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ABSTRACT
Acute kidney injury (AKI) is a heterogeneous disorder that is associated with high percent morbidity and mortality 
especially in hospitalized patients. Seeking new drugs that have pleiotropic effects on multiple pathologic pathways 
to treat AKI is a demand. The study aims to investigate and compare the protective effects of chrysin, mannitol, and 
their combination on an ischemia-reperfusion (I/R) injury rat model. Rats were allocated into 5 groups: sham-operated 
group, I/R control group, and three groups administered with chrysin (50 mg/kg, p.o.), mannitol (0.75 ml/100 g bw 
of 20% mannitol, i.p.), and chrysin + mannitol, respectively. Biochemical parameters were measured. Histological 
examination, immunohistochemical analysis of apoptotic markers (caspase-3 and Bax), and pharmacokinetic (PK) 
study were also performed. Chrysin improved kidney injury indicators, malondialdehyde (MDA), reduced glutathione, 
inflammatory mediators (prostaglandin E2 and cyclooxygenase-2), and interleukin 1-beta that were deteriorated 
after I/R injury. It also protected against increased renal damage score and expression of caspase-3 and Bax. The 
renoprotective effect of chrysin was comparable to mannitol; however, the combination of both drugs resulted in weak 
protection against renal injury and showed a decrease in PK parameters Cmax and area under the plasma concentration-
time curve as compared to chrysin alone. Both chrysin and mannitol protect against AKI after ischemia-reperfusion 
via multitarget mechanisms. The combination resulted in a PK interaction.

WHAT IS ALREADY KNOWN?
•  Mannitol is the only Food and Drug Administration (FDA)-

approved treatment for phase oliguric phase of acute kidney 
injury (AKI). 

• However, it has been meeting failure in some clinical settings.

WHAT THIS STUDY ADDS
•  Demonstration of the nephroprotective effect of chrysin in a 

renal ischemia-reperfusion rat model for the first time.
•  The potential mechanisms of mannitol or chrysin 

nephroprotection are cytoprotective, antioxidant, anti-
inflammatory, and antiapoptotic activities.

CLINICAL SIGNIFICANCE
• Nephroprotective effect of chrysin was comparable to mannitol.
•  Combination of chrysin with mannitol resulted in 

pharmacokinetic interaction which minimized their individual 
nephroprotective effects and abolished any additive effect of 
the combination.

INTRODUCTION
Acute kidney injury (AKI) is a major problematic 

clinical situation worldwide especially in hospitalized patients as it 
confers to high mortality rate up to 17% in ICU cases (Santos and 
Monteiro, 2015). Ischemic injury has been reported to contribute 
to about 80%–90% of the etiology of AKI and accounts for more 
than 50% of mortality cases as a result of ischemia-reperfusion 
(I/R) (Bonventre and Yang, 2011). Duration of ischemia affects 
the severity of I/R injury, and further, during the reperfusion phase, 
additional damage is caused due to reinstitution of essential blood 
flow to the ischemic tissue (Kennedy and Erlich, 2008). Renal 
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ischemia usually occurs after renal transplantation, shock, sepsis, 
and renal artery stenosis (Chander and Chopra, 2006). Cellular 
mechanisms including the high generation rate of reactive oxygen 
species (ROS), endothelial cell injury, and apoptosis are implicated 
in the pathogenesis of early phases of renal I/R injury (Bonventre 
and Weinberg, 2003). Besides, there is accumulating evidence that 
I/R injury results in an inflammatory disease, as manifested by the 
infiltration of leucocytes, upregulation of chemotactic factors by 
endothelial cells, and generation of proinflammatory mediators by 
renal tubular epithelial cells (Ysebaert et al., 2004).

Indeed, AKI is a heterogeneous disorder that is 
associated with short- and long-term morbidity and mortality in 
hospitalized patients. Additionally, the AKI insult always precedes 
its detection and it is therefore difficult to intervene before the 
disease is established. Early identification and treatment of AKI 
with drugs that have pleiotropic effects on multiple pathologic 
pathways are still challenging.

Mannitol is an osmotic diuretic that is commonly used to 
prevent acute renal failure. It is the only FDA-approved treatment 
for the oliguric phase of AKI since 1994. Mannitol is freely 
filtered at the glomerulus and undergoes limited reabsorption 
by renal tubules. It acts by extracting water from intracellular 
compartments, expanding the extracellular fluid volume. So, it 
decreases blood viscosity and inhibits renin release (Karajala et 
al., 2009). Mannitol is also a free radical scavenger that removes 
obstructing tubular casts and dilutes the nephrotoxic substances 
present in the tubular fluid during reperfusion of the kidney. These 
actions lead to an increase in renal blood flow (Shawkat et al., 
2012). Animal models have demonstrated the renoprotective effect 
of mannitol due to acute tubular necrosis, I/R injury (Özlülerden et 
al., 2017), contrast-induced nephropathy (Kalogirou et al., 2019), 
and kidney damage associated with pancreatic I/R (Khy et al., 
2010). So, further experimental evidence for protective cellular 
mechanisms of mannitol against renal injury is crucial to support 
its clinical use for early AKI prevention.

Chrysin is a natural flavonoid found in many plant 
extracts including the blue passion flower, honey, and bee 
propolis. It has several pharmacological effects as antioxidant, 
anti-inflammatory, antiaging, and anticancer (Ali et al., 2014). Its 
antiasthmatic activity is attributed to the suppression of inducible 
nitric oxide synthase and nuclear factor-kB (Wadibhasme et 
al., 2011), anti-inflammatory activity via blocking histamine 
release and proinflammatory cytokine expression, and prevention 
of osteoporosis by activation of estrogen receptor/mitogen-
activated protein kinase (Zeng et al., 2013). Chrysin also showed 
renoprotective activity by suppressing vascular endothelial 
growth factor-induced angiogenesis (Samarghandian et al., 2017). 
However, up till now, chrysin was not tested in the experimental 
model of I/R predisposing to early AKI.

Taking together, to fulfill these gaps, the present study 
was constructed and aimed to investigate and compare the possible 
renoprotective effects of chrysin, mannitol, or their combination 
against renal injuries caused by renal ischemia/reperfusion in rats.

MATERIAL AND METHODS

Animals
Male albino Wistar rats weighing 180–200 g were 

purchased from the Animal House Colony at the National Research 

Centre, Dokki, Cairo, Egypt. Animals were left to acclimatize 
at least 7 days before starting the experiment and were kept at 
standard housing conditions (24°C ± 1°C and 12 hours light/dark 
cycle). Rats were supplied with standard laboratory pellets and 
water ad libitum.

Ethical aspects
All animal procedures were conducted in compliance 

with the Ethics Committee of the National Research Centre 
for Animal Care and Use (approval number: 18/128), which is 
compatible with Canadian Council on Animal Care.

Drugs and chemicals
Chrysin, the pure flavonoid compound (purity: ≥97%), 

and mannitol (purity: ≥98%) were purchased from Sigma-Aldrich 
Chemie GmbH (Taufkirchen Germany). All other reagents used in 
the experiments were of analytical grade and of the highest purity.

Experimental design
Forty rats were randomly allocated into 5 groups (8 

per group): Group I: rats were subjected to laparotomy without 
occluding or clamping the renal artery and served as the sham-
operated group, Group II: rats were subjected to renal I/R (as 
described below) and served as the I/R control group, and Groups 
III–V: rats were administered with chrysin (50 mg/kg, p.o.), 
mannitol (0.75 ml/100 g of weight of 20% mannitol, i.p.), and 
chrysin + mannitol, respectively, for 21 days before renal I/R. The 
sham-operated and I/R renal groups similarly received the vehicle 
for 21 days. The selection of the doses of chrysin and mannitol 
was based on previously published data of Rashid et al. (2016) and 
Olguín et al. (2009), respectively.

Induction of renal I/R
Rats were anesthetized with chloral hydrate (300 mg/kg 

i.p.) 60 minutes following the last dose administration. A midline 
abdominal incision was done to expose the left kidney. The left 
renal artery was occluded with a microvascular clamp for 30 
minutes. Ischemia was confirmed by the blanching of the kidney. 
After 30 minutes, the clamp was removed and renal reperfusion 
was observed visually. The wound was sutured with silk suture 
and the rats were allowed to recover (Choucry et al., 2018). The 
sham-operated group was subjected to the same conditions but 
without I/R induction.

Sample and tissue collection
24 hours following reperfusion, blood samples were 

collected from the retro-orbital venous plexus for estimating 
serum biochemical parameters. The serum was separated by 
centrifugation at 1,538 g for 10 minutes. Then, rats were euthanized 
by decapitation; the left kidney was separated and divided into two 
longitudinal sections. One section was stored at −80°C for further 
biochemical analysis and the other section for histopathological 
examination and immunohistochemical analysis.

Renal homogenate preparation
The left kidney was homogenized (MPW-120; Medical 

Instruments) in 20% (w/v) ice-cold phosphate buffer. Then, the 
homogenate was centrifuged using a cooling centrifuge (2k15; 
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Sigma/Laborzentrifugen) at 1,538 g for 5 minutes and the resulting 
supernatant was used for determining the renal biochemical 
parameters.

Assessment of renal function
Serum creatinine was determined using biodiagnostic kits 

(Cairo, Egypt) according to the method described by Spencer (1986). 
Serum lactate dehydrogenase (LDH) was assessed by the method 
described by Pesce (1984) using Chronolab kits (Spain).

Assessment of oxidative stress biomarkers
Lipid peroxidation was determined in renal tissue by 

measuring malondialdehyde (MDA) renal content using the 
thiobarbituric reactive substance as described by Ruiz-Larrea et 
al. (1994). Reduced glutathione (GSH) renal content was assessed 
according to the method of Ellman (1959).

Assessment of inflammatory mediators
Prostaglandin E2 (PGE2), cyclooxygenase-2 (COX-2), 

and interleukin 1-beta (IL-1β) were determined in renal tissue 
using PGE2, COX-2, and IL-1β enzyme-linked immunosorbent 
assay kits, respectively, obtained from Glory Science (Del Rio, 
Texas, USA) following the manufacturer’s instructions.

Histopathological examination and assessment of renal tubular 
damage

Tissue samples from right and left kidneys from animals 
subjected to ischemia and other treated animals as well as the 
normal one were fixed in 10% neutral formalin for at least 24 
hours. The tissues were processed and embedded in paraffin wax. 
4 µm thick sections were stained with hematoxylin and eosin 
stain (H&E). Ten random microscopic fields (20×) per section 
were examined for assessment of renal tubular damage. The 
main pathological criteria used for this assessment were tubular 
necrosis, eosinophilic cast, and tubular dilatation. The extent of 
renal damage was quantitatively scored according to the method 
of Muratsubaki et al. (2017), with some modifications, in which 
score 1 = ˂10%; 2 = 10%–50%; 3 = 50%–˂90%; and 4 = ˃90%.

Immunohistochemical investigation
Determination of activated caspase-3 and Bax 

expression as apoptotic markers was carried out on paraffin-
embedded renal tissue as previously described (Hegazy et al., 
2016). The sections were dewaxed and incubated in 0.03% 
hydrogen peroxide. Then, the sections were incubated with rabbit 
polyclonal anticaspase-3 (diluted to 1:1,000, Abcam, Ltd., USA) 
and rabbit polyclonal anti-Bax (1:200, Santa Cruz Biotechnology). 
Demonstration of peroxidase activity was achieved through 
staining with diaminobenzidine tetrahydrochloride (DAB, Dako). 
Counterstaining with Harris hematoxylin was performed. For 
assessment of the immunohistochemical analysis, two main criteria 
including the staining intensity and the percentage of positively 
stained cells were independently evaluated in ten random high 
power fields (40×) according to the method of Eschwege et al. 
(1998) with some modifications. The staining intensity was 
estimated on a scale score graded from 0 to 3 in which 0 = no 
staining, 1 = weak staining, 2 = moderate staining, and 3 = strong 
staining. On the other hand, the percentage of the stained area was 

estimated using a 4-point scale, in which 0 = 0%, 1 = ˂25%, 2 = 
25%–60%, and 3 = ˃60%. The total immunoreactivity score (IRS) 
for each tissue section is the sum of the two criteria.

Pharmacokinetic (PK) study
Eighteen adult male Sprague Dawley rats, weighing 

180–200 g each, were brought from the animal house of the 
National Organization for Drug Control and Research (NODCAR, 
Giza, Egypt). All animals received humane care in compliance 
with the guidelines of the animal care and use of the committee 
of NODCAR. Animals were kept in normal condition and kept 
for 1 week for adaptation before the experiment. They were fed a 
standard diet and free access to water. Rats were allocated into 3 
groups (each group 6 rats) as follows: Group1 received mannitol 
(0.75 ml/100 g of weight of 20% mannitol, i.p.). Group 2 received 
chrysin (50 mg/kg, p.o.). Group 3 received mannitol concurrent 
with chrysin at the same doses. Plasma samples were collected at 
0.25, 0.5, 1, 2, 4, 6, 8, 12, and 24 hours after dose.

Chrysin was determined by high-performance liquid 
chromatography (HPLC) according to the modified method of 
Bruschi et al. (2003). Chromatographic condition: mobile phase 
was conducted as gradient system between A (methanol) and B 
(acetonitrile 97.5: H2O 2.5) for 37 minutes (0 minutes started with 
50% A–50% B, 28 minutes 80% A–20% B, 30 minutes 100% 
A, 35 minutes 100% A, and 37 minutes 50% A and 50% B); the 
column was RP C18 (250 × 4.6 mm); temperature was 30ºC; the 
wavelength was 310 nm. Mannitol was determined by HPLC 
according to the modified method of Kiyoshima et al. (2002). 
The separation of mannitol in plasma was devised via HPLC. The 
aliquot volume of serum was mixed with chloroform and methanol 
and phosphate buffer (pH 7.0). After centrifugation, an aliquot 
of the aqueous layer was evaporated to dryness and derivatized 
with p-nitrobenzoyl chloride at 50ºC for 1 hour. Chromatographic 
condition: column used was RP C18 (250 × 3 mm i.d., 5 mm), 
the temperature was 20ºC, the mobile phase was acetonitrile 
75% and 25% H2O containing 0.05% trifluoroacetic acid, 0.05% 
heptafluoro-n-butyric acid, 0.1% triethylamine, and the flow rate, 
1 ml/minute, and the wavelength was 260 nm.

Statistical analysis
Data analysis was performed blindly by one-way 

analysis of variance (ANOVA) for biochemical parameters. 
Tukey’s multiple comparison test was used as post hoc to test 
statistical significance at p < 0.05. Results are expressed as mean ± 
standard error of mean (SEM) (n = 6). The immunohistochemical 
determination of Bax and caspase-3 was analyzed using one-way 
ANOVA followed by the Newman–Keuls multiple comparison 
test as post hoc test.

The PK parameters were obtained by the maximum 
concentration (Cmax) and the corresponding time (Tmax) and then 
were directly obtained from the curves. The trapezoidal method 
was adopted to calculate the area under the plasma concentration-
time curve (AUC), volume of distribution (VD), t½, elimination 
constant (Ke), and clearance (CL). Data were subjected to the 
general linear methods procedures of the statistical analysis system 
(SAS) statistical system package (SAS 2003) and represented as 
mean ± SD, n ± 6.
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RESULTS

Serum biochemical parameters
Renal I/R injury showed a significant rise in serum 

LDH and creatinine levels by approximately 3.52- and 1.3-fold 
as compared to sham rats, respectively, as shown in Table 1. Oral 
pretreatment with chrysin (50 mg/kg) for 21 consecutive days 
resulted in a significant reduction of serum LDH and creatinine 
levels to be 60.08% and 74.36% as compared to renal I/R rats, 
respectively. Mannitol pretreatment (0.75 ml/100 g of weight of 20% 
mannitol, i.p.) for 21 consecutive days significantly reduced serum 
LDH and creatinine levels to be 50.30% and 64.10% as compared to 
renal I/R rats, respectively. Combined oral pretreatment of chrysin 
and mannitol still showed an elevated LDH level similar to renal I/R 
rats and significantly reduced elevated serum creatinine level to be 
69.23% as compared to renal I/R rats.

Renal oxidative stress biomarkers
As shown in Table 2, renal I/R rats showed a significant 

increase in MDA content and a significant reduction in GSH 
content as compared to sham-operated rats. Chrysin pretreatment 
significantly reduced the elevated renal MDA content to be 79.87% 
and increased renal GSH content to be 129.54% as compared to 
renal I/R rats. Intraperitoneal mannitol pretreatment showed a 
significant reduction in renal MDA content to be 118.30% and 
restored renal GSH to be 118.30% as compared to renal I/R rats. 
Pretreatment with chrysin and mannitol restored renal MDA and 

GSH contents to be 83.96 and 128.76% when compared to renal 
I/R rats.

Renal inflammatory biomarkers
As demonstrated in Figure 1a–c, renal I/R rats resulted 

in a significant increase in renal PGE2, Cox-2, and IL-1β contents 
by approximately 3.50-, 1.42-, and 1.20-fold as compared to sham 
rats. Oral pretreatment with chrysin showed a decrease in renal 
PG-E2, Cox-2, and IL-1β contents to be 48.83%, 71.19%, and 
86.27% as compared to renal I/R rats, respectively. Administration 
of mannitol significantly reduced renal PG-E2, Cox-2, and IL-1β 
contents to be 68.49%, 69.86%, and 85.68% as compared to renal 
I/R rats. Chrysin and mannitol pretreatment reduced renal Cox-2 
and IL-1β contents to be 72.27% and 83.39% as compared to renal 
I/R rats, respectively, which were similar to values elicited by each 
drug alone; however, PG-E2 content was similar to the renal I/R 
control group.

The original data source for all biochemical parameters 
is provided in Supplemental Material S1 https://www.japsonline.
com/S1.xlsx.

Renal histopathology
The renal damage score recorded in ischemic kidneys 

and kidneys of other treated groups is shown in Table 3. Normal 
kidney histology without significant histopathological lesions was 
demonstrated in normal rats (Figs. 2a and 1b). Conversely, the 
kidneys of the I/R group revealed widespread renal damage, with 

Table 1. Effect of chrysin or mannitol on serum levels of kidney function in ischemic rats.

Group LDH (U/l) Serum creatinine (mg/dl)

Sham-operated 337.94* ± 0.60 0.9* ± 0.04

I/R control 1181.06**,*** ± 191.06 1.17**,*** ± 0.06

Chrysin 756.88**,* ± 88.69 0.87* ± 0.04

Mannitol 685.38**,* ± 33.79 0.75* ± 0.03

Chrysin + mannitol 921.48** ± 18.70 0.81* ± 0.02

Results are expressed as mean ± SEM (n = 6). Statistical analysis was carried out by one-way ANOVA followed 
by Tukey’s multiple comparison test.
*Significant difference from the I/R control group at p < 0.05.
**Significant difference from the sham-operated group at p < 0.05.
***Significant difference from the mannitol group at p < 0.05.

Table 2. Effect of chrysin and or mannitol on renal MDA and GSH contents in ischemic rats.

Group MDA (nmol/mg tissue) GSH (μmol/g tissue)

Sham-operated 194.10* ± 11.31 9.66* ± 0.24

I/R control 274.68**,*** ± 13.19 7.65**,*** ± 0.20

Chrysin 219.39* ± 0.65 9.91* ± 0.5

Mannitol 208.65* ± 4.68 9.05 ± 0.43

Chrysin + mannitol 230.61* ± 14.55 9.85* ± 0.43

Results are expressed as mean ± SEM (n = 6). Statistical analysis was carried out by one-way ANOVA followed 
by Tukey’s multiple comparison test.
*Significant difference from the I/R control group at p < 0.05.
**Significant difference from the sham-operated group at p < 0.05.
***Significant difference from the mannitol group at p < 0.05.

https://www.japsonline.com/S1.xlsx
https://www.japsonline.com/S1.xlsx
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a mean renal damage score of 4.00 ± 0.00, represented by massive 
tubular necrosis and apoptosis which are characteristically seen in 
the renal cortex and outer medulla, associated with periglomerular 
and peritubular hemorrhage (Fig. 2c). The necrosis of renal 
tubules is of a coagulative type that is characterized by intensely 
eosinophilic cytoplasm with complete karyolysis. The necrotic 
epithelial cells in the renal medulla were desquamated in the tubular 
lumen along with the presence of hyalinized and granular cast (Fig. 
2d). Significant improvement was recorded in chrysin (50 mg/kg, 
p.o.) + I/R, with a mean renal damage score of 3.00 ± 0.21. The 
pathological lesions are characterized by necrosis and apoptosis 
of individual cells lining proximal convoluted tubules of the renal 
cortex associated with tubular dilatation (Fig. 2e) and intraluminal 
cellular and hyaline cast in the distal convoluted tubules of the renal 

medulla (Fig. 2f). Similarly, marked amelioration was recorded in 
mannitol + I/R groups (the mean renal damage score is 2.00 ± 
0.21), in which the necrotic renal tubules were greatly regressed 
and the necrosis was restricted to single cells in both renal cortex 
and medulla (Fig. 2g and h). However, mild amelioration was 
observed in the chrysin + mannitol + I/R group (the mean renal 
damage score is 3.40 ± 0.16), compared to the mannitol + I/R 
group. Intense periglomerular and peritubular hemorrhage with 
the presence of brown hemosiderin pigment were characteristic 
lesions in the renal cortex and medulla. The nuclei in most renal 
tubules showed pyknotic and karyorrhectic (Fig. 2i and j).

Immunohistochemistry
The total IRS for evaluation of activated caspase-3 and 

Bax expression in ischemic kidneys and kidneys of other treated 
groups is shown in Figures 3 and 4. Strong and diffuse activated 
caspase-3 and Bax expression were recorded in the I/R group (the 
mean IRS = 6.00 ± 0.00 and 5.70 ± 0.15 for caspase-3 and Bax, 
respectively) compared to the normal group. The immune reactivity 
was demonstrated in the glomerular and renal tubular epithelial cells 
of the renal cortex and outer medulla in addition to the desquamated 
epithelium in the tubular lumen (Figs. 3b and 4b) for activated 
caspase-3 and Bax, respectively. No activated caspase-3 and Bax 
expression were demonstrated in the normal kidneys (Figs. 3a and 
4a, respectively). Decreased expression of activated caspase-3 
and Bax was recorded in the chrysin + I/R group (the mean IRS 
= 4.70 ± 0.21 and 4.80 ± 0.21, respectively) which is significantly 
different from the I/R group. The immune reactivity was mainly 

Figure 1. Effect of chrysin and/or mannitol on renal inflammatory markers. (a) PGE2, (b) COX-2, and (c) IL-1β. Results are expressed as mean ± SEM (n = 
6). Statistical analysis was carried out by one-way ANOVA followed by Tukey’s multiple comparison test. *Significant difference from the sham-operated 
group at p < 0.05. *Significant difference from the I/R control group at p < 0.05.

Table 3. Effect of chrysin and or mannitol on the mean renal damage 
score in ischemic rats.

Group Renal damage score

Sham-operated 1.00d ± 0.00

I/R control 4.00a ± 0.00

Chrysin 3.00b ± 0.21

Mannitol 2.00c ± 0.21

Chrysin + mannitol 3.33b ± 0.16

Results are expressed as mean ± SEM (n = 6). Statistical analysis was carried out 
using one-way ANOVA followed by the Newman–Keuls multiple comparison 
test. Different symbols are significantly different from each other.
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demonstrated in the renal tubular epithelial cells (Figs. 3c and 4c) 
for activated caspase-3 and Bax, respectively. Also, a significant 
decrease of activated caspase-3 (the mean IRS = 2.80 ± 0.20) and 
Bax (the mean IRS = 2.60 ± 0.20) expression was recorded in the 
mannitol + I/R group (Figs. 3d and 4d) for activated caspase-3 
and Bax, respectively, which is significantly different from the I/R 
and chrysin + I/R groups. Activated caspase-3 and Bax expression 
recorded in the chrysin + mannitol + I/R group were insignificantly 
different from the chrysin + I/R group (the mean IRS for activated 
caspase-3 and Bax are 4.80 ± 0.20 and 4.50 ± 0.16, respectively) 

(Figs. 3e and 4e for activated caspase-3 and Bax, respectively). See 
Supplemental File S2 https://www.japsonline.com/S2.xlsx for the 
original source of histopathological and immunohistochemical data.

PK findings
Obtained data in Table 4 and Figure 5 showed PK 

interactions of the combination. Administration of chrysin 
concurrently with mannitol did not affect mannitol PKs except 
for the little effect on AUC. On the other hand, the combined 
treatment showed a significant (p < 0.05) decrease in the PK 
parameters (Cmax, AUC, t½) of chrysin without any changes in 
Tmax. There was a significant increase in Ke and CL of chrysin 
upon the combination with mannitol. The data source is shown 
in the Supplemental File S3 https://www.japsonline.com/S3.xls.

DISCUSSION
The current study demonstrates, for the first time, 

the nephroprotective effect of chrysin on a renal I/R rat model. 
The study also highlights the potential mechanisms of this 
nephroprotection such as cytoprotective, antioxidant, anti-
inflammatory, and antiapoptotic activities. This is also the first time 
to implicate the anti-inflammatory effect of mannitol in mediating 
its renoprotective effect. Chrysin, mannitol, or their combination 
successfully improved biochemical, histopathological, and 
immunohistochemical events associated with I/R induced renal 
injury.

Renal I/R injury is a valid animal model for studying 
AKI. It induces a range of histopathological consequences that 
closely resembles the variable nephron-pathologies seen in patients 
(Salahudeen et al., 2004). In the present study, ischemic injury to 
the kidney by 30 minutes occlusion of left renal artery followed 
by reperfusion for 24 hours induced functional impairment to 
the kidney represented by increased serum levels of creatinine 
and tissue injury as indicated by increased serum LDH activity. 
Creatinine is a product of muscle breakdown that is eliminated by 
the kidney. Together with blood urea nitrogen, serum creatinine 
is used as a specific marker for the assessment of renal function 
(Beier et al., 2011). Despite not being usually sensitive, it is used 
as a surrogate marker for evaluation of glomerular filtration rate 
especially in case of difficulty in measuring creatinine CL (Abou-
Hany et al., 2018). Although LDH is a nonspecific marker for cell 
injury and necrosis, its elevations after renal I/R could reflect cell 
death and organ tissue damage accurately (Tugtepe et al., 2007). 
Renal injury severity is proportional to the serum LDH level 
(Zager et al., 2013).

Measurement of current serum creatinine concentration 
and LDH activity shows that chrysin, mannitol, and their 
combination could preserve kidney function by decreasing renal 
damage after I/R. However, the combination did not elicit a 
superior effect to each drug alone. The reduction of serum LDH 
indicates the cytoprotective effect of these investigated drugs and 
their capability to decrease systemic inflammation as previously 
mentioned (Yosri et al., 2017). Similarly, alleviation of renal 
ischemic injury was associated with lower serum creatinine as in 
other reports (Zhang et al., 2018). In parallel, histopathological 
abnormalities have been observed in the current investigation after 
I/R injury such as massive tubular necrosis and apoptosis seen in 
the renal cortex and outer medulla, associated with periglomerular 

Figure 2. Photomicrograph of renal tissues of normal rats shows normal renal 
cortex with normal glomeruli (G) (a) and medulla with normal tubules (T) (b); 
the I/R group shows massive tubular necrosis of proximal convoluted tubules 
(N) of renal cortex associated with periglomerular and peritubular hemorrhage 
(red arrows) (c) and desquamated necrotic epithelium in the tubular lumen 
(blue arrow) along with presence of hyalinized and granular cast (black arrows) 
(d); the chrysin (50 mg/kg, p.o.) + I/R group shows necrosis and apoptosis of 
individual cells lining proximal convoluted tubules of renal cortex (blue arrows) 
(e) and intraluminal cellular and hyaline cast in the distal convoluted tubules of 
renal medulla (black arrows) (f); the mannitol + I/R group shows necrosis and 
apoptosis of single cells lining proximal convoluted tubules (blue arrow) (g) and 
distal tubules with few intratubular hyaline cast (black arrows) (h); the chrysin + 
mannitol + I/R group shows necrosis of renal tubular epithelium with pyknotic 
and karyorrhectic nuclei (blue arrows) (i) associated with periglomerular and 
peritubular hemorrhage (red arrows) (j) (H&E stain, scale bar 100 µm).

https://www.japsonline.com/S2.xlsx
https://www.japsonline.com/S3.xls
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and peritubular hemorrhage associated with high renal damage 
score. This agrees with previous studies (El-Sisi et al., 2016). 
These results are consistent with previous studies (Furuichi et 
al., 2008; Kim et al., 2015), which demonstrated the lesions in 
the cortex and outer medulla. The massive necrosis and apoptosis 
seen in the epithelium of the proximal tubules are because of their 
high metabolic demands and the first line of exposure.

These histopathological findings were also improved 
by preadministration of chrysin or mannitol confirming their 
nephroprotection. However, mild amelioration was observed after 
the combination of chrysin with mannitol regarding renal damage 
score and tubular necrosis and apoptosis.

Oxidative stress is known to have a central role in 
the enhancement of I/R renal injury causing exhausting natural 
antioxidants like GSH and membrane lipid peroxidation as well 
as DNA oxidative damage and protein oxidation (Aksu et al., 
2015). Administration of mannitol, chrysin, or their combination 
decreased lipid peroxidation as manifested by decreased MDA and 
increased GSH content in the kidneys of ischemic rats. This implies 
the protective role that these drugs play against I/R injury through 
inhibition of free radicals and oxidant formation. In agreement, 

chrysin was proved to be a powerful antioxidative natural agent 
that enhanced body natural antioxidant defense and decreased 
oxidative damage and lipid peroxidation in renal dysfunction due 
to diabetes mellitus or renal toxicity induced by 5-fluorouracil 
(Ahad et al., 2014; Rashid et al., 2016). However, the antioxidant 
effect of chrysin was not studied in the renal I/R ischemic model. 
Similarly, mannitol is a free radical scavenger that is known to 
reduce oxidant-derived injury to the kidney (Haraldsson et al., 
1995; Weinbroum et al., 1999). Its antioxidant capacity made it 
a suitable protectant against not only renal ischemia damage but 
also aortic and lower limb muscular ischemic injury. It was shown 
that mannitol decreased xanthine oxidase activity and increased 
GSH level and thus attenuated kidney damage after pancreatic I/R 
(Goksin et al., 2011; Khy et al., 2010; Weinbroum et al., 2000).

Inflammation is commonly triggered by oxidative stress 
in the course of ischemic injury as ROS signals the generation 
of inflammatory cytokines and chemokines. This requisition of 
inflammatory cells and chemotaxis at the stressed site potentiates 
more cellular damage (Abou-Hany et al., 2018). Additionally, 
damaged cells concentrate intracellular calcium up to 10000-fold 
more than intact cells. This enhances consequent inflammatory 

Figure 3. Bax expression in the renal tissue of ischemic and treated groups. Renal tissues of (a) normal rats show no immune staining, (b) the I/R group shows strong 
Bax expression in the glomerular and renal tubular epithelial cells as well as the desquamated epithelium in the tubular lumen, (c) the chrysin (50 mg/kg, p.o.) + I/R 
group shows decreased Bax expression, (d) the mannitol + I/R group shows a significant decrease of Bax expression in the renal tubular epithelial cells, and (e) the 
chrysin + mannitol + I/R group shows increased Bax expression in the renal tubular epithelial cells (Bax immunohistochemical staining, scale bar 100 µm).
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Table 4. PK parameters of mannitol, chrysin, and their combination after simulation route and dose of  
administration in rats.

Parameters
Groups

Mannitol Mannitol concurrent with 
chrysin Chrysin Chrysin concurrent with 

mannitol

Tmax 0.25 0.25 2 2

Cmax 47.3 ± 5.173 47.3 ± 5.593 7.3 ± 0.62 5.7 ± 0.485*

VD 3,174 ± 292 3,171 ± 277 1,364 ± 140 1,757 ± 162*

AUC 145.58 ± 15.53 129.6 ± 12.399* 142.03 ± 12.195 44.94 ± 4.691*

t½ 1 ± 0.085 0.928 ± 0.086 3.915 ± 0.33 2.214 ± 0.216*

Ke 0.693 ± 0.062 0.747 ± 0.066 0.177 ± 0.021 0.313 ± 0.033*

CL 0.218 ± 0.023 0.236 ± 0.022 0.13 ± 0.015 0.178 ± 0.015*

Values represent mean ± SD (n = 6).
*Values within column with the same treatment and its combination with unlike superscripts differ significantly (p < 0.05), according 
to paired t-test.

Figure 4. Activated caspase-3 expression in the renal tissue of ischemic and treated groups. Renal tissues of (a) normal rats show no immune staining, (b) the I/R group 
shows strong and diffuse immunostaining for activated caspase-3 in the glomerular and renal tubular epithelial cells, (c) the chrysin (50 mg/kg, p.o.) + I/R group shows a 
decreased expression of activated caspase-3, (d) the mannitol + I/R group shows a significant decrease of activated caspase-3 expression, and (e) the chrysin + mannitol 
+ I/R group shows an intense expression of activated caspase-3 (activated caspase-3 immunohistochemical staining, scale bar 100 µm).
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reactions and immunomodulatory pathways (Zhang et al., 2014). 
I/R injury induces COX-2 production which in turn stimulates the 
production of inflammatory prostaglandins which boost further 
kidney injury (Chatterjee et al., 2003). Currently administrated 
drugs, chrysin, mannitol, and their combination could decrease 
renal IL-1β and COX-2 content. Also, the administered drugs, 
when given alone, effectively decreased PG-E2 content. This 
shows that chrysin and mannitol performed their renoprotective 
effect through the regression of inflammation and its damaging 
consequences in the ischemic renal tissue. This concurs with other 
recent studies which confirmed the strong relationship between 
regression of renal ischemic injury, reduction of inflammatory 
mediators level, and principally decreased oxidative damage 
(Ali et al., 2018; El-Sisi et al., 2016). In parallel, chrysin was 
reported to improve diabetic nephropathy via reduction of 
inflammation as shown by decreased IL-1β and oxidative stress 
(Khan et al., 2011). Chrysin also was shown to decrease COX-2 
overexpression and PG-E2 production, and thus, it was assumed 
to be a good anticancer candidate due to its anti-inflammatory 
activities in renal precarcinogenesis (Rehman et al., 2013). 
However, the studies investigating the anti-inflammatory effect 
of mannitol are rare. In one study, mannitol inhibited COX-2 
expression induced by Helicobacter pylori and it was suggested 
that mannitol, through minimizing oxygen radicals, could 
attenuate the inflammatory mediators in a gastric epithelial cell 

line (Kim et al., 2002). In another rat model of arthritis, the topical 
application of mannitol suppressed joint inflammation (Cavone 
et al., 2012). As an osmotherapeutic drug, mannitol was chosen 
in Schreibman et al. (2018) aiming to minimize brain injury due 
to intracranial hemorrhage. Mannitol showed a powerful effect 
on microglial activation which is the main determinant of the 
neuroinflammatory response. Yet, it has been recommended by 
the authors that the anti-inflammatory mannitol effect was still 
warranted to be explored.

Apoptosis plays an important role in the pathogenesis 
of I/R injury. Apoptotic stimuli induce cytochrome c release 
from mitochondria generating a series of reactions that activate 
caspases and promote subsequent cell death. Caspase-3 is cleaved, 
activated, and then closely coupled to upstream proapoptotic 
signals responsible for cell apoptosis (Hasenour et al., 2013). Bcl-
2 family of proteins modulates apoptotic pathways. It contains 
Bcl-2 and Bcl-XL that function as antiapoptotic factors and others 
like Bax, Bad, or Bcl-Xs that promote apoptosis. Treatments that 
downregulated the expression of Bax could inhibit apoptotic cell 
death (Zhang et al., 2018). Induction of renal ischemia in the current 
study caused apoptotic cell death seen in the histopathological 
examination and immunohistochemical evaluation of caspase-3 
and Bax which showed increased activity of these two apoptotic 
markers. In previous reports, chrysin showed an antiapoptotic 
effect by attenuating the renal expression of Bax and downregulated 

Figure 5. (a) The time concentration relationship of chrysin (50 mg/kg b.wt, p.o.) or chrysin concurrent with mannitol (0.75 ml/100 g bw of 20% mannitol) in male 
albino rats (mean ± SD, n = 6). (b) The time concentration relationship of mannitol (0.75 ml/100 g bw of 20% mannitol) or mannitol concurrent with chrysin (50 mg/
kg b.wt) after oral administration in male albino rats (mean ± SD, n = 6).
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caspase-3 activation (Rashid et al., 2014). Similarly, mannitol 
showed an inhibitory effect on apoptotic markers. In parallel, 
previous reports have shown the antiapoptotic effects of mannitol 
in experimental animals. Kurt et al. (2016) demonstrated that 
mannitol reduced ROS and apoptosis and it was deduced that 
mannitol could protect against I/R induced in rats by testicular 
torsion. However, the combination of chrysin with mannitol did 
not inhibit apoptosis in renal cells. This unexpected nonsynergistic 
effect of chrysin and mannitol combination in the current study 
was explained on a PK basis.

According to the screening of PK of mannitol and 
chrysin, a decline in physiological response was observed in 
the ischemic renal model. This alteration was persistent upon a 
combination of mannitol with chrysin. This is due to the osmolarity 
effect of mannitol which influenced chrysin PK behavior and 
increased kidney excretion. Coadministration of mannitol resulted 
in decreased Cmax, AUC, t½. These data are in parallel with Olguín 
et al. (2009) who reported the effect of mannitol on the PK of 
amikacin in Wistar rats and concluded that alteration of the PK 
parameters was observed between the groups. It was concluded 
that the deterioration of renal function must be considered when 
mannitol and amikacin are prescribed simultaneously due to 
altered PK parameters which leads to unexpected pharmacological 
parameters of both.

The current interaction manifested during the effect 
of the combination of mannitol and chrysin may be due to the 
acceleration of hyponatremia exerted by mannitol. This action 
might affect the aquaporin activity of chrysin for major intrinsic 
proteins in the membrane of biological cells; hence, this function 
may be disrupted after mannitol induced hyponatremic effects and 
thereby deteriorated the protective activity of chrysin (Fiorentini 
et al., 2015).

On the other hand, in the present study, little effect was 
observed by chrysin on the PKs of mannitol confined in a little 
decrease in AUC. Chrysin is known for its low oral bioavailability, 
because it is subjected to extensive metabolism, and metabolites 
are eliminated back into the intestine for being hydrolyzed and 
undergo fecal elimination (Walle et al., 2001). So, there were 
attempts to enhance its bioavailability via using nanoformulations 
(Sulaiman et al., 2018). The little interaction of chrysin with 
mannitol may have resulted from the rapid metabolism of chrysin 
as reported previously for the neglected effect of chrysin on 
caffeine PKs (Noh et al., 2016).

CONCLUSION
Pretreatment with chrysin, mannitol, or their combination 

could protect against I/R renal injury (an early predisposing factor 
to AKI) via cytoprotective, anti-inflammatory, antioxidative, and 
antiapoptotic activities. However, unexpectedly, the combination 
of chrysin and mannitol did not induce an additive effect, and this 
could be illustrated on the basis of PK interaction between both 
drugs. Mannitol decreased pharmacokinetic parameters of chrysin 
including bioavailability (AUC), maximum absorption (Cmax), 
half-life (t½). On the other hand, mannitol increased elimination, 
and clearance (Ke and CL) of chrysin.
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