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Abstract

Cellular autophagy is a protective mechanism where cells degrade damaged organelles to maintain 

intracellular homeostasis. Apoptosis, on the other hand, is considered as programmed cell death. 

Interestingly, autophagy inhibits apoptosis by degrading apoptosis regulators. In hypertension, 

an imbalance of autophagy and apoptosis regulators can lead to renal injury and dysfunction. 

Previously, we have reported that toll-like receptor 4 (TLR4) mutant mice are protective against 

renal damage, in part, due to reduced oxidative stress and inflammation. However, the detailed 

mechanism remained elusive. In this study, we tested the hypothesis of whether TLR4 mutation 

reduces Ang-II-induced renal injury by inciting autophagy and suppressing apoptosis in the 

hypertensive kidney. Male mice with normal TLR4 expression (TLR4N, C3H/HeOuJ) and mutant 

TLR4 (TLR4M, C3H/HeJLPS-D) aged 10–12 weeks were infused with Ang-II (1000 ng/kg/d) for 

4 weeks to create hypertension. Saline infused appropriate control were used. Blood pressure was 

increased along with increased TLR4 expression in TLR4N mice receiving Ang-II compared to 

TLR4N control. Autophagy was downregulated, and apoptosis was upregulated in TLR4N mice 

treated with Ang-II. Also, kidney injury markers plasma lipocalin-2 (LCN2) and kidney injury 

molecule 1 (KIM-1) were upregulated in TLR4N mice treated with Ang-II. Besides, increased 
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nuclear translocation and activity of NF-κB were measured in Ang-II-treated TLR4N mice. 

TLR4M mice remained protected against all these insults in hypertension. Together, these results 

suggest that Ang-II-induced TLR4 activation suppresses autophagy, induces apoptosis and kidney 

injury through in part by activating NF-κB signaling, and TLR4 mutation protects the kidney from 

Ang-II-induced hypertensive injury.
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1. Introduction

Hypertension is the second main cause of kidney injury globally leading to end-stage renal 

disease [1]. Exaggerated cellular response and alterations of vascular structure, including 

various cytokines released from immune cells, matrix degradation, and fibrosis, are thought 

to be the leading contributing factors in the development and progression of organ damage in 

hypertension [2].

Toll-like receptors (TLRs) are an integral part of the innate immune system, and angiotensin 

II (Ang-II) is known for the development and progression of hypertension involving the 

innate immune system [3, 4] that include induction of TLR4 expression in the kidney cells 

[5]. It is also reported that Ang-II induces oxidative stress and inflammatory response, which 

are the key factors that lead to renal injury and fibrosis [6, 7], that were mitigated by TLR4 

blunting [8]. Corroborating with these findings, we have previously reported that TLR4 

deficient (mutant) mice are protected from Ang-II-induced hypertensive renal damage due to 

reduced oxidative and inflammatory insults [4]. Others have shown that TLR4 mutant mice 

are resistant to folic acid-induced renal injury and disease progression [9]. However, the 

molecular etiology of how TLR4 mutation protects the kidney from Ang-II-induced injury is 

still incompletely understood.

Autophagy is an intracellular degradation process that is involved in hypertension-induced 

kidney injury [10, 11]. Clinical data reports altered autophagy in hypertension-induced 

kidney injury [12]. Further, TLRs signaling, including TLR4, is associated with autophagy 

changes in various diseases [13–18]. Several studies demonstrated that autophagy plays a 

protective role in TLR4-dependent signaling cascades in diseases, such as acute kidney 

injury [19, 20] and diabetic nephropathy [21]. However, the precise role of TLR4-mediated 

autophagy in hypertensive kidney damage remains elusive.

Apoptosis is a form of programmed cell death that is vital for normal cell turnover, 

development, and function of the immune system. Uncontrolled apoptosis is an indication 

of many diseases, including degenerative disease, ischemic damage, and acute organ 

injury [22]. NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) is a 

ubiquitously expressed transcription factor that mediates number of genes involved in 

several biological processes, including cell death and survival [23]. TLRs are capable of 

activating the NF-κB pathway leading to the progression of kidney disease [24–26]. Further, 

TLR4/NF-κB signaling is implicated in apoptosis of tubular cells in drug-induced acute 
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kidney injury (AKI) [27]. However, whether TLR4-mediated NF-κB signaling plays a role 

in apoptotic cell signaling in the hypertensive kidney and whether TLR4 mutation protects 

the kidney from injury is unknown.

The present study was undertaken to determine whether TLR4 has a detrimental role in 

Ang-II-induced hypertensive kidney injury and whether mutation of TLR4 protects against 

kidney by modulating cellular death signaling.

2. Materials and methods:

2.1. Animals

All animal protocols were performed in accordance with the institutional animal care 

guidelines and conform to the Guide for the Care and Use of Laboratory Animals published 

by the U.S. National Institutes of Health (NIH Publication, 2011). This study was approved 

by the Institutional Animal Care and Use Committee (IACUC) of the University Of 

Louisville School Of Medicine. C3H/HeJ (Tlr4Lps-d, Stock no.: 000659) and C3H/HeOuJ 

(Stock no.:000635) mice aged 10–12 weeks were purchased from Jackson Laboratory (Bar 

Harbor, ME). The C3H/HeJ mice are endotoxin resistant due to a spontaneous mutation 

at the lipopolysaccharide response locus in the toll-like receptor 4 gene, Tlr4Lps-d, and we 

termed these mice as TLR4M hereafter. Whereas the C3H/HeOuJ is a substrain of C3H/HeJ, 

has normal TLR4, and we termed these mice as TLR4N hereafter. The animals were fed 

standard chow and regular water ad libitum.

2.2. Hypertension induction

Hypertension was induced through angiotensin II (Ang-II) treatment as described previously 

with modifications [28]. Briefly, under intraperitoneal tribromoethanol anesthesia and sterile 

conditions, a dorsal midline incision was made in the lower thorax, and a subcutaneous 

pocket was created in the right flank area. Alzet mini-osmotic pumps (model: 1004, 

delivery: 0.11 μL/h) loaded with saline or Ang-II were inserted to deliver Ang-II at 1000 

ng/kg/min for a period of 4 weeks. Wound was closed with 5–0 nylon (Aros Surgical, 

Newport Beach, CA).

2.3. Blood pressure measurement

Blood pressure (BP) was measured by the tail-cuff method at 0, 1-, 2-, 3-, and 4-weeks 

using the Coda™ non-invasive BP system (Kent Scientific Corporation, Torrington, CT) as 

described before and by following manufacturer’s instructions [29]. Mice were acclimated 

with BP holder one week before commencement of BP measurement. All recordings were 

done between 10–11 AM at ambient room temperature, lighting, and absence of noise. 

Briefly, the mice were placed in the holder and the tail passed through the occlusion and 

volume pressure cuffs. Three cycles of BP were recorded, each with 20 readings. The data 

was exported (excel) and systolic and mean BP from all ‘regular’ and ‘accepted’ cycles were 

averaged and included in respective groups. The mean ± SEM for the groups were used to 

plot graphs in excel.
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2.4. Antibodies and reagents

Antibodies against NF-κB (p-65) (Cat# 8242S), p-NF-κB (p65) (Cat# 3033S), IκBα 
(Cat# 9242S), p62 (Cat# 5114S), Atg3 (Cat# 3415P), Atg7 (Cat# 2631P), Atg12 (Cat# 

4180P), and cleaved caspase 3 (Cat# 9664S), and 7 (Cat# 8438S) were purchased from 

Cell Signaling Technology (Danvers, MA). Lipocalin-2 (Cat# AF1857) was from R&D 

Systems. Bcl-2 (Cat# MA5-11757), Bax (Cat# MA5-14003), and fluorescently tagged 

secondary antibodies, anti-rabbit (Alexa Fluor 488, Cat# A-11008 and Alexa Fluor 594, 

Cat# A-11012), anti-mouse (Alexa Fluor 488, Cat# A-11001 and Alexa Fluor 594, Cat# 

A-11005) were purchased from Invitrogen (Carlsbad, CA). LC3-I/II (Cat# ab58610), 

KIM-1/TIM-1 (Cat# ab47635) were purchased from Abcam (Cambridge, MA), and Beclin 

1 (Cat# NB500-249), TLR4 (Cat# NB100-56566) was from Novus Biologicals (Centennial, 

CO). GAPDH (Cat# sc-365062 HRP), Tubulin (Cat# sc-5286 HRP) and HRP conjugated 

secondary antibodies, anti-rabbit (Cat# sc-2357), anti-mouse (Cat# sc-516102) were from 

Santa Cruz Biotechnology (Dallas, TX). We followed the manufacturer’s recommendation 

for all antibody dilutions. All other chemicals used in activity assays were purchased from 

Sigma Aldrich (St. Louis, MO).

2.5. NF-κB (p65) transcription factor activity measurement

A semi-quantitative colorimetric NF-κB (p65) transcription factor activity assay was 

performed using a kit (Abcam, ab133112) with isolated nuclear fraction of kidney samples 

following the manufacturer’s guidelines. Nuclear fraction isolation was performed by 

Epiquik nuclear extraction kit (Epigentek, OP-0002-1).

2.6. Immunoblot analysis

Kidney homogenates were separated by SDS-PAGE and transferred to Polyvinylidene 

difluoride (PVDF) membrane. The membranes were incubated with appropriate primary 

antibodies overnight and corresponding secondary antibodies for 2 h at room temperature. 

The immunoreactive bands were developed with chemiluminescence and visualized using 

ChemiDoc MP System (BioRad, Hercules, CA). Band intensities were quantified using 

ImageJ software (https://imagej.nih.gov/ij/).

2.7. Immunostaining

Frozen 5 μm kidney sections were air-dried for 10 min and fixed with 4% paraformaldehyde 

for 20 min. Following blocking for 45 min at room temperature, sections were incubated 

with primary antibodies at 4°C overnight. Immune labeling was done with appropriate 

Alexa Fluor 488, AF 594, AF 647 conjugated secondary antibodies for 90 min at room 

temperature. Images were captured by Olympus FluoView1000 (B&B Microscope Ltd., 

PA). Mean fluorescent intensity was quantified using ImageJ software as described before 

[30, 31] and presented as bar graphs. For each mouse, three sections and ten regions of 

interest (ROI) in each section representing different parts of the kidney were evaluated. The 

mean values were exported to excel file to plot graph.
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2.8. TUNEL assay

The terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling 

(TUNEL) assay was performed to detect cell apoptosis in the kidney using in situ cell 

death detection kit, Fluorescein following the manufacturer’s instructions (Roche, Sigma 

Aldrich) as described previously [32]. Kidney tissue sections were fixed in fixation solution 

for 20 min at room temperature, washed twice with PBS, and then permeabilized with 

permeabilization solution for 5 min on ice, followed by washing twice with PBS. The 

sections were incubated in 50 μl TUNEL reaction mixture for 60 min at room temperature, 

washed thrice with PBS, and after mounting with coverslips, confocal microscopic analyses 

were performed.

2.9. Lipocalin-2 ELISA assay

The lipocalin-2 (LCN2) or NGAL mouse simple-step ELISA kit (ab199083, Abcam, 

Cambridge, UK) was used to determine plasma LCN2 levels according to the 

manufacturer’s instruction.

2.10. Statistical analysis

Data are expressed as mean ± SEM of the number of experiments or animals/group as 

stated in the figure legends. More precisely, n=5 for TLR4N and TLR4M controls (saline 

only), and n=6 for TLR4N+Ang-II and TLR4M+Ang-II. Following tests for normality and 

homogeneity, the significant differences between the groups were determined by one-way 

ANOVA. Individual comparisons between the groups were made by using Bonferroni’s 

multiple comparison tests using SPSS (Chicago, IL) software. A P-value of < 0.05 was 

accepted as significant.

3. Results

3.1. TLR4 mutant mice are markedly resistant to Ang-II on hypertension

In the TLR4N and TLR4M mice that received saline, there was no difference in systolic 

and mean blood pressure (BP) in four weeks of the experiment (Fig. 1A–B). In TLR4N 

mice, Ang-II increased systolic and mean BP within a week following Ang-II infusion 

and continued to increase until the end-point (Fig. 1A–B). In contrast, TLR4M mice 

demonstrated blunted response to Ang-II hypertension compared to TLR4N+Ang-II for the 

same period. The systolic and mean BP in TLR4M mice increased after the second week 

of Ang-II infusion and continued until four weeks; however, the increase was significantly 

lower compared to the TLR4N mice with Ang-II (Fig. 1A–B).

3.2. Ang-II induced TLR4 in TLR4N mice, and TLR4 mutation maintained higher levels of 
ATGs expression in the kidney independent of hypertension

First, we determined whether Ang-II hypertension influences TLR4 expression in TLR4N 

and TLR4M mice infused with Ang-II. The results showed increased TLR4 expression in 

TLR4N mice treated with Ang-II compared to the TLR4N control group (Fig. 2A). In the 

TLR4M control group (saline), the expression of TLR4 showed non-significant decrease 
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compared to TLR4N control (Fig. 2A). Interestingly, the expression of TLR4 significantly 

decreased in TLR4M mice treated with Ang-II compared to TLR4N with Ang-II (Fig. 2A).

Autophagy process depends on the regulation of autophagy-related genes (ATGs). 

Autophagy is involved in regulating a variety of cellular functions [33], and TLR4 is 

known to regulate autophagy [34]. However, a relationship between TLR4 and autophagy 

in hypertensive kidney injury and repair is not definitely known. To determine whether 

TLR4 regulates autophagy in hypertensive renal injury, we measured protein expression 

of autophagy markers by Western blotting. Our results indicated that the expression of 

autophagy markers, particularly ATG3 and -12, was decreased in Ang-II hypertensive 

TLR4N kidney compared to the TLR4N control group, while ATG7 remained unaltered 

(Fig. 2B). The expressions of ATG3, -7, and -12 in the kidney of control TLR4M mice 

was significantly increased compared to TLR4N control (Fig. 2B). The expressions of these 

ATGs in TLR4M mice with Ang-II were significantly higher compared to TLR4N with or 

without Ang-II. Interestingly, in the TLR4M kidney with Ang-II, while ATG3 remained 

unaltered, the expressions of ATG7 and -12 were slightly but significantly decreased 

compared to TLR4M without Ang-II treatment (Fig. 2B).

3.3. TLR4 mutation increased autophagy in the kidney by modulating p62, Beclin 1, and 
LC3-I/II expression

While an increase in p62 indicates suppressed autophagic flux [35], Beclin 1 acts at the 

initiation stage of autophagy to stimulate the formation of autophagosome, and LC3-I-to-II 

conversion determines autophagic activity [36]. Therefore, we measured the expression 

of p62, Beclin 1, and LC3-I/II protein ratio through immunoblotting of kidney tissue to 

determine autophagic status in all groups. Our results indicated constitutive expressions of 

p62, Beclin 1, and LC3-I/II in TLR4N control kidneys (Fig. 3). The expression of p62 was 

increased, and Beclin 1 and LC3-I/II were decreased in TLR4N kidney treated with Ang-II 

compared to TLR4N control (Fig. 3). Interestingly, the expressions of p62 significantly 

decreased, and Beclin 1 and LC3-I/II were significantly increased in TLR4M control mice 

compared to TLR4N control (Fig. 3). Furthermore, while the expression of LC3-I/I and 

Beclin 1 remained high, the expression of p62 also increased in TLR4M mice receiving 

Ang-II compared to TLR4M control (Fig. 3). On the other hand, the expression of p62 

decreased significantly, and Beclin 1 and LC3-I/II were increased significantly in TR4M 

mice that received Ang-II compared to TLR4N with Ang II (Fig. 3).

3.4. TLR4 mutation normalized Bcl-2 and Bax expression in hypertension

Both Bcl-2 and Bax play important roles in apoptotic cell death in pathologic conditions 

[37, 38]. However, their roles in hypertensive kidney damage and whether TLR4 has a 

regulatory role is incompletely understood. Therefore, we measured Bcl-2 and Bax protein 

to determine their involvement in hypertensive kidney damage. Results indicated that the 

expression of Bcl-2 decreased while Bax was increased in TLR4N with Ang-II compared 

to TLR4N control (Fig. 4A). In the TLR4M mice without Ang-II, both Bcl-2 and Bax 

expressions did not change significantly compared to TLR4N control (Fig. 4A). Similarly, in 

TLR4M with Ang-II, the expression of these two molecules remained unchanged and were 

comparable to TLR4N and TLR4M without Ang-II (Fig. 4A).
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3.5. TLR4 mutation inhibited caspase 3 and 7 expressions in hypertension

Caspase 3 and 7 have been widely recognized as cell apoptosis markers [39], and therefore, 

we measured these molecules through immunoblotting. Results indicated that similar to 

Bax protein (Fig. 4A), the expression of cleaved caspase 3 and 7 increased significantly in 

TLR4N mice that received Ang-II compared to TLR4N control (Fig. 4B). In TLRM control 

mice, the expression of these caspases remained at the basal levels, which were comparable 

to TLR4N controls (Fig. 4B). Interestingly, in TLRM mice with Ang-II, their expression 

significantly decreased compared to TLR4N with Ang-II and was comparable to TLR4N 

controls (Fig. 4B). Further immunostaining results of cleaved caspase 3 revealed similar 

results of caspase 3 immunoblotting in all groups (Fig. 4C–D).

3.6. TLR4 mutation blunted Ang-II-induced apoptosis in hypertensive kidney

Apoptosis determines the turnover of entire cells, and loss and gain of apoptosis influence 

numerous pathological processes [40, 41]. To understand the effect of TLR4 mutation on 

apoptosis in the hypertensive kidney, we estimated apoptotic cell death in response to Ang-II 

treatment in TLR4N and TLR4M mice kidneys. For that reason, we performed a TUNEL 

assay, and the results indicated that the apoptotic cells were either non-detectable or at the 

minimum number in the TLR4N control group (Fig. 5A–B). The number of apoptotic cells 

was robustly and significantly increased in TLR4N mice that received Ang-II treatment 

compared to TLR4N control (Fig. 5A–B). In TLR4M control mice, the apoptotic cells 

were at the minimum numbers, which were also comparable to TLR4N control littermates. 

Interestingly, in the TLR4M mice that received Ang-II treatment, the number of apoptotic 

cells was significantly increased compared to TLR4N control or TLR4M control. The 

number of apoptotic cells in TLR4M mice with Ang-II was, however, significantly lowered 

compared to TLR4N with Ang-II (Fig. 5A–B).

3.7. TLR4 mutation attenuated Ang-II-induced activation of NF-κβ signaling pathway in 
hypertensive kidney

A major transcription factor that regulates innate and adaptive immune response genes 

is NF-κB, and TLR4 targets the NF-κB gene. Interestingly, a regulatory protein IkBα 
inhibits the activity of dimeric NF-kappa-B/REL complexes by trapping REL dimers in the 

cytoplasm through masking off their nuclear localization signals [42]. First, to determine 

whether Ang-II-induced NF-κB activation is TLR4 dependent or not, we measured levels of 

IkBα and NF-κB (p65) in the kidney tissue from Ang-II treated and control mice, TLR4N 

and TLR4M, by immunoblotting. Results suggested that IkBα was decreased and NF-κB 

(p65) was increased significantly in the whole tissue of TLR4N+Ang-II kidney compared 

to TLR4N control (Fig. 6A). Furthermore, the expression of IkBα was upregulated, and 

NF-κB (p65) was downregulated in TLR4M control mice compared to TLR4N control (Fig. 

6A). Interestingly, the expression of these molecules was normalized in TLR4M kidney with 

Ang-II and was comparable to TLR4N control (Fig. 6A).

The NF-κB complex remains in an inactive state in the cytoplasm. Upon activation, it 

translocates to the nucleus through several intermediate ubiquitination and degradation steps, 

where it binds to the target genes [43]. To determine whether Ang-II induces nuclear 

translocation of NF-κB (p65) and TLR4 mutation inhibits translocation, we measured 
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phosphorylated NF-κB (p65) in the nuclear fractions of kidney tissue from all groups. Our 

results indicated that Ang-II treatment robustly increased the nuclear fraction of phospho-

NF-κB (p65) in TLR4N mice, and this increase was significant compared to TLR4N control 

(Fig. 6B). Although the nuclear fraction of phospho-NF-κB (p65) in TLR4M control mice 

was significantly higher compared to TLR4N control, it was not as robust as TLR4N+Ang-

II (Fig. 6B). Interestingly, the phospho-NF-κB p65 in nuclear fraction did not increase 

significantly in TLR4M mice treated with Ang-II compared to non-treated TLR4M mice 

(Fig. 6B). Nevertheless, the nuclear fraction of phospho-NF-κB in TLR4M+Ang-II kidney 

was significantly lower compared to the fraction measured in TLR4N+Ang-II kidney (Fig. 

6B).

We also measured NF-κB transcription factor activity, and the results indicated that the 

activity was increased in TLR4N mice treated with Ang-II compared to TLR4N control 

mice (Fig. 6C). Interestingly, the activity decreased significantly in TLR4M control mice 

compared to TLR4N control. The activity did not differ further in TLR4M mice treated with 

Ang-II and remained at comparable levels with TLR4M control mice (Fig. 6C); however, the 

activity was significantly lowered in TLR4M+Ang-II kidney compared to TLR4N+Ang-II 

(Fig. 6C)

3.8. TLR4 mutation protected the kidney from Ang-II-induced injury

Kidney injury molecule-1 (KIM-1) is a reliable biomarker of kidney damage and is highly 

expressed in proximal tubular cells following injury [44]. In addition, Lipocalin-2 (LCN2), 

also known as neutrophil gelatinase-associated lipocalin (NGAL), is an inflammatory 

biomarker of several disease processes, including kidney damage [45]. To demonstrate 

whether Ang-II hypertension-induced kidney damage and injury in TLR4N mice and 

whether TLR4M mice are protected from injury, we measured KIM-1 in the kidney 

section by immunostaining (Fig. 7A) and LCN2 in the plasma by ELISA (Fig. 7B). 

Our results indicated that KIM-1 and LCN2 were upregulated in the kidney proximal 

tubules and in blood plasma, respectively, in TLR4N mice treated with Ang-II compared 

to TLR4N control mice (Fig. 7A–B). The expression of KIM-1 in TLR4N and TLR4M 

mice without Ang-II treatment remained at the basal levels and were comparable between 

the groups (Fig. 7A). Similar comparable results were also observed for plasma LCN2 

levels in TLR4N and TLR4M control mice (Fig. 7B). Interestingly, TLR4 mutation blunted 

increased expression of KIM-1 and LCN2 in Ang-II treated TLR4M mice, which otherwise 

were observed increased expression in TLR4N mice treated with Ang-II (Fig. 7A–B). 

Corroborating to KIM-1 immuno-expression in the kidney sections and LCN2 plasma levels, 

the immunoblotting results of kidney tissue extract indicated similar findings (Fig. 7C).

4. Discussion

Our overall results indicate that in response to hypertensive stress, autophagy was 

downregulated, and apoptosis was upregulated, leading to renal injury in TLR4N mice 

treated with Ang-II compared to TLR4N control mice (Fig. 8). These were due to, in 

part, increased nuclear translocation and activity of NF-κB resulting from inhibition of a 

regulatory protein, IkBα. Which, otherwise, when normally expressed, inhibits the activity 
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of dimeric NF-κB/REL complexes by trapping REL dimers in the cytoplasm through 

masking off their nuclear localization signals. Our results also indicate that TLR4M blunted 

the renal injury in hypertension by preserving the normal expression of IkBα and preventing 

the increased activity of NF-κB and its nuclear translocation. Together, these results suggest 

a potential mechanistic pathway of renal injury and reveal that TLR4 could be considered as 

a target molecule to prevent kidney damage in hypertension.

Kidney injury and dysfunction remain a constant challenge to successfully treat end-stage 

renal disease (ESRD), including hemodialysis patients with hypertension [46, 47]. Several 

plasma or urinary biomarkers are recognized as the early indicators of kidney injury. Of 

these, lipocalin-2 (LCN2), also known as neutrophil gelatinase-associated lipocalin (NGAL), 

and kidney injury molecule-1 (KIM-1) are the two most widely used biomarkers to detect 

AKI in clinical conditions [48, 49]. While LCN2 is released by a variety of cell types into 

the bloodstream and is recognized as a biomarker of several disease conditions, including 

kidney damage [45], KIM-1 is highly upregulated in proximal tubular cells following kidney 

injury [44]. Besides, in patients with essential and renovascular hypertension, these two 

biomarkers were found to be elevated [50]. Interestingly, increased KIM-1 and LCN2 

expression in the kidney were reported to be associated with upregulated expression of 

TLRs, including TLR4 in myocardial infarcted diabetic rats [51], in a genetic model of 

spliced X-box binding protein 1, which is a key component of the endoplasmic reticulum 

stress-activated pathways [52], as well as in several AKI and CKD mouse models [53]. It 

is also reported that Ang-II triggers TLR4 activation in the kidney [3]. Corroborating with 

these previous reports, our results also indicate that these kidney injury biomarkers, i.e., 

KIM-1 and LCN2, were elevated (Fig. 7A–C) along with upregulated TLR4 expression (Fig. 

2A) in hypertensive TLR4N mice (Fig. 1A–B) compared to their TLR4N control littermates. 

Importantly, the expression of these molecules was blunted in TLR4M mice treated with 

Ang-II compared to TLR4N mice with Ang-II, suggesting that TLR4M mice are protected 

from hypertensive kidney injury (Fig. 7A–C).

Among several other modulators, autophagy plays a crucial role in kidney injury during 

stress conditions [54]. It is a multi-step dynamic and occurs in a highly conserved lysosomal 

degradation pathway, which plays a critical role in maintaining cellular homeostasis in 

all major cell types in the kidney, including mesangial, podocytes, and renal tubular 

cells [55]. Precisely, it plays dual roles in modulating cellular survival and death [54]. A 

growing number of evidence indicate that abnormal autophagy regulation can induce renal 

damage in disease conditions, including AKI and CKD [56]. In response to hypertensive 

stress, autophagy has been reported to be activated in mesangial cells to induce apoptosis 

[57]. In addition, depletion in autophagy in proximal tubular cells resulted in severe 

tubular injury and renal dysfunction [58–60]. However, the detailed mechanism by which 

hypertension induces autophagy and regulates kidney injury is incompletely understood. 

Moreover, although it is well established that TLR4 is a sensor for autophagy [13], the 

causal relationship between TLR4, autophagy, and hypertension kidney injury is not clear. 

Furthermore, whether TLR4 mutation protects the kidney from hypertensive injury is not 

well documented. To address these knowledge gaps, we sought to delineate the molecular 

mechanism of how Ang-II-induced TLR4 activation affects the autophagy process in the 

kidney, leading to injury.
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The core of the autophagy process largely depends on the regulation and activities 

of approximately 20 autophagy-related genes (ATGs) [61]. Homologs of ATG8 in the 

mammalian system are called microtubule-associated protein 1 light chain 3 (LC3), and 

the processed unlipidated LC3 are LC3-I and -II, and these are the most commonly 

used autophagy markers [61]. In addition, ATG3 and ATG7 form a stable covalent 

intracellular complex with LC3, a process crucial for functional autophagy [62]. Besides, 

the formation of autophagosome involves a ubiquitin-like conjugation system in which 

ATG12 is covalently bound to ATG5 [63], which is essential for LC3 lipidation, a regulatory 

machinery for autophagy [64]. We determined whether Ang-II hypertension diminishes 

autophagy in the kidney and whether TLR4 mutation protects the kidney from Ang-II 

threat by upregulating autophagy markers. Our results revealed that Ang-II treatment 

downregulated ATG3 and ATG12, but not the ATG7 in TLR4N mice compared to TLR4N 

control (Fig. 2B). These three ATGs were upregulated in TLR4M control mice compared 

to TLR4N, suggesting that TLR4M induces autophagy as a pro-defense mechanism against 

possible stress. This was further evidenced with sustained upregulation of ATG3, -7, and -12 

in the kidney of TLR4M mice that received Ang-II (Fig. 2B). We also documented similar 

results for LC3-I/II (Fig. 3), further confirming that TLR4M is a defensive autophagy tool 

against Ang-II-induced hypertensive injury in the kidney.

Alongside ATGs, Beclin 1 is described as the mammalian homolog of ATG6 [65], which is 

part of a lipid complex that coordinates the cytoprotective function of autophagy [66]. Also, 

p62 is a multifunctional stress-inducible scaffold protein involved in a variety of cellular 

processes, including autophagy [67]. Degradation of p62 is another widely used marker to 

monitor autophagic activity because p62 directly binds to LC3 and is selectively degraded 

by autophagy [68]. Our results revealed that Ang-II treatment downregulated Beclin 1, and 

upregulated autophagy substrate p62 in the hypertensive kidney with normal functional 

TLR4 (TLR4N) compared to TLR4N control mice (Fig. 3). In contrast, TLR4M mice 

with dysfunctional TLR4 were protected from Ang-II-induced upregulation of autophagy 

marker Beclin 1 and downregulation of p62 in the kidney. These results suggest that the 

TLR4M kidney is protected against hypertensive stress through a mechanism that promotes 

autophagic induction.

While autophagy is a process by which dysfunctional sub-cellular organelles are destroyed 

and new ones are rebuilt to replace them, apoptosis is a programmed cell death through 

a series of protease pathways that the body uses to rid of damaged cells beyond repair. 

In general, autophagy blocks the induction of apoptosis, and apoptosis-associated caspase 

activation shuts off the autophagic process [41]. Bcl-2 family proteins are key regulators 

of apoptosis cell death, and Bax belongs to this family protein. These apoptosis-associated 

proteins, including Bax and cleaved caspase-3, were shown to be upregulated, and Bcl-2 

downregulated in AKI kidneys [69]. Of note, Bcl-2 functions as anti-apoptotic, whereas 

Bax and cleaved caspase-3 are pro-apoptotic. In vivo and in vitro research also reported 

upregulated caspase -7 in agonist-activated renal tubular epithelial cells as well as in 

a model of unilateral ureteral obstruction (UUO) kidney [70]. Corroborating with these 

previous reports, our results also suggest that hypertensive injury following Ang-II treatment 

increased apoptosis in the kidney of TLR4N mice compared to TLR4N control as 

measured by downregulated expression of Bcl-2, and upregulated expression of Bax, and 
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caspases-3 and -7 (Figs. 4A–D). TLR4N and TLR4M mice without Ang-II showed a basal 

and comparable level of expression of these apoptosis-associated proteins in the kidney. 

Interestingly, in the kidney of TLR4M mice treated with Ang-II, the expression of these 

apoptosis-associated proteins remained unchanged compared to TLR4M control and are 

comparable to TLR4N control as well (Fig. 4A–D). The TUNEL assay, in which fragmented 

DNAs were detected that occur in the last phase of apoptosis, further confirmed the above 

results across the groups (Fig. 5A–B).

Several studies have demonstrated TLR4 upregulation following Ang-II infusion in the 

kidney, heart, and brain, leading to organ injury [3, 71–73]. In the kidney, Xu et al. 

showed Ang-II induced renal inflammation and fibrosis was dependent on the formation 

of myeloid differentiation 2 (MD2)/TLR4 complex and subsequent recruitment of adaptor 

protein, MyD88, that resulted in ERK and NF-κB signaling [71]. In separate studies, Singh 

et al. demonstrated Ang-II induced hypertension is dependent on TLR4-TRIF signaling [74] 

whereas, MyD88 suppresses proinflammatory cytokine production in the kidney [75]. The 

studies above suggest the important and diverse mechanistic role of TLR4 in angiotensin-

induced hypertension and renal inflammation. In this process, the activation of NF-κB is 

central to a variety of stress responses that, in addition to inflammation, include autophagy 

and apoptosis [76–78].

A link between NF-κB signaling and apoptosis was previously shown to be involved in 

kidney injury. For example, Marko et al. reported IRI-induced NF-κB activation in renal 

tubular epithelial and in interstitial cells followed by nuclear localization of phosphorylated 

NF-κB subunit p65 that led to apoptosis [79]. We have previously reported that functional 

TLR4 deficient, i.e., TLR4 mutant mice are protected from Ang-II-induced increased 

oxidative stress and inflammatory kidney injury due to improved antioxidant defense 

mechanisms [4]. However, whether Ang-II-induced kidney injury was a direct effect of NF-

κB activation, which is one of the important target genes of TLR4, was not known. Reports 

showed that Ang-II-mediated NF-κB activation and cardiac remodeling were prevented by 

TLR4 knockdown [73]. Also, Ang-II promoted NF-κB mediated injury in kidney mesangial 

cells [80]. Furthermore, it is known that the degradation of IkB induces NF-κB activation 

[81, 82]. Corroborating with these earlier findings, our present report demonstrated that 

Ang-II decreased IkBα and increased NF-κB (p65) in TLR4N kidney tissue compared to 

TLR4N control (Fig. 6A). In addition, nuclear translocation of phosphorylated NF-κB (p65) 

was observed in the kidney of TLR4N mice treated with Ang-II, which was significantly 

decreased in TLR4M mice treated with Ang-II (Fig. 6B). NF-κB activity in these mice also 

corroborated with its phosphorylation and nuclear translocation levels (Fig. 6C). Together, 

these results suggest that TLR4M mice are protected from hypertension-induced increased 

apoptosis signaling in the kidney through reduced induction, nuclear translocation, and 

decreased activity of NF-κB (Fig. 6A–C). It also confirmed that autophagy is a defensive 

mechanism in TLR4M mice against Ang-II threat, which otherwise induces apoptosis 

leading to kidney injury (Fig. 8).

In summary, our study demonstrates that Ang-II-induced hypertension diminishes autophagy 

and induces apoptosis in TLR4N mice leading to renal injury. TLR4 mutant (TLR4M) mice 

are protected from Ang-II-induced renal insult through normalization of both autophagy 
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and apoptosis. Further, we show that increased NF-κB activation, nuclear translocation, and 

activity played a major role in autophagy and apoptotic imbalance in hypertensive TLR4N 

kidneys. Finally, TLR4M inhibited NF-κB nuclear translocation and activity that protected 

the kidney from hypertensive injury.
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GAPDH glyceraldehyde 3-phosphate dehydrogenase

IκBα a regulatory protein that inhibits NF-κB
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Fig. 1. 
TLR4 mutant mice exhibited resistance to Ang-II induced hypertension. Time course blood 

pressure (BP) was measured following Ang-II and saline infusion through osmotic mini-

pump. (A) systolic and (B) mean BP in TLR4N and TLR4M mice with or without Ang-II. 

Data presented as mean ± SEM, n = 5/saline (control) groups, and n=6/Ang-II treated 

groups: *P < 0.05 vs. TLR4N+saline (control), and †P < 0.05 vs. TLR4N+Ang-II.
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Fig. 2. 
A) Ang-II increased TLR4 expression in TLR4N mice. Representative Western blot image 

of TLR4 protein expression in the kidney. Bar graph shows fold change of protein 

expression. Data presented as mean ± SEM, n=5/saline (control) groups, and n=6/Ang-II 

treated groups: *P < 0.05 vs. TLR4N+saline (control), and †P<0.05 vs. TLR4N+Ang-

II. B) TLR4 mutation protected Ang-II-mediated inhibition of autophagy in the kidney. 

Representative Western blot images of autophagy marker proteins in the kidney. Bar 

graph represents fold change of protein expression. Data presented as mean ± SEM, n=5/

saline (control) groups, and n=6/Ang-II treated groups: * and #P< 0.05 vs. TLR4N+saline 

(control), and †P< 0.05 vs. TLR4N+Ang-II of respective ATGs.
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Fig. 3. 
Ang II-mediated autophagy inhibition in TLR4N kidney was restored in TLR4M kidney. 

Representative Western blot images of autophagy marker proteins p62, Beclin 1, and 

LC3- I/II expression in the kidney. Respective bar graphs represent fold change of protein 

expression. Data presented as mean ± SEM, n=5/saline (control) groups, and n=6/Ang-II 

treated groups: * and #P< 0.05 vs. TLR4N+saline (control), and †P<0.05 vs. TLR4N+Ang-

II of respective proteins.
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Fig. 4. 
TLR4 mutation decreased Ang-II-induced apoptosis in the kidney. Representative Western 

blot images for apoptosis marker proteins (A) Bcl-2 and Bax, and (B) cleaved caspase 3 

and 7 in the kidney. Bar graphs represents fold change of protein expression, Data presented 

as mean ± SEM, n=5/saline (control) groups, and n=6/Ang-II treated groups: *P<0.05 

vs. TLR4N+saline (control), and †P< 0.05 vs. TLR4N+Ang-II of respective proteins. C) 

Increased cleaved caspase 3 expression in hypertensive kidney was normalized in TLR4 

mutant mice. Arrows indicate cleaved caspase 3 expression in renal tubules. Representative 

images from random fields (5 fields/slide/animal), Magnification 60X. Scale bar 20 μM. 

(D) Bar graph represents fold change of cleaved caspase 3 expression in the immunostained 
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sections. Data presented as mean ± SEM, n=5/saline (control) groups, and 6/Ang-II treated 

groups: *P<0.05 vs. TLR4N+saline (control), and †P<0.05 vs. TLR4N+Ang-II.
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Fig. 5. 
TLR4 mutant mice were protected from apoptotic cells death in hypertensive kidney. 

(A) Bright green cells are TUNEL positive cells (arrow heads) in the kidney section. 

Representative images from random fields (5 fields/slide/animal). Magnification 20X. Scale 

bar 200 μM. (B) Bar graph indicates percent change of number of dead cells. Data presented 

as mean ± SEM, n=5/saline (control) groups, and n=6/Ang-II treated groups: *P<0.05 vs. 

TLR4N+saline (control), and †P<0.05 vs. TLR4N+Ang-II.
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Fig. 6. 
Ang-II-induced diminished IkBα and upregulated NF-κB (p65) expression in the TLR4N 

kidney was normalized in TLR4M kidney. (A) Representatives immunoblot images of IkBα 
and NF-κB (p65). GAPDH used as loading control. (B) TLR4 mutation prevented nuclear 

translocation of Ang-II-induced p-NF-κB (p65) in the kidney tissue. Tubulin was used as 

loading control; p-NF-κB p65, phospho-NF-κB (p65). C) TLR4 mutation prevented Ang-II-

induced NF-κB transcription factor activity in kidney tissue. All bar graphs represent fold 

change compared to TLR4N+saline (control). Data presented as mean ± SEM, n=5/saline 

(control) groups, and n=6/Ang-II treated groups: * and #P<0.05 vs. TLR4N+saline (control), 

and †P<0.05 vs. TLR4N+Ang-II.
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Fig. 7. 
TLR4 mutation protected kidney from injury in Ang-II hypertension. (A) Kidney injury 

molecule-1 (KIM-1) was detected by immunostaining. Representative images from random 

fields (5 fields/slide/animal). Magnification 60X. Scale bar 40 μM. (B) plasma Lipocalin-2 

(LCN2) was measured by ELISA. Data represent mean ± SEM, n=5/saline (control) 

groups, and n=6/Ang-II treated groups: *P<0.05 vs. TLR4N+saline (control), and †P<0.05 

vs. TLR4N+Ang-II. (C) Western blot images of kidney tissue KIM-1 and Lipocalin-2 

expression. GAPDH was used as loading control. Bar graphs represent fold change of 

protein expression. Data presented as mean ± SEM, n=5/saline (control) groups, and n=6/

Ang-II treated groups: *P<0.05 vs. TLR4N+saline (control), and †P< 0.05 vs. TLR4N+Ang-

II of respective proteins.
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Fig. 8. 
Schematic of findings. Ang-II-induced activation of TLR4 upregulates NF-κB in the 

kidney leading to impaired homeostasis of autophagy and apoptosis resulting in renal 

injury. Mutation of TLR4 protects Ang-II-induced renal injury by inducing autophagy and 

inhibiting apoptosis in the kidney during hypertension.
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