrhage
in the bladder tissue at doses of 12.5 and 25 mg/kg, respec-
tively (Fig. 4a). However, -phellandrene at doses 0f 6.25, 50,
or 100 mg/kg was unable to significantly reduce hemorrhage
(32.20, 24.98, and 13.52%, respectively).

Confirming the literature data (Gray et al. 1986) of edema
in the IFOS group was significantly higher than the saline
group (by 75.60%) (Fig. 4b). Treatment with the «-
phellandrene (6.25, 12.5, 25, or 50 mg/kg), significantly re-
duced the bladder edema scores in 34.67, 34.66, 39.3, and
33.06%, respectively. Nonetheless, «-phellandrene at doses
of 100 mg/kg showed non-significant changes in bladder ede-
ma when compared with IFOS group 22.49%, respectively.
The intraperitoneal treatment with Mesna (160 mg/kg) caused
a significant inhibition of hemorrhage (51.97%; Fig. 4a) and
edema (34.94%; Fig. 4b) induced by this chemotherapeutic
agent. Furthermore, there was no statistical difference
(p>0.05) between the Mesna group and the animals that re-
ceived felandrene on bleeding or bladder edema induced by
ifosfamide.

To delineate the mechanisms by which the effect of mono-
terpene o-phellandrene is capable of attenuating the bladder
damage induced by ifosfamide, the dose that showed the best
effect in the tests (25 mg/kg) was used to investigate the neu-
trophil migration, oxidative stress, and the presence of inflam-
matory cytokines.

Myeloperoxidase activity

Massive neutrophil migration is also a characteristic of cystitis
induced by cyclophosphamide administration, as indicated by
increased MPO activity in the bladder tissue, by 77.33%,
when compared with the control group (p < 0.05). The admin-
istration of «-phellandrene (25 mg/kg) produced a significant
(p <0.05) reduction of MPO levels (75.70%) compared with
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Fig. 4 Effect of x-phellandrene on the parameters of hemorrhage and
tissue edema. a The hemorrhage was indirectly assessed by tissue hemo-
globin levels and the data are expressed as tissue hemoglobin levels (g/
mg of tissue). b Bladder edema was evaluated by tissue Evans blue
content and results are expressed as nanogram of color per mg of tissue
(ng/mg of tissue). The results indicate that the p value < 0.05 the control
group (treated with saline alone) and the ifosfamide group present statis-
tically significant difference, that is, there is a statistically significant
difference between treatments regarding the behavior of the variable

the mice treated with IFOS and no significant difference was
observed when compared with Mesna administration.
Pretreatment with Mesna (160 mg/kg, the drug used as the
standard therapy) partially but significantly reduced
(p <0.05) IFOS-induced increase in MPO (45.54%) (Fig. 5).
Additionally, there was no statistical difference between the
effects of the Phellandreno or Mesna groups when compared
with the control.

Tissue malondialdehyde levels
The administration of ifosfamide significantly increased the
levels of MDA (34.35%, p < 0.05) in the urinary bladder when

compared with control group. Pretreatment with «-
phellandrene (25 mg/kg) was able to prevent this increase
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Fig. 5 Effect of a-phellandrene on the myeloperoxidase activity (MPO)
(U/mg of tissue). The results indicate that the p value < 0.05 the control
group (treated with saline) and the ifosfamide group present statistically
significant difference, that is, there is a statistically significant difference
between treatments regarding the behavior of the variable

(34.21%, p < 0.05), suggesting that this monoterpene is capa-
ble of reducing oxidative damage including lipid peroxidation
in ifosfamide-induced hemorrhagic cystitis (Fig. 6a).
Treatment with Mesna also decreased significantly MDA
levels when compared with IFOS-treated mice (26%); how-
ever, there was no difference when compared with the group
treated with felandrene (p >0.05). Meanwhile, the levels of
MDA from mice treated with both «-phellandrene and
Mesna were not significantly different from the responses of
the control group.

Tissue of nitrite and nitrate levels

Ifosfamide (IFOS) induced a significant increase in tissue ni-
trite and nitrate concentration and indirect markers of nitric
oxide (NO) synthesis (p < 0.05) by 18.75% when compared
with the control group. Pretreatment with o-phellandrene
monoterpene (25 mg/kg) was able to significantly attenuate
(p <0.05) this increase (25%) when compared with the IFOS
group and significant difference was observed towards to the
Mesna group, postulating that this monoterpene has the po-
tential to act as a modulator of important inflammatory path-
ways. Treatment with Mesna (160 mg/kg) did not differ sig-
nificantly the NO formation in the bladder (6.25%, Fig. 6b) of
IFOS group.

Tissue superoxide dismutase activity

The depletion of tissue SOD activity by ifosfamide (IFOS)-
induced tissue oxidative stress is statistically significant com-
pared with the control group, by 69%, which indicates that this
process is highly linked to the lack of control of redox balance.
IFOS-induced mice pretreated with o-phellandrene
(25 mg/kg) or Mesna (160 mg/kg) showed a significant

@ Springer

(p <0.05) improvement in the activity of SOD (49.1% and
68.78%, respectively) when compared with the IFOS control
rats. No significant differences were observed between the
SOD levels of o-phellandrene group compared with Mesna
group (p > 0.05). Furthermore, there were no statistical differ-
ences between o-phellandrene and Mesna compared with
control group. These data indicate that this monoterpene has
promising protective activity on endogenous antioxidant de-
fense machinery (Fig. 6¢).

Reduced glutathione tissue levels

A significant reduction in bladder levels of GSH was detected
in IFOS-treated mice by 190% when compared with control
group (SHAM group). Administration of «-phellandrene
(25 mg/kg) induced more significant increase (p <0.05) in
the antioxidant parameter (49.1%) than Mesna group
(160 mg/kg) when compared with the IFOS-treated mice
(68.78%) (Fig. 6d). Furthermore, it is interesting to note that
GSH levels were more significantly expressive in the group
treated with felandrene when compared with the Mesna

group.
Cytokine levels in bladder tissue

The increase in tissue levels of inflammatory cytokines in
response to ifosfamide-induced hemorrhagic cystitis demon-
strates that these cytokines are involved in the progression of
tissue damage. The data revealed a significant (p <0.05) in-
crease in bladder levels of the inflammatory biomarkers IL-13
and TNF-« (62.74 and 19.46%) respectively in group IFOS-
treated mice when compared with the respective control
groups (SHAM groups). «-Phellandrene (25 mg/kg) and
Mesna (160 mg/kg) pretreatment have restored the levels of
IL-13 (19.35 and 21.58%, respectively) and TNF-« (28.44
and 14.31%, respectively) significantly (p < 0.05) in the blad-
der tissue of animals that were submitted to chemotherapy
with high doses of ifosfamide (Figs. 7 and 8). Finally, it was
also noted that there was a significant difference (p <0.05) in
the levels of TNF in the animals treated with a-phellandrene
in relation to the treatment with Mesna.

Discussion

Oxazaphosphorine-induced hemorrhagic cystitis is well char-
acterized and the etiology of this harmful adverse effect is
related to its toxic metabolite (acrolein) of oxazaphosphorine,
which promotes a rupture of the intraluminal membrane, en-
abling contact with the deeper epithelial layers, which in turn
induces displacement of the urothelial cells to develop a typ-
ical robust inflammatory process, resulting histologically in
subepithelial edema, neutrophil infiltration, hemorrhage, and
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Fig. 6 Effect of a-phellandrene on tissue levels of oxidative stress
markers. a Malondialdehyde (MDA) levels were increased with cystitis
induction and this increase was significantly inhibited by pretreatment
with monoterpene «-phellandrene. b «-Phellandrene has prevented in-
creased tissue levels of reactive nitrogen (NOXx) species. ¢ The pretreat-
ment with monoterpene (25 mg/kg) and Mesna (160 mg/kg) was able to

endothelial tissue destruction (Brock et al. 1979; Theman et al.
1987; Gonzalez et al. 2005; Macedo et al. 2012; Silva Junior
et al. 2013). In hemorrhagic cystitis, three factors can be
highlighted in its pathophysiology: oxidative stress caused
by acrolein in the bladder lumen, the inflammatory process
that is installed with emphasis on edema, since it is a measur-
able factor, and bleeding that characterizes the general clinical
aspect of this condition (Haldar et al. 2014). Regarding this,
the protocols developed in this research sought to elucidate the
effective participation of a-phellandrene in the different stages
of the disease mentioned above.

Results of the present study indicate that IFOS induces
marked urinary bladder toxicity (characterized by increased
bladder wet weight, vascular permeability, macroscopic and
microscopic damage, inflammatory cell infiltration) is
prevented by o-phellandrene pretreatment. The formation of
edema which is characteristic of HC was observed in this
investigation. The edema was accessed indirectly through
the evaluation of the mean bladder wet weight and it was
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prevent depletion of superoxide dismutase (SOD) activity d The pretreat-
ment with monoterpene was able to prevent depletion of reduced gluta-
thione (GSH) tissue levels. The results indicate that according to p < 0.05
in the four stress markers, there is a difference between the treatments
with the control group (treated with saline alone) and the ifosfamide
group by the ANOVA and Tukey

observed that both Mesna and o-phellandrene showed that
they were capable of preventing the appearance of edema.
For a-phellandrene, only doses of 25 and 50 mg/kg showed
significant results in this aspect. In this regard, studies have
shown that extracts of medicinal plants or compounds isolated
from these plants can reduce cystitis induced by
oxazophorines in rodents (Boeira et al. 2011; Hamsa and
Kuttan 2011; Rezvanfar et al. 2010). In this context of inflam-
matory induction, in contrast to the results observed with the
macroscopic parameters, an edema reduction response at
doses of 25 and 50 mg/kg was obtained, but the activity of
«-phellandrene on bleeding was only significantly pro-
nounced at the dose of 25 mg/kg. These same results can be
observed visually through the macroscopic parameters that
represent the median of its group.

In order to quantify more precisely the extent of bladder
tissue edema, Evans blue dye was used because this chromo-
genic substrate binds with high affinity to serum albumin and
this complex has frequently been used to quantitatively

@ Springer



Naunyn-Schmiedeberg's Arch Pharmacol (2020) 393:1835-1848

1844
a Kkk *
200~ || Kok
—~ 1507 X 3% |
I j_t:_ .
[
> . —— =
2 1001
(=N
-
= 5ol _$_
T T T T
Control - a-Phellandrene Mesna
Ifosfamide (400 mg/kg)
b *
% Kkk %
300+
| 1| ’
. S -
£
7 .
< 100
|_

T T T T
Control - a-Phellandrene Mesna

Ifosfamide (400 mg/kg)

Fig. 7 Effect of a-phellandrene on inflammatory cytokines. The induc-
tion of hemorrhagic cystitis was able to cause a significant increase in the
tissue levels of the cytokines IL-13 and TNF-«. Pretreatment with mono-
terpene o-phellandrene (25 mg/kg) or Mesna (160 mg/kg; standard for
the prevention of cystitis) significantly reduced IL-1(3 (a) and TNF-« (b)
levels in the bladders of IFOS-induced mice. The results are confirmed by
ANOVA and Tukey tests, as shown in Fig. 8a and b illustrating the IL-13
and TNF-« cytokines

evaluate the extent of vascular leakage that accompanies tis-
sue inflammation, consisting of a cheap, accurate, and effi-
cient method, and which can be adapted to assess leakage in
a variety of experimental pathological conditions, in particular
inflammatory conditions (Krzyzanowska et al. 2010; Ramesh
etal. 2014).

Thus, the results of the evaluation of the extension of hem-
orrhagic cystitis using Evans blue dye demonstrated that o~
phellandrene at doses of 12.5, 25, and 50 mg/kg is capable of
reducing the vascular protein leakage, thus consolidating that
a-phellandrene has protective potential against the progres-
sion of hemorrhagic cystitis induced by ifosfamide. This find-
ing is compatible with the pattern of anti-inflammatory activ-
ities expressed by monoterpenes that consist of chemical
structures related to «-phellandrene (Romero and Romero
2014) such as thymol (Riella et al. 2012), carvacrol (Silva

@ Springer

et al. 2013; Lima et al. 2013), and linalol (Peana et al.
2002). Boeira et al. (2011) evaluated the effect of flavonoids
rutin, gallic acid, and quercetin on the edema formed in the
bladder of mice related to cyclophosphamide-induced hemor-
rhagic cystitis and observed an anti-edematogenic action in all
tested substances. Interestingly, our results show that -
phellandrene at lower doses prevents the damage caused by
ifosfamide, but at the highest dose (100 mg/kg) appears to be
ineffective. These profile changes are characteristic of a phe-
nomenon called hormesis, described as an effect of some sub-
stances, which show biphasic dose responses displaying a “U”
shape (Calabrese 2004). This pharmacological response (U
shape) is observed in vitamins, minerals, and herbal medicines
and that health benefits of many phytochemicals may also be
conferred by hormesis mechanisms in which a phytochemical
activates one or more adaptive cellular stress response path-
ways (Son et al., 2008; Calabrese 2008). Furthermore, this
finding has importance with respect to the use of low doses
of a-phellandrene highlighting the potential therapeutic ef-
fects of this drug as a promising approach to develop new
anti-inflammatory agent.

Concerning the inflammatory process, the findings related
to edema corroborate the results associated with the decrease
in cytokine TNF-« as well as the reduction in NOx
concentration and myeloperoxidase activity. These results
corroborate the findings of Siqueira et al. (2016a) who evalu-
ated the anti-inflammatory action of «-phellandrene in differ-
ent inflammatory models and observed a reduction in the
levels of TNF-« and IL-1 in addition to lower leukocyte mi-
gration in mice observed by intravital microscopy.

Another classic finding of oxazaphosphorine-induced
hemorrhagic cystitis is the marked presence of extravasation
of mature RBCs and reticulocytes characterized by the pres-
ence of macro- and microhematuria (Campobasso and Berrino
1972; Fu et al. 2016). This parameter of hemorrhage was
quantitatively approached through the dosage of tissue hemo-
globin, which in turn is directly proportional to the vascular
ruptures that occurred in the bladder. Thus, the amount and
size of these hemoglobin deposits in the extracellular matrix of
bladder tissue is proportional to the extent of bladder damage
caused by the ifosfamide metabolite. The data from this study
revealed protective activity of o-phellandrene at doses of 12.5
and 25 mg/kg in bladder hemorrhage. Other substances of
natural origin such as rutin, gallic acid, and ternatin had the
same effects as those exhibited by «-phellandrene in this
study (Boeira et al. 2011; Vieira et al. 2004).

Thus, in the context of the characterization of the
cytoprotective activity of a-phellandrene, the investigation
of the effect of this monoterpene on the presence of tissue
degeneration markers in the progression of hemorrhagic cys-
titis was evaluated through the dosage of tissue MPO, MDA,
and NOx levels because these markers provide (indirectly) a
panoramic view of the process of neutrophil migration
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Fig. 8 Representation of the variables for inflammatory cytokines, by the
criterion used, if the interval between the levels of cytokines IL-1f3 (a)
and TNF-« (b) contains the lower limit greater than zero, means that
those levels do not present significant differences capable of altering the
response variable. The control, o- phandandrene, and Mesna groups are
represented by control A, B, and C, respectively. Analyzing IL-1f3 data

(Abraham and Rabi 2011), lipid peroxidation (Godinho et al.
2018), and oxidative stress, especially regarding the appear-
ance of peroxynitrite in the intracellular environment
(Korkmaz et al. 2007), respectively. In this sense, the findings
of this study point to the modulating activity of cellular ag-
gression resulting from inhibition of lipid peroxidation by o~
phellandrene. Boeira et al. (2011) evaluated the effect of fla-
vonoids rutin, gallic acid, and quercetin on MDA levels in the
bladder of mice with cyclophosphamide-induced hemorrhagic
cystitis and observed decreased concentrations in all sub-
stances tested. This activity displays these substances advan-
tages over Mesna, because it is activated only by means of
hydrolysis in an acid environment (in urine) and acts as a
chemical chelator of acrolein, forming a stable and non-toxic
product, which in turn is eliminated by urine, not causing
damage to bladder tissue (Takamoto et al. 2004; Chabner
and Longo 2015; Teles et al. 2017). In addition, despite dem-
onstrating antioxidant activity, inhibiting MPO activity and
buffering ROS at doses from 300 to 400 mg/kg (Macallister
et al. 2013; Miller et al. 1981; Triantafyllidis et al. 2015),
Mesna has protective activity against ifosfamide-induced
hemorrhagic cystitis reduced due to its low half-life (> 0.5 h)
and high cost (Rosa 2004).

Findings in the literature make the cytoprotective potential
of a-phellandrene more consistent, because in our previous
designs, it was demonstrated that this monoterpene has the
potential to reduce levels of pro-inflammatory cytokines (IL-
13 and TNF-) (Siqueira et al. 2016a) and antidematogenic
activity in acute inflammation models (Siqueira et al. 2016b),
which provides subsidies to theorize that the reduction of hem-
orrhagic cystitis by a-phellandrene has a positive relationship
with the modulation of endogenous systems of inflammatory

95% family-wise confidence level
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(a), we note that none of the intervals (— 100; —80; — 60; —40; —20; 0,
20) contains zero, which means that the mean levels are significantly
different, as is the case with TNF-« (b), but in the Mesna and «-
phandandrene groups, there is a significant difference however so small
that it does not influence the response variable

regulation and antioxidant protection. In this context, the re-
search of a drug that brings cytoprotective activities dependent
on modulations of endogenous antioxidant defenses is a pro-
posal with good premises (Dobrek and Thor 2012).

Cells have complex systems for endogenous defense
and protection generally related to barriers against oxida-
tive stress, highlighting systems such as superoxide dis-
mutase (SOD) and the glutathione system (Kurutas 2015).
SOD has a prominent capacity among antioxidant agents
since its action on the superoxide anions (O2") results in a
decrease in the formation of peroxynitrite (ONOO2 ), a
radical that is widely involved in the pathophysiology of
hemorrhagic cystitis (Vasconcelos et al. 2011; Abo-Salem
2013; Matz and Hsieh 2017). The results expressed here
show that both the monoterpenes «-phellandrene and
Mesna were able to attenuate the depletion of SOD caused
by cystitis induction, which suggests antioxidant activity,
a finding that corroborates other monoterpenes such as
cineole, geraniol, and linalool (Noacco et al. 2018).

Another barrier of defense against free radicals, glutathione
(GSH), is an agent of great importance in the biotransforma-
tion and elimination of free radicals (Huber et al. 2008).
Batista et al. (2007) demonstrated that the administration of
glutathione to animals submitted to induction of hemorrhagic
cystitis by acrolein diminished the observed effects of hemor-
rhage and edema. In this regard, this research quantified the
tissue levels of GSH in bladder of rats with hemorrhagic cys-
titis and the findings showed that the x-phellandrene
(25 mg/kg) was able to maintain the levels of GSH similar
to the control group (p > 0.05); this protective potential cor-
roborates the antioxidant activities attributed to this monoter-
pene (Cabral et al. 2015).
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Conclusion

In conclusion, the results presented in this study provide evi-
dence that o-phellandrene negatively modulates the inflam-
matory process of ifosfamide-induced hemorrhagic cystitis.
The evidence presented here suggests that this modulation is
associated with decreased migration of polymorphonuclear
cells, decreased oxidative stress, and decreased TNF-o con-
centration. In summary, these results indicate that systemic
treatment with «-phellandrene is able to prevent inflammatory
events associated with HC and it may be useful for the pre-
vention against ifosfamide-induced hemorrhagic cystitis.
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