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AKF-pD alleviates diabetic 
nephropathy via blocking the 
RAGe/AGes/NoX and pKC/NoX 
pathways
Jiao Qin1, Zhangzhe peng3, QiongJing Yuan3, Qian Li1, Yu peng3, Rui Wen1, Zhaolan Hu2, 
Jun Liu1, Xiongfang Xia1, Hong Deng1, Xuan Xiong3, Jinyue Hu  1,4 & Lijian tao3

Diabetic nephropathy (DN) is a major complication of diabetes. Currently, drugs are not available to 
effectively control the disease. Fluorofenidone (AKF-PD) is a recently developed drug; it possesses 
activities in reducing DN progression in preclinical research. Nonetheless, its renal protection and 
the underlying mechanisms have not been thoroughly investigated. We report here that AKF-pD 
significantly alleviatesrenal oxidative stress (OS) in db/dbmice through downregulation of Nicotinamide 
Adenine Dinucleotide Phosphate (NADPH) oxidase and upregulation of glutathione peroxidase and 
superoxide dismutase, thereby protecting kidney from DN pathogenesis. AKF-PD likely reduces OS 
through the advanced glycation end products (AGe) and protein kinase C (pKC) pathways. While renal 
AGes, pKCα, pKCβ, and NADPH oxidase 4 (NOX4) were all substantially upregulated in db/db mice 
compared to db/m animals, AKF-pD robustly downregulated all these events to the basal levelsdetected 
in db/m mice. In primary human renal mesangial cells (HMCs), high glucose (HG) elevated receptor for 
advanced glycation endproducts (RAGe), pKCα, pKCβ and NOX4 activity, and induced the production 
of reactive oxygen species (ROS); these events were all inhibited by AKF-PD. Furthermore, HG led 
to mitochondrial damagein HMCs;AKF-PD conferred protection on the damage. Knockdown of 
either pKCα or pKCβ reduced HG-induced Ros production and mitochondrial damage in HMCs. the 
knockdown significantly enhanced AKF-PD-mediated inhibition of ROS production and mitochondrial 
damage in HG-treated HMCs. Collectively, our study demonstrates that AKF-pD protects renal function 
under diabetes conditions in part through inhibition of os during DN pathogenesis. AKF-pD can be 
explored for clinical applications in DN therapy.

Diabetes mellitus (DM) is an endocrine metabolic disease that seriously affects human health. The incidence of 
DM has been rapidly rising in recent decades worldwide1. Diabetic nephropathy (DN) as the most common and 
serious complication of DM occurs in 20–40% patients with DM2,3. In addition, DN is the main cause for chronic 
renal failure and the primary cause of death for DM2,3. Unfortunately, there is no available drug that can effec-
tively treat DN. Thus, it is of vital importance to clarify the mechanisms of DN and develop effective therapies.

The pathogenesis of DN is associated with OS, renal hemodynamic dysfunction, micro-inflammatory reac-
tion, metabolic disorders, the production of multiple cytokines and vasoactive molecules like angiotensin II and 
endothelin, and mesangial cell proliferation as well as ECM accumulation4–8. Currently, the first-line therapy for 
chronic kidney disease involves angiotensin-converting enzyme inhibitor (ACEI) and Angiotensin II Receptor 
Blockers (ARB)9–11. Previous studies have reported that ACEI/ARB can protect renal function by primarily reg-
ulating glomerular hemodynamics, leading to reductions in urine protein and inhibition of renal fibrosis12. The 
limitation of the first-line therapy in targeting an avenue of multiple abnormalities likely explains the common 
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elevation of SCR in the long-term users of ACEI/ARB. The elevation resulted in patients at risk of developing 
renal dysfunction12. Plenty preclinical experiments have been conducted to examine the anti-fibrosis pharma-
cology of numerous drugs, including statins, rhubard and tripterygium, poricoic acid, ergone and so on4–7,13–17. 
These drugs display activities in regulating cytokines secretion and reducing inflammatory reactions; their safety 
and clinical efficacy are under investigation.

It is emerging from a series of recent studies that OS is a critical cause of DN8,9. In mouse models for DN and 
patients, ROS and the metabolic product of peroxidation such as malondialdehyde (MDA) and 8-iso-PGF2a 
were elevated concurrently with decreases in antioxidase activity including SOD and GSH-Px, supporting the 
importanceof ROS during the course of DN. At early stages, ROS impairs the vascular permeability and glomer-
ular hemodynamics, destroys the glomerular electrostatic and filtration barrier, activates nuclear factor kappa 
beta (NF-κB) and activator protein 1(AP-1), and regulates the secretion of multiple inflammatory mediators10. 
At advanced stages of DN, ROS can promote the transdifferentiation of renal tubular cells, induce apoptosis in 
renal podocytes and mesangial cells, alter the balance of ECM production and degradation, and accelerate the 
formation of glomerular sclerosis11. ROS thus promotes DN initiation and progression by affecting multiple DN 
processes. These properties indicate targeting ROS being attractive in DN therapy. However, this potential has yet 
to be realized owing to the lack of medications.

The basic pathological changes of DN is renal fibrosis caused by the accumulation of extracellular matrix 
(ECM), mainly including collagen I and collagen IV, fibronectin and vementin18,19. The reversal and prevention 
of renal fibrosis is the key to DN therapy. accumulated studies have confirmed that renal fibrosis is associated 
with oxidative stress (OS) and inflammation, which is related to tissue injury resulted in imbalance between the 
production and elimination of reactive oxygen species (ROS)20–25. Therefore, how to reduce ROS formation is of 
clinical significance to preclude DN of diabetic patients. Our research group has recently invented a very promis-
ing novel drug AKF-PD, also known as Fluorofenidone; AKF-PD delivers satisfactory results in the treatment of 
renal interstitial fibrosis in preclinical research26,27. AKF-PD dramatically delayed the progression of DN in db/db 
mouse, indicating its attractive potential in management of patients with renal fibrosis. But less is known about 
the therapeutic mechanism of AKF-PD in DN. In view of the important role of OS in the pathogenesis of DN, 
our previous research suggested that AKF-PD likely inhibited the progression of DN through suppression of the 
expression of NADPH oxidase27,28. It is known that the advanced glycation end products (AGEs) and the protein 
kinase C (PKC) signal pathway play a central role in the expression of NADPH oxidase/OS29, which might be the 
targets of AKF-PD in DN treatment. In this study, we aimed to detect the therapeutic effects of AKF-PD in DN 
and to explore the related molecular mechanism both in vitro and in vivo.

Results
AKF-PD reduces mesangial expansion of DN. In comparison to db/m mice, renal mesangial matrix 
expansion was clearly observed in db/db mice (Fig. 1B). The addition of AKF-PD or losartan at week 5 (5w) and 
8w significantly alleviated this expansion (Fig. 1B), which was evidenced by lowering renal glomerular expansion 
index (Fig. 1C). Therapeutic effect of the intervention initiated at week 8 seems better than weeks 5, evident by the 
non-significant glomerular expansion index observed in the treated db/db mice compared to db/m mice (Fig. 1C).

AKF-pD reduces Albumin/creatine ratio. To demonstrate the above renal protection delivered by 
AKF-PD being functional, we examined whether renal function was also preserved. As expected, the renal 
function of db/db mice was significantly compromised compared with db/m mice (Table 1). Administration of 
AKF-PD lowered 24-hour urine albumin/creatinine ratio (ACR) (Table 1), regardless whether intervention was 
initiated at weeks 5 or 8-. This provides the first demonstration that kidney function can be partially preserved by 
AKF-PD at least in db/db mice. On the other hand, the administration of losartan aggravated renal injury with a 
significant increase in serum creatinine SCR (Table 1). Collectively, evidence suggests that AKF-PD is better than 
losartan indeceasing urine protein at 8 weeks (p < 0.05), at the same time we confirmed that AKF-PD did not 
influence uric acid and serum serum creatinine in AKF-PD treated mice compared to db/db mice.

Protective effects of AKF-PD on renal function are associated with the inhibition of OS. OS is 
a major cause of DN under diabetes conditions30. Significant elevations of the renal NAPDH oxidase activity was 
demonstrated in mock-treateddb/db mice at weeks 5 or 8 compared to db/m mice (Fig. 2A). Administration of 
either AKF-PD or losartan to both 5 weeks and 8 weeks db/db mice significantly reduced renal NAPDH oxidase 
activity to the basal level detected in db/mmice (Fig. 2A). ROS is regulated by cell’s activities in ROS produc-
tion and clearance, suggesting that AKF-PD could also affect ROS elimination. Consistent with this possibility, 
the activity of renal glutathione peroxidase (GSH-Px) was dramatically increased in db/db mice when animals 
were received either AKF-PD or losartanat at weeks 5 and 8 (Fig. 2B). Similar observations were also obtained 
for superoxide dismutase (SOD) activity (Fig. 2C). Collectively, the above observations suggest the notion that 
AKF-PD offer a better antioxidation effects during diabetes nephropathy progression.

Oxidative stress is plays a pivotal role in the progression of diabetes renal injury. OS is functionally related to 
advanced glycation end products (AGEs), their receptor RAGE, fibronetin, PKCα, and PKCβ17. To further inves-
tigate the impact of AKF-PD on renal OS, we hypothesized that AKF-PD driven blockage of oxidative stress in 
db/db mice was likely mediated by antagonizing AGEs/RAGE and PKC signaling. We detected a dramatic upre-
glaton of AGEs, RAGE, fibronectin, PKCa, and PKCβ in the kidneys of db/db mice compared to db/m mice; all 
these increases were dramatically reduced to the basal levels observed in db/m when AKF-PD was given to either 
5 weeks or 8 weeks db/db mice (Figs 3 and 4). These results are even more significant when they are interpreted in 
the context of experimental duration of 24 weeks, i.e. starting of the AKF-PD intervention at 8 weeks at time when 
renal damage was clear (Fig. 1) and kidney functions were substantially compromised (Table 1) was sufficient to 
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completely prevent these OS-associated events (Figs 3 and 4). In this regard, we noticed that AKF-PD was supe-
rior to losartan in reduction of all the aforementioned events (Figs 3 and 4). Collectively, the results demonstrated 
a robust potential of AKF-PD in inhibiting renal OS during diabetes progression.

AKF-pDreduces activation of the AGe-RAGe and pKC pathway. The AGE-RAGE axis and the PKC 
pathway contribute to OS in part through activation of NAPDH We observed a robust inhibition of AGEs, RAGE, 
NAPDH Oxidase 4, PKCα, and PKCβ upregulations in the kidney of AKF-PD treated db/db mice (Figs 2–4). 
To demonstrate a direct role of AKF-PD in inhibition of these proteins, we showed that high glucose (HG), a 
hallmark of diabetes, significantly increased NAPDH activity, and reduced GSH-Px and SOD activities in in 
human renal mesangial cells (HMCs), indicative of OS (Fig. 5A–C). AKF-PD significantly reduced these protein 
expression (Fig. 5A–C). Furthermore, HG upregulated AGEs, RAGE, PKCα and PKCβ along with an elevation of 
NOX4 expression in HMCs (Fig. 5D–G); AKF-PD reversed all these alterations (Fig. 5D–G). A major outcome of 
renal OS under diabetes is to cause ECM expansion. Of note, upregulation of renal fibronectin occurred in db/db 
mice and AKF-PD reduced fibronectin accumulation (Figs 3 and 4). Consistent with these in vivo observations, 
HG induced fibronectin expression in HMCs, which was reduced by AKF-PD (Fig. 5I). Collectively, these obser-
vations largely supported the results obtained in vivo (Figs 2–4), supporting the possibility that AKF-PD reduces 
renal OS induced by diabetes at least in part via attenuation of the AGE-RAGE-NOX and PKC-NOX pathways.

To determine the mechanisms underlying AKF-PD-derived inhibition of the AGE-RAGE-NOX and 
PKC-NOX pathways, we demonstrated that AKF-PD reduced RAGE, NOX4, PKCα, and PKCβ mRNA expres-
sion in HMCs treated with HG (Fig. 6), suggesting that AKF-PD downregulates the AGE-RAGE-NOX and 
PKC-NOX pathways in part via inhibition of transcription.

AKF-pD confers protection on mitochondrial damage. In line with the above observations, HG 
resulted in an increase in cellular ROS in HMCs and AKF-PD reduced ROS accumulation (Fig. 7). Mitochondria 
is the central source of ROS, implying a role of AKF-PD in protecting mitochondrial integrity. We observed that 
in HG-induced HMCs caused an elevation of ROS along with an increase in mitochondrial potential, indicative of 
mitochondrial damage (Fig. 8). AKF-PD reduced ROS production and mitochondiral potential in HMCs treated 
with HG (Fig. 8); this suggests that AKF-PD attenuates ROS production in response to HG environment in part 
via maintaining mitochondrial integrity. On the other hand, while losartan was able to reduce ROS in HG-treated 
HMCs (Fig. 7), it had no effects on mitochondrial damage (Fig. 8), supporting AKF-PD being superior to losar-
tanin protecting renal OS.

AKF-PD preserves mitochondrial integrity via complex mechanisms. Our observed concurrent 
occurrence between PKC (alpha and beta) upregulations and NOX4 increases in vivo (Figs 3 and 4) and in vitro 

Figure 1. AKF-PD reduces glomerular ECM expansion in db/db mice. (A) Typical PAS staining of glomerulus 
of db/m mice and db/db mice receiving mock treatment, AKF-PD (A) or Losartan (L) staring at either 5 weeks 
(5w) or 8 weeks (8w) old till the end of experimental duration at 24 weeks. (B) Quantification of glomerular 
ECM expansion for the indicated genotypes and treatments (n = 6 for each group). ***p < 0.0001 in 
comparison to db/m mice; ###p < 0.0001 in comparison to db/db mice.
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(Figs 5 and 6) suggests that the PKC pathway is involved in AKF-PD-mediated protection of mitochondrial integ-
rity. To examine these potential mechanisms, we have individually knocked down PKCα and PKCβ (Fig. 9A). 
Knockdown of either significantly reduced ROS levels, fibronectin (FN), NOX4 in HG-treated HMCs (Fig. 9B–D),  
demonstrating critical roles of PKCα and PKCβ in ROS production in HMCs under HG conditions. These results 
are consistent with the demonstrated importance of PKCα and PKCβ in ROS production3. While AKF-PD clearly 
reduced ROS in HMCs treated with HG, the ROS level in HMCs treated with both HG and AKF-PD was margin-
ally lower than HG-induced ROS level and NOX4 detected in HMCs with knockdown of either PKCα or PKCβ 

db/m

db/db

Ctrl-5w AKF-PD-5w Losartan-5w Ctrl-8w AKF-PD-8w Losartan-8w

BUN (mmol/L) 9.3 ± 1.22 9.1 ± 0.89 9.25 ± 1.22 11.9 ± 1.5**## 11.5 ± 0.87* 10.45 ± 0.75 11.86 ± 1.52**

SCR (µmol/L) 37.13 ± 2.42 42.23 ± 2.65 35.82 ± 2.85 68.63 ± 15.62## 48.67 ± 4.27 41.22 ± 4.15 69.37 ± 13.12

BUA (mmol/L) 246.67 ± 65.87 264.9 ± 74.57 242.73 ± 21.88 286.8 ± 138.54 349.17 ± 63.93* 345.88 ± 40.04* 438.72 ± 47.06***

ACR (µg/mg) 54.96 ± 8.43 503.24 ± 156.63*** 94.46 ± 5.86### 498.39 ± 142.96*** 650.38 ± 108.01*** 127.55 ± 44.24###§§§ 501.56 ± 121.53***#

GLU (mmol/L) 7.43 ± 0.86 61.7 ± 4.16*** 59.50 ± 3.53*** 59.85 ± 1.93*** 73.83 ± 6.47*** 62.5 ± 4.74*** 69.85 ± 5.87***

BW (g) 31.62 ± 1.29 39.83 ± 1.46*** 39.23 ± 0.77*** 39.32 ± 1.91*** 40.82 ± 1.92*** 39.85 ± 1.35*** 39.2 ± 091***

Table 1. AKF-PD and losartan could protect the progression of diabetic nephropathy in db/db mice. VS db/m 
*p < 0.05, **p < 0.01, ***p < 0.000. VS corresponding db/db Ctrl group #p < 0.05, ##p < 0.01, ###p < 0.000. 
VS corresponding Losartan group §p < 0.05, db/m, §§p < 0.01, db/m, §§§p < 0.000 BUN (mmol/L) blood urea 
nitrogen; SCR (μmol/L): serum creatinine; BUA (μmol/L): blood uric acid. ACR (μg/mg): albumin/creatinine 
ratio; GLU (mmol/L): blood glucose; BW(g): body weight.

Figure 2. AKF-PD significantly decreases the activity of NADPH oxidase in the kidney of db/db DN mice.  
(A) Renal NADPH oxidaseactivity was determined in db/m mice and db/db mice with the indicated treatments 
(n = 6 for each group). Means ± SD (standard deviation) are graphed. (B,C) Renal GSH-Px and SOD activities 
were measuredin db/m mice and db/db mice with the indicated treatments (n = 6 for each group). Means ± SD 
(standard deviation) are graphed. *p < 0.05, **p < 0.01, ***p < 0.0001 in comparison to db/m mice; #p < 0.05, 
##p < 0.01, ###p < 0.0001 in comparison to db/db mice.
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(Fig. 9B, comparing the HG + AKF-PD bar with the HG + PKCα-siRNA bar or the HG + PKCβ-siRNA bar). 
Interestingly, the combination of AKF-PD with knockdown of either PKCα or PKCβ further reduced ROS in 
HG-stimulated HMCs to the basal level (Fig. 9B).

We subsequently determined the contributions of PKCα and PKCβ to AKF-PD-derived protection of mito-
chondrial damage. The similar relationship among AKF-PD and knockdown of either PKCα of PKCβ was 
observed with respect to mitochondrial potential (Fig. 9E) and ROS levels (Fig. 9B) in HMCs in the presence 
of HG. Nonetheless, the combination of AKF-PD with knockdown of either PKCα or PKCβ partially prevented 
increases of mitochondrial potential (Fig. 9E). Collectively, the above results suggest that AKF-PD inhibits ROS 
production and protects mitochondria from damage in HG-treated HMCs through PKCa-dependent and PKCβ–
independent mechanisms.

Discussion
Our research provides the first thorough evidence for AKF-PD being such a drug. AKF-PD is a pyridyl ketone 
compound with a broad spectrum of antifibrosis activity3,31. Previous research has revealed its utility in inhibition 
of mouse renal fibrosis caused by diabetes and unilateral ureter obstruction3,13. In this study, we observed that 
AKF-PD coordinately reduces renal OS in db/db mice through preventing upregulations of the NADPH oxidase 
and downregulations of the anti-oxidative enzyme system like GSH-Px and SOD. Considering ROS promoting 
DN development through four recognized pathways: AGEs, PKCs, Polyalcohol, Hexosamine pathways30,32, we 
demonstrated that AKF-PD inactivates the pathways of AGE and PKC, supporting AKF-PD possessing potent 
activities in inhibiting renal OS. However, we cannot exclude the possibility that AKF-PD also antagonizes the 
other two pathways; this possibility deserves investigations in the future.

In patients with diabetes, high glucose enhances the generation of ROS in mitochondria, induces OS within 
histiocyte, and ultimately promotes the development of various complications. ROS is largely originated from 
mitochondria as O−, which can inhibit the activity of the enzyme complex II, II, and III in the electron transport 
chain and then lead to energy synthesis dysfunction. In this process, the mitochondria inner membrane is vulner-
able, probably due to its special biological and anatomic characteristic33. Our previous studies have verified that 

Figure 3. The intervention of AKF-PD initiated at 5-weeks reduces activation of the AGE and PKC pathways. 
Mice with the indicated genotypes were treated as indicated (n = 6 per group). Renal AGEs (A), RAGE (B), 
Fibronectin (C), NOX4 (D), PKCα, and PKCβ expressions were determined; typical images are provided (B–F); 
the expression of individual proteins is normalized to specific GAPDH and graphed as relative alterations to 
db/m mice (B–F). *p < 0.05, **p < 0.01, ***p < 0.0001 in comparison to db/m mice; #p < 0.05, ##p < 0.01, 
###p < 0.0001 in comparison to db/db mice.
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AKF-PD could depress the production of ROS and suppress the expression of lipid peroxidation product (MDA 
and 8-iso-PGF2a), which raises the hypothesis that AKF-PD attenuates DN through alleviating the renal mito-
chondrial oxidative injury27. This hypothesis is supported by our results that AKF-PD almost normalized JC-1 
aggregation in the membrane of mitochondrialin HMCs while Losartan partly reversedmitochondrial damage 
induced by HG.

The mechanisms underlying AKF-PD-derived protection and therapeutic value towards DN need further 
investigation. Nonetheless, our research suggests these mechanisms are PKCα and PKCβ-dependent and PKCα, 
PKCβ-independent. AKF-PD was able to HG-caused mitochondrial damage and ROS levels in HMCs with 
knockdown of either PKCα or PKCβ. These observations supports the contributions of pathways independent of 
either PKCα or PKCβ to AKF-PD activities in maintaining mitochondria integrity; alternatively PKCα or PKCβ 
is able to compensate the knockdown of another.

In conclusion, we demonstrate that AKF-PD displays an impressive preservation of renal function in 24 weeks 
old db/db mice when intervention was started from the age of 5 weeks or 8 weeks. In view ofthe further reduction 
of ROS levels and protection of mitochondrial potential alterations when AKF-PD was combined with knock-
down of PKCα or PKCβ, the clinical potential of this combination could be explored in the future.

Materials and Methods
Mouse model. Four-week old male db/db mice (n = 36) were fed and randomly divided into six groups. Mice 
in the AKF-PD groups were treated with 500 mg/kg/day AKF-PD at the age of 5 weeks (AKF-PD-5w group) or 8 
weeks (AKF-PD-8w group); the dosage was chosen according to on our previously defined conditions34,35. Mice in 
the positive control groupswere treated with 20 mg/kg/d losartan at the age of 5 weeks (LOS-5w group) or 8 weeks 
(LOS-8w group). Mice in the negative control groups were treated with placebo at the age of 5 weeks (Ctrl-5w 
group) or 8 weeks (Ctrl-8w group). Mice with the db/m genotype (db/m group, n = 6) served as untreated blank 
control. All treatments were performed daily by oral gavage. After the treatment ended, mice were sacrificed at 
24 weeks old (Fig. 1A), and kidney tissues were collected for pathological, protein and mRNA detection. The 
protocol was approved by the Committee on the Ethics of Animal Experimentation and Care of the Central South 
University Xiangya Hospital.

Figure 4. The intervention of AKF-PD initiated at 8-weeks attenuates activation of the AGE and PKC pathways. 
Images are prepared as described in Fig. 3 legend for the indicated treatments started at 8-weeks old animals. 
*p < 0.05, **p < 0.01, ***p < 0.0001 in comparison to db/m mice; &P < 0.05, in comparison to Losartan group. 
#p < 0.05, ##p < 0.01, ###p < 0.0001 in comparison to db/db mice. &P < 0.05, ##&P < 0.01, ###&P < 0.0001 in 
comparison to db/db mice.
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evaluation of Renal Function. Blood total triglyceride (TC), total cholesterol (TG), glucose (GLU), gly-
cosylated hemoglobin (GSP), serum creatinine (SCR), blood urea nitrogen (BUN) and blood uric acid (BUA) as 
well as 24-hour albumin/creatinine ratio (ACR) were measured every 2 week. Body weight (BW) was monitored 
every day.

pathology and immunohistochemistry. Histological Evaluation were performed as previously 
described study36,37. Hematoxylin-eosin (HE) and Periodic Acid-Schiff (PAS) staining were carried out for patho-
logical analysis. Mesangial expansion was determined by glomerular matrix expansion index (GMI) which was 
calculated as our previous studies3. The expression of FN in kidney tissue was detected by western blot analysis.

Cell culture. Human renal mesangial cells (HMC) were provided by Changsha Central Hospital laboratory. 
HMCs cells were cultured in DMEM supplemented with 8% FBS, penicillin (100 U/ml) and 100 μg/ml strepto-
mycin (Invitrogen), at 37 °C in a humidified atmosphere of 5% CO2 and 95% air. The cells were seeded on six-well 
culture plates to 60–70% confluence in complete medium containing 5% FBS for 24 h. Cells were divided into 5 
groups to receive different drug interventions respectively: N group treated with 5.6 mM glucose, OC (mannitol) 

Figure 5. AKF-PD reduces OS-related alterations in HMCs treated with high glucose (HG). Human mesangial 
cells (HMCs) are treated with 5.6 mM glucose (N), 5.6 mM glucose plus 19.4 mM D-mannitol (OC), 25 mM 
glucose (HG), HG + AKF-PD (AKF-PD), or HG + Losartan (Losartan) for 24 h. (A–C) Activities for the 
indicated enzymes were measured and quantified. Means ± SD are graphed. (D–I) The indicated proteins 
were determined by Western blot, normalized to GAPDH, and graphed. Experiments were repeated three 
times; means ± SD are graphed. *p < 0.05, **p < 0.01, ***p < 0.0001 in comparison to db/m mice; #p < 0.05, 
##p < 0.01, ###p < 0.0001 in comparison to db/db mice.
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Figure 6. AKF-PD downregulates the expression of ROS related genes in human mesangial cells. HMCs 
were treated as indicated, followed by real-PCR analysis for the indicated gene expression. Experiments were 
performed as triplicates and repeated three times. *p < 0.05, **p < 0.01, ***p < 0.0001 in comparison to db/m 
mice; #p < 0.05, ##p < 0.01, ###p < 0.0001 in comparison to db/db mice.

Figure 7. AKF-PD reduces ROS in HG-treated HMCs. HMCs were treated as indicated. Cellular ROS was 
probed by Dichlorodihydrofluorescein diacetate assay which producedgreen fluorescence directly proportional 
to the intracellular ROS production. *p < 0.05, **p < 0.01, ***p < 0.000 in comparison to Ctrl group; #p < 0.05, 
##p < 0.01, ###p < 0.0001 in comparison to HG-treated group.
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group treated with 5.6 mM glucose and 19.4 m MD-mannitol, HG group treated with 25 mM glucose, AKF-PD 
group treated with 25 mm glucose and 2 mM AKF-PD, and losartan group treated with 25 mM glucose and 2 μM 
losartan.

RNA extraction and real-time RT-PCR. RNA was isolated from sample using Trizol (Invitrogen, 
Carlsbad, CA, USA) according to previous publications38. Total RNA was purified with RNAesy Micro columns 
(Qiagen, Valencia, CA, USA), and was reverse-transcribed using the High-Capacity cDNA reverse transcription 
kit (Taraka, Dalian, China). Quantitative real-time PCR was performed using SYBR Green I (Taraka, Dalian, 
China) (Applied Biosystems Step-one TM Real-Time PCR System) in triplicates and quantified using the ΔΔCt 
method. 500 ng cDNA per reaction was used, and the expressions data of RAGE, NOX4, PKCα, PKCβ, and 
fibronectin (FN) mRNA were normalized to GAPDH expression as the internal control. The melting temperature 
analysis and linear amplification with increasing PCR cycles were done for the validity of amplification.

Western blot analysis. Total protein extracts from kidney tissue were prepared using the Protein Kit 
(Qiagen, Valencia, CA, USA) according to manufacturer’s instructions and previous publications39,40. Tissues 
were processed in liquid nitrogen and lysed with SDS-PAGE sample buffer. To detect the protein expression of 
AGEs, RAGE, p-PKCα, p-PKCβ, NADPH-NOX4, Fibronetin, 30 μg protein lysates were loaded per well, sepa-
rated on 8% or 12% SDS-polyacrylamide gels and transferred to PVDF membranes (Immobilon P, Millipore, 
Bedford, MA). The membranes were blocked with 5% fat free milk in Tris-buffered saline containing 0.1% Tween-
20 (TBST) for 30 minutes at room temperature, and then probed with antibodies, followed by incubation with 
horseradish peroxidase-conjugated secondary antibodies (1:6000) at room temperature for 1 hour. The immune 
complexes were visualized by chemiluminescence using an ECL kit (Pierce, USA). Positive bands were analyzed 
with Quantity One software (Bio-Rad). GAPDH was used as the internal control, and all the experiments were 
repeated for three times.

os measurement. Kidney tissue suspension was extracted and cytochrome C reduction method was used to 
measure the NAPDH oxidase activity. SOD and GSH-Px activity was detected by NBT method and DNTB method, 
respectively. The metabolic product peroxidation were examined by western blot analysis. The measurement of intra-
cellular ROS level changes we reperformed as previously described13. Each experiment was performed in triplicate.

Figure 8. AKF-PD maintains mitochondrial integrity in HMCs treated with HG. HMCs were treated as 
indicated, followed by measuring mitochondrial potential using the JC-1 assay (see Materials and Methods for 
details). Elevation of mitochondrial potential (indicative of mitochondrial damage) is indicated by the ratio of 
red/green. *p < 0.05, **p < 0.01, ***p < 0.000 in comparison to Ctrl group; #p < 0.05, ##p < 0.01, ###p < 0.0001 in 
comparison to HG-treated group.
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Detection of mitochondrial function. Mitochondrial membrane potential was determined using the flu-
orescent probes JC-1.JC-1 could selectively enter mitochondria and reversibly changes color as membrane poten-
tials increase (range 80–100 mV) which result from the reversible formation of JC-1 aggregates upon membrane 
polarization. This progress would cause shifts in emitted light from 530 nm (i.e., emission of JC-1 monomeric 
form) to 590 nm (i.e., emission of J-aggregate) when excited at 488 nm. Both colors can be detected using filters 
for FITC and PE/phycoerythrin/rhodamine, respectively.

Figure 9. AKF-PD prevents mitochondrial damage in HG-treated HMCs through PKC-dependent and –
independent mechanisms. (A) HMCs were treated with control (Ctrl) siRNA, PKCα-siRNA, using transient 
transfection. (B,C) The intended knockdown was demonstrated. Ctrl-siRNA, PKCα-siRNA HMCs were 
treated as indicated, followed by measuring ROS with Dichlorodihydrofluorescein diacetate assay, NOX4 and 
Fibronectin expressions were determined. (A) HMCs were treated with control (Ctrl) siRNA, PKCβ-siRNA, 
using transient transfection. (D) The intended knockdown was demonstrated. Ctrl-siRNA, PKCβ-siRNA, or 
PKCβ-siRNA HMCs were treated as indicated, followed by measuring ROS with Dichlorodihydrofluorescein 
diacetate assay, NOX4 and Fibronectin expressions were determined. (E) Ctrl-siRNA, PKCα-siRNA, or 
PKCβ-siRNA HMCs were treated as indicated, followed by measuring ROS with Dichlorodihydrofluorescein 
diacetate assay. Typical images were acquired using a fluorescence microscope. Experiments were repeated three 
times, mean fluorescence intensities ± SD are graphed. (C) Ctrl-siRNA, PKCα-siRNA, or PKCβ-siRNA HMCs 
were treated as indicated. Mitochondrial potential was determined. Experiments were repeated three times; 
mitochondrial potentials are graphed.
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statistical analysis. All the data analysis was conducted using SPSS 17.0 software (SPSS Inc, Chicago, IL, the 
USA). Continuous and categorical data was presented as umber (percent) or mean ± SD (standard derivation). 
Normal distribution test and homogeneity test of variances should be conducted for the data of different groups 
at first. If data meet the normal distribution (P > 0.20) and homogeneity of variance (P > 0.10), one-way analysis 
of variance (ANOVA) assay was used to compare difference groups. If not, the rank sum test should be conducted. 
The P-values of less than 0.05 were considered to be statistically significant.

References
 1. Yang, W. et al. Prevalence of diabetes among men and women in China. The New England journal of medicine 362, 1090–1101, 

https://doi.org/10.1056/NEJMoa0908292 (2010).
 2. Stitt-Cavanagh, E., MacLeod, L. & Kennedy, C. The podocyte in diabetic kidney disease. TheScientificWorldJournal 9, 1127–1139, 

https://doi.org/10.1100/tsw.2009.133 (2009).
 3. Xiong, X. et al. Fluorofenidone Offers Improved Renoprotection at Early Interventions during the Course of Diabetic Nephropathy 

in db/db Mice via Multiple Pathways. PloS one 9, e111242, https://doi.org/10.1371/journal.pone.0111242 (2014).
 4. Kanwar, Y. S., Sun, L., Xie, P., Liu, F. Y. & Chen, S. A glimpse of various pathogenetic mechanisms of diabetic nephropathy. Annual 

review of pathology 6, 395–423, https://doi.org/10.1146/annurev.pathol.4.110807.092150 (2011).
 5. Chen, L. et al. Proteomics for biomarker identification and clinical application in kidney disease. Advances in clinical chemistry 85, 

91–113, https://doi.org/10.1016/bs.acc.2018.02.005 (2018).
 6. Zhao, Y. Y. Metabolomics in chronic kidney disease. Clin Chim Acta 422, 59–69 (2013).
 7. Zhao, Y. Y., Vaziri, N. D. & Lin, R. C. Lipidomics: new insight into kidney disease. Advances in clinical chemistry 68, 153–175, https://

doi.org/10.1016/bs.acc.2014.11.002 (2015).
 8. Zhao, Y. Y., Cheng, X. L., Vaziri, N. D., Liu, S. & Lin, R. C. UPLC-based metabonomic applications for discovering biomarkers of 

diseases in clinical chemistry. Clin Biochem 47, 16–26 (2014).
 9. Thallas-Bonke, V., Coughlan, M. T., Bach, L. A., Cooper, M. E. & Forbes, J. M. Preservation of kidney function with combined 

inhibition of NADPH oxidase and angiotensin-converting enzyme in diabetic nephropathy. American journal of nephrology 32, 
73–82, https://doi.org/10.1159/000314924 (2010).

 10. Chen, H. et al. Novel RAS inhibitor 25-O-methylalisol F attenuates epithelial-to-mesenchymal transition and tubulo-interstitial 
fibrosis by selectively inhibiting TGF-β-mediated Smad3 phosphorylation. Phytomedicine 42, 207–218, https://doi.org/10.1016/j.
phymed.2018.03.034 (2018).

 11. Yang, T. & Xu, C. Physiology and pathophysiology of the intrarenal renin-angiotensin system: an update. J Am Soc Nephrol 28, 
1040–1049, https://doi.org/10.1681/asn.2016070734 (2017).

 12. Zhao, Y. Y. et al. Metabolomics analysis reveals the association between lipid abnormalities and oxidative stress, inflammation, 
fibrosis, and Nrf2 dysfunction in aristolochic acid-induced nephropathy. Sci Rep 5, 12936, https://doi.org/10.1038/srep12936 [doi] 
PST - epublish (2015).

 13. Qin, J. et al. Fluorofenidone inhibits nicotinamide adeninedinucleotide phosphate oxidase via PI3K/Akt pathway in the pathogenesis 
of renal interstitial fibrosis. Nephrology (Carlton, Vic.) 18, 690–699, https://doi.org/10.1111/nep.12128 (2013).

 14. Peng, Z. Z. et al. Fluorofenidone attenuates collagen I and transforming growth factor-beta1 expression through a nicotinamide 
adenine dinucleotide phosphate oxidase-dependent way in NRK-52E cells. Nephrology (Carlton, Vic.) 14, 565–572, https://doi.
org/10.1111/j.1440-1797.2009.01129.x (2009).

 15. Griner, E. M., Churchill, M. E., Brautigan, D. L. & Theodorescu, D. PKCalpha phosphorylation of RhoGDI2 at Ser31 disrupts 
interactions with Rac1 and decreases GDI activity. Oncogene 32, 1010–1017, https://doi.org/10.1038/onc.2012.124 (2013).

 16. Mima, A. Inflammation and oxidative stress in diabetic nephropathy: new insights on its inhibition as new therapeutic targets. 
Journal of diabetes research 2013, 248563, https://doi.org/10.1155/2013/248563 (2013).

 17. Thallas-Bonke, V. et al. Nox-4 deletion reduces oxidative stress and injury by PKC-alpha-associated mechanisms in diabetic 
nephropathy. Physiological reports 2, https://doi.org/10.14814/phy2.12192 (2014).

 18. Shen, Y. et al. Metformin Prevents Renal Fibrosis in Mice with Unilateral Ureteral Obstruction and Inhibits Ang II-Induced ECM 
Production in Renal Fibroblasts. International journal of molecular sciences 17, https://doi.org/10.3390/ijms17020146 (2016).

 19. Chen, L. et al. Relaxin abrogates renal interstitial fibrosis by regulating macrophage polarization via inhibition of Toll-like receptor 
4 signaling. Oncotarget 8, 21044–21053, https://doi.org/10.18632/oncotarget.15483 (2017).

 20. Wang, M. et al. Novel RAS inhibitors poricoic acid ZG and poricoic acid ZH attenuate renal fibrosis via Wnt/β-catenin pathway and 
targeted phosphorylation of smad3 signaling. Journal of agricultural and food chemistry 66, 1828–1842, https://doi.org/10.1021/acs.
jafc.8b00099 (2018).

 21. Ding, H. et al. Inhibiting aerobic glycolysis suppresses renal interstitial fibroblast activation and renal fibrosis. American journal of 
physiology. Renal physiology 313, F561–F575, https://doi.org/10.1152/ajprenal.00036.2017 (2017).

 22. Zhao, Y. Y. et al. Effect of ergosta-4,6,8(14),22-tetraen-3-one (ergone) on adenine-induced chronic renal failure rat: a serum 
metabonomic study based on ultra performance liquid chromatography/high-sensitivity mass spectrometry coupled with MassLynx 
i-FIT algorithm. Clin. Chim. Acta 413, 1438–1445, https://doi.org/10.1016/j.cca.2012.06.005 (2012).

 23. Wang, M. et al. Novel inhibitors of the cellular renin-angiotensin system components, poricoic acids, target Smad3 phosphorylation 
and Wnt/beta-catenin pathway against renal fibrosis. Br J Pharmacol 175, 2689–2708, https://doi.org/10.1111/bph.14333 (2018).

 24. Zhao, Y. Y. et al. Urinary metabonomics study on the protective effects of ergosta-4,6,8(14),22-tetraen-3-one on chronic renal failure 
in rats using UPLC Q-TOF/MS and a novel MSE data collection technique. Process Biochem 47, 1980–1987, https://doi.
org/10.1016/j.procbio.2012.07.008 (2012).

 25. Wang, M. et al. Poricoic acid ZA, a novel RAS inhibitor, attenuates tubulo-interstitial fibrosis and podocyte injury by inhibiting 
TGF-β/Smad signaling pathway. Phytomedicine 36, 243–253, https://doi.org/10.1016/j.phymed.2017.10.008 (2017).

 26. Zhao, Y. Y. et al. A pharmaco-metabonomic study on chronic kidney disease and therapeutic effect of ergone by UPLC-QTOF/
HDMS. PLoS One 23, e115467, https://doi.org/10.1371/journal.pone.0115467 [doi] AID - PONE-D-14-23166 [pii] PST - epublish 
(2014).

 27. Zhao, Y. Y. et al. UPLC-Q-TOF/HSMS/MS(E)-based metabonomics for adenine-induced changes in metabolic profiles of rat faeces 
and intervention effects of ergosta-4,6,8(14),22-tetraen-3-one. Chem Biol Interact 201, 31–38 (2013).

 28. Pollock, J. S. & Pollock, D. M. Endothelin, nitric oxide, and reactive oxygen species in diabetic kidney disease. Contributions to 
nephrology 172, 149–159, https://doi.org/10.1159/000329054 (2011).

 29. Hong, Y. A. et al. Extracellular Superoxide Dismutase Attenuates Renal Oxidative Stress through the Activation of AMPK in 
Diabetic Nephropathy. Antioxidants & redox signaling, https://doi.org/10.1089/ars.2017.7207 (2017).

 30. Sward, P. & Rippe, B. Acute and sustained actions of hyperglycaemia on endothelial and glomerular barrier permeability. Acta 
physiologica (Oxford, England) 204, 294–307, https://doi.org/10.1111/j.1748-1716.2011.02343.x (2012).

 31. Qin, J. et al. Fluorofenidone attenuates oxidative stress and renal fibrosis in obstructive nephropathy via blocking NOX2 (gp91phox) 
expression and inhibiting ERK/MAPK signaling pathway. Kidney & blood pressure research 40, 89–99 (2015).

 32. Kanwar, Y. S. et al. Diabetic nephropathy: mechanisms of renal disease progression. Experimental biology and medicine (Maywood, 
N.J.) 233, 4–11, https://doi.org/10.3181/0705-mr-134 (2008).

https://doi.org/10.1038/s41598-018-36344-w
https://doi.org/10.1056/NEJMoa0908292
https://doi.org/10.1100/tsw.2009.133
https://doi.org/10.1371/journal.pone.0111242
https://doi.org/10.1146/annurev.pathol.4.110807.092150
https://doi.org/10.1016/bs.acc.2018.02.005
https://doi.org/10.1016/bs.acc.2014.11.002
https://doi.org/10.1016/bs.acc.2014.11.002
https://doi.org/10.1159/000314924
https://doi.org/10.1016/j.phymed.2018.03.034
https://doi.org/10.1016/j.phymed.2018.03.034
https://doi.org/10.1681/asn.2016070734
https://doi.org/10.1038/srep12936
https://doi.org/10.1111/nep.12128
https://doi.org/10.1111/j.1440-1797.2009.01129.x
https://doi.org/10.1111/j.1440-1797.2009.01129.x
https://doi.org/10.1038/onc.2012.124
https://doi.org/10.1155/2013/248563
https://doi.org/10.14814/phy2.12192
https://doi.org/10.3390/ijms17020146
https://doi.org/10.18632/oncotarget.15483
https://doi.org/10.1021/acs.jafc.8b00099
https://doi.org/10.1021/acs.jafc.8b00099
https://doi.org/10.1152/ajprenal.00036.2017
https://doi.org/10.1016/j.cca.2012.06.005
https://doi.org/10.1111/bph.14333
https://doi.org/10.1016/j.procbio.2012.07.008
https://doi.org/10.1016/j.procbio.2012.07.008
https://doi.org/10.1016/j.phymed.2017.10.008
https://doi.org/10.1371/journal.pone.0115467
https://doi.org/10.1159/000329054
https://doi.org/10.1089/ars.2017.7207
https://doi.org/10.1111/j.1748-1716.2011.02343.x
https://doi.org/10.3181/0705-mr-134


www.nature.com/scientificreports/

1 2Scientific RepoRts |          (2019) 9:4407  | https://doi.org/10.1038/s41598-018-36344-w

 33. Schipper, H. M. Brain iron deposition and the free radical-mitochondrial theory of ageing. Ageing research reviews 3, 265–301, 
https://doi.org/10.1016/j.arr.2004.02.001 (2004).

 34. Wang, L. H. et al. Fluorofenidone attenuates diabetic nephropathy and kidney fibrosis in db/db mice. Pharmacology 88, 88–99, 
https://doi.org/10.1159/000329419 (2011).

 35. Peng, Y. et al. Fluorofenidone attenuates hepatic fibrosis by suppressing the proliferation and activation of hepatic stellate cells. 
American journal of physiology. Gastrointestinal and liver physiology 306, G253–263, https://doi.org/10.1152/ajpgi.00471.2012 
(2014).

 36. Zhao, Y. Y. et al. Ergosta-4,6,8(14),22-tetraen-3-one isolated from Polyporus umbellatus prevents early renal injury in aristolochic 
acid-induced nephropathy rats. J Pharm Pharmacol 63, 1581–1586, https://doi.org/10.1111/j.2042-7158.2011.01361.x (2011).

 37. Zhao, Y. Y. et al. Ultra performance liquid chromatography-based metabonomic study of therapeutic effect of the surface layer of 
Poria cocos on adenine-induced chronic kidney disease provides new insight into anti-fibrosis mechanism. PLoS One 8, e59617, 
https://doi.org/10.1371/journal.pone.0059617 (2013).

 38. Zhang, Y. et al. GDF11 improves tubular regeneration after acute kidney injury in elderly mice. Scientific reports 6, 34624, https://
doi.org/10.1038/srep34624 (2016).

 39. Zhang, Z. H. et al. Metabolomics insights into chronic kidney disease and modulatory effect of rhubarb against tubulointerstitial 
fibrosis. Sci Rep 5, 14472, https://doi.org/10.1038/srep14472 (2015).

 40. Zhao, Y. Y. et al. Intrarenal metabolomic investigation of chronic kidney disease and its TGF-β1 mechanism in induced-adenine rats 
using UPLC Q-TOF/HSMS/MS(E). J Proteome Res 12, 2692–2703 (2013).

Acknowledgements
This research was supported by grants from the National Natural Science Foundation of China (Grant 
No. 81400749, Grant No. 81400642), Zuo Li cup of kidney disease research foundation in human (Grant 
No.0442016002) and Changsha central hospital subject (Grant No. YNKY201802)

Author Contributions
Jiao Qin, Zhang Zhe Peng, Qian Li, QiongJingYuan, YuPeng, RuiWen, ZhaolanHu, Xiong Fang Xia, Hong Deng, 
Xuan Xiong, Jing Yue Hu, LiJian Taoperformed the experiments and collected samples. Jiao Qin collected all the 
information, analyzed data and prepared the manuscript.

Additional Information
Competing Interests: All our experiments were approved by the Committee on the Ethics of Animal 
Experimentation and Care of the Central South University Xiangya hospital, and all experiments were 
performed in accordance with relevant guidelines and regulations.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-018-36344-w
https://doi.org/10.1016/j.arr.2004.02.001
https://doi.org/10.1159/000329419
https://doi.org/10.1152/ajpgi.00471.2012
https://doi.org/10.1111/j.2042-7158.2011.01361.x
https://doi.org/10.1371/journal.pone.0059617
https://doi.org/10.1038/srep34624
https://doi.org/10.1038/srep34624
https://doi.org/10.1038/srep14472
http://creativecommons.org/licenses/by/4.0/

	AKF-PD alleviates diabetic nephropathy via blocking the RAGE/AGEs/NOX and PKC/NOX Pathways

	Results

	AKF-PD reduces mesangial expansion of DN. 
	AKF-PD reduces Albumin/creatine ratio. 
	Protective effects of AKF-PD on renal function are associated with the inhibition of OS. 
	AKF-PDreduces activation of the AGE-RAGE and PKC pathway. 
	AKF-PD confers protection on mitochondrial damage. 
	AKF-PD preserves mitochondrial integrity via complex mechanisms. 

	Discussion

	Materials and Methods

	Mouse model. 
	Evaluation of Renal Function. 
	Pathology and immunohistochemistry. 
	Cell culture. 
	RNA extraction and real-time RT-PCR. 
	Western blot analysis. 
	OS measurement. 
	Detection of mitochondrial function. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 AKF-PD reduces glomerular ECM expansion in db/db mice.
	Figure 2 AKF-PD significantly decreases the activity of NADPH oxidase in the kidney of db/db DN mice.
	Figure 3 The intervention of AKF-PD initiated at 5-weeks reduces activation of the AGE and PKC pathways.
	Figure 4 The intervention of AKF-PD initiated at 8-weeks attenuates activation of the AGE and PKC pathways.
	Figure 5 AKF-PD reduces OS-related alterations in HMCs treated with high glucose (HG).
	Figure 6 AKF-PD downregulates the expression of ROS related genes in human mesangial cells.
	Figure 7 AKF-PD reduces ROS in HG-treated HMCs.
	Figure 8 AKF-PD maintains mitochondrial integrity in HMCs treated with HG.
	Figure 9 AKF-PD prevents mitochondrial damage in HG-treated HMCs through PKC-dependent and –independent mechanisms.
	Table 1 AKF-PD and losartan could protect the progression of diabetic nephropathy in db/db mice.




