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Abstract

This study was to evaluate the regulatory network among Galangin (Gal), oxidative stress, and renin–angiotensin system
(RAS) in diabetic nephropathy (DN) in vitro. A cell model of DN was set up by exposing HK-2 cells to high glucose (HG, 30 mM)
for 48 h and Gal was applied at 10 μM when needed. mRNA expression was analyzed by qPCR and protein level was detected
by western blot. Malondialdehyde level and superoxide dismutase activity were evaluated by commercial kits. We analyzed
cell viability by CCK8 assay and apoptosis by flow cytometry. DCFH-DA staining was conveyed for reactive oxygen species
detection. HG induced RAS activation, oxidative stress, while inhibited cell viability. Gal suppressed oxidative
stress-mediated apoptosis of HK-2 cells under the stimulation of HG via inhibiting RAS activation. Moreover, overexpression
of AT1R, a RAS gene, could restrain the mitigative effect of Gal on cell injury. Furthermore, repression of RAS induced by AT1R
knockdown partially reversed HG-induced PI3K/AKT/mTOR activation and oxidative stress in HK-2 cells. Also, AKT activation
could antagonize Gal’s functional roles in renal cell damage. Collectively, Gal alleviates HG-induced oxidative stress injury of
renal tubular epithelial cells through PI3K/AKT/mTOR signal via modulating RAS activation. This finding would help to better
understand mechanism of DN development and support future studies.
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Introduction
Diabetic nephropathy (DN) is a chronic microvascular complica-
tion caused by diabetes mellitus, ranking second in risk factors
of end-stage renal disease. According to early studies, there were
425 million diabetes mellitus cases worldwide by 2017, and 100
million DN patients, and 25–40% of the type 1 diabetes (T1D)
patients and 5–40% type 2 diabetes (T2D) patients would eventu-
ally develop diabetic kidney disease [1, 2]. Upon diagnosis, it was
found that 20% of T2D patients had already developed DN and
up to 40% would develop DN within 10 years [3]. Although there
are several clinical methods to delay the onset, there is still a lack
of specific therapies to prevent the progress of the disease. This
was largely due to the poor understanding of the complex nature
and mechanism of DN. It is necessary to elucidate the molecular
mechanism during DN development.

Renal damage in DN is closely related to oxidative stress
[4]. Several inflammatory cytokines including tumor necrosis
factor (TNF), NF-κB, and interleukins are also involved in DN
progress [5]. Galangin (Gal) is a kind of flavonoids, which mainly
exists in the dried rhizomes of Alpinia officinarum Hance. It has
a wide spectrum of pharmacological activities, including anti-
inflammatory, antioxidation, antifibrosis, and hypoglycemia [6–
9]. It has been reported that Gal can reverse the changes of oxida-
tive stress markers induced by ischemia–reperfusion through
PI3K/AKT signaling pathway and alleviate liver injury [10, 11].
In addition, Gal could regulate signal pathways of inflammatory
cytokines and enhance the sensitivity and antioxidant capacity
of the body to insulin, presumably due to modulating TNF, NF-κB,
and IL-6 pathways [12, 13] or act as dipeptidyl peptidase-4 (DPP-4,
therapeutic drug target proven to reduce blood glucose levels in
diabetes mellitus) inhibitor [12], and alleviate the renal damage
induced by sugar [14].

Renin–angiotensin system (RAS) is a powerful regulatory sys-
tem in homeostasis and blood pressure, coordinating cardio-
vascular system and kidney. RAS could process angiotensino-
gen into angiotensin I and II (the major biologically active pep-
tides of RAS), which could exert their functions through AT1R
and AT2R (Angiotensin II type 1 and type 2 receptor) [15]. RAS
is involved in blood pressure regulation, inflammation, oxida-
tive stress, and insulin resistance. In recent years, it has been
found that RAS is closely related to DN. The efficacy of block-
ing RAS in the treatment of DN has also been confirmed, and
RAS inhibitors were currently advocated as first-line therapy for
diabetes patients exerting signs of renal damage [16, 17]. How-
ever, the association between Gal and RAS in DN has not been
reported.

Therefore, this study explores the molecular mechanism
through which Gal regulated RAS, modulating PI3K/AKT/mTOR
signaling pathway, mediating oxidative stress inhibition, and
alleviating the damage of renal tubular epithelial cells under
high glucose (HG) condition.

Materials and Methods
Cell culture and treatment

Human renal tubular epithelial cells HK-2 were purchased from
ATCC and cultured in Roswell Park Memorial Institute (RPMI)-
1640 medium containing 10% fetal bovine serum at 37◦C with
5% CO2. For DN in vitro model, cells were cultured under 15, 30,
45 mM glucose for 48 h. Normal glucose (5.5 mM) or osmotic
control (OS; 5.5 mM glucose and 24.5 mM mannitol) was set
as control for HG. Gal was purchased from Shanghai Yuan Ye
Biological Technology Co., Ltd. (Shanghai, China) and application

of 10 μM concentration (obtained from our previous experiments,
not shown) in later experiments.

Cell transfection

siRNA of AT1R (CUAAAGAAGGCUUAUGAAATTUUUCAUAAGCCU-
UCUUUAGTT) and scrambled control (NC, UUCUCCGAACGUGU-
CACGUTTACGUGACACGUUCGGAGAATT) were provided by
GenePharma (Shanghai, China). For overexpression of AT1R,
plasmid containing cDNA of AT1R was constructed using
pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA). HG-treated cells
were transfected using lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instruction. Subsequent experiment was
conveyed 24 h post transfection, unless indicated elsewhere.

Cell viability assay

Cell viability was analyzed by Enhanced Cell Counting Kit-8 (CCK-
8; Beyotime Biotechnology, Shanghai, China) following manufac-
turer’s instruction. Briefly, 2000 cells were seeded into each well
of a 96-well plate with 100 μl medium and 10 μl CCK-8 solution.
After 4 h of incubation, absorbance at 450 nm was detected by a
microplate reader.

Flow cytometry for cell apoptosis analysis

After treatment, cells were collected, washed with phosphate-
buffered saline (PBS), and dissolved with staining buffer (PBS,
0.01% NaN3). The concentration was adjusted to 1 × 107 cell-
s/ml. Propidium iodide (PI) and Annexin-V-FITC (Sigma-Aldrich,
USA) were mixed with 100 μl of cells, and incubated at dark
place for 15 min following manufacturer’s instruction. Then, cells
were collected by centrifugation again, and washed with staining
buffer. Signal was detected by a FACS Calibur flow cytometer
(Becton Dickinson, San Jose, CA, USA).

Western blot

Cells were collected and lysed by RIPA lysis buffer (Sigma-Aldrich,
Massachusett, USA). Briefly, cells were collected by centrifuga-
tion at 1000 rpm for 4 min, and every 107 cells were lysed with
1 ml RIPA buffer on ice for 20 min. Samples were centrifuged
again at 12 000 rpm for 15 min, and supernatants were protein
solution. Proteins were subjected to 10% SDS-PAGE. After sep-
aration, proteins were transferred to nitrocellulose membranes
and blocked by 5% BSA in TBST buffer for 1 h at room tem-
perature followed by incubation with primary antibodies at 4◦C
overnight. After wash, membranes were incubated for 1 h with
secondary antibodies at room temperature. Membranes were
then washed three times by TBST and signals were detected
by enhanced chemiluminescence (ThermoFisher, Waltham, MA,
USA). Antibodies of Bcl-2 (1:1000), Bax (1:1000), cleaved caspase3
(c-caspase3, 1:1000), AKT (1:1000), phosphorylated AKT (p-AKT,
1:1000), ERK (1:1000), p-ERK (1:2000), P38 MAPK (1:1000), p-P38
MAPK (1:2000), JNK (1:1000), p-JNK (1:2000), and GAPDH (1:1000)
were all from Cell Signaling Technology (CST, Danvers, MA, USA).
Renin (1:1000), mTOR (1:2000), p-mTOR (1:1000), angiotensin-
converting enzyme (ACE, 1:1000), and AT1R (1:1000) antibodies
were obtained from Abcam (Cambridge, UK).

Quantitative real-time polymerase chain reaction (qPCR)

Collected cells were lysed with TRIzol (Invitrogen, CA, USA)
according to the manufacturer’s instruction and extracted
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cells total RNA. RNAs were stored at −80◦C. We next syn-
thesized first strand cDNA using PrimeScript RT reagent Kit
(Takara, China) according to instruction. The qPCR reaction
was performed on Applied Biosystems 7500 Real Time PCR
System (ThermoFisher, Waltham, MA, USA) with 2× SYBR Green
master mix kit (ThermoFisher, Waltham, MA, USA). Relative
expression of AT1R was analyzed using the 2−��Ct method and
internal control was GAPDH. Primers of AT1R were synthesized
and the sequences were (Sequence 5′ > 3′): AT1R-Forward:
GGAAACAGCTTGGTGGTGAT, AT1R-Reverse: CCAGCGGTATTC-
CATAGCTG; GAPDH-Forward: CCAGGTGGTCTCCTCTGA, GAPDH-
Reverse: GCTGTAGCCAAATCGTTGT.

Reactive oxygen species (ROS) detection

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay was
performed as previously described [18]. Briefly, cells in a 6-
well plate were treated with PBS containing 5 μM DCFH-DA.
After 30 min incubation, wash and digest cells and make a cell
suspension at a concentration of 107 cells/ml. Signal intensity
was then observed by flow cytometry.

Malondialdehyde (MDA) and superoxide dismutase
(SOD) analysis

MDA levels in treated HK-2 cells were determined by using
Micro MDA Assay Kit (Solarbio, Beijing, China) and SOD activity
was measured through SOD assay kit (Solarbio, Beijing, China)
following manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed by using Prism 6.0 (GraphPad
Software, USA). All experiments were done in triplicates at least.
Student’s t test or one-way analysis of variance (ANOVA) was
performed between two groups or among multiple groups. For
multiple comparison, if necessary, Tukey post hoc test was subse-
quently applied. The results were represented as mean ± stan-
dard derivation (SD). P < 0.05 was considered statistically signif-
icant (∗ indicates P < 0.05; ∗∗ indicates P < 0.01).

Results
HG induces oxidative stress injury and RAS activation
in renal cells

In order to investigate whether DN-induced renal injury is related
to oxidative stress and RAS activation, we treated HK-2 cells with
HG to establish an in vitro DN model, and detected changes of
related markers.

Viability of these cells was detected by MTT assay. Results
indicated that compared with NG (normal glucose, 5.5 mM), HG
decreased cell viability in a dose-dependent manner (Fig. 1A).
Apoptosis was also significantly increased by HG (30 mM)
compared with OS (osmotic control) when analyzed by flow
cytometry (Fig. 1B). To confirm this finding, we detected protein
level of apoptosis related Bcl-2, Bax and c-caspase3 by western
blot. HG significantly upregulated the expression of Bax and c-
caspase3 and downregulated the expression of Bcl-2 (Fig. 1C).
We also detected ROS level, MDA level, and SOD activity in
this DN model to assess oxidative stress and found that HG
induced ROS production, increased MDA level, and reduced SOD
activity (Fig. 1D and E). To analyze RAS activation, we evaluated

expression of Renin, ACE, and AT1R by both qPCR and western
blot. The results showed that HG treatment upregulated the
expression of Renin, ACE, and AT1R (Fig. 1F). These results made
clear that oxidative stress and RAS activation are involved in the
development of DN.

Gal alleviates HG-induced oxidative stress and RAS
activation

In order to investigate whether Gal could regulate oxidative
stress, activate RAS and alleviate renal cell injury, cells were
treated with Gal in the absence or presence of HG (30 mM) for
48 h. Changes of apoptosis, oxidative stress, and RAS-related
indicators were then analyzed.

As shown, Gal significantly inhibited the decrease of cell
viability induced by HG (Fig. 2A), and suppressed the expression
of Renin, ACE, and AT1R (Fig. 2B). Gal also remarkably suppressed
HG-induced apoptosis, downregulated expression of Bax and c-
Caspase3 and upregulated expression of Bcl-2, as reflected by
FACS and western blot results (Fig. 2C and D). As for assess-
ment of oxidative stress, Gal evidently restrained HG-induced
ROS production, MDA increase, and the SOD activity inhibition
(Fig. 2E and F). All these results indicated that Gal may relieve
HG-induced renal cell damage by inhibiting oxidative stress and
RAS activation.

Gal improves oxidative stress injury of HG-induced
kidney cells by inhibiting RAS activation

For further exploration whether Gal regulates oxidative stress
and alleviates kidney cell injury by inhibiting RAS activation, we
transferred AT1R overexpression plasmid into HG-induced cells.

Firstly, we detected AT1R expression by qPCR, and confirmed
that pcDNA3.1-AT1R significantly upregulated AT1R expression
(Fig. 3A). The expression level of AT1R which was downregulated
by Gal under HG stimulation was also reversed by AT1R
overexpression (Fig. 3B). Flow cytometry results showed that
overexpression of AT1R significantly abolished the inhibitory
effect of Gal on cell apoptosis (Fig. 3C). We then detected the
protein levels of apoptosis-related proteins and results showed
that Gal could significantly inhibit the expression of Bax and c-
Caspase3 and upregulate the expression of Bcl-2. Transfection of
pcDNA3.1-AT1R reversed these effects, which was consistent
with the results of flow cytometry (Fig. 3D). In Fig. 3E and F,
we found that Gal could significantly inhibit ROS production
and MDA levels, and enhance SOD activity. Overexpression of
AT1R under Gal treatment reversed these changes. These results
may provide stronger evidence that Gal could regulate oxidative
stress by inhibiting RAS activation, thereby alleviating renal cell
injury.

RAS modulates oxidative stress injury of HG-treated
renal cells by activating PI3K/AKT/mTOR signaling
pathway

Next, we investigated the expression of related signaling path-
ways and the changes of renal injury indicators by knocking
down AT1R with si-AT1R. Downregulation of AT1R was verified
in Fig. 4A. Then, expression of AT1R, p-AKT, and p-mTOR was
detected by western blot. It was found that HG increased the
expression of AT1R, p-AKT, and p-mTOR, while AT1R knockdown
markedly decreased the expression of these proteins (Fig. 4B).
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Figure 1: High glucose induces oxidative stress injury and RAS activation in renal cells. (A) HK-2 cells were cultured under increasing glucose concentrations as indicated

and detected for viability by CCK8 assay. (B) Apoptosis of HK-2 cells under osmotic control or high glucose condition were detected by FACS. (C) Protein levels of Bcl-2,

Bax, and cleaved caspase3 were detected by western blot. (D) DCFH-DA staining was allowed to determine ROS level. (E) The kits were used to test MDA level and SOD

activity. (F) The protein levels of Renin, ACE, and AT1R in HK-2 cells were detected by western blot. The data are shown as the mean ± SD. ∗ indicates P < 0.05; ∗∗ indicates

P < 0.01.

Moreover, silencing AT1R could suppress HG-induced apoptosis
(Fig. 4C) and inhibit expression of Bax and c-caspase3, while
promote expression of Bcl-2 (Fig. 4D). We then examined the
production of ROS, MDA level, and SOD activity. The results
showed that si-AT1R remarkably inhibited the production of
ROS, the increase of MDA level and the decrease of SOD activity
induced by HG (Fig. 4E and F). These results suggested that RAS
activation may modulate oxidative stress injury of renal cells
through PI3K/AKT/mTOR signaling pathway.

Gal represses HG-induced oxidative stress in renal cells
via PI3K/AKT/mTOR signaling by regulating RAS
activation

Finally, we attempted to further verify whether Gal can regulate
PI3K/AKT/mTOR signaling pathway by affecting RAS, and
ultimately mediate oxidative stress inhibition to alleviate HG-
induced renal tubular epithelial cell injury. Compared with
Control group (HG-induced cells), Gal inhibited the expression
of p-AKT and p-mTOR, while administration of AKT activator

SC79 (200 nM, Sigma) resisted the effect of Gal (Fig. 5A). We
next assessed apoptosis by flow cytometry and found that Gal
could inhibit HG-induced apoptosis, while SC79 reversed such
inhibition (Fig. 5B). The changes of apoptosis-related proteins
were consistent with this finding. Gal significantly decreased the
expression of Bax and c-Caspase3 and upregulated Bcl-2, while
SC79 partially reversed these changes (Fig. 5C). Meanwhile, SC79
significantly inhibited the effects of Gal on HG-induced ROS
production, MDA level, and SOD activity (Fig. 5D and E). These
results suggested that Gal may suppress oxidative stress injury
of renal cells induced by HG through RAS and PI3K/AKT/mTOR
signaling.

Discussion
DN is a serious complication of diabetes mellitus which usually
lead to terminal renal failure. Meanwhile, DN could also increase
morbidity and mortality of cardiovascular diseases [19]. Contro-
versial with the clinical pathological features, management or
prevention of DN remained a puzzle for clinicians [20]. Therefore,
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Figure 2: Galangin alleviates high glucose-induced oxidative stress and RAS activation. HK-2 cells were treated with high glucose and galangin as indicated. (A) Cell

viability was measured by CCK8 assay. (B) The protein levels of Renin, ACE, and AT1R were detected by western blot. (C, D) Cell apoptosis were detected by FACS and

protein levels of Bcl-2, Bax, and cleaved caspase3 were measured by western blot. (E, F) The ROS and MDA levels, SOD activity were determined by DCFH-DA staining

and commercial kits. The data are shown as the mean ± SD. ∗ indicates P < 0.05; ∗∗ indicates P < 0.01.

investigating on the molecular mechanisms by which DN was
regulated was an unmet need. In this study, we revealed that
Gal could alleviate HG-induced renal cell oxidative stress injury,
which is the case of renal damage in DN patients, via regulating
RAS activation and PI3K/AKT/mTOR signal axis.

We observed increased apoptosis and apoptotic proteins,
together with increased ROS, MDA, and decreased SOD activity
under HG condition, indicating that HG induced oxidative stress
injury in renal cells, proving that we successfully induced in
vitro DN model. Elevated Renin, ACE, and AT1R expression

demonstrated that DN was accompanied with RAS activation.
This was in agreement with previous studies that RAS activation
was usually observed in DN [21, 22], and supported our
hypothesis that RAS was involved in DN progression. Interfering
RAS activation therefore could suppress DN development.
This notion was proved by our results, when RAS activation
was resisted by Gal. The consequence of RAS inhibition was
consistent with previous report that DN could be prevented when
RAS was repressed by neprilysin or myeloid differentiation 2
blockade [23, 24]. The association between Gal and RAS, however,

D
ow

nloaded from
 https://academ

ic.oup.com
/toxres/article/10/3/551/6276013 by guest on 23 April 2024



556 Toxicology Research, 2021, Vol. 10, No. 3

Figure 3: Galangin improves high glucose-induced oxidative stress injury of kidney cells by inhibiting RAS activation. HK-2 cells induced by high glucose were treated

with pcDNA3.1-AT1R and/or galangin as indicated. (A) The expression level of AT1R in pcDNA3.1-AT1R transfected cells was detected by qPCR. (B) The protein level of

AT1R was measured via western blot. (C) Apoptosis of cells were analyzed by FACS. (D) Protein levels of Bcl-2, Bax, and cleaved caspase3 were assessed by western blot.

(E, F) DCFH-DA staining and commercial kits were used to assess ROS, MDA levels, and SOD activity. The data are shown as the mean ± SD. ∗ indicates P < 0.05; ∗∗
indicates P < 0.01.

was firstly revealed by our study. Although Gal and RAS were
indecently proven critical in DN regulation, our results firstly
uncovered the inhibitory effect of Gal on RAS activation under
HG condition. It was reported that flavonoids could suppress RAS
cascade that mediated oxidative stress [25]. Consistently, we also
found Gal repressed HG-induced oxidative damage in HK-2 cells
via blocking RAS activation.

Gal has various biological functions besides RAS inhibition,
such as PTEN activation [26] or inhibition of NF-κB and NLRP3
[27]. It was not clear whether Gal inhibited DN progression (as
indicated by alleviated apoptosis and oxidative stress) through

RAS inhibition. The AKT pathway activation is closely related
to cell injury induced by oxidative stress, and its downstream
mTOR could affect cell proliferation. RAS mainly regulated cell
damage induced by HG via angiotensin II-AT1R signal through
PI3K/AKT/mTOR pathway. Previous study also found that mTOR
pathway was involved in DN [28]. When AT1R was knocked
down or cells were treated with AKT activator SC79, we could
both observe antagonizing effects to Gal. However, the effects of
PI3K/AKT in DN were controversial. For instance, chronic activa-
tion of the AKT/mTOR signaling contributed to oxidative stress
and cell apoptosis [15], which was consistent with our results.
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Figure 4: RAS modulates oxidative stress injury of HG-treated renal cells by activating PI3K/AKT/mTOR signaling pathway. HK-2 cells were treated with si-AT1R and high

glucose as indicated. (A) The expression level of AT1R in si-AT1R transfected cells was detected by qPCR. (B) Protein levels of AT1R, p-AKT, and p-mTOR were analysed

by western blot. Then, high glucose-treated cells were transfected with si-NC or si-AT1R. (C, D) Apoptosis and protein levels of Bcl-2, Bax, and cleaved caspase3 were

detected by FACS and western blot, respectively. (E, F) ROS, MDA levels, and SOD activity were detected by DCFH-DA staining and commercial kits. The data are shown

as the mean ± SD. ∗ indicates P < 0.05; ∗∗ indicates P < 0.01.

Meanwhile, other papers indicated that activation of PI3K/AKT
signal could increase cell viability and inhibit apoptosis under
HG condition [29]. This might be caused by different regulatory
mechanism and signal networks triggered by various conditions
the authors used in their researches. Regardless of this unsolved
question, these findings could suggest that RAS repressed by Gal
activated PI3K/AKT/mTOR was most important in HG-induced
oxidative stress injury of renal cells. However, since Gal is a
natural flavonoid instead of artificial compound, it might affect
a complexed signal network. Therefore, Gal might regulate

oxidative stress partially via suppressing AT1R. Besides, AT1R
could also affect MAPK signal pathway, which was also involved
in oxidative stress regulation [30, 31]. We also examined whether
Gal could affect AT1R/MAPK signal. It turned out that Gal could
also regulate apoptosis and oxidative stress via affecting MAPK
signal (Fig. S1). Hence, the whole signal network still remains to
be studied. In addition, the functional roles and mechanisms of
Gal in DN model in vivo deserve further study in the future. It
is also unknown the mechanisms by which Gal or HG regulates
RAS activation.
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Figure 5: Galangin represses high glucose-induced oxidative stress in renal cells by regulating RAS/PI3K/AKT/mTOR signaling. High glucose-induced HK-2 cells were

treated with SC79 and/or galangin as indicated. (A) The protein levels of AKT, p-AKT, p-mTOR, and mTOR were detected by western blot. (B, C) Cell apoptosis and protein

levels of Bcl-2, Bax, and c-caspase3 were determined by FACS and western blot. (D, E) DCFH-DA staining and commercial kits were allowed to measure ROS and MDA

levels, and SOD activity. The data are shown as the mean ± SD. ∗ indicates P < 0.05; ∗∗ indicates P < 0.01.
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Figure 6: The schematic diagram of such a regulatory process in this study.

Galangin alleviates HG-induced oxidative stress injury of HK-2 cells through

PI3K/AKT/mTOR signal via modulating RAS activation.

Conclusion
In this study, we demonstrated that Gal could inhibit oxidative
stress and alleviate HG-induced renal cell apoptosis. We also
revealed that Gal exerted such functions through inhibiting RAS
activation. Of all signal pathways involved in DN regulation,
Gal may inhibit DN progression mainly by inhibiting RAS
activation and PI3K/AKT/mTOR signal pathway. This was
the first description of the inhibitory function of Gal in DN
progression in vitro, and was the first description of its detailed
mechanism (Fig. 6). Our research would provide powerful
support for future studies about DN regulation, and may
provide potential targets for development of new therapeutic
methods.
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