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Abstract

The pathogenesis of sulfasalazine (SFZ)-induced nephrotoxicity is unclear.
Moreover, there are no reports on the protective effects of B-caryophyllene (BCP)
against SFZ-induced renal injury. Hence, in this study, we measured several
oxidative stress and inflammatory regulatory molecules alongside the effects of
BCP in SFZ-intoxicated rats. Male rats (n=48) were distributed to six equal groups
as follows: negative control (NC), normal rats treated with low (N-LD; 200 mg/kg/
day) and high (N-HD; 400 mg/kg/day) BCP doses, and animals treated with SFZ
individually (PC; 600 mg/kg/day) or combined with BCP low (P-LD) and high (P-HD)
doses. All drugs were administrated for 14 consecutive days. The NC, N-LD, and
N-HD groups showed comparable renal histology and biochemistry. In contrast,
abnormal histology, and increased creatinine and urea alongside oliguria and
proteinuria were detected in the PC group. Renal specimens from the PC group
revealed increased levels of nuclear factor-kappa B (NF-«xB), transforming growth
factor (TGF)-B with kidney injury molecule (KIM)-1, while the levels of nuclear factor
erythroid 2-related factor 2 (Nrf2), AMP-activated protein kinase (AMPK), and protein kinase B (AKT) declined, relative to controls.
The PC renal tissue also had markedly higher levels of inflammatory cytokines (tumor necrosis factor [TNF]-o/interleukin [IL]-
1p/IL-6) and pro-oxidants (malondialdehyde [MDA]/H,O./protein carbonyls), whereas those of antioxidants (glutathione [GSH]/
glutathione peroxidase [GPx]/superoxide dismutase-1 [SOD1]/catalase [CAT]) and IL-10 decreased and were associated with
marked apoptosis. Both BCP regimens ameliorated renal functions and histology, and reduced NF-kB, TGF-B, and KIM-1 levels
in addition to those of oxidative stress and inflammation markers. Both protocols also augmented Nrf2, AMPK, AKT, antioxidants,
and IL-10. However, P-HD showed better alleviating effects than the N-HD group. In conclusion, this study is the first to link NF-kB,
TGF-B, Nrf2, AMPK, and AKT with SFZ-induced nephrotoxicity. In addition, this is the first report to reveal antioxidative and anti-
inflammatory effects for BCP against SFZ-associated nephropathy.

Impact Statement

To our knowledge, the current report is the first to
demonstrate the association between NF-kB, TGF-
B, Nrf2, AMPK, and AKT with the pathogenesis of
sulfasalazine-induced renal injury and oxidative
stress. In addition, this study is the first to report
nephroprotective effects for B-caryophyllene against
SFZ-induced nephrotoxicity. Hence, we suggest that
SFZ and BCP co-therapy could offer an alternative
better therapeutic approach for rheumatoid arthritis
and IBD by enhanced anti-inflammatory actions as
well as by preventing SFZ-induced renal injury.
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nephrotoxicity have been recorded, which include glomeru-
lonephritis, interstitial nephritis, and acute renal failure.>
The pathogenic mechanisms underlying SFZ-induced
renal damage remain unclear. Nonetheless, numerous
animal studies have underscored the major roles played
by oxidative stress and inflammation in the pathogenesis

Introduction

Sulfasalazine (SFZ) is an anti-inflammatory prodrug
widely used for treating rheumatoid arthritis and inflam-
matory bowel disease (IBD).!? Sulfapyridine (SP) and
5-aminosalicylic acid (5-ASA) are the main constituents of

SFZ, and 5-ASA is the main therapeutic anti-inflammatory
ingredient.? While most of 5-ASA metabolites are excreted
in feces, about 25% are acetylated and excreted in urine.?
Unfortunately, the prolonged use of SFZ is linked with
several adverse reactions and many cases of SFZ-induced
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of SFZ-induced nephrotoxicity.® In this regard, several
research groups have suggested that the accumulation of
SFZ metabolites induces a disequilibrium between increased
production of free radicals with a concurrent deteriora-
tion in renal antioxidant capacity following mitochondrial
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dysfunction.® Incessant oxidative stress then triggers renal
inflammatory responses and cellular damage.®® However,
there are no reports on the key regulatory molecules of cel-
lular redox biology and inflammation in the pathogenesis of
SFZ-induced nephropathy, including nuclear factor eryth-
roid 2-related factor 2 (Nrf2), nuclear factor-kappa B (NF-
kB), and transforming growth factor (TGF)-f.

Currently, there are no approved drugs for the treatment
of SFZ-related renal impairment and the clinical manage-
ment comprises discontinuing SFZ and administering corti-
costeroids.!%! Hence, it has been suggested that using natural
products with antioxidant and anti-inflammatory activities
may offer a protective approach against SFZ-induced renal
injury.® B-caryophyllene (BCP) is a major volatile constitu-
ent of the essential oils of a wide variety of plants and is
mainly used for food flavoring.'-1¢ Although BCP exhibits
potent antioxidative and anti-inflammatory renoprotective
actions,'>16 no prior reports have explored its preventive or
alleviatory effects against SFZ-induced renal toxicity.

Therefore, this study was conducted to explore the roles
of Nrf2, NF-kB and TGF-p alongside adenosine monophos-
phate-activated protein kinase (AMPK), protein kinase B
(AKT), and kidney injury molecule (KIM)-1 in the patho-
genesis of SFZ-related renal injury. Furthermore, this study
examined the renoprotective effects of BCP against SFZ-
induced nephrotoxicity in relation to oxidative stress and
inflammation.

Materials and methods
Chemicals and reagents

BCP solution (0.9g/mL) and SFZ powder of =98% purity
were from Sigma-Aldrich Chemical Co. (MO, USA). While
enzyme-linked immunosorbent assay (ELISA) kits for malon-
dialdehyde (MDA), protein carbonyl groups, hydrogen per-
oxide (H,0,), glutathione (GSH), superoxide dismutase-1
(SOD1), catalase (CAT), and glutathione peroxidase (GPx1)
were from Cell Biolabs, Inc. (CA, USA), rat tumor necrosis
factor (TNF)-a, interleukin (IL)-1B, IL-6, and IL-10 kits were
from Cloud-Clone Corp. (TX, USA). All primary antibodies,
apoptosis kit, and polymerase chain reaction (PCR) reagents
were purchased from Thermo Fisher Scientific (CA, USA).

Study design and therapeutic regimens

Forty-eight male Wistar rats with body weight ranging from
180 to 200g and of eightweeks of age each were housed at
a regulated temperature (24 +1°C temperature with al2-h
light/dark cycle). The rats were fed with standard food and
water ad libitum throughout the study and were distributed
following a week of acclimatization into (n=8 rats/group):
the negative controls (NCs), normal animals treated with
low (N-LD) and high (N-HD) doses of BCP groups, the posi-
tive controls (PCs), which only received SFZ, and two groups
that simultaneously received SFZ with either low (P-LD) or
high (P-HD) BCP doses. While the NC rats received normal
saline as vehicle, SFZ (600 mg/kg/day) and/or the BCP low
(200mg/kg/day) and high (400mg/kg/day) doses were
freshly prepared and delivered to the designated groups for
14 consecutive days by oral gavage as previously reported.317

The Committee for the Care and Use of Laboratory Animals
at Umm Al-Qura University, KSA approved all experiments.

Types of samples

At day-14, each rat was housed in metabolic cages (Braintree
Scientific Inc., MA, USA) and 24-h urine (24h-U) samples
were collected. Euthanasia was then performed on day-
15 by cervical dislocation under anesthesia as previously
reported.!® Blood samples were obtained, and serum was
kept at —20°C following centrifugation. Both kidneys were
removed from each rat, and a specimen was used for his-
topathological experiments. Another renal tissue specimen
(500mg) was lysed in RIPA buffer with protease inhibitors.
The extracted total protein concentrations were measured by
a BCA protein assay (Thermo Fisher Scientific). Deionized
water was used to dilute each total protein sample (1000 pg/
mL) to be processed by ELISA. The residual tissues were
kept at —80°C in RNALater (Thermo Fisher Scientific).

Renal biochemical parameters

Quantification of serum creatinine (Cr), urea, total protein,
and albumin alongside the amounts of 24h-U Cr and total
protein was done with Cobas e411 (Roche Diagnostics,
Mannheim, Germany).

The calculation of 24h-U flow and Cr clearance (Cr-Cl)
was done as follows

Urine flow (WL /min)=

24-h urine volume (mL)
%1000
(60min x 24 h=1440)

Cr-Cl(mL/min)= [Urine Cr (mg/dL)xurine flow (mL/ min)]

Serum Cr(mg/dL)

Quantitative reverse transcription polymerase
chain reaction

RNA was extracted with a Paris kit and cDNA synthesis was
achieved with a high-capacity Reverse Transcription (RT)
kit. Each sample was processed in triplicate wells for each
targeted gene. Forty PCR amplification cycles (95°C/15s
and 60°C/1min) were performed on a QuantStudio™ 3
Real-Time PCR System (Thermo Fisher Scientific). Each
well included 25ng cDNA (1uL), DNase/RNase free water
(2pL), SYBR Green master mix (5uL), and 5pmol (1uL) of
forward and reverse primer sets (Supplementary Table 1).
NCs included a minus-template PCR by substituting the
cDNA with nuclease free water in addition to another minus-
RT control from the RT step. Normalization was done by
GAPDH gene and the 2-**Ct method was applied to relatively
measure rat caspase (Casp)-3, Nfkbl, TGF-3, KIM1, AMPK,
Nr1f2, and AKT1 gene expressions.

Immunohistochemistry

NF-«B p50, TGF-B1, AMPK-a, AKT1, and Nrf2 were local-
ized by polyclonal rabbit IgG antibodies, while KIM-1 was
detected by polyclonal goat IgG antibodies, in renal tissues.
Briefly, the sections were incubated at 4°C with the primary
antibodies (1:200 concentration). All sections were washed
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Table 1. Serum and 24-h urine concentrations (mean *+ SD) of renal biochemical markers in the study groups.

NC group N-LD group ~ N-HD group PC group P-LD group P-HD group
Serum Creatinine (mg/dL)* 0.48+0.07 0.49+0.06 0.48*+0.06 1.1+0.19%4f  0.73+0.130dfh  0.46+0.07"
Urea (mg/dL)** 35.2+5.6 34.9+3.8 34.6+4.1 67.9 £ 9.4bdf 54.1 + 520450 43.4 £ 4.92cehi
Total protein (g/dL)** 7.3+0.97 7.1+0.95 7.3+0.74 5.5+ 0.50df 5.9 +0.64f 6.8+0.79
Albumin (g/dL)** 46+05 47+04 4.6+0.4 3.2+0.30df 3.3£0.30df 4.2 0.4
24h Urine  Urine volume (mL)** 9.4+1.2 9.6x14 9.3x14 3.7 +0.659f 4.7 +0.809f 7.9x0.9N
Urine flow (uL/min)** 6.5+0.8 6.6 +1 6.4+1 2.6 +0.4baf 3.3+0.64f 5.4 +0.4ni
Creatinine (mg/dL)** 46.2+5.1 45747 46.2+4.6 25.8 £ 4.1bdf 35.3 £ 3.1bdth 41.3x3.9
Creatinine clearance (mL/min)* 0.63+0.15 0.62*0.11 0.63+0.16 0.06 =0.0124f  0.16 = 0.030dfh 0.5+0.12Ni
Total protein (mg/dL)* 4+0.7 3.8+0.7 3.9+0.6 13.7 = 3.1b4f 10.5 = 2bdf 6.2 +1.2045h]

NC: negative control group; N-LD: negative control + low-dose B-caryophyllene group; N-HD: negative control + high-dose p-caryophyllene group; PC: positive control
group; P-LD: positive control + low-dose p-caryophyllene group; P-HD: positive control + high-dose B-caryophyllene group.

aP < 0.05 compared with NC group.
5P < 0.01 compared with NC group.
°P < 0.05 compared with N-LD group.
dP < 0.01 compared with N-LD group.
¢P < 0.05 compared with N-HD group.
P <0.01 compared with N-HD group.
9P < 0.05 compared with PC group.
hP <0.01 compared with PC group.
iP<0.05 compared with P-LD group.
IP <0.01 compared with P-LD group.

*Games—Howell’s post hoc test was used following ANOVA to compare between the groups.
**Tukey’s HSD post hoc test was used following ANOVA to compare between the groups.

twice in the following day and treated with ImmPRESS®
HRP Horse AntiRabbit or antiGoat IgG Plus Polymer
Peroxidase Kits (Vector Laboratories Inc., CA, USA) by fol-
lowing the manufacturer’s protocols. The NCs included
renal sections that were identically processed, but in which
primary isotype goat or rabbit IgG antibodies (Santa-Cruz
Biotechnology Inc., TX, USA) were used as substitutes for
the primary antibodies. The slides were examined on a Leica
DMi8 microscope (Leica Microsystems, Wetzlar, Germany).
Digital images were captured with 40X objective from 10
non-overlapping fields/slide. The Image] software (https:/ /
imagej.nih.gov/ij/) was utilized to quantify the immu-
nostain intensity as described earlier.!

Terminal deoxynucleotidyl transferase-dUTP nick
end labeling assay

Renal cell apoptosis/necrosis was detected by a Click-iT™
Terminal deoxynucleotidyl transferase-dUTP nick end labe-
ling (TUNEL) Alexa Fluor™ 488 Imaging Assay (Thermo
Fisher Scientific). Active Casp-3 was then co-localized with
the apoptotic bodies by incubating the sections for 3h with
anticleaved Casp-3 mouse monoclonal IgG antibodies (1:100
concentration). Subsequently, the sections were incubated
for 30 min with secondary donkey antimouse IgG antibodies
tagged with Alexa Fluor™ 555. The sections were counter-
staining with DAPI (Thermo Fisher Scientific) and observed
with 40X objective under a Leica DMi8 fluorescent micro-
scope. The numbers of apoptotic/necrotic cells were counted
in 15 different fields/slide to calculate apoptosis index as
reported earlier.!

ELISA

TNF-a, IL-1B, IL-6, IL-10, GSH, SOD1, CAT, GPx1, MDA,
protein carbonyl groups, and H,O, concentrations in renal

tissues were measured with an automated ELISA apparatus
(Human Diagnostics, Wiesbaden, Germany). Each sample
was processed in duplicate wells.

Statistical analysis

All variables were analyzed by SPSS version 25, and nor-
mality was assessed by the Kolmogorov and Smirnov’s test,
whereas the Levene test was applied to assess data homo-
geneity. According to variance equality, Tukey’s honestly
significant difference (HSD) or Games-Howell’s post hoc
analyses were applied following one-way analysis of vari-
ance (ANOVA) test for comparing between the study groups.
Significance was indicated by a P-value <0.05.

Results
Serum and urine renal biochemical parameters

Serum Cr, urea, total protein and albumin alongside the
24h-U volume, 24h-U flow, and urine Cr and total protein
concentrations in the normal rats treated with low and high
doses of BCP were equal to those of the NC group (Table 1).
In contrast, the PC rats demonstrated significantly higher
serum Cr and urea levels alongside marked proteinuria
and oliguria, which coincided with a substantial decrease
in 24h-U Cr clearance relative to the NC, N-LD, and N-HD
groups. Although the BCP low and high treatment doses in
the SFZ-intoxicated rats revealed marked declines in serum
Cr and urea along with improved 24 h-U Cr levels and Cr-Cl
compared with the PC rats, the ameliorative effects were
markedly more prominent in the P-HD animals (Table 1).
While all the tested serum and urine renal biochemical
parameters were similar in the P-HD and the NC groups,
serum and 24 h-U total protein concentrations remained sig-
nificantly abnormal in the earlier group (Table 1).
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Figure 1. (a) Renal H&E histological characteristics and co-detection of apoptotic bodies by immunofluorescence TUNELs method (green) with cleaved Casp-3 (red)
followed by DAPI counterstain in renal tissues from all the study groups (scale bar=10pm). Moreover, (b) Casp-3 relative mRNA and protein expressions of in addition
to apoptosis index in the renal tissues are shown as mean = SD. (A color version of this figure is available in the online journal.)

aP < 0.05 compared with the NC group.
bP < 0.05 compared with the N-LD group.
°P < 0.05 compared with the N-HD group.
dP < 0.05 compared with the PC group.
eP < 0.05 compared with the P-LD group.

Renal histology

The renal specimens from the NC, N-LD, and N-HD groups
displayed normal features by H&E staining, and Casp-3 pro-
tein together with the apoptotic bodies’ numbers were mini-
mal in the three groups (Figure 1). In contrast, the PC group
demonstrated marked leukocytic infiltration, glomerular
damage, interstitial necrosis, widening of tubular lumens,
and cellular protrusion in addition to significantly higher

Casp-3 with increased apoptosis index. Concordant with
renal biochemistry, both the low and doses of BCP in the
SFZ-treated rats ameliorated renal histology and decreased
Casp-3 with apoptosis index in comparison with the PC ani-
mals (Figure 1). Although the P-HD group also showed sig-
nificantly better histological features alongside lower Casp-3
expression and apoptosis than the P-LD rats, the results were
markedly elevated relative to the NC group.
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Figure 2. (a) Detection of renal NF-xB p50, TGF-B1, and KIM-1 by immunohistochemistry (IHC; scale bar=10pm) in addition to (b) their mMRNA expression and IHC
scores are expressed as mean =+ SD. (A color version of this figure is available in the online journal.)

aP < 0.05 compared with the NC group.
bP < 0.05 compared with the N-LD group.
°P < 0.05 compared with the N-HD group.
4P < 0.05 compared with the PC group.
eP < 0.05 compared with the P-LD group.

Expression of pathogenic molecules and damage
markers in renal tissues

The gene and protein expressions of NF-xB p50, TGF-f1,
and KIM-1 (Figure 2) as well as AMPK-a, AKT1, and Nrf2
(Figure 3) in renal tissues were similar among the NC, N-LD,
and N-HD groups. In contrast, the PC renal tissues displayed
significant escalations in the NF-xB p50, TGF-1, and KIM-1
mRNA and protein levels (Figure 2), while the levels of
AMPK-a, AKT1, and Nrf2 genes and proteins declined
markedly (Figure 3), relative to the NC, N-LD, and N-HD
groups. Despite that the genes and proteins of the mole-
cules of interest showed substantial alterations in the P-LD

and P-HD groups compared with the PC group, the results
were significantly more evident in the P-HD than the P-LD
group (Figures 2 and 3). Moreover, the NF-«xB p50, TGE-1,
and KIM-1 gene and protein expressions in the P-HD were
equivalent to the NC renal tissues (Figure 2), whereas the
amounts of AMPK-o, AKT1, and Nrf2 remained markedly
lower in the earlier group (Figure 3).

Inflammatory and oxidative stress markers in renal
tissues

The renal tissue concentrations of TNF-a, IL-13, IL-6, IL-10,
GSH, SOD1, GPx1, CAT, MDA, H,0,, and protein carbonyl
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Figure 3. (a) Detection of renal AMPK-a,, AKT1, and Nrf2 in renal tissues by immunohistochemistry (IHC; scale bar=10pm) in addition to (b) their mMRNA expression
and IHC scores are expressed as mean = SD. (A color version of this figure is available in the online journal.)

aP < 0.05 compared with the NC group.
bP < 0.05 compared with the N-LD group.
°P < 0.05 compared with the N-HD group.
4P < 0.05 compared with the PC group.
eP < 0.05 compared with the P-LD group.

groups were similar in the NC, N-LD, and N-HD groups
(Table 2). However, the levels of TNF-a, IL-1B3, IL-6, MDA,
H,0,, and protein carbonyl groups augmented, whereas
IL-10, GSH, SOD1, GPx1, and CAT diminished, markedly
in the PC renal specimens than the NC, N-LD, and N-HD
groups (Table 2). While the levels of pro-inflammatory and
pro-oxidative stress markers weakened, the anti-inflamma-
tory and antioxidative molecules augmented, significantly
in the P-LD and P-HD renal tissues compared with the PC
group. The P-HD protocol, however, demonstrated signifi-
cantly more potent effects than the P-LD group on the tar-
geted inflammatory and oxidative stress markers, except
for GPx1 that was similar between both groups (Table 2).

In addition, the renal concentrations of TNF-a, IL-6, IL-10,
GSH, SOD1, GPx1, CAT, and MDA were equal between the
P-HD and NC groups, whereas IL-18, H,0,, and protein
carbonyl groups remained markedly higher in the former
group (Table 2).

Discussion

This study examined both the molecular mechanisms that
could contribute to SFZ-induced nephrotoxicity as well as
the potential protective actions of BCP in respect to renal
oxidative stress and inflammation. The data revealed sub-
stantial elevations in serum urea and creatinine, whereas



Refaat and EI-Boshy

B-caryophyllene and sulfasalazine-induced renal injury 697

Table 2. Renal tissue concentrations (mean = SD) of inflammatory and oxidative stress markers in the study groups.

NC group N-LD group N-HD group PC group P-LD group P-HD group
TNF-a (pg/mL)* 36.7+6.8 38.1+8.7 35.7+6.3 106.2 = 14.909f 62.4 + 19aceh 35.4 = 7.4hi
IL-1B (pg/mL)* 33.3+%75 32.3+4.1 32.6+4.9 224.2 + 33.454f 168.7 + 25.30dtg 62.2 + 11.60480i
IL-6 (pg/mL)** 72.7+15.9 70.8+x11.9 73.2+14.6 253.4 = 26.804f 188.9 +22.1bdth 91.3£23.7hi
IL-10 (pg/mL)** 50.2+7.3 51.1+6.5 50.3+£6.9 11.7 £2.804f 26.6 + 7.90d5h 44.6 £ 5.7ni
GSH (mg/g)** 41.9+6.6 40.3+3.7 40.3+3.1 16.7 = 4.609f 25.9 + 4 2bdth 39.4 +4.8ni
SOD1 (U/g)** 48.9+6.6 47.8+4.9 48.2+53 24.8 +5.70df 33.3 £4.5bd%9 43.1 £4.7n
GPx1 (ug/mg)** 4.8+0.7 4.9+0.7 48+0.5 2.4 +0.60f 3.3+0.704f 4.3+0.8"
CAT (U/mg)** 292.7+23.5 287.8+26.8 291.4+24.2 156.6 + 23.609f 200.4 +=20.30dth 270.1 £21.70i
MDA (nmol/g)** 30.1+4.38 29.7+5.2 30.1+4.6 67.4 + 6.10df 50.6 = 6.30dfh 36.2 £ 5.1ni
H,O, (nM/g)* 1.1+0.3 0.9+0.2 1+0.2 51.4 + 6.9bdf 36.6 + 6.30450 1.9+ 0.4bdthi
Protein carbonyl 0.4+0.07 0.39+0.06 0.41+0.06 4.7 +0.60f 3.1 +£0.60450 1.1 £0.30dfhi

groups (nmol/g)*

TNF-o: tumor necrosis factor-a; IL-1f: interleukin-1p; IL-6: interleukin-6; IL-10: interleukin-10; GSH: glutathione; SOD1: superoxide dismutase 1; CAT: catalase; GPx1:
glutathione peroxidase-1; GR: glutathione reductase; MDA: malondialdehyde; H,O,: hydrogen peroxide; NC: negative control group; N-LD: negative control + low-dose
B-caryophyllene group; N-HD: negative control + high-dose p-caryophyllene group; PC: positive control group; P-LD: positive control + low-dose B-caryophyllene group;

P-HD: positive control + high-dose B-caryophyllene group.
aP < 0.05 compared with NC group.

bP < 0.01 compared with NC group.

°P < 0.05 compared with N-LD group.

4P < 0.01 compared with N-LD group.

¢P < 0.05 compared with N-HD group.

P <0.01 compared with N-HD group.

9P < 0.05 compared with PC group.

hP <0.01 compared with PC group.

iP<0.01 compared with P-LD group.

*Games—Howell’s post hoc test was used following ANOVA to compare between the groups.
**Tukey’s HSD post hoc test was used following ANOVA to compare between the groups.

serum total protein and albumin declined significantly, and
coincided with oliguria, proteinuria, and decreased creati-
nine clearance in the PC group than the NC group. The PC
renal specimens also demonstrated marked increases in the
oxidative stress (MDA /H,0,/protein carbonyl groups) and
inflammatory (TNF-o./IL-1B/IL-6) molecules together with
decreases in the antioxidants (GSH/SOD1/GPx1/CAT) and
anti-inflammatory (IL-10) markers relative to controls.

SFZ is commonly utilized to treat IBD and rheumatic dis-
eases, but the drug has been disclosed by several clinical
reports to induce renal impairment in the form of glomeru-
lonephritis, interstitial nephritis, and acute renal failure.3->
Rats treated with SFZ also manifested dose-dependent glo-
merular dysfunction, tubular damage, marked leukocytic
infiltration, and interstitial necrosis along with abnormal
serum and urine renal biochemical parameters.® Proposed
mechanisms for SFZ-induced nephrotoxicity involve mito-
chondrial damage with elevations in cellular free radicals
alongside decreases of several antioxidants (e.g. GSH, SOD,
GPx1, and CAT), thus causing lipid peroxidation, protein
carbonylation, and renal cell injury.>° Concurrently, renal
impairment induced by SFZ is also associated with elevated
inflammatory cytokines.®- Our results correlate with many
earlier reports and further reinforce that oxidative stress and
inflammation are major pathogenic mechanisms contribut-
ing to SFZ-induced renal damage 3659

Despite the well-established roles of oxidative stress and
inflammation in the pathophysiology of SFZ-associated
nephrotoxicity,®” none of the previous studies explored the
key regulators of renal redox homeostasis and inflamma-
tory responses in the context of SFZ-induced nephropathy.
Indeed, renal redox biology and immune processes are tightly

controlled by numerous molecular pathways that could
undergo pathological alterations during the pathogenesis
of SFZ-induced nephrotoxicity. Under this theme, cellular
NEF-kB escalates significantly with a variety of renal diseases
and promotes the production of inflammatory cytokines.202!
TGEF-B1 equally plays an important role in cellular inflam-
mation, and the protein level increases substantially with
numerous renal diseases, including diabetic nephropathy
and acute renal failure.?>?3 Moreover, both NF-xB and TGF-$
pathways interact during the pathogenesis of renal diseases,
thus aggravating renal inflammation and cell damage that
subsequently trigger the main apoptotic molecule, Casp-
3.2227 In contrast, Nrf2 is a ubiquitous protein that protects
against oxidative stress-induced renal damage by promoting
the expression of several antioxidant enzymes.?$?° Likewise,
the activation of renal AMPK/AKT pathway attenuates cell
injury associated with oxidative stress and inflammation.30-32

To the best of our knowledge, this report is the first to
unveil substantial increases in NF-«B, TGF-B1, and KIM-1
genes and proteins, while those of AMPK-a,, AKT1, and Nrf2
declined, in the PC renal specimens in comparison with the
NC rats. In addition, both the percentages of apoptotic bod-
ies and Casp-3 expression increased drastically in the PC
renal specimens compared with control rats. Hence, we sug-
gest that the pathogenesis of SFZ-induced renal inflamma-
tion and oxidative stress could involve overexpression of
NF-xB and TGF-B1 with simultaneous inhibition of AMPK-
o, AKT1, and Nrf2 genes and proteins that subsequently
initiate apoptosis by elevating Casp-3.925262830 Moreover, we
propose that KIM-1, which is a sensitive and specific marker
of tubular damage, could be used to monitor SEZ-induced
nephrotoxicity.333* However, additional studies should
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further investigate the molecular mechanisms that turn
SFZ from an anti-inflammatory drug to an inducer of renal
inflammatory reactions to corroborate our propositions.

Clinical management of SFZ-induced renal injury mainly
consists of drug discontinuation together with corticoster-
oids to minimize renal inflammation.!%!! Alternatively, only
a few animal studies have reported nephroprotective effects
for several nutraceutical products against SFZ-associated
kidney impairment.®~® Herein, co-administration of low
or high doses of BCP with SFZ preserved renal histology,
ameliorated serum and urine renal biochemical parameters,
lowered apoptosis index, and reduced Casp-3 relative to the
PC animals. Moreover, both BCP protocols diminished the
renal levels of oxidative stress and pro-inflammatory mark-
ers and augmented the antioxidant and anti-inflammatory
molecules relative to the PC renal tissues. Nonetheless, the
alleviating effects of the high BCP dose were significantly
more pronounced than the low-dose group. In addition,
healthy animals treated with the low and high doses of BCP
showed comparable histological, biochemical, and apoptosis
index to those of the NC group.

Concordant with our observations, many prior studies
have reported non-toxic effects for BCP following treat-
ments with similar or higher doses (up to 700mg/kg/day)
that were administrated for equal and/or longer durations
of therapy (90days) in healthy murine.?53¢ Moreover, BCP
exhibited potent anti-inflammatory and antioxidative stress
activities against a wide variety of pathologies.!?"!* In this
context, BCP treatment downregulated NF-«xB, induced
the activities of antioxidant enzymes, reduced the levels of
KIM-1, and inhibited apoptosis, thus alleviated hyperox-
aluria-induced renal impairment in rats.’> Moreover, BCP
inhibited NF-xB with several inflammatory cytokines and
simultaneously upregulated various Nrf2-dependent anti-
oxidant mechanisms, thus attenuated the adverse effects
of high glucose on mesangial cells.!® Others have likewise
shown ameliorative effects for BCP in the treatment of acute
lung injury induced by lipopolysaccharide in mice following
reductions in several inflammatory markers, including TGF-
.37 BCP also alleviated cerebral injury induced by ischemia-
reperfusion in rat as well as deterred lipid accumulation in
human hepatocyte subsequent to enhancing the AMPK/
AKT signaling network in the targeted cells.3%

The present data agree with several earlier reports and
advocate that BCP could be used as renoprotective agent
against SFZ-induced renal injury by concurrently suppress-
ing NF-xB and TGF-B1, and promoting renal antioxidant
capacity via Nrf2-dependent pathways.!>1637 Furthermore,
preclinical studies have also demonstrated remedial effects
of BCP for the treatment of IBD and arthritis in rats.04!
Therefore, we suggest that SFZ and BCP co-therapy may pro-
vide a superlative treatment strategy for rheumatoid arthritis
and IBD by enhanced anti-inflammatory actions as well as
by preventing SFZ-induced renal injury.404!

In conclusion, this study is the first to reveal that SFZ-
induced renal oxidative stress and inflammation may result
from pathological alterations in renal NF-xB, TGF-p1, Nrf2,
and AMPK/AKT signaling pathways. While both BCP regi-
mens attenuated SFZ-induced renal damage through antiox-
idative stress and anti-inflammatory actions, the high-dose

protocol showed better ameliorative activities. However,
further experiments are needed to measure the therapeutic
and/or protective activities of BCP and/or SFZ single and
dual therapies for treating autoimmune diseases and /or pre-
venting SFZ-associated adverse events.

AUTHORS’ CONTRIBUTIONS

Both B.R. and M.E.B. equally contributed to conceptualization,
methodology, formal analysis, investigation, and resources and
project administration. B.R. wrote original and revised versions
of the manuscript and both authors have read and approved
all versions.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge ] Ahmad and Mr S Idris
(lecturers, Laboratory Medicine Department, Faculty of Applied
Medical Sciences, Umm Al-Qura University) for helping in gene
and immunohistochemistry experiments. The authors also
thank Dr A Aslam (Associate professor, Laboratory Medicine
Department, Faculty of Applied Medical Sciences, Umm
Al-Qura University) for proofreading the revised version of the
manuscript. The authors also thank Editage (www.editage.com)
for English language editing.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

FUNDING

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

ORCID ID

Bassem Refaat "' https:/ /orcid.org/0000-0003-4267-1016

SUPPLEMENTAL MATERIAL

Supplemental material for this article is available online.

REFERENCES

1. Heap GA, So K, Weedon M, Edney N, Bewshea C, Singh A, Annese
V, Beckly J, Buurman D, Chaudhary R, Cole AT, Cooper SC, Creed
T, Cummings F, de Boer NK, D’Inca R, D’Souza R, Daneshmend TK,
Delaney M, Dhar A, Direkze N, Dunckley P, Gaya DR, Gearry R, Gore
S, Halfvarson J, Hart A, Hawkey CJ, Hoentjen F, Igbal T, Irving P, Lal
S, Lawrance I, Lees CW, Lockett M, Mann S, Mansfield J, Mowat C,
Mulgrew CJ, Muller F, Murray C, Oram R, Orchard T, Parkes M, Phil-
lips R, Pollok R, Radford-Smith G, Sebastian S, Sen S, Shirazi T, Silver-
berg M, Solomon L, Sturniolo GC, Thomas M, Tremelling M, Tsianos
EV, Watts D, Weaver S, Weersma RK, Wesley E, Holden A, Ahmad T.
Clinical features and HLA association of 5-aminosalicylate (5-ASA)-
induced nephrotoxicity in inflammatory bowel disease. | Crohn’s Coli-
tis 2016;10:149-58

2. Patel H, Barr A, Jeejeebhoy KN. Renal effects of long-term treatment
with 5-aminosalicylic acid. Can | Gastroenterol 2009;23:170-6

3. Linares V, Alonso V, Domingo JL. Oxidative stress as a mechanism
underlying sulfasalazine-induced toxicity. Expert Opin Drug Saf
2011;10:253-63

4. Magalhaes-Costa P, Matos L, Chagas C. Chronic tubulointerstitial
nephritis induced by 5-aminosalicylate in an ulcerative colitis patient:
a rare but serious adverse event. BM] Case Rep 2015;2015:207928


www.editage.com
https://orcid.org/0000-0003-4267-1016

Refaat and EI-Boshy

B-caryophyllene and sulfasalazine-induced renal injury 699

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Durando M, Tiu H, Kim JS. Sulfasalazine-induced crystalluria causing
severe acute kidney injury. Am | Kidney Dis 2017,70:869-73

Linares V, Alonso V, Albina ML, Bellés M, Sirvent JJ, Domingo JL, San-
chez DJ. Lipid peroxidation and antioxidant status in kidney and liver
of rats treated with sulfasalazine. Toxicology 2009;256:152—-6

Heidari R, Taheri V, Rahimi HR, Shirazi Yeganeh B, Niknahad H,
Najibi A. Sulfasalazine-induced renal injury in rats and the protective
role of thiol-reductants. Ren Fail 2016;38:137-41

Heidari R, Rasti M, Shirazi Yeganeh B, Niknahad H, Saeedi A, Najibi
A. Sulfasalazine-induced renal and hepatic injury in rats and the pro-
tective role of taurine. Bioimpacts 2016;6:38

Niknahad H, Heidari R, Mohammadzadeh R, Ommati MM, Khodaei
F, Azarpira N, Abdoli N, Zarei M, Asadi B, Rasti M, Shirazi Yeganeh
B, Taheri V, Saeedi A, Najibi A. Sulfasalazine induces mitochondrial
dysfunction and renal injury. Ren Fail 2017,39:745-53

Gisbert JP, Gonzalez-Lama Y, Maté ]. 5-Aminosalicylates and renal
function in inflammatory bowel disease: a systematic review. Inflamm
Bowel Dis 2007;13:629-38

Alivanis P, Aperis G, Lambrianou F, Zervos A, Paliouras C, Karvou-
niaris N, Arvanitis A. Reversal of refractory sulfasalazine-related renal
failure after treatment with corticosteroids. Clin Ther 2010;32:1906-10
Hashiesh HM, Meeran MEN, Sharma C, Sadek B, Kaabi JA, Ojha SK.
Therapeutic potential of B-caryophyllene: a dietary cannabinoid in dia-
betes and associated complications. Nutrients 2020;12:2963

Scandiffio R, Geddo F, Cottone E, Querio G, Antoniotti S, Gallo MP,
Maffei ME, Bovolin P. Protective effects of (E)-B-caryophyllene (BCP)
in chronic inflammation. Nutrients 2020;12:3273

Hashiesh HM, Sharma C, Goyal SN, Sadek B, Jha NK, Kaabi JA, Ojha
S. A focused review on CB2 receptor-selective pharmacological prop-
erties and therapeutic potential of B-caryophyllene, a dietary cannabi-
noid. Biomed Pharmacother 2021;140:111639

Xu X, Yan ]. B-Caryophyllene may attenuate hyperoxaluria-
induced kidney dysfunction in rats by regulating stress marker
KIM-1/MCP-1 and NF-«B signaling pathway. | Biochem Mol Toxicol
2021;35:e22891

Li H, Wang D, Chen Y, Yang M. p-Caryophyllene inhibits high
glucose-induced oxidative stress, inflammation and extracellu-
lar matrix accumulation in mesangial cells. Int Immunopharmacol
2020;84:106556

Ames-Sibin AP, Barizao CL, Castro-Ghizoni CV, Silva FMS, Sa-Nakan-
ishi AB, Bracht L, Bersani-Amado CA, Marcal-Natali MR, Bracht A,
Comar JF. p-Caryophyllene, the major constituent of copaiba oil,
reduces systemic inflammation and oxidative stress in arthritic rats. |
Cell Biochem 2018;119:10262-77

El-Boshy M, Refaat B, Almaimani RA, Abdelghany AH, Ahmad J, Idris
S, Almasmoum H, Mahbub AA, Ghaith MM, BaSalamah MA. Vita-
min D(3) and calcium cosupplementation alleviates cadmium hepa-
totoxicity in the rat: Enhanced antioxidative and anti-inflammatory
actions by remodeling cellular calcium pathways. | Biochem Mol Toxicol
2020;34:€22440

Refaat B, Abdelghany AH, BaSalamah MA, El-Boshy M, Ahmad J,
Idris S. Acute and chronic iron overloading differentially modulates
the expression of cellular iron-homeostatic molecules in normal rat
kidney. ] Histochem Cytochem 2018;66:825-39

Zhang H, Sun SC. NF-kB in inflammation and renal diseases. Cell Biosci
2015;5:63

Song N, Thaiss F, Guo L. NFkB and kidney injury. Front Immunol
2019;10:815

Gewin LS. Transforming Growth factor-f in the acute kidney injury to
chronic kidney disease transition. Nephron 2019;143:154-7

El-Boshy M, BaSalamah MA, Ahmad J, Idris S, Mahbub A, Abdelghany
AH, Almaimani RA, Almasmoum H, Ghaith MM, Elzubier M, Refaat
B. Vitamin D protects against oxidative stress, inflammation and hepa-
torenal damage induced by acute paracetamol toxicity in rat. Free Radic
Biol Med 2019;141:310-21

Ka SM, Yeh YC, Huang XR, Chao TK, Hung YJ, Yu CP, Lin TJ, Wu
CC, Lan HY, Chen A. Kidney-targeting Smad?7 gene transfer inhibits
renal TGF-B/MAD homologue (SMAD) and nuclear factor kB (NF-«B)

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

signalling pathways, and improves diabetic nephropathy in mice. Dia-
betologia 2012;55:509-19

Sureshbabu A, Muhsin SA, Choi ME. TGF-§ signaling in the kid-
ney: profibrotic and protective effects. Am | Physiol Renal Physiol
2016;310:F596-606

Gu YY, Liu XS, Huang XR, Yu XQ, Lan HY. Diverse role of TGF-f in
kidney disease. Front Cell Dev Biol 2020;8:123

Zhang LS, Li J, Jia-Ping L. Rhein-8-O-B-D-glucopyranoside inhibited
high glucose-induced apoptosis of human mesangial cells by regulat-
ing the lincRNA ANRIL/let-7a/TGF-p1/Smad signaling pathway.
Exp Ther Med 2020;19:2871-8

Mousavi K, Niknahad H, Li H, Jia Z, Manthari RK, Zhao Y, Shi X, Chen
Y, Ahmadi A, Azarpira N, Khalvati B, Ommati MM, Heidari R. The
activation of nuclear factor-E2-related factor 2 (Nrf2)/heme oxygen-
ase-1 (HO-1) signaling blunts cholestasis-induced liver and kidney
injury. Toxicol Res 2021;10:911-27

Yu C, Dong H, Wang Q, Bai ], Li YN, Zhao JJ, Li JZ. Danshensu attenu-
ates cisplatin-induced nephrotoxicity through activation of Nrf2 path-
way and inhibition of NF-«B. Biomed Pharmacother 2021;142:111995
Lieberthal W, Tang M, Abate M, Lusco M, Levine JS. AMPK-mediated
activation of Akt protects renal tubular cells from stress-induced apop-
tosis in vitro and ameliorates ischemic AKI in vivo. Am | Physiol Renal
Physiol 2019;317:F1-11

Rodriguez C, Contreras C, Sdenz-Medina ], Mufioz M, Corbacho C,
Carballido J, Garcia-Sacristin A, Hernandez M, Lépez M, Rivera L,
Prieto D. Activation of the AMP-related kinase (AMPK) induces renal
vasodilatation and downregulates Nox-derived reactive oxygen spe-
cies (ROS) generation. Redox Biol 2020;34:101575

Hasan R, Lasker S, Hasan A, Zerin F, Zamila M, Parvez F, Rahman
MM, Khan F, Subhan N, Alam MA. Canagliflozin ameliorates renal
oxidative stress and inflammation by stimulating AMPK-Akt-eNOS
pathway in the isoprenaline-induced oxidative stress model. Scientific
Rep 2020;10:14659

Waring WS, Moonie A. Earlier recognition of nephrotoxicity using
novel biomarkers of acute kidney injury. Clin Toxicol 2011;49:720-8
Quang TH, Nguyet MP, Thao DP, Thi MH, Phuong Thi Dam L, Thi
HH, Van AP, Luong TC, Tuyet MNT, Duy QD, Nhu BD, Duc TN.
Evaluation of urinary neutrophil gelatinase associated lipocalin and
kidney injury molecule-1 as diagnostic markers for early nephropathy
in patients with type 2 diabetes mellitus. Diabetes Metab Syndr Obes
2020;13:2199-207

Schmitt D, Levy R, Carroll B. Toxicological evaluation of B-caryophyllene
oil: subchronic toxicity in rats. Int | Toxicol 2016,35:558-67

Oliveira G, Machado KC, Machado KC, da Silva APDSCL, Feitosa
CM, de Castro Almeida FR. Non-clinical toxicity of B-caryophyllene,
a dietary cannabinoid: absence of adverse effects in female Swiss mice.
Regul Toxicol Pharmacol 2018;92:338-46

Zhang Y, Zhang H, Li Y, Wang M, Qian F. -Caryophyllene attenu-
ates lipopolysaccharide-induced acute lung injury via inhibition of the
MAPK signalling pathway. | Pharm Pharmacol 2021;73:1319-29

Zhang Q, An R, Tian X, Yang M, Li M, Lou J, Xu L, Dong Z. B-
caryophyllene pretreatment alleviates focal cerebral ischemia-reperfu-
sion injury by activating PI3K/ Akt signaling pathway. Neurochem Res
2017;42:1459-69

Kamikubo R, Kai K, Tsuji-Naito K, Akagawa M. p-Caryophyllene
attenuates palmitate-induced lipid accumulation through AMPK sig-
naling by activating CB2 receptor in human HepG2 hepatocytes. Mol
Nutr Food Res 2016,60:2228-42

ChoJY, Kim HY, Kim SK, Park JHY, Lee H], Chun HS. B-caryophyllene
attenuates dextran sulfate sodium-induced colitis in mice via modu-
lation of gene expression associated mainly with colon inflammation.
Toxicol Rep 2015;2:1039-45

El-Sheikh SMA, Abd El-Alim AEF, Galal AAA, El-Sayed RG, El-
Naseery NI. Anti-arthritic effect of B-caryophyllene and its ameliora-
tive role on methotrexate and/or leflunomide-induced side effects in
arthritic rats. Life Sciences 2019;233:116750

(Received November 5, 2021, Accepted December 29, 2021)



