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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.H. Lash Doxorubicin (DOX) is a cytotoxic anthracycline used to treat a variety of cancers. Cardiotoxicity, hepatotoxicity,

and nephrotoxicity are adverse effects of DOX, that limit prognosis. The study aims to determine if diosmin

KeyWOde:‘ ) (DIOS) and coenzyme Q10 (CoQ10) alone or in combination protect rats against DOX-induced liver and kidney
Doxorubicin damage. Adult male rats were assigned randomly in five groups. An intraperitoneal injection of DOX (2.5 mg/kg)
Diosmin

was given to the DOX group every other day for three weeks, whereas a normal control group received the
vehicle. Diosmin group received oral DIOS (100 mg/kg), Co-Q10 group received oral CoQ10 (10 mg/kg) and
combination group received oral DIOS and CoQ10 daily for three weeks concomitantly with DOX. Sera and
tissues were obtained 24 hours after last DOX injection. Serum aspartate transaminase (AST), alanine trans-
aminase (ALT), creatinine, urea, total bilirubin and direct bilirubin were detected with hepatic and renal reduced
glutathione (GSH), malondialdehyde (MDA), tumor necrosis factor-alpha (TNF-a) and nuclear factor kappa-B
(NF-xB). Histopathology and morphometry of liver and kidney were assessed. DOX exerted significant hep-
atorenal toxicity via elevation of liver and kidney functions, inducing oxidative stress by reducing GSH and
elevating MDA, triggering renal and hepatic TNF-a and NF-kB. DIOS and CoQ10 modulated hepatic and renal
functions, oxidative stress and inflammatory biomarkers. DIOS-CoQ10 combination treatment showed significant
improvement in histopathology of liver and kidney along with morphometry compared to DOX group. In
conclusion, combining DIOS and CoQ10 exhibited synergistic protective activity against DOX-induced hepatic
and renal insult via their antioxidant and anti-inflammatory properties.

Co-enzyme Q10
hepatorenal toxicity
rats

1. Introduction multi-organ toxicities such as the heart, the kidney, and the liver [4].

DOX induces a state of oxidative stress due to the metabolism of its

Doxorubicin (DOX) or Adriamycin, is an anthracycline antibiotic
which is recognized as an effective anticancer agent for the management
of several types of cancers [1]. Chemotherapy, including DOX, pre-
dominantly promotes cell death by triggering necrosis [2]. However, the
limitations and challenges associated with current cancer treatments
have driven the pursuit of new therapeutic strategies [3]. Unfortunately,
the clinical use of DOX has been deterred due to dose-related

quinone to a semi-quinone radical that leads to reactive oxygen species
(ROS) by redox cycling triggering oxidative damage to cell membranes,
DNA, and proteins [5]. Hepatotoxicity [6] and nephrotoxicity are
serious side effects of DOX [7]. DOX has been observed to induce he-
patocyte damage by cell cycle arrest [8], which in turn inhibits the
self-regenerating capacity of the liver [9].

DOX-induced nephrotoxicity is manifests as nephropathy,

Abbreviation: DOX, Doxorubicin; DIOS, Diosmin; CoQ10, Coenzyme Q10; AST, Aspartate Transaminase; ALT, Alanine Transaminase; GSH, Glutathione; MDA,
Malondialdehyde; TNF-o, Tumor Necrosis Factor-alpha; NF-kB, Nuclear Factor kappa-B; ELISA, Enzyme-Linked Immunosorbent Assay; QPCR, Quantitative Poly-
merase Chain Reaction; H&E, Hematoxylin and Eosin; CI, Combination Index; SEM, Standard Error of the Mean; ANOVA, Analysis of Variance; DBIL, Direct Bilirubin;
TBIL, Total Bilirubin; L.p., Intraperitoneal; RNA, Ribonucleic Acid; RT-qPCR, Reverse Transcription Quantitative Polymerase Chain Reaction.
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proteinuria, and glomerulosclerosis [10]. As the ability of the kidney to
regenerate and heal is limited, DOX causes almost irreversible kidney
damage. The excessive production of ROS and RNS after DOX meta-
bolism increases the susceptibility for lipid peroxidation, DNA damage,
and decreases cellular thiols and vitamin E levels as reported earlier [11]
that exacerbates DOX toxicity and inducing calcium overload mito-
chondrial dysfunction [12]. Significant reports link hepatorenal injury
to oxidative stress [13-16]. DOX can correspondingly stimulate in-
flammatory pathways [17] by increasing the expression of nuclear fac-
tor kappa-B (NF-kB) [18]. The relationship between DOX and NF-kB, a
transcriptional factor that regulates genes that encode apoptosis and
inflammatory cytokines, interleukins, tumor necrosis factor-alpha
(TNF-a), and inducible nitric oxide synthase (i-NOS) [19,20]. These
inflammatory pathways play an important role in DOX-induced hep-
atorenal disruption [21]. Herein, compounds with both antioxidant and
anti-inflammatory effects required could protect against the hepatorenal
damage associated with DOX. In this context, the exploration of new
drugs from traditional medicinal remedies remains an attractive and
continually advancing approach [22]. Medicinal plants are considered
valuable for cancer prevention and treatment due to their anti-tumor
compounds, ability to boost immune function, and potential to delay
cancer onset [23]. They also offer a promising alternative or supplement
to conventional cancer therapies by reducing or preventing side effects
[24], (https://patents.justia.com/patent/10568873), https://patents.
justia.com/patent/20200276133, https://patents.justia.com/patent
/10933076)

Flavonoids are polyphenolic tricyclic secondary metabolites that are
abundant in plants [25]. Diosmin (diosmetin 7-O-rutinoside) is a natural
flavone glycoside. It is also called as venosmine (Teucrium gnaphal-
odes). It is a flavone glycoside derived from hesperidin that is abun-
dantly present in citrus fruits [26]. It has bioactive effects, including an
antioxidant anti-inflammatory and anti- apoptotic activity [19, 27, 28].
Flavonoids are known to decrease oxidative stress by lowering malon-
dialdehyde (MDA) while enhancing the total antioxidant status levels in
the body [29]. Moreover, diosmin displayed protective activity against
liver and kidney injury, as well as hepatocellular carcinoma [28, 30, 31].
Diosmin, like other natural products have been utilized to develop
potent anticancer drugs and supportive agents for chemotherapy [32].

The chemopreventive effects of antioxidant compounds have been
proposed against DOX-induced toxicity [8]. The only naturally occur-
ring and endogenously synthesized lipid-soluble antioxidant is
(Co-Q10), also known as ubiquinone [33]. CoQ1l0 minimized car-
diotoxicity related to Dox therapy [34], and Dox-induced nephrotoxicity
[35]. CoQ10 reported protective effect against ochratoxin A toxicity in
liver tissue [36]. CoQ10 is used as a dietary supplementation as well as
an adjunct therapy with medication in a number of conditions, including
cardiovascular diseases, cancer, muscular neurodegenerative disorders,
and diabetes [37]. Hence, the current investigation was undertaken to
assess the protective and synergistic activity effect of diosmin and
CoQ10 against DOX-induced liver and kidney injury in rats.

2. Materials and methods
2.1. Animals

Adult male Wistar Albino rats (n = 40), weighing 200-250 g, were
purchased from the National Research Centre’s animal house (Dokki,
Giza, Egypt). Rats were kept at suitable laboratory conditions and at
standard housing facilities (23 + 2 oC, 45 + 5 % humidity and a 12 /12-h
light/dark cycle). They were fed standard pellet chow and permitted
free access to water using special dropper-tipped bottles.

2.2. Chemicals

Doxorubicin, diosmin and Coenzyme Q10 were obtained from Sigma
chemical company, St Louis, MO, USA. Rat TNF-a ELISA kit was
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obtained from R&D Systems, USA (Catalog Number: DY510-05). Total
bilirubin (TBIL) and direct bilirubin (DBIL) in rat sera were obtained
from BioVision, Inc., USA (Total and Direct; Cat. No: K553). Other
chemicals were obtained either from Sigma chemical company or
commercial suppliers, unless otherwise mentioned.

2.3. Experimental design

Forty male Wistar rats, weighing 200-250 g (n = 8), were divided
into five groups. Group I considered as the Normal control group; rats
received intraperitoneal injection of normal saline and oral formulation
of 1 % carboxymethylcellulose. In Group II, Doxorubicin (DOX, Sigma
Co., St. Louis, MO, USA) group; rats were injected with DOX at a dose of
2.5 mg/kg i.p., every other day for 3 weeks, as described previously
[38]; this dose regimen was used to develop DOX-cumulative toxicity as
described previously [39]. Group III, IV and V, rats were treated orally
with 100 mg/kg of diosmin (DIOS, Sigma Co., St. Louis, MO, USA) [40],
10 mg/kg Coenzyme Q10 (CoQ10, Sigma Co., St. Louis, MO, USA)
prepared in 1 % carboxymethylcellulose [41], and Dios+CoQ10 on a
daily basis concurrently with DOX for three weeks. At the end of the
experimental schedule, the body weight of each animal was recorded.
Throughout the research study, no experimental animal group experi-
enced any mortality. Rats were euthanized with ketamine/xylazine so-
lution (50 mg/kg- 5 mg/kg, i.p) [42]. Blood samples were collected from
retro-orbital plexus and left to clot then centrifuged for 10 min at
5000 rpm. Sera were stored at —20 °C until biochemical analysis.

2.4. Liver and kidney tissues preparation

Liver lobes and both kidneys from each rat were detached, weighed
and directly placed into liquid nitrogen (-80 °C) for Realtime quantita-
tive PCR (QPCR) and subsequently homogenized in cold potassium
phosphate buffer (0.05 M, pH 7.4). The homogenates were centrifuged
at 5000 rpm for 10 min at 4 °C. The resulting supernatant was kept at
—20°C until biochemical analysis. The liver and kidney of all groups
were dissected and inspected grossly for any changes and fixed imme-
diately in 10 % neutral formalin for histological and morphometric
studies.

2.5. Specimen collection, total RNA extraction and reverse transcription

The RNAlater RNA Stabilization Reagent (Qiagen) was used for
preserving specimens used for gene expression analysis using RT-qPCR,
following the manufacturer’s recommendations. Resected testicles were
cut longitudinally into less than 0.5 cm specimens and submerged
immediately in approximately 10 volumes of RNAlater RNA Stabiliza-
tion Reagent (Qiagen).

Specimens were incubated overnight at 4°C before storage at —80°C
until RNA extraction process started. Thirty milligrams RNA-stabilized
specimens were used for total RNA extraction using QIAzol Lysis Re-
agent (Qiagen) according to the manufacturer’s directions. Forty mi-
croliters nuclease-free water were used to elute total RNA. All tRNA
samples were stored at —80°C. Total RNA integrity was verified by
agarose gel electrophoresis. Total RNA purity was verified by A260/
A280 nm absorption ratio > 1.85. For reverse transcription, 1 pg total
RNA was used. The QuantiTect Reverse Transcription Kit (Qiagen) was
used according to the manufacturer’s directions. The final volume of
reverse transcription reactions was 20 pl. The reverse transcription
method involved genomic RNA removal step using the gDNA Wipeout
Buffer included in the kit.

2.6. Real-time quantitative PCR (QPCR) of NF-kB-p65 mRNA
RT-qPCR was used to measure the mRNA levels of Nfe2]12 based on

SYBR Green I chemistry. The reference gene Actb was used to normalize
the mRNA levels of the Nfe2l2. The predesigned QuantiTect Primer
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Assays from Qiagen were used for both Nfe2l2 (catalogue number
QT00183617; and assay name Rn_RGD:620360_1_SG) and Actb (cata-
logue number QT00193473; and assay name Rn_Actb_1_SG). QPCR was
performed in duplicate reactions using QuantiTect SYBR® Green PCR
Kit (Qiagen) according to manufacturer’s directions in a final reaction
volume of 25 pl. Reactions were pipetted in semi-skirted 96-well plates
(Eppendorf AG) and sealed with optical adhesive PCR film (Eppendorf
AG). Reactions were run using StepOnePlus ™ Real-Time PCR System
(Applied Biosystems ™). The denaturation step was performed at 95°C
for 15 min, followed by 40 PCR cycles with the following specifications:
94°C for 15 sec, 55°C for 30 sec, 72°C for 30 sec. No template controls
(NTCs) were included in all the assays. At the end of each QPCR
experiment, a meltimg curve was generated using the following thermal
profile: 95°C for 1 min, 55°C for 30 sec, 95°C for 30 sec to test for the
specificity of each assay. Applied Biosystems® Real-Time PCR software
version 3.2 was used for QPCR data analysis. The relative mRNA
expression levels of Nfe212 was obtained using the comparative delta
dela CT method [1] after normalization to the expression of the refer-
ence gene; Actb yielding a ACt value. The —AACt value was then
calculated by subtracting the average ACt value of Nfe2l2 samples from
control group from the respective ACt values of treated animals. The
—AACt values were then used to calculate the relative mRNA expression
ratios (2-24Ct),

2.7. Biochemical investigations

Serum levels of liver function enzymes; alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) were assayed. Serum kid-
ney biomarkers; creatinine and urea were analyzed colorimetrically
(Bio-diagnostics, Giza, Egypt), according to their standard procedures.
Levels of total bilirubin (TBIL) and direct bilirubin (DBIL) in rat sera
were assessed using colorimetric assay Kit for Bilirubin (Total and
Direct; Cat. No: K553, BioVision, Inc., USA). Hepatic and renal ho-
mogenate contents of malondialdehyde (MDA) and reduced glutathione
(GSH) were detected using colorimetric assay kits according to the
manufacturer’s instructions (Biodiagnostic, Egypt). The levels of he-
patic and renal tumor necrosis factor-a (TNF-a) were determined using
rat TNF-o ELISA kit (R&D Systems, USA) according to the manufac-
turer’s recommendations.

2.8. Histopathological examination of hepatic and renal tissues

Both liver and kidney tissues were immediately dissected, inspected
visually for any abnormalities, and fixed in 10 % formalin saline. He-
matoxylin and eosin (H&E) was used to stain sections of the liver and
kidney that were cut to a thickness of 4 m before being inspected under a
light microscope for histological alterations and imaging.

2.9. Morphometric analysis of hepatic and renal tissues

The Leica Qwin 500 Image Analyzer (LEAICA Imaging Systems Ltd,
Cambridge, England) was used to process hepatic and renal sections
stained with hematoxylin and eosin for morphometric measures. The
Leica DM-LB microscope and JVC colour video camera used in this
image analyzer were connected to a computer system. The slides were
examined under low magnification power x50 to look for areas of
pathological abnormalities. Measurements were performed using x200
and x400 magnification. A computerized image analysis system was
used for the morphometric study.

2.10. Statistical analysis

All data were analyzed using one-way analysis of variance (ANOVA),
followed by the Tukey’s multiple comparison post hoc test, and are
shown as means standard error of the mean (SEM) of eight experiments.
When p<0.05, a difference was considered significant. The software
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package GraphPad Prism, version 9 (GraphPad Software, USA), was
used for data analysis.

The combination-index (CI), a numerical measure of the pharmaco-
logical interaction between two medications as previously defined by
Chou and Talalay [43], was used to assess the interaction between DIOS
and CoQ10 in this study. Using CompuSyn 1.01 software (ComboSyn,
Inc., Paramus, NJ, USA), the CI values of interactions between DIOS and
CoQ10 were evaluated [43]: CI< 1 was considered to represent a syn-
ergistic impact [44]. This methodology has been applied in a number of
earlier research [45-47].

3. Results
3.1. Effect of DIOS and CoQ10 on relative liver and kidneys weights

DOX injection at 2.5 mg/kg every other day for three weeks exerted
significant changed relative liver and kidneys weights significantly. Oral
treatment of DOX-injected rats with DOX, CoQ10 or both significantly
improved liver and kidney weights compared to DOX group (Table 1).

3.2. Effect of DIOS and CoQ10 on serum liver function biomarkers

Dox-induced hepatorenal toxicity was evident by significant increase
in serum AST, ALT, direct and total bilirubin as well as the elevation in
serum creatinine and urea by 1.6, 3.5, 2.6, 2.4, 2.2 and 2.4-fold-increase
compared to normal control (Table 2). Treatment with DIOS or CoQ10
significantly mitigated the elevation in liver and kidney indices
compared to DOX group. Additionally, combination of both DIOS and
CoQ10 exerted potent ameliorative effect on liver and kidney indices of
DOX-treated rats recording 13, 24, 55, 49, 34 and 28 % decline in serum
AST, ALT, direct and total bilirubin, serum creatinine and urea,
respectively, compared to DOX. Of note, the effect of DIOS and CoQ10
combined was significantly different from either treatment alone.
Remarkably, the CI indicated that DIOS in combination with CoQ10
showed synergistic interactions on ALT, urea and creatinine where CI
values were less than 1 (Table 2).

3.3. Effect of DIOS and CoQ10 on liver oxidative stress biomarkers

Intraperitoneal injections of DOX at 2.5 mg/kg every other day for
three weeks significantly affected the antioxidant status in both liver and
kidney. Results indicated significant decrease in hepatic and renal GSH
by 60 and 71 %, respectively with a 3- and 3.5-fold increase in MDA of
hepatic and renal tissues, respectively, of DOX-treated animals by
compared to normal counterparts (Fig. 1). Daily oral administration of
DIOS, or CoQ10 significantly modulated the oxidative stress induced by
DOX in rat liver and kidney compared to DOX-injected rats. Combina-
tion treatment markedly improved hepatic and renal GSH by 90 and
133 % increase, respectively, while reduced hepatic and renal MDA by
50 and 60 % decline, respectively, compared to DOX group. Remark-
ably, the CI indicated that DIOS in combination with CoQ10 showed
synergistic interactions hepatic and renal GSH where CI values were less
than 1 (Fig. 1).

3.4. Effect of DIOS and CoQ10 on liver inflammatory biomarkers

Following DOX injection, the inflammatory cytokine; tumor necrosis
factor-alpha (TNF-a) and its inducible transcription factor; nuclear fac-
tor (NF)-kB were significantly elevated in rat liver and kidney by 3.7-
and 2.5-fold increase for hepatic and renal TNF-a, respectively,
compared to normal. Further, the expression of hepatic and renal NF-xB
recorded 1.7- and 3-fold increase, respectively, in DOX-treated rats
compared to normal animals (Fig. 2). Interestingly, rats treated with
DIOS or CoQ10 or their combination displayed significant reduction of
hepatic and renal levels of TNF-o compared to DOX. Similarly, the
expression of NF-kB in both liver and kidney of DOX-treated rats was
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Table 1
Effect of DIOS and CoQ10 on relative liver and kidneys weights in DOX-treated rats.

Groups Normal control DOX DIOS+ DOX Co-Q10 + DOX DIOS+Co-Q10 + DOX

Parameters

0.033%*¢ + 0.0023
0.059%*¢ + 0.001

0.042% + 0.0029
0.079% + 0.002

0.039%" + 0.0012
0.062%" + 0.001

0.049% + 0.0015
0.084% + 0.001

Relative Liver Wt.
Relative Kidney Wt.

0.031 + 0.0005
0.051 + 0.0005

Hepatorenal toxicity was induced in rats by intraperitoneal injection of doxorubicin (DOX; 2.5 mg/kg, i.p) every other day for three weeks concurrently with daily oral
administration of diosmin (DIOS, 100 mg/kg), Coenzyme Q10 (CoQ1010 mg/kg) or their combination. Twenty-four hours after last DOX injection, animals were
weighed then the liver and kidney tissues were collected and weighed after sacrifice. Relative liver and kidney weights were then calculated. Data expressed as the
mean + SEM. Statistical analyses were carried out using ANOVA followed by Tukey’s multiple comparisons. test. %, P < 0.05 vs. the normal control, ®, P < 0.05 vs. DOX
treated rats, ¢, P < 0.05 vs. DIOS or CoQ10 group.

Table 2
Effect of DIOS and CoQ10 on serum hepatic and renal functions biomarkers in DOX-treated rats.

Groups Normal control DOX DIOS+ DOX Co-Q10 + DOX DIOS + CoQ10 + DOX
Parameters

Serum AST (U/dl) 98.8 + 2.4 162.3% + 1.1 147.5% + 0.76 150.5% + 0.76 139.72%¢ + 1.02

Serum ALT (U/dl) 38.7 + 2.2 136.5% + 0.92 116.3% + 1.15 127.8% + 1.01 103.4%% + 1.2

Serum DBil (mg/dl) 0.11 + 0.005 0.29° + €0.014 0.16%° + 0.004 0.20%° + 0.11 0.13%°¢ + 0.006

Serum TBil (mg/dl) 0.24 + 0.007 0.59% + 0.01 0.34%° + 0.006 0.40%° + 0.012 0.30°% + 0.01

Serum Creatinine (mg/dl) 0.23 + 0.008 0.50° + 0.014 0.40°° + 0.007 0.47°° + 0.014 0.33°* 1 0.016
Serum Urea (g/dl) 20.98 + 0.46 51.50% = 0.99 42.33%" + 0.88 46.50%" + 1.33 37.83%% + 1.35

Hepatorenal toxicity was induced in rats by intraperitoneal injection of doxorubicin (DOX; 2.5 mg/kg, i.p) every other day for three weeks concurrently with daily oral
administration of diosmin (DIOS, 100 mg/kg), Coenzyme Q10 (CoQ1010 mg/kg) or their combination. Twenty-four hours after last DOX injection, blood samples were
collected and serum was used to evaluate aspartate transaminase (AST), alanine transaminase (ALT), direct bilirubin (DBIL), total bilirubin (TBIL), serum creatinine
and serum urea. Data expressed as the mean 4 SEM. Statistical analyses were carried out using ANOVA followed by Tukey’s multiple comparisons. test. %, P < 0.05 vs.
the normal control, °, P < 0.05 vs. DOX treated rats, , P < 0.05 vs. DIOS or CoQ10 group. (#) Indicates synergistic interaction using coefficient drug index (GDI).

significantly reduced by DIOS or CoQ10 that further recorded normal
levels. While combined, DIOS and CoQ10 recorded significantly low
levels of hepatic and renal NF-kB expression compared to either alone,
displaying 75 and 81 % reduction compared to DOX group. Notably, the
CI indicated that DIOS in combination with CoQ10 showed synergistic
interactions expression of hepatic and renal NF-kB as well as renal TNF-«
where CI values were less than 1 (Fig. 2).

3.5. Effect of DIOS and CoQ10 against DOX-Induced hepatorenal
histopathological alterations in rats

The histological analysis of the control liver reveals normal hepatic
architecture; the blood sinusoids that separate the cords have normal
central veins. Liver tissues of DOX-treated group display massive dila-
tation of central vein and congestion as well as presence of inflammatory
infiltrate with some vascular degeneration. Treatment with either DIOS
or CoQ10 show marked reduction of DOX insult on hepatic tissue.
Groups treated with combination of DIOS and CoQ10 show normal
central vein with normal hepatocyte (Fig. 3).

The examination of control kidney group with light microscope
revealed normal histological structure of glomeruli and tubules. DOX-
treated groups show dilated edematous tubules with multiple vacu-
oles, some distorted and damaged tubules with normal glomeruli. DIOS-
treated group shows marked improvement in tubular damage, similarly
groups that treated with the combination of DOX and CoQ10. These
groups treated with combination of DIOS and CoQ10 show reversal of
damage and restoration of normal renal morphology (Fig. 4).

3.6. Effect of DIOS and CoQ10 against DOX-Induced hepatorenal
morphometric alterations in rats

Hepatic morphometric measurements were performed to examine
the central vein area by using measure feature program. The percentage
of hepatic central vein area over the whole observed slide was assessed
and expressed as mean. Morphometric measurement of rat hepatic tissue
showed significant increase in the central vein area compared with that
of control group. Area of the central vein in DIOS- or CoQ10-treated

groups exhibited significant decrement compared to DOX group.
Whereas the area of central vein significantly decreased in combination
therapy of DIOS and CoQ10 compared to DOX, DIOS or CoQ10-treated
groups (Fig. 3 and Table 3).

Renal morphometric measurements were done to measure the area
of proximal tubules using interactive measurements program. The
proximal tubular area over the whole observed slide was assessed and
expressed as mean. Morphometric measurement of DOX treated group
displayed increased area of proximal tubules compared to control group.
Treatment with either DIOS or CoQ10 exerted significant improvement
of proximal tubular areas compared to DOX group. While the mean of
proximal tubular area in combination therapy of DIOS and CoQ10
revealed significant reduction compared to DOX, or either treatment
(Fig. 4 and Table 3).

4. Discussion

Doxorubicin is considered a potent and effective anticancer in solid
tumors [48]. Yet, it is the most toxic among anthracyclines; the reason
behind its limited clinical use [48,49]. DOX toxicity is substantially
associated with induction of oxidative damage [50] either in acute
toxicity following single dose injection or chronic toxicity following
multiple low doses of DOX over 2-12 week-experiment affecting liver,
kidney and heart in animals [51,52].

By injecting 2.5 mg/kg of DOX every other day for three weeks, this
study examined the long-term model of DOX-induced chronic toxicity on
the livers and kidneys of rats. The long-term model of DOX, established
in this study, was to consider what is called cumulative dose toxicity
reported clinically in patients treated continuously or rechallenged with
DOX [53]. As generally accepted in clinical settings that the degree of
DOX-induced cardiotoxicity is greatly related to the increase in cumu-
lative dose [54]. Unfortunately, the administration of DOX beyond the
recommended cumulative dose is a therapeutic option for the treatment
of chemotherapy-sensitive advanced sarcomas due to lack of other
effective modalities [55,56]. Whereas in some of those patients, DOX is
discontinued due to advanced cardiotoxicity and eventually died of
uncontrolled tumor growth with no drug-related deaths reported [55].
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Fig. 1. Effects of DIOS and CoQ10 against DOX-Induced hepatorenal Oxidative Stress, hepatic GSH (a), hepatic MDA (b), renal GSH (c), and renal MDA (d) in male
Wistar rats. Data expressed as the mean + SEM. Statistical analyses were carried out using ANOVA followed by Tukey’s multiple comparisons. test. %, P < 0.05 vs. the
normal control, °, P < 0.05 vs. DOX treated rats, , P < 0.05 vs. DIOS or CoQ10 group. (#) Indicates synergistic interaction using coefficient drug index (CDI).

Herein, the present study indicated DOX cumulative-dose hep-
atorenal-induced toxicity in rats after three weeks. As both liver and
kidney relative weights and toxicity indices markedly elevated in DOX-
treated animals such as serum aminases (ALT and AST) that have been
contemplated as index of hepatic injury [57] and clinically approved
markers of liver injury [58]. Similarly, current results demonstrated
high serum levels of creatinine and urea accounting for DOX-induced
nephrotoxicity [59,60]. Liver cell injury prompts the release of these
enzymes into the bloodstream. Elevated plasma levels of these liver
enzymes indicate a toxic impact on the liver [61].

Liver-kidney interaction is well-established as liver-associated kid-
ney disease, and the spectrum include both acute and chronic kidney
diseases [62]. The present study indicated a state of hyperbilirubinemia
in rats evidenced by elevation in both serum direct and total bilirubin
following DOX injection that further confirm intrahepatic toxicity that
can lead to either unconjugated or conjugated hyperbilirubinemia [63].
This state of hyperbilirubinemia may add on further kidney damage by
DOX nephrotoxic effect or intratubular deposition of bilirubin or both.

On the other hand, protection against DOX-hepatorenal alteration in
organs’ weight and toxicity indices by treatment with DIOS at 100 mg/
kg, or CoQ10 at 10 mg/kg or in combination was reported in the present
study. Several natural compounds reported hepatic and renal protection

against DOX in vivo [39, 59, 64, 65]. This indicates that DIOS [40,66]
and CoQ10 [41,67] provide protection against liver and kidney toxicity
as stated earlier.

In the current study, a significant decline in hepatic and renal GSH
and a significant incline in hepatic and renal MDA were demonstrated
following DOX injection in accordance with previous studies [68].
Confirming DOX-induced oxidative damage to liver and kidney tissues
in animals [21,69], suggestive of free radical formation [70], lipid
peroxidation [71] and a considerable decrease in hepatic and renal GSH
levels in response to DOX [40,66]. Supplementation with DIOS or
CoQ10 or combined attenuated DOX alterations in hepatic and renal
GSH and MDA. As increment in the endogenous antioxidant, GSH
effectively guarantees normal cellular function via detoxification of ROS
[72], thus Diosmin (DIOS) and Coenzyme Q10 (CoQ10), herein reported
significant hepatorenal protection owing to their antioxidant potentials.
Following DOX injection, changes in GSH levels and CAT activity in the
hepatic system were mitigated by diosmin pretreatment [40]. Further,
DIOS restored MDA levels to baseline and mitigated the changes in GSH
content, SOD expression, and CAT activity following DOX administra-
tion, which emphasizes the antioxidant properties of this compound [66,
73]. CoQ10 acts as a soluble antioxidant and free radical [74] thus
stabilizes the cell membrane and the intracellular membranes by
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Fig. 2. Effects of DIOS and CoQ10 against DOX-Induced hepatorenal changes in Inflammatory Markers, hepatic TNF-a (a), renal TNF-a (b), hepatic NF-KB (c), and
renal NF-KB (d), in male Wistar rats. Data expressed as the mean + SEM. Statistical analyses were carried out using ANOVA followed by Tukey’s multiple com-
parisons. test. %, P < 0.05 vs. the normal control, b, P < 0.05 vs. DOX treated rats, ¢, P < 0.05 vs. DIOS or CoQ10 group. (#) Indicates synergistic interaction using

coefficient drug index (CDI).

protecting the phospholipids of the membranes from peroxidation [75].
In addition, CoQ10 revives key antioxidants [76]. Previously, CoQ10
administration attenuated DOX-induced increase in MDA and NO pro-
duction along with increasing GSH content together with the activity of
GPx, SOD, and CAT in rats [67, 77, 78]. It is noteworthy, that combined
treatments exerted remarkable synergistic antioxidant activity
compared to either DIOS or CoQ10.

Furthermore, DOX induces nephrotoxicity as it accumulates in the
kidney leading to pronounced permeability of glomerular capillary and
tubular degeneration [79]. Further, DOX harms other tissues such as the
heart and the liver that may alter both structure and function of main
organs, henceforth circumlocutory causing nephropathy. Nevertheless,
antioxidants proved to have chemo-preventive effects against DOX-
multi-organ insult [80].

Many factors can trigger inflammatory response including harmful
chemicals, pathogens, and injured cells [81]. During inflammation,
activated macrophages undergo phagocytosis, and produce cytokines
and growth factor [82]. Significant number of studies related DOX and
nuclear factor kappa B (NF-xB), a transcriptional factor that regulates
genes that encode apoptosis and inflammatory cytokines [83]. El-Mo-
selhy and El-Sheikh posit that DOX-induced oxidative stress also

induces TNF- release, which would activate additional signaling path-
ways, such as the inflammatory (NF-xB) pathways [13].

The involvement of the inflammatory pathway in DOX-mediated
hepatotoxicity [84] and nephrotoxicity [85] is well documented Cur-
rent data supports the activation of NF-kB and proinflammatory cyto-
kines such as TNF-a in rat hepatic and renal tissues post DOX
administration. NF-kB is a nuclear transcription factor that plays a
pivotal role in the pathophysiology of drug-induced hepatotoxicity [39].
Moreover, NF-kB is regarded as a key factor in various pathological
processes, recognized for its role in connecting chronic inflammation
and oxidative stress to the development of disease-related inflammation
[86]. There is cross-talk between proinflammatory cytokine over-
production and oxidative stress [87]. Alongside its pro-inflammatory
functions, TNF-a acts as an anti-tumor cytokine and has been reported
to stimulate NF-kB activation [88]. DOX creates a microenvironment
that triggers the activation of NF-kB and pro-inflammatory cytokines,
such as TNF-a and IL-6, with inhibition of anti-inflammatory cytokines
such as IL-10 [89] due to increased oxidative stress and depleted
intracellular antioxidants [90]. Diosmin and CoQ10 significantly curbed
the activation of hepatic and renal NF-xB expression and hindered the
elevation in hepatic and renal levels of TNF-a. Combination treatment
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Fig. (3). Effects of Diosmin and CoQ10 against DOX-Induced hepatic histopathological and morphological alterations in male Wistar rats. A photo micrograph of rat
hepatic tissue showed the following: (A) Control rat liver tissue exhibited normal architecture with intact hepatic cords and central vein. (B) Doxorubicin-treated rat
liver tissue displayed inflammation (thin arrow), congestion, and significant dilatation of the central vein (thick arrow). (C) Liver tissue from rats treated with
doxorubicin and diosmin showed some central vein dilatation (thick arrow) but no congestion. (D) Similar findings were observed in rats treated with doxorubicin
and CoQ10. (E) Liver tissue from rats receiving the combination therapy (doxorubicin, diosmin, and CoQ10) showed a normal central vein (thick arrow) and healthy
hepatocytes, with the central vein area measured by morphometry (double arrow) at 200x magnification.

Fig. (4). Effects of Diosmin and CoQ10 against DOX-Induced renal histopathological and morphological alterations in male Wistar rats. A photo micrograph of rat
renal tissue showed the following: (A) Control rat kidney tissue exhibited normal structure, with intact glomeruli (thick arrow) and tubules (thin arrow). (B) Renal
tissue from rats treated with doxorubicin showed edematous tubules (thin arrow) and multiple vacuoles (thick arrow). (C) Renal tissue from rats treated with
doxorubicin and diosmin showed improvement in tubular structure, with no vacuolation, and preserved glomeruli (thick arrow) and tubules (thin arrow). (D) Similar
findings were observed in rats treated with doxorubicin and CoQ10, with intact glomeruli (thick arrow) and tubules (thin arrow). (E) Renal tissue from rats receiving
the combination therapy (doxorubicin, diosmin, and CoQ10) showed normal renal morphology, with well-preserved glomeruli (thick arrow) and tubules (thin
arrow). Green color highlighted the tubular area, which was measured by morphometry (double arrow) at 400x magnification.

with DIOS and CoQ10 significantly synergized the anti-inflammatory [78,91]; diosmin has been reported to mitigate TNF-a, IL-1p, IL-6, and
effect of either DIOS or CoQ10. Consistent with previous reports sup- iNOS gene expressions in a dose-dependent manner [40,66]. Moreover,
porting the capability of a natural compound to hinder NF-kB activation CoQ10 has been shown to have anti-apoptotic and inflammatory
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Effect of DIOS and CoQ10 on hepatic and renal tissues morphometric measurement.

Groups Normal control DOX DIOS+ DOX Co-Q10 + DOX DIOS + CoQ10 + DOX
Parameters

CV/ pm2 4051 + 4.3 24480 + 23.1* 15314 + 94.8*@ 14600 + 82.1*@ 4350 + 18.9%%

PTa/ pm2 1272+ 7.4 1995 + 17.9* 1600 + 19.6%@ 1655 + 22.9*@ 1277 +9.7@%

Hepatorenal toxicity was induced in rats by intraperitoneal injection of doxorubicin (DOX; 2.5 mg/kg, i.p) every other day for three weeks concurrently with daily oral
administration of diosmin (DIOS, 100 mg/kg), Coenzyme Q10 (CoQ1010 mg/kg) or their combination. Twenty-four hours after last DOX injection, tissues were
isolated, fixed immediately in 10 % formalin saline. Section 4um thick were cut from paraffin blocks. The sections were stained by hematoxylin and eosin (H&E) then
examined with a light microscope for histological changes and imaging. The morphometric measurements were applied. Data expressed as the mean & SEM. Statistical

analyses were carried out using ANOVA followed by Tukey’s multiple comparisons. test. *, P < 0.05 vs. the normal control,

@, P < 0.05 vs. DOX treated rats. (#)

Indicates synergistic interaction using coefficient drug index (CDI). CV=central vein area, PTa = proximal tubular area.

activities  [92,93].  Further, CoQ10 significantly = decreased
cisplatin-induced overexpression of iNOS, NF-kB, caspase-3 and p53 in
renal tissue [41]. To further confirm alterations in liver and kidney
biochemical parameters and abnormal expression of inflammatory and
apoptotic proteins, we assessed the histological alterations in the in
response to DOX. DOX treatment distorted the architecture of both liver
and kidney that is consistent with an earlier report [21]. Nonetheless,
DIOS and CoQ10 restored the architecture of the liver and kidney
compared with the DOX group.

Notably, flavonoids, including diosmin, possess inhibitory effects on
breast cancer resistance protein in vitro and in vivo which further
explain the increase in DOX’s cytotoxicity when combined with DIOS
[94]. In addition, CoQ10 did not affect the antineoplastic properties of
DOX in breast cancer cell cultures [95] while also reported enhanced
antitumor efficacy when co-administered with DOX [96].

The study is limited by the lack of analysis of phosphorylated NF-xB
and its nuclear translocation, which are essential for understanding its
activation in the inflammatory response. While total NF-xB and TNF-a
measurements provide valuable insights, future research should include
these parameters to better clarify the molecular mechanisms. Additional
studies are also needed to explore the detailed antioxidant and anti-

Diosmin

Liver dysfunction

\ \ ALT
\ AST
Inflammatory

response

e
$moa § osH T8Il

%4 o) 4

inflammatory pathways involved in the protective effects of DIOS and
CoQ10 against DOX toxicity.

5. Conclusion

The combination of DIOS and CoQ10 holds significant potential not
only to enhance the therapeutic efficacy of chemotherapy but also to
reduce the multi-organ adverse effects associated with DOX in cancer
patients. Our findings suggest that DIOS and CoQ10 may exert their
protective effects through mechanisms involving oxidative stress and
inflammation, which are central to DOX-induced toxicity. NF-xB, a key
transcription factor involved in pro-inflammatory and apoptotic path-
ways, is likely activated by DOX, contributing to hepatorenal damage.
By downregulating NF-kB activation, DIOS and CoQ10 can reduce in-
flammatory responses, thereby mitigating tissue injury and preserving
cellular integrity in hepatic and renal tissues. Furthermore, the observed
reduction in TNF-a levels indicates a suppression of upstream inflam-
matory signaling, further supporting the role of DIOS and CoQ10 in
modulating inflammation-driven oxidative stress and apoptosis in DOX-
induced toxicity as illustrated in Fig. 5.

In conclusion, the data from this study highlight the potential of
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Fig. (5). A graphic summary shows the synergistic protective activity of Diosmin and Co-enzyme Q10 against doxorubicin-induced hepatorenal insult via modulation
of oxidative stress, inflammatory responses and cytoprotection of liver and kidney functioning and architecture.
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DIOS and CoQ10 as a synergistic intervention against DOX-induced
hepatorenal injury, with beneficial effects on mitigating oxidative
stress, restoring antioxidant balance, and alleviating inflammation.
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