
Cell Physiol Biochem 2022;56:613-628
DOI: 10.33594/000000586
Published online: 16 November 2022 613

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2022 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Herrera-Luna et al.: TLR4 Upregulates the Clusterin, Hsp70, Foxp3, and IL-10 by Ischemia 
and Reperfusion

Original Paper

Accepted: 9 October 2022

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND). Usage and distribution for commercial purposes as well as any distribution of 
modified material requires written permission.

DOI: 10.33594/000000586
Published online: 16 November 2022

© 2022 The Author(s)
Published by Cell Physiol Biochem 
Press GmbH&Co. KG, Duesseldorf
www.cellphysiolbiochem.com

The Ischemia and Reperfusion Injury 
Involves the Toll-Like Receptor-4 
Participation Mainly in the Kidney Cortex
Yeimi Herrera-Lunaa    Mauricio Lozanoa    Consuelo Pastena,b    Gabriele Multhoffc    
Carlos E. Irarrázabala,b

aLaboratorio de Fisiología Integrativa y Molecular, Programa de Fisiología, Centro de Investigación e 
Innovación Biomédica, Universidad de los Andes, Santiago, Chile, bEscuela de Medicina, Facultad de 
Medicina, Universidad de los Andes, Santiago, Chile, cDepartment of Radiation Oncology, Klinikum 
rechts der Isar, TU München (TUM), München, Germany

Key Words
TLR4 • Clusterin • Vimentin • Fascin1 • Hsp70 • Foxp3 • IL-10 • Ischemia-reperfusion injury

Abstract
Background/Aims: The renal inflammatory response and kidney regeneration in ischemia-
reperfusion injury (IRI) are associated with Toll-like receptor 4 (TLR4). Here we study the role 
of TLR4 during IRI in the renal cortex and medulla separately, using wild-type (TLR4-WT) and 
Knockout (TLR4-KO) TLR4 mice. Methods: We used 30 minutes of bilateral renal ischemia, 
followed by 48 hours of reperfusion in C57BL/6 mice. We measured the expression of 
elements associated with kidney injury, inflammation, macrophage polarization, mesenchymal 
transition, and proteostasis in the renal cortex and medulla by qRT-PCR and Western blot. In 
addition, we studied kidney morphology by H/E and PAS. Results: Renal ischemia (30min) and 
reperfusion (48hrs) induced the mRNA and protein of TLR4 in the renal cortex. In addition, 
Serum Creatinine (SCr), blood urea nitrogen (BUN), Neutrophil gelatinase-associated lipocalin 
(NGAL), and acute tubular necrosis (ATN) were increased in TLR4-WT by IRI. Interestingly, the 
SCr and BUN had normal levels in TLR-KO during IRI. However, ATN and high levels of NGAL 
were present in the kidneys of TLR4-KO mice. The pro-inflammatory (IL-6 and TNF-α) and anti-
inflammatory (Foxp3 and IL-10) markers increased by IRI only in the cortex of TLR4-WT but 
not in TLR4-KO mice. Furthermore, the M1 (CD38 and Frp2) and M2 (Arg-I, Erg-2, and c-Myc) 
macrophage markers increased by IRI only in the cortex of TLR4-WT. The TLR4-KO blunted 
the IRI-upregulation of M1 but not the M2 macrophage polarization. Vimentin increased in 
the renal cortex and medulla of TLR4-WT animals but not in the cortex of TLR4-KO mice. In 
addition, iNOS and clusterin were increased by IRI only in the cortex of TLR4-WT, and the 
absence of TLR4 inhibited only clusterin upregulation. Finally, Hsp27 and Hsp70 protein levels 
increased by IRI in the cortex and medulla of TLR4-WT and TRL4-KO lost the IRI-upregulation 
of Hsp70. In summary, TLR4 participates in renal ischemia and reperfusion through pro-

Carlos E. Irarrázabal, Ph.D. Programa de Fisiología, Laboratorio de Fisiología Integrativa y Molecular,
Universidad de los Andes, S. Carlos Apoquindo 2200-Las Condes, Santiago (Chile)
Tel. +56-2-4129607, Fax +56-2-2141756, E-Mail cirarrazabal@uandes.cl

https://doi.org/10.33594/000000586


Cell Physiol Biochem 2022;56:613-628
DOI: 10.33594/000000586
Published online: 16 November 2022 614

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2022 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Herrera-Luna et al.: TLR4 Upregulates the Clusterin, Hsp70, Foxp3, and IL-10 by Ischemia 
and Reperfusion

inflammatory and anti-inflammatory responses inducing impaired kidney function (SCr and 
BUN). However, the IRI-upregulation of M2 macrophage markers (cortex), iNOS (cortex), IL-6 
(medulla), vimentin (medulla), and Hsp27 (cortex and medulla) were independent of TLR4. 
Conclusion: The TLR4 inactivation during IRI prevented the loss of renal function due to 
the inactivation of inflammation response, avoiding M1 and preserving the M2 macrophage 
polarization in the renal cortex.

Introduction

The renal inflammatory response after ischemia and reperfusion injury (IRI) is 
associated with innate immunity activation, specifically with Toll-like receptors (TLRs), a 
family of proteins that function as critical mediators of innate immunity [1, 2]. As a result 
of injury, damaged, dead, or dying cells release damage-associated molecular patterns 
(DAMPs) activating TLR4 receptors. TLR4 signaling pathway operates via two distinct 
signaling pathways, namely MyD88 dependent and the MyD88 independent mechanisms. 
Both processes induce the transcription of proinflammatory cytokines by facilitating the 
nuclear translocation of NF-κB [2]. In addition, TLR4 also leads to upregulated macrophage 
infiltration and recruitment in kidneys during IRI [3]. TLR4 mediates the inflammatory 
activity and cytokine production associated with IRI in myocardial [4], cerebral [5], lung [6], 
and kidney [7].

The TLR4 is expressed basally on many kidney cells and is responsible to upregulates 
and promoting an influx of immune cells, such as dendritic, macrophages, and leukocyte cells 
into the damaged interstitium [7–10]. The role of TLR4 during IRI was studied previously 
using TLR4 knockout (TLR4-KO) animals. The TLR4-KO mice exposed to ischemia (45min) 
and reperfusion (1-10 days) had a partial reduction in chemokines levels, infiltrating 
granulocytes, renal damage, and improved renal function compared with WT mice [8]. 
In addition, mice deficient in TLR4 and MyD88 showed a partial protective effect against 
kidney dysfunction, tubular injury, neutrophil, macrophage accumulation, and expression 
of proinflammatory cytokines and chemokines [7, 10]. Another study showed that TLR4 
deficient mice subjected to IRI (45min-24hrs reperfusion) had decreased levels of TNF-α, IL-
1β, IL-6, IFN-γ, cell infiltration, apoptosis, and improvement of renal function compared with 
wild type mice [11]). Therefore, the literature indicated that TLR4 coordinates the innate 
immune response of the kidney against renal ischemia/reperfusion injury. Thus, targeting 
TLR4 could serve as a candidate for a therapeutic target to limit renal inflammation [2]. 
Conversely, TLR4 blockade during the healing phase suppressed IL-22 production and 
impaired kidney regeneration [12]. Therefore, it is necessary to improve the information to 
clarify the effect of TLR4 on the balance of injury and repair during renal IRI.

We studied the mesenchymal markers (vimentin and fascin), nitric oxidase synthase 
(iNOS), clusterin, heat shock proteins (Hsp27 and Hsp70), macrophage polarization (M1 
and M2), and inflammatory factors (TNF-α, IL-1β, IL-6, IFN-γ, Foxp3, and IL-10) to better 
understand the role of TLR4 during IRI. Recently, was described that the mesenchymal 
markers fascin (an actin-bundling protein involved in cell motility) and vimentin (an 
intermediate filament, a complete mesenchymal cell phenotype marker) were upregulated 
in early posttransplant biopsies from allograft kidney with acute tubular necrosis and they 
play a detrimental role in long-term graft function [13]. Besides, the heat shock proteins 
(Hsp) have been considered important to protect against kidney injury. Thus, Hsp27 is a 
stress protein that shows an early and transient increase after acute ischemia, inhibiting 
apoptosis by decreasing intracellular reactive oxygen species and the mitochondrial 
caspase-dependent apoptotic pathway [14]. Hsp27 has a renoprotective function [15] and 
is a disease biomarker and therapeutic target [16]. In addition, the inducible Hsp70 family 
members are the most well-known proteins upregulated under stress. Their principal mode 
of action is by attenuation of cell death from apoptosis or necrosis. Previously was described 
that the renoprotective effect of Hsp70 is partially due to its direct immunomodulatory 
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function on regulatory T cells (Tregs) [17]. The nuclear transcription factor Foxp3 (forkhead 
box P3) is a specific marker for CD4+CD25+ Tregs and regulates their development and 
function [18]. Furthermore, clusterin is a chaperone-like glycoprotein and promotes pro-
survival autophagy [19], and its expression is upregulated after IRI, expressed primarily in 
the S3 segment and the distal tubule with distinct staining patterns in each segment [20]. 
Interestingly, clusterin deficiency worsens renal inflammation and tissue fibrosis after IRI 
in the kidney [21] and is required for renal tissue regeneration in the kidney repair phase 
after IRI, which is associated with the promotion of tubular cell proliferation [22]. The iNOS 
increases by IRI and has detrimental effects on the kidney by IRI [23, 24]. We previously 
published that iNOS and clusterin increase in the murine model of IRI [23, 25] and the 
pharmacological inhibition of iNOS (L-NIL), before IRI, improves renal function and prevents 
clusterin upregulation after 48hrs of reperfusion [23].

Considering the above-described aspect, we use a murine model of IRI in wild-type (WT) 
and Knockout (KO) for TLR4 to explore new potential molecular targets for TLR4 during IRI in 
the cortex and medulla kidney independently. We have found that the absence of TLR4 during 
IRI prevented the impaired renal blood depuration function but not the tubular damage. The 
TLR4-KO reduced the upregulation of proinflammatory (IL-6 and TNF-α), anti-inflammatory 
(Foxp3 and IL-10) factors, and M1 (CD38 and Fpr2) macrophage markers, especially in the 
cortex. Interestingly, IL-6 was upregulated in the cortex and medulla independently of TLR4. 
In addition, the M2 macrophage markers (Erg-2 and c-Myc) were upregulated by IRI only 
in the cortex and it was independent of TLR4. Vimentin was upregulated in the cortex and 
medulla by IRI in TLR4-WT and TLR4-KO inhibited vimentin upregulation only in the renal 
cortex. Besides, iNOS and clusterin were upregulated cortex by IRI in WT and the absence of 
TRL4 inhibits clusterin. Finally, Hsp27 and Hsp70 were upregulated by IRI in both groups of 
animals and the absence of TRL4 inhibits Hsp70. In conclusion, TLR4 participates in ischemia 
and reperfusion through pro-inflammatory and anti-inflammatory responses inducing 
impaired kidney function (SCr and BUN). However, the upregulation of M2 macrophage 
markers (cortex), iNOS (cortex), IL-6 (medulla), mesenchymal markers (medulla), Hsp27 
(cortex and medulla) by IRI were induced by IRI independent of TLR4.

Materials and Methods

Animals
Adult males, 8-12 weeks old (20–22 g), from C57BL/6 mice, and C57BL/10ScNJ mice (20–22 g) with 

a targeted disruption of the Toll-like receptor 4 genes (TLR4-KO) were obtained from Jackson Laboratory 
(Bar Harbor, ME). Genotypic analyses were performed according to technical data suggested by Jackson 
Laboratory. Mice were housed in a controlled environment, provided with standard rodent chow, water, 
and maintained at the Universidad de los Andes Animal Care Facility. All experimental procedures were by 
accordance with institutional and international standards for the humane care and use of laboratory animals 
(Animal Welfare Assurance Publication A5427-01, Office for Protection from Research Risks, Division of 
Animal Welfare. The National Institutes of Health). All procedures were approved by the Committee on the 
Ethics of Animal Experiments of the Universidad de los Andes, Chile.

Ischemia-reperfusion (I/R)
The animals were anesthetized with 25mg/kg i.p. ketamine /15mg/kg i.p. xylazine and maintained 

on a 37°C blanket during the surgical procedure. Both kidneys were exposed by a flank incision and the 
renal pedicle was occluded for 30 min with a non-traumatic vascular clamp (cat N° 18055-02 Fine Science 
Tools). Renal blood flow was re-established (reperfusion stage) by clamp removal and both incisions were 
sutured. Sham animals did not undergo renal pedicle occlusion [23, 26]. Reperfusion was 48 hrs. Following 
protocols, mice were euthanized with CO2, kidneys were dissected and processed for Western blotting, qRT-
PCR, histology, and biochemical analyses.
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Assessment of Renal Function
The serum creatinine (SCr) and 

blood urea nitrogen (BUN) levels were 
measured by an automatic analyzer 
(Mindray analyzer).

Real-Time PCR
The protocol was conducted as it 

was described previously [23, 27]. In 
brief, the total RNA was isolated using 
an RNeasy Mini Kit (Qiagen) according 
to the manufacturer’s directions. 
Extracted RNA was quantified at 260-
nm in a NanoDrop Spectrophotometer 
(NanoDrop Technologies) and the 
integrity of the RNA was assessed 
by agarose gel electrophoresis. 
cDNA was prepared from total RNA 
(1μg) using a reverse transcription 
system (random hexamers, Improm 
II Reverse Transcriptase System from 
Promega). Then, PCR was performed 
in duplicate for each experiment 
(HotStart Taq DNA polymerase from 
Qiagen or BRILLIANT III ULTRA-FAST 
SYBR GREEN QPCR (Stratagene). The 
primers used are listed in Table 1. 
Amplicons were detected for Real-
Time Fluorescence Detection (Rotor-Gene Q, Qiagen). Relative mRNA abundance was calculated using Ct 
values and normalized to the relative abundance of each transcript.

Histochemical analysis and tissue damage determination
The kidneys were fixed in 10% buffered formalin, embedded in paraffin, sectioned, dewaxed, 

rehydrated, rinsed in water, and stained with hematoxylin and eosin and periodic acid Schiff (PAS). The 
morphologic analysis was carried out in a blinded manner as detailed previously [23, 28]. The cortex and 
medulla were evaluated for epithelial necrosis, loss of brush border, tubular dilation, and tubular congestion 
among other kidney alterations observed in response to AKI.

Western blot assay
Western blot was realized as was previously published with some modifications [27–29]. Briefly, the 

renal cortex and medulla were dissected and homogenized with an Ultra-Turrax homogenizer in ice-cooled 
10 mM Tris·HCl buffer at pH 7.4, supplemented with 1 mM EDTA, 1 mM EGTA, 0.25 M sucrose, 1% vol/vol 
Triton X-100, and a protease inhibitor cocktail (Complete Mini, Roche Applied Science). Tissue homogenates 
were subject to the next steps. Homogenized was centrifugated to 3,000 rpm by 10 min (4°C). Next, the 
tissue was sonicated for 30min on ice, high-speed vortex by 1min, and centrifugated again at 3,000 rpm 
by 10min (4°C). The supernatant produced was centrifugated to 5,000rpm by 5 min (4°C). Finally, the 
supernatant was centrifugated to 5,000rpm by 5 min and centrifugated to 14,000rpm by 5 min (4°C). Total 
proteins in supernatants were measured using the BCA Protein Assay Kit (ThermoFisher Scientific), and 
samples were stored at -80°C. The antibodies used were anti-NGAL (Abcam), anti-Hsp27 (cell signaling), 
anti-TLR4 (Santa Cruz, Biotechnology), and anti-β-actin (Sigma). The antibody anti-Hsp70 was provided 
by Dr Gabriele Multhoff. Secondary antibodies were anti-mouse or anti-rabbit IgG conjugated with Alexa 
Fluor-750 (Thermo Scientific). Intensities of the resulting bands were quantified using Odyssey equipment 
and Image Studio Lite software (version 5.25; Li-Cor).

Table 1. List of primers used for RT-PCR

β

γ

α
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Statistical analysis
Differences between groups were analyzed using the non-parametric Mann-Whitney U test or post-hoc 

Tukey test using GraphPad Prism Software. The level of significance was set at p < 0.05. Data are presented 
as the mean ± standard error of the mean (SEM).

Results

Characterization of TLR4 expression
We used 30 min of ischemia and 48 hours of the reperfusion according to our and other 

publications [23, 25, 30, 31]. The cortex and medulla were analyzed separately and we found 
in this timing that TLR4 (mRNA and protein) was significantly induced by I/R in the cortex 
but not in the medulla of TLR4-WT animals (Fig. 1A and 1B). In addition, the TLR4-WT and 
TLR4-KO condition was verified by genotypic analyses in the kidney of each enrolled animal 
according to technical data suggested by Jackson Laboratory (Fig. 1B).

Effect of TLR4 on kidney injury during renal ischemia/reperfusion injury (IRI)
The kidney injury was studied by measuring the levels of NGAL, serum creatinine (SCr), 

blood urea nitrogen (BUN), and histological observation of Acute Tubular Necrosis (ATN) 
in TLR4-WT and TLR4-KO mice. The SCr and BUN (Fig. 2A-B) levels increased by renal I/R 
in TLR4-WT but not in the TLR4-KO group, confirming previously published results [8, 11]. 
However, the NGAL protein abundance increased significantly by IRI in the cortex and medulla 
belonging to TLR4-WT and TLR4-KO mice (Fig. 2C-D). Moreover, the ATN sign was observed 
in both types of animals, characterized by epithelial cell disruption, brush border loss, and 
tubular congestion (see arrowheads in Fig. 3A). The PAS-stained sections showed the same 
results (Fig. 3B). No changes were observed in the kidney tissues from both controls (sham) 
belonging to TLR4-WT or TLR4-KO mice. Altogether, these results suggest that blocking the 
TLR4 expression has a partial effect on renal protection during renal IRI. 

Fig. 1. TLR4 is upregulated in the 
kidney cortex by IRI. A. The TLR4 
mRNA levels were determined by 
qRT-PCR in sham (n=5) and I/R 
(n=6) in TLR4-WT. The bar graph 
represents mean ± SEM, and the 
data were analyzed using a non-
parametric Mann-Whitney analy-
sis (t-test), *p<0.05. B. The TLR4 
protein levels were determined by 
Western blot in sham (n=4) and 
I/R (n=4) in TLR4-WT. The bar 
graph represents mean ± SEM, and the data were analyzed using a non-parametric Mann-Whitney analysis 
(t-test), *p<0.05. C. Genotypification of TLR4 wild-type and knock-out. Every single animal was verified by 
genotypification for TLR4-WT and TLR4-KO conditions by PCR suggested by Jackson Laboratory. Two sets 
of primers were used in the wild-type and knock-out for TLR4 groups. PCRs products were analyzed by 
agarose gel (2%) electrophoresis along with a low-range DNA ladder. The TLR4-WT mice produce an am-
plicon of 390 bp using the primers WT-F: ATATGCATGATCAACACCACAG (oIMR8367) and WT-R TTTCCATT-
GCTGCCC TATAG (oIMR8368). The TLR4-KO mice produce an amplicon of 140 bp using the primers KO-F: 
GCAAGTTTCTATATGCATTCTC (oIMR8365) and KO-R: CCTCCATTTCCAATAGGTAG (oIMR8366).

 1 

Figure 1.  1 

  2 
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Fig. 2. The absence of TLR4 partially prevented 
kidney injury during IRI. Blood depuration activ-
ity was studied in TLR4-WT and TLR4-KO in blood 
samples by A. Serum Creatinine (SCr) and B. Blood 
urea nitrogen (BUN). The NGAL protein abundance 
was measured by Western blot in the kidney of 
TLR4-WT and TLR4-KO animals and normalized 
with b-actin in C. Cortex and D. Medulla. The sham 
(n=4) and I/R (n=9) from WT and sham (n=4) and 
I/R (n=9) from KO for TLR4 were analyzed using a 
non-parametric Mann-Whitney test, *p<0.05. Bars 
graphs represent mean ± SEM.

 2 

Figure 2.  3 

  4 

Fig. 3. The absence of TLR4 did not prevent the 
histological changes observed by IRI. Kidney sec-
tions obtained from TLR4-WT and TLR4-KO mice 
were analyzed for histology. A. Representative he-
matoxylin/eosin (H/E) image from cortex and B. 
PAS images from the medulla of kidney sections. 
Yellow arrows indicate areas with evident kidney 
acute tubular necrosis, according to the patholo-
gist’s opinion, characterized by loss of nucleus in 
tubules or intratubular cellular detritus.

 3 

Figure 3.   5 
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TLR4 on the inflammatory response during renal IRI
We investigated the expression of pro-inflammatory (TNF-α, IFN-γ, IL-1β, and IL-6) 

and regulatory (IL-10 and Foxp3) factors in TLR4-WT and TLR4-KO mice at 48 hours of 
reperfusion. The IL-1β and IFN-γ mRNA did not change by IRI after 48hrs of reperfusion in 
the two kidney sections (cortex or medulla) of both kinds of animals (Fig. 4A-B). Conversely, 
IL-6 mRNA increased significantly in the cortex and medulla from the TLR4-WT and TLR4-
KO mice by renal IRI compared with the respectively sham group. Interestingly, the IL-6 
had a partial but significant reduction in the mRNA expression during IRI in TLR4-KO than 
in TLR4-WT. In addition, TNF-α mRNA was significantly induced in the cortex but not in 
the medulla by IRI in TLR4-WT. The TLR4-KO animals did not increase the TNF-α mRNA 
(Fig. 4C-D) by IRI. On the other hand, in the kidney cortex, the Foxp3 and IL-10 mRNA were 

 4 

Figure 4. 6 

  7 

Fig. 4. The absence of TLR4 had a different effect on the expression of IL-1β, IFN-γ, IL-6, Foxp3, and IL-10 
mRNA observed by IRI. The IL-1β, IFN-γ, IL-6, Foxp3, and IL-10 mRNA levels were determined by qRT-PCR 
in TLR4-WT sham (n= 4) and TLR4-WT I/R (n=6), TLR4-KO sham (n=4), and TLR4-KO I/R (n= 5). A. IL-1β in 
the cortex and medulla. B. IFN-γ in the cortex and medulla. C. TNF-α in the cortex and medulla D. IL-6 in the 
cortex and medulla. E. Foxp3 in the cortex and medulla. F. IL-10 in the cortex and medulla. G. Inflammatory 
index ([IL-1β][IFN-γ] x [TNF-a][IL-6]/[Fox3] x [IL-10]) in the cortex. H. Inflammatory index in the medulla. 
The bar graph represents mean ± SEM, and the data were analyzed using a non-parametric Mann-Whitney 
analysis (t-test), *p<0.05.
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upregulated by renal IRI in TLR4-WT mice but not in TLR4-KO animals (Fig. 4E-F). In addition, 
in the kidney medulla, Foxp3 and IL-10 mRNA did not experiment changes by IRI in TLR4-
WT or TLR4-KO animals. We established a relationship between IL-1β, IFN-γ, IL-6, TNF-α, 
Foxp3, and IL-10 mRNA levels in each animal studied by a simple equation ([IL-1β] x [IL-6] 
x [IFN-γ] x [TNF-α] / [Fox3] x [IL-10]) as an inflammatory index. The results showed that 
there are no differences in the inflammatory index induced by IRI in both kinds of animals 
(Fig. 4G-H). Interestingly, the macrophage markers showed that M0 (F4/80), M1(CD38 and 
Fpr2), and M2 (Arg-1, Egr-2, and c-Myc) were upregulated by IRI in the cortex but not in the 
medulla in TLR4-WT animals. Remarkably, the TLR4-KO inhibited the M1 but not the M2 
macrophage polarization (Fig. 5A-G) in the cortex kidney. The overall results suggested that 
during renal IRI, TLR4 participates in the molecular signaling of both proinflammatory and 
anti-inflammatory factors in the cortex kidney. Interestingly, the medullary expression of 
TLR4 was not upregulated by IRI and it was associated with the less inflammatory signal in 
our model of IRI.

Effect of TLR4 on mesenchymal markers by renal IRI
Previously was described that a panel of mesenchymal markers (vimentin and fascin) 

are overexpressed in human kidney allograft, experimenting with acute tubular necrosis [13] 
and renal ischemia and reperfusion injury in mice [25]. We found increased mRNA levels 
of Vimentin in the cortex kidney (Fig. 6A) belonging to TLR4-WT mice during IRI. Notably, 

Fig. 5. The absence of TLR4 inhibited the M0 and M1 but not M2 macrophage markers by IRI. The mRNA 
expression of M0 (F4/80), M1 (CD38 and Fpr2), and M2 (Arg-I, Erg-2, and c-Myc) macrophages markers lev-
els were determined by qRT-PCR in TLR4-WT sham (n=5), TLR4-WT I/R (n=6), TLR4-KO sham (n=4), and 
TLR4-KO I/R (n=5). A. F 4/80 in the cortex and medulla. B. CD38 in the cortex and medulla. C. Fpr2 in the 
cortex and medulla D. Arg-I in the cortex and medulla. E. Erg-2 in the cortex and medulla. F. c-Myc in the cor-
tex and medulla. The bar graph represents mean ± SEM, and the data were analyzed using a non-parametric 
Mann-Whitney analysis (t-test), *p<0.05.

 5 

Figure 5.  8 
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in the cortex of TLR4-KO animals, IRI did not reach the levels of Vimentin mRNA observed 
in TLR4-WT but still was significantly higher than in TLR4-KO sham animals (Fig. 6A). In 
contrast, in the medulla, the Vimentin was upregulated by IRI in both TLR4-WT and TLR4-KO 
mice compared with respectively sham animals (Fig. 6B). The fascin mRNA did not change 
in TLR4-WT or TLR4-KO by IRI (Fig. 6C-D). Considering this information, we propose that 
the mesenchymal transition observed during IRI is blunt only in the cortex in the TLR4-KO 
condition.

TLR4 effect on iNOS and clusterin expression by renal IRI
The inducible form of nitric oxide synthase (iNOS) increases by IRI and has detrimental 

effects on kidneys by IRI [23, 24]. We previously published that iNOS and clusterin increase 
in the murine model of IRI [23] and the pharmacological inhibition of iNOS (L-NIL), before 
IRI, improves renal function and prevent clusterin upregulation after 48hrs of reperfusion 
[23]. In addition, we recently described that aminoguanidine (antioxidant) prevented the 
upregulation of clusterin and iNOS induced by IRI [30]. Here, we observed upregulation of 
iNOS mRNA by IRI in the cortex of TLR4-WT and TLR4-KO mice (Fig. 7A-B), suggesting that 
TLR4 is not the only upstream regulator of iNOS expression during IRI. In addition, here 
we observed that clusterin mRNA was also significantly increased by IRI in the cortex from 
TLR4-WT but not in TLR4-KO mice in the kidney cortex (Fig. 7C). No effect in clusterin mRNA 
was observed in the kidney medulla in both types of mice by IRI (Fig. 7D).

TLR4 effect on Hsp27 and Hsp70 expression by renal IRI
Finally, we studied the effect of TLR4 on the expression of heat shock proteins 27 

(Hsp27) and 70 (Hsp70). We noted that the Hsp27 protein expression increased significantly 
in TLR4-WT and TLR4-KO mice by IRI, both in the cortex and medulla compared with sham 
animals (Fig. 8A-B), suggesting that TLR4 is not an upstream pathway of Hsp27. On the other 
hand, Hsp70 increased by IRI in the kidney after 48hrs of reperfusion in TLR4-WT animals. 
Noteworthy, the TRL4-KO inhibited the Hsp70 upregulation by IRI (Fig. 8C-D). This data 
suggests that TLR4 might be an upstream regulator of Hsp70 expression during IRI.

Fig. 6. The absence of TLR4 inhibits the vimentin 
IRI-upregulation in the renal cortex. The mRNA 
(qRT-PCR) expression of Vimentin and Fascin was 
determined in the cortex and medulla of WT (sham 
n=4; I/R n=5) and KO (sham n=5; I/R n=6) for 
TLR4. A. Vimentin mRNA in the cortex. B. Vimentin 
mRNA in the medulla C. Fascin mRNA in the cortex. 
D. Fascin mRNA in the medulla. The bar graph rep-
resents mean ± SEM, and the data were analyzed 
using a non-parametric Mann-Whitney analysis (t-
test), *p<0.05.
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Discussion

The main findings of this study are: 1) The TLR4 (mRNA and protein) was upregulated by 
IRI in the renal cortex but not in the medulla. 2) TLR4-KO prevented the upregulation in SCr 
and BUN levels by IRI. 3) TLR4-KO did not avoid the NGAL upregulation or ATN signs during 
IRI in the cortex and medulla. 4) Considering the inflammation cytokines and macrophage 
polarization markers during IRI: (i) the pro-inflammatory and anti-inflammatory activation 
was observed in the cortex but not in the medulla in a TLR4-dependent way, and (ii) TLR4 
was associated with M1 but not in M2 macrophage polarization. 5) TLR4-KO inhibited 
the IRI-upregulation of mesenchymal markers (vimentin) only in the renal cortex but not 
in the medulla. 6) The iNOS upregulation by IRI was observed only in the renal cortex of 
TLR4-WT and TLR4-KO mice. 7) Clusterin upregulation observed in the renal cortex by 
IRI was inhibited in TLR4-KO. 8) The TLR4 is not involved in Hsp27 upregulation by IRI. 
9) TLR4-KO condition inhibited the Hsp70 IRI-upregulation. In summary, the deficiency 
of TLR4 during IRI prevented the loss of renal blood depuration function, explaining a 

Fig. 7. TLR4 prevented the IRI-upregulation of 
clusterin in the kidney cortex, but not the iNOS 
mRNA. The iNOS and clusterin mRNA levels were 
determined by qRT-PCR in WT (sham, n=4 and I/R, 
n=6) and KO (sham, n=4 and I/R, n=5) in cortex 
and medulla kidneys. A. iNOS mRNA in the cortex. 
B. iNOS mRNA in the medulla C. clusterin mRNA in 
the cortex D. clusterin mRNA in the medulla. The 
bar graph represents mean ± SEM, and the data 
were analyzed using a non-parametric Mann-Whit-
ney analysis (t-test), *p<0.05.
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Fig. 8. TLR4 prevented the IRI-upregulation of 
HSP70 in the kidney cortex, but not the HSP27. The 
HSP27 and HSP70 protein levels were determined 
by Western blot in sham (n=4) and I/R (n=5) TLR4-
WT; and sham (n=4) and I/R (n=5) TLR4-KO. A. 
Hsp27 in the cortex. B. Hsp27 in the medulla. C. 
Hsp70 in the cortex. D. Hsp70 in the medulla. The 
bar graph represents mean ± SEM, and the data 
were analyzed using a non-parametric Mann-Whit-
ney analysis (t-test), *p<0.05.
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partial protective effect due to an inflammation response inactivation, avoiding the M1, and 
preserving the iNOS and M2 macrophage polarization in the renal cortex. As a consequence, 
less mesenchymal, clusterin, and Hsp70 upregulation in the renal cortex. Interestingly, in the 
medulla of TLR4-KO mice still is observed signs of kidney damage (NGAL, ATN), with Hsp27, 
IL-6, and mesenchymal markers upregulation during IRI (Fig. 9).

The expression of TLR4 is in resident renal cells (podocytes, mesangial, tubular epithelial, 
endothelial, and intrarenal mononuclear phagocytes cells) [9, 12, 32–34]. In addition, TLR4 
is expressed in infiltrated leukocytes after kidney injury-producing maladaptive production 
of IL-6 [33]. Interestingly, TLR4 is a mediator of IL-22 synthesis and promotes kidney 
reparation [12]. Therefore, although TLR4 blockade during the early injury phase prevented 
tubular necrosis, the TLR4 blockade during the healing phase suppressed IL-22 production 
and impaired kidney regeneration [12]. Suggesting a limitation of TLR4 as a direct therapeutic 
target, thus the potential pharmacological inhibition of TLR4 could be dependent on cell type 
and timing of this inhibition. Besides, TLR2 and TLR3 also participate in the pathogenesis 
of early acute kidney injury. Previously was described that TLR2 is expressed in tubular 
cells and is enhanced upon renal IRI, involving cytokine and chemokine production. The 
lack of TLR2 in parenchymal cells protects from renal dysfunction, the neutrophil influx, 
and tubular apoptosis, producing a partial decrease in SCr and BUN (around 40%) [35]. 
Therefore, like TLR4, TLR2 deficient mice had a protective effect from ischemic renal injury 
[36]. Similarly, TLR3 is an intracellular receptor, activated after ischemia and reperfusion, 
inducing impaired blood perfusion followed by a robust pro-inflammatory response with 
significant neutrophil invasion. In addition, TLR3 activation resulted in kidney damage 
associated with apoptosis, necrosis, and increased levels of NGAL, SCr, and BUN. In contrast, 
these effects are partially (25%) decreased in TLR3 knock-out mice [37]. These results 
suggest that TLR4, as a therapeutic molecular target provides only partial protection against 
renal injury, indicating that other TLR receptors mediate kidney injury.

The absence of TLR4 provides partial protection in cortex renal
Here we have observed that the deficiency of TLR4 during IRI improved the renal 

blood depuration function (SCr and BUN levels were similar to sham TLR4-KO group) and 
produces a protective renal effect principally in the cortex kidney, inhibiting the increase of 
inflammation (reducing TNF-α and M1), mesenchymal transition (Vimentins), clusterin, and 
Hsp70. Interestingly the TLR4-KO also had inhibited the Foxp3 and IL-10 expression without 
inhibition of M2 macrophage polarization. Recovery of kidney function after IRI relies on a 
sequence of events, including epithelial cell dedifferentiation and proliferation followed by 

Fig. 9. Schematic representation of 
events associated with ischemia/re-
perfusion (I/R) injury and the effect 
of TLR4. Renal 30min of ischemia 
and 48hrs of reperfusion induces 
TLR4 (cortex), kidney dysfunction 
(high SCr and BUN levels), inflam-
mation, and mesenchymal markers 
upregulation. The absence of TLR4 
during IRI reduced the inflammation 
response, avoiding M1 but preserv-
ing the M2 macrophage polarization 
in the renal cortex, improving kidney 
function (SCr and BUN). In addition, 
the renal medulla IRI-upregulation of 
IL-6, NGAL, Hsp27, and Vimentin was 
independent of TLR4.
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differentiation and cell migration to restore the integrity and functionality of the nephron. 
Tubular epithelial cells undergo epithelial to mesenchymal transdifferentiation and express 
mesenchymal markers like vimentin and fascin. Vimentin is an intermediate filament 
protein highly expressed in mesenchymal cells during development and re-expressed in 
mitotically active proximal tubular cells after IRI [20, 38]. On the other hand, fascin, an actin-
bundling protein expressed during development in cells subjected to extensive cell migration 
associated with organ formation [39, 40]. Here we confirmed that IRI produces vimentin 
upregulation in the cortex and medulla in TLR4-WT mice. Remarkably, we provided the first 
evidence that TLR4-KO animals avoided the vimentin upregulation in the cortex but not in 
the medulla. On the other hand, the induction of clusterin by IRI is a survival function in 
response to high levels of oxidative stress and inflammation [19]. We previously showed that 
IRI increases the mRNA levels of clusterin in the kidney and the iNOS-inhibitor (L-NIL) [23] 
or Aminoguanidine [30] prevents clusterin upregulation. We provided the first evidence 
describing clusterin upregulation by IRI in the cortex but not in the medulla of C57 TLR4-
WT mice. The C57 TLR4-KO mice avoided the clusterin mRNA upregulation in the cortex. 
These results agree with previous observations in which TLR4 signaling was required for 
clusterin expression in macrophages [41]. Also, in tumor cells, clusterin induction requires 
the HMGB1/TLR4 pathway [42].

On the other hand, it has been described that Hsp70 expression in immune cells is 
responsible for the immunomodulatory function and subsequent renoprotective effect in 
IRI [17]. In addition, increasing Hsp70 either before or after ischemic injury preserves renal 
function by attenuating acute kidney injury [43]. Geranylgeranylacetone (GGA), an antiulcer 
agent, induces Hsp70, protects tubular epithelial cells from apoptosis, and thus ameliorates 
tubular damage by IRI [44]. However, individuals with Diabetes Nephropathy had higher 
levels of TLR4 and Hsp70 in the dilated tubules than non-diabetic controls and this condition 
has been associated with the induction of tubulointerstitial inflammation, suggesting that 
Hsp70 triggered the production of inflammatory mediators in a TLR4-dependent manner 
[45]. Here, we have used a mouse mAb directed against a 14-mer peptide TKDNNLLGRFELSG 
(TKD) of the major-inducible Hsp70 (HSPA1A) called cmHsp70.1 [46]. The cmHsp70.1 
antibody recognizes an unusual cell surface localization of Hsp70-positive tumor cells [47]. 
Here we showed the first evidence that this epitope of Hsp70 is upregulated by IRI in the 
cortex and the medulla of TLR4-WT. In addition, TLR4-KO animals prevented the Hsp70 
upregulation by IRI.

The absence of TLR4 did not prevent other signs of tubular damage (NGAL and ATN), 
inflammation (IL-6), and oxidative stress (Hsp27 and iNOS)
Neutrophil gelatinase-associated lipocalin (NGAL) is synthesized by epithelial cells 

of the tubule as a primary response to IRI [48]. The NGAL mRNA is synthesized primarily 
in the thick ascending limb and collecting duct and is not expressed in proximal tubules 
[49]. Here we found NGAL protein upregulation by IRI in the cortex and medulla of TLR4-
WT animals, and the absence of TLR4 did not prevent this upregulation, suggesting that 
tubular damage produced by IRI is independent of TLR4 expression. The histopathological 
analysis confirmed those results (Fig. 3). On the other hand, after 48hrs of reperfusion, we 
did not see any changes in IL-1β or IFN-γ mRNA by IRI in both groups of animals, but the 
IL-6 mRNA was upregulated independently of TLR4 in the cortex and medulla. Remarkably, 
Foxp3 and IL-10 mRNA increased by IRI only in the cortex but not in the medulla of TLR4-
WT. The IRI-upregulation of TNF-α in the cortex by IRI in TLR4-WT was reduced in TLR4-KO 
animals. Remarkably, the absence of TLR4 completely inhibited the Foxp3 and IL-10 mRNA 
upregulation by IRI. According to a previous publication, we found that TLR4-KO produces 
a partial but significant reduction in IL-6 mRNA than TLR4-WT [7, 50]. It noteworthy, 
previously was published that IL-10 mRNA was higher in TLR4-KO than TLR4-WT during 
IRI [11] after 24hrs of reperfusion. However, we observed that IL-10 mRNA decreased when 
TLR4 was absent in the kidney cortex after 48hrs of reperfusion.
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We previously described that TLR4 and iNOS increase by IRI. Interestingly, we observed 
that an iNOS inhibitor (l-NIL) prevented the TLR4 upregulation by IRI [23]. Here, we found 
that iNOS was upregulated by IRI independently of TLR4, suggesting that other effectors 
more than TLR4 participate in iNOS upregulation by IRI. On the other side, Heat shock 
protein 27 (Hsp27) has been described to have a role as a chaperone, antioxidant, inhibitor of 
apoptosis, and works as an actin cytoskeletal remodeling [16]. Interestingly, kidney-specific 
expression of Hsp27 through lentiviral produces a renal protective role of this chaperone 
during IRI [15], reducing apoptosis, necrosis, and pro-inflammatory cytokines. These mice 
also demonstrated better F-actin preservation. We found Hsp27 upregulation by IRI in the 
cortex and medulla of TLR4 WT and KO animals. Thus, we suggest that Hsp27 was induced 
by IRI independently of TLR4.

TLR4 is a necessary player in the activation of the innate immune response. TLR4 
recognizes damage-associated molecular patterns and activates secondary immune 
responses. In addition, TLR4 might also be activated in podocytes, mesangial, tubular 
epithelial, and endothelial cells in the kidneys and have a renoprotective function through 
IL-22 production. We found that the TLR4 deficiency during IRI improved the renal blood 
depuration function (reduced SCr and BUN). In addition, TLR4-KO inhibited in the cortex the 
polarization of the M1 macrophages (CD38 and Fpr2), mesenchymal markers (Vimentin and 
Fascin), clusterin, Hsp70, Foxp3, and IL-10 upregulation, increasing the evidence of TLR4 is 
involved into increase the response to the injury produced by ischemia-reperfusion. Because 
in the renal medulla, the elimination of TLR4 did not prevent the upregulation of vimentin 
during IRI, we suggest that TLR4 has a differential effect in the cortex than medulla.

Conclusion

In summary, TLR4 participates in ischemia and reperfusion through pro-inflammatory 
and anti-inflammatory responses inducing impaired kidney function (SCr and BUN). However, 
the IRI-upregulation of M2 macrophage markers (cortex), iNOS (cortex), IL-6 (medulla), 
mesenchymal markers (medulla), and Hsp27 (cortex and medulla) were independent 
of TLR4. Therefore, the TLR4 inactivation before IRI prevented the loss of renal function, 
inactivation of inflammation response, avoiding M1, and preserving the M2 macrophage 
polarization in the renal cortex.
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