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A B S T R A C T   

The β3-adrenergic receptor (β3-AR) agonism mirabegron is used to treat overactive urinary bladder syndrome; 
however, its role against acute kidney injury (AKI) is not unveiled, hence, we aim to repurpose mirabegron in the 
treatment of mercuric chloride (HgCl2)-induced AKI. Rats were allocated into normal, normal + mirabegron, 
HgCl2 untreated, HgCl2 + mirabegron, and HgCl2 + the β3-AR blocker SR59230A + mirabegron. The latter 
increased the mRNA of β3-AR and miR-127 besides downregulating NF-κB p65 protein expression and the 
contents of its downstream targets iNOS, IL-4, -13, and -17 but increased that of IL-10 to attest its anti- 
inflammatory capacity. Besides, mirabegron downregulated the protein expression of STAT-6, PI3K, and 
ERK1/2, the downstream targets of the above cytokines. Additionally, it enhanced the transcription factor PPAR-α 
but turned off the harmful hub HNF-4α/HNF-1α and the lipid peroxide marker MDA. Mirabegron also down
regulated the CD-163 protein expression, which besides the inhibited correlated cytokines of M1 (NF-κB p65, 
iNOS, IL-17) and M2 (IL-4, IL-13, CD163, STAT6, ERK1/2), inactivated the macrophage phenotypes. The crosstalk 
between these parameters was echoed in the maintenance of claudin-2, kidney function-related early (cystatin-C, 
KIM-1, NGAL), and late (creatinine, BUN) injury markers, besides recovering the microscopic structures. 
Nonetheless, the pre-administration of SR59230A has nullified the beneficial effects of mirabegron on the 
aforementioned parameters. Here we verified that mirabegron can be repurposed to treat HgCl2-induced AKI by 
activating the β3-AR. Mirabegron signified its effect by inhibiting inflammation, oxidative stress, and the acti
vated M1/M2 macrophages, events that preserved the proximal tubular tight junction claudin-2 via the inter
section of several trajectories.   

1. Introduction 

Mercury is one of the main environmental pollutants that despite 
being ubiquitously used in medicine, industry, and agriculture distrib
utes in ecosystems and is imperishable [1]. Mercury is present in 
different forms chemically, where it can exist as an elemental mercury, 

as well as inorganic and organic mercury compounds [1]. The kidney is 
the primary target organ susceptible to inorganic mercury, particularly 
mercuric chloride (HgCl2). In this context, mercury accumulates within 
the proximal tubules eliciting nephrotoxicity [2]. Mercuric ions stimu
late the generation of significant quantities of reactive oxygen species 
(ROS) and inflammatory cytokines in the kidney by activating nuclear 
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factor (NF)-κB p65, the parent transcription factor [3]. 
In a previous study, HgCl2-induced tubular injury was accompanied 

by infiltration of mononuclear cells with macrophages being the most 
predominant population [4]. Of note, macrophages play a pivotal role in 
kidney homeostasis, and their phenotyping is under dynamic control to 
actively participate in immune surveillance and tissue repair. In 
response to various stimuli, these immune cells modulate inflammation 
and contribute to the delicate balance of renal function [5,6]. Indeed, 
macrophages are incriminated in either launching an inflammatory 
response or triggering signaling pathways to insulted epithelial cells to 
induce their proliferation/repair or avert fibrosis [7]. The activated M1 
macrophages are accused of exploiting pro-inflammatory cytokines and 
ROS. This triggers a consequent anti-inflammatory phase that limits 
damage via polarizing M1 macrophages into the alternatively M2- 
activated ones to suppress inflammation and aid tissue remodeling 
[8]. Notably, these M2 macrophages are predominantly detected in the 
renal interstitium during the repairing phase of acute tubular injury [7]. 

Further pathomechanisms by which different toxins cause kidney 
injury is the alteration of tight junctions (TJs), which are vital subcel
lular moieties that play a critical role in the function of the epithelial 
barrier hence affecting kidney homeostasis [9]. Indeed, claudin, an 
essential element of TJs, forms a paracellular transport passage for the 
reabsorption of different ions in the kidney [10]. The enhanced 
expression of claudin-2 protects the kidney by minimizing the energy 
consumed during the transport processes [11]. On the other hand, de
fects in claudin function were reported in animal kidney injury models, 
including obstructive nephropathy-induced fibrosis, as well as cisplatin-, 
cadmium (Cd2+)-, and diabetic-induced nephrotoxicity [10,12]. 

Apart from the role of the above molecules, the kidney not only 
serves as a target for the sympathetic nervous system (SNS) but also 
emits signals that influence the activity of this system [13]. The SNS has 
a great influence on kidney function through the modulation of several 
adrenergic receptors (ARs) [13], however, the role of the activated β-3 
adrenoreceptor (β3-AR) in the kidney is not conclusive so far [14,15]. 
This third isoform of the ARs is located peripherally on different organs 
including kidney tubules besides the adipose tissue, gastrointestinal 
tract, urinary bladder, and cardiovascular system [16]. 

Targeting the pharmacological actions of this receptor, the β3-AR 
agonist mirabegron has been approved worldwide for treating patients 
with overactive urinary bladder (OUB) syndrome; nevertheless, the 
extra-bladder off-target effects were reported in cases of heart failure 
and metabolic disease [17]. Recently, we tested the repurposing of 
mirabegron against an ulcerative colitis model and showed its ability to 
alleviate colitic injury by its antioxidant, anti-fibrotic, and anti- 
inflammatory characteristics through modulating several hubs, such as 
presenilin and NOTCH signaling as well as NF-κB p65/TNF-α [18]. Be
sides, mirabegron inhibited the lipopolysaccharide/toll-like receptor-4 
pathway and the NADPH oxidase/catalase reducing the overly produced 
ROS and pro-inflammatory mediators in human macrophages [19]. 

Based on the previous literature, we investigated the potential 
nephron-therapeutic effect of mirabegron against HgCl2-induced acute 
kidney injury (AKI). We also evaluated whether the inhibition of β3- 
receptor using the selective blocker SR 59230A can modulate the in
flammatory transcription factor NF-κB p65, its upstream activators, and 
the downstream targets, besides miR-127, macrophage phenotyping, 
and kidney barrier. 

2. Material and methods 

2.1. Animals and Ethics statement 

Male Wistar rats, with a weight ranging between 180 and 200 g, were 
used in this work (Faculty of Pharmacy, Cairo University, Cairo, Egypt) 
and were fed a standard chow diet and permitted water ad libitum. An
imals were kept in an environment of a constant temperature (23 ±
2 ◦C), humidity (60 ± 10 %), and an equal period of dark/light cycle. 

The investigation protocol was approved by the Ethics Research 
Committee of the Faculty of Pharmacy, Cairo University (PT 2546) and 
conforms to the Guide for the Care and Use of Laboratory Animals (NIH 
publication No. 8023, revised 2011). The animal suffering was carefully 
minimized during the experiment. 

2.2. Induction of HgCl2 renal toxicity 

To induce AKI, 3 mg/kg of HgCl2 (Sigma-Aldrich, MO, USA) [20] was 
liquified in saline to be injected with a single subcutaneous injection. 

2.3. Experimental design and sample collection 

Animals were allocated into five groups (n = 9/group) and those in 
the first 2 groups were gavaged orally normal saline or mirabegron 
(Mira; 30 mg/kg) [21] to respectively serve as the control (Cont.) 
groups. In the following 3 groups, rats were injected with HgCl2, where 
one group was left untreated to be nominated as the HgCl2 control group 
(3rd group), whereas the other two groups were administered Mira 1 
and 24 h after the injection of HgCl2 (HgCl2 + Mira group) or injected 
intraperitoneally with 5 mg/kg of the β3-AR blocker SR59230 A (Sigma- 
Aldrich, MO, USA) [22,23] 15 min before the administration of Mira to 
be designated as the HgCL2 + SR59230 + Mira group. 

One day after the last treatments, a mixture of ketamine/xylazine 
[100/10 mg/kg; i.p.] was used to anesthetize the animals, and blood 
samples were drained from the tail vein to separate sera for the mea
surement of kidney function parameters. Afterward, rats were sacrificed 
by cervical dislocation, and the kidneys of 6 rats/group were stored at −
80 ◦C. The right kidneys of 3 rats per group were used for western blot 
analysis after immersing into RIPA lysis and extraction buffer provided 
with a cocktail of phosphatase and protease inhibitors, whereas the 
other 3 right ones were submerged in RNA lysis solution and used for 
qRT-PCR analysis. The left kidneys of these rats (n = 6) were homoge
nized in ice-cold saline for the ELISA analysis. The kidneys of the 
remaining 3 rats per group were fixed in 10 % formalin to examine 
histopathological alterations and immunohistochemical assessment of 
CD-163 and NF-κB p65. 

2.4. Renal function assessment 

The colorimetric assay of creatinine and BUN was carried out in the 
separated sera using commercial kits (EGY-CHEM, EG, cat# CRE106100 
and URE118100, respectively). In parallel, serum levels of cystatin C 
(cat# MBS763996), kidney injury molecule (KIM)-1 (cat# MBS355395), 
and neutrophil gelatinase-associated lipocalin (NGAL; cat# 
MBS2504748) were determined using rat ELISA kits purchased from 
MyBioSource (CA, USA). All experiments were processed according to 
the manufacturers’ instructions. 

2.5. Determination of renal contents of IL-4, IL-13, IL-17, IL-10, PPAR-α, 
STAT-6, and claudin-2 using ELISA technique 

MyBioSource ELISA kits (CA, USA) were used for the determination 
of the protein contents of IL-13 (cat# MBS355408), IL − 17 (cat# 
MBS164772), IL-10 (cat#MBS764911), PPAR-α (cat# MBS2504779), 
and STAT6 (cat# MBS454981). The ELISA kit obtained from antibodies- 
online GmbH (AC, DE; cat# ABIN6954827) was used to determine 
claudin-2 and that procured from Elabscience (TX, USA, cat# E-EL- 
R0014) was adopted for the quantification of IL-4. All assessments were 
normalized to their protein content measured by the Bradford method 
[24]. Additionally, the colorimetric assay kit of malondialdehyde (MDA) 
was purchased from Biodiagnostic (Giza, EG) and all examinations were 
performed according to the manufacturers’ prescripts. 
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2.6. Analysis of renal protein expression of PI3K, HNF-1α, HNF-4α, 
iNOS, and ERK1/2 using western blot 

The protein extraction kit (Millipore, MA, USA; cat#: 2140) was used 
for quantitative renal protein analysis; samples with equal protein 
concentrations were loaded onto and separated by SDS-PAGE. The blots 
were then transferred to the PVDF membrane which was blocked with 5 
% BSA and incubated with anti-p38 PI3K polyclonal antibody (1:1000; 
cat#: PA5-37820), anti-HNF-1α polyclonal antibody (1:500; cat#: 
22426–1-AP), anti-HNF-4α monoclonal antibody (1:1000; cat#: MA1- 
199), anti-iNOS polyclonal antibody (1:2000; cat#: PA1-036), anti- 
ERK1/2 monoclonal antibody (1:1000; cat#: 13–8600), or anti-β-actin 
monoclonal antibody (1:5000; cat# MA1-140) purchased from Ther
moFisher Scientific Co. (MA, USA) overnight at 4 ◦C on a roller shaker. 
Following washing, membranes were subsequently probed with horse
radish peroxidase-conjugated goat anti-rabbit immunoglobulin (1:1000; 
Dianova, HH, DE) for 1 h at room temperature. Chemiluminescence 
detection was performed with an Amersham detection kit (Amersham 
Biosciences, IL, USA) following the manufacturer’s protocol and 
exposed to X-ray film. The densitometric analysis of the autoradiograms 
was used to quantify the protein with the aid of a scanning laser 
densitometer (GS-800 system, Bio-Rad, CA, USA). Results were 
expressed as arbitrary units (AU) after normalization to β-actin protein 
expression. 

2.7. Analysis of renal mRNA expression of miR-127 and β3-AR 
using qRT-PCR technique 

The RNeasy mini kit (Qiagen, Venlo, NL) was used to extract total 
RNA, and the pureness of the gained RNA was confirmed spectropho
tometrically at 260/280 nm, and a matched amount of the extracted 
RNA was reverse transcribed into cDNA using RT-PCR kit (Promega, LEI, 
NL). As designed by the manufacturer, SYBR Green Master Mix (Applied 
Biosystems, CA, USA) was used to fulfill the quantitative RT-PCR. In a 
25 µl reaction volume, cDNA (5 µl) was mixed with SYBR Green mixture 
(12.5 µl), RNase-free water (5.5 µl), and 2 µl of the specific primers 
(Table 1). The PCR settings were denaturation (95 ◦C for 15 sec), 
annealing (60 ◦C for 60 sec), and extension (72 ◦C for 60 sec) for 40 
cycles. The relative expression of target genes was normalized to β-actin 
for the relative expression of β3-AR and to U6 for the relative expression 
of miR-127 using the 2-ΔΔ CT formula. 

2.8. Histopathological investigation 

The paraffinized kidney specimens were cut in sagittal sections at 5 
μm thickness to be stained with Hematoxylin and Eosin (H & E) [25] for 
blind histopathological examination. The specimen identity remained 
anonymous during both capturing and analyzing images. The renal 
histopathological alterations were studied in five non-overlapping 
microscopic fields including renal cortex, corticomedullary junction, 
and renal medulla (n = 3) and scored from 0 to 5 according to the 
encompassed percent as follows: normal (0 = 0 %); mild (1= <10 %); 
moderate (2 = 10–25 %); severe (3 = 25–50 %); very severe (4 = 50–75 
%); extensive damage (5= >75 %) [26]. 

2.9. Immunohistochemical detection of protein expression of NF-κB p65 
and CD-163 in the kidney 

The immunoreactivity of NF–κB p65 and CD-163 was examined in 
the renal tissue. To the obtained sections, the primary antibodies for NF- 
κB p65 (1:100; cat#: SC-8008; Santa Cruz Biotechnology Inc., TX, USA) 
and CD-163 (1:40; cat#: 163 M− 16; Cell Marque, CA, USA) were added 
and incubated and diaminobenzidine tetrachloride (DAB, Sigma- 
Aldrich, MO, USA) was then used to visualize the immune reaction. 
The appearance of a brown-stained cytoplasm and/or nuclei indicates 
the presence of positive immune reactive cells and the intensity/distri
bution of the brown discoloration is graded as negative (no staining), 
weak, moderate, or strong. In each section, positive staining was rep
resented as the area % immune expression from 5 randomly selected 
fields and averaged using image analysis software (Image J, version 
1.46a, NIH, Bethesda, MD, USA). 

2.10. Statistical analysis 

All continuous data obtained were expressed as mean ± SD and the 
one-way analysis of variance test (one-way ANOVA) followed by 
Tukey’s post hoc test was adopted for the statistical analysis of these 
data, but the Kruskal–Wallis test followed by Dunn’s multiple compar
ison test was used to analyze the ordinal data. Moreover, Pearson’s test 
was used to analyze the correlation results (p < 0.05. GraphPad Prism 
software, version 9 (GraphPad Software Inc., CA, USA) was used for the 
statistical analysis and drawings. 

3. Results 

Since no significant difference was detected between the normal 
group treated with mirabegron (Mira) and that treated with saline 
(Cont.), all comparisons were related to the latter group. 

3.1. Mirabegron improves renal function through activation of β3-AR in 
rats with HgCl2-induced AKI 

Relative to the Cont. group and as depicted in Fig. 1, exposure of 
animals to HgCl2 resulted in an obvious renal dysfunction verified by 
elevated serum levels of (A) creatinine (7 folds) and (B) BUN (2.6 folds), 
as well as (C) cystatin C (1.7 folds), (D) NGAL (2.5 folds), and (E) KIM-1 
(2.1 folds). Inversely, the administration of mirabegron normalized both 
creatinine and cystatin C and succeeded in leveling off BUN by 43 %, 
NGAL by 47 %, and KIM-1 by 34 %, as compared to the insult group. 
Nevertheless, these beneficial impacts of Mira were nullified by the pre- 
administration of SR 59230A, the selective β3-AR antagonist. 

3.2. Mirabegron upregulates the mRNA expression of β3-AR and miR- 
127 in rats with HgCl2-induced AKI 

The administration of HgCl2 (Fig. 2) has depleted the mRNA 
expression of (A) β3-AR to nearly one-fifth of its Cont. value and sharply 
downregulated (B) miR-127 to 17 % as compared to the Cont. group. 
Contrariwise, mirabegron succeeded in upregulating both β3-AR (3.7 
folds) and miR-127 (4.7 folds) relative to the HgCl2-exposed rats, effects 
that were abolished by the prior administration of the β3-AR antagonist 
to reach a non-significant level to those of AKI. 

3.3. Mirabegron signifies its anti-inflammatory capacity by inhibiting the 
NF-κB p65/iNOS axis in rats with HgCl2-induced AKI 

As depicted in Fig. 3, the section of (B) mirabegron reveals negative 
NF-κB p65 expression to mimic that of (A) the Cont. group. However, (C) 
HgCl2-induced AKI markedly intensified the renal immunoreactivity of 
NF-κB p65 to be canceled upon the post-administration of (D) mirabe
gron. To verify the role of β3-AR, the section of (E) mirabegron preceded 

Table 1 
Primer sequences of target proteins used in qRT-PCR.  

mRNA species Gene ID Primer sequence 5′-3′ 

miR-127 100,314,190 Forward: TAGTTTGGAGTTAGGGGTAGGGTAT 
Reverse: AATAAATCAAAAAAAACACCTCCAC 

U6 26,826 Forward 5‘-CTCGCTTCGGCAGCACA-3‘ 
Reverse 5‘- AACGCTTCACGAATTTGCGT-3‘ 

β3-AR 25,645 Forward: TAGTCCTGGTGTGGATCGTGTCCGC 
Reverse: GCGATGAAAACTCCGCTGGGAACTA 

β-Actin 81,822 Forward: AGCCATGTACGTAGCCATCC 
Reverse: ACCCTCATAGATGGGCACAG  
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by SR59230A re-intensified the protein expression of NF-κB p65. All 
these effects are summarized in panel F, where HgCl2 caused a 52.8-fold 
increase in NF-κB p65, whereas treatment with mirabegron leveled off 
its expression by 81 %, an effect that was nullified in the blocker-treated 
group. In the same pattern, (G) the protein expression of iNOS, a 
downstream target of NF-κB p65, was markedly boosted (4.7 folds), 
whereas treatment with mirabegron was able to downregulate this 
expression to 42 %, but in the presence of SR59230A, the iNOS 
expression was enhanced to imitate the effect of HgCl2. 

3.4. Mirabegron inhibits inflammatory cytokines and their downstream 
targets in rats with HgCl2-induced AKI 

Fig. 4 reveals that relative to the Cont. group, the insult bolstered (A) 
IL-4 (2.3 folds) and (B) IL-13 (3.4 folds), as well as their downstream 
regulatory protein (C) STAT-6 (2.7 folds) but halved the anti- 
inflammatory cytokine (D) IL-10. Mirabegron, on the other hand, hin
dered the effect of HgCl2 by leveling off IL-4, IL-13, and STAT-6 but 
increased that of IL-10 to 2.1-fold compared to the HgCl2-treated group. 
These effects were mediated by the activation of β3-AR since blocking 

Fig. 1. Effect of Mira with or without SR59230A on serum levels of (A) creatinine, (B) BUN, (C) cystatin C, (D) NGAL, and (E) KIM-1 in HgCl2-induced AKI 
in rats. Results are presented as means ± SD (n = 6) and the one-way ANOVA followed by Tukey’s Multiple Comparison tests was adopted to analyze the data 
statistically. As compared to the Cont. (*), Hg (#), and Hg + Mira (@)-treated group (p < 0.05). Mira was administered orally 1 and 24 hrs. after HgCl2 subcutaneous 
injection, whereas the selective β3-AR blocker SR59230A was administered intraperitoneally 15 min. before each dose of Mira. β3-AR: beta 3 adrenergic receptor; 
BUN: blood urea nitrogen; Cont.: control, Hg: mercuric chloride; KIM-1: kidney injury molecule-1; Mira: mirabegron; NGAL: neutrophil gelatinase-associated lip
ocalin; SR: SR59230A, a selective β3-AR antagonist. 

Fig. 2. Effect of Mira with or without SR59230A on the expression of (A) β3-AR, and (B) miR-127 in HgCl2-induced AKI in rats. Results are presented as 
means ± SD (n = 6). One-way ANOVA followed by Tukey’s Multiple Comparison tests was adopted to analyze the data statistically. As compared to Cont. (*), Hg (#), 
and Hg + Mira (@)-treated group (p < 0.05). Mira was administered orally 1 and 24 hrs. after HgCl2 subcutaneous injection, whereas the selective β3-AR blocker 
SR59230A was administered intraperitoneally 15 min. before each dose of Mira. β3-AR: beta 3 adrenergic receptor; Cont.: control, Hg: mercuric chloride; Mira: 
mirabegron; SR: SR59230A, a selective β3-AR antagonist. 
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this receptor returned all parameters to almost their level in the HgCl2 
group. To further verify the injurious effect of HgCl2, Fig. 5 shows that 
the nephrotoxic metal increased renal content of (A) IL-17 (2.7 folds) 
and its downstream targets (B) PI3K (5.8 folds) and (C) ERK1/2 (6.3 
folds) relative to the Cont. group. Contrariwise, the β3-AR agonist 
reduced the renal content of IL-17, as well as the protein expression of 
PI3K and ERK1/2 to be upregulated once more by the β3-AR antagonist. 

3.5. Mirabegron inhibits the protein expression of HNF-4α and HNF-1α in 
rats with HgCl2-induced AKI 

In Fig. 6, HgCl2 extended its inflammatory event and upregulated the 
protein expressions of the upstream axis of NF-κB p65 (A) HNF-4α (5.3 
folds) and (B) HNF-1α (6.6 folds) compared to the Cont. group. 
Conversely, mirabegron signified its anti-inflammatory effect by sup
pressing both HNF-4α and HNF-1α by around 55 % compared to the 
HgCl2-exposed rats in a β3-AR-dependent manner. In this regard, SR 
59230A successfully antagonized the mirabegron effect and doubled the 
expression of the transcriptional activators to replicate the effect of 
HgCl2. 

3.6. Mirabegron suppresses the phenotypic markers of macrophages M1 
and M2 in rats with HgCl2-induced AKI 

The nephrotoxic metal triggered unexpectedly the two types of 
macrophages, as evidenced by the induction of both NF-κB p65 and 
iNOS (M1 phenotype markers) and the cytokines IL-4, IL-13, and IL-17 
(M2 phenotype markers). Additionally, Fig. 7 supports the activation 
of the M2 phenotype by the strengthened immune expression of CD163, 
an indicator of M2 macrophages, in the (C) HgCl2-treated group 

opposite to both (A) Cont. and (B) mirabegron-Cont. groups that show 
negative immune expression. However, post-administration of (D) mir
abegron to the nephrotoxic rats divulged a weak immune expression of 
this factor, an effect that was canceled by the pre-administration of the 
(E) β3-AR blocker. All these effects are summarized in panel F. 

3.7. Mirabegron reduced oxidative stress and enhanced the protein 
contents of PPAR-α and claudin-2 in HgCl2-induced AKI 

As shown in Fig. 8, HgCl2 injurious effect triggered oxidative stress 
indicated by the 3.6-fold increase in the lipid peroxide marker (A) MDA. 
Moreover, the insult sharply abated the renal contents of (B) PPAR-α and 
the TJ (C) claudin-2 to almost one-third of the Cont. values. However, 
mirabegron reverted the effect of the nephrotoxic metal, where it 
signified its antioxidant effect by reducing MDA but augmented the 
nephroprotective proteins PPAR-α and claudin-2, effects that were 
annulled by the β3-AR antagonist. 

3.8. Mirabegron improves the renal histopathological alterations induced 
by HgCl2 

As illustrated in Fig. 9, administration of (C) HgCl2 altered the renal 
architecture in the cortex and medulla. The renal tubular lining epithelia 
reveal vacuolar degeneration and coagulative necrosis, besides the 
presence of eosinophilic renal cast in the lumen, and infiltration of in
flammatory cells compared to the (A, B) control groups which show 
normal histoarchitecture of renal parenchyma of the glomeruli and renal 
tubules. However, the (D) mirabegron-treated group presents a reces
sion of the formerly stated injuries revealing slight vacuolar degenera
tion of the epithelial lining and the presence of renal casts in the lumen 

Fig. 3. Effect of Mira with or without SR59230A on renal NF-κB p65 immunoreactivity and protein expression of iNOS in HgCl2-induced AKI in rats. 
Section of (C) HgCl2 showed intense expression of NF-κB p65 relative to the null expression seen in sections of (A & B) Cont. and Mira. The expression was sharply 
depleted in the section of (D) HgCl2 + Mira to be strengthened again in the section of (E) HgCl2 + SR59230A + Mira. Panel F summarizes these data. Panel (G) 
duplicates the previous effects on the protein expression of iNOS. Results are presented as means ± SD (n = 3) and the one-way ANOVA followed by Tukey’s Multiple 
Comparison tests was adopted to analyze the data statistically. As compared to Cont. (*), Hg (#), and Hg + Mira (@)-treated group (p < 0.05). Mira was administered 
orally 1 and 24 hrs. after HgCl2 subcutaneous injection, whereas the selective β3-AR blocker SR59230A was administered intraperitoneally 15 min. before each dose 
of Mira. β3-AR: beta 3 adrenergic receptor; Cont.: control, Hg: mercuric chloride; iNOS: inducible nitric oxide synthase; Mira: mirabegron; NF-κB: nuclear factor 
kappa B. SR: SR59230A, a selective β3-AR antagonist. 
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of some renal tubules. Such amendments were greatly reversed by the 
administration of (E) SR 59230A which depicts injuries in the renal 
tubules indicated by vacuolar degeneration and coagulative necrosis in 
the epithelium, renal cast in the lumen, and infiltration of inflammatory 
cells. Panels F and G summarize the impact of the different treatments on 
the collective and individual damage scoring, respectively. 

3.9. Correlation analysis 

Besides the documented impact of β3-AR on kidney function by using 
the blocker SR 59230A, Fig. 10 further supports this link, where the gene 
expression of this receptor displayed a high inverse correlation with (A) 
creatinine (r = -0.98, p = 0.0025), (B) BUN (r = -0.99, p = 0.0001), (C) 
cystatin-C (r = -0.99, p < 0.0001), (D) NGAL (r = -0.99, p < 0.0001), and 
(E) KIM-1 (r = -0.99, p = 0.0003). Moreover, to study the potential role 
of miR-127 on the TJ (F) claudin-2, the correlation analysis between the 
two parameters revealed a direct positive link (r = 0.99, p < 0.0001), 
wheras a strong negative correlation existed between miRNA-127 and 
(G) STAT-6 (r=-0.99, p< 0.0001). 

4. Discussion 

To the authors’ knowledge, our study is the first to identify and 
characterize the role of β3-AR in alleviating HgCl2-induced kidney 
injury. Mirabegron acted by its anti-inflammatory and anti-oxidant 
characteristics besides inactivating the macrophage phenotypes and 
enhancing claudin-2 to restore the leaky nature of the proximal tubules 

to cations and water. Mirabegron inhibited the inflammatory tran
scription factor NF-κB p65 and the correlated cytokines (IL-4, IL-13, IL- 
17) and iNOS to abrogate the inflammatory loop, as well as the activated 
macrophages being released by the activated M1 and M2. Additionally, 
mirabegron offered these effects by modulating several intersecting 
signaling pathways, such as IL-4/PI3K, IL-4 & IL-13/STAT-6, IL-17/ 
ERK1/2/NF-κB p65, and HNF-4α/HNF-1α/NF-κB p65. Indeed, mirabe
gron has upregulated β3-AR mRNA and miRNA-127 with the enhance
ment of PPAR-α to aid in the anti-inflammatory role and to improve 
kidney function. The pre-administration of SR 59230A has nullified such 
beneficial effects to confirm the role of β3-AR. 

Our data highlighted firstly the ability of the HgCl2-induced AKI to 
downregulate the expression of β3-AR to partake in the renal patho
mechanisms of this metal since this negative impact correlated inversely 
with the elevated renal biomarkers. Besides activating the β3-AR, mir
abegron has upregulated its gene expression, as well to concur with an 
earlier finding [27] in which the authors reported that, distinct from β1 
and β2-ARs, the activation of the isotype β3 enhances its own tran
scription. To verify the dependence of mirabegron on the activation of 
β3-AR, blocking this receptor has re-escalated the kidney function pa
rameters to mimic the effect of HgCl2. 

After binding to its receptor mirabegron modulated myriad factors 
that crosstalk to clarify its possible mechanism(s). Firstly, mirabegron by 
upregulating the expression of miR-127 explains its reno-therapeutic 
effect, where this miR was reported to defend proximal tubular cells 
against renal ischemia/reperfusion (I/R) injury through preservation of 
the cytoskeleton and TJ organization [28]. In the same milieu, it was 

Fig. 4. Effect of Mira with or without SR59230A on renal contents of (A) IL-4, (B) IL-13, (C) STAT-6, and (D) IL-10 in HgCl2-induced AKI in rats. Results are 
presented as means ± SD (n = 6) and the one-way ANOVA followed by Tukey’s Multiple Comparison tests was adopted to analyze the data statistically. As compared 
to Cont. (*), Hg (#), and Hg + Mira (@)-treated group (p < 0.05). Mira was administered orally 1 and 24 hrs. after HgCl2 subcutaneous injection, whereas the selective 
β3-AR blocker SR59230A was administered intraperitoneally 15 min. before each dose of Mira. β3-AR: beta 3 adrenergic receptor; Cont.: control, Hg: mercuric 
chloride; IL-: interleukin-; Mira: mirabegron; NF-κB: nuclear factor kappa B; SR: SR59230A, a selective β3-AR antagonist; STAT-6: signal transducer and activator of 
transcription 6. 
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reported that the knockdown of miR-127 has aggravated the insult, a 
finding that can be extrapolated to the injurious effect of HgCl2 which 
downregulated miR-127. This effect depends on the activation of β3-AR 
as proven herein in the blocker-treated group. Whether β-receptors can 
modulate the expression of different miRs has been proven in several 
aspects [29,30], however, the modulatory role of β3-AR on miR-127 to 
preserve kidney function is tested here for the first time. 

In 2013, Park et al. [31] recounted the role of this non-coding mRNA 
in inhibiting inflammatory events justified by the suppression of NF-κB 
p65 and IL-1β to minimize catabolic effects in human chondrocytes. 
Thus, the upregulation of miR-127 in our study can be one cause of the 
anti-inflammatory capacity of mirabegron evinced herein by the sup
pressed protein expression of NF-κB p65, in a β3-AR-dependent manner, 

to participate in the improved kidney function. The provoked inflam
matory events are considered critical features for the injurious role of 
HgCl2 [32,33] and are intimately linked to renal disease. Although no 
data recounted the anti-inflammatory effect of β3-AR in the kidney, a 
previous study stated that activation of adrenergic β receptors using 
isoproterenol succeeded in reducing this transcription factor [34]. 
Additionally, we reported recently that the anti-colitic effect of mir
abegron in an ulcerative colitis model involves the suppression of NF-κB 
p65 protein [18], results that back our current findings. 

The suppressed NF-κB p65 by mirabegron entailed the cytokines IL- 
4, IL-13, and IL-17 but increased that of the anti-inflammatory cytokine 
IL-10. The beneficial role of IL-10 has been reported earlier in both 
ischemic and cisplatin-induced AKI [35] to support the present findings. 

Fig. 5. Effect of Mira with or without SR59230A on renal content of (A) IL-17, and the protein expressions of (B) PI3K and (C) ERK½ in HgCl2-induced AKI 
in rats. Results are presented as means ± SD (n = 6/3) and the one-way ANOVA followed by Tukey’s Multiple Comparison tests was adopted to analyze the data 
statistically. As compared to Cont. (*), Hg (#), and Hg + Mira (@)-treated group (p < 0.05). Mira was administered orally 1 and 24 hrs. after HgCl2 subcutaneous 
injection, whereas the selective β3-AR blocker SR59230A was administered intraperitoneally 15 min. before each dose of Mira. β3-AR: beta 3 adrenergic receptor; 
Cont.: control, ERK½: extracellular signal-regulated kinase ½; Hg: mercuric chloride; IL-17: interleukin-17; Mira: mirabegron; PI3K: phosphoinositide 3-kinase; SR: 
SR59230A, a selective β3-AR antagonist. 

Fig. 6. Effect of Mira with or without SR59230A on renal protein expression of (A) HNF-4α and (B) HNF-1α in HgCl2-induced AKI in rats. Results are 
presented as means ± SD (n = 3) and the one-way ANOVA followed by Tukey’s Multiple Comparison tests was adopted to analyze the data statistically. As compared 
to Cont. (*), Hg (#), and Hg + Mira (@)-treated group (p < 0.05). Mira was administered orally 1 and 24 hrs. after HgCl2 subcutaneous injection, whereas the selective 
β3-AR blocker SR59230A was administered intraperitoneally 15 min. before each dose of Mira. β3-AR: beta 3 adrenergic receptor; Cont.: control, Hg: mercuric 
chloride; HNF: hepatocyte nuclear factor (-4α; − 1α); Mira: mirabegron; SR: SR59230A, a selective β3-AR antagonist. 
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On the other hand, IL-4, − 13, and − 17 were part of the injurious players 
as reported here and hitherto, where exposure of the kidney to inorganic 
mercury increased IL-4 [36,37] and IL-17 [38] to perform a toxic role. In 
addition, elevated IL-4 is suggested as a predictor of cardiovascular 
events that are associated with chronic kidney disease (CKD) [39]. 
Moreover, the inflammatory cytokines IL-17 and IL-13 keep the in
flammatory loop running since IL-17 is an inducer of IL-13, and both are 

considered upstream signaling molecules for NF-κB p65 [40,41]. 
Additionally, mirabegron leveled off STAT-6 which is a downstream 

target of the activated IL-17/IL-13 axis [42], and signaling through the 
IL-17/IL-13/STAT-6 trajectory is considered a crucial mechanism to the 
HgCl2-induced AKI, a finding that matches earlier studies using models 
of polycystic kidney disease [43] and doxorubicin-induced AKI [44]. 
The latter authors tethered this signaling pathway with the induction of 

Fig. 7. Effect of Mira with or without SR59230A on renal CD-163 immunoreactivity in HgCl2-induced AKI in rats. Compared to sections of (A) Cont. and (B) 
Mira, which show no protein expression, the section of (C) HgCl2 reveals a high expression of this cluster. However, the section of (D) HgCl2 + Mira depleted this 
expression, which was intensified again in the section of (E) HgCl2 + SR59230A + Mira. Panel (F) depicts the percentage area of positive CD-163. Results are 
presented as means ± SD (n = 3) and the one-way ANOVA followed by Tukey’s Multiple Comparison tests was adopted to analyze the data statistically. As compared 
to Cont. (*), Hg (#), and Hg + Mira (@)-treated group (p < 0.05). Mira was administered orally 1 and 24 hrs. after HgCl2 subcutaneous injection, whereas the selective 
β3-AR blocker SR59230A was administered intraperitoneally 15 min. before each dose of Mira. β3-AR: beta 3 adrenergic receptor; CD-163: cluster of differentia
tion 163; Cont.: control, Hg: mercuric chloride; Mira: mirabegron; SR: SR59230A, a selective β3-AR antagonist. 

Fig. 8. Effect of Mira with or without SR59230A on renal contents of (A) MDA, (B) PPAR-α, and TJ (C) claudin-2 in HgCl2-induced AKI in rats. Results are 
presented as means ± SD (n = 6/3) and the one-way ANOVA followed by Tukey’s Multiple Comparison tests was adopted to analyze the data statistically. As 
compared to Cont. (*), Hg (#), and Hg + Mira (@)-treated group (p < 0.05). Mira was administered orally 1 and 24 hrs. after HgCl2 subcutaneous injection, whereas 
the selective β3-AR blocker SR59230A was administered intraperitoneally 15 min. before each dose of Mira. β3-AR: beta 3 adrenergic receptor; Cont.: control, Hg: 
mercuric chloride; MDA: malondialdehyde; Mira: mirabegron; PPAR-α: peroxisome proliferative activated receptor-alpha; SR: SR59230A, a selective β3- 
AR antagonist. 
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renal inflammatory response, oxidative stress, and cell apoptosis. 
Moreover, the currently increased IL-4 intersects with IL-13 and stim
ulates also STAT-6, where Dutta et al., [45] proved that IL-4 is also 
upstream of STAT-6. 

Apart from being a major transcription factor of pro-inflammatory 
cytokines, NF-κB p65 is responsible for the activation of iNOS [46,47] 
to pose HgCl2 nephrotoxicity [48] and kidney injury [49]. The current 
inhibitory effect of mirabegron on iNOS goes in line with that reported 
in experimental models of OUB [50]. This effect contributes to its 
beneficial role against HgCl2, where mirabegron offered cardio- 
protection against angiotensin II insult by suppressing iNOS [51]. In 
the same milieu, the antioxidant potential of mirabegron, proven here 
by the inhibition of HgCl2-induced lipid peroxidation and earlier in a 
colitic model [18] is another player that integrates with its anti- 
inflammatory role to interrupt the injurious vicious cycle tethering 
oxidative stress with inflammation. This fact has been addressed earlier, 
where Gonzalez [46] reported that in an in-vitro model, treatment of 
hepatocytes with IL-1β increased the transcription factor NF-κB p65 
which in turn activated iNOS to consequently augment the over
production of oxidative stress. Other participants in the inflammatory 
scene are ERK1/2 and PI3K which were boosted in the HgCl2 untreated 
group to assent with previous findings [52–54]. Moreover, the 
enhancement of ERK1/2 and PI3K/Akt axis was reported to partake in 
the induction of NF-κB p65 [55] and the injurious impact of the 
signaling pathway IL-17/ERK1/2/NF-κB p65 has been reported earlier in 
a cardio-injury model [56]. Thus, the mirabegron-mediated inhibition 
of the IL-17/ERK1/2 axis and PI3K adds a further explanation for the 

suppressed NF-κB p65 and the quelling of the inflammatory progress. 
We proved also that mirabegron has increased PPAR-α which is 

strongly expressed in the kidney [57] to match the earlier findings 
revealing that activation of β3-AR has upregulated the expression PPAR- 
α in a model of atherosclerosis [58]. The enhancement of this tran
scription factor can further elucidate the anti-inflammatory mechanism 
of mirabegron since it is known that PPAR-α interacts with NF-κB p65 to 
interfere with its DNA binding [59]. Moreover, this receptor crosstalk 
with the inflammatory cytokines, where it was reported that PPAR-α 
knockout mice had a higher level of IL-13 [60] and that the activated 
PPAR-α mediates an anti-inflammatory effect in IL-10 deficient mice 
with colitis by decreasing IL-17 [61] Additionally, the activation of 
PPAR-α by fenofibrate offered renoprotection by the repression of NF-κB 
[62]. 

Another novel finding reported herein is the mirabegron-induced 
downregulation of the protein expression of hepatocyte nuclear factors 
1 alpha (HNF-1α) and HNF-4 and their upregulation after the HgCl2 
insult. Indeed, HNF-1α is a transcriptional activator whose activity is 
controlled by that of HNF-4α [63]. HNF-1α has been expressed in the 
liver, pancreas, and kidney [64] to mediate specific cellular functions 
and regulate targeting signals which are somehow addressed in the liver 
and pancreas but still ambiguous in the kidney [65]. The expression of 
the two transcriptional activators mainly in the proximal convoluted 
tubules is to maintain their physiological function and regulate renal 
trafficking and transportation [66]. Despite the protective role, our 
HgCl2 insult has upregulated their protein expression, an effect that may 
be linked with the inflammatory events recalled herein. This concept can 

Fig. 9. Effect of Mira with or without SR59230A on renal histopathology in HgCl2-induced AKI in rats. Photomicrographs representing H&E-stained renal 
cortex, corticomedullary junction, and renal medulla (X 200; scale bar 50 μm) show the normal histological characters of renal parenchyma, normal glomeruli (GL), 
and renal tubules (RT) in groups of (A) Cont. and (B) Mira. However, the epithelial lining of renal tubules from the section of (C) HgCl2 depicts vacuolar degeneration 
(VD) and coagulative necrosis (NC), besides eosinophilic renal cast in the lumen of renal tubules (RC) and inflammatory cells infiltration (IF). Nevertheless, treatment 
with (D) Mira shows a marked improvement in the microscopic examination as verified by the slight VD of epithelium tubules, RC, and NC, effects that were canceled 
in the section of (E) HgCl2 + SR25230A + Mira to resemble the alterations mediated by HgCl2. Panels F and G demonstrated the score of collective and individual 
changes, respectively. Results are presented as median (min–max) (n = 3) and the Kruskal Wallis test, followed by the post-hoc Dunn’s test was adopted to compare 
the different groups (p < 0.05). As compared to Cont. (*), Hg (#), and Hg + Mira (@)-treated groups. Mira was administered orally 1 and 24 hrs. after HgCl2 
subcutaneous injection, whereas the selective β3-AR blocker SR59230A was administered intraperitoneally 15 min. before each dose of Mira. β3-AR: beta 3 
adrenergic receptor; Cont.: control, Hg: mercuric chloride; Mira: mirabegron; SR: SR59230A, a selective β3-AR antagonist. 
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be upheld by the findings of Lin et al. [67] stating that the enhancement 
of HNF-1α activates NF-κB p65 and its trajectory to reduce the gene 
expression/replication of the hepatitis B virus. In the same concept, 
Sucajtys-Szulc et al. [68] owed the pro-inflammatory effect of HNF-1α in 
a model of CKD to the increased expression of NF-κB p65 and its 
downstream targets and concluded that HNF-1α can be upstream of NF- 
κB p65 in livers of patients with CKD. Regarding HNF-4, Gonzalez [46] 
proved that the IL-1β/NF-κB p65 axis-induced iNOS requires first the 
activation of HNF-4 to increase the link of HNF-4 to the iNOS promoter. 
Hence, the aptitude of mirabegron, by activating the β3-AR, to lessen 
HNF-1α and HNF-4 can adjoin to its anti-inflammatory role. 

Besides the participation of the activated cytokines in the renal in
flammatory process, the activation of resident macrophages, among 
other inflammatory cells, integrates to complete the inflammatory 
network. Although the pro-inflammatory cytokines are triggered simply 
following AKI, the response of the macrophages is over-simplification, 
where their ability to polarize from one phenotype to the other de
pends on their functional plasticity and their role in tissue injury and 
repair [69]. 

Our findings revealed a concomitant increment in the content/pro
tein expression of the M1 phenotype markers (NF-κB p65, iNOS, IL-17), 
as well as those of M2 (IL-4, IL-13, CD163, STAT6, ERK1/2) after the 
induction of AKI model. The post-administration of mirabegron, on the 
other hand, has leveled these markers off to be reactivated in the group 
of SR59230A, results that confirm the results of Hadi et al. [19], who 
recounted the expression of β3-AR in macrophages. Although it is 
commonly reported that under simple acute responses, M1 macrophages 
progress linearly to the M2 phase, however, in chronic conditions, both 
phenotypes may coexist [8], a recent study [70] pointed to the activa
tion of the M2 phenotype in AKI. This effect may mediate a compensa
tory mechanism to abate the M1-induced inflammation and to heal the 
injured kidney [71,72] as abetted by the findings of Moeckel et al [7]. 
Despite the common beneficial role of M2, another study suggested the 

participation of the M2 cells in the inflammatory event by recruiting 
neutrophils after releasing certain chemokines [73]. In addition, other 
studies stated that activated M2 macrophages may provoke renal 
fibrosis apart from their amendment effects against injurious insults 
[74,75]. Therefore, the current co-existence of M1/M2 macrophages 
may result from the release of diverse signaling molecules resulting in a 
complex interconnected array of responses to enhance the activation of 
both phenotypes. 

In a model of COPD, the ratio of M2/M1 was increased along with the 
PI3K/AKT axis to prove its role in the activation of M2 polarization [76]. 
Our findings, hence, coincide with the previous study, where the HgCl2 
insult has induced PI3K along with the activation of M2. Whether these 
increments favor the compensatory effect of activated M2 is yet to be 
clarified, since PI3K has accompanied kidney injury in different models 
including the inorganic mercury [53,54,77]. Another activator of the 
M2 polarization is STAT6, a regulator of IL-4-stimulated M2 macro
phage [78]. Finally, activated ERK1/2, a member of the mitogen- 
activated protein kinase (MAPK) signaling pathways, has been re
ported to play a pivotal role in promoting the survival of M1 macro
phages in CKD [79]. Later, another study highlighted the role of this 
MAPK member in the stimulation of M2 polarization [80]. The HgCl2- 
inducing effect on M1/M2-related markers besides PI3K, ERK1/2, and 
STAT6 has been reversed by mirabegron to be re-enhanced upon using 
the β3-AR antagonist. In a previous study, Finlin et al. [81] indicated the 
ability of mirabegron to augment M2 markers (CD163+/CD68+) but not 
those of M1 (CD86+/CD68+) in inflamed adipose tissue of obese 
humans. Though this finding is partly opposite to our data, mirabegron 
here has succeeded to correct both the altered M1, as well as its markers. 
Moreover, the mirabegron-induced inhibition of the activated macro
phages can be endowed to the activated PPAR-α, where this transcrip
tion factor is expressed in these cells [82,83] to function as an immuno- 
modulator to suppress ROS and iNOS-mediated RNS released from M1 
macrophages [84]. 

Fig. 10. Correlation between β3-AR and (A) creatinine, (B) BUN, (C) cystatin-C, (D) NGAL, and (E) KIM-1 as well as the correlation between the TJ claudin- 
2 with (F) miR-127 and (G) STAT-6 in HgCl2-induced AKI in rats. Correlations for the measured parameters were carried out using Pearson’s correlation test. Mira 
was administered orally 1 and 24 hrs. after HgCl2 subcutaneous injection, whereas the selective β3-AR blocker SR59230A was administered intraperitoneally 15 min. 
before each dose of Mira. β3-AR: beta 3 adrenergic receptor; BUN: blood urea nitrogen; Cont.: control; Hg: mercuric chloride; KIM-1: kidney injury molecule-1; Mira: 
mirabegron; NGAL: neutrophil gelatinase-associated lipocalin; SR: SR59230A, a selective β3-AR antagonist, STAT-6: signal transducer and activator of transcrip
tion 6. 
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The last participant in the reno-therapeutic effect of mirabegron is 
claudin-2, a TJ expressed in the kidney mainly in the proximal tubules to 
govern cation and water permeability by acting as a leaky ion channel 
[10]. Treatment with mirabegron antagonized the HgCl2 inhibitory ef
fect and increased the renal content of claudin-2, an effect that depended 
on the stimulation of β3-AR. The beneficial role of the augmented TJ was 
recounted earlier against a renal I/R model, where the absence of 
claudin-2 aggravated the injurious effect of this insult [11]. The mir
abegron stimulating effect is related to several factors; the upregulation 
of miR-127 can be the first reason behind the augmented claudin-2 as 
shown herein by the strong positive correlation between them. Previ
ously, it was reported that this non-coding mRNA preserved kidney 
function by enhancing the organization of ZO-1, another TJ [28]. 
Moreover, the antioxidant and anti-inflammatory capacity of mirabe
gron besides the increased miR-127 [31], can be partly responsible for 
the enhanced claudin-2. Indeed, previous studies recounted that ROS 
and the inflammatory cascade decrease its formation [10,85]. Addi
tionally, the mirabegron-induced suppression of NF-κB p65 and its up
stream signals ERK1/2 and PI3K/AKT [10,55] partakes in the restoration 
of claudin-2 as stated previously that signaling through ERK1/2 pathway 
negatively regulates claudin-2 in the PCT [86]. In the same milieu, 
Naringenin, a flavanone that enhances the β-adrenergic agonist isopro
terenol [87] was found to increase claudin-2 in Madin–Darby canine 
kidney II cell monolayers [88] and to mediate its anti-inflammatory and 
anti-oxidant effects against acute lung injury by inhibiting the PI3K/AKT 
pathways [89] to shed some light on the injurious role of the latter hub. 
Despite no research linked between renal STAT-6 and claudin-2, our 
results showed a strong negative relationship between both. However, in 
intestinal injurious models, a positive regulatory effect of STAT-6 on the 
expression of claudin-2 was recorded amply [90,91], a discrepancy that 
can be linked to the different organs used. Moreover, the inhibitory 
impact of mirabegron on the inflammatory cytokines IL-4, IL-13, and IL- 
17 cannot be ruled out, where they are chained with NF-κB p65 as tar
gets and inducers and are considered upstream of STAT-6, ERK1/2, and 
PI3K as mentioned earlier. The last effector studied herein is PPAR-α 
which parallels claudin-2 in the studied groups to concur with an earlier 
finding in an early diabetes-induced nephropathy model [92]. These 
authors reported a decrease in the two proteins in the nephropathic 
group and concluded that diabetes affects renal function and alters TJ 
besides PPAR-α. 

To recapitulate our findings, we proved herein that mirabegron, 
depending on the activation of β3-AR, can be useful in treating the 
injurious effect of the nephron-toxicant HgCl2. Mirabegron mediated its 
reno-therapeutic effect by the suppression of inflammatory cascades and 
oxidative stress, besides the activated M1/M2 macrophages. Addition
ally, mirabegron stimulated the beneficial factors, such as miR-127, 
PPAR-α, and the TJ claudin-2. These effects resulted from turning off 
several intersecting inflammatory trajectories as IL-17/ERK1/2/NF-κB 
p65, IL-4 & IL-13/STAT-6; IL-4/ & IL-17/PI3K, IL-17/ERK½/NF-κB p65, 
HNF-4α/HNF-1α/NF-κB p65 that entailed also the suppression of the 
activated macrophage phenotypes. Hence, our data may nominate the 
repurposing of mirabegron in the treatment of HgCl2-induced AKI and 
urge further examinations of the β3-AR agonist in other AKI models. 
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