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Renal tubulointerstitial fibrosis (TIF), characterized by epithelial-to-mesenchymal transition
(EMT) of renal tubular epithelial cells, is the typical pathological alteration in diabetic
nephropathy. Gentiopicroside (GPS), a natural compound with anti-inflammatory
activity, has been demonstrated to alleviate glomerulosclerosis, whereas whether GPS
inhibits TIF via regulating inflammation remains unclear. In this study, diabetic db/db mice
and high glucose (HG)-stimulated renal tubular epithelial cells (NRK-52E) were applied to
explore the effects and mechanisms of GPS on TIF. The results in vivo showed that GPS
effectively improves glycolipid metabolism disorder, renal dysfunction, and TIF. In
particular, GPS treatment reversed the abnormal expressions of EMT marker proteins
including elevated α-smooth muscle actin and vimentin and decreased E-cadherin in the
kidney of db/db mice. Moreover, GPS treatment also inhibited protein expressions of
angiotensinⅡ type 1 receptor (AT1R) and CK2α and the activation of the NF-κB pathway.
Importantly, the aforementioned effects of GPS acted in vivo were further observed in vitro
in HG-stimulated NRK-52E cells, which were independent of its effects on glucose and
lipid-lowering activity but were reversed by AT1R over-expression. Together, our results
indicate that GPS that directly inhibits the CK2/NF-κB inflammatory signaling pathway via
AT1R may also contribute to the amelioration of TIF in diabetes.
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INTRODUCTION

Diabetes is a global health problem with a high rate of morbidity and mortality (Standl et al., 2019).
As the major microvascular complication of diabetes mellitus, diabetic nephropathy (DN) is the
leading cause of diabetes-related death. However, the exact pathogenesis of DN is still unclear, and
there is no targeted therapy that can effectively reverse the progress of DN (Danta et al., 2020).
Therefore, it is urgent to find new therapeutic strategies and develop effective drugs for the treatment
of DN.

Diabetic renal fibrosis is the main pathological change of DN, which is a combination of
glomerulosclerosis and renal tubulointerstitial fibrosis (TIF) due to the excessive deposition of the
extracellular matrix (ECM) (Boor et al., 2009; Adelusi et al., 2020). The tubulointerstitium accounts
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for more than 90% of renal parenchyma and performs a pivotal
role in renal function. Recently, accumulating studies have shown
that TIF is a key pathological factor of diabetic renal fibrosis and
even the initiator of DN (Gilbert, 2017). It is acknowledged that
epithelial-to-mesenchymal transition (EMT) is the main cause of
TIF, which is characterized by the abnormal renal tubular
epithelial cell marker proteins such as decreased E-cadherin
(E-cad), increased α-smooth muscle actin (α-SMA), and
vimentin (Tangrea et al., 2017). Importantly, EMT increases
the migration and invasion of transformed epithelial cells,
which causes excessive accumulation of ECM components
such as fibronectin (FN) in the renal mesenchyme (Huang
et al., 2019a; Huang et al., 2019b). Recently, it has been
reported that inhibiting renal tubule EMT effectively
attenuated DN, owing to the suppression of TIF (Yan et al.,
2019). Therefore, inhibiting TIF may be a promising therapeutic
strategy for DN.

The mechanism of TIF is complicated. It is believed that
glycolipid metabolism disorder, non-enzymatic glycosylation of
proteins, and oxidative stress are closely related to diabetic renal
fibrosis including TIF (Reidy et al., 2014). Importantly, it has
gradually become a consensus that chronic inflammation is the
key factor of TIF, and activating NF-κB remarkably contributes to
inflammation (Tornatore et al., 2012). IκBα, an endogenous
inhibitory protein of NF-κB p65, anchors NF-κB p65 in the
cytoplasm. However, IκBα is phosphorylated by kinase and
degraded via the ubiquitin-proteasome pathway owing to
various stimulations, which activate the NF-κB signaling
pathway to trigger inflammation (Schmid et al., 2006). Our
previous study showed that CK2α, the catalytic subunit of
CK2, activates the NF-κB pathway by phosphorylating IκBα in
DN (Huang et al., 2017). Therefore, the enhancement of IκBα via
inhibiting CK2α considerably contributes to inhibiting NF-κB in
diabetic TIF.

The angiotensinⅡ type 1 receptor (AT1R) is highly expressed
in kidneys and facilitates the physiological functions induced by
angiotensinⅡ (Hunyady and Catt, 2006). The most classical view
of AT1R emphasizes its role as an endocrine regulator of renal
sodium balance and blood pressure. But recent evidence pointed
out its other pathological effects including inflammation and
fibrosis (Ma et al., 2010). It is reported that AT1R promotes the
phosphorylation of NF-κB at the p65 subunit, a key step in
activating NF-κB, leading to the gene expression of chemokines
interleukin-6 and inflammatory adhesion molecules in diabetes
(Chao et al., 2017). Additionally, AT1R activation directly
regulates the activity of many kinases. A recent study found
that the activation of AT1R activated Src-family tyrosine kinase,
thereby facilitating CK2 activation, which triggers the
inflammation in cardiomyocytes (Kashihara et al., 2017).
Therefore, it is promising that suppressing AT1R considerably
contributes to the inhibition of the CK2/NF-κB signaling
pathway, thereby attenuating inflammation in TIF.

Gentiopicroside (GPS) is a main active secoiridoid glycoside
isolated from Gentiana scabra Bunge (Zhang et al., 2020).
Intensive studies have demonstrated that GPS inhibited
inflammation in various diseases (Lv et al., 2015).
Additionally, our previous study indicated that GPS improved

diabetic glomerular inflammatory fibrosis (Xiao et al., 2020).
However, the effect of GPS on TIF in DN is still unclear.
Based on the aforementioned analysis, we further investigated
whether GPS inhibits the AT1R/CK2/NF-κB pathway to
ameliorate diabetic TIF. The results of this study show that
GPS effectively ameliorates diabetic TIF, and the mechanism is
related to the inhibition of the AT1R/CK2/NF-κB pathway.

MATERIALS AND METHODS

Reagents and Antibodies
D-glucose was obtained from AMRESCO (Ohio, United States).
GPS used in animal experiments (purity>98%) was purchased
from Nanjing Dilger Medical Technology Co., Ltd. (Nanjing,
China). GPS used in in vitro experiment (purity>99%) was
purchased from Nanjing ZheWeiKang Biological Technology
Co., Ltd. (Nanjing, China). Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were
purchased from Life Technologies (New York, United States).
Furthermore, 10% goat serum was purchased from Boster
Biological Technology Co., Ltd. (Wuhan, China). BCA Protein
Assay Kit and ECL detection kit were purchased from Pierce
(Illinois, United States). The secondary antibody used in
immunofluorescence was purchased from Thermo
(Massachusetts, United States). DAPI was purchased from the
Beyotime Institute of Biotechnology (Shanghai, China).
Secondary antibodies labeled with HRP were purchased from
Promega (Wisconsin, United States). Polyvinylidene difluoride
membrane was purchased from Millipore (Massachusetts,
United States).

Antibodies against α-tubulin, FN, IκBα, phosphorylated IκBα
(p-IκBα), and lamin B1 were purchased from Proteintech
(Wuhan, China). Antibodies against p65 and CK2α were
obtained from Santa Cruz (California, United States).
Antibodies against α-SMA and E-cad were purchased from
Cell Signaling Technology (Boston, United States). Antibody
against vimentin was purchased from Boster Biological
Technology Co., Ltd. (Wuhan, China). Antibody against ATR1
was purchased from Abcam (Massachusetts, United States).
Antibody against phosphorylated CK2α (p-CK2α) was
purchased from Affinity Biosciences (Ohio, United States).
GFP antibody was purchased from the Beyotime Institute of
Biotechnology (Shanghai, China).

Animal Experiments
Male db/db mice (6 weeks of age) were randomly divided into the
diabetic model group, low-dose GPS treatment group (50 mg/kg),
medium-dose GPS treatment group (100 mg/kg), high-dose GPS
treatment group (200 mg/kg), and valsartan (Val) treatment
group (10 mg/kg) based on the fasting blood glucose (FBG)
value. FBG was measured by using a glucometer (Johnson,
New Jersey, United States) weekly. The number of animals in
each group was 8. GPS and Val were intragastrically administered
for 10 weeks. The mice in both the control group and diabetic
model group were given the same volume of normal saline by
intragastric administration. At the end of the experiment, 24 h
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urine was collected. After being sacrificed, the serum samples
were separated and stored at −20°C for biochemical analysis.
Kidney samples were fixed in 4% paraformaldehyde or frozen at
−80°C. The immunohistochemical staining experiment was
conducted as the reported method in Sawai et al. (2006).

Healthy male C57/BL6 mice (6 weeks of age) were used as the
control group. Male C57/BL6 mice (Animal Quality Certificate
Number: 44008500019074) were obtained from the experimental
animal center of Sun Yat-sen University (Guangzhou, China).
Male db/db mice (Animal Quality Certificate Number:
201919681) were purchased from GemPharmatech Co., Ltd.
(Nanjing, China). Animals were housed under specific
pathogen-free conditions. Experiments were implemented in
accord with China Animal Welfare Legislation and were
approved by the Ethics Committee on the Care and Use of
Laboratory Animals of Sun Yat-sen University (Guangzhou,
China).

Biochemical Analysis
The kits used for biochemical analysis were provided by the
Jiancheng Bioengineering Institute (Nanjing, China). The
catalogs of serum creatinine (Src), blood urea nitrogen (BUN),
and urine protein (Up) are C011-2-1, C013-2-1, and C035-2-1,
respectively. The catalogs of glycated serum protein (GSP),
hemoglobin A1c (HbA1c), triglycerides (TG), and low-density
lipoprotein cholesterol (LDL-C) are A037-2, A056-1-1, A110-1-1,
and A113-1-1, respectively. The aforementioned parameters were
measured according to instructions.

Cell Culture
NRK-52E cells were incubated in DMEM with 10% FBS at 37°C
under an atmosphere of 5% CO2. When NRK-52E cells reached
about 50% confluence, cells were cultured in a serum-free
medium for 12–16 h and then divided into different groups.
Subsequently, cells were treated with GPS for a specified time.
In this study, the control group was cultured with 5.6 mM
glucose, while the model group and GPS treatment group
were cultured with 30 mM high glucose (HG).

MTT assay
MTT assays were performed as the reported method in Xiao et al.
(2020). The NRK-52E cells were treated with GPS for 36 h. A
microplate reader (Omega Bio-Tek, Georgia, United States) was
used for the determination of optical density at 570 nm.

Cell Scratch Test
To investigate the migration ability of NRK-52E cells, cell
scratch tests were performed as the reported method in Pang
et al. (2020).

Western Blot
The Western blot assay was conducted as the reported method in
Xiao et al. (2020). Protein samples were extracted with RIPA
buffer (Beyotime Institute of Biotechnology, Shanghai, China)
containing protease and phosphatase inhibitors (Selleck
Chemicals, Texas, United States). Nuclear and cytoplasmic
proteins were extracted, according to the instruction of the

protein extraction kit (Active Motif, Carlsbad, United States).
The Tanon 5200 Chemiluminescent Imaging System (Shanghai
Tanon Technology Co., Ltd., Shanghai, China) was applied to
observe the target proteins. ImageJ software was used for
quantitative analysis.

Immunofluorescence
The immunofluorescence assay was conducted as the reported
method in Xiao et al. (2020). A Zeiss LSM 510 laser confocal
fluorescence microscope (Oberkochen, Germany) was used to
collect images.

Immunoprecipitation Assay
NRK-52E cells were lysed with immunoprecipitation (IP)
lysate buffer (Beyotime Institute of Biotechnology,
Shanghai, China) containing the protease inhibitor (Selleck
Chemicals, Texas, United States). After that, the supernatants
were collected. Next, the aforementioned cell lysates were
incubated with 20 μL protein agarose A/G beads (Thermo,
Massachusetts, United States), and the supernatants were
obtained by transient centrifugation. Later, an antibody
(against CK2α or IgG) was added with shaking for 24 h at
4°C. Subsequently, the aforementioned solutions were
incubated with 20 μL protein agarose A/G beads for 4 h at
4°C. Beads were collected by transient centrifugation and
washed with IP buffer 3 times. Finally, about 20 μL loading
buffer (Fdbio, Hangzhou, China) was mixed with the beads
and boiled for 5 min. The method of the Western blot was
adopted to detect protein levels.

Electrophoretic Mobility Shift Assay
The DNA-binding activity of transcription factor NF-κB was
measured by electrophoretic mobility shift assay (EMSA). After
that, the procedure was conducted according to the instruction of
the Light Shift Chemiluminescent EMSA Kit (Pierce, Illinois,
United States). The sequence of the biotin-labeled oligonucleotide
probes for NF-κB (Beyotime Institute of Biotechnology,
Shanghai, China) was as follows:

Sense: 5′-ACTGAGGGTGACTCAGCAAAATC-3′
Antisense: 3′-TGACTCCCACTGAGTCGTTTTAG-5′

The images were captured by using a Tanon 5200
Chemiluminescent Imaging System (Shanghai Tanon
Technology Co., Ltd., Shanghai, China).

Plasmid Transient Transfection
The pcDNA3.1-GFP-AT1R plasmid was obtained from
GenePharma (Shanghai, China).

The plasmid was transfected to NRK-52E cells, according to
the instruction of LTX & PLUS (Life Technologies, New York,
United States). Briefly, NRK-52E cells were cultured in plates for
24 h prior to transfection, and then, 2 μg plasmids were
transfected into cells by using LTX & PLUS. After 36 h of
incubation, the medium was replaced with a serum-free
medium for another 12 h. Then, the cells were harvested after
further treatment.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 8489153

Xu et al. Gentiopicroside Ameliorates Diabetic Renal TIF

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Dual Luciferase Reporter Assay
NRK-52E cells were cultured on 96-well plates with various
interventions, according to specific experimental requirements.
After that, the cells were co-transfected with 0.2 µg pNF-κB-Luc
(Beyotime Institute of Biotechnology, Shanghai, China) and
0.04 µg pRL-TK (Promega, Wisconsin, United States). Next,
collecting the cells and a dual-luciferase reporter assay system
kit (Promega, Wisconsin, United States) was adopted to detect
the luciferase activity. Renilla luciferase activity was used as an
internal reference in this assay.

Statistical Analysis
All experimental data were analyzed by the software
GraphPad Prism 5.0. Values were expressed as mean ±
standard deviation (SD). The data between the two
groups were analyzed by the unpaired Student’s t-test. As
for multiple comparisons, one-way ANOVA with post
hoc multiple comparisons was adopted. A value of p < 0.05
was regarded as statistically significant. Independent
experiments were performed at least three times with
similar results.

FIGURE 1 | Effects of GPS on blood and urine biochemical parameters of diabetic mice. (A) Process of the experiment in vivo. (B–D) Levels of FBG, GSP, and
HbAlc of experimental animals. (E,F) Levels of LDL-C and TG of experimental animals. (G)Body weight of experimental animals. (H–J) Levels of Cr, BUN, and 24 h Up of
experimental animals. Data were expressed as means ± SD. n = 8. Diabetes: diabetes group; GPS (L): GPS treatment group (low dose: 50 mg/kg); GPS (M): GPS
treatment group (medium dose: 100 mg/kg); GPS (H): GPS treatment group (high dose: 200 mg/kg); Val: valsartan treatment group (10 mg/kg). **p < 0.01 vs. Ctrl.
##p < 0.01 and #p < 0.05 vs. diabetes.
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RESULTS

GPS Ameliorated Lipid and Glucose
Metabolism Disorders in db/db Mice
Hyperglycemia and dyslipidemia are closely related to the progress of
diabetic renal fibrosis (Zoja et al., 2020). Therefore, the biochemical
parameters related to glucose and lipid metabolism of db/db mice
were determined after 10 weeks of GPS administration (Figure 1A).
Compared to the control group, the FBG level was significantly
increased in the diabetes group, which was effectively improved by
GPS treatment (Figure 1B). Furthermore, GSP and HbA1c, other
biomarkers for the assessment of long-term glycemic control, were
also decreased after 10 weeks of GPS treatment (Figures 1C,D). In
addition, GPS treatment notably decreased LDL-C and TG levels
(Figures 1E,F). In addition to that, GPS reduced the body weight of
db/dbmice (Figure 1G). These results revealedGPS ameliorated lipid
and glucose metabolism disorders in diabetic mice.

GPS Ameliorated Renal Function and
Inhibited Renal Tubulointerstitial Fibrosis in
db/db Mice
Creatinine is themetabolite of muscle, and its amount is proportional
to muscle mass. Physically, creatinine is cleared away from plasma by
glomerular filtration and then excreted into the urine without tubular
reabsorption. Therefore, the amount of Scr is constant under normal
conditions, and an increased Scr level usually indicates the impaired
renal function (Li et al., 2020). In addition to that, urea nitrogen, the
main end product of protein metabolism, is another important
parameter to evaluate the renal function. The elevated plasma
urea nitrogen level is also a common clinical manifestation of DN
(Wang et al., 2020). In addition,microalbuminuria is the early clinical
sign of renal disease. Screening for microalbuminuria is crucially
important for the diagnosis and management of DN (Kaburagi et al.,
2019).

We assessed the effects of GPS on renal function in this
assay. The results showed that the parameters related to renal
function including Scr, BUN, and 24 Up were significantly
increased in the model group. After the treatment of GPS, the
levels of Scr, BUN, and 24 Up were remarkably reduced
(Figures 1H–J). Thus, we concluded that GPS improved
the renal function of db/db mice.

Additionally, the methods of hematoxylin-eosin (HE),
periodic acid–Schiff (PAS), and Masson staining were applied
to investigate the effects of GPS on TIF. Lumen expansion was
observed in the renal tubular of db/db mice by HE staining. PAS
staining results showed that glycogen deposition in the renal
cortex of db/db mice was increased when compared with the
control group. Masson staining was used to detect the extent of
collagen accumulation. The positively stained area in the renal
tubular of db/db mice was significantly increased, indicating an
increase in collagen accumulation in renal tissue. However, after
GPS intervention, the lumen expansion gradually converted to
normal, and the degrees of inflammation and fibrosis in the renal
tubule were ameliorated (Figure 2A). Considering the vital role of
renal tubular EMT in TIF, we further detected the effects of GPS
on EMT marker proteins in kidney tissues of diabetic mice.

Western blot results showed that the EMT biomarkers
including FN, α-SMA, and vimentin were significantly
decreased after GPS treatment, while E-cadherin protein
expression was increased (Figures 2B–D, Supplementary
Figures S1A,B). Taken together, the aforementioned results
indicated that GPS ameliorated TIF in db/db mice.

GPS Reduced the AT1R Protein Expression
and Inhibited the CK2/NF-κB Pathway in db/
db Mouse Kidneys
As mentioned earlier, highly activated AT1R may promote
diabetic TIF by activating the CK2/NF-κB signaling pathway.
Therefore, we speculated whether GPS suppressed the AT1R/
CK2/NF-κB pathway.

First, the network pharmacology model was constructed. The
result showed that interfering with the renin angiotensin system
(RAS) was related to the treatment of DN with GPS
(Supplementary Table S1). Next, we detected the influence of
GPS on the AT1R/CK2/NF-κB pathway. The results showed that
GPS treatment downregulated expressions of AT1R and CK2α in
the kidney of db/db mice. Additionally, IκBα, the main
endogenous inhibitory protein of NF-κB, was significantly
upregulated by GPS treatment in kidney tissues of db/db mice,
which indicates GPS could inhibit the activation of the NF-κB
signaling pathway in kidneys of diabetic mice (Figures 3A,B). In
summary, these results indicated that GPS inhibited the AT1R/
CK2/NF-κB pathway in the renal tissue of db/db mice.

GPS Inhibited the HG-Induced EMT Process
in NRK-52E Cells
The results in vivo showed that GPS improved TIF and inhibited the
AT1R/CK2/NF-κB pathway in the kidney of db/db mice. Chronic
hyperglycemia is the key factor leading to TIF. In addition, growing
evidence demonstrated that hyperglycemia was a vital contributor to
the over-activation of RAS including AT1R in DN (Amorim et al.,
2019). The results in vivo also showed that GPS markedly improved
glycolipid metabolism disorder. Such a remarkable effect of GPS on
glycolipid metabolism disorder in db/db mice maymainly contribute
to the inhibition of TIF and the AT1R/CK2/NF-κB pathway.
Therefore, the effects of GPS on TIF and the AT1R/CK2/NF-κB
pathway in db/db mice may mainly be related to glucose lowering.
However, whether GPS affects renal function directly was unclear. To
further confirm the effects of GPS on TIF, renal tubular epithelial cell
NRK-52E was applied to in vitro experiments.

Western blot results showed that E-cad expression was
decreased, and the protein expressions of α-SMA, vimentin,
and FN were increased in NRK-52E cells stimulated with HG
for 36 h (Figures 4A,B). Additionally, the migration ability of
NRK-52E cells was significantly increased after HG treatment for
36 h (Figure 4C, Supplementary Figure S1C). Therefore, the
treatment of HG for 36 h was adopted for the forthcoming
studies.

MTT results showed that GPS with concentrations less than
800 μM had no cytotoxicity to NRK-52E cells (Supplementary
Figure S1D). Moreover, Western blot results showed that GPS
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suppressed the expressions of vimentin and α-SMA starting at
12.5 μM in HG-treated NRK-52E cells (Figure 4D). Therefore,
12.5, 25, and 50 μM GPS were adopted in subsequent
experiments.

GPS reduced expressions of FN, vimentin, and α-SMA and
promoted the E-cad expression in HG-induced NRK-52E cells
(Figures 5A–C). Moreover, the migration ability was decreased
after GPS treatment (Figure 5D, Supplementary Figure S1E).
The aforementioned results indicated that GPS inhibited the HG-
induced EMT process in NRK-52E cells.

GPS Inhibited HG-Induced Activation of the
AT1R/CK2/NF-κB Pathway in NRK-52E
Cells
After HG stimulation for 30 min, the NF-κB p65 expression in the
nucleus was significantly increased (Supplementary Figure S1F).
Thus, the effect of GPS on the CK2/NF-κB pathway was studied
after HG stimulation for 30 min.

The result indicated that GPS effectively inhibited the nuclear
expression of NF-κB p65, which was consistent with the effect of

FIGURE 2 | GPS treatment ameliorated renal fibrosis of diabetic mice. (A) Histopathology analysis of renal tubules by HE (scale bar: 200 μm), PAS (scale bar:
200 μm), and Masson (scale bar: 200 μm) staining. (B,C) Protein levels of E-cad, vimentin, α-SMA, and FN in renal tissues of diabetic mice were detected by Western
blot. (D) Protein levels of vimentin and α-SMA in renal tubules of diabetic mice were detected by immunohistochemistry. Scale bar: 25 μm. Data were expressed as
mean ± SD. n = 8. **p < 0.01 vs. Ctrl. ##p < 0.01 and #p < 0.05 vs. diabetes.
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PDTC (NF-κB inhibitor) (Figures 6A,B). EMSA showed that HG
stimulation increased the binding of NF-κB to target probes, but
GPS intervention inhibited the aforementioned phenomena
(Figure 6C). Furthermore, the dual luciferase reporter gene
assay showed that the NF-κB p65 transcriptional activity was
decreased after GPS treatment (Figure 6D).

Physiologically, IκBα, as the anchor protein of NF-κB p65,
binds with NF-κB p65 in the cytoplasm. In response to HG
stimulation, IκBα is phosphorylated by upstream kinase and then
degraded after ubiquitination. Subsequently, NF-κB p65
translocates into the nucleus (Wu et al., 2020). Therefore, the
levels of IκBα and phosphorylated IκB were measured in this
assay. The decreased phosphorylation level and increased total
protein expression of IκBαwere observed after the intervention of
GPS (Figure 6E). The phosphorylation of CK2α at the site of
threonine 360 was an indicator of CK2α kinase activity (Ota et al.,
2020). We further tested the effect of GPS on the phosphorylation
of CK2α at the site of threonine 360. Western blot data showed
that GPS significantly downregulated the p-CK2α expression as
compared with HG-treated cells (Figure 6F).

In addition to that, the effect of GPS on AT1R was explored in
this assay. Western blot data showed that the AT1R expression
was upregulated under the HG condition (Figure 7A), while GPS
significantly downregulated the AT1R expression (Figure 7B). In
summary, GPS inhibited HG-induced activation of the AT1R/
CK2/NF-κB pathway in NRK-52E cells.

AT1R Over-Expression Reversed the
Inhibitory Effect of GPS on EMT
In order to further clarify the significance of AT1R in this process,
NRK-52E cells were transfected with the exogenous AT1R plasmids,
and corresponding validation experiments were conducted.

Western blot results showed that the AT1R expression was
significantly increased accompanied by a striking increase in the
GFP expression after the NRKA-52E cells were transfected with

over-expression plasmid targeting AT1R (Supplementary Figure
S2A). Compared with the GPS intervention group, the protein
expressions of FN, vimentin, and α-SMA were increased, and
E-cad expression was reduced when GPS and the over-expression
plasmid of AT1R were given at the same time (Figures 7C,D).
Moreover, the scratch test also showed that the inhibitory effect of
GPS on the migration ability of NRK-52E cells was reversed by
the AT1R over-expression (Figure 7E, Supplementary Figure
S2B). Therefore, these results indicated that GPS inhibited the
HG-induced EMT process through AT1R.

AT1R Over-Expression Abolished the
Inhibitory Effect of GPS on the CK2/NF-κB
Pathway
Western blot results showed that the effects of GPS on NF-κB p65
nuclear translocation, NF-κB binding activation, and NF-κB
transcriptional activity were abolished after the overexpression of
AT1R (Figures 8A–C, Supplementary Figure S2C). In addition, the
downregulatory effects of GPS on IκBα and p-CK2α levels were
reversed by the overexpression of AT1R (Figures 8D,E).
Furthermore, the IP assay showed that the interaction of CK2α
with IκBαwas increased inHG-inducedNRK-52E cells. Importantly,
GPS effectively inhibited the interaction of CK2α with IκBα in HG-
induced cells. Notably, the downregulatory effect of GPS on the
interaction was reversed after the overexpression of AT1R
(Figure 8F, Supplementary Figure S2D).

Taken together, these observations further confirmed that
inhibiting the CK2/NF-κB pathway via AT1R is one of the
mechanisms for GPS to improve EMT in TIF.

DISCUSSION

Microalbuminuria is widely applied as a diagnostic index of DN,
which is related to glomerular filtration barrier damage and

FIGURE 3 | GPS inhibited the AT1R/CK2/NF-κB pathway in the kidney tissues of diabetic mice. (A,B) Protein levels of AT1R, IκBα, and CK2α in renal tissues of
diabetic mice were detected by Western blot. Data were expressed as mean ± SD. n = 8. **p < 0.01 vs. Ctrl. ##p < 0.01 and #p < 0.05 vs. diabetes.
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glomerular ultrafiltration. However, a study showed that
decreased albumin absorption and increased excretion were
also observed in renal tubular epithelial cells of diabetic rats,
but there was no significant change in the glomerular filtration
rate (Tojo et al., 2001). Additionally, it was reported that the
expression of Na-glucose cotransporter 2 in renal tubular
epithelial cells was increased in DN. Subsequently, upregulated
Na-glucose cotransporter 2 facilitates hyperfiltration by
influencing the fluid and NaCl reabsorption through the
proximal tubule, thereby inhibiting a tubuloglomerular
feedback response (Chan et al., 2012). Therefore, these
emphasize the crucial role of the renal tubule in DN, and the
improvement of tubular injury is also of great importance for the
treatment of DN. Our previous study indicated that GPS

improved diabetic glomerular fibrosis via inhibition of
inflammation in STZ-induced diabetic mice and HG-induced
glomerular mesangial cells (Xiao et al., 2020). However, whether
GPS improves diabetic TIF needs further exploration.

It is recognized that db/db mice are a spontaneous diabetic
model that can generate the pathological characteristics of DN
(Azushima et al., 2017). In vivo results have shown that the
abnormal glycolipid indicators of db/db mice were improved by
GPS. Importantly, GPS effectively improved diabetic TIF.
Tubular epithelial cells, the most prominent cell type in the
renal cortical tubular interstitium, could be transformed into a
myofibroblast phenotype under diabetes conditions and
eventually lead to abnormal ECM accumulation in the renal
interstitium (Chen et al., 2018). Thus, EMT is recognized as a key

FIGURE 4 |HG-induced EMT in NRK-52E cells and GPS inhibited HG-induced EMT in NRK-52E cells starting at 12.5 μM. (A,B) Protein levels of E-cad, vimentin, α-
SMA, and FN under the HG conditions at various times were detected by Western blot. **p < 0.01 and *p < 0.05 vs. 0 h. (C)Migration ability of NRK-52E cells under the
HG conditions at various times was detected by a cell scratch test. **p < 0.01 and *p < 0.05 vs. 0 h. (D) Protein levels of α-SMA and vimentin after GPS intervention were
detected by Western blot. **p < 0.01 vs. Ctrl, ##p < 0.01 vs. HG. Data were expressed as mean ± SD.
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contributor to TIF, and the inhibition of renal tubular EMT can
prevent TIF. In the present study, GPS reversed the abnormal
expressions of the EMT biomarker in the renal tissue of db/
db mice.

DN, characterized by TIF, is closely related to an inflammatory
response (Meng et al., 2014). Clinical studies have shown that
inflammatory markers are significantly upregulated in DN
patients (Mora and Navarro, 2004). NF-κB is the crucial
signaling pathway mediating the inflammatory response.
Activating the NF-κB pathway enhanced the inflammatory

marker expressions such as transforming growth factor-β1,
adhesion molecular, and monocyte chemokine, which are the
potent inducers of renal tubular EMT (Nam et al., 2008; López-
Novoa and Nieto, 2009). Therefore, inhibiting the NF-κB
pathway considerably contributes to the prevention of EMT in
TIF. Recently, the role of CK2 in DN has gained attention. Our
previous study showed that CK2α was activated in AGE-induced
glomerular mesangial cells and triggered the over-production of
inflammatory adhesion molecules and ECM. Additionally, CK2α
promoted the activation of NF-κB via phosphorylating IκBα in

FIGURE 5 | GPS inhibited HG-induced EMT in NRK-52E cells. (A,B) Protein levels of E-cad, vimentin, α-SMA, and FN after GPS intervention were detected by
Western blot. (C) Protein levels of E-cad, vimentin, α-SMA, and FN after GPS intervention were detected by immunofluorescence. Scale bar: 20 μm. (D)Migration ability
of NRK-52E cells after GPS intervention was detected by a cell scratch test. **p < 0.01 vs. Ctrl, ##p < 0.01 and #p < 0.05 vs. HG. Data were expressed as mean ± SD.
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DN (Huang et al., 2017). It is gradually confirmed that AT1R
causes kidney damage through a series of non-hemodynamic
pathways such as pro-inflammation and pro-fibrosis (Cantero-
Navarro et al., 2021). Moreover, AT1R positively regulated the
activation of CK2α (Li et al., 2015). Therefore, inhibiting the

AT1R/CK2/NF-κB pathway effectively prevents EMT in TIF. In
the present study, we found that GPS not only prevented the
CK2/NF-κB pathway but also inhibited the AT1R expression in
the renal tissue of db/db mice. These results suggested that GPS
might inhibit EMT in TIF via the AT1R/CK2/NF-κB pathway.

FIGURE 6 |GPS inhibited HG-induced activation of the CK2/NF-κB pathway in NRK-52E cells. (A) Effects of GPS on p65 distribution in the nucleus and cytoplasm
were detected byWestern blot. **p < 0.01 vs. Ctrl. ##p < 0.01 and #p < 0.05 vs. HG. (B) Effects of GPS on p65 distribution in the nucleus and cytoplasmwere detected by
immunofluorescence. Scale bar: 20 μm. (C) Effect of GPS on the NF-κB p65 DNA binding activity was detected by EMSA. (D) Effect of GPS on the NF-κB p65
transcriptional activity was detected by luciferase reporter assay. **p < 0.01 vs. Ctrl. ##p < 0.01 and #p < 0.05 vs. HG. (E,F) Protein levels of IκBα, p-IκBα, and
p-CK2α after GPS intervention were detected by Western blot. **p < 0.01 and *p < 0.05 vs. Ctrl. ##p < 0.01 and #p < 0.05 vs. HG. **p < 0.01 vs. Ctrl. ##p < 0.01 and
#p < 0.05 vs. HG. Data were expressed as mean ± SD.
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Chronic hyperglycemia is the key factor leading to DN.
Classically, DN is initially caused by high intraglomerular
pressure, which was driven by hyperglycemia. High
intraglomerular pressure develops to the injury of the
glomerular filtration barrier and ultimately renal fibrosis
(Forbes et al., 2007; Márquez et al., 2015; Amorim et al.,
2019). Moreover, hyperglycemia stimulates AngⅡ production
which favors AT1R activation (Amorim et al., 2019). Over-
activated AngⅡ/AT1R axis promotes progressive inflammatory

injury in DN via activating the NF-κB pathway (Pandey et al.,
2015). Therefore, the activation of the AT1R/CK2/NF-κB
pathway in renal tissue and the development of EMT in TIF
are influenced by glycemic control. Our previous study
demonstrated that GPS reduced the blood glucose content in
STZ-induced diabetic mice (Xiao et al., 2022). The present study
also showed that the treatment with GPS largely reduced blood
glucose levels in diabetic db/db mice, which may mainly
contribute to the amelioration of EMT in TIF and the

FIGURE 7 | GPS downregulated the protein level of AT1R, and AT1R over-expression reversed the effect of GPS on EMT in HG-induced NRK-52E cells. (A)
Expressions of AT1R under the HG conditions at various times were detected by Western blot. **p < 0.01 and *p < 0.05 vs. 0 h. (B) Protein level of AT1R after GPS
intervention was detected byWestern blot. **p < 0.01 vs. Ctrl. ##p < 0.01 and #p < 0.05 vs. HG. (C,D) Effects of GPS on E-cad, vimentin, α-SMA, and FN expression after
AT1R over-expression were detected by Western blot. **p < 0.01 vs. Ctrl. ##p < 0.01 and #p < 0.05 vs. HG.^̂p < 0.05 vs. HG with GPS. (E) Effect of GPS on the
migration ability after the AT1R over-expression was detected by the cell scratch test. Data were expressed as mean ± SD.
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inhibition of the AT1R/CK2/NF-κB pathway in the kidney of db/
db mice. Interestingly, GPS also directly prevented EMT by
inhibiting the AT1R/CK2/NF-κB pathway in HG-induced
renal tubular epithelial cells. Collectively, GPS inhibits TIF,
which may be related to its pharmacological effect of glucose-
lowering activity and direct inhibition of EMT.

AT1R blockers are the current standard of therapy to prevent
proteinuric chronic kidney disease progression (Tamargo and
Tamargo, 2017). Therefore, Val, an AT1R blocker, was chosen as
the positive control in our study. Our present study indicated that
GPS showed competent effects with Val in improving the renal
function. Additionally, GPS ameliorated lipid and glucose
metabolism disorders of diabetic mice, which showed certain
superiority as compared with Val.

The number of diabetes patients in the world has reached 415
million and is expected to increase to 642 million by 2040 (Standl
et al., 2019). DN is the most commonmicrovascular complication
of diabetes and is regarded as the leading cause of end-stage
kidney disease. However, there is no targeted therapy that can
effectively reverse the progress of DN. Developing effective drugs
is of great significance. DN is the result of multiple factors. The
treatment of DN requires both hypoglycemic and antifibrotic
therapy. GPS, a natural product mainly isolated from Gentiana
scabra Bunge may be a potential candidate drug for DN
treatment, owing to its safety and multiple pharmacological
effects against inflammation, fibrosis, hyperglycemia, and

hyperlipidemia (Xiao et al., 2020). This study explores the
effect and mechanism of GPS on TIF. Our study lays the
foundation for the clinical application of GPS for DN
treatment and the development of medicinal plant resources
such as Gentiana scabra Bunge.

CONCLUSION

GPS inhibits TIF, which may be related to its pharmacological
effect of glucose-lowering activity. Moreover, GPS may also
directly inhibit the CK2/NF-κB inflammatory signaling
pathway via AT1R to ameliorate TIF in diabetes.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

All experiments were conducted in accordance with the China
Animal Welfare Legislation and were approved by the Ethics

FIGURE 8 | AT1R over-expression reversed the effect of GPS on regulating the CK2/NF-κB pathway. (A) Effects of GPS on p65 distribution in the nucleus and
cytoplasm after AT1R over-expression were detected by Western blot. (B) Effects of GPS on the DNA NF-κB p65 binding activity after the AT1R over-expression were
detected by EMSA. (C) Effect of GPS on the NF-κB p65 transcriptional activity after the AT1R over-expression was detected by luciferase reporter assay. (D,E) Effects of
GPS on protein expressions of p-IκBα, IκBα, and p-CK2α after AT1R over-expression was detected byWestern blot. (F)Binding of CK2α and IκBα in NRK-52Ewas
detected by immunoprecipitation. **p < 0.01 and *p < 0.05 vs. Ctrl. ##p < 0.01 and #p < 0.05 vs. HG.^̂p < 0.01 and p̂ < 0.05 vs. HG with GPS. Data were expressed as
mean ± SD.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 84891512

Xu et al. Gentiopicroside Ameliorates Diabetic Renal TIF

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Committee on the Care and Use of Laboratory Animals of Sun
Yat-sen University (Guangzhou, China).

AUTHOR CONTRIBUTIONS

ZX: methodology, software, formal analysis, writing—review and
editing, and visualization. MZ: methodology, software, formal
analysis, writing—Review and Editing, and visualization. YW:
writing—reviewing and editing, and funding acquisition. RC:
methodology, software, and formal analysis. XS:
writing—reviewing and editing. YY: formal analysis. ZL:
formal analysis. SX: conceptualization, writing—reviewing and
editing, investigation, supervision, and project administration.
SW: conceptualization, writing—reviewing and editing,
investigation, supervision, project administration, and funding
acquisition. HH: conceptualization, writing—reviewing and

editing, investigation, supervision, project administration, and
funding acquisition.

FUNDING

The work was supported by the National Natural Science
Foundation of China (Nos. 81770816, 81973375, 81903685,
and 82000612) and the Research and Development Projects in
Key Areas of Guangdong Province (No. 2020B1111100004).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.848915/
full#supplementary-material

REFERENCES

Adelusi, T. I., Du, L., Hao, M., Zhou, X., Xuan, Q., Apu, C., et al. (2020). Keap1/
Nrf2/ARE Signaling Unfolds Therapeutic Targets for Redox Imbalanced-
Mediated Diseases and Diabetic Nephropathy. Biomed. Pharmacother. 123,
109732. doi:10.1016/j.biopha.2019.109732

Amorim, R. G., Guedes, G. d. S., Vasconcelos, S. M. d. L., and Santos, J. C. d. F.
(2019). Kidney Disease in Diabetes Mellitus: Cross-Linking between
Hyperglycemia, Redox Imbalance and Inflammation. Arq. Bras. Cardiol. 112
(5), 577–587. doi:10.5935/abc.20190077

Azushima, K., Gurley, S. B., and Coffman, T. M. (2017). Modelling Diabetic
Nephropathy in Mice. Nat. Rev. Nephrol. 14, 48–56. doi:10.1038/nrneph.
2017.142

Boor, P., Celec, P., Behuliak, M., Grancic, P., Kebis, A., Kukan, M., et al. (2009).
Regular Moderate Exercise Reduces Advanced Glycation and Ameliorates Early
Diabetic Nephropathy in Obese Zucker Rats. Metabolism 58, 1669–1677.
doi:10.1016/j.metabol.2009.05.025

Cantero-Navarro, E., Fernández-Fernández, B., Ramos, A. M., Rayego-Mateos, S.,
Rodrigues-Diez, R. R., Sánchez-Niño, M. D., et al. (2021). Renin-angiotensin
System and Inflammation Update. Mol. Cell Endocrinol. 529, 111254. doi:10.
1016/j.mce.2021.111254

Chan, H. W., Ashan, B., Jayasekera, P., Collier, A., and Ghosh, S. (2012). A New
Class of Drug for the Management of Type 2 Diabetes: Sodium Glucose Co-
transporter Inhibitors: ’glucuretics’. Diabetes Metab. Syndr. 6, 224–228. doi:10.
1016/j.dsx.2012.08.003

Chao, Y., Zhu, L., Qu, X., Zhang, J., Zhang, J., Kong, X., et al. (2017). Inhibition of
Angiotension II Type 1 Receptor Reduced Human Endothelial Inflammation
Induced by Low Shear Stress. Exp. Cell Res. 360, 94–104. doi:10.1016/j.yexcr.
2017.08.030

Chen, X., Yang, Y., Liu, C., Chen, Z., and Wang, D. (2018). Astragaloside IV
Ameliorates High Glucose-Induced Renal Tubular Epithelial-Mesenchymal
Transition by Blocking mTORC1/p70S6K Signaling in HK-2 Cells. Int.
J. Mol. Med. 43 (2), 709–716. doi:10.3892/ijmm.2018.3999

Danta, C. C., Boa, A. N., Bhandari, S., Sathyapalan, T., and Xu, S. Z. (2020). Recent
Advances in Drug Discovery for Diabetic Kidney Disease. Expert Opin. Drug
Discov. 16, 1–15. doi:10.1080/17460441.2021.1832077

Forbes, J. M., Fukami, K., and Cooper, M. E. (2007). Diabetic Nephropathy: where
Hemodynamics Meets Metabolism. Exp. Clin. Endocrinol. Diabetes 115, 69–84.
doi:10.1055/s-2007-949721

Gilbert, R. E. (2017). Proximal Tubulopathy: PrimeMover and Key Therapeutic Target
in Diabetic Kidney Disease. Diabetes 66, 791–800. doi:10.2337/db16-0796

Huang, F., Wang, Q., Guo, F., Zhao, Y., Ji, L., An, T., et al. (2019a). FoxO1-
mediated Inhibition of STAT1 Alleviates Tubulointerstitial Fibrosis and Tubule
Apoptosis in Diabetic Kidney Disease. EBioMedicine 48, 491–504. doi:10.1016/
j.ebiom.2019.09.002

Huang, F., Zhao, Y., Wang, Q., Hillebrands, J. L., van den Born, J., Ji, L., et al.
(2019b). Dapagliflozin Attenuates Renal Tubulointerstitial Fibrosis Associated
with Type 1 Diabetes by Regulating STAT1/TGFβ1 Signaling. Front.
Endocrinol. (Lausanne) 10, 441. doi:10.3389/fendo.2019.00441

Huang, J., Chen, Z., Li, J., Chen, Q., Li, J., Gong, W., et al. (2017). Protein Kinase
CK2α Catalytic Subunit Ameliorates Diabetic Renal Inflammatory Fibrosis via
NF-Κb Signaling Pathway. Biochem. Pharmacol. 132, 102–117. doi:10.1016/j.
bcp.2017.02.016

Hunyady, L., and Catt, K. J. (2006). Pleiotropic AT1 Receptor Signaling Pathways
Mediating Physiological and Pathogenic Actions of Angiotensin II. Mol.
Endocrinol. 20, 953–970. doi:10.1210/me.2004-0536

Jumper, N., Hodgkinson, T., Paus, R., Bayat, A., and Bayat, A. (2017). Site-specific
Gene Expression Profiling as a Novel Strategy for Unravelling Keloid Disease
Pathobiology. Plos One 12, e0172955. doi:10.1371/journal.pone.0172955

Kaburagi, Y., Takahashi, E., Kajio, H., Yamashita, S., Yamamoto-Honda, R., Shiga,
T., et al. (2019). Urinary Afamin Levels Are Associated with the Progression of
Diabetic Nephropathy. Diabetes Res. Clin. Pract. 147, 37–46. doi:10.1016/j.
diabres.2018.02.034

Kashihara, T., Nakada, T., Kojima, K., Takeshita, T., and Yamada, M. (2017).
Angiotensin II Activates CaV 1.2 Ca2+ Channels through β-arrestin2 and
Casein Kinase 2 in Mouse Immature Cardiomyocytes. J. Physiol. 595,
4207–4225. doi:10.1113/JP273883

Li, D., Li, B., Peng, L. X., Liu, R., and Zeng, N. (2020). Therapeutic Efficacy of
Piperazine Ferulate Combined with Irbesartan in Diabetic Nephropathy: a
Systematic Review andMeta-Analysis. Clin. Ther. 42, 2196–2212. doi:10.1016/j.
clinthera.2020.09.013

Li, X., Hu, H., Wang, Y., Xue, M., Li, X., Cheng, W., et al. (2015). Valsartan
Upregulates Kir2.1 in Rats Suffering from Myocardial Infarction via Casein
Kinase 2. Cardiovasc Drugs Ther. 29, 209–218. doi:10.1007/s10557-015-6598-1

López-Novoa, J. M., and Nieto, M. A. (2009). Inflammation and EMT: an Alliance
towards Organ Fibrosis and Cancer Progression. EMBO Mol. Med. 1, 303.
doi:10.1002/emmm.200900043

Lv, J., Gu, W. L., and Chen, C. X. (2015). Effect of Gentiopicroside on Experimental
Acute Pancreatitis Induced by Retrograde Injection of Sodium Taurocholate
into the Biliopancreatic Duct in Rats. Fitoterapia 102, 127–133. doi:10.1016/j.
fitote.2015.03.002

Ma, T. K., Kam, K. K., Yan, B. P., and Lam, Y. Y. (2010). Renin-angiotensin-
aldosterone System Blockade for Cardiovascular Diseases: Current Status. Br.
J. Pharmacol. 160, 1273–1292. doi:10.1111/j.1476-5381.2010.00750.x

Márquez, E., Riera, M., Pascual, J., and Soler, M. J. (2015). Renin-angiotensin
System within the Diabetic Podocyte. Am. J. Physiol. Ren. Physiol. 308, F1–F10.
doi:10.1152/ajprenal.00531.2013

Meng, X. M., Nikolic-Paterson, D. J., and Lan, H. Y. (2014). Inflammatory Processes in
Renal Fibrosis. Nat. Rev. Nephrol. 10, 493–503. doi:10.1038/nrneph.2014.114

Mora, C., and Navarro, J. F. (2004). Inflammation and Pathogenesis of Diabetic
Nephropathy. Metabolism 53, 265–267. doi:10.1016/j.metabol.2003.11.005

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 84891513

Xu et al. Gentiopicroside Ameliorates Diabetic Renal TIF

https://www.frontiersin.org/articles/10.3389/fphar.2022.848915/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.848915/full#supplementary-material
https://doi.org/10.1016/j.biopha.2019.109732
https://doi.org/10.5935/abc.20190077
https://doi.org/10.1038/nrneph.2017.142
https://doi.org/10.1038/nrneph.2017.142
https://doi.org/10.1016/j.metabol.2009.05.025
https://doi.org/10.1016/j.mce.2021.111254
https://doi.org/10.1016/j.mce.2021.111254
https://doi.org/10.1016/j.dsx.2012.08.003
https://doi.org/10.1016/j.dsx.2012.08.003
https://doi.org/10.1016/j.yexcr.2017.08.030
https://doi.org/10.1016/j.yexcr.2017.08.030
https://doi.org/10.3892/ijmm.2018.3999
https://doi.org/10.1080/17460441.2021.1832077
https://doi.org/10.1055/s-2007-949721
https://doi.org/10.2337/db16-0796
https://doi.org/10.1016/j.ebiom.2019.09.002
https://doi.org/10.1016/j.ebiom.2019.09.002
https://doi.org/10.3389/fendo.2019.00441
https://doi.org/10.1016/j.bcp.2017.02.016
https://doi.org/10.1016/j.bcp.2017.02.016
https://doi.org/10.1210/me.2004-0536
https://doi.org/10.1371/journal.pone.0172955
https://doi.org/10.1016/j.diabres.2018.02.034
https://doi.org/10.1016/j.diabres.2018.02.034
https://doi.org/10.1113/JP273883
https://doi.org/10.1016/j.clinthera.2020.09.013
https://doi.org/10.1016/j.clinthera.2020.09.013
https://doi.org/10.1007/s10557-015-6598-1
https://doi.org/10.1002/emmm.200900043
https://doi.org/10.1016/j.fitote.2015.03.002
https://doi.org/10.1016/j.fitote.2015.03.002
https://doi.org/10.1111/j.1476-5381.2010.00750.x
https://doi.org/10.1152/ajprenal.00531.2013
https://doi.org/10.1038/nrneph.2014.114
https://doi.org/10.1016/j.metabol.2003.11.005
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Nam, J. S., Cho, M. H., Lee, G. T., Park, J. S., Ahn, C. W., Cha, B. S., et al. (2008).
The Activation of NF-kappaB and AP-1 in Peripheral BloodMononuclear Cells
Isolated from Patients with Diabetic Nephropathy. Diabetes Res. Clin. Pract. 81,
25–32. doi:10.1016/j.diabres.2008.01.032

Ota, M., Tanaka, Y., Nakagawa, I., Jiang, J. J., Arima, Y., Kamimura, D., et al.
(2020). Role of Chondrocytes in the Development of Rheumatoid Arthritis via
Transmembrane Protein 147-Mediated NF-Κb Activation. Arthritis
Rheumatol. 72, 931–942. doi:10.1002/art.41182

Pandey, A., Goru, S. K., Kadakol, A., Malek, V., and Gaikwad, A. B. (2015).
Differential Regulation of Angiotensin Converting Enzyme 2 and Nuclear
Factor-Κb by Angiotensin II Receptor Subtypes in Type 2 Diabetic Kidney.
Biochimie 118, 71–81. doi:10.1016/j.biochi.2015.08.005

Pang, X., Zhang, Y., Peng, Z., Shi, X., Han, J., and Xing, Y. (2020). Hirudin Reduces
Nephropathy Microangiopathy in STZ-Induced Diabetes Rats by Inhibiting
Endothelial Cell Migration and Angiogenesis. Life Sci. 255, 117779. doi:10.
1016/j.lfs.2020.117779

Reidy, K., Kang, H. M., Hostetter, T., and Susztak, K. (2014). Molecular
Mechanisms of Diabetic Kidney Disease. J. Clin. Invest. 124, 2333–2340.
doi:10.1172/JCI72271

Sawai, K., Mukoyama, M., Mori, K., Yokoi, H., Koshikawa, M., Yoshioka, T.,
et al. (2006). Redistribution of Connexin43 Expression in Glomerular
Podocytes Predicts Poor Renal Prognosis in Patients with Type 2 Diabetes
and Overt Nephropathy. Nephrol. Dial. Transpl. 21, 2472–2477. doi:10.
1093/ndt/gfl260

Schmid, H., Boucherot, A., Yasuda, Y., Henger, A., Brunner, B., Eichinger, F., et al.
(2006). Modular Activation of Nuclear Factor-kappaB Transcriptional
Programs in Human Diabetic Nephropathy. Diabetes 55, 2993–3003. doi:10.
2337/db06-0477

Standl, E., Khunti, K., Hansen, T. B., and Schnell, O. (2019). The Global Epidemics
of Diabetes in the 21st Century: Current Situation and Perspectives. Eur. J. Prev.
Cardiol. 26, 7–14. doi:10.1177/2047487319881021

Tamargo, M., and Tamargo, J. (2017). Future Drug Discovery in Renin-
Angiotensin-Aldosterone System Intervention. Expert Opin. Drug Discov. 12,
827–848. doi:10.1080/17460441.2017.1335301

Tojo, A., Onozato, M. L., Ha, H., Kurihara, H., Sakai, T., Goto, A., et al. (2001).
Reduced Albumin Reabsorption in the Proximal Tubule of Early-Stage Diabetic
Rats. Histochem Cell Biol. 116, 269–276. doi:10.1007/s004180100317

Tornatore, L., Thotakura, A. K., Bennett, J., Moretti, M., and Franzoso, G.
(2012). The Nuclear Factor Kappa B Signaling Pathway: Integrating
Metabolism with Inflammation. Trends Cell Biol. 22, 557–566. doi:10.
1016/j.tcb.2012.08.001

Wang, H., Zhuang, Z., Huang, Y. Y., Zhuang, Z. Z., Jin, Y., Ye, H. Y., et al. (2020).
Protective Effect and Possible Mechanisms of Astragaloside IV in Animal

Models of Diabetic Nephropathy: a Preclinical Systematic Review and Meta-
Analysis. Front. Pharmacol. 11, 988. doi:10.3389/fphar.2020.00988

Wu, D., Li, S., Liu, X., Xu, J., Jiang, A., Zhang, Y., et al. (2020). Alpinetin
Prevents Inflammatory Responses in OVA-Induced Allergic Asthma
through Modulating PI3K/AKT/NF-κB and HO-1 Signaling Pathways in
Mice. Int. Immunopharmacol. 89, 107073. doi:10.1016/j.intimp.2020.
107073

Xiao, H., Sun, X., Liu, R., Chen, Z., Lin, Z., Yang, Y., et al. (2020). Gentiopicroside
Activates the Bile Acid Receptor Gpbar1 (TGR5) to Repress NF-kappaB
Pathway and Ameliorate Diabetic Nephropathy. Pharmacol. Res. 151,
104559. doi:10.1016/j.phrs.2019.104559

Xiao, H., Sun, X., Lin, Z., Yang, Y., Zhang, M., Xu, Z., et al. (2022). Gentiopicroside
Targets PAQR3 to Activate the PI3K/AKT Signaling Pathway and Ameliorate
Disordered Glucose and Lipid Metabolism. Acta Pharm. Sin. B, 2887–2904.
doi:10.1016/j.apsb.2021.12.023

Yan, R., Wang, Y., Shi, M., Xiao, Y., Liu, L., Liu, L., et al. (2019). Regulation of
PTEN/AKT/FAK Pathways by PPARγ Impacts on Fibrosis in Diabetic
Nephropathy. J. Cell Biochem. 120, 6998–7014. doi:10.1002/jcb.27937

Zhang, Y., Yang, X., Wang, S., Song, S., and Yang, X. (2020). Gentiopicroside
Prevents Alcoholic Liver Damage by Improving Mitochondrial
Dysfunction in the Rat Model. Phytother. Res. 35, 2230–2251. doi:10.
1002/ptr.6981

Zoja, C., Xinaris, C., and Macconi, D. (2020). Diabetic Nephropathy: Novel
Molecular Mechanisms and Therapeutic Targets. Front. Pharmacol. 11,
586892. doi:10.3389/fphar.2020.586892

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xu, Zhang, Wang, Chen, Xu, Sun, Yang, Lin, Wang and Huang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 84891514

Xu et al. Gentiopicroside Ameliorates Diabetic Renal TIF

https://doi.org/10.1016/j.diabres.2008.01.032
https://doi.org/10.1002/art.41182
https://doi.org/10.1016/j.biochi.2015.08.005
https://doi.org/10.1016/j.lfs.2020.117779
https://doi.org/10.1016/j.lfs.2020.117779
https://doi.org/10.1172/JCI72271
https://doi.org/10.1093/ndt/gfl260
https://doi.org/10.1093/ndt/gfl260
https://doi.org/10.2337/db06-0477
https://doi.org/10.2337/db06-0477
https://doi.org/10.1177/2047487319881021
https://doi.org/10.1080/17460441.2017.1335301
https://doi.org/10.1007/s004180100317
https://doi.org/10.1016/j.tcb.2012.08.001
https://doi.org/10.1016/j.tcb.2012.08.001
https://doi.org/10.3389/fphar.2020.00988
https://doi.org/10.1016/j.intimp.2020.107073
https://doi.org/10.1016/j.intimp.2020.107073
https://doi.org/10.1016/j.phrs.2019.104559
https://doi.org/10.1016/j.apsb.2021.12.023
https://doi.org/10.1002/jcb.27937
https://doi.org/10.1002/ptr.6981
https://doi.org/10.1002/ptr.6981
https://doi.org/10.3389/fphar.2020.586892
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


GLOSSARY

ACE angiotensin-converting enzyme

AT1R angiotensinⅡ type 1 receptor

BUN blood urea nitrogen

DMEM Dulbecco’s modified Eagle medium

DN diabetic nephropathy

E-cad E-cadherin

ECM extracellular matrix

EMSA electrophoretic mobility shift assay

EMT epithelial-to-mesenchymal transition

FBG fasting blood glucose

FBS fetal bovine serum

FN fibronectin

GPS gentiopicroside

GSP glycated serum protein

HbA1c hemoglobin A1c

HE hematoxylin-eosin

HG high glucose

IP immunoprecipitation

LDL-C low-density lipoprotein cholesterol

PAS periodic acid–Schiff

p-CK2α phosphorylated CK2α

p-IκBα phosphorylated IκBα

RAS renin angiotensin system

SD standard deviation

Src serum creatinine

TG triglycerides

TIF tubulointerstitial fibrosis

Up urine protein

Val valsartan

α-SMA α-smooth muscle actin
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