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The renoprotective effect of glycyrrhizic acid in insulin-resistant rats
exposed to aluminum involves the inhibition of TLR4/NF-κB
signaling pathway
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Abstract
Aluminum is well recognized as a nephrotoxic agent. Its hazardous effects arise from the high risk of daily exposure. The
consumption of fructose also represents a critical health issue that might negatively impact different organs, including the
kidneys. To pursue our previous work, this study aimed to investigate the potential renoprotective effects of glycyrrhizic acid
(GLYA) on aluminum-induced nephrotoxicity in insulin-resistant rats. Insulin resistance (IR) was induced by adding fructose
(10%) in drinking water for 18 weeks. Male Wistar rats were divided into five groups: control (CTRL), aluminum chloride
(ALM, 34 mg/kg/day), fructose (FRCT), aluminum plus fructose (AL/FR), and GLYA (rats received AL/FR and treated with
40 mg/kg GLYA daily). AL/FR resulted in abnormal renal function tests and renal tissue injury. This was associated with
increased oxidative stress and inflammation in the renal tissue. Moreover, the expressions of the toll-like receptor 4 (TLR4)
and its adaptor proteins were increased in AL/FR group. The administration of GLYA mollified AL/FR-induced renal injury,
oxidative stress, activation of the TLR4 signaling pathway, and inflammation. In conclusion, we provide evidence for the
promising renoprotective effect of GLYA against AL/FR-induced kidney damage in rats. The renoprotection is attributed to
the suppression of oxidative stress and inhibition of the TLR4/NF-κB signaling pathway in the kidneys.
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Introduction

Fructose is a health hazard that is widely used as the main
component of the modern diet despite its implication in dif-
ferent organ disorders, including the kidneys. Different studies
showed that the consumption of high fructose is implicated in
kidney damage (Kizhner and Werman 2002; Nakayama et al.
2010; Aoyama et al. 2012; Oudot et al. 2013). Furthermore,
human exposure to aluminum is being increased, particularly
in developing countries through the use of utensils made from

aluminum. Aluminum leakage is higher when such utensils
are used for cooking salty, alkaline, or acidic foods (Lin et al.
1997). Another important source of aluminum exposure is the
use of aluminum-containing phosphate binders for the control
of secondary hyperparathyroidism (Mudge et al. 2011).
Aluminum is implicated in renal osteodystrophy (Flaten,
2001). Different studies also reported the nephrotoxic effects
of aluminum in experimental animals (Abdel Moneim et al.
2013; Belaid-Nouira et al. 2013, Al Kahtani et al. 2014).

The various sources of aluminum exposure associated with
the increased use of fructose raise the likelihood of contem-
poraneous exposure to both agents, which exposes humans to
many health risks. However, the effect of combined exposure
to both fructose and aluminum on different organs is not well
studied. In our previous studies, we described the neurotoxic
and hepatotoxic effects of a combination of aluminum and
fructose in rats (Ali et al. 2019; Zakaria et al. 2020). Further,
we reported the protective effects of glycyrrhizic acid (GLYA)
in both models. GLYA is a widely used natural sweetener
isolated from the roots of Glycyrrhiza species and is being
used in the preparation of different pharmaceutical products
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(Hayashi and Sudo 2009). In addition, GLYA is a promising
agent that possesses a wide range of therapeutic effects includ-
ing anti-inflammatory (Fujisawa et al. 2000), anti-hepatotoxic
(Zheng and Lou 2003, Gumpricht et al. 2005), anti-tumor
(Hibasami et al. 2006), and antiviral activities (Lin 2003;
Hoever et al. 2005).

We hypothesize that exposure to both aluminum and fruc-
tose could also impact the kidney negatively. Besides, we also
propose that GLYmight have a protective effect on kidneys in
this model. Therefore, in this study, we investigated the pro-
tective effects of glycyrrhizic acid against aluminum-induced
nephrotoxicity in insulin-resistant rats and tried to identify the
possible molecular mechanisms underlying this effect.

Materials and methods

Drugs and chemicals

Aluminum chloride hexahydrate was purchased from El-
Gomhouria Company for Trading Chemicals and Medical
Appliances (Cairo, Egypt). Fructose was purchased from El-
Nasr Company for Intermediate Chemicals (Giza, Egypt),
whereas glycyrrhizic acid (as ammonium salt) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Aluminum chlo-
ride and glycyrrhizic acid were dissolved in normal saline just
before administration.

Experimental animals

Adult male Wistar rats weighing 100 ± 20 g were used in the
present study. The animals were supplied from the National
Research Center, Cairo, Egypt. Rats were allowed 1 week for
acclimatization before starting experimental manipulations.
Optimal rat housing conditions were maintained throughout
the study, including temperature (23 ± 2 °C), humidity (60 ±
10%), and 12-h light/dark cycle. Rats had access to water and
chow diet ad libitum. The study protocol and animal handling
procedures were approved by the Ethical Committee for
Animal Handling at Zagazig University (ECAH ZU),
Faculty of Pharmacy, Zagazig University, Egypt, based on
the recommendations of the Weatherall report. Reducing the
number of used rats and suffering was of utmost
consideration.

Study protocol

The study embraced five groups of six rats each. Group I
(CTRL) comprised negative control rats that were adminis-
tered the vehicle only. Group II (ALM) comprised rats that
were administered aluminum chloride (34 mg/kg/day). Group
III (FRUCT) comprised rats that were administered 10% (w/v)
fructose. Group IV (AL/FR) comprised rats that were

administered 10% (w/v) fructose plus aluminum chloride
(34 mg/kg/day). Group V (GLYA) comprised rats that were
administered 10% (w/v) fructose plus aluminum chloride
(34 mg/kg/day) plus glycyrrhizic acid (40 mg/kg/day).
Fructose was administered in drinking water for 18 weeks,
whereas aluminum chloride and glycyrrhizic acid were ad-
ministered per oral gavage between 9:00 AM and 11:00 AM
for 12 consecutive weeks starting from the 7th week. The
doses of aluminum chloride and glycyrrhizic acids were cho-
sen based on our previous work and other published studies
(Abdel Moneim et al. 2013; El-Kenawy Ael et al. 2014; Ali
et al. 2019; Zakaria et al. 2020).

Blood and tissue sampling

Blood samples were collected from the retro-orbital sinus
under anesthesia, in clean, dry centrifuge tubes. The tubes
were left to clot for 15 min at room temperature. The serum
was separated by centrifugation at 1000 g for 30 min. Rats
were euthanized by cervical dislocation, and then, a longi-
tudinal cut was made to open the abdominal cavity. Both
kidneys were dissected, removed, and rinsed with normal
saline. One kidney was fixed in 10% formalin for histo-
pathological investigation and immunohistochemical stain-
ing. The other kidney was immersed immediately in liquid
nitrogen and then stored at − 80 °C for further biochemical
measurements.

Measurement of glycemic markers

Fasting blood glucose level was measured from a drop of
blood obtained from the rat tail tip using GlucoSure Star,
an automatic blood glucose meter supplied by Apex
Biotechnology (Hsinchu, Taiwan). Fasting serum insulin
level was measured by enzyme-linked immunosorbent as-
say (ELISA) technique using a rat kit supplied by DRG
Instruments (Marburg, Germany). Insulin resistance (IR)
was calculated using the homeostasis model assessment
(HOMA) index for IR using the following formula:
HOMA-IR = [fasting blood glucose (mg/dL) × fasting in-
sulin level (μU/mL)]/405 (Matthews et al. 1985).

Measurement of renal function biomarkers

Serum cystatin C (Cys-C) level was measured by the ELISA
technique using a commercial rat kit (code: CSB-E08385r)
provided by Cusabio (Wuhan, China). Serum creatinine
(SCr), urea, and uric acid levels were measured colorimetri-
cally using kits supplied by Diamond Diagnostics (Cairo,
Egypt).
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Measurement of oxidative stress markers and tumor
necrosis factor-alpha (TNF-⍺) in renal tissue
homogenate

Colorimetry-based methods were used for the measure-
ment of catalase (CAT) activity, superoxide dismutase
(SOD) activity, and malondialdehyde (MDA) level using
kits supplied by Biodiagnostic (Giza, Egypt). The ratio of
total glutathione (GSH)/oxidized glutathione (GSSG) was
measured colorimetrically using a kit supplied by
Elabscience Biotechnology Inc. (Houston, TX, USA).
Quantitative assessment of TNF-⍺ was done using an
EL ISA -b a s e d k i t s u pp l i e d by R&D Sy s t ems
(Minneapolis, MN, USA).

Quantitative real-time reverse-transcription polymer-
ase chain reaction (RT-PCR) for the gene expression of
TLR4, TRIF, and MyD88 in renal tissue homogenate

Total RNA was isolated from kidney tissue using the
Qiagen RNeasy kit (Hilden, Germany). The synthesis of
the first-stand cDNA and RT-PCR were performed as de-
scribed in detail in our previous study (Ali et al. 2019).
Primer sequences (5′-3′) for TLR4, TRIF, MyD88, and β-
actin were as follows: forward primers CTACCTCG
AGTGGGAGGACA, TGGATATCTCCCCTTCGCCT,
TGTCTCCCCTGACATGCCTA, TATCCTGGCCTCAC
TGTCCA, r e s p e c t i v e l y , a nd r e v e r s e p r ime r s
TGCTACTTCCTTGTGCCCTG, TGGAGGTGAGACAG
A C C C T T , T T T T G T G T G T C C G C T G C T T G ,
AACGCAGCTCAGTAACAGTC, respectively. The rela-
tive expressions of the studied genes were calculated
using the delta-delta Ct method as described by Livak
and Schmittgen (2001), and the values were expressed
as fold expression of the control after normalization to
β-actin gene expression.

Immunohistochemical staining of nuclear factor-
kappa B (NF-κB)

Immunohistochemical staining was performed on formalin-
fixed, paraffin-embedded kidney sections with a thickness of
5 μm. The sections were washed with phosphate-buffered
saline (PBS; pH 7.4) and treated with 0.3% hydrogen peroxide
solution for 20 min to halt endogenous peroxidase activity.
After three washes with PBS, the sections were incubated with
a primary anti-NF-κB p65 antibody (Fisher Scientific,
Rockford, IL, USA) in a humidified chamber at 37 °C for
3 h. A biotinylated secondary antibody and streptavidin per-
oxidase were consecutively applied at 37 °C for 15 min each.
3,3′-Diaminobenzidine (DAB, Sigma-Aldrich, St., Louis,
MO, USA) was then added to visualize antibody binding by
the formation of a brown color due to the oxidation of DAB.

Nuclei were counterstained using Mayer’s hematoxylin
(Sigma-Aldrich, St., Louis, MO, USA), and the average opti-
cal density of positive NF-κB staining was measured in using
Leica Qwin 500 (Leica Microsystems GmbH, Wetzlar,
Germany).

Histopathological examination

Renal tissue samples were fixed using 10% neutral buff-
ered formalin and then dehydrated in ethyl alcohol of
increasing concentration (70%, then 90%, then 100%).
The samples were cleared in xylol, followed by impreg-
nation and embedding in paraffin wax. Sections (5-μm
thick) were cut using a rotatory microtome. Samples were
then stained with hematoxylin and eosin (H&E) stain and
inspected under a light microscope.

Statistical analysis

Statistical analysis and graph creation were done using the
R language for statistical computing version 4.0.2 (R
Foundation for Statistical Computing, Vienna, Austria)
and GraphPad prism v.8 (GraphPad Software, San
Diego, CA, USA). Results were expressed as the mean
± standard error of the mean (SEM). Significance of dif-
ference between group means was tested using ordinary
one-way analysis of variance (ANOVA) followed by
Bonferroni’s test for pairwise comparisons or Welch’s
ANOVA followed by Tamhane’s T2 post hoc test with
p < 0.05 considered significant.

Results

Glycyrrhizic acid alleviates hyperinsulinemia and IR in
AL/FR-treated rats

Rats from FRCT or AL/FR group exhibited comparable blood
glucose level and hyperinsulinemia that were significantly
higher compared with the CTRL group. Similarly, rats from
FRCT or AL/FR group had significantly elevated HOMA-IR
compared with either the CTRL or ALM group. On the other
hand, the administration of glycyrrhizic acid significantly al-
leviated hyperinsulinemia and IR by 47.6% and 48.2%, re-
spectively, compared with AL/FR group (Table 1).

Glycyrrhizic acid improves kidney function
biomarkers in AL/FR-treated rats

As illustrated in Fig. 1, rats from ALM, FRCT, and AL/FR
exhibited significant elevations in serum cystatin C level
(84.4 ± 3.2, 50.9 ± 3.9, and 143 ± 5.5, respectively, vs. 27.8
± 2.1 pg/mL), creatinine level (0.51 ± 0.013, 0.45 ± 0.015, and
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0.55 ± 0.03, respectively, vs. 0.32 ± 0.014 mg/dL), and urea
level (53.5 ± 2.3, 45.2 ± 1.8, and 60.3 ± 4.6, respectively, vs.
31 ± 1.2 mg/dL) compared with CTRL rats. However, the
serum level of uric acid was significantly elevated only in
AL/FR rats (2.3 ± 0.17 vs. 0.84 ± 0.05 mg/dL), but it was
not significantly altered in either ALM or FRCT group

compared with CTRL group. The deleterious effects of
ALM and FRCT were comparable except serum cystatin C
that was significantly higher in the ALM group compared
with the FRCT group. The elevations in these parameters
induced by the combination of aluminum chloride and fruc-
tose (AL/FR) were significantly higher compared to the FRCT
group. In contrast, compared with the ALM group, the eleva-
tions of serum cystatin C and uric acid were only significant.
On the other hand, the administration of GLYA significantly
reduced serum cystatin C by 63%, creatinine by 31%, urea by
38%, and uric acid by 55% compared with AL/FR group.

Glycyrrhizic acid alleviates the histopathological
changes in renal tissue in AL/FR-treated rats

Figure 2 depicts representative photomicrographs of the renal
tissue from different treatment groups. CTRL group showed a
typical histological picture of the renal tissue (Fig. 2a). ALM
group had many degenerated and cast-filled tubules.
Mononuclear cellular infiltration and some areas of hemor-
rhage were observed (Fig. 2b). Similarly, the FRCT group
showed degenerated tubules, areas of hemorrhage, and
marked mononuclear cellular infiltration (Fig. 2c). AL/FR
group showed vacuolated and cast-filled tubules, marked
mononuclear cellular, multiple areas of hemorrhage, and
shrunken renal corpuscles (Fig. 2d–e). On the other hand,
the administration of GLYA reversed the histopathologic

Table 1 Changes in glycemic markers in rats administered aluminum
chloride, fructose, aluminum chloride plus fructose, or aluminum chloride
plus fructose and treated with glycyrrhizic acid

Glucose level (mg/dL) Insulin level (μU/mL) HOMA-IR

CTRL 72 ± 2.1 2.9 ± 0.1 0.51 ± 0.03

ALM 92 ± 16 4.8 ± 1.0 1.08 ± 0.23

FRCT 95 ± 3.9 Δ 9.6 ± 0.6 Δ 2.26 ± 0.19 Δ*

AL/FR 93 ± 3.3 Δ 8.4 ± 0.2 Δ 1.91 ± 0.06 Δ*

GLYA 93 ± 8.4 4.4 ± 0.6 $ 0.99 ± 0.09 $

Values are expressed as mean ± SE (n = 4–5). CTRL, control rats; ALM,
rats received aluminum chloride (34 mg/kg/day); FRCT, rats received
fructose (10%) in drinking water; AL/FR, rats received a combination
of ALM and FRCT; GLYA, rats received AL/FR plus glycyrrhizic acid
(40 mg/kg/day); HOMA-IR, homeostasis model assessment index for
insulin resistance. Statistical analysis was performed using ordinary
one-way ANOVA followed by Bonferroni’s multiple comparisons test
for HOMA-IR and Welch’s ANOVA followed by Tamhane’s T2 post-
hoc test for glucose and insulin. Δ p ≤ 0.05 vs. CTRL, ✱ p ≤ 0.05 vs.
ALM, and $ p ≤ 0.05 vs. AL/FR

Fig. 1 Changes in renal function
biomarkers in rats administered
aluminum chloride, fructose,
aluminum chloride plus fructose,
or aluminum chloride plus
fructose and treated with
glycyrrhizic acid. CTRL, control
rats; ALM, rats received
aluminum chloride (34 mg/kg/
day); FRCT, rats received
fructose (10%) in drinking water;
AL/FR, rats received a
combination of ALM and FRCT;
GLYA, rats received AL/FR plus
glycyrrhizic acid (40 mg/kg/day).
Values are expressed as mean ±
SEM (n = 3–4); statistical analysis
was performed using ordinary
one-way ANOVA, followed by
Bonferroni’s post-test: *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001,
****p ≤ 0.0001; ns, non-
significant
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alterations induced by AL/FR and resulted in a histological
picture very close to the CTRL group (Fig. 2f).

Glycyrrhizic acid suppresses renal oxidative stress and
enhances the activity of antioxidative enzymes in
AL/FR-treated rats

The administration of ALM, FRCT, and their combination
AL/FR significantly reduced SOD activity (0.22 ± 0.02,
0.68 ± 0.11, and 0.19 ± 0.07, respectively, vs. 2.37 ± 0.26 U/
g tissue), CAT activity (46.5 ± 13.1, 52.7 ± 3.3, and 43.4 ±
1.6, respectively, vs. 121 ± 3.6 U/g tissue), and GSH/GSSG
ratio (0.4 ± 0.03, 0.88 ± 0.1, and 0.35 ± 0.05, respectively, vs.
4.63 ± 0.85) compared with CTRL group. However, the levels
of renal MDA were significantly increased in ALM, FRCT,
and AL/FR groups (133 ± 9.1, 117 ± 4.7, and 130 ± 3.4 nmol/
g tissue, respectively) compared with CTRL group (10.5 ±
0.15 nmol/g tissue). These alterations were not statistically
significant among ALM, FRCT, and AL/FR groups. GLYA-
treated rats had significantly increased SOD activity by 747%,
CAT activity by 112%, and GSH/GSSG ratio by 586% and
significantly decreased MDA level by 58% compared with
AL/FR group (Fig. 3).

Glycyrrhizic acid exerts an anti-inflammatory effect in
renal tissue of AL/FR-treated rats

As shown in Fig. 4, the administration of ALM, FRCT,
and AL/FR resulted in significant increases in NF-κB ex-
pression by 8.5-fold, 8.2-fold, and 10.2-fold, respectively,
compared with the CTRL group. The difference in NF-κB
expression between ALM and FRCT or ALM and AL/FR
was not significant; however, there was a significant in-
crease in NF-κB expression in AL/FR group compared
with the FRCT group (Bonferroni’s adjusted P = 0.023).
The administration of GLYA significantly diminished
NF-κB expression by 4.7-fold compared with AL/FR
group.

Furthermore, renal TNF-⍺ level was significantly in-
creased in both ALM (162 ± 18.4 pg/g tissue) and AL/
FR (167 ± 22.6 pg/g tissue) groups compared with either
CTRL (30.9 ± 2.9 pg/g tissue) or FRCT (87.1 ± 11.1 pg/g
tissue) group. The difference observed between CRTL
and FRCT was not statistically significant (adjusted P =
0.149). The administration of GLYA significantly
lowered the TNF-⍺ level by 58% compared with AL/FR
group (Fig. 5a).

Fig. 2 Histopathological examination of the renal tissue. Representative
photomicrographs (H&E × 200) are depicted from a CTRL rats showing
normal histological structure with renal corpuscles (RC) surrounded by
Bowman’s capsule (black arrow), subcapsular space (blue arrow), prox-
imal convoluted tubule (P), and distal convoluted tubule (D); b ALM-
treated rats showing degenerated tubules (blue arrow), cast-filled tubules
(black arrow), mononuclear cellular infiltration (double arrows), hemor-
rhage (H), and shrunken renal corpuscle (RC); c FRCT-treated rats show-
ing degenerated tubules (single arrows), hemorrhage (H), marked mono-
nuclear cellular infiltration (double arrows); d AL/FR-treated rats

showing cast-filled tubules (single arrows), vacuolated tubules (V),
mononuclear cellular infiltration (double arrows), and hemorrhage (H);
e AL/FR-treated rats showing degenerated tubules (arrow), hemorrhage
(H), shrunken renal corpuscle (RC), and marked mononuclear cellular
infiltration (double arrows); f GLYA-treated rats showing marked im-
provement of the renal tissue with a histological picture very close to that
of the CTRL group. The renal corpuscle (RC) is surrounded by
Bowman’s capsule (black arrow) and subcapsular space (blue arrow),
with little mononuclear cellular infiltration (double arrows) and few vac-
uolated tubules (V)
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Fig. 4 Changes in renal NF-κB expression in rats administered aluminum
chloride, fructose, aluminum chloride plus fructose, or aluminum chloride
plus fructose and treated with glycyrrhizic acid. Representative immuno-
histochemical photos (× 400) from a control group showing very weak
immunoreaction (arrow); b, c, d ALM, FRCT, and AL/FR groups, re-
spectively, showing strong positive immunoreaction (arrow); and e
GLYA group showing weak immunoreaction (arrow). f shows the

quantification of NF-κB expression. CTRL, control rats; ALM, rats re-
ceived aluminum chloride (34 mg/kg/day); FRCT, rats received fructose
(10%) in drinking water; AL/FR, rats received a combination of ALM
and FRCT; GLYA, rats received AL/FR plus glycyrrhizic acid
(40 mg/kg/day). Values are expressed as mean ± SEM (n = 6); statistical
analysis was performed using ordinary one-way ANOVA, followed by
Bonferroni’s post-test: *p ≤ 0.05, ****p ≤ 0.0001; ns, non-significant

Fig. 3 Changes in renal oxidative
stress markers in rats
administered aluminum chloride,
fructose, aluminum chloride plus
fructose, or aluminum chloride
plus fructose and treated with
glycyrrhizic acid. a superoxide
dismutase (SOD) activity, b
catalase (CAT) activity, c
malondialdehyde (MDA), and d
ratio of reduced (GSH)/oxidized
(GSSG) glutathione. CTRL,
control rats; ALM, rats received
aluminum chloride (34 mg/kg/
day); FRCT, rats received
fructose (10%) in drinking water;
AL/FR, rats received a
combination of ALM and FRCT;
GLYA, rats received AL/FR plus
glycyrrhizic acid (40 mg/kg/day).
Values are expressed as mean ±
SEM (n = 3), statistical analysis
was performed using ordinary
one-way ANOVA, followed by
Bonferroni’s post-test: *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001,
****p ≤ 0.0001; ns, non-
significant
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Glycyrrhizic acid inhibits TLR4 pathway in renal tissue
of AL/FR-treated rats

As illustrated in Fig. 5b–d, the administration of ALM, FRCT,
and AL/FR resulted in significant increases in the gene ex-
pression of TLR4 (6.8-fold, 5.5-fold, and 7.9-fold, respective-
ly), MyD88 (8.4-fold, 5.8-fold, and 9.8-fold, respectively),
and TRIF (12.2-fold, 6.8-fold, and 12.2-fold, respectively)
compared with CTRL group. The effects of ALM and AL/
FR were almost comparable. The expressions of MyD88 and
TRIF were significantly higher in the AL/FR group compared
with the FRCT group. Although the expression of TLR4 was
increased in AL/FR group by 43% compared to the FRCT
group; however, such a difference did not reach the statistical
significance (adjusted P = 0.092). GLYA significantly
inhibited the expression of TLR4, MyD88, and TRIF by
62%, 64%, and 63%, respectively, compared with AL/FR
group.

Discussion

The present study investigated the possible protective effects
of glycyrrhizic acid against aluminum-induced nephrotoxicity
in insulin-resistant rats and identified the possible molecular
mechanism of action underlying this effect. The results
showed that glycyrrhizic acid mollifies the aluminum-

induced nephrotoxicity in insulin-resistant rats through a
TLR4-dependent mechanism. The nephroprotective effect of
glycyrrhizic acid involves the suppression of oxidative stress
and inhibition of TLR4/TNF-⍺/NF-KB signaling pathway.

Aluminum might cause nephrotoxicity due to its tendency
to accumulate in kidneys generating reactive oxygen
species (ROS), causing inflammation (Kutlubay et al. 2007).
In addition, excessive fructose intake can lead to glomerular
hypertension, renal inflammation, and tubulointerstitial injury
in animals (Nakayama et al. 2010). Fructose can also expedite
the progression of chronic kidney disease (Gersch et al. 2007).

We postulated that fructose might exacerbate aluminum-
induced nephrotoxicity. Hence, we treated rats with ALM
after the induction of IR by the administration of fructose
(10%) in drinking water. FRCT-induced IR was associated
with hyperinsulinemia and increased HOMA-IR index. The
combination of AL/FR caused renal impairment that was
manifested as marked deterioration in kidney function tests.
Serum cystatin C, creatinine, and urea were significantly ele-
vated by AL/FR administration compared with CTRL rats.
The differences were significant between AL/FR and ALM
only regarding cystatin C, which might be attributed to the
superior sensitivity of cystatin C as a marker of renal function
over creatinine (Dharnidharka et al. 2002). Likewise, the com-
bined administration of AL/FR caused a significant elevation
of serum uric acid level compared with either ALM or FRCT
alone, while the effects of ALM and FRCT were comparable.

Fig. 5 Changes in renal TNF-ɑ
level and TLR4 pathway
expression in rats administered
aluminum chloride, fructose,
aluminum chloride plus fructose,
or aluminum chloride plus
fructose and treated with
glycyrrhizic acid. a Tumor-
necrosis factor-alpha (TNF-⍺), b
toll-like receptor 4 (TLR4), c
myeloid differentiation primary
response 88 (MyD88), and d TIR-
domain-containing adapter-
inducing interferon-β (TRIF).
CTRL, control rats; ALM, rats
received aluminum chloride
(34 mg/kg/day); FRCT, rats
received fructose (10%) in
drinking water; AL/FR, rats
received a combination of ALM
and FRCT; GLYA, rats received
AL/FR plus glycyrrhizic acid
(40 mg/kg/day). Values are
expressed as mean ± SEM (n = 3);
statistical analysis was performed
using ordinary one-wayANOVA,
followed by Bonferroni’s post-
test: *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001;
ns, non-significant
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These results point to the additive toxic effects of both agents
when combined.

The observed aberrations of the biochemical parameters
were also evident on the histological level. The administration
of ALM or FRCT alone caused renal tubular degeneration,
mononuclear cellular infiltration, and the appearance of small
areas of hemorrhage. These results are in harmony with pre-
vious studies (Qiao et al. 2018). The administration of AL/FR
caused additive damage in the form of markedly dilated and
congested blood vessels, mononuclear cellular infiltration,
shrunken renal corpuscle cells, and many areas of hemor-
rhage. This further supports the postulation that ALM-
induced nephrotoxicity is aggravated, at least partly, by
FRCT-induced IR.

GLYA is the main bioactive constituent of licorice root and
has been widely used in folk medicine due to its antioxidant
and anti-inflammatory properties (Feng et al. 2007, Fiore et al.
2008). In our previous work, we reported the protective effects
of GLYA on AL/FR-induced neurotoxicity (Ali et al. 2019)
and hepatotoxicity (Zakaria et al. 2020) making it interesting
to explore the renoprotective effects of GLYA in this model.
In the present study, the administration of GLYA remarkably
improved FRAL-induced IR, which is supported by other
studies (Takii et al. 2001; Sen et al. 2011; Sil et al. 2013;
Guo et al. 2016). In addition, the administration of GLYA
markedly improved AL/FR-induced renal impairment and
histological changes that were evident as restoration of normal
histological structure of renal cells and the marked reduction
of congestion in the blood vessels.

The generation of reactive oxygen species (ROS) has
been reported as a key mechanism implicated in the path-
ogenesis of ALM-induced tubular degeneration through
oxidative damage to cellular lipids, proteins, and DNA
(Kutlubay et al. 2007). This was also reproducible in
our study. The administration of ALM or AL/FR signifi-
cantly elevated the renal MDA level, which is a marker of
ROS-induced peroxidation of polyunsaturated fatty acids.
This was associated with a significant reduction in GSH/
GSSG ratio, presumably due to the consumption of re-
duced GSH in an attempt to detoxify the excessively gen-
erated ROS. Moreover, ALM and AL/FR reduced the ac-
tivity of the antioxidant enzymes, SOD, and CAT. These
results are supported by other studies showing similar
effects of aluminum on renal tissue (Mahieu et al. 2003,
Sargazi et al. 2006). However, no significant differences
were observed between ALM and AL/FR regarding these
markers of oxidative stress.

Furthermore, the results of the current study showed
that ALM caused a significant increase in renal TNF-α
level, which is consistent with other studies reporting re-
nal inflammation following the exposure to aluminum (Al
Dera 2016). The administration of AL/FR increased
TNF-α to a level comparable to ALM alone. This finding

shows that IR did not worsen the renal inflammatory re-
sponse evoked by ALM exposure. The expression of
TNF-α and other inflammatory mediators is triggered by
the transcription factor NF-κB (Akira and Takeda 2004,
Hemmati et al. 2014). In the present study, we observed
significant elevations of NF-κB expression in the renal
tissue of rats treated with ALM, FRCT, or AL/FR.
However, the difference between AL/FR and ALM was
not significant.

NF-κB is a downstream factor of TLRs, which play a sig-
nificant role in the immune system and inflammatory re-
sponses. These receptors are widely distributed in different
tissues and expressed in the kidney (Smith 2009). Our results
showed that ALM, FRCT, and AL/FR caused significant ele-
vations of the gene expression of TLR4 in the renal tissue
compared with the CTRL group. This was also associated
with increased expression of the TLR4 adaptor proteins,
MyD88 and TRIF. These molecules are important for the
activation of IκB kinase (IKK) responsible for the phosphor-
ylation of IκB. This results in the phosphorylation of NF-κB,
followed by its translocation to the nucleus. In this regard, the
effects of the administration of AL/FR were comparable to
ALM alone.

The renoprotective effects of GLYA might be attributed to
its antioxidant and anti-inflammatory properties. It significant-
ly decreased renal MDA and increased renal SOD activity,
CAT activity, and GSH/GSSG ratio. Such antioxidant effects
align with other studies using kidney injury models (Hou et al.
2014; Wu et al. 2015). Moreover, TNF-α was reduced signif-
icantly by GLYA, which might be mediated via the inhibition
of the TLR4 pathway, including its adaptor proteins and the
downstream transcription factor, NF-κB. The latter finding
gives a new insight into the renoprotective mechanism of
GLYA in this model.

In conclusion, the present study, as an extension to our
previous work, broadens our understanding regarding the tox-
ic effects of the combination of AL/FR in rats on different
organs. In addition, we provide a piece of evidence for the
pleiotropic protective effects of GLYA in different experi-
mental models of organ injury. We assume that these findings
support the clinical testing of this promising nutraceutical in
future work.
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