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A B S T R A C T

Primary and secondary hypertension is associated with kidney redox imbalance resulting in enhanced reactive
oxygen species (ROS) and enzymes dependent phospholipid metabolism. The fatty acid amide hydrolase in-
hibitor, URB597, modulates the levels of endocannabinoids, particularly of anandamide, which is responsible for
controlling blood pressure and regulating redox balance. Therefore, this study aimed to compare the effects of
chronic URB597 administration to spontaneously hypertensive rats (SHR) and rats with secondary hypertension
(DOCA-salt rats) on the kidney metabolism associated with the redox and endocannabinoid systems. It was
shown fatty acid amide hydrolase (FAAH) inhibitor decreased the activity of ROS-generated enzymes what
resulted in a reduction of ROS level. Moreover varied changes in antioxidant parameters were observed with
tendency to improve antioxidant defense in SHR kidney. Moreover, URB597 administration to hypertensive rats
decreased pro-inflammatory response, particularly in the kidneys of DOCA-salt hypertensive rats. URB597 had
tendency to enhance ROS-dependent phospholipid oxidation, estimated by changes in neuroprostanes in the
kidney of SHR and reactive aldehydes (4-hydroxynonenal and malondialdehyde) in DOCA-salt rats, in particular.
The administration of FAAH inhibitor resulted in increased level of endocannabinoids in kidney of both groups
of hypertensive rats led to enhanced expression of the cannabinoid receptors type 1 and 2 in SHR as well as
vanilloid receptor 1 receptors in DOCA-salt rats. URB597 given to normotensive rats also affected kidney oxi-
dative metabolism, resulting in enhanced level of neuroprostanes in Wistar Kyoto rats and reactive aldehydes in
Wistar rats. Moreover, the level of endocannabinoids and cannabinoid receptors were significantly higher in
both control groups of rats after URB597 administration.

In conclusion, because URB597 disturbed the kidney redox system and phospholipid ROS-dependent and
enzymatic-dependent metabolism, the administration of this inhibitor may enhance kidney disorders depending
on model of hypertension, but may also cause kidney disturbances in control rats. Therefore, further studies are
warranted.

1. Introduction

The kidneys play a crucial role in blood pressure regulation and are
therefore involved in the progression of hypertension. However, the
consequences of hypertension include renal oxidative stress leading to

kidney damage, while renal oxidative stress resulting from an im-
balance between reactive oxygen species (ROS) generation and anti-
oxidant defense mechanisms may also be involved in the development
of hypertension [1,2]. Moreover, oxidative conditions promote in-
flammatory processes by activating pro-inflammatory molecules such
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as transcription factors (NFκB) and cytokines (TNF-α and IL-6) [3].
Oxidative stress and inflammation are strongly implicated in inducing
kidney hypertrophy, end-stage renal disease, arteriosclerosis, and per-
ipheral vascular disease, which lead to kidney failure in animal models
and humans [4]. ROS, generated during hypertension, change ROS- and
enzymatic-dependent phospholipid metabolism. Hypertension is fre-
quently accompanied by hyperlipidemia, which enables ROS-mediated
lipid peroxidation and the generation by oxidative fragmentation
electrophilic aldehydes such as malondialdehyde (MDA) and by oxi-
dative cyclisation prostaglandin derivatives such as 8-isoprostanes,
which constrict blood vessels [5–7]. However enzymatic phospholipid
metabolism leads among others to the generation of endocannabinoids
that in turn are involved in the regulation of ROS and inflammatory
factor levels [1,8]. The main endocannabinoids and their receptors are
present within human and animal kidneys [9,10]. Anandamide and 2-
arachidonoylglycerol (2-AG), ligands of G protein–coupled receptors
(mainly CB1/2 and TRPV1), are synthesized on demand from phos-
pholipid arachidonic acid [8]. Endocannabinoids system, mainly en-
docannabinoids and enzymes metabolizing them, likely is involved in
the regulation of renal blood flow and hemodynamics and of tubular
sodium and fluid reabsorption but also participates in modulation in-
flammation and redox balance [11]. It is known that cannabinoid re-
ceptors take part in the regulation of redox balance as follows: CB1
activation enhances oxidative stress and may promote tissue injury by
enhanced inflammation, MAPK activation, and cell death, while CB2
and TRPV1 activation prevents ROS generation and may play a pro-
tective role in preventing renal injuries, possibly by inhibiting the in-
flammatory response and endothelial cell activation e.g. in hyperten-
sion [12]. Moreover the existence of the crosstalk between ROS and
endocannabinoids has been proven in different organs [13]. The above
data indicate that cooperation of the redox and endocannabinoid sys-
tems may be due to metabolic changes during the progression of hy-
pertension.

The levels of endocannabinoids, particularly anandamide, are
regulated by the fatty acid amide hydrolase (FAAH) enzyme, which is
mainly responsible for anandamide degradation [14]. Therefore, FAAH
inhibitors are postulated to be antihypertensive agents. The acute ad-
ministration of FAAH inhibitors [3-(3-carbamoylphenyl)phenyl] N-cy-
clohexylcarbamate (URB597) and 5-(4-hydroxyphenyl) pentane-
sulfonyl fluoride (AM3506) to spontaneously hypertensive rats (SHRs)
normalized the blood pressure and decreased the cardiac contractility
[15]. However, the chronic administration of URB597 to rats with
secondary hypertension (DOCA-salt hypertensive rats) decreased but
did not normalize blood pressure and cardiac and renal hypertrophy in
an age-dependent manner [16]. Moreover, the chronic administration
of URB597 disturbs redox metabolism in the liver of DOCA-salt hy-
pertensive rats [17]. However, no studies have compared the metabolic
effects of chronic FAAH inhibition caused by URB597 in the kidneys of
rats with two different types of hypertension.

Thus, the aim of this study was to show the effects of chronic ad-
ministration of the FAAH inhibitor URB597 to rats with primary (SHRs)
and secondary (DOCA-salt hypertensive rats) hypertension on changes
in the redox system resulting in phospholipid metabolism in the kidney.

2. Materials and methods

2.1. Animals

The experiment was performed using rats with primary hyperten-
sion (SHRs) and rats with secondary hypertension induced by the ad-
ministration of DOCA (11-deoxycorticosterone acetate) and salt. All
procedures and experimental protocols were approved by the local
Animal Ethics Committee in Białystok, Poland [resolution No. 4/2012
of 25.01.2012].

2.2. Spontaneously hypertensive rats

Experiments were performed on 8–10-week-old male (270–350 g)
SHRs and normotensive control Wistar Kyoto (WKY) rats. The animals
were housed with free access to standard pelleted rat chow and water
(unless otherwise stated) and maintained under a 12-h light-dark cycle.

2.2.1. Experimental protocol
The rats were divided into following four groups of six rats each:
→ group 1A [WKY]: during the last 14 days, WKY rats were treated

intraperitoneally (i.p.) with solvent for URB597 [1 mL] every 12 h;
→ group 2A [WKY+URB597]: during the last 14 days, WKY rats

were treated i.p. with URB597 [1 mg/kg b.w. in 1 mL of URB597 sol-
vent] every 12 h;

→ group 3A [SHR]: during the last 14 days, SHRs were treated i.p.
with solvent for URB597 [1mL] every 12 h; and

→ group 4A [SHR+URB597]: during the last 14 days, SHRs were
treated i.p. with URB597 [1 mg/kg b.w. in 1 mL of URB597 solvent]
every 12 h.

Systolic blood pressure (SBP) was measured in conscious rats using
the tail-cuff method before and after URB597 (or solvent) treatment.
Rats with SBP values ≥ 150 mmHg were considered hypertensive.
Two-week URB597 administration did not modify SBP in SHR
(187± 15 mmHg and 191±49 mmHg) and WKY (117± 18 mmHg
and 101±10 mmHg) rats before its first and the final dose, respec-
tively. The solvent for URB597 did not modify SBP both in SHR
(184± 34 and 205± 43 mmHg) and in WKY (114±18 and
110± 13 mmHg) before the first and the final injection.

The kidney hypertrophy index values appointed after URB597 (or
solvent) treatment were as follows: WKY, 3.9±0.2 mg/g; WKY
+URB597, 3.9± 0.2 mg/g; SHR, 3.9±0.2 mg/g; and SHR+URB597,
3.7± 0.2 mg/g. There were no significant intergroup differences in the
index hypertrophy values.

2.2.1.1. DOCA-salt hypertensive rats. Four- to 5-week-old (100–140 g)
male Wistar rats were used in the experiment. The animals were housed
with free access to standard pelleted rat chow and water (unless
otherwise stated) and maintained under a 12-h light-dark cycle. The
rats were anesthetized i.p. with pentobarbital (70 mg/kg b.w.) and
unilaterally nephrectomized. After a 1-week recovery period,
hypertension was induced for 6 weeks through subcutaneous (s.c.)
injections of DOCA (25 mg/kg b.w. in 0.4 mL of N, N-
dimethylformamide [DMF]/kg b.w.) twice weekly and the
replacement of drinking water with a 1% NaCl solution. After 4
weeks, the DOCA-salt rats were injected i.p. with URB597 (1 mg/kg
b.w. in 1 mL of URB597 solvent) every 12 h for 14 days [18,19].

2.2.2. Experimental protocol
The rats were divided into following four groups of six rats each:
→ group 1B [Wistar]: twice weekly for 6 weeks, uninephrectomized

rats were treated s.c. with 0.4 mL of DMF/kg b.w.; during the last 14
days, the rats were treated i.p. with solvent [1 mL/kg b.w.] every 12 h;

→ group 2B [Wistar+URB597]: twice weekly for 6 weeks, unine-
phrectomized rats were treated s.c. with 0.4 mL of DMF/kg b.w.; during
the last 14 days, they were treated with URB597 [1 mg/kg b.w. in 1 mL
of URB597 solvent] every 12 h;

→ group 3B [DOCA-salt]: twice weekly for 6 weeks, unine-
phrectomized rats were treated s.c. with 25 mg of DOCA /kg b.w. in
0.4 mL of DMF/kg b.w. and received drinking water with a 1% NaCl
solution; during the last 14 days, they were treated i.p. with solvent for
URB597 [1 mL/kg b.w.] every 12 h; and

→ group 4B [DOCA-salt+URB597]: twice weekly for 6 weeks, un-
inephrectomized rats were treated s.c. with 25 mg of DOCA /kg b.w. in
0.4 mL of DMF/kg b.w. and received drinking water with a 1% NaCl
solution; during the last 14 days, the rats were treated i.p. with URB597
[1 mg/kg b.w. in 1 mL of URB597 solvent] every 12 h.
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SBP was measured in conscious rats using the tail-cuff method be-
fore and after URB597 (or solvent) treatment. Rats with SBP values ≥
150 mmHg were considered hypertensive. Two-week URB597 admin-
istration only tended to reduce SBP (from 216±15 mmHg to
186±34 mmHg) in DOCA-salt hypertensive rats but did not affect SBP
in normotensive Wistar rats (136±30 and 127± 8 mmHg before the
first and the final dose, respectively). The solvent did not modify SBP in
either the hypertensive (224± 35 and 218± 29 mmHg) or normo-
tensive animals (129±23 and 123±11 mmHg before the first and the
final injection, respectively) [17].

The index of kidney hypertrophy appointed after URB597 (or sol-
vent) treatment was as follows: Wistar, 6.8± 0.4 mg/g; Wistar
+URB597, 7.0± 0.5 mg/g; DOCA-salt, 13.0± 1.7 mg/g; and DOCA-
salt+URB597, 11.3± 0.2 mg/g. The values for hypertensive rats and
hypertensive rats treated with URB597 were significantly different
compared with the Wistar and Wistar+URB597 groups, while the index
of hypertrophy for the DOCA-salt+URB597 group was significantly
lower than that for the hypertensive rats [16].

2.3. Tissue preparation

At the end of the experiments, the rats were anesthetized with an
intraperitoneal injection of pentobarbital (70 mg/kg b.w.) and sacri-
ficed. The kidneys were excised and prepared for biochemical ex-
aminations in three different ways:

• some fresh tissue samples were used for the determination of ROS
generation;

• some fresh tissue samples were pulverized in liquid nitrogen for
examination of their fatty acids and metabolites as well as glu-
tathione (GSH) levels and FAAH and monoacylglycerol lipase
(MAGL) activity;

• some fresh tissue samples were homogenized under standardized
conditions (10% homogenates obtained in 0.9% NaCl solution and
centrifuged at 20,000 × g for 15 min at 4 °C) and used to estimate
other parameters.

3. Biochemical studies

3.1. Determination of ROS

Total ROS generation was detected using an electron spin resonance
(ESR) spectrometer e-scan (Noxygen GmbH/Bruker Biospin GmbH,
Germany), where selective interaction between ROS and the spin
probes CMH (1-hydroxy-3-methoxy-carbonyl-2,2,5,5-tetrame-thylpyr-
rolidine) led to stable nitroxide CM-radical (t1/2 = 4 h) and the kinetics
of this radical accumulation was measured according to the electron
spin resonance (ESR) amplitude of the low field component of ESR
spectra [20].

3.2. Determination of prooxidant enzymes activity

NADPH oxidase (NOX – EC 1.6.3.1) activity was measured by the
luminescence assay using lucigenin (20 µM) as a luminophore [21].
One unit of NADPH activity was defined as the amount of the enzyme
which is required to release 1 nmol of O2

- per minute. Enzyme specific
activity is expressed in RLU (Relative Luminescence Units) per milli-
gram protein. Xanthine oxidase (XO - EC1.17.3.2) activity was assessed
by uric acid formation from xanthine by measuring the increase in
absorbance at 290 nm [22]. One unit of XO activity was defined as the
amount of the enzyme, which is required to release 1 μM of uric acid
per minute.

3.3. Determination of antioxidant enzymes activity

Superoxide dismutase (Cu/Zn–SOD – EC.1.15.1.1) activity was

measured spectrophotometrically [at 480 nm] as inhibition of adrena-
line oxidation to adrenochrome [23]. One unit of SOD was defined as
the amount of the enzyme which inhibits epinephrine oxidation to
adrenochrome by 50%.

Catalase activity (CAT–EC 1.11.1.9) was determined spectro-
photometrically by measuring the decrease of hydrogen peroxide ab-
sorbance at 240 nm [24]. One unit of CAT was defined as the amount of
the enzyme required to catalyze the decomposition of 1 µmol hydrogen
peroxide to water and oxygen for 1 min.

Glutathione peroxidase (GSH-Px – EC.1.11.1.6) activity was as-
sessed spectrophotometrically by measuring the conversion of NADPH
to NADP at 340 nm [25]. One unit of GSH-Px activity was defined as the
amount of enzyme catalyzing the oxidation of 1 mmol NADPH min−1 at
25 °C and pH 7.4.

Glutathione reductase (GSSG-R – EC.1.6.4.2) activity was measured
spectrophotometrically by the oxidation of NADPH to NADP at 340 nm
[26]. One unit of GSSG-R oxidized 1 mmol of NADPH/min at 25 °C and
pH 7.4.

3.4. Western blot analysis

Western blot analysis of cellular proteins (Nrf2, Keap1, TNFα, HO-1,
Bach1, KAP1, p21, p62, p-cJun (pSer63), CB1, CB2, TRPV1) was per-
formed according to Eissa and Seada [27]. Whole kidney homogenates
or membrane fractions containing 30 µg proteins were mixed with
sample loading buffer (Laemmle buffer containing 5% 2-mercap-
toethanol), heated at 95 °C for 10 min, and separated by 10% Tris-
glycine SDS-PAGE. The same procedure was used to prepare the ne-
gative control (containing pure PBS buffer) and the positive control
(commercially purchased complete cell lysate - Santa Cruz Bio-
technology, Santa Cruz, CA, USA). As internal loading controls, β-actin
and Na+/K+ ATPase (for kidney homogenates and membrane frac-
tions, respectively) were used. Following separation proteins were
electrophoretically transferred onto nitrocellulose membranes. The
blotted membranes were blocked with 5% skim milk in TBS-T buffer
(5% Tween 20) for 1 h and cut into fragments corresponding to the
selected molar masses of the proteins. Primary antibodies were raised
against Keap1 (host: goat), p-cJun (pSer63) (host: rabbit), and Nrf2,
TNFα, HO-1, β-actin, and Na+/K+ ATPase (host: mouse) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) and used at a con-
centration of 1:1000. Primary antibodies against Bach1, KAP1, p21,
p62, CB1, CB2, TRPV1 (host: rabbit) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), were also used at a concentration
of 1:1000. Visualized protein bands were quantitated using the Versa
Doc System and Quantity One software (Bio-Rad Laboratories Inc., CA).
The results are expressed as a percentage of the expression determined
in control groups [1 A and 1B].”

3.5. Detection of non-enzymatic antioxidant level

The level of reduced glutathione was measured using capillary
electrophoresis [28]. Samples were sonicated with a mixture containing
AcN/H2O (62.5:37.5, v/v). The separation was performed on a 40 cm
effective length capillary and was operated at 27 kV with UV detection
at 200 nm.

High-performance liquid chromatography was used to detect the
levels of vitamins C [29], A and E [30]. For determination of vitamin C
samples were mixed metaphosphoric acid. Separation was performed
using RP-18 column and UV detection at 250 nm. The mobile phase was
phosphate buffer (pH 2.8) and water (97:3). Vitamins A and E were
extracted from homogenates using hexane, dried, diluted in ethanol and
detected at 294 nm.

3.6. Determination of phospholipid metabolism and mediators

The phospholipid and free fatty acids were determined by gas
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chromatography [31]. Lipids components were isolated from homo-
genates by Folch extraction using chloroform/methanol mixture (2:1,
v/v) in the presence of 0.01% butylated hydroxytoluene. Using TLC free
fatty acids and total phospholipids were separated with the mobile
phase: heptane – diisopropyl ether – acetic acid (60:40:3, v/v/v). All
lipid fractions were transmetylated to fatty acid methyl esters (FAMEs)
with boron trifluoride in methanol. FAMEs were analyzed by gas
chromatography with a flame ionization detector (FID) on Clarus 500
Gas Chromatograph (Perkin Elmer). Separation of FAMEs was carried
out on capillary column coated with Varian CP-Sil88 stationary phase
(50 m × 0.25 mm, ID 0.2 µm, Varian). Identification of FAMEs was
made by comparison on their retention time with those authentic
standards and quantitation was achieved using an internal standard
method (nonadecanoic acid (19:0)) and 1,2-dinonadecanoyl-sn-glycero-
3-phosphocholine (19:0 PC) (were used as internal standards).

Lipid peroxidation was estimated by assessing the level of 4-hy-
droxynonenal (4-HNE) and malondialdehyde (MDA) by GC MS/MS
[32] and as F2-isoprostanes (8-isoPGF2α) and A4/J4-neuroprostanes
(NPs) by LC MS/MS [33,34]. Derivatized aldehydes were detected by
selected ion-monitoring (SIM) mode. The ions used were: m/z 333.0
and 181.0 for 4-HNE-PFB-TMS, m/z 204.0 and 178.0 for MDA-PFB and
m/z 307.0 for IS (benzaldehyde-D6) derivatives. 8-isoPGF2α as well as
A4/J4-NPs have been isolated using solid phase extraction (SPE)
method. In both cases 8-isoPGF2α–d4 as an internal standard was used.
8-isoPGF2α was analyzed in negative-ion mode using MRM mode: m/z
353.2→193.1 (for 8-isoPGF2α) and 357.2→197.1 (for 8-isoPGF2 α-d4).
NPs were analyzed by selected ion monitoring (SIM) in the m/z 357.0 as
a series of peaks that have molecular masses and retention times ex-
pected for NPs generated from the oxidation of DHA in vitro.

Endocannabinoids: anandamide (AEA), 2-arachidonoylglycerol (2-
AG) and N-arachidonoyl dopamine (NADA) were determined using
ultra-performing liquid chromatography tandem mass spectrometry
(UPLC-MS/MS) [35]. Octadeuterated endocannabinoids: AEA-d8 and 2-
AG-d8, NADA-d8 as internal standards were added into the homo-
genates and all endocannabinoids were isolated using a solid phase
extraction. The samples were analyzed in positive-ion mode using
multiple reaction monitoring (MRM). Transitions of the precursor to the
product ion was as follows: m/z 348.3→62.1, m/z 379.3→287.2, m/z
440.0→137.0, m/z 356.3→63.1, m/z 387.0→295.0 m/z 448.0→137.0
(for AEA, 2-AG and NADA, AEA-d8 and 2-AG-d8, NADA-d8 respec-
tively).

The activity of enzymes involved in phospholipid metabolism was
examined as follows: FAAH (EC-3.5.1.99) by spectrophotometric mea-
suring (at 410 nm) the level of m-nitroaniline (m-NA) releasing from
decanoyl m-nitroaniline [14]; monoacylglycerol lipase (MAGL) (EC
3.1.1.23) spectrophotometric measuring (at 412 nm) 5'-thio-2-ni-
trobenzoic acid formation during 1 min reaction [36]; cytosolic phos-
pholipase A2 (cPLA2–EC 3.1.1.4) spectrophotometric measuring (at
414 nm) DTNB bond to the free thiol releases from the arachidonoyl
thioester using cPLA2 Assay Kit (Cayman Chemical Company, Ann
Arbor, MI, USA) according to the company's instruction [37]; and cy-
clooxygenase 1 and 2 (COX1/2–EC.1.14.99.1) spectrophotometrically
(at 590 nm) by monitoring the appearance of oxidized TMPD using a
commercial assay kit (Cayman Chemical Company, Ann Arbor, MI,
USA).

3.7. Determination of protein and DNA modifications

Protein oxidative modifications were estimated by carbonyl group
and tryptophan levels [38]. Carbonyl groups were determined spec-
trophotometrically (370 nm) using 2,4-dinitrophenylhydrazine, while
fluorescence emission/excitation at 288 nm/338 nm was used to detect
tryptophan content. The protein level and the levels of the tryptophan
and carbonyl groups were normalized to the protein content de-
termined by the Bradford assay.

The level of 8-hydroxy-2’-deoxyguanosine (8-OHdG) was assayed

using LC MS/MS [39]. Genomic DNA was isolated using commercial kit
(Sigma's GenElute Mammalian Genomic DNA Miniprep Kit, USA). DNA
concentration in the preparations was determined spectro-
photometrically. The samples were analyzed in the positive ion mul-
tiple reaction monitoring (MRM) mode and the transition of the pre-
cursor to the product ions were as follows: m/z 284.1→168.1.

The results of these examinations are expressed as a fold change
relative to the control groups (WKY-1A and Wistar rats-1B).

More details the details of the examinations conditions are de-
scribed in our previous paper [17].

4. Statistical analysis

All analyses were performed in duplicate for six independent sam-
ples. The obtained data are expressed as mean± SD. These data were
analyzed using two-way analysis of variance followed by a post hoc
Tukey test. Values of p< 0.05 were considered significant.

5. Results

Primary and secondary hypertension led to redox disturbances in
rat's kidney (Fig. 1). A significant shift into more oxidative status in-
volving higher ROS generation and decreased antioxidant defense was
observed in parallel with enhanced activity of enzymes generating su-
peroxide anions such as xanthine and NADPH oxidases. The activities of
antioxidant enzymes (Cu,Zn-SOD, CAT, GSH-Px and GSSG-R) and the
levels of all non-enzymatic antioxidants (GSH, vit. E, A and C) were
decreased in the kidney of both groups of hypertensive rats. However,
the administration of the FAAH inhibitor, URB597, partially prevented
the observed alterations, causing decrease of xanthine and NADPH
oxidases activities and in turn inhibition of ROS generation in both
groups of rats with hypertension. In addition after URB597 adminis-
tration decrease in Cu,Zn-SOD activity as well as GSH, vitamin E and
vitamin A levels were observed in kidney of SHR, while GSH-Px and
GSSG-R activities and GSH level in kidney of rats with secondary hy-
pertension were elevated. Moreover expression of pro-inflammatory
cytokine - TNF-α, increased in kidney of hypertensive rats, was sig-
nificantly decreased after URB597 administration to DOCA-salt rats.
URB597 administration, in general, led to enhanced oxidative status in
kidney of Wistar Kyoto rats and promotion of pro-inflammatory en-
vironment estimated by TNF-α level in both control groups of rats.

Hypertension altered also antioxidant defense at transcription level
estimated by changes in transcription factor Nrf2 (responsible for an-
tioxidant protein gene transcription) and Nrf2 activators and inhibitors
activities (Fig. 2). Increased expression of the Nrf2 transcription factor
and Nrf2 target protein HO-1 was observed in both hypertensive rat
groups associated with enhanced expression of Nrf2 activators such as
KAP1, p21, and p62. However, the expression of Keap1, that is the
cytoplasmic inhibitor of Nrf2, was also increased in both groups of
hypertensive rats, while, contrary to SHR, the level of the nucleic in-
hibitor Bach1 was decreased only in the DOCA-salt group. The ad-
ministration of URB597 to SHR disturbed Nrf2 pathway by increasing
the levels of Nrf2 inhibitors such as Keap1, Bach1, and activator-KAP1
as well as decreasing the Nrf2 inhibitor p21 level. The opposite effects
with decreased expression of Keap1 and p21 were observed after the
chronic administration of URB597 to rats with secondary hypertension.
URB597 given to both groups of normotensive rats also caused opposite
changes in the Nrf2 pathway response.

Hypertension promoted disturbances in kidney phospholipid meta-
bolism by changes in phospholipid-metabolizing enzymes activities and
fatty acids levels. The increase of PLA2, COX1 and COX2 activities in
kidney of both hypertensive rat groups was observed (Fig. 3). These
changes favored release of polyunsaturated fatty acids (PUFA) from
kidney phospholipids, resulting in decreased level of phospholipid
arachidonic acid (AA) and docosahexaenoic acid (DHA). The chronic
administration of URB597 prevented increase of COX1, and particularly
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COX2 activity in both groups of hypertensive rats and partially pro-
tected free and phospholipid PUFA's levels. However, URB597 also
caused an increase of PLA2 activity in kidney of Wistar rats, leading to
increased free PUFA's level.

Oxidative stress favored oxidative damages to the phospholipid, but
protein and DNA oxidative modifications were also observed in kidney
of hypertensive rats (Fig. 4). The level of phospholipid oxidative frag-
mentation products, such as MDA and 4-HNE, as well as phospholipid
oxidative cyclisation products, such as 8-isoprostanes and neuropros-
tanes, were increased in both groups of hypertensive rats. Moreover an
increase in the level of these parameters was significantly higher in
kidney of rats with secondary hypertension. Increased level of the
carbonyl groups in all hypertensive rats and decreased level of trypto-
phan in DOCA-salt rats confirmed oxidative modification of kidney
proteins. The level of 8-OHdG, a marker of DNA oxidative modification,
was also elevated in both groups of hypertensive rats. The adminis-
tration of URB597 to hypertensive rats caused further increase in the
level of electrophilic lipid peroxidation products and 8-OHdG, while the
level of neuroprostanes was significantly increased after URB597 ad-
ministration only in kidney of SHR. The FAAH inhibitor prevented the
increase in protein oxidative modifications only in SHR kidney. More-
over, URB597 administered to control – Wistar rats increased oxidative
modifications in the kidneys.

Changes in kidney phospholipid metabolism induced by hyperten-
sion were also associated with disturbances in endocannabinoid system
(Fig. 5). Despite of increased activity of endocannabinoid-degrading

enzymes, namely FAAH and MAGL in both groups of hypertensive rats,
the levels of AEA and 2-AG were significantly increased. The NADA
level was increased in the kidney of SHR rats while in DOCA-salt–-
treated animals was decreased. This finding was accompanied by en-
hanced CB1 and CB2 and decreased TRPV1 receptors expression in both
groups of hypertensive rats. The administration of URB597 caused
further increase in the level of AEA, 2-AG, and NADA because of the
decreased activity of FAAH and MAGL in both groups of hypertensive
rats. In addition, increased expression of the CB1 and CB2 receptors in
SHRs and TRPV1 and CB2 receptors in DOCA-salt hypertensive rats was
observed. URB597 administration to control rats also caused decrease
in FAAH and MAGL activities, resulting in elevated level of AEA, 2-AG,
and NADA in kidney of Wistar and Wistar Kyoto rats. Moreover, the
expressions of CB1 and CB2 were significantly enhanced in the kidneys
of both groups of control rats.

6. Discussion

ROS and endocannabinoids play a crucial role in blood pressure
regulation and are involved in the development of hypertension. The
endocannabinoids that level is enhanced during hypertension [40]
through activation of cannabinoid receptor may modulate ROS gen-
eration [41,42]. However, enhanced ROS generation enhances the in-
flammatory response and endothelial dysfunction, which can trigger
the development of hypertension [3] and lead to kidney metabolic
disorders [43,44]. The analysis of the functional parameters shown in

Fig. 1. ROS level, ROS-generated enzymes activities [XO and NADPH oxidases] and the activities/levels of antioxidant parameters in the kidney of hypertensive rats (A-SHR; B-DOCA-
salt) and hypertensive rats after URB597 administration. A. Data points represent the mean± SD, n = 6; (a, significantly different from WKY group, p< 0.05; b, significantly different from SHR
group, p< 0.05). B. Data points represent the mean± SD; n = 6; (a, significantly different from Wistar group, p< 0.05); b, significantly different from DOCA-salt group, p< 0.05). The results
are shown in comparison to the control groups [WKY rats and Wistar rats]: ROS level (7.00± 0.36 µM/min/g tissue for WKY rats, 4.15±0.21 µM/min/g tissue for Wistar rats); NADPH
oxidase activity (1246±58 RLU/mg prot. for WKY rats, 1086±55 RLU/mg prot. for Wistar rats); XO oxidase activity (1.18± 0.06 U/mg prot. for WKY rats, 0.72± 0.03 U/mg prot. for
Wistar rats); SOD activity (3.50± 0.17 U/mg prot. for WKY rats, 1.71± 0.10 U/mg prot. for Wistar rats); CAT activity (1.44±0.07 U/mg prot. for WKY rats, 2.31± 0.09 U/mg prot. for
Wistar rats); GSH-Px activity (1004±51µU/mg prot. for WKY rats, 277± 12 µU/mg prot. for Wistar rats); GSSG-R activity (3.47±0.18 mU/mg prot. for WKY rats, 1.32± 0.07 mU/mg
prot. for Wistar rats); glutathione level (2.73±0.13 nmol/g tissue for WKY rats, 2.25± 0.12 nmol/g tissue for Wistar rats); vitamins level (vitamin E: 3.89± 0.17 µg/g tissue for WKY
rats, 5.56± 0.25 µg/g tissue for Wistar rats; vitamin A: 1.12± 0.06 µg/g tissue for WKY rats, 0.63± 0.03 µg/g tissue for Wistar rats; vitamin C: 41.7± 1.8 µg/g tissue for WKY rats,
37.6± 1.8 µg/g tissue for Wistar rats).
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this and previous study [16] suggests that the chronic administration of
URB597, a FAAH inhibitor, in contrast to acute administration, does not
prevent hypertension, particularly in rats with spontaneous hyperten-
sion.

6.1. Redox and endocannabinoid systems in the kidneys of hypertensive rats

Primary and secondary hypertension is associated with kidney in-
flammatory and oxidative responses, perhaps as a result of enhanced
xanthine and NADPH oxidase activity and consequently superoxide
anion generation. Such situation favors oxidative conditions that are
additionally escalated by inhibition of the antioxidant defense. The
study results indicate that diminished antioxidant enzymes activity may
be associated with oxidative modifications at the transcriptional and
protein levels. Regulation of a broad spectrum of antioxidant protein
biosynthesis results from Nrf2 transcription factor activity, which is
regulated by cytoplasmic and nuclear inhibitors and activators [45].
This study's findings indicate that hypertension enhances the levels of
Nrf2 and its cytosolic inhibitor Keap1. However, the biological activity
of Keap1 is dependent on the availability of the functional cysteine thiol
groups, which are susceptible to modifications by ROS and electrophilic
aldehydes generated during phospholipid peroxidation [46], and that
enhanced levels are observed in the kidneys of hypertensive rats, par-
ticularly DOCA-salt–treated rats. Moreover the enhanced expression of
KAP1, p62, and p21, inhibitors of Keap1-Nrf2 complex formation

prevents Nrf2 degradation and allows Nrf2 to move to the nucleus,
where it binds to ARE element for transcription of antioxidant protein.
However, an increased expression of Bach1 (the nuclear competitor for
DNA binding) in the SHR kidney tissues may prevent Nrf2 transcrip-
tional activity. Similar changes in Nrf2 level have been observed in
lupus nephritis disease [47]. In reference to a previous paper, the Nrf2
pathway may be activated through the upregulation of ROS signaling
switched on by anandamide and other FAAH substrates [48]. This ac-
tivation mechanism may be cannabinoid receptor dependent or in-
dependent. Our results indicate that a receptor-dependent mechanism is
involved in Nrf2 activation in both types of hypertension because levels
of Nrf2 and its target protein - HO-1 correspond with higher levels of
endocannabinoids and CB1 receptor, which is responsible for ROS
generation.

Disturbances in antioxidant proteins synthesis in kidney of rats with
primary and secondary hypertension are accompanied by inhibition of
antioxidant enzymes activity. These changes may result from protein
modifications by ROS as well as by electrophilic lipid peroxidation
products. Increased activity of PLA2 promotes realizing free PUFAs that
are oxidized by ROS with generation of aldehydes (4-HNE, MDA) that
further propagate oxidative damages. These strong electrophiles easily
react with nucleophilic cysteine, lysine, and histidine residues of pep-
tides and proteins to form stable covalent adducts. Cysteine residues in
proteins (e.g. GSH-Px) and GSH are particularly susceptible to elec-
trophilic addition [49].

Fig. 2. The levels of Nrf2 and its activators [KAP1, p21, p62, p-cJun] and inhibitors [Keap1, Bach1] as well as HO-1 in the kidney of hypertensive rats (A-SHR; B-DOCA-salt) and
hypertensive rats after administration of URB597. The expression of the examined proteins is shown compared to the control groups. A. Data points represent the mean±SD, n = 6; (a,
significantly different from WKY group, p<0.05; b, significantly different from SHR group, p< 0.05). B. Data points represent the mean± SD; n = 6; (a, significantly different from Wistar group,
p< 0.05); b, significantly different from DOCA-salt group, p< 0.05).
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However, the enhanced generation of lipid peroxidation products
leads to a decreased level of phospholipids and free PUFAs in both types
of hypertension. The decreased levels of free PUFAs may also be de-
pendent on the observed enhanced activity of COX1/2 in hypertensive
rat kidneys, which participates in the generation of oxidative products
[50]. Several lines of evidence have demonstrated that hypertension
leads to an increased expression of COX-2, which plays a role in
maintaining kidney functions [51,52]. Enhanced levels of other lipid
mediators, such as endocannabinoids, in the kidneys of hypertensive
rats may be partially associated with the availability of the substrate
arachidonic acid for biosynthesis [53,54]. Enhanced levels of AEA and
2-AG through enhanced expression of the CB1 receptor with lower
TRPV1 and CB2 receptor expressions may trigger oxidative disturbances
and inflammation, which interfere with kidney metabolism and func-
tion.

6.2. Effects of URB597 on redox and endocannabinoid systems in the
kidneys of hypertensive rats

Despite the slight effect of URB597 on the functional parameters of
hypertensive rats, this compound affects cellular metabolism associated
with the redox and endocannabinoid systems in the kidney. The chronic
administration of URB597 to SHR and DOCA-salt hypertensive rats
downregulates kidney FAAH and MAGL activity, resulting in additional
increase in the level of AEA, 2-AG, and NADA in comparison to those in
hypertensive rats. This finding confirms the effectiveness of URB597
inhibition activity. The observed effect is stronger than those in pre-
vious examinations of the livers of DOCA-salt hypertensive rats [17]. As
a result, URB597 is involved in upregulating the expression of canna-
binoid receptors, which are responsible for ROS level suppression, CB2

and TRPV1 in DOCA-salt hypertensive rats and CB2 in SHR as well as

the downregulation expression of CB1 receptors, which promote de-
crease in the ROS level and inflammatory response in the kidneys of rats
with secondary hypertension, but their upregulation in SHR. With re-
spect to DOCA-salt hypertensive rats, this study confirms the findings of
previous studies [19,55] indicating that inactivation of en-
docannabinoid degradation enzymes is associated with reduced levels
of TNF-α, but is the first to show that URB597 administration in SHRs
increases CB1 and CB2 expressions in the kidney. In such situations, it is
difficult to predict which metabolic pathway (pro- or antioxidative)
dominates. The ROS-generated enzyme activity and, consequently, ROS
level are decreased. However, superoxide dismutase activity in the
kidneys of SHRs is significantly enhanced, which may explain why,
despite decreased ROS levels, the degree of oxidative modifications is
enhanced. Superoxide dismutase is responsible for superoxide anion
dismutation into hydrogen peroxide that may oxidize the thiol groups
of proteins, changing their structure and functions [56]. Hydrogen
peroxide may be then metabolized into reactive hydroxyl radicals. Such
a scenario is very likely because the activities of two main enzymes
responsible for hydrogen peroxide decomposition (glutathione perox-
idase and catalase) are decreased, particularly in the kidneys of SHRs
after URB597 administration. As a consequence, hydroxyl radical ac-
tivity promotes the oxidative modifications of the cellular components
and redox metabolism observed in this study, while activated CB1 re-
ceptors may promote cardiovascular dysfunction and tissue injury.
Therefore, it may explain the lack of functional and metabolic im-
provement noted after URB597 administration to SHR.

Independently, URB597 given to hypertensive rats induces addi-
tional redox disturbances in kidney at the transcription level associated
with Nrf2 activity in the antioxidant system in both groups of hy-
pertensive rats. The study results indicate the existence of opposite
changes in DOCA-salt hypertensive rats and SHR kidneys regarding the

Fig. 3. The levels of phospholipid and free fatty acids
as well as the activities of PLA2, COX1 and COX2 in
the kidney of hypertensive rats (A-SHR; B-DOCA-
salt) and hypertensive rats after the administration of
URB597. Data points represent the mean±SD, n =
6; (a, significantly different from WKY group,
p<0.05; b, significantly different from SHR group,
p<0.05). B. Data points represent the mean± SD; n
= 6; (a, significantly different from Wistar group,
p<0.05); b, significantly different from DOCA-salt
group, p< 0.05). The results are shown in compar-
ison to the control groups [WKY rats and Wistar
rats]: fatty acids level (PH AA: 10.68± 0.66 µmol/g
tissue for WKY rats, 33.8±1.5 µmol/g tissue for
Wistar rats; PH DHA: 0.88± 0.05 µmol/g tissue for
WKY rats, 2.74± 0.13 µmol/g tissue for Wistar rats;
free AA: 479±28 nmol/g tissue for WKY rats,
904±47 nmol/g tissue for Wistar rats; free DHA:
51.5± 2.7 nmol/g tissue for WKY rats, 91.± 4.9
nmol/g tissue for Wistar rats); cPLA2 activity
(1.71± 0.08 nmol/min/mg prot. for WKY rats,
1.27± 0.06 nmol/min/mg prot. for Wistar rats);
COX's activity (COX 1: 11.6± 0.7 nmol/min/mg
prot. for WKY rats, 9.30± 0.41 nmol/min/mg prot.
for Wistar rats; COX 2: 6.23± 0.31 nmol/min/mg
prot. for WKY rats, 8.88± 0.44 nmol/min/mg prot.
for Wistar rats).
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Nrf2 environment. In the kidneys of rats with primary hypertension
receiving URB597, oxidative stress and enhanced expression of the
main Nrf2 activators (KAP1) favors the enhanced transcriptional ac-
tivity of Nrf2. This is evidenced by the increased expression of HO-1
despite the increased expression of Nrf2 inhibitors (Keap1 and Bach1).
However, the opposite metabolic response to URB597 is observed in
kidney of rats with secondary hypertension, in which non-awaited
metabolic changes affecting Nrf2 transcription activity are observed.
One reasonable suggestion is that significantly higher oxidative mod-
ifications of DNA occur in the kidneys of rats with secondary hy-
pertension compared to those with primary hypertension and may af-
fect the transcriptional ARE region required for antioxidant protein
activation, including HO-1 biosynthesis. This suggestion may be con-
firmed by diverse changes in antioxidant enzyme activity.
Concurrently, a lower HO-1 transcription level in the kidneys of DOCA-
salt rats is accompanied by decreased CB1 receptor expression. The
participation of cannabinoid receptors in Nrf2 activation indicated
earlier [57] is confirmed in present situation.

Changes in the oxidant and antioxidant parameters caused by
URB597 in the kidneys of hypertensive rats globally lead to increased
oxidative conditions, resulting in cellular macromolecules oxidative
modifications. This is particularly evident in relation to the lipid

peroxidation products, such as reactive aldehydes, that are generated
during ROS-dependent and LOX/COX-dependent metabolism [50]. In
the kidneys of DOCA-salt hypertensive rats receiving URB597, oxida-
tive fragmentation with low molecular aldehyde generation is en-
hanced, while in the kidneys of SHRs, increased oxidative fragmenta-
tion as well as cyclization with neuroprostane generation are observed.
Reactive aldehydes (4-HNE, MDA) may behave as secondary messen-
gers that can propagate oxidative damages, in particularly in protein
and DNA structure [49]. However, a significant decrease in the COX1/2
enzyme activities responsible for fatty acid oxidation favors the ob-
served increase in PUFA's and endocannabinoid's levels.

This study's findings indicate that primary and secondary hy-
pertension modulate the endocannabinoid system, which participates in
enhancing oxidative conditions and inflammatory response in rat kid-
neys. However, chronic URB597 treatment of hypertensive rats modi-
fies the redox balance by enhancing the generation of phospholipid
mediators including endocannabinoids. Changes caused by URB597 are
dependent on model of hypertension. Administering FAAH inhibitor to
rats with primary hypertension does not significantly change the pro-
inflammatory or oxidative conditions caused by hypertension that re-
sult from enhanced CB1 expression. After the administration of URB597
to DOCA-salt hypertensive rats, enhanced disturbances in cross-talk

Fig. 4. The levels of lipid peroxidation products [4-HNE, MDA, 8-isoPGF2 and NPs] as well as the levels of oxidative modification products of protein [CO and Trp] and DNA [8-OH dG] in
the kidney of hypertensive rats (A-SHR; B-DOCA-salt) and hypertensive rats after the administration of URB597. A. Data points represent the mean± SD, n = 6; (a, significantly different
from WKY group, p< 0.05; b, significantly different from SHR group, p< 0.05). B. Data points represent the mean± SD; n = 6; (a, significantly different from Wistar group, p< 0.05); b,
significantly different from DOCA-salt group, p< 0.05). The results are shown in comparison to the control groups [WKY rats and Wistar rats]: aldehydes concentrations (4-HNE: 691± 32
nmol/g tissue for WKY rats, 133± 6 nmol/g tissue for Wistar rats; MDA: 146±8 nmol/g tissue for WKY rats, 29.7± 1.4 nmol/g tissue for Wistar rats); 8-isoPGF2α level (56.6±2.7 ng/g
tissue for WKY rats, 34.3± 1.5 ng/g tissue for Wistar rats); A4/J4-NPs concentrations (25.8± 1.1 ng/g tissue for WKY rats, 8.94± 0.46 ng/g tissue for Wistar rats); carbonyl groups level
(3.26± 1.1 nmol/mg prot. for WKY rats, 6.66± 0.19 nmol/mg prot. for Wistar rats); tryptophan level (20.7± 1.1 U/mg prot. for WKY rats, 20.01± 1.10 U/mg prot. for Wistar rats); 8-
OHdG level (10.8± 0.6 ng/mg DNA for WKY rats, 4.98± 0.22 ng/mg DNA for Wistar rats).
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among endocannabinoids, oxidants, and inflammatory factors in the
kidney increased the likelihood of functional disorders. However, we
suggest that the above disturbances are dependent on the primary
changes caused by differently induced hypertension.

Independently of the influence of chronic URB597 administration
on the metabolic changes in the kidneys of hypertensive rats, this FAAH
inhibitor also affects kidney cellular metabolism of normotensive rats.
URB597 given chronically to Wistar rats enhances phospholipid oxi-
dative fragmentation and the oxidative modifications of DNA and
proteins similarly to its administration to rats with secondary hy-
pertension. However, the metabolic response of WKY rat kidneys to
URB597 administration indicates enhanced oxidative conditions mainly
with oxidative phospholipid cyclization but without significant en-
hanced oxidative modifications to DNA and proteins. Because the di-
rection of changes in metabolic response to chronic administration of
URB597 to Wistar and Wistar Kyoto rats is similar to that observed in
appropriate groups of hypertensive rats, it suggests that modulation
cellular metabolism by FAAH inhibitor is associated with differences in
basic kidney metabolism of these two different rat strains.

In conclusion, because URB597 disturbs the kidney redox system
and phospholipid ROS- and enzymatic-dependent metabolism, its
chronic administration may lead to kidney disorders in hypertensive
and normotensive rats. Kidneys from Wistar rats with induced hy-
pertension and their controls are more vulnerable to URB597 action
than those from SHR and their controls. Therefore, further studies
should be conducted with particular care.
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