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 Background: Diabetic nephropathy (DN) is one of the chronic microvascular complications of diabetes. This study focused 
on the protective effects of pyrroloquinoline quinone (PQQ) on oxidative stress (OS) in DN.

 Material/Methods: Thirty Sprague Dawley rats were randomly selected for this study; 10 rats were randomly selected as the con-
trol group. The other 20 rats were established for the DN model. After establishment of the successful model, 
the DN model rats were randomly divided into a DN group and a PQQ group. The PQQ group was fed with a 
PQQ diet. Blood urea nitrogen (BUN), serum creatinine (SCr), and blood glucose levels were measured in each 
group, and OS-related protein expression and AMPK pathway were detected by western blot and quantita-
tive real-time polymerase chain reaction (qRT-PCR). At the same time, we constructed a DN model by cultur-
ing NRK-52E cells with high glucose to detect the molecular mechanisms.

 Results: The kidney function of the DN group was significantly decreased, SCr and BUN levels were significantly in-
creased, and the renal structure under the microscope was disordered, and interstitial edema was obvious. 
The expression of SOD1, SOD2, GPX1, and GPX3 were significantly decreased, and the level of reactive oxy-
gen species (ROS) was significantly increased. PQQ treatment can effectively alleviate renal function, improve 
structural damage, and inhibit OS. In vivo, PQQ can effectively inhibit high glucose-induced OS damage and 
activate the AMPK/FOXO3a signaling pathway.

 Conclusions: PQQ improves renal structural damage and functional damage, and protects kidney cells in DN by inhibiting 
OS, which may be related to activating the AMPK/FOXO3a pathway.
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Background

Diabetic nephropathy (DN) is one of the chronic microvascu-
lar complications of diabetes. In China, 30% to 50% of dia-
betic patients have kidney disease [1]. Early DN is character-
ized by microalbuminuria and progressive progression to large 
amounts of albuminuria, as well as elevated levels of serum 
creatinine (SCr) and blood urea nitrogen (BUN) levels, which 
eventually can progress to renal failure. Dialysis or kidney 
transplantation is required in patients with renal failure [2]. 
Clinically, effective interventions can prevent or delay the pro-
gression of DN, so it is essential to research the pathogene-
sis of DN. Researches have shown that the number of podo-
cytes and tubular epithelial cells is reduced, and structural or 
functional integrity disruption is as-sociated with proteinuria  
production [3]. Therefore, studying tubular epithelial cells in-
jury caused by oxidative stress (OS) may provide new ideas 
for the intervention of DN.

PQQ was first identified as a novel cofactor for ethanol and glu-
cose dehydrogenase in methylotrophic bacteria and is current-
ly considered to be an important vegetative growth factor [4]. 
Researchers have found that PQQ has a chemical molecular 
formula of C14H6N2O8 and a relative molecular mass of 330.21. 
It is widely distributed in plants, bacteria, animals, foods and 
many biological fluids. PQQ has water solubility and thermal 
stability, and it exists in the form of oxidation and reduction [5]. 
Anti-OS of PQQ has become a research hotspot in recent years. 
PQQ has been proven to have neuroprotective, cardiovascular, 
and anti-tumor effects as antioxidants [6]. Research has shown 
that PQQ, as a scavenger of reactive oxygen species (ROS) in 
OS, can continuously neutralize with ROS in vitro to produce 
non-reactive molecular products, thereby protecting DNA and 
protein from OS damage. This indicates that PQQ, as a scav-
enger of ROS, may directly neutralize ROS, thereby protecting 
the function of mitochondria and preventing the occurrence of 
apoptosis [7]. However, whether PQQ as an antioxidant can cor-
rect the OS damage caused by DN has not been reported yet.

AMPK (adenosine 5‘-monophosphate-activated protein kinase) 
coordinates the survival and function of cells in various organs, 
including the kidneys. AMPK is a heterotrimer composed of a 
catalytic subunit a and 2 regulatory subunits: b and Y. It is a 
widely expressed and a highly conserved serine/threonine pro-
tein kinase [8]. FOXO3a (forkhead box protein O3a) plays an 
important role in regulating OS, cell differentiation, prolifera-
tion, metabolism, apoptosis, and repairing damaged DNA and 
prolonging the lifespan of the body [9]. The activity of FOXO3a 
transcriptional regulator is mainly regulated by post-transla-
tional modification, with phosphorylation/dephosphorylation 
being most common. FOXO3a can bind to the promoters of 
various genes, thereby activating the superoxide dismutase 
(SOD) gene against OS [10], thereby regulating cell protection 

from OS damage. This research focuses on the inhibition of 
OS damage in DN by PQQ via the AMPK/FOXO3a pathway.

Material and Methods

Reagent

Reagents used included Dulbecco’s Modified Eagle’s Medium 
(DMEM; Life Technology, Wuhan, China), fetal bovine serum 
(FBS) (Life Technology, Wuhan, China), dimethylammonium 
(DMSO, Hualianke Biotechnology Wuhan, China), 0.1% trypsin 
(Huagao Pharmaceutical, Chengdu, China), and PQQ (Panball 
Biotechnology, Beijing, China) which was dissolved in physio-
logical saline and diluted with DMEM before use.

Experimental animals

In this study, Sprague Dawley rats (Wuhan University 
Experimental Animal Center, Wuhan, China), 6 to 8 weeks old 
and weighing 270±30 g, were raised by the SPF laboratory an-
imal center of Wuhan University. The average temperature in 
the animal center is 20±2°C, relative humidity 50% to 70%, day 
and night cycle. Feed pellets and keep the cage clean. The an-
imal experiment strictly follows the regulations of animal ex-
periment management of Wuhan University and was reviewed 
by the Animal Experiment Ethics Committee.

Animal model

DN model rats were established. All rats were fasted overnight 
for 16 hours, then one-time intraperitoneal injection of 60 mg/kg 
streptozocin (STZ, Qcbic, Shanghai, China) was given; normal 
rats were injected with citrate buffer. The injection method 
and the injection volume were consistent with the DN group of 
rats. After 3 days, the tail vein blood of the modeled rats was 
collected, and the blood glucose level was detected. The blood 
glucose >16.7 mmol/L was the successful standard for model-
ing the diabetes model. After successful modeling of diabetes 
model, the rats were fed for another 8 weeks. The urine vol-
ume of diabetic rats was collected for 24 hours, and the 24-hour 
urine protein level was detected. The 24-hour urine volume was 
150% before modeling; 24-hour urine protein >30 mg was re-
garded as the DN model successfully established. After estab-
lishing the successful model, the DN rats were randomly divided 
into a DN group (10 rats) and a PQQ group (10 rats). The rats in 
the PQQ group were fed with PQQ for 4 weeks, and the control 
group and the DN group were fed with normal diet.

Tissue preparation

The rats in each group were sacrificed immediately after an-
esthesia, and bilateral kidney tissues were taken. A mixture 
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of formaldehyde that could preserve enzyme activity and tis-
sue antigenicity (2% paraformaldehyde, 75 mmol/L lysine, 
10 mmol/L sodium periodate, par-aldehyde, lysine, sodium 
periodate, periodate-lysine-paraformaldehyde (PLP), Wuhan 
University, Wuhan, China) were fixed in fixed solution, rou-
tinely dehydrated, embedded in paraffin, and sectioned for 
subsequent staining.

Cell culture and processing

NRK-52E cells (Cell Culture Center, Shanghai, China) were cul-
tured in DMEM medium containing 10% FBS, 100 U/mL pen-
icillin, 100 U/mL streptomycin, incubator at 37°C, 5% CO2, 
100% humidity, and entered logarithmic growth phase at 24 
hours. Inoculated after about 72 hours, the cells were over-
grown, and the adherent cells were passaged by direct pipet-
ting with 0.1% trypsin. The cells were divided into control group, 
high glucose group (glucose: 30 mmol×L–1), high glucose+PQQ 
group (PQQ: 50 μmol×L–1).

Cell Counting Kit-8 (CCK-8) assay

The optimal concentration of PQQ and the optimal treatment 
time were determined using the Cell Counting Kit-8 (CCK-8) 
(Construction, Nanjing, China). NRK-52E cells were seeded in 
96-well plates, and the cells were cultured with different con-
centrations of PQQ for 0.5 hours, 1 hour, 2 hours, and 3 hours. 
Finally, the absorbance at 450 nm was measured using a mi-
croplate reader.

Hematoxylin and eosin (H&E) staining

Paraffin sections were routinely dewaxed and hydrated, stained 
with hematoxylin (Sigma, St. Louis, MO, USA), 1% hydrochlo-
ric acid alcohol differentiated, rinsed with water, and returned 
to blue, then counterstained with eosin (Sigma, St. Louis, MO, 
USA) and then the slide rinsed with running water, and final-
ly seal the slide with a neutral gel.

Immunofluorescence

The kidney tissues were fixed, dehydrated, and embedded in 
paraffin. After dewaxing, the endogenous peroxidase was ex-
tinguished with 3% H2O2, washed with phosphate-buffered sa-
line (PBS), and then blocked with 10% goat serum. The tissue 
was stained with 8-OHdG (Abcam, Cambridge, MA, USA, Rabbit, 
1: 1000), which reflects the DNA damage index of renal tissue. 
The next day was observed under a fluorescence microscope.

Biochemical indicators

Appropriate amount of serum, tissue and cell supernatant 
were extracted, and SOD, lactate dehydrogenase (LDH) and 

catalase (CAT) activities were detected after the working fluid 
was configured according to the kit instructions (Jiancheng, 
Nanjing, China).

Flow cytometry to detect ROS levels

The kidney tissues of the three groups of rats were taken, 
Total ROS levels were measured by flow cytometry (Becton 
Dickinson, Heidelberg, Germany) at 37°C for 20 minutes us-
ing DCFH-DA (10 μM Kaiji, Nanjing, China).

Western blot

The radioimmunoprecipitation assay (RIPA) protein lysate 
(Beyotime, Shanghai, China) on the ice lysed the cells and tis-
sues, vortexed once every 5 minutes, lysed for 20 minutes, cen-
trifuged at 4°C, 15 000 rpm for 30 minutes, and the superna-
tant was aspirated to obtain total protein. After bicinchoninic 
acid (BCA) method (Beyotime, Shanghai, China), the protein 
was loaded, and 10% sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE) gel electrophoresis was car-
ried out for 2.5 hours. After the membrane transfer, the NC 
membrane was washed with tris-buffered saline (TBS) slightly, 
5% skim milk powder was blocked at room temperature for 
1 hour, and the primary antibodies (SOD1, Abcam, Cambridge, 
MA, USA, rabbit, 1: 3000; SOD2, Abcam, Cambridge, MA, USA, 
rabbit, 1: 3000; GPX1, Abcam, Cambridge, MA, USA, mouse, 
1: 2000; GPX3, Abcam, Cambridge, MA, USA, mouse, 1: 2000; 
collagen I, Abcam, Cambridge, MA, USA, rabbit, 1: 2000; 
AMPK, Abcam, Cambridge, MA, USA, rabbit, 1: 5000; p-AMPK, 
Abcam, Cambridge, MA, USA, rabbit, 1: 5000; FOXO3a, Abcam, 
Cambridge, MA, USA, rabbit, 1: 500; GAPDH, Proteintech, 
Rosemont, IL, USA, 1: 5000) were incubated at 4°C overnight, 
tris buffered saline-tween (TBST) was washed 10 minutes for 
3 times, the secondary antibody (goat anti-rabbit IgG anti-
body, Yifei Xue Biotechnology, Nanjing, China, 1: 3000) was in-
cubated for 1 hour at room temperature, washed for 10 min-
utes at TBST, repeated 3 times, exposed and developed; gray 
value analysis was performed using BIO-RAD Image Lab soft-
ware (Bio-Rad, Hercules, CA, USA).

Extract RNA and quantitative real-time polymerase chain 
reaction (qRT-PCR)

The cells were collected, total RNA was extracted by TRIzol 
reagent (Thermo Fisher Scientific, Waltham, MA, USA), and 
cDNA was reverse transcribed. The polymerase chain reaction 
(PCR) amplification conditions were denaturation at 95°C for 
5 minutes, 95°C for 5 seconds, 60°C for 35 seconds, 72°C for 
20 seconds, for 40 cycles, and extension at 72°C for 5 minutes. 
The amount of target gene expression was calculated by the 
2–DDCt method. Primers were designed using Primer 6.0 soft-
ware. Primers used are shown in Table 1.
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Enzyme-linked immunosorbent assay (ELISA)

The kidney tissues and NRK-52E cells were taken from each 
treatment, and the contents of malondialdehyde (MDA) and 
glutathione peroxidase (GSH-Px) were detected with the ELISA 
kit (Elabscience, Wuhan, China) according to the manufactur-
er’s instructions.

Statistical analysis

The tissue staining images were analyzed by Image Pro Plus 
(Silver Springs, MD, USA), image processing and analysis soft-
ware. Percentage of total collagen positive area and percent-
age of 8-OHdG positive cells using Statistical Product and 
Service Solutions (SPSS) 11.0 software (SPSS Inc., Chicago, IL, 
USA) and Image analysis software. Comparison between mul-
tiple groups was done using one-way ANOVA test followed by 

Table 1. Real time PCR primers.

Gene name Forward (5’>3’) Reverse (5’>3’)

SOD1 GGTGAACCAGTTGTGTTGTC CCGTCCTTTCCAGCAGTC

SOD2 CAGACCTGCCTTACGACTATGG CTCGGTGGCGTTGAGATTGTT

GPX1 ATCATATGTGTGCTGCTCGGCTAGC TACTCGAGGGCACAGCTGGGCCCTTGAG

GPX3 AGAGCCGGGGACAAGAGAA ATTTGCCAGCATACTGCTTGA

AMPK AAAGAACCCTAGCCTGAAGAGG ACCTTCCGAGATGAATGCTTTT

FOXO3a CTGGGGGAACCTGTCCTATG TCATTCTGAACGCGCATGAAG

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

PCR – polymerase chain reaction; SOD – superoxide dismutase; GPX – glutathione peroxidase; AMPK – adenosine 5‘-monophosphate-
activated protein kinase; FOXO3a – forkhead box protein O3a; GAPDH – glyceraldehyde 3-phosphate dehydrogenase.

Figure 1.  PQQ inhibits the structural and functional changes induced by STZ in DN. (A) Serum BUN. (B) Serum SCr. (C) Blood glucose. 
(D) Western blot detects collagen I expression. (E) H&E and T-col staining (magnification: 200×). * Compared with the control 
group, P<0.05; # Compared with the DN group, P<0.05. PQQ – pyrroloquinoline quinone; STZ – streptozocin; DN – diabetic 
nephropathy; BUN – blood urea nitrogen; SCr – serum creatinine; H&E – hematoxylin and eosin.
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post hoc test (least significant difference). The difference was 
statistically significant with P<0.05.

Result

PQQ inhibits the structural and functional changes induced 
by STZ in vivo

Using serum, we tested BUN, SCr and blood glucose content. 
The results suggest that renal function impairment in DN group: 
BUN, SCr and blood glucose were significantly increased, while 

PQQ significantly improved renal function (Figure 1A–1C). At the 
same time, we detected the expression of collagen I by western 
blot, and found that the expression of collagen I was signifi-
cantly increased in the DN group, and the expression of colla-
gen I in the PQQ group was significantly decreased (Figure 1D). 
H&E staining results showed that in DN group the glomeru-
li were significantly hypertrophied and the interstitial edema 
was severe, while PQQ treatment significantly improved renal 
structural changes. T-col staining also confirmed that renal in-
terstitial fibrosis was evident in the DN group (Figure 1E), but 
PQQ treatment can effectively relieve renal fibrosis.

Figure 2.  PQQ inhibits OS induced by STZ in DN. (A) Western blot detects GPX1 and GPX3 expression. (B) GPX1 mRNA. (C) GPX3 
mRNA. (D) SOD content. (E) LDH content. (F) MDA content. (G) Flow cytometry was used to detect ROS levels. 
(H) Immunofluorescence detection of 8-OHdG expression (magnification: 200×). * Compared with the control group, 
P<0.05; # Compared with the DN group, P<0.05. PQQ – pyrroloquinoline quinone; OS – oxidative stress; STZ – streptozocin; 
DN – diabetic nephropathy; GPX – glutathione peroxidase; mRNA – messenger RNA; SOD – superoxide dismutase; 
LDH – lactate dehydrogenase; MDA – malondialdehyde; ROS – reactive oxygen species.
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PQQ inhibits OS induced by STZ in vivo

In vivo, the expression of GPX1 (glutathione peroxidase 1) 
and GPX3 protein in DN group was significantly decreased, 
while PQQ treatment significantly inhibited the decrease of 
GPX1 and GPX3 (Figure 2A). The qRT-PCR results showed that 
GPX1 mRNA and GPX3 mRNA levels were the same as before 
(Figure 2B, 2C). In addition, we measured plasma SOD, LDH 
and MDA levels. It was found that PQQ can significantly pro-
mote the increase of SOD content and inhibit the increase of 
plasma LDH and MDA levels (Figure 2D–2F). The results of flow 
cytometry also confirmed that the ROS level in the PQQ group 
was significantly lower than that in the DN group (Figure 2G). 
In addition, we detected the expression of 8-OHdG by immu-
nofluorescence, and found that the total amount of fluores-
cence in the DN group was significantly higher than that in 

Figure 3.  PQQ inhibits high glucose-induced OS damage in NRK-52E cells. (A) CCK-8 method for detecting optimal culture 
concentration and time of PQQ. (B) Western blot detects SOD1 and SOD2 expression. (C) Protein analysis. (D) SOD1 mRNA. 
(E) SOD2 mRNA. (F) CAT activity. (G) GSH-Px content. * Compared with the control group, P<0.05; # Compared with the high 
glucose group, P<0.05. PQQ – pyrroloquinoline quinone; OS – oxidative stress; CCK-8 – Cell Counting Kit-8; SOD – superoxide 
dismutase; mRNA – messenger RNA; CAT – catalase; GSH-Px – glutathione peroxidase.
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the control group, and PQQ treatment was effective in reduc-
ing the total amount of fluorescence (Figure 2H).

PQQ inhibits high glucose-induced OS damage in vitro

First, we measured the optimal drug concentration and time 
of PQQ for NRK-52E cells by CCK-8 assay. It was found that 
when the PQQ concentration was 50 μmol×L–1 and the treat-
ment time was 2 hours, the NRK-52E cell proliferation rate was 
the highest (Figure 3A). Secondly, the expression of SOD1 and 
SOD2 protein was detected by western blot, and the results 
also confirmed that PQQ treatment can effectively alleviate the 
oxidative damage of NRK-52E cells induced by high glucose 
(Figure 3B, 3C). Similar results were obtained with the qRT-
PCR (Figure 3D, 3E). And we found that the content of CAT and 
GSH-Px in the high glucose group could be reduced, while the 
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Figure 4.  PQQ activates AMPK/FOXO3a pathway. (A) Western blot detects AMPK, p-AMPK, and FOXO3a expression. (B) p-AMPK/AMPK 
ratio. (C) AMPK mRNA. (D) FOXO3a mRNA. * Compared with the control group, P<0.05, # Compared with the high 
glucose group, P<0.05. PQQ – pyrroloquinoline quinone; AMPK – adenosine 5‘-monophosphate-activated protein kinase; 
FOXO3a – forkhead box protein O3a; mRNA – messenger RNA.
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PQQ treatment could significantly promote the expression of 
CAT and GSH-Px (Figure 3F, 3G). Therefore, we speculate that 
PQQ can alleviate OS caused by high glucose

PQQ activates AMPK/FOXO3a pathway in vitro

The results of western blot showed that the expression of 
AMPK in high glucose group and PQQ group was not signifi-
cantly different from that in the control group, while high glu-
cose treatment of NRK-52E cells could inhibit the expression 
of p-AMPK, and the expression of p-AMPK was significantly 
increased after PQQ treatment. Then, we examined the down-
stream FOXO3a, and PQQ treatment can effectively promote 
FOXO3a expression (Figure 4A). The p-AMPK/AMPK results con-
firmed that PQQ treatment significantly inhibited the high glu-
cose-induced ratio reduction (Figure 4B). The qRT-PCR results 
also confirmed that high glucose can inhibit FOXO3a mRNA, 
and PQQ treatment can effectively alleviate this phenomenon, 
but there was no significant difference in AMPK mRNA among 
the three groups (Figure 4C, 4D). These results suggest that 
PQQ activates the AMPK/FOXO3a pathway.

Discussion

As early as 2001, Giacco and Brownlee proposed that OS is a 
common pathogenesis of diabetes and its complications [11]. 
Under high glucose stimulation, the cells produce a large 
amount of advanced glycation end products (AGES), which 
accumulate inside the cells. During the production of AGES, 
mitochondria also release a large amount of ROS. Excess ROS 
breaks the balance between the body’s oxidation system and 
the antioxidant system, and damages cells [12]. OS can direct-
ly lead to podocyte apoptosis, or by rearranging actin, increas-
ing endothelin synthesis, altering microvascular permeabili-
ty and ultimately leading to podocyte injury [13]. Our results 
also confirmed that in DN rats, the kidney tissues ROS levels 
were significantly elevated, and PQQ treatment was effective 
in inhibiting ROS elevation.

The damage of free radicals to cells is one of the causes of 
promoting kidney disease. Oxidative free radicals (OFR) have 
strong oxidizing ability, which can cause peroxidation of un-
saturated lipids in biofilms to form lipid peroxides. The fi-
nal product of MDA is strong. The cross-linking agent forms 
a poorly soluble substance with a protein, a nucleic acid or a 
lipid, hardens the biofilm, causes a decrease in permeability, 
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affects the exchange of cellular substances, and then causes 
it to rupture and die. OFR can attack specific receptor proteins 
on biofilms, causing them to undergo oxidative degeneration, 
resulting in reduced numbers and reduced sensitivity [14]. Our 
results also confirmed that MDA and LDH levels were signifi-
cantly increased in DN rats, while PQQ was effective in clear-
ing ROS, thereby reducing lipid oxidation and reducing MDA 
and LDH levels. The results of 8-OHdG fluorescence confirmed 
that the expression of 8-OHdG was significantly increased af-
ter high glucose treatment, and PQQ treatment can effective-
ly alleviate this phenomenon.

SOD is an important metalloenzyme for the removal of super-
oxide anion radicals (O2–) in living organisms. SOD is the num-
ber one killer of OFR in the body, and has anti-inflammatory, 
anti-oxidation, and anti-apoptosis effects [15]. It can be divided 
into 2 groups from the structure: CuZu-SOD is the first group, 
and Mn-SOD and Fe-SOD are the second group. Our results 
have been confirmed both in vivo and in vitro: PQQ treatment 
can promote SOD expression, thereby inhibiting lipid peroxi-
dation and reducing secretion of MDA.

Researches have reported that AMPK/FOXO3a has a regula-
tory effect on OS [16]. AMPK activation can reduce the ex-
pression of adhesion molecules, reduce inflammatory cell mi-
gration and adhesion, play an anti-inflammatory effect [17]. 
FOXO3a binds to the promoters of various genes, thereby ac-
tivating the Mn-SOD gene against OS, thereby protecting cells 

from OS. Mn-SOD is a tetrameric protein with a relative mo-
lecular mass of 88 600. It is an important antioxidant enzyme 
that is encoded by the SOD2 gene and exists in the mitochon-
dria of cells to maintain normal function and survival [18]. OFR 
produced by mitochondria during metabolism and cytokines 
such as TNF-a, IL-1b, and IFN-g have significant effects on the 
expression of Mn-SOD [19]. Our results also found that PQQ 
treatment can promote AMPK phosphorylation, thereby acti-
vating FOXO3a, and FOXO3a can bind to its downstream pro-
moter, thereby activating the increase of SOD gene expres-
sion, thereby protecting NRK-52E cells from OS damage and 
resisting OS. However, this study has not studied the inhibi-
tion of high glucose-induced inflammatory response by PQQ 
through the AMPK pathway, and the induction of Mn-SOD by 
related inflammatory factors.

Conclusions

PQQ improvs renal structural damage and functional damage, 
and protecting kidney cells in DN by inhibiting OS, which may 
be related to activating the AMPK/FOXO3a pathway. This pro-
vides great value for the treatment of DN.
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