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Abstract

Acute kidney injury (AKI) leads to a worse prognosis in diabetic patients compared with

prognoses in non-diabetic patients, but whether and how diabetes affects kidney repair after

AKI remains unknown. Here, we used scratch-wound healing and transwell migration mod-

els to examine whether and how wound healing is affected by high glucose levels in cultured

kidney proximal tubular cells (RPTC). The results show that scratch-wound healing and

transwell migration were significantly slower in high-glucose-treated kidney tubular cells (30

mM glucose) than in low-glucose-treated cells (5.5 mM). Toll-like receptor 4 (TLR4),

MyD88, phospho-protein kinase C (PKC), phospho-p38 MAPK and monocyte chemoattrac-

tant protein-1 (MCP-1) mRNA levels were upregulated after high glucose treatments. Staur-

osporine, a selective PKC inhibitor, inhibited TLR4, MyD88 and p-p38 upregulation in the

high-glucose-treated cells, indicating the involvement of PKC in high-glucose-induced TLR4

upregulation. The pharmacological inhibition of TLR4 or shRNA-mediated TLR4 knockdown

improved wound healing and transwell migration in high-glucose-treated RPTC. In contrast,

the overexpression of TLR4 in low-glucose-treated RPTC suppressed wound healing, mim-

icking the effects of high glucose levels. These results suggest that the upregulation of

TLR4 expression via PKC activation contributes to defective wound healing in high-glucose-

treated kidney tubular cells.

Introduction

Acute kidney injury (AKI) leads to significantly lower recovery rates and higher mortality

rates in diabetic patients compared with rates in non-diabetic patients[1]. Recent research has

gained significant insight into the mechanism underlying these trends. Goor et al. demon-

strated the greater vulnerability of STZ-induced diabetic rats to ischemic AKI[2], and our

recent study demonstrates that renal ischemia-reperfusion induces more severe AKI in dia-

betic mice than in nondiabetic mice and that the severity of AKI in these mice is correlated
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with their blood glucose levels[3]. However, while the pathophysiology of AKI includes kidney

tubular cell death and repair[4], most studies have just focused on tubule death, and kidney

repair after AKI has received much less attention. Whether and how kidney repair after AKI is

affected by high glucose levels has not been clarified.

Toll-like receptors (TLRs) modulate immune responses and inflammatory diseases, and the

activation of TLR4 through the adapter molecules MyD88 leads to the transcriptional expres-

sion of proinflammatory cytokines and chemokines, such as NF-κB p38 and monocyte che-

moattractant protein-1 (MCP-1), resulting in the upregulation of distinct target genes[5]. The

activation of TLR4 modifies tissue injury and repair in both positive or negative ways. TLR4

promotes injury in almost all organs as demonstrated by the protection observed in TLR4-mu-

tant or TLR4-deficient mice after hepatic, renal, cardiac, and cerebral ischemia-reperfusion[6–

8], but it exerts a cytoprotective role and prevents tissue injury under stressful conditions in

the lungs and intestine[9, 10]. In skin wounds, TLR4 is upregulated in epidermal keratinocytes

during the injury and healing phases[11, 12], and TLR4-deficient mice show impaired wound

healing in their skin[11], indicating that TLR4 promotes wound healing in skin. However,

TLR4 plays a negative role under diabetic conditions, as indicated by the fact that skin wound

healing is significantly improved in TLR4-deficient mice with induced diabetes compared to

healing in diabetic wild-type animals[13]. This suggests that TLR4 inhibits skin wound healing

in the presence of high glucose levels and that TLR4 contributes to impaired skin wound heal-

ing in the presence of high glucose levels. In kidneys, TLR4 and TLR2 promote injury in

response to renal ischemia-reperfusion[6, 14], TLR4 is activated in the renal tubules of human

kidneys with diabetic nephropathy, where it promotes tubular inflammation[15]; however, the

precise role of TLR4 in kidney tubular cell repair under high glucose conditions remains

unknown.

In this study, we first demonstrated the inhibitory effect of high glucose levels on wound

healing in kidney tubular cells. Then, we examined the role of TLR4 in the impaired wound

healing observed under high glucose conditions. The results suggest that TLR4 contributes to

the wound healing defects observed in kidney proximal tubular cells at high glucose levels in
vitro.

Materials and methods

Antibodies and special reagents

Antibodies were purchased from the following sources: polyclonal anti-TLR4, anti-PKC-pan

(phospho-Thr497), total PKC, phosphor-p38 MAPK, MyD88 were from Cell Signaling Tech-

nology (Danvers, MA), the secondary antibodies used for the immunoblot analysis were from

Jackson ImmunoResearch Laboratories Inc. (West Grove, PA), DMOG and staurosporine

were from Sigma (St. Louis, MO), and TAK-242 was from MedChem Express (Monmouth

Junction, NJ).

High-glucose cell treatment

High-glucose treatments were conducted as described in our recent studies[3]. Immortalized

rat kidney proximal tubular cells (RPTC) were originally obtained from Dr. Ulrich Hopfer

(Case Western Reserve University, Cleveland, OH). NRK-52E and HEK 293 cells were pur-

chased from the Cell Resource Center of Shanghai Institutes. For the high-glucose treatment,

tubular cells were cultured for 2 days in a medium containing 30 mmol/L glucose, a concentra-

tion previously used for in vitro hyperglycemic treatments[16]. The control cells were grown

in media containing 5.5 mmol/L glucose (100 mg/dL, normal glucose) or in 5.5 mmol/L glu-

cose with 24.5 mmol/L mannitol.

TLR4 and kidney repair in diabetes
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Scratch-wound healing assay

Scratch-wound healing assay was conducted as described in our recent studies[17]. Cell prolif-

eration was not blocked with mitomycin or other substance. For morphological examinations,

a scratch-wound healing model was used. In brief, a monolayer of confluent RPTC grown in a

35-mm dish was linearly scratched with a sterile 1000 μL pipette tip. Phase-contrast images

were recorded at 0 and 18 h after scratching. The width of the wound was measured at various

time points to determine the distance over which healing occurred. Whole-cell lysates were

collected at different time points after wounding for immunoblot or PCR analyses.

Transwell cell migration assay

Transwell cell migration was measured as described previously[3]. Cell proliferation was not

blocked with mitomycin or other substance, because the time-points images showed that there

was no obvious proliferation at first 6 hours during scratch wound healing (S1 Fig). In brief,

the undersurfaces of transwells (Costar; Corning Life Sciences, Lowell, MA) were coated with

10 μg/mL collagen I (Millipore) overnight at 4˚C. Coated wells were then placed into a 24-well

plate containing 600 μL of culture medium. RPTC were detached and suspended at 1.5 x 106

cells/mL in culture medium. The cells were then added into the transwells (200 μL, 3 x 105

cells/well) and allowed to migrate for 6 h at 37˚C. Cotton swabs were used to remove cells

from the upper surface of the transwells, and migratory cells attached to the undersurface were

stained with propidium iodide (PI). The numbers of migrated cells were counted using an

inverted microscope. To determine the effect of TLR4 inhibitors on cell migration, the inhibi-

tors were added to the medium in the bottom chamber.

Lentiviral shRNA-mediated TLR4 knockdown and TLR4 overexpression

Lentiviral shRNA plasmids targeting TLR4 and a scrambled non-targeting control plasmid

were made using the pLV-mU6-EF1a-GFP vector (Biosettia, San Diego, CA). The target

sequence of the TLR4 shRNA was GCATAGAGGTACTTCCTAATA. Rat TLR4 cDNA was used

as the template for PCR-based deletion to generate TLR4, which was subcloned into the lenti-

viral vector pCDH-CMV-MCS-EF1-copGFP (System Biosciences, Mountain View, CA).

These TLR4 plasmids were cotransfected into 293FT cells (Invitrogen, Carlsbad, CA) with

three packaging plasmids (pLP1, pLP2, and pLP/VSV-G), and the culture medium was col-

lected at 48 h. The culture medium with the packaged lentiviruses was added to RPTC for 1

day for infection. The medium was then replaced with fresh medium for an additional 2 days

of culture before the wound-healing test.

Real-time PCR

Total RNA was extracted using the RNeasy Mini Kit (Applied Biosystems Ambion, Austin,

TX) and was reverse transcribed to cDNA with M-MLV reverse transcriptase (Applied Biosys-

tems). TLR4 and monocyte chemoattractant protein-1 (MCP-1) gene expression was analyzed

via real-time PCR. Quantification was performed using the ΔCt values.

Immunoblot analysis

Protein concentration was determined using a BCA reagent (Thermo Fisher Scientific, Wal-

tham, MA). Equal amounts of protein were loaded into each well of gels for electrophoresis

using the NuPAGE Gel System (Invitrogen). Proteins were then transferred onto polyvinyli-

dene fluoride membranes. The blots were then incubated in blocking buffer for 1 h and then

with primary antibodies overnight at 4˚C. After being washed, the blots were incubated with a
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horseradish peroxidase-conjugated secondary antibody, and the antigens on the blots were

revealed using the enhanced chemiluminescence kit from Thermo Fisher Scientific.

Immunofluorescence

RPTC were grown on glass coverslips and cultured in low glucose medium or high glucose

medium for 2 days, Then the cells were fixed with 4% paraformaldehyde and permeabilized in

a blocking buffer. The cells were then exposed to TLR4 antibody, then incubated with Cy3-la-

beled secondary antibody, and examined by fluorescence microscopy using the Cy3 channel.

Statistical analysis

Quantitative data are expressed as the means ± S.D. Significant differences between two groups

were determined using Student’s t-tests. Results with P<0.05 were considered significantly dif-

ferent. Qualitative results, including those from immunoblots, are representative of at least

three separate experiments.

Results

High glucose inhibits scratch-wound healing in cultured kidney tubular

cells

Whether and how wound healing is affected by high glucose after AKI is largely unknown. We

examined the effect of high glucose levels in a scratch-wound healing model of cultured kidney

tubular cells, including RPTC, NRK-52E and HEK 293 cells. In this model, tubular cells were

cultured in low glucose (5.5 mM) and high glucose (30 mM) medium for 2 days. These cell cul-

tures were then scratch-wounded with a sterile pipette tip. Wounds were recorded and mea-

sured immediately after scratching (0 h) and at different time points post-scratching. Wounds

in RPTC are shown in Fig 1A. In low glucose medium, most of the wounds healed within 18 h.

However, a significant wound remained in RPTC in the high glucose medium. Measurements

of the distance over which healing occurred show that wound healing was suppressed at high

glucose levels in a time-dependent manner (Fig 1B). High glucose inhibited scratch-wound

healing in RPTC in a concentration-dependent manner (Fig 1C). Similar results were seen in

NRK-52E cells (Fig 1D) and HEK 293 cells (Fig 1E and 1F).

High glucose inhibits transwell migration in cultured kidney tubular cells

Wound healing involves a rapid mobilization of the cells at the edge of the wound and migra-

tion into the wound in the scratch model. We hypothesized that high glucose levels might

inhibit wound healing in part by blocking cell migration. To test this possibility, we deter-

mined the effect of high glucose levels on cell migration using a transwell cell migration assay

in RPTC, NRK-52E and HEK 293 cells. As shown in Fig 2A, fewer RPTC migrated in the high

glucose condition than in the low glucose condition. Cell counting showed that in 6 h, approx-

imately 670 cells migrated in the low glucose medium, whereas approximately 490 did so in

the high glucose medium (Fig 2B). Similar results were seen in HEK 293 cells (Fig 2C) and

NRK-52E cells (Fig 2D)

TLR4 upregulation during high glucose treatment in RPTC

To understand the mechanism of wound healing defects in high-glucose-treated cells, we

examined the expression of TLR4, MyD88, p-p38, monocyte chemoattractant protein-1

(MCP-1) protein levels and TLR4 mRNA. RPTC were cultured in low glucose and high glu-

cose medium for 24 hours, and the cell lysates were collected at different time points. TLR4

TLR4 and kidney repair in diabetes
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Fig 1. High glucose levels inhibit scratch-wound healing in cultured kidney tubular cells. RPTC, NRK-52E

and HEK 293 cells were cultured for 2 days in low glucose (5.5 mM) or high glucose (30 mM) medium, followed by a

scratch-wound healing experiment. (A) RPTC were scratch-wounded with a sterile pipette tip and then incubated in

low glucose or high glucose medium. Representative wounds immediately after scratching and after 6 and 18 h of

healing were recorded with a phase-contrast microscope. (B) The wound width was measured at 6 and 18 h after

TLR4 and kidney repair in diabetes
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mRNA and protein levels were examined via real-time PCR and Western blotting. As shown

in Fig 3A and 3B, high glucose levels induced TLR4 mRNA expression in a time-dependent

manner, with a peak stimulation of 3.1-fold after 24 hours of exposure, whereas exposure to an

equivalent dose of mannitol had no effect (Fig 3A). TLR4 and MyD88 protein upregulation

was detectable at 12 h after high glucose treatment and was further increased at 24 h, while as

p-p38 level increased at 24 h (Fig 3C), but upregulation not detected in low-glucose-treated

scratching to determine the distance over which healing occurred in RPTC. (C) High glucose inhibited scratch-

wound healing in RPTC in a concentration-dependent manner at 18 h after scratching. (D) NRK-52E were scratch-

wounded with a sterile pipette tip and then incubated in low glucose or high glucose medium, the wound width was

measured at 18 h after scratching. (E and F) HEK 293 were scratch-wounded with a sterile pipette tip and then

incubated in low glucose or high glucose medium, the wound width was measured at 18 h after scratching. Data are

expressed as the mean ± S.D. (n = 4). *, p<0.05 versus the low glucose group.

https://doi.org/10.1371/journal.pone.0178147.g001

Fig 2. High glucose inhibits transwell migration in cultured kidney tubular cells. RPTC, NRK-52E and HEK 293 cells

were cultured for 2 days in low glucose (5.5 mM) or high glucose (30 mM) medium, and then used for a transwell migration

experiment. (A) Representative PI staining of migratory cells was recorded with a fluorescence microscope. A total of 3x105

RPTC were seeded in a transwell insert, which was put in a 24-well plate containing 600 μL low glucose or high glucose

medium for 6 h. The cells that migrated to the undersurface were stained with PI and counted. (B) Migratory cells attached to

the undersurface were counted after PI staining in RPTC. (C) Migratory cells attached to the undersurface were counted after

PI staining in HEK 293 cells. (D) Migratory cells attached to the undersurface were counted after PI staining in NRK-52E. Data

are expressed as the mean ± S.D. (n = 4). *, p<0.05 versus the low glucose group.

https://doi.org/10.1371/journal.pone.0178147.g002
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Fig 3. TLR4 upregulation during high glucose treatment in RPTC. TLR4 mRNA and protein levels were

examined via real-time PCR and Western blotting after low gucose or high glucose treatment. (A and B) TLR4

mRNA upregulation in the high glucose medium. (C) TLR4 protein levels increased after the high glucose treatment.

(D) Experiments were analyzed via densitometry and normalized to the control (0 h). (E) MCP-1 mRNA upregulation

in high glucose medium for 24 h. (F) Immunofluorescence analysis of TLR4 expression. PRTC cells were cultured

TLR4 and kidney repair in diabetes
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RPTC. The time-dependent changes in TLR4 expression after high glucose treatment were fur-

ther confirmed through quantification via densitometry (Fig 3D). The mRNA expression of

MCP-1, which is a downstream signaling target of TLR4 activation, was significantly higher in

high-glucose-treated RPTC (Fig 3E). We further examined TLR4 expression by immunofluo-

rescence (Fig 3F), TLR4 was detected in the cytoplasm of the majority of RPTC cells and

seemed to be more intense under high glucose conditions.

PKC is involved in high-glucose-induced TLR4 upregulation in RPTC

To investigate the mechanism of high-glucose-induced TLR4 expression, we next examined

the role of PKC in the effects of high glucose levels. PKC-pan (phospho-Thr497) and phospho-

p38 (p-p38) were increased at 24 h after high glucose treatment, while total PKC levels showed

no significant change (Fig 4A). Pretreatment of RPTC with staurosporine (10 nM), which is a

PKC inhibitor, 1 hour before high glucose exposure decreased the phospho-PKC level and

resulted in a 41% decrease in the subsequent TLR4 mRNA overexpression (Fig 4B), and staur-

osporine also blocked the upregulation of phospho-PKC and p-p38 induced by high glucose

(Fig 4A), indicating the involvement of PKC in TLR4 upregulation in response to high glucose

levels. We next examined the effects of this PKC inhibitor on scratch-wound healing, as shown

in Fig 4D, staurosporine significantly promoted wound healing under high glucose conditions.

Further time-course experiment revealed that staurosporine blocked TLR4 upregulation at 6 h

after high glucose treatment, but inhibited p-p38 induction at 12 h after high glucose treatment

(Fig 4C).

TLR4 inhibitor promotes wound healing in high glucose conditions

Based on the above observations, we hypothesized that the upregulation of TLR4 may contrib-

ute to defective wound healing in high-glucose-treated cell cultures. To test this possibility, we

first examined the effects of a TLR4 inhibitor on wound healing. If high glucose levels suppress

wound healing via the upregulation of TLR4, then a TLR4 inhibitor would enhance wound

healing under high glucose conditions. We first titrated the concentrations of TAK-242, a

selective TLR4 inhibitor [18], and found that 100 nM of TAK-242 at 37˚C for 12 h effectively

inhibited TLR4 upregulation under high glucose conditions (Fig 5A). MyD88 (Fig 5B) and

TLR4 mRNA (Fig 5C) upregulation was also inhibited by TAK-242 under high glucose condi-

tions. We further examined the effects of this TLR4 inhibitor on scratch-wound healing and

transwell migration under high glucose conditions. As shown in Fig 5D, TAK-242 significantly

promoted wound healing. In addition, the impairment of migration under the high glucose

condition was reversed by TAK-242 (Fig 5E), suggesting that TLR4 might contribute to the

inhibition of wound healing under high glucose conditions.

TLR4 knockdown reverses wound healing defects in high-glucose-

treated RPTC

To further determine the role of TLR4 in wound healing defects under high glucose condi-

tions, we tested the effect of TLR4 knockdown using shRNA. RPTC were infected with lentivi-

ruses containing TLR4 shRNA or a scrambled control sequence, cultured in low glucose and

high glucose medium, and then subjected to scratch wounding and transwell migration. Based

for 2 days in low glucose (5.5 mM) or high glucose (30 mM) medium.The cells were fixed for immunofluorescent

staining of TLR4 (red). Data are expressed as the mean ± S.D. (n�3). *, p<0.05 versus the low glucose group;

**, p<0.05 versus the control (0 h).

https://doi.org/10.1371/journal.pone.0178147.g003
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on an immunoblot analysis, TLR4 shRNA, but not the scrambled sequence, reduced TLR4 and

MyD88 expression in RPTC (Fig 6A). It is noteworthy that although high glucose levels sup-

pressed wound healing in cells transfected with the scrambled sequence, the suppressive effect

was reversed by shRNA-mediated TLR4 knockdown (Fig 6B). In addition, the impaired

migration under the high glucose conditions was reversed by TLR4 shRNA (Fig 6C). The res-

toration of wound healing in high-glucose-treated cells by knocking down TLR4 supports a

role for TLR4 in wound healing defects under high glucose conditions.

Fig 4. Effect of PKC on high glucose induced TLR4 expression. RPTC were treated for 24 hours with low glucose (5.5

mM), high glucose (30 mM), or the PKC inhibitor staurosporine (10 nM, added 1 hour before high glucose treatment), and

the cell lysates were collected, TLR4 mRNA, phospho-PKC (pan), p-p38, p38 levels were examined via real-time PCR and

Western blotting. (A) PKC phosphorylation and p-p38 upregulation after high glucose treatment. The PKC inhibitor

staurosporine decreased phospho-PKC and p-p38 levels but not total PKC levels. (B) Staurosporine reduced TLR4 mRNA

levels under the high glucose condition. (C) RPTC were pretreated with staurosporine (10 nM), then treated with high

glucose (30mM) for 6, 12, 24 h, and cell lysates were collected at different time points. phospho-PKC (pan), p-p38 levels

were examined via Western blotting. (D) Effect of staurosporine on scratch wound healing in low glucose and high glucose.

Data are expressed as the mean ± S.D. (n = 4). *, p<0.05 versus the low glucose group; **, p<0.05 versus the high glucose

group without staurosporine treatment.

https://doi.org/10.1371/journal.pone.0178147.g004
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Fig 5. TLR4 inhibitor promotes scratch-wound healing and migration in high-glucose-treated RPTC. RPTC were

cultured for 2 days in low glucose (5.5 mM) or high glucose (30 mM) medium, and then used for following experiments. (A)

Titration of TAK-242 concentration. RPTC cells were cultured for 12 h in low glucose or high glucose medium with or without

TAK-242. (B) MyD88 upregulation was also inhibited by TAK-242 under high glucose conditions by Western blotting. (C)

TLR4 mRNA upregulation was also inhibited by TAK-242 under high glucose conditions by real-time PCR analysis. (D)

Enhanced wound healing in the high glucose condition with the TLR4 inhibitor. RPTC cells were scratch-wounded and

incubated in low glucose or high glucose medium with or without 100 nM TAK-242 for 18 h and then the healing distance was

measured. (E) Enhanced cell migration under the high glucose condition with the TLR4 inhibitor. A total of 3x105 RPTC were

TLR4 and kidney repair in diabetes
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TLR4 overexpression suppresses wound healing in low-glucose-treated

RPTC

The above results (Figs 5 and 6) suggest that TLR4 inhibition promotes wound healing in

high-glucose-treated cells. To further examine the role of TLR4 on wound healing, we deter-

mined the effect of TLR4 overexpression on wound healing in low-glucose-treated cells. RPTC

seeded in a transwell insert, which was put in a 24-well plate containing 600 μL of medium with or without 100 nM TAK-242 in

low glucose or high glucose medium for 6 h. The cells that migrated to the undersurface of the insert were stained with PI and

counted. In C, D and E, data are expressed as the mean ± S.D. (n = 4). *, p<0.05 versus the low glucose group; **, p<0.05

versus the high glucose group without TAK-242 treatment.

https://doi.org/10.1371/journal.pone.0178147.g005

Fig 6. TLR4 shRNA abrogates impaired wound healing in high-glucose-treated RPTC. RPTC were infected with

lentiviruses containing a scrambled control sequence (Scr) or the TLR4 shRNA sequence (shRNA) and then cultured for 2

days in low glucose or high glucose medium for the following experiments. (A) TLR4 knockdown caused by the TLR4 shRNA

lentivirus. After infection and a high glucose treatment, whole-cell lysates were collected for an immunoblot analysis of TLR4

and MyD88. (B) Scratch-wound healing. After lentiviral infection, RPTC were scratch-wounded and incubated in low glucose

or high glucose medium for 18 h to measure the distance over which healing occurred. (C) Transwell cell migration. After

lentiviral infection, a total of 3x105 RPTC were seeded in a transwell insert, which was put in a 24-well plate containing

600 μL of low glucose or high glucose medium for 6 h. The cells that migrated to the undersurface were stained with PI and

counted. In B and C, data are expressed as the mean ± S.D. (n = 4). *, p<0.05 versus the low glucose group; **, p<0.05

versus high glucose group infected with the scrambled sequence.

https://doi.org/10.1371/journal.pone.0178147.g006
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were infected with lentiviruses containing TLR4, and then subjected to low glucose or high

glucose treatments, followed by a scratch-wound healing assay. As shown in Fig 7A, increased

TLR4 levels were detected in the low-glucose-treated RPTC, and MCP-1 mRNA levels were

also increased in the low-glucose-treated RPTC after TLR4 overexpression, indicating TLR4

signaling activation. Overexpression of TLR4 in low-glucose-treated cells also suppressed

wound healing, mimicking the effects of high glucose levels (Fig 7C). TLR4 inhibitor, TAK-

242, blocked this effect of overexpression (Fig 7D). However, TLR4 overexpression further

inhibited wound healing under the high glucose condition (Fig 7C). These results further con-

firm the involvement of TLR4 in wound healing defects under high glucose conditions.

Fig 7. Overexpression of TLR4 in low-glucose-treated RPTC suppresses wound healing. RPTC were infected with

lentiviruses containing TLR4 or control lentivirus and then subjected to low glucose and high glucose treatment for 2 days,

followed by a scratch-wound healing assay. (A) Increased TLR4 levels were detected in the low-glucose- and high-glucose-

treated RPTC. (B) MCP-1 mRNA level in low-glucose-treated and high-glucose-treated RPTC cells after TLR4

overexpression. (C) Overexpression of TLR4 in low-glucose-treated cells also suppressed wound healing, mimicking the

effect of high glucose levels. (D) RPTC cells were infected with lentivirus containing TLR4 or control lentivirus, then cultured

for 18 h in low glucose or high glucose medium with or without TAK-242, followed by a scratch-wound healing assay. Data

are expressed as the mean ± S.D. (n = 4). *, p<0.05 versus the low glucose group; #, p<0.05 versus the group without TAK-

242.

https://doi.org/10.1371/journal.pone.0178147.g007
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Discussion

Traditionally, chronic kidney disease (CKD) and acute kidney injury (AKI) are classified as

two separate kidney diseases. However, recent epidemiological research has revealed a bidirec-

tional relationship between them[19]. CKD patients are predisposed to AKI and AKI leads to a

much worse prognosis in CKD patients (including those with diabetes) than prognosis in non-

CKD patients[1]. Our recently published research demonstrates that renal ischemia and reper-

fusion induced more severe AKI in diabetic mice than in nondiabetic mice and that the sever-

ity of AKI is correlated with their blood glucose levels[3]. However, the pathophysiology of

AKI includes kidney tubular cell death and repair[4], and whether and how kidney repair after

AKI is affected by diabetes are not well understood. Therefore, we hypothesized that diabetes

inhibits kidney repair after AKI, leading to lower recovery rates and higher mortality rates.

Our unpublished studies suggested that TLR4 activation under high glucose conditions con-

tributed to the higher apoptosis induced by ATP-depletion in tubular cells, and TLR4 played

important roles in the higher sensitivity of high glucose-conditioned cells to acute injury, but

roles of TLR4 in kidney repair under diabetic or high glucose conditions were unclear. In the

present study, we investigated the effects of high glucose on wound healing in kidney tubular

cells in vitro. We first observed that high glucose levels delayed epithelial wound closure (Fig

1) and migration (Fig 2) in three different kidney tubular cell lines (RPTC, NRK-52E, and

HEK 293 cells), and induced TLR4 expression in a time-dependent manner. Further study

showed that MyD88, p-p38 MAPK, and MCP-1 levels were increased after high glucose treat-

ment, and TLR4 upregulation in response to high glucose levels was through PKC activation

(Fig 4). Next, we downregulated TLR4 levels with a pharmacological inhibitor or TLR4 shRNA

in RPTC under high glucose conditions. Interestingly, both the TLR4 inhibitor (Fig 5) and

shRNA (Fig 6) promoted wound healing under these conditions. In contrast, the overexpres-

sion of TLR4 in low-glucose-treated RPTC suppressed wound healing, mimicking the effect of

high glucose levels (Fig 7). These results suggest that the upregulation of TLR4 via PKC activa-

tion contributes to defective wound healing in high-glucose-treated kidney tubular cells.

In noninfectious inflammatory conditions, TLR4 was activated by interacting with nuclear

protein high-mobility group box 1 (HMGB1), which was originally identified as a DNA-bind-

ing protein that regulates gene transcription, HMGB1 binding of TLR4 induced NF-κB upre-

gulation [20]. Recently, it has been identified as a TLR4 endogenous ligand in diabetic

conditions[21], HMGB1 and TLR4 level was increased in kidney tubular cells in diabetic

nephropathy biopsies[15]. HMGB1 was also reported to mediate tubular ischemia-reperfusion

injury through TLR4 activation in kidney[22]. In our study, we also detected an increased level

of HMGB1 after high glucose treatment in cultured kidney tubular cell lines (S2 Fig), TLR4

might interact with HMGB1 and inhibit kidney repair under high glucose conditions, which

needs further investigation.

It is well established that TLR4 plays important and complex roles during acute injury and

the following repair processes in many organs. The activation of TLR4 can modify tissue injury

and repair in a positive or negative fashion. TLR4 promotes injury in almost all organs, as

demonstrated by the protection of TLR4-mutant or TLR4-deficient mice after hepatic, renal,

cardiac, and cerebral ischemia-reperfusion[6–8]. However, TLR4 exerts a cytoprotective role

and prevents tissue injury in the lungs and intestines under stress conditions[9, 10]. In skin

wounds, TLR4 becomes upregulated following injury and slowly decreases to baseline by day

10 and is primarily located in epidermal keratinocytes [11, 12], TLR4-deficient mice show

impaired wound healing in skin[11], indicating that TLR4 promotes wound healing in skin.

However, under diabetic conditions, TLR4-deficient mice with induced diabetes show signifi-

cantly improved wound healing compared to diabetic wild-type animals in skin[13],
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suggesting that TLR4 inhibits skin wound healing under high glucose conditions and that

TLR4 contributes to impaired skin wound healing at high glucose levels.

There is accumulating evidence suggesting that TLR4 aggravates renal dysfunction in acute

and chronic kidney diseases[6, 23]. TLR4 has been shown to be induced in tubular epithelial

cells in the kidney following ischemia in a MyD88-dependent manner, and TLR4-deficient

mice are protected against tubular damage[6], suggesting that TLR4 promotes renal ischemia-

reperfusion injury[6, 14]. Under high glucose or diabetic conditions, Lin et al. demonstrated

that high glucose levels induce TLR4 expression in a time- and dose-dependent manner in

human proximal tubular epithelial cells in vitro, resulting in the upregulation of IL-6 and che-

mokine (C-C motif) ligand 2 (CCL-2) expression via NF-κB activation, and further study

showed that animal and human kidneys with diabetic nephropathy had increased tubular

TLR4 expression, while TLR4-deficient mice demonstrated significantly ameliorated albumin-

uria and renal dysfunction, suggesting that TLR4 activation is involved in diabetic kidney

injury. To date, the role of TLR4 in kidney repair in diabetic or high glucose conditions is not

well understood. In human monocytes, high glucose induced TLR4 expression via PKC-δ by

stimulating NADPH oxidase[24]. In our study, Toll-like receptor 4 (TLR4), MyD88, p-p38

and phospho-protein kinase C (PKC) levels were upregulated after high glucose treatment,

and the PKC inhibitor staurosporine suppressed TLR4 and p-p38 upregulation under high

glucose conditions, indicating that high glucose levels enhances TLR4 expression via PKC

activation.

One of the major symptoms of diabetes mellitus is delayed wound healing. Cell migration

and proliferation are important processes during wound healing. High glucose levels inhibit

wound healing in many tissues and cells, including peritoneal mesothelial cells[25] and fibro-

blasts[26]. In skin wounds, high glucose levels inhibit cell migration by delaying migration

speed in rat fibroblasts[26], and they inhibit human fibroblast cell migration in wound healing

via the repression of bFGF-regulating JNK phosphorylation[27]. In the peritoneum, high glu-

cose concentrations inhibit the FAK-mediated migration of mesothelial cells[25]. In corneal

cells, high glucose levels impair the EGFR—phosphatidylinositol 3-kinase/Akt pathway

through ROS-induced effects, resulting in delayed corneal epithelial wound healing[28]. How-

ever, how high glucose levels affect kidney repair is unknown. Using scratch-wound healing

and transwell models, we demonstrated that high glucose levels significantly delay scratch-

wound healing and transwell migration in cultured kidney tubular cells.

The role of TLR4 in wound healing is very complex and varies between cell and tissue

types, with many studies suggesting that TLR4 is an important regulator of inflammatory sig-

nals in wound healing in different tissues and cells[5]. In the liver, MyD88 is required for the

original liver mass restoration after partial hepatectomy, but TLR4 is not involved in liver

regeneration[29]. On the other hand, TLR4 activation in response to high LPS doses inhibits

liver regeneration, suggesting that TLR signaling can modulate liver regeneration in positive

and negtive directions depending on the degree of TLR activation[30]. In the intestine, TLR4/

MyD88 signaling is required for epithelial regeneration following DSS-induced injury[9]. In

excisional skin wounds, MyD88-deficient mice show markedly slower healing rates than wild-

type mice, suggesting that MyD88 promotes wound healing[31]. Moreover, a number of stud-

ies support a role for TLR4 in promoting fibrogenic responses in vivo and in vitro, TLR4-defi-

cient mice have been shown to have significantly decreased hepatic fibrogenesis induced by

bile duct ligation[32]. The role of TLR4 on kidney repair after injury remains unknown. Our

research is the first to show that high glucose levels delay scratch wound healing and transwell

migration in cultured renal tubular cells and that this is accompanied by TLR4 upregulation.

In addition, we show that the pharmacological inhibition of TLR4 or shRNA-mediated TLR4

knockdown improves wound healing and transwell migration under high glucose conditions.
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The overexpression of TLR4 in low-glucose-treated cells also suppresses wound healing, mim-

icking the effect of high glucose levels.

We demonstrated that TLR4 contributes to delayed wound healing in renal proximal tubu-

lar cells under high glucose conditions. However, the signaling cascades mediating the inhibi-

tory effects of high glucose levels on tubular cell repair have not been clearly characterized. In

the intestine, TLR4/MyD88 signaling is required for the regeneration of epithelia following

DSS-induced injury[9]. This signaling is transmitted through cyclooxygenase 2 (Cox-2)-

expressing macrophages that migrate to stimulate epithelial progenitor cell proliferation[33].

After DSS injury, Cox-2 expression is increased in wild-type mice, but not in TLR4-deficient

mice[9]. Moreover, prostaglandin E2 (PGE2) is a key product of Cox-2, and supplementation

of TLR4-deficient mice with PGE2 completely restores defective proliferation[9]. Accordingly,

the Cox-2 inhibitor decreased LPS-induced proliferation in intestinal cells[9]. In the liver, a

deficiency of MyD88 delays the expression of growth-promoting genes, such as c-fos, c-jun,

JunB and c-myc, and suppresses the activation of NF-κB[29, 34]. In the early stages of a skin

wound, the injury induces TLR4 expression and the phosphorylation of p38, JNK, and MAPK,

and the blockade of TLR4 delays keratinocytes migration and abolishes the phosphorylation of

p38, JNK, and MAPK[11]. In our study, high glucose induces TLR4, MyD88 expression, p38

phosphorylation, and target gene MCP-1 mRNA expression, inhibition of TLR4 delayed pro-

motes wound healing and abolishes the phosphorylation of p38 under high glucose

conditions.

In this study, we tested the hypothesis that high glucose levels impair wound healing in the

kidney after AKI and found that scratch-wound healing and transwell migrations are impaired

under high glucose conditions, which is accompanied by the upregulation of TLR4, MyD88

and p-p38 MAPK via PKC activation. In addition, the inhibition of TLR4 with a pharmacolog-

ical inhibitor or shRNA promotes wound healing under high glucose conditions, and the over-

expression of TLR4 in low-glucose-treated cells also suppresses wound healing, mimicking the

effect of high glucose levels, suggesting that TLR4 contributes to the delayed wound healing of

renal proximal tubular cells under high glucose conditions in vitro.

Supporting information

S1 Fig. Scratch-wound healing at different time-points in cultured kidney tubular cells. A

monolayer of confluent RPTC grown in a 35-mm dish was linearly scratched with a sterile

1000 μL pipette tip. Phase-contrast images were recorded at 0h, 2.5h, 5h and 10h after scratch-

ing. Results showed that there was no obvious proliferation at first 6 hours.

(PPTX)

S2 Fig. HMGB1 upregulation during high glucose treatment in RPTC. HMGB1 mRNA lev-

els were examined via real-time PCR after high glucose treatment at different time-points.

HMGB1 mRNA upregulation in the high glucose medium. Data are expressed as the

mean ± S.D. (n�3). �, p<0.05 versus the control (0 h).

(PPTX)
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