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Introduction: Kidney fibrosis is the main pathologic change in diabetic nephropathy (DN), 

which is the major cause of end-stage renal disease. Current therapeutic strategies slow down 

but cannot reverse the progression of renal dysfunction in DN. Plant-derived bioactive peptides 

in foodstuffs are widely used in many fields because of their potential pharmaceutical and nutra-

ceutical benefits. However, this type of peptide has not yet been studied in renal fibrosis of DN. 

Previous studies have indicated that the peptide YWDHNNPQIR (named RAP), a natural peptide 

derived from rapeseed protein, has an antioxidative stress effect. The oxidative stress is believed 

to be associated with DN. The aim of this study was to evaluate the pharmacologic effects of 

RAP against renal fibrosis of DN and high glucose (HG)-induced mesangial dysfunction. 

Materials and methods: Diabetes was induced by streptozotocin and high-fat diet in C57BL/6 

mice and these mice were treated by subcutaneous injection of different doses of RAP (0.1 mg/kg 

and 0.5 mg/kg, every other day) or PBS for 12 weeks. Later, functional and histopathologic 

analyses were performed. Parallel experiments verifying the molecular mechanism by which 

RAP alleviates DN were carried out in HG-induced mesangial cells (MCs). 

Results: RAP improved the renal function indices, including 24-h albuminuria, triglyceride, 

serum creatinine, and blood urea nitrogen levels, but did not lower blood glucose levels in DN 

mice. RAP also simultaneously attenuated extracellular matrix accumulation in DN mice and 

HG-induced MCs. Furthermore, RAP reduced HG-induced cell proliferation, but it showed no 

toxicity in MCs. Additionally, RAP inhibited the mitogen-activated protein kinase (MAPK) 

and nuclear factor κB (NF-κB) signaling pathways. 

Conclusion: RAP can attenuate fibrosis in vivo and in vitro by antagonizing the MAPK and 

NF-κB pathways.

Keywords: antioxidant peptide, RAP, diabetic nephropathy, extracellular matrix, kidney 

fibrosis, MAPK, NF-κB

Introduction
Recent changes in lifestyle and eating habits have correlated with increased morbidity 

of diabetes year by year. Although drugs for treating blood glucose and blood pres-

sure control have been developed,1 the incidence of various chronic complications of 

diabetes has significantly increased. Diabetic nephropathy (DN) is a critical diabetic 

complication. It is the major cause of end-stage renal disease (ESRD), and it cannot be 

easily relieved by strict glycemic control alone.2,3 Kidney fibrosis is the main pathologic 

change in DN, which eventually leads to ESRD.4

DN is a complex syndrome, and its pathogenesis includes loss of podocytes, mesan-

gial cell (MC) hypertrophy, and thickening of the glomerular basement membrane 
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(GBM), which eventually leads to renal fibrosis.5,6 Renal 

fibrosis is a consequence of the chronic inflammatory response 

caused by the release of several molecules, including growth 

factors, fibrogenic cytokines, and angiogenic factors. These 

molecules activate the excessive accumulation of extracellular 

matrix (ECM) in tissue, including collagens, α-smooth muscle 

actin (α-SMA), and fibronectin (FN), through epithelial-to-

mesenchymal transition (EMT), which results in progressive 

renal dysfunction and organ failure.7 High glucose (HG), 

oxidative stress, and transforming growth factor-β1 (TGF-β1) 

are mediators of renal injury and fibrosis in diabetes,8 and 

connective tissue growth factor (CTGF), a prosclerotic 

cytokine acting downstream of TGF-β1, also plays a major 

role in the development of glomerulosclerosis and tubuloint-

erstitial injury in DN.9–11 Mitogen-activated protein kinases 

(MAPKs; mainly include ERK1/2 and p38) are involved in 

both normal renal physiology and in the pathology of various 

forms of kidney injury, including renal fibrosis.12 It has also 

been demonstrated that MAPK plays an important role in the 

upregulation of TGF-β1 production in renal cell types13 and 

contributes to the TGF-β1-induced transition of epithelial 

cells into myofibroblasts.14–17 Activated MAPK is thought to 

be the physiologic activator of the nuclear transcription factor 

nuclear factor κB (NF-κB). NF-κB participates in processes 

that lead to kidney damage and renal interstitial fibrosis.18 In 

diabetes, activated NF-κB translocates into the nucleus and 

triggers the excessive expression of its downstream target gene 

TGF-β1, causing ECM accumulation and renal fibrosis.19,20 

Consequently, it is possible to improve renal fibrosis caused by 

DN by reducing MAPK and NF-κB signaling in the kidney.

Currently, the strategy of DN treatment is to control 

blood sugar, reduce urinary protein, lower blood pressure, 

and control hyperlipidemia.21 Existing treatments may slow 

down the progression of DN, but they cannot stop ESRD from 

occurring and causing side effects. Naturally extracted and 

sublimated bioactive peptides are a particularly significant 

component of functional foods. Inspection of crop proteomic 

data revealed that at least 6,000 proteins may have bioactive 

peptides. Much of the interest in these peptides is due to their 

potential pharmaceutical and nutraceutical benefits.22,23 Some 

of the benefits to human health attributed to plant peptides 

are antibiosis, a reduction in blood cholesterol level, a 

reduction in blood pressure, antithrombosis, antioxidation, 

and opioid activity.24–27 However, the effects of this type of 

peptides on DN and renal fibrosis have not been reported. 

Peptide YWDHNNPQIR (named RAP) is a natural peptide 

derived from rapeseed protein, and it confers resistance to 

oxidative stress.28 The significance of oxidative stress in DN 

is underscored by the finding that suppressing oxidative stress 

alleviates the manifestations associated with streptozotocin 

(STZ)-induced DN.29 In this study, we tested the therapeutic 

effects of RAP on STZ-induced diabetic mice fed with a 

high-fat diet (HFD) and on HG-induced glomerular MC 

lines. Moreover, we investigated the molecular mechanism 

by which RAP protects against renal fibrosis in DN.

Materials and methods
Materials and reagents
DMEM was purchased from Gibco Invitrogen Corporation 

(Carlsbad, CA, USA). STZ was obtained from Sigma (Saint 

Louis, MO, USA). Fetal bovine serum (FBS) was purchased 

from Biological Industries (BI, Beit HaEmek, Israel). Mouse 

and rat enzyme-linked immunosorbent assay (ELISA) kits 

were obtained from Elabscience Biotechnology (Wuhan, 

China). Antibodies were purchased from the following 

sources: anti-FN antibody, anti-TGF-β1 antibody, and anti-

CTGF antibody were from Abcam (Cambridge, UK); anti-

p-Akt1/2, anti-Akt1/2, anti-NF-κB p-p65, anti-p38, and anti 

p-p38 antibody were from Cell Signaling Technology, Inc. 

(Beverly, MA, USA); anti-α-SMA antibody was purchased 

from Gene Tex Inc. (Alton Parkway Irvine, CA, USA); and 

anti-α-tubulin monoclonal antibody was from Proteintech 

Group, Inc. (Chicago, USA). IRDye 680LT goat anti-mouse 

immunoglobulin G (IgG) and anti-rabbit IgG were obtained 

from LI-COR Biosciences (Lincoln, NE, USA).

synthesis of peptide raP
The peptide RAP was synthesized on a p-methylbenzhy-

drylamine resin using the standard Fmoc-chemistry-based 

strategy. The final cleavage was performed using the standard 

protocol (95% trifluoroacetic acid/2.5% water/2.5% triiso-

propylsilane) for 3 h at room temperature. The peptide was 

purified and analyzed by reversed-phase high-performance 

liquid chromatography on a C18 column and characterized 

by electrospray ionization mass spectrometry. The RAP 

sequence is YWDHNNPQIR.

animals
All animal experiments were performed in strict accordance 

with the Guide for the Care and Use of Laboratory Animals of 

the National Institutes of Health. The official procedure was 

approved by the Ethics Committee of Lanzhou University 

(Permit Number: SYXK Gan 2013-0003), China. Eight-

week-old male C57BL/6 mice (20–25 g) were supplied by 

the Beijing Vital River Laboratory Animal Technology Co., 

Ltd. (Beijing, China). All mice were housed in a specific 
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pathogen-free laboratory under standard conditions in an 

air-conditioned room at 22°C±2°C under a 12-h light/12-h 

dark photoperiod with a relative humidity of 58%±10%. Mice 

were allowed access to a standard pelleted diet and water 

ad libitum. All mice were acclimatized for 1 week before 

inducing the diabetic animal model.

Induction of diabetes nephropathy 
and treatment
Diabetes was induced by injecting STZ at a dosage of 

45 mg/kg dissolved in freshly prepared ice-cold 0.1 M 

citrate buffer (pH 4.5) for 5 consecutive days. The blood 

glucose level was detected from the tail using the ACCU-

CHEK Performa blood glucose monitoring system (Roche 

Diagnostics GmbH. Germany) 72 hours after STZ injection. 

Mice with fasting blood glucose (FBG) levels above 11.1 mM 

were considered to be diabetic. Next, mice were randomly 

assigned to four experimental groups: the normal control, 

diabetic control, diabetic + low-dose RAP (0.1 mg/kg/day), 

and diabetic + high-dose RAP (0.5 mg/kg/day) groups. Treat-

ment was continued until the 12th week with free access to a 

HFD. In the RAP treatment group (n=8), mice were injected 

with RAP every 2 days. The same dose of PBS was injected 

in both the normal group (n=6) and diabetic group (n=8).

Tissue collection and sample preparation
After 12 weeks of treatment, all animals were housed in 

metabolic cages to allow 24-hour urine collection and mea-

surement of 24-hour urine volume and albumin level. Before 

being weighed and killed, the mice were fasted overnight with 

access to only water. Blood was drawn from the retroorbital 

plexus, the serum was separated, and all kidneys were pre-

served. All samples were stored at −80°C before testing.

Serum biochemical assays
Blood serum levels of malondialdehyde (MDA), superoxide 

dismutase (SOD) activity, catalase (CAT) activity, triglycer-

ide, serum creatinine (Cr), blood urea nitrogen (BUN), and 

24-h albuminuria were measured using standard enzymatic 

procedures (Nanjing Jiancheng Bioengineering Institute, 

Nanjing, China) according to the manufacturer’s protocol.

histopathologic and immunohistochemical 
analysis of mouse kidney tissues
Kidney tissues were fixed in 10% phosphate-buffered formalin 

solution and embedded in paraffin. Paraffin sections (3–4 μm) 

were stained with H&E, periodic acid-silver methenamine 

(PASM), Masson’s trichrome, and Sirius red. For immuno-

histochemical analysis, mouse kidney sections were sepa-

rated, rehydrated, and incubated with anti-FN (1:200; Abcam, 

Cambridge, MA, USA), anti-α-SMA (1:500; GeneTex, 

Irvine, CA, USA), anti-TGF-β1, anti-CTGF (1:400; Abcam, 

Cambridge, MA, USA), anti-p-p65 (1:400; Cell Signaling 

Technology, MA, USA), anti-p-p38, and anti-p-ERK1/2 

antibodies (1:400; Cell Signaling Technology, MA, USA). 

Then, the percentage of positively stained area was measured 

in high-power (×400) fields on each slide and quantified using 

Image-Pro Plus software.

cell culture and stimulation
Rat glomerular MCs were purchased from Beijing North 

Carolina Souren Biotechnology Research Institute (Beijing, 

China) and cultured in low-glucose DMEM containing 10% 

FBS at 37°C and 5% CO
2
. MCs between the fifth and eighth 

passages were used for all experiments. Cells were grown 

to confluence and synchronized in serum-free DMEM for 

24 h. The medium was then changed to 1) DMEM containing 

5.5 mM glucose (normal glucose, NG); 2) DMEM containing 

22 mM glucose (HG); and 3–4) HG medium with different 

concentrations of RAP for 48 h.

cell proliferation and cytotoxicity assay 
(MTT test)
The MTT assay was applied to detect cell proliferation and 

cytotoxicity. Briefly, cells were seeded at 104 cells/well in 

96-well plates. Before experiments, cells were serum starved 

for 24 h. Next, cells were incubated with NG or NG with 50, 

100, 150, 200, and 250 μM RAP, or cells were treated with 

NG, HG, or HG with or without 50 and 100 μM RAP for 48 h. 

Then, 20 μL of MTT (5 mg/mL) was added to each well and 

incubated at 37°C for an additional 4 h. The medium was care-

fully removed, dimethyl sulfoxide (150 μL) was added into 

each well, and the absorbance of solubilized blue formazan was 

read at a wavelength of 570 nm using a microplate reader.

Western blot analysis
Total protein was extracted from MCs or mouse kidney 

tissues, and protein concentrations were assessed using the 

BCA Protein Assay Kit (Applygen Technologies Inc., Beijing, 

China). Equal amounts of protein extracts were subjected to 

10% sodium dodecyl sulfate-polyacrylamide gel electrophore-

sis and transferred onto polyvinylidene difluoride membranes 

(Millipore Corp., Bedford, MA, USA). Sliders were blocked 

with 5% bovine serum albumin in Tris-buffered saline contain-

ing Tween-20 (TBST, pH 7.6) for 2 h at room temperature, 
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and incubated with specific primary antibodies (FN, 1:500; 

TGF-β1, p-ERK1/2, ERK1/2, p-p65, p-p38, p-38 1:1,000; 

anti-a-Tubulin, 1:2,000) overnight at 4°C. The membranes 

were rinsed with TBST and then incubated with the appro-

priate fluorescent secondary antibodies (1:10,000; LI-COR 

Biosciences) for 1 h at room temperature with protection from 

light. The protein bands were captured and quantified using the 

Odyssey infrared imaging system (LI-COR Biosciences).

Quantitative real-time reverse 
transcriptase polymerase chain 
reaction (RT-PCR)
Total RNA was extracted from mouse kidney tissues or 

MCs with TRIzol reagent, and reverse transcribed with the 

reverse transcriptase kit. All kits were used according to the 

manufacturer’s instructions (Takara Bio Inc., Kyoto, Japan). 

The resulting cDNAs were used for quantitative PCR using 

the Power SYBR® Green PCR Master Mix (Takara Bio Inc). 

Real-time quantitative PCR was carried out using the Roter 

Gene 3000 real time RT-PCR system (Corbett Bio Inc., 

Sydney, Australia), SYBR green master mix, and primers. 

Quantitation of the mRNA levels was performed using the 

2−ΔΔCt method and using glyceraldehyde-3-phosphate dehy-

drogenase as a housekeeping gene. The primer sequences 

used are provided in Table 1.

elisa
MCs were grown in 24-well plates and cultured with different 

media at 37°C and 5% CO
2
. After 48 h, the levels of FN 

and COL4 in the supernatant of MCs for each group were 

determined by using rat FN and COL4 ELISA kits (Wuhan 

Elabscience Biotechnology, Wuhan, China). In addition, the 

levels of TGF-β1 in the mouse blood serum were tested by 

using mouse TGF-β1 ELISA kits according to the manufac-

turer’s instructions.

statistical analysis
All the experiments were repeated at least in triplicate with 

similar results, and the results are presented as the mean ± SD. 

The means of every two groups were detected with unpaired 

Student’s t-test. One-way analysis of variance was used for 

multiple-group comparison (GraphPad Prism 5.0, USA). 

P,0.05 was considered to be statistically significant.

Results
in vivo experiments
Effects of RAP on blood glucose levels and body 
weights (BWs) of diabetic mice
The blood glucose levels and BWs of experimental mice were 

measured before and after treatment with RAP. Compared 

to those of the normal control mice, the blood glucose levels 

of the diabetic mice were notably increased, and treatment 

with RAP for 12 weeks had no effect on the blood glucose 

levels of diabetic mice. Additionally, the BWs of diabetic 

mice decreased after STZ plus HFD treatment. However, 

RAP markedly ameliorated the loss of BW (Table 2).

RAP ameliorates biochemical indices, oxidative stress 
parameters, and serum TgF-β1 expression levels in 
diabetic mice
To evaluate renal dysfunction, we evaluated the renal func-

tional parameters (serum Cr, BUN, and 24-h albuminuria) in 

experimental mice after treatment with RAP for 12 weeks. 

As shown in Figure 1, all parameters were significantly higher 

Table 1 Primer sequences for real-time polymerase chain reaction

Genes Forward primer (5′–3′) Reverse primer (5′–3′)

Mouse
Fn gaTTggcgacaagTggag TaggTgaacgggaggaca
TgF-β1 aTggTggaccgcaacaac ccaaggTaacgccaggaa
cTgF gggccTcTTcTgcgaTTTc aTccaggcaagTgcaTTggTa
α-SMA acTgggacgacaTggaaaag caTcTccagagTccagcaca
gaPDh aggagTaagaaacccTggac cTgggaTggaaTTgTgag
Rat
Fn caggggaagaaaaggagccc cacgaagTgTggTTccccTc
TgF-β1 TgacaTgaaccgacccTTcc ccaggcTccaaaTgTagggg
cTgF TagcaagagcTgggTgTgTg TTcacTTgccacaagcTgTc
α-SMA acTgggacgacaTggaaaag caTcTccagagTccagcaca
gaPDh gTTaccagggcTgccTTcTc accagcTTcccaTTcTcagc

Abbreviations: CTGF, connective tissue growth factor; FN, fibronectin; IHC, immunohistochemistry; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; α-SMA, 
α-smooth muscle actin; TgF-β1, transforming growth factor-β1.
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in diabetic mice than in normal control mice. However, low-

dose RAP treatment markedly reduced the 24-h albuminuria 

and BUN levels in diabetic mice but not the levels of serum 

Cr. High-dose RAP treatment dramatically reduced the 

serum Cr, BUN, and 24-h albuminuria levels in diabetic 

mice (Figure 1A–C). Furthermore, STZ-induced mice fed 

with HFD showed a sharp elevation in serum triglyceride. 

However, RAP-treated mice revealed a significant decline in 

serum triglyceride (Figure 1D). As a key mediator in renal 

fibrosis, the level of TGF-β1 in serum was measured using 

ELISA kits. The results showed that TGF-β1 was promi-

nently upregulated in STZ-induced diabetic mice compared 

to normal mice. It was markedly decreased by RAP treatment 

in high doses (Figure 1E).

To determine the influence of RAP on oxidative stress 

factors, we measured the concentrations of MDA, SOD, and 

CAT in serum after treatment with RAP. The results showed 

that there was no statistically significant difference in CAT 

levels among the 4 treatment groups (Figure 1F). The con-

centration of MDA was higher and that of SOD was lower 

in DN mice than in normal mice. However, RAP treatment 

significantly downregulated the concentration of MDA and 

upregulated the concentration of SOD (Figure 1G and H), 

indicating efficient antioxidation in DN mice.

RAP inhibits the glomerular hypertrophy and GBM 
thickening in diabetic mice
To determine renal histopathologic changes, H&E and PASM 

staining were used to observe glomerular hypertrophy and 

GBM thickening. As shown in Figure 2A, an expanded 

glomerular tuft area and marked GBM thickening were 

observed in diabetic mice compared to normal control mice. 

However, treatment with two doses of RAP ameliorated 

these changes.

TGF-β1 is considered to be one of the vital mediators 

of excessive ECM deposition in DN, which results in 

glomerulosclerosis.30 CTGF expression is induced by TGF-β1, 

which contributes to its downstream profibrotic effects.31 

We performed immunohistochemistry to evaluate the expres-

sion of TGF-β1 and CTGF in glomeruli of diabetic mice. 

The C57BL/6 mice induced by STZ significantly increased 

the positive staining of TGF-β1 and CTGF in the glomeruli 

compared to the normal control mice. However, glomerular 

staining of TGF-β1 and CTGF was effectively abrogated 

in diabetic mice treated with RAP (Figure 2A–C). In addi-

tion, mRNA expression levels of CTGF and TGF-β1 were 

detected in parallel by RT-PCR using whole kidney cortex. 

As shown in Figure 2D and E, the mRNA expression levels 

of CTGF and TGF-β1 were prominently increased in diabetic 

kidneys but were dramatically decreased in diabetic kidneys 

treated with RAP.

RAP alleviates collagen deposition, ECM 
accumulation, and α-SMA expression in diabetic mice
Histologically, changes in collagen accumulation, which 

indicate the development of fibrosis in renal tissue, were 

visualized with Sirius red (red color) and Masson’s trichrome 

staining (blue color). As shown in Figure 3, the above two 

experimental methods showed marked collagen deposition in 

STZ-induced mouse kidneys, and less deposition in low- and 

high-dose RAP-treated mouse kidneys.

Furthermore, immunohistochemistry, Western blotting, 

and RT-PCR analysis were used to examine the mRNA and 

protein levels of FN, an ECM protein in diabetic mouse 

kidney tissues. The results showed a remarkably higher 

level of FN in diabetic mice than in control mice. This was 

consistent with the mRNA expression levels. FN expression 

levels were also significantly decreased in diabetic mice 

treated with low and high doses of RAP (Figure 3A, D, F, 

and G). These results revealed that RAP treatment attenu-

ated ECM synthesis in diabetic renal tissues. Expression 

of α-SMA in the renal areas becomes upregulated with 

ECM accumulation, and this is thought to indicate changes 

in myofibroblasts.32,33 To explore the mechanisms of renal 

fibrosis amelioration, we examined the effect of RAP on 

α-SMA expression. The results showed that α-SMA expres-

sion was markedly enhanced in the kidney after STZ injec-

tion by immunohistochemical analysis (Figure 3A and E), 

Western blot (Figure 3F), and RT-PCR analysis (Figure 3H). 

Upregulation of α-SMA expression was significantly amelio-

rated in high-dose RAP-treated kidneys compared to control 

Table 2 Effects of RAP on the fasting blood glucose levels and 
body weights of diabetic mice

Groups Fasting blood glucose 
(mmol/L)

Body weights (g)

Before 
treatment

After 
treatment

Before 
treatment

After 
treatment

control 7.93±0.62 7.45±0.76 22.91±2.19 28.473±1.27
DM 21.25±3.18### 19.68±2.97### 22.07±1.81 24.844±1.98#

DM+raP-l 20.21±4.18 20.11±2.15 23.02±2.12 27.39±1.95*
DM+raP-h 22.51±5.12 18.71±2.49 21.78±1.29 26.24±1.61*

Notes: Data are expressed as the mean ± sD; n=8. #p,0.05 and ###p,0.001, 
diabetic control versus normal control. *p,0.05, diabetic + RAP versus DM.
Abbreviations: DM, diabetic model; RAP-H, high-dose RAP; RAP-L, low-dose RAP.
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kidneys, whereas low-dose RAP treatment had no effect on 

α-SMA expression.

RAP alleviates MAPK and NF-κB signaling pathways 
in diabetic mice
Next, we demonstrated the protective mechanisms of RAP 

against renal fibrosis. Previous studies have shown that phos-

phorylation of MAPKs is upregulated in the kidneys of STZ-

induced diabetic rats.34 Hence, we assessed the role of RAP 

treatment on MAPK activation by examining the phosphoryla-

tion of ERK1/2 and p38 using immunohistochemical analysis. 

The results showed that the positive areas of phosphorylated 

ERK1/2 and p38 staining were markedly increased in STZ-

induced diabetic kidneys compared to normal control kidneys. 

However, treatment with RAP at dosages of 0.1 and 0.5 mg/kg 

decreased the expression levels of p-ERK1/2 and p-p38 in renal 

tissue (Figure 4A–C). NF-κB is expressed in various tissues, 

and it serves as a vital molecule in mediating inflammation and 

Figure 1 RAP ameliorates biochemical indices, serum TGF-β1 levels, and oxidative stress parameters in diabetic mice.
Notes: The relative amount of (A) 24-hour albuminuria, (B) serum creatinine, (C) blood urea nitrogen, (D) triglyceride, (E) TGF-β1, (F) CAT, (G) MDA, and (H) SOD in 
the serum of mice. Data are presented as the mean ± sD, n=8. ##p,0.01 and ###p,0.001 versus control mice; *p,0.05, **p,0.01, and ***p,0.001 versus DM.
Abbreviations: CAT, catalase; DM, diabetic model; MDA, malondialdehyde; RAP-H, high-dose RAP; RAP-L, low-dose RAP; SOD, superoxide dismutase; TGF-β1, 
transforming growth factor-β1.

β
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fibrosis in DN.35 We measured the level of NF-κB p65 subunit 

phosphorylation in the kidneys of the four experimental groups 

by immunohistochemical analysis. As shown in Figure 4D, 

p-p65 expression in diabetic mice was significantly upregu-

lated compared to that in normal control mice. In contrast, 

treatment with RAP reversed these changes by inhibiting the 

expression of p-p65. For further verification, we examined 

the phosphorylation of ERK1/2, p38 and p65 by Western blot 

analysis. The results of the Western blot experiment agreed 

with immunohistochemical analysis (Figure 4E-H). This sug-

gests that MAPK and NF-κB signaling pathways underlie the 

alleviation of diabetic renal fibrosis by RAP.

in vitro experiments
RAP inhibits HG-induced ECM accumulation in cell 
culture medium and MC proliferation
MC is considered to be a crucial factor leading to glomerular 

sclerosis in diabetic patients.36 To determine the effective 

concentrations of RAP for the treatment of MCs, five con-

centrations of RAP (10, 50, 100, 150, and 200 μM) were 

used to treat MCs, and cell proliferation induced by HG was 

evaluated using the MTT assay. The results showed that the 

proliferation of MCs was increased under HG conditions 

compared to NG conditions. However, RAP significantly 

inhibited the proliferation of MCs from the concentration 

of 50 μM (Figure 5A). To verify whether the inhibition of 

proliferation by RAP is related to its toxicity, we examined 

the cytotoxicity of RAP at these five concentrations in MCs. 

Interestingly, RAP produced no toxicity in MCs at these five 

concentrations (Figure 5B), indicating that RAP can inhibit 

the proliferation of MCs without cytotoxicity. Based on these 

results, we selected 50 and 100 μM for RAP concentrations 

in our subsequent experiments.

To examine whether RAP could suppress the exces-

sive expression of FN and COL4 in HG-induced MCs, 

we measured the levels of FN and COL4 in the supernatant 

Figure 2 RAP inhibits the glomerular hypertrophy and glomerular basement membrane thickening in diabetic mice.
Notes: (A) Kidney sections were stained with PASM and H&E staining as well as immunohistochemical staining of CTGF and TGF-β1 (original magnifications, ×400). The 
staining of (B) CTGF and (C) TGF-β1 in mouse kidney were quantified. The mRNA levels of (D) CTGF and (E) TGF-β1 were analyzed by reverse transcriptase polymerase 
chain reaction. Data are presented as the mean ± sD, n=8. ###p,0.001 versus control mice; *p,0.05, **p,0.01, and ***p,0.001 versus DM.
Abbreviations: CTGF, connective tissue growth factor; DM, diabetic model; IHC, immunohistochemistry; PASM, periodic acid-silver methenamine; RAP-H, high-dose RAP; 
raP-l, low-dose raP; TgF-β1, transforming growth factor-β1.
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of MCs using ELISA analysis. As we expected, the results 

demonstrated that RAP significantly attenuated the exces-

sive production of COL4 and FN in MCs induced by HG 

(Figure 5C and D). These results suggest that RAP could 

suppress excessive HG-induced ECM accumulation in MCs, 

thus inhibiting renal fibrosis.

RAP prevents HG-induced intracellular ECM 
accumulation and MAPK/NF-κB signaling 
pathways in MCs
In our study, the ECM accumulation markers FN, TGF-β1, 

CTGF, and α-SMA induced by HG in MCs were detected 

by Western blot and RT-PCR analysis. The results showed 

that the protein and mRNA levels of FN, TGF-β1, CTGF, 

and α-SMA in the HG-induced group were higher than 

those in the NG group. Interestingly, after 48 h of treatment 

by RAP at two concentrations, these changes were weak-

ened (Figure 6A–E). Given the role of MAPK and NF-κB 

signaling in MC growth and proliferation, which contribute 

to ECM accumulation, we further investigated the signal-

ing cascade between HG-induced ECM accumulation and 

MAPK/NF-κB pathways. HG induced MAPK and NF-κB 

activation, as manifested by the fact that the relative amounts 

of phosphorylated p-ERK1/2, p38, and p65 were observably 

Figure 3 RAP alleviates collagen deposition, ECM accumulation, and α-SMA expression in diabetic mice.
Notes: (A) Representative renal sections were stained with Masson-trichrome and Sirius red along with immunohistochemical staining of FN and α-SMA (original 
magnifications, ×400). Quantitative analysis of the results for fibrotic area stained with (B) Masson and (C) Sirius red in mouse kidneys. The positive areas of (D) FN 
and (E) α-SMA staining were quantified. (F) The protein and mRNA expressions of (G) FN and (H) α-SMA were measured by Western blot and reverse transcriptase 
polymerase chain reaction. Data are presented as the mean ± sD, n=8. ###p,0.001 versus control mice; *p,0.05, **p,0.01, and ***p,0.001 versus DM.
Abbreviations: DM, diabetic model; FN, fibronectin; IHC, immunohistochemistry; RAP-H, high-dose; RAP-L, low-dose RAP; α-SMA, α-smooth muscle actin.
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increased compared to normal control cells. However, RAP 

therapy effectively reduced the HG-induced phosphorylation 

of ERK1/2, p38, and p65 in MCs at concentrations of 50 and 

100 μM (Figure 6F–I). These findings indicate that RAP 

alleviates HG-induced ECM accumulation by suppressing 

the MAPK and NF-κB signaling pathways.

Discussion
The present study demonstrated that the peptide RAP, which 

is derived from rapeseed protein, could protect against 

STZ-induced renal fibrosis in mice. Furthermore, RAP treat-

ment significantly attenuated ECM deposition in vivo and 

in vitro. Finally, RAP may inhibit renal fibrosis by modulat-

ing the MAPK and NF-κB signaling pathways.

BW loss is usually observed in short- and long-term experi-

mental diabetes studies. BW loss in diabetic mice was found to 

be related to muscle loss due to hyperglycemia-induced over-

catabolism of tissue proteins. We detected significant weight 

loss in the diabetic group compared to the control group, 

which was consistent with the results of a previous study.37 

Figure 4 raP alleviates mitogen-activated protein kinase and nuclear factor κB signaling pathways in diabetic mice.
Notes: (A) The expression levels of phosphorylated ERK1/2, p38, and p65 were determined by immunohistochemical staining (original magnifications, ×400). The staining 
of (B) p-ERK1/2, (C) p-p38, and (D) p-p65 were quantified. (E) ERK1/2, p38, p65, and their phosphorylation levels were measured by Western blot analysis. (F, G and H) 
Densitometric quantification of phosphorylated ERK1/2 and p38 to total ERK1/2 and p38, respectively, and p-p65 to GAPDH are summarized. Data are presented as the 
mean ± sD, n=8. ###p,0.001 versus control mice; *p,0.05, **p,0.01, and ***p,0.001 versus DM.
Abbreviations: DM, diabetic model; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IHC, immunohistochemistry; RAP-H, high-dose RAP; RAP-L, low-dose RAP.
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Administration of RAP markedly improved the loss of BW. 

Furthermore, we found that RAP markedly ameliorated the 

renal function indices BUN, Cr, and triglycerides. However, 

treatment with RAP for 12 weeks had no effect on FBG 

levels in diabetic mice, suggesting that RAP can protect the 

kidneys, but it does not affect hypoglycemia.

Albuminuria has been shown to be a good clinical predic-

tor of renal lesions in DN.38 Severe albuminuria reflects the 

presence of major glomerular lesions that trigger progressive 

glomerulosclerosis. A previous study revealed that albumin 

excretion in STZ-induced mice fed a HFD was elevated by 

fourfold at 8 weeks compared to that in normal mice.39 In our 

present study, the 24-h albuminuria of STZ+HFD mice was 

increased by up to tenfold at 12 weeks compared to that of 

control mice. This suggested that the kidney injury was more 

severe at 12 weeks than at 8 weeks in diabetic mice. Interest-

ingly, RAP treatment at both low and high doses significantly 

reduced 24-h albumin excretion in diabetic mice.

Increased accumulation of ECM is the main character-

istic of renal fibrosis in renal tissue.40,41 FN, an important 

component of the ECM, is thought to be a critical factor in 

the differentiation of myofibroblasts, which are character-

ized by α-SMA expression. Our results revealed that FN 

and α-SMA expression is potently inhibited in diabetic 

kidneys and HG-induced MCs by RAP treatment. TGF-β 

is a crucial mediator of ECM accumulation, which induces 

the expression of CTGF in different tissues. The importance 

of CTGF in renal disease has been studied in the unilateral 

ureteral obstruction (UUO) model of renal fibrosis11 and in 

type 1 and type 2 diabetes.42 Several reports have shown that 

CTGF can induce EMT in proximal tubular epithelial cells 

and that this effect is independent of the presence of TGF-β. 

Moreover, together, these two growth factors can provide a 

powerful signal for EMT.43 CTGF has been shown to bind 

to TGF-β1 to activate phosphorylation of smad2.44 These 

findings suggest that CTGF may transduce its signals partly 

by binding to TGF-β1. Interestingly, our study showed that 

RAP markedly attenuated CTGF and TGF-β1 expression in 

diabetic mouse kidney and MCs in response to HG. All these 

data indicate that RAP suppresses ECM accumulation by 

inhibiting the expression of TGF-β1 and its downstream 

factor CTGF. 

Figure 5 RAP inhibits HG-induced ECM accumulation in cell culture medium and MCs proliferation.
Notes: (A) MCs were cultured with NG DMEM or HG DMEM or HG DMEM with different concentrations of RAP (10, 50, 100, 150, and 200 μM), respectively. (B) MCs 
were treated with NG DMEM cultured in the presence or absence of indicated concentrations of RAP and cell viability was measured by MTT. (C and D) The levels of 
COL4 and FN in the supernatant of MCs were determined by enzyme-linked immunosorbent assay analysis. Data are presented as the mean ± sD. #p,0.05 and ###p,0.001 
versus ng; *p,0.05, **p,0.01, and ***p,0.001 versus hg.
Abbreviations: COL4, collagen 4; ECM, extracellular matrix; FN, fibronectin; HG, high glucose; MCs, mesangial cells; NG, normal glucose.
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As RAP has a therapeutic effect on renal fibrosis in DN, 

what is the molecular mechanism by which RAP affects renal 

fibrosis? We studied two important signaling pathways in 

DN: MAPK and NF-κB. MAPKs, particularly ERK1/2 and 

p38, are a family of serine/threonine kinases. Activation of 

the MAPK signaling pathway has been shown to occur in 

rats with diabetes and renal fibrosis.45 MAPK inhibitors play 

an important role in TGF-β1-induced ECM synthesis and in 

the phenotypic transformation of MCs, which eventually lead 

to renal fibrosis in diabetes. Increasing evidence suggests 

that the expression of α-SMA decreased significantly when 

p38 MAPK is blocked by the specific blocker SB203580.46 

Furthermore, previous study demonstrated that the p38 

MAPK signaling pathway was activated by HG stimula-

tion in human renal tubular epithelial cells.47 In this study, 

we found that phosphorylation of p38 and ERK1/2 was 

increased by HG stimulation in MCs and in HFD+STZ-

induced diabetic mouse kidneys. This was consistent with 

increased FN and α-SMA synthesis. However, these changes 

were attenuated by RAP treatment. The positive relationship 

of p-ERK1/2, p-p38, and FN with α-SMA overproduction 

indicates that RAP may restrain renal fibrosis by inhibiting 

the MAPK pathway.

NF-κB is a nuclear transcription factor with multidirec-

tional regulation that regulates a variety of inflammatory cytok-

ines, chemokines, and fibrosis factors. It participates in cell 

Figure 6 RAP prevents HG-induced intracellular ECM accumulation and mitogen-activated protein kinase/nuclear factor κB signaling pathways in mesangial cells.
Notes: (A) The protein expressions of FN, TGF-β1, cTgF, and α-SMA were measured by Western blot. The mRNA levels of (B) FN, (C) TGF-β1, (D) CTGF, and 
(E) α-SMA in mesangial cells were assessed by reverse transcriptase polymerase chain reaction. (F) The phosphorylation of ERK1/2, p38, and p65 in mesangial cells was 
examined by Western blot. (G–I) Densitometric quantification of phosphorylated ERK1/2 and p38 to total ERK1/2 and p38, respectively, or p-p65 compared to α-tubulin 
was summarized. Data are presented as the mean ± sD. ##p,0.01 and ###p,0.001 versus ng; *p,0.05, **p,0.01, and ***p,0.001 versus hg.
Abbreviations: CTGF, connective tissue growth factor; ECM, extracellular matrix; FN, fibronectin; HG, high glucose; NG, normal glucose; α-SMA, α-smooth muscle actin; 
TgF-β1, transforming growth factor-β1.
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proliferation and ECM deposition, playing an important role 

in DN. Moreover, previous studies have shown that MAPK 

has numerous direct and indirect interactions with NF-κB.48–50 

Activated ERK and p38 MAPK pathways are thought to be 

the physiologic activators of NF-κB.51,52 Another previous 

study showed that the activation of NF-κB is enhanced in the 

kidneys of diabetic animals, which augments the expansion of 

mesangium. Increasing evidence suggests that NF-κB plays 

a pivotal role in all pathophysiologic environments in which 

fibrosis is a pivotal event.18 In addition, most of the current 

experimental and clinical methods to slow the progression of 

fibrosis in DN, such as thiazolidinedione,53 angiotensin system 

inhibitors,54 and pyrrolidine dithiocarbamate,55 are known to 

modulate NF-κB. All these results indicate that the activation 

of NF-κB may be an important link in the development of 

renal fibrosis. Furthermore, the data showed that the COL4 

deposition and α-SMA and FN expression were decreased 

after the inhibition of NF-κB activity in UUO rats.56 In this 

study, we observed that RAP could affect the NF-κB signal-

ing pathway and regulate the fibrotic components. Under HG 

conditions, RAP attenuated the phosphorylation of NF-κB p65 

and its downstream gene TGF-β1 and FN in a dose-dependent 

manner. In vivo, experimental results were similar to in vitro 

experimental results. Thus, these results demonstrated that 

RAP improved renal fibrosis and ECM accumulation by 

inhibiting the NF-κB signaling pathway.

Given that RAP has a good therapeutic effect on renal 

fibrosis but no hypoglycemic effect on DN mice, we consid-

ered using RAP in other fibrosis models. Therefore, future 

studies are still warranted to identify whether RAP has a 

therapeutic effect on renal interstitial fibrosis (UUO) animal 

models to achieve a better therapeutic effect.

Conclusion
In conclusion, the peptide RAP alleviates renal fibrosis in DN 

by suppressing the MAPK and NF-κB pathways. In subse-

quent research, RAP is expected to be designed as a leading 

compound for drugs to treat renal fibrosis. More importantly, 

this study demonstrated for the first time that plant-derived 

bioactive peptides in foodstuffs inhibited fibrosis in DN and 

glomerular MCs. This finding serves as a basis for future 

studies of treatment for renal fibrosis using bioactive peptides 

in plant-derived foodstuffs.

Although this study put forward a new idea that plant-

derived bioactive peptides in foodstuffs inhibited fibrosis in 

DN and MCs, only one of these peptides has been studied. 

Thus, many basic and clinical experiments are still needed to 

verify the anti-renal fibrosis effect of these types of peptides. 

More importantly, in future research, we will optimize RAP’s 

structure according to its physical and chemical properties, 

pharmacokinetic, adverse reactions, and side effects, to make 

it a leading compound for drugs to treat renal fibrosis.
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