
Research in Pharmaceutical Sciences, June 2025; 20(3): 343-355 School of Pharmacy & Pharmaceutical Sciences 
Received: 06-03-2024 Isfahan University of Medical Sciences 
Peer Reviewed: 05-05-2024 
Revised: 11-06-2024 
Accepted: 16-06-2024 
Published: 17-06-2025 

 Original Article 
 

 
*Corresponding author: P. Reisi 
Tel: +98-3137929033, Fax: +98-3136688597 
Email: parhamzh@gmail.com, p_reisi@med.mui.ac.ir 
 
 

 
Klotho microinjection into the RVLM attenuates acute kidney injury 
via interaction with the cholinergic anti-inflammatory pathway in rats  

 
Fatemeh Ahmadi1, Elahe Amohashemi1, Mohammad Kazemi2, Hossein Salehi3,  

and Parham Reisi1,4,* 
 

1Department of Physiology, School of Medicine, Isfahan University of Medical Sciences, Isfahan, I.R. Iran. 
2Department of Genetics and Molecular Biology, School of Medicine, Isfahan University of Medical Sciences, Isfahan, 

I.R. Iran. 
3Department of Anatomical Sciences, School of Medicine, Isfahan University of Medical Sciences, Isfahan, I.R. Iran. 

4Applied Physiology Research Center, Cardiovascular Research Institute, Isfahan University of Medical Sciences, 
Isfahan, I.R. Iran. 

 
Abstract 

 
Background and purpose: The Klotho (Klo) gene, an aging suppressor in rats, accelerates aging when 
disrupted and extends lifespan when overexpressed. It encodes a transmembrane protein primarily expressed 
in renal tubules. This study investigated the protective effects of central Klo, both alone and in combination 
with cholinergic anti-inflammatory pathway (CAP) inhibition, against ischemia-reperfusion injury (IRI)-
induced acute kidney injury. The current study evaluated the expression of inflammatory and anti-
inflammatory genes (including Il1b, Tnfa, Tgfb, Trem2, and Il10) in the kidney, alongside plasma levels of 
creatinine (Cr), blood urea nitrogen (BUN), and signs of acute tubular injury. 
Experimental approach: Klo was microinjected into the rostral ventrolateral medulla, and CAP inhibition 
was achieved through intraperitoneal administration of mecamylamine (Mec). Real-time RT-PCR and 
hematoxylin and eosin staining were used for gene expression analysis and histopathological examination, 
respectively. 
Findings/Results: The results showed elevated Cr and BUN levels, tubular injury, and increased inflammatory 
gene expression in IRI and IRI + Mec groups, as well as reduced Il10 in the IRI + Mec group. Klo exhibited 
protective effects. Elevated Tgfb expression was seen in IRI + Klo and IRI + Mec + Klo groups one week post-
surgery. 
Conclusion and implications: These findings indicated Klo potential to extend lifespan and protect against 
age-related diseases, including kidney disease and inflammation, via neural modulation of peripheral 
immunity. 
 
Keywords: Acute kidney injury; Cholinergic anti-inflammatory pathway; Klotho; Mecamylamine; Rostral 
ventrolateral medulla. 

 
INTRODUCTION 

 
Klotho (Klo), an activator of fibroblast 

growth factor 23 (1), reduces tumor necrosis 
factor-α (TNF-α) and transforming growth 
factor-β (TGF-β) levels (2,3). It exists in 3 
subfamilies, including α-Klo, β-Klo, and γ-Klo, 
with receptors identified in the brain, including 
the medulla (4). Klo, known for its interaction 
with erythropoietin as a protective factor (5) 
and anti-aging properties (6), influences brain 

processes such as learning and memory (7). 
However, Klo, highly concentrated in the 
kidney distal convoluted tubules (8) and the 
brain choroid plexus (9), is crucial for 
erythropoietin production and the metabolism 
of calcium, phosphate, and vitamin D (5,10). 
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Enhanced Klo expression via genetic 
manipulation improves kidney function and 
morphology in chronic and acute kidney 
injuries (AKI) (11). Klo deficiency, an early 
event in AKI (12), exacerbates inflammatory 
cytokines (12,13)potentially worsening kidney 
function, glomerulonephritis, and chronic 
kidney disease (14,15). The conditions                        
are further complicated by infection-triggered 
renal inflammation, ischemia-reperfusion 
injury (IRI), and immune complex deposition 
(16). 

The cholinergic anti-inflammatory pathway 
(CAP) facilitates cross-talk between the 
immune and nervous systems, impacting both 
innate and adaptive immunities (17). The α7-
nicotinic acetylcholine receptors (nAChRs) are 
crucial mediators of the interactions (18). 

Klo, found as a neuropeptide in the rostral 
ventrolateral medulla (RVLM), reduces neuron 
activity (4) and regulates postganglionic 
sympathetic fibers to organs such as the kidneys 
(19). The fibers affect immune cells and 
inflammatory cytokines (20). The RVLM also 
integrates higher center information for blood 
pressure regulation, coordinating sympathetic 
output (21). 

This study specifically aimed to assess the 
protective role of Klo against peripheral 
inflammations. Accordingly, we administered 
an extremely low dose of Klo in the medulla, 
insufficient to directly exhibit antioxidant 
effects on peripheral tissues. Instead, we 
focused on evaluating the neuropeptide-like 
action of Klo on anti-inflammatory pathways 
regulated by the autonomic nervous system. 
Additionally, the peripheral secondary effects 
of Klo were explored by examining its 
influence on the control centers of the 
autonomic nervous system. The current 
findings provided valuable insights into the role 
of the CAP system and the indirect protective 
function of the sympathetic system. 
 

MATERIALS AND METHODS 
 
Animals 

This study employed an experimental design 
using male Wistar albino rats (weighing 200-
250 g) obtained from the animal house of the 
School of Pharmacy and Pharmaceutical 

Sciences (Isfahan, Iran). The rats were 
maintained under a 12-h light-dark cycle with 
unlimited access to food and water. Each rat 
was housed individually in a polypropylene 
cage with wood shavings replaced with new 
ones daily. The cages were numerically 
designated, and each rat was randomly assigned 
to a cage. This study was approved by the 
Ethics Committee of the Isfahan University of 
Medical Sciences with ethical code 
IR.MUI.MED.REC.1400.626. In addition, all 
experimental procedures were conducted in 
accordance with the National Institute of Health 
Guide for the Care and Use of Laboratory 
Animals (NIH Publications No. 80-23), revised 
2010. 

 
Experimental design 

Eighty rats were randomly divided into                   
8 groups (n = 10). Group 1 was exposed by 
surgery procedure without inducing IRI 
accompanied by intraperitoneal (IP) injection 
of saline as mecamylamine (Mec) vehicle and 
injection of saline as Klo vehicle into RVLM 
(sham); group 2 was exposed by surgery 
procedure without inducing IRI accompanied 
by IP injection of Mec and injection of Klo 
vehicle into RVLM (sham + Mec); group 3 was 
exposed by surgery procedure without inducing 
IRI accompanied by IP injection of Mec vehicle 
and injection of Klo into RVLM (sham + Klo); 
group 4 was exposed by surgery procedure 
without inducing IRI accompanied by IP 
injection of Mec and injection of Klo into 
RVLM (sham + Mec + Klo); group 5 was 
exposed by IRI accompanied by IP injection of 
Mec vehicle and injection of Klo vehicle into 
RVLM (IRI); group 6 was exposed by IRI 
accompanied by IP injection of Mec and 
injection of Klo vehicle into RVLM                   
(IRI + Mec); group 7 was exposed by IRI 
accompanied by IP injection of Mec vehicle 
and injection of Klo into RVLM (IRI + Klo); 
group 8 was exposed by IRI accompanied by IP 
injection of Mec and injection of Klo into 
RVLM (IRI + Mec + Klo). Twenty-four h and 
7 days post-treatment, 3 rats from each group at 
each time point were selected for gene 
expression analysis. Additionally, 7 days post-
treatment, the remaining 4 rats were sacrificed 
for histological analysis. In all rats, body and 
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kidney weight measurements, as well as the 
assessment of serum blood urea nitrogen 
(BUN) and creatinine (Cr) levels, were 
conducted at different time points (22).  
 
IRI surgical procedure 

To induce IRI, rats were anesthetized with 
ketamine (100 mg/kg, IP) (23,24) and xylazine 
(5 mg/kg, IP) (25) followed by the 
administration of Mec (3 mg/kg, IP; Cat. No. 
FM32263, Biosynth Company, UK) (26)                      
10 min before IRI. After warming on a 37 °C 
heating pad, both right and left flanks were 
shaved, disinfected. Also, the eyes were 
covered with tetracycline ointment to prevent 
dryness and damage. A 3-cm dorsal incision in 
each flank exposed the kidneys. After that, the 
arteries and veins on both sides were clamped 
for 60 min (27), indicated by a dark red hue. 
Reperfusion started once the kidneys regained 
their original color. Then, rats received 0.9% 
saline solution (1 mL; IP) for hydration, and the 
incisions were closed. Post-surgery, the animals 
were treated with tetracycline ointment to cover 
the wound and prevent infection, and morphine 
(5 mg/kg; IP) was administered for analgesia, 
with free access to food and water. Sham 
groups underwent a similar surgical process 
without renal pedicle closure. 
 
Stereotaxic surgical procedure 

During the initial 30 min of ischemia, the 
head of the animals was fixed in a stereotaxic 
apparatus (Stoelting, USA). A cannula was 
inserted into the RVLM on the right side of the 
brain, using coordinates from Paxinos and 
Watson's atlas (28) (2.4 mm lateral, -12.3-12.4 
mm posterior, and 9.9 mm deep to the bregma) 
(Fig. 1). Klo (0.15 μg/rat; Cat. No. 
APH757Ra01, Cloud-Clone Corp Co., USA) 

was then microinjected into the RVLM. The 
Klo dosage was calculated based on studies 
involving brain ventricle injections in rodents 
and in vitro RVLM research, considering brain 
nuclei size and volume (29-33). Animals were 
included in the study if both IRI and 
microinjection were successfully performed. 
Excremental time was between 09.30 am to 
12.30 pm, and each animal was examined at a 
different time each day. 
 
Measurement of biochemical parameters 

On the 7th day, the rats were deeply 
anesthetized with urethane (1.6 g/kg; IP), and 
blood samples were taken through cardiac 
puncture. Blood samples were centrifuged to 
separate serum (5000 rpm for 10 min). Cr and 
BUN concentrations were measured with an 
auto-analyzer (SRL, Tokyo, Japan) as 
indicators of renal dysfunction. 
 
Histopathological examination 

After decapitation, the right kidney was 
removed from 4 rats in each experimental 
group. Renal samples were fixed in 10% 
formalin for 24 h. Paraffin wax tissue blocks 
were cut to obtain 4 µm-thick sections. After 
collecting the renal sections on a glass slide and 
deparaffinizing, they were stained with 
hematoxylin and eosin to be examined under a 
light microscope. Different renal sections were 
evaluated histologically by 2 blinded 
pathologists who scored the sections with a 
specific scale to assess the degree of renal 
tubule interstitial damage. The kidney scoring 
system, including 0 (< 5%), 1 (5-20%), 2                   
(20-50%), 3 (50-70%), and 4 (< 70%), was 
used. At least 10 fields (200× magnification) 
were examined for each kidney section and 
assigned for renal injury (Table 1). 

 
Fig. 1. (A) Coronal photomicrograph of injection site in the RVLM and (B) a representative image, displaying the 
microinjection site in the RVLM. RVLM, Rostral ventrolateral medulla. 
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Real-time RT-PCR technique 

The research objective was to determine the 
expression of inflammatory and anti-
inflammatory genes in 3 rats from each 
experimental group through the removal of the 
right kidney. The FavorPrep™ Tissue Total 
RNA Mini Kit (Favorgen, Taiwan) was 
employed to isolate total RNA from the tissue, 
as per the manufacturer's guidelines. The 
quantity and quality of the isolated RNA were 
measured by assessing its absorbance at 260 nm 
and 280 nm using a NanoDropTM 2000 
(Thermo Fisher Scientific, USA). One µg of 
total RNA was utilized for cDNA synthesis, 
utilizing the easy cDNA reverse transcription 
kit (ParsTous, Iran) and oligo dT primers. Real-
time PCR was executed using RealQ Plus                   
2× Master Mix Green (Ampliqon, Denmark) 
and the StepOnePlus™ real-time PCR 
detection system (Applied Biosystems). 
Specific gene primers were created by using 
AlleleID V7.8 software (available at 
http://premierbiosoft.com), and their sequences 
are shown in Table 2. The PCR amplification 
conditions consisted of a 15-min denaturation 
step at 95 °C, followed by 40 cycles with a 20-

s denaturation at 95 °C, and then annealing and 
extending for 1 min at 60 °C. Melting curve 
analysis was conducted to determine the 
melting temperature of both specific 
amplification products and primers. The 
experiments were performed in triplicate and 
independently repeated at least 3 times. To 
determine the expression level of each target 
gene, glyceraldehyde-3-phosphate 
dehydrogenase was used as an endogenous 
control and calculated as 2−ΔΔCt according to 
previously described methods (34). 
 
Statistical analysis 

Data were expressed as mean ± SEM and 
analyzed using SPSS version 21 for Windows. 
Statistical analysis was performed using 
univariate ANOVA to assess between-subjects 
effects, including the effects of IRI, Mec, Klo, 
and their interactions. Additionally, one-way 
ANOVA followed by Tukey post hoc test,                  
as well as unpaired t-tests, were conducted                   
to compare the groups (the results of                   
these analyses were presented in the Figurs).                   
A level of P < 0.05 was considered statistically 
significant. 

Table 1. Evaluation of degree of renal tubule interstitial damage. 

Histopathological changes  
0 1 2 3 4 
(< 5%) (5-20%) (< 20-50%) (< 50-70%) (> 70%) 

Tubular vacuolization 
Tubular dilatation      
Tubular cast formation      
Loss of brush border      
Desquamation      
Necrotic tubules      

Table 2. Primer sequences used in real-time PCR experiments. 

Gene name Primer sequence (5′ to 3′) Accession No. Amplicon size (bp) 

Gapdh Forward: GGCAAGTTCAACGGCACAG 
NM_017008.4 142 

Gapdh Reverse: CGCCAGTAGACTCCACGACAT 

Il1b Forward: GGCTTCCTTGTGCAAGTGTCTGA 
NM_031512.2 199 

Il1b Reverse: CGAGATGCTGCTGTGAGATTTGAA 

Il10 Forward: CCCAGAAATCAAGGAGCATT 
NM_012854.2 129 

Il10 Reverse: TCATTCTTCACCTGCTCCAC 

Tgfb Forward: TGAACCAAGGAGACGGAATACA 
NM_021578.2 163 

Tgfb Reverse: GCCATGAGGAGCAGGAAGG 

Tnf Forward: CGCTCTTCTGTCTACTGAACTT 
NM_012675.3 166 

Tnf Reverse: GCTTGGTGGTTTGCTACGA 

Trem2 Forward: TTCTTACAGCCAGCATCCT 
NM_001106884.1 155 

Trem2 Reverse: CTCCTCCTACTCAGACTTCTC 
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RESULTS 
 
Effects of intra-RVLM microinjection of Klo 
alone or in combination with CAP inhibition 
on BUN levels following AKI 

One day after IRI, a significant increase was 
observed in the BUN level in the IRI rats 
compared to sham rats (IRI effect, F (1,16) = 
204.948, P < 0.001; Fig. 2A). Mec enhanced the 
BUN level compared to vehicle-treated rats 
(Mec effect, F (1,16) = 10.352, P = 0.005; Fig. 
2A). Also, Klo reduced the BUN level 
compared to vehicle-treated rats (Klo effect, F 
(1,16) = 13.698, P = 0.002; Fig. 2A). Mec 
raised the BUN level in IRI rats (IRI × Mec 
interaction effect, F (1,16) = 7.459, P = 0.015; 
Fig. 2A). Klo alleviated the BUN level in IRI 
rats (IRI × Klo interaction effect, F (1,24) = 
13.692, P = 0.002; Fig. 2A). Other interactions 
did not have significant changes on the BUN 
level. In the measurement of BUN during 7 
days after IRI, the effects and interactions did 
not show significant changes in the BUN level. 
 
Effects of intra-RVLM microinjection of Klo 
alone or in combination with CAP inhibition 
on Cr levels following AKI 

One day after IRI, a significant elevation 
was observed in the Cr level in the IRI rats 
compared to sham rats (IRI effect, F (1,16) = 
33.503, P < 0.001; Fig. 2B). Mec augmented 
the Cr level compared to vehicle-treated rats 
(Mec effect, F (1,16) = 4.358, P = 0.053; Fig. 
2B). Mec enhanced the Cr level in IRI rats                  

(IRI × Mec interaction effect, F (1,16) = 4.729,             
P = 0.045; Fig. 2B). Other effects and 
interactions did not have significant changes on 
the Cr level. In the measurement of Cr during 7 
days after IRI, all effects and interactions did 
not show significant changes in the Cr level. 
 
Effects of intra-RVLM microinjection of Klo 
alone or in combination with CAP inhibition 
on the kidney expression of interleukin 1 β 
gene following AKI 

One day after IRI, a significant upregulation 
in interleukin 1 β (Il1b) gene expression was 
observed in the IRI rats compared to sham rats 
(IRI effect, F (1,16) = 9.672, P = 0.007; Fig. 3A). Klo 
downregulated Il1b gene expression compared 
to vehicle-treated rats (Klo effect, F (1,16) = 
5.582, P = 0.031; Fig. 3A). Other effects and 
interactions did not show significant changes in 
Il1b gene expression in the kidney. 

Seven days after IRI, a significant increase 
in Il1b gene expression was observed in the IRI 
rats compared to sham rats (IRI effect, F (1,17) 
= 752.162, P < 0.001; Fig. 3A). Mec augmented 
Il1b gene expression compared to vehicle-
treated rats (Mec effect, F (1,17) = 68.338,              
P < 0.001; Fig. 3A). Also, Klo alleviated Il1b 
gene expression compared to vehicle-treated 
rats (Klo effect, F (1,17) = 148.905, P < 0.001; 
Fig. 3A). Klo suppressed Il1b gene expression 
in IRI rats (IRI × Klo interaction effect, F (1,17) 
= 50.571, P < 0.001; Fig. 3A). Other 
interactions did not have significant changes in 
Il1b gene expression in the kidney. 

 

 
Fig. 2. Effects of intra-rostral ventrolateral medulla microinjection of Klo alone or in combination with cholinergic               
anti-inflammatory pathway inhibition on the levels of (A) BUN and (B) Cr at 24 h (n = 3) and one week post-surgery                
(n = 7) following acute kidney injury in rats. Animals received Mec at the dose of 3 mg/kg, intraperitoneally. Klo was 
injected (0.15 μg/rat) into the RVLM. Sham groups underwent a surgical process without renal pedicle closure. Data were 
expressed as mean ± SEM. *P < 0.05 and ***P < 0.001 indicate significant differences when compared with respective 
sham group; #P < 0.05 and ##P < 0. 01 versus respective IRI group. Mec, Mecamylamine; Klo, Klotho; IRI, ischemia-
reperfusion injury; BUN, blood urea nitrogen; Cr, creatinine. 
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Fig. 3. Effects of intra-rostral ventrolateral medulla microinjection of Klo alone or in combination with cholinergic anti-
inflammatory pathway inhibition on the kidney expression of (A) interleukin 1 β, (B) tumor necrosis factor α, (C) transforming 
growth factor β, (D) triggering receptor myeloid cells 2, and (E) interleukin 10 genes at 24 h and one week post-surgery 
following acute kidney injury in rats. Animals received Mec at the dose of 3 mg/kg, intraperitoneally. Klo (0.15 μg/rat) was 
injected into the RVLM. Sham groups underwent a surgical process without renal pedicle closure. Data were expressed as mean 
± SEM, n = 3. **P < 0.01, and ***P < 0.001 indicate significant differences when compared with the respective sham group;                
#P < 0.05, ##P < 0.01, and ###P < 0.001 versus respective IRI group. Mec, Mecamylamine; Klo, Klotho; IRI, ischemia-reperfusion injury. 
 
Effects of intra-RVLM microinjection of Klo 
alone or in combination with CAP inhibition 
on the kidney expression of Tnfa gene 
following AKI 

One day after IRI, a significant boost in Tnfa 
gene expression was observed in the IRI rats 
compared to sham rats (IRI effect, F(1,16) = 
105.371, P < 0.001; Fig. 3B). Mec upregulated 
Tnfa gene expression compared to vehicle-
treated rats (Mec effect, F (1,16) = 9.667,                       
P = 0.007; Fig. 3B). Also, Klo reduced Tnfa 
gene expression compared to vehicle-treated 
rats (Klo effect, F (1,16) = 16.749, P = 0.001; 
Fig. 3B). Klo inhibited Tnfa gene expression in 
IRI rats (IRI × Klo interaction effect, F (1,16) = 

6.209, P = 0.024; Fig. 3B). Other interactions 
did not have significant changes in Tnfa gene 
expression in the kidney. 

One week after IRI, a significant rise in Tnfa 
gene expression was observed in the IRI rats 
compared to sham rats (IRI effect, F(1,17) = 
7552.276, P < 0.001; Fig. 3B). Mec upregulated 
Tnfa gene expression compared to vehicle-
treated rats (Mec effect, F (1,17) = 1509.819,                
P < 0.001; Fig. 3B). Also, Klo blocked Tnfa 
gene expression compared to vehicle-treated 
rats (Klo effect, F (1,17) = 2505.546, P < 0.001; 
Fig. 3B). Mec increased Tnfa gene expression 
in IRI rats (IRI × Mec interaction effect, F 
(1,17) = 672.755, P < 0.001; Fig. 3B). Klo 
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downregulated Tnfa gene expression in IRI rats 
(IRI × Klo interaction effect, F (1,17) = 
1519.267, P < 0.001; Fig. 3B) and Mec-treated 
rats (Mec × Klo interaction effect, F (1,17) = 
82.240, P < 0.001; Fig. 3B). Concurrent interactions 
among 3 interventions suppressed Tnfa gene 
expression (IRI × Mec × Klo interaction effect, 
F (1,17) = 139.352, P < 0.001; Fig. 3B). 
 
Effects of intra-RVLM microinjection of Klo 
alone or in combination with CAP inhibition 
on the kidney expression of Tgfb gene 
following AKI 

One day after IRI, a significant escalation in 
Tgfb gene expression was observed in the IRI 
rats compared to sham rats (IRI effect, F (1,16) 
= 81.253, P < 0.001; Fig. 3C). Mec upregulated 
Tgfb gene expression compared to vehicle-
treated rats (Mec effect, F (1,16) = 7.907,                
P = 0.013; Fig. 3C). Also, Klo suppressed Tgfb 
gene expression compared to vehicle-treated 
rats (Klo effect, F (1,16) = 48.963, P < 0.001; 
Fig. 3C). Klo decreased Tgfb gene expression 
in IRI rats (IRI × Klo interaction effect, F (1,16) 
= 44.866, P < 0.001; Fig. 3C). Other 
interactions did not have significant changes in 
Tgfb gene expression in the kidney. 

Seven days after IRI, a significant elevation 
in Tgfb gene expression was observed in the IRI 
rats compared to sham rats (IRI effect, F (1,17) 
= 974.254, P < 0.001; Fig. 3C). Mec increased 
Tgfb gene expression compared to vehicle-
treated rats (Mec effect, F (1,17) = 437.098,                  
P < 0.001; Fig. 3C). Also, Klo downregulated 
Tgfb gene expression compared to vehicle-
treated rats (Klo effect, F (1,17) = 19.595,                
P < 0.001; Fig. 3C). Mec enhanced Tgfb gene 
expression in IRI rats (IRI × Mec interaction 
effect, F (1,17) = 208.634, P < 0.001; Fig. 3C). 
Mec-treated rats diminished Tgfb gene 
expression (Mec × Klo interaction effect, F 
(1,17) = 53.039, P < 0.001; Fig. 3C). Concurrent 
interactions among 3 interventions raised Tgfb 
gene expression (IRI × Mec × Klo interaction 
effect, F (1,17) = 58.998, P < 0.001; Fig. 3C). 

 
Effects of intra-RVLM microinjection of Klo 
alone or in combination with CAP inhibition 
on the kidney expression of triggering 
receptor myeloid cells 2 gene following AKI 

One day after IRI, a significant increase in 
triggering receptor myeloid cells 2 (Trem2) 
gene expression was observed in the IRI rats 

compared to sham rats (IRI effect, F (1,16) = 
68.933, P < 0.001; Fig. 3D). Mec boosted 
Trem2 gene expression compared to vehicle-
treated rats (Mec effect, F (1,16) = 12.728,                   
P = 0.003; Fig. 3D). Also, Klo declined Trem2 
gene expression compared to vehicle-treated rats 
(Klo effect, F (1,16) = 14.877, P = 0.001; Fig. 3D). The 
interactions did not have significant changes in 
Trem2 gene expression in the kidney. 

One week after IRI, a significant increment 
in Trem2 gene expression was observed in the 
IRI rats compared to sham rats (IRI effect,                   
F (1,17) = 782.332, P < 0.001; Fig. 3D). Mec 
upregulated Trem2 gene expression compared 
to vehicle-treated rats (Mec effect, F (1,17) = 
151.067, P < 0.001; Fig. 3D). Also, Klo 
attenuated Trem2 gene expression compared to 
vehicle-treated rats (Klo effect, F (1,17) = 
333.207, P < 0.001; Fig. 3D). Mec raised Trem2 
gene expression in IRI rats (IRI × Mec 
interaction effect, F (1,17) = 65.867, P < 0.001; 
Fig. 3D). Klo decreased Trem2 gene expression 
in IRI rats (IRI × Klo interaction effect, F (1,17) 
= 259.359, P < 0.001; Fig. 3D) and Mec-treated 
rats (Mec × Klo interaction effect, F (1,17) = 
76.219, P < 0.001; Fig. 3D). Concurrent interactions 
among 3 interventions reduced Trem2 gene 
expression (IRI × Mec × Klo interaction effect, F 
(1,17) = 83.773, P < 0.001; Fig. 3D). 
 
Effects of intra-RVLM microinjection of Klo 
alone or in combination with CAP inhibition 
on the kidney expression of interleukin 10 
gene following AKI 

One day after IRI, a significant enhancement 
in interleukin 10 (Il10) gene expression was 
observed in the IRI rats compared to sham rats 
(IRI effect, F (1,16) = 871.318, P < 0.001;               
Fig. 3E). Mec downregulated Il10 gene 
expression compared to vehicle-treated rats 
(Mec effect, F (1,16) = 29.217, P < 0.001;                
Fig. 3E). Also, Klo upregulated Il10 gene 
expression compared to vehicle-treated rats 
(Klo effect, F (1,16) = 18.307, P = 0.001;                   
Fig. 3E). Mec suppressed Il10 gene expression 
in IRI rats (IRI × Mec interaction effect,                   
F (1,16) = 9.524, P = 0.007; Fig. 3E). Klo augmented 
Il10 gene expression in IRI rats (IRI × Klo 
interaction effect, F (1,16) = 5.970, P = 0.027; 
Fig. 3E). Other interactions did not have 
significant changes in Il10 gene expression in 
the kidney. 
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Seven days after IRI, a significant increase 
in Il10 gene expression was observed in the IRI 
rats compared to sham rats (IRI effect, F (1,17) 
= 5195.217, P < 0.001; Fig. 3E). Mec inhibited 
Il10 gene expression compared to vehicle-
treated rats (Mec effect, F (1,17) = 1427.581,                      
P < 0.001; Fig. 3E). Also, Klo upregulated                       
Il10 gene expression compared to vehicle-
treated rats (Klo effect, F (1,17) = 992.921,                     
P < 0.001; Fig. 3E). Mec declined Il10 gene 
expression in IRI rats (IRI × Mec interaction 
effect, F (1,17) = 1197.930, P < 0.001; Fig. 3E). 
Klo improved Il10 gene expression in IRI rats 
(IRI × Klo interaction effect, F (1,17) = 
294.429, P < 0.001; Fig. 3E) and Mec-treated 
rats (Mec × Klo interaction effect, F (1,17) = 
320.754, P < 0.001; Fig. 3E). Concurrent 
interactions among 3 interventions enhanced 
Il10 gene expression (IRI × Mec × Klo interaction 
effect, F (1,17) = 22.402, P < 0.001; Fig. 3E). 
 

Effects of intra-RVLM microinjection of Klo 
alone or in combination with CAP inhibition 
on acute tubular injury in the kidney 

One week after IRI, as depicted in                   
Fig. 4A and B, there was a significant increase 
in acute tubular injury in IRI rats compared to 
sham rats (IRI effect, F (1,24) = 803.141,                   
P < 0.001; Fig. 4B). Mec increased acute 
tubular injury compared to vehicle-treated rats 
(Mec effect, F (1,24) = 238.261, P < 0.001; Fig. 
4B). Also, Klo attenuated acute tubular injury 
compared to vehicle-treated rats (Klo effect, F 
(1,24) = 14.421, P = 0.001; Fig. 4B). Klo 
diminished acute tubular injury in IRI rats (IRI 
× Klo interaction effect, F (1,24) = 43.727,                   
P < 0.001; Fig. 4B) and Mec-treated rats                  
(Mec × Klo interaction effect, F (1,24) = 9.955, 
P = 0.004; Fig. 4B). Other interactions did not 
have significant changes in acute tubular injury 
in the kidney.  

 

 
Fig. 4. Effects of intra-rostral ventrolateral medulla microinjection of Klo alone or in combination with cholinergic anti-
inflammatory pathway inhibition on (A) histological changes in the kidney and (B) acute tubular injury score at one week post-
surgery following acute kidney injury in rats. The first and second rows were magnified at 10× and 40×, respectively. Animals 
received Mec at the dose of 3 mg/kg, intraperitoneally. Klo was injected (0.15 μg/rat) into the RVLM. Sham groups underwent 
a surgical process without renal pedicle closure. Data were expressed as mean ± SEM, n = 4. *P < 0.05 and ***P < 0.001 indicate 
significant differences when compared with respective sham group; ##P < 0.01, and ###P < 0.001 versus respective IRI group. 
Mec, Mecamylamine; Klo, Klotho; IRI, ischemia-reperfusion injury. 
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Fig. 5. Effects of intra-rostral ventrolateral medulla microinjection of Klo alone or in combination with cholinergic anti-
inflammatory pathway inhibition on the percentage of (A) body weight change and (B) the kidney weight at 24 h (n = 3) 
and one week post-surgery (n = 7) following acute kidney injury in rats. Animals received Mec at the dose of 3 mg/kg, 
intraperitoneally. Klo was injected (0.15 μg/rat) into the RVLM. Sham groups underwent a surgical process without renal 
pedicle closure. Data were expressed as mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 indicate significant 
differences when compared with the respective sham group; #P < 0.05 versus the respective IRI group. Mec, 
Mecamylamine; Klo, Klotho; IRI, ischemia-reperfusion injury. 
 
Effects of intra-RVLM microinjection of Klo 
alone or in combination with CAP inhibition 
on percentage of body weight changes and 
kidney weight following AKI 

One day after IRI, all effects and interactions 
did not show significant changes in the body 
weight of rats. One week after IRI, a significant 
reduction was observed in the body weight in 
the IRI rats compared to sham rats (IRI effect, 
F (1,48) = 15.838, P < 0.001; Fig. 5A). Klo 
decreased body weight of rats compared to 
vehicle-treated rats (Klo effect, F (1,48) = 6,                
P < 0.05; Fig. 5A). Concurrent interactions 
among 3 interventions suppressed body weight 
of rats (IRI × Mec × Klo interaction effect,                   
F (1,48) = 10.665, P < 0.01; Fig. 5A). 

One day after IRI, a significant boost was 
observed in the kidney weight in the IRI rats 
compared to sham rats (IRI effect, F (1,16) = 
32.358, P < 0.001; Fig. 5B). Other effects and 
interactions did not have significant changes on 
the kidney weight. One week after IRI, a 
significant increase was observed in the kidney 
weight in the IRI rats compared to sham rats 
(IRI effect, F (1,24) = 15.795, P = 0.001;                 
Fig. 5B). Other effects and interactions did not 
have significant changes on the kidney weight. 
 

DISCUSSION 
 

In this study, the primary aim was to 
evaluate the influence of Klo microinjection 
into the RVLM, with or without concurrent 
CAP inhibition, after IRI and the ensuing AKI, 

on the expression of anti-inflammatory gene 
Il10, alongside with inflammatory genes such 
as Il1b, Tgfb, Tnfa, and Trem2 in the kidney. A 
single dose of Klo was administered directly 
into the RVLM. Although there was no specific 
reference for this exact dosage in the RVLM, 
this study relied on previous studies that used 
Klo injections into brain ventricles in rodents 
and in vitro studies on the RVLM. The dosage 
calculation considered brain nuclei size and 
volume, but it is essential to recognize that this 
approach has limitations (29-33). Additionally, 
to evaluate kidney function, the plasma levels 
of Cr and BUN were examined. Also, analyses 
were conducted on samples to quantify the 
extent of acute kidney damage, and the body 
and kidney weights were also measured. These 
evaluations were performed at both 24 h and 
one week following the surgery. 

Histological assessments confirmed kidney 
damage in the experimental groups. On the first 
day post-surgery, groups with AKI-induced 
kidney ischemia showed elevated BUN and Cr 
levels, indicating severe damage. However, the 
IRI + Klo group exhibited significant tissue 
protection and a marked reduction in BUN 
levels. AKI, formerly known as acute renal 
failure, is characterized by a rapid decline in 
glomerular filtration rate (GFR) and the 
accumulation of waste products like BUN and 
Cr (35). Evidence links Klo levels to estimated 
GFR (36). Within a week, healthy nephrons in 
the IRI groups recovered normal function 
despite initial damage, resulting in BUN and Cr 
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levels comparable to the sham group. The sham 
groups, which did not experience direct kidney 
damage, maintained stable BUN and Cr levels. 
Interventions in the sham groups likely affected 
tissue through the autonomic system and 
peripheral controls rather than a direct kidney 
impact. 

In all experimental groups, body weight 
decreased while kidney weight increased. Mec 
and IRI significantly enhanced the expression 
of inflammatory genes. During AKI, similar to 
other stressor conditions, inflammatory 
cytokines like Il1b and TNF-α are produced by 
activated innate immune cells (37,38). In Klo-
treated groups, Tgf-b gene expression increased 
one week after IRI. Ischemic injury may release 
mediators such as angiotensin II and Tgfb, 
potentially reducing the expression of the 
endogenous anti-aging protein Klo (39). The 
decrease in Klo expression contributes to the 
aggravation of renal fibrosis by increasing the 
expression of Tgfb. Klo may bind directly to 
Tgfb receptors and prevent Tgf-b from binding 
to cell surface receptors. This mechanism 
disrupts Tgfb signaling, thereby abolishing the 
fibrogenic effects associated with Tgfb (2). Klo 
also induced an upregulation in the expression 
of the Il10 gene. Il10 is known to be an inhibitor 
of several inflammatory cytokines, including 
Tnfa (40). 

Klo appears to modulate both inflammatory 
and anti-inflammatory gene levels in the kidney 
through various pathways. The brainstem and 
hypothalamus, particularly the RVLM, regulate 
sympathetic nerve activity. Centrally, Klo-
neuropeptide reduces the impact of RVLM 
neurons on renal sympathetic nerve activity by 
stimulating Na+/K+-ATPase, thereby 
alleviating inflammatory gene expression (41). 
Activation of these neurons induces renal 
vasoconstriction, renin release, and tubular 
sodium and water reabsorption. Emerging 
evidence also suggested that hypertension may 
be an immune-mediated inflammatory disease 
(42). Animal studies showed that the 
sympathetic system interacts with the immune 
system, influencing inflammatory responses 
and contributing to fibrosis and disease 
progression (43). Recent research highlighted 
the crucial role of adrenoceptors in kidney 
disease. These receptors, found on sympathetic 

nerves, immune cells, and renal epithelial cells, 
mediate inflammatory and fibrotic responses 
when activated (44). Norepinephrine activates 
various adrenoceptors, contributing to chronic 
kidney disease by modulating physiological 
and pathophysiological effects. It also 
influences the immune system, increasing 
kidney infiltration and releasing inflammatory 
cytokines like Tnfα. As a result, the inhibition 
of renal sympathetic nerve activity has been 
demonstrated to reduce renal inflammation 
(45,46), suggesting a significant role of 
sympathetic signaling in mediating inflammation. 

However, it has been suggested that                   
Mec-sensitive nAChRs play a crucial role in 
regulating the expression of pro-inflammatory 
cytokines, such as the Il1b gene (47,48). This 
study focused on the α7nAChR, which 
selectively suppressed pro-inflammatory 
cytokines while sparing anti-inflammatory ones 
(49,50). To inhibit CAP, Mec, as an antagonist 
of nAChRs, was used. Generally, nicotinic 
receptor antagonists are preferred over 
muscarinic receptor antagonists for CAP 
modulation (51-53). Mec is considered a 
potential candidate for improving blood 
pressure and is also utilized as a drug with anti-
addiction and anti-depressant properties. Also, 
the neuroprotective and anti-inflammatory 
effects of nicotine are counteracted by Mec. 
Therefore, it is plausible that some of the effects 
of Mec may be attributed to its impact on the 
CAP (54). Local inflammatory mediators, 
uremic toxins, or ischemic metabolites can 
elevate vagal nerve activity. Vagus nerve 
afferents play a central role in neuroimmune 
regulation during conditions like AKI, 
activating the CAP and suppressing systemic 
and local inflammation (55). The present study 
findings indicated that the parasympathetic 
system plays a crucial role in managing 
inflammation caused by AKI. Specifically, 
blocking the CAP system using Mec 
exacerbates peripheral inflammation. 

Klo alone effectively reduced complications 
arising from IRI. Surprisingly, despite the 
inhibition of the CAP by Mec, Klo still exerted 
partial effects. This suggested that part of Klo 
central effects in the RVLM may be 
independent of the cholinergic system. These 
findings suggested that the sympathetic system 
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may be involved in this relationship. Given the 
impact of blood pressure and flow control on 
post-ischemic injuries (56), the current study 
proposed that Klo neuropeptide effects on the 
sympathetic system (4) are crucial for 
regulating peripheral effects (57). 
 

CONCLUSION 
 

In summary, this study demonstrated that 
AKI could trigger significant inflammatory 
responses. Klo alone, even with CAP system 
blockade, demonstrated positive effects, 
suggesting that Klo sympathetic control may be 
more significant than its parasympathetic 
contribution. Therefore, Klo, as a significant 
neuropeptide in the brain stem, may modulate 
kidney inflammation by influencing 
sympathetic nervous system function as well as 
alterations in immune system activity. Overall, 
the research underscored the impact of Klo and 
CAP inhibition on AKI-related outcomes, 
highlighting their roles in either alleviating or 
exacerbating renal injury or inflammation. To 
validate this hypothesis, further investigation is 
necessary. This study recommended evaluating 
Klo simultaneously with sympathetic system-
blocking methods in the context of peripheral 
inflammation. 
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