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Abstract

Objectives: We aimed to explore the protective role of apigenin (API) and its underlying mechanisms in angiotensin Il (Ang II)-
induced hypertensive renal injury using both in vivo and in vitro models.

Methods: In this study, we developed an Ang ll-induced hypertensive renal injury mouse model and a recombinant IFN-
v-triggered murine podocyte clone 5 (MPC5) model in vitro.

Results: API treatment reduced serum creatinine (Scr), blood urea nitrogen (BUN), and serum cystatin C (Cys-C) levels in Ang
[l-infused mice (all, P <.001). API reduced renal fibrosis and the expression of related molecules, including collagen |, collagen IV,
fibronectin, transforming growth factor beta | (TGF-B1), and a-smooth muscle actin (a-SMA) (all, P <.001). The p-PI3 K and
p-Akt protein expression levels were improved by API treatment. APl decreased the apoptotic rate, malondialdehyde (MDA)
content, and mitochondrial ferrous iron, while increasing superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px),
which were reversed by treatment with the PI3K/Akt pathway inhibitor LY294002 (all, P < .001). In addition, API treatment
reduced the expression of glutathione peroxidase 4 (GPX4) while enhancing SLC7AIl | and ACSL4 expression, which was
reversed by LY294002 treatment (all, P < .001).

Conclusion: Our experimental data suggest that APl inhibits cell ferroptosis by activating the PI3K/Akt pathway and alleviates
renal injury caused by hypertension.
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dysfunction.® Current treatments, including ACE inhibitors
(ACElIs) and angiotensin II receptor blockers (ARBs), protect
the kidneys by lowering the intraglomerular pressure and
reducing proteinuria.* However, these therapies do not
completely halt the progression of kidney injury in all patients,
particularly in the more advanced stages of the disease.
Therefore, targeting ferroptosis has gained attention as a
potential therapeutic strategy for mitigating renal injury in
hypertension.

Traditional Chinese Medicine (TCM), which emphasizes
holistic treatment and multi-target mechanisms, has shown
promise in alleviating hypertensive kidney injury by im-
proving renal hemodynamics, reducing oxidative stress, and
modulating inflammatory pathways.” Among the bioactive
compounds derived from TCM, apigenin (API), a natural
flavonoid found in herbs such as Apium graveolens (celery)
and Chrysanthemum morifolium, has garnered attention for its
potential renoprotective effects. API, a naturally occurring
flavonoid found in numerous fruits and vegetables, has
demonstrated anti-inflammatory, antioxidant, and anti-
apoptotic properties in various disease models.® Recent
studies suggest that API may also modulate cell survival
pathways, including the phosphoinositide 3-kinase/protein
kinase B (PI3K/Akt) signaling cascade, which plays a pivotal
role in cellular homeostasis and protection against oxidative
stress.” Activation of the PI3K/Akt pathway suppresses fer-
roptosis by enhancing antioxidant enzyme expression and
reducing lipid peroxidation.® However, the ability of API to
inhibit ferroptosis and alleviate renal injury under hyperten-
sive conditions remains unexplored. Therefore, this study
aimed to explore the potential effects of API on renal injury
under hypertensive conditions and the underlying
mechanisms.

Materials and Methods

Animals

Male C57BL/6 mice (8-10 weeks old, weighing 22-24 g) were
procured from the SLAC Laboratory Animal Co., Ltd
(Shanghai, China). These mice were housed in a specific
pathogen-free environment characterized by regulated hu-
midity (50%-60%), temperature (22 °C-24°C), and a 12-hour
light-dark cycle, with ad libitum access to food and water. The
animal study followed the Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85-23, revised
1996), and the Animal Care and Use Committee of our
hospital approved the protocol.

Mouse Model of Hypertensive Nephropathy

A total of 24 C57BL/6 mice were randomly assigned to three
groups: Control, Ang II, and Ang I + API (8 mice in each
group). The mice in the Ang II and API groups were ad-
ministered Ang II (2.0 mg/kg/day) via osmotic mini-pumps

subcutaneously for 28 consecutive days.” The mice in the
control group received an equivalent volume of saline via
subcutaneous infusion. Additionally, two hours before Ang 11
infusion, the mice in the API group were intraperitoneally
injected with API (Apigenin, 20 mg/kg/day, HY-N1201,
MedChemExpress) once daily for 28 continuous days,'® while
the mice in the control and Ang II groups received an in-
traperitoneal injection of the same volume of saline.

Measurement of Blood Pressure

Blood pressure was assessed using the tail-cuff technique
(ALC-NIBP; Shanghai Alcott Biotech Co., Shanghai, China).
Both systolic (SBP) and diastolic (DBP) were evaluated on the
day preceding the trial and 7, 14, 21, and 28 days following
Ang Il administration, with the average of SBP and DBP
derived from three separate readings.'' The mean arterial
pressure (MAP) was determined using the following calcu-
lation: MAP = (SBP + DBPx2)/3.

Body Weight Measurement

At 28 days after Ang II infusion, mice were weighed after
12 hours of fasting. Then, the mice were euthanization, and the
kidney was isolated and weighed. The renal hypertrophy
index was calculated following this formula: renal hypertro-
phy index (mg/g) = kidney weight (mg)/body weight (g).

Liver and Renal Function

Blood samples were collected via the tail vein 28 days after
Ang II infusion and the serum was separated. Serum alanine
aminotransferase (ALT; C009-2-1, Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China) and aspartate amino-
transferase ~ (AST,  CO010-2-1, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) levels were mea-
sured using standard enzymatic procedures, according to the
manufacturer’s instructions. An automatic biochemical ana-
lyzer was used to determine the serum creatinine (Scr) and
blood urea nitrogen (BUN) levels. Serum cystatin C (Cys-C)
concentration was determined using a trusted ELISA kit
(MSCTCO0, R&D Systems).

Histology

Hematoxylin/eosin (HE) staining was employed to assess the
extent of renal fibrosis. Kidney tissue for paraffin sections was
routinely processed for paraffin embedding and subsequently
fixed overnight in 4% paraformaldehyde. Subsequently,
sections were sliced to a thickness of 4 um and promptly
mounted on organosilane-coated slides. The tissues were post-
fixed using 4% paraformaldehyde overnight. This was fol-
lowed by a 24-hour incubation in pH-adjusted PBS containing
10% sucrose with three different buffers. Post-incubation, the
sections underwent HE staining after rehydration and
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deparaffinization in xylene. The stained slides were examined
under a light microscope. The quantification of fibrosis was
determined by calculating the ratio of the fibrotic area to the
total area as follows:

Area of Fibrosis

Fibrotic AreaRatio = —————
Total Tissue Area

Cell Culture

Conditionally immortalized mouse podocytes (MPC5) were
acquired from the Peking Union Medical College Cell Resource
Center (PUMC). MPC5 podocytes were treated with re-
combinant interferon-gamma (IFN-y) to promote proliferation
and differentiation at 33°C in DMEM supplemented with 10%
FBS within a 5% CO, incubator. After passage, the cells were
treated with DMEM medium with 10% FBS but no IFN-y and
were incubated in a 5% CO, incubator at 37°C to facilitate
further maturation and specialization or functionality.

Experimental Grouping

MPCS5 podocytes were randomly divided into four groups: (1)
Control group with saline treatment (an equal volume of Ang
II); (2) API group with single API treatment (20 uM); (3) Ang
I group with single treatment of Ang II (1 uM); (4) Ang II +
API group with cotreatment of Ang II and API. The cells were
then incubated at 37°C for 24 h. Cells were incubated with the
PI3K/Akt pathway inhibitor LY294002 (10 uM; HY-10108,
MedChemExpress) for the pathway inhibition experiment.'?

MTT Assay

Cells were seeded in 96-well plates at a density of 1 x
103 cells per well and then incubated with or without an
inhibitor. After 48 h, the cells were exposed to 20 uL MTT
(M1020, Solarbio, Beijing, China) and incubated for 4 h at
37°C. The absorbance at 570 nm was measured after adding
200 pL of DMSO to determine the number of cells.

Cell Apoptosis Assay

In accordance with previous study methods,'* cell apoptosis
was identified using the Annexin V-FITC Apoptosis Detection
Kit (CA1020, Beijing Solarbio Science & Technology Co.,
Ltd., China). Cells were detached using trypsin-EDTA and
collected by centrifugation. After washing with PBS saline,
the cells were suspended in the binding buffer and centrifuged
at 300xg for 10 min. After removing the supernatant, the cells
were resuspended in a binding buffer at 1 x 106 cells/mL
concentration. Subsequently, PI (5 pL) was added to the cells
and incubated for 5 min under the same conditions. Apoptosis
was assessed using a flow cytometer (Beckman Coulter, Inc.,
Brea, CA, USA).

Immunofluorescence

Immunofluorescence was performed using a previously
published protocol.'* Briefly, after three rinses with PBS,
MPCS5 podocytes were stained with Mito FerroGreen (HY-
D2295; 1:1000; MedChemExpress, Shanghai, China) and
incubated for 30 min at 37°C in the dark. The cells were then
washed with PBS to remove excess dye. Dihydroethidium
(DHE) (S0063; 1:10; Beyotime, Shanghai, China) was ad-
ministered to MPC5 podocytes and incubated for a further
30 min at 37°C in the dark. After incubation, the cells were
washed with PBS to remove excess dye. Subsequently, the
cellular samples were stained with DAPI (62248; 1 pg/mL;
ThermoFisher Scientific, Shanghai, China) and incubated for
5-10 minutes at room temperature in the dark. The cells were
then washed with PBS to remove excess DAPI. Stained cells
were examined under an inverted microscope (IX51, Olym-
pus, Japan) at x200 magnification.

Measurement of ROS Production

Reactive oxygen species (ROS) production was investigated
by dihydroethidium (DHE) staining. For in vitro experiments,
MPCS5 cells were seeded in a glass-bottom cell culture dish
and incubated with DHE (S0063, Beyotime) for 1 h at 37°C,
followed by DAPI staining. The cells were then washed with
PBS and examined under a fluorescence microscope.

Measurement of Oxidative Stress

We obtained cell lysates of podocytes and stored them
at —80°C in a refrigerator. We used a commercial kit to
measure malondialdehyde (MDA), superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GSH-Px)
activities (S0131S, S0109, S0051, and S0056, Beyotime,
Shanghai, China). We followed a previously published pro-
tocol to estimate the amount of oxidative stress.'

Quantitative Reverse Transcription Polymerase Chain
Reaction (RT-gPCR)

Total RNA was isolated from kidney tissues using TRIzol
reagent (Invitrogen, USA). After reverse transcription, com-
plementary DNA (cDNA) was generated from the total RNA.
To amplify the mRNA using Real-Time Quantitative PCR
(RT-gPCR), SYBR Green reagent (TaKaRa, Japan) was used
in an ABI Prism 7700 Real-Time PCR apparatus (Applied
Biosystems, USA). The normalization of the relative gene
expression to the internal control, GADPH,'® was accom-
plished by employing the 224" formula. The design of
primers for Mouse Collagen I, Mouse Collagen IV, Mouse
Fibronectin, Mouse TGF-1, Mouse a-SMA, Mouse GPX4,
Mouse SLC7A11, Mouse ACSL4, and Mouse GAPDH was
conducted using the NCBI Primer-Blast Tool (https:/www.
ncbi.nlm.nih.gov/tools/primer-blast/), as detailed in Table 1.
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Table I. List of Oligonucleotide Primer Sequences Used in This Study.

Genes Forward primer (5'-3') Reverse primer (5'-3') Size (bp)
Mouse collagen | GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG 103
Mouse collagen IV CTGGACCCAAAGGCTCTCCG GCCGATGTCTCCACGACT 95
Mouse fibronectin CTGGTGGCTACATGTTAGAG CTGCGGTTGGTAAATAGCTG 410
Mouse TGF-$1 AGCAACAATTCCTGGCGTTACCTT CCTGTATTCCGTCTCCTTGGTTCAG 124
Mouse a-SMA GTCCCAGACATCAGGGAGTAA TCGGATACTTCAGCGTCAGGA 102
Mouse GPX4 ATAAGAACGGCTGCGTGGTGAAG TAGAGATAGCACGGCAGGTCCTTC 82
Mouse SLC7AI | TGGATGCTGTGCTTGGTCTTGATG CTGCCTGCTGTACCGTGGTTATG 80
Mouse ACSL4 GGCTATGACGCCCCTCTTTG GAATCGGTGTGTCTGAGGGG 120
Mouse GAPDH TGGTGAAGGTCGGTGTGAAC TTCCCATTCTCGGCCTTGAC 190

Western Blotting

Protein samples were acquired after cellular breakdown using
RIPA lysis buffer (Beyotime Biotechnology, Shanghai,
China). A BCA kit (Beyotime) was used to determine protein
concentration, followed by the addition of an equal volume of
protein (40 pg), which was then combined with loading buffer
(Beyotime) and subjected to denaturation in a boiling water
bath for 3 min. Upon the arrival of bromophenol blue in the
separation gel, electrophoresis was performed at 80 V for
30 min, followed by a subsequent period of 1-2 h at 120 V.
Proteins were transferred onto membranes in an ice bath at
300 mA for 60 min. After rinsing the membranes for 1-2 min
with a washing solution, they were either inactivated for 1 h at
room temperature or sealed overnight at 4°C. Membranes
were incubated with primary antibodies against p-PI3K
(Tyr458) (1:500, ab278545, rabbit monoclonal, Abcam),
PI3K (1:500, ab302958, rabbit monoclonal, Abcam), p-Akt
(Serd473) (1:500, ab81283, rabbit monoclonal, Abcam), Akt
(1:500, ab8805, rabbit polyclonal, Abcam), GPX4 (1:500, sc-
166570, mouse monoclonal, Santa Cruz), SLC7A11 (1:500,
ab175186, rabbit monoclonal, Abcam), ACSL4 (1:500,
ab205199, rabbit monoclonal, Abcam), and GAPDH (1:2000,
ab9485, rabbit polyclonal, Abcam) on a shaking table for 1 h
at room temperature. The membranes underwent a series of
washing steps using a washing solution thrice within a 10-
minute before and after 1 h of exposure to the secondary
antibody at ambient temperature. Subsequently, the mem-
branes were introduced into the developing solution, and
observations were performed using chemiluminescence im-
aging analysis equipment (Gel Doc XR, Bio-Rad).

Statistical Analysis

All data are expressed as the mean + standard deviation (SD)
of at least three distinct experiments. Statistical analyses were
performed using GraphPad Prism software version 9.0. Two-
tailed unpaired Student’s t-tests were performed to evaluate
statistical differences between the two groups. One-way
ANOVA was used to analyze the differences between three
or more groups, and post hoc comparisons among groups were

performed using the least significant difference (LSD)
method. Statistical one-tailed significance was defined as
#/2P < .05, ##P < .01, ###/***/ $$$ P < .001.

Results

API Shows No Liver and Kidney Toxicity and Lowers
Blood Pressure in Ang Il-Induced Mice

To investigate the adverse effects of API, mice were intra-
peritoneally injected with saline and API (20 mg/kg/day) for
28 consecutive days, and hepatic and renal tissues were
stained with hematoxylin and eosin (HE). The results showed
no adverse effects of API on the hepatic and renal tissues
(Figure 1B). Moreover, hepatic and renal functions were
evaluated by measuring related indicators in the serum of
mice, including alanine aminotransferase (ALT), aspartate
aminotransferase (AST), creatinine, and blood urea nitrogen
(BUN), using an enzymatic assay. We did not observe any
adverse effects of API on the ALT, AST, creatinine, and BUN
(Figure 1C and D).

To examine the in vivo systemic toxicity of API, mice were
subcutaneously infused with Ang II (2.0 mg/kg/day) and
intraperitoneally injected with API (20 mg/kg/day) for
28 days, and the control mice were subcutaneously infused
with the same volume of saline. Blood pressure was measured
using the tail-cuff technique, and the results indicated that Ang
I infusion led to an elevation in systolic blood pressure (SBP),
diastolic blood pressure (DBP), and mean arterial blood
pressure (MAP) in mice. However, treatment with Ang II +
API reduced these values (Figure 1E-G).

API Improves the Renal Hypertrophy Index and Renal
Function in Ang ll-Induced Mice

This study examined of API impact on both the renal hy-
pertrophy index and renal function. Murine subjects received
subcutaneous administration of Ang II at a dose of 2.0 mg/kg/
day or equivalent saline through osmotic mini-pumps over
28 days. Additionally, the mice were intraperitoneally ad-
ministered API at a dose of 20 mg/kg/day or equivalent saline
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Figure |. APl Shows No Liver and Kidney Toxicity and Reduces Blood Pressure in Ang ll-Infused Mice. (A) Chemical Structure, Molecular
Weight, and Chemical Formula of API. (B) The Hepatic and Renal Tissues Were Stained With Hematoxylin and Eosin (HE) (200%). (C, D)
Hepatic and Renal Function Were Evaluated by Measuring Related Indicators in Serum of Mice, including ALT, AST, Scr and BUN. (E) Systolic
Blood Pressure. (F) Diastolic Blood Pressure. (G) Mean Artery Blood Pressure. Data Are Presented as Mean * SD (n = 8 in Each Group), and
Analyzed Using ANOVA. *#P < 001 vs Control Group; #P < .05, ##P < .0l,, ###P < 0.001 vs Ang Il Group. API, Apigenin; ALT, Alanine
Transaminase; AST, Aspartate Transaminase; Scr, Serum Creatinine; BUN, Blood Urea Nitrogen; Ang Il, Angiotensin IlI; SBP, Systolic Blood
Pressure; DBP, Diastolic Blood Pressure, MAP, Mean Arterial Pressure.

two hours before the commencement of Ang II infusion. The
results showed that Ang II infusion decreased body weight
(BW) and increased kidney weight (KW) and the renal hy-
pertrophy index (KW/BW). However, treatment with Ang I +
API reversed these effects (kidney weight, P < .01; body
weight, P < .001) (Figure 2A—C). Histological analysis of
renal tissues showed that Ang II + API treatment improved
renal function in mice (Figure 2D). Moreover, Ang II + API
treatment significantly inhibited serum creatinine (Scr), blood
urea nitrogen (BUN), and serum cystatin C (Cys-C) levels (all,
P < .001), which were increased by Ang Il-induced
(Figure 2E-G). These findings suggest that API treatment
improves the hypertrophy index and renal function of mice
infused with Ang IL

API Suppresses Renal Fibrosis and Inhibits the Expression
of Fibrosis-Related Genes in Ang ll-Infused Mice
To study the impact of API on Ang II-induced renal fibrosis

and molecule expression, mice were subcutaneously infused
with Ang II (2.0 mg/kg/day) and intraperitoneally injected

with API (20 mg/kg/day) or the same volume of saline two
hours before the start of Ang II infusion. We performed
paraffin-embedded kidney tissues and stained them with
Masson trichrome. The results indicated that Ang II signifi-
cantly increased the renal fibrotic area, whereas Ang I + API
remarkably attenuated this effect (Figure 3AandB). RT-qPCR
was performed to measure mRNA expression of several fi-
brotic markers including Collagen I (COL1A1), Collagen IV
(COL4A1), Fibronectin, Transforming growth factor beta 1
(TGF-B1), and a-smooth muscle actin (a-SMA). The results
demonstrated that Ang II + API inhibited the expression of
Collagen I, Collagen IV, Fibronectin, TGF-B1, and a-SMA
(all, P < .001) (Figure 3C-G).

API Reduces Ang ll-Induced Podocyte Injury and
Modulates the PI3K/Akt Pathway

This study aimed to examine the possible effects of API on
Ang Il-induced podocyte injury. Mouse podocyte cell 5
(MPCS5) was treated with different concentrations of API (0, 1,
5, 10, 20, and 50 uM) for 4 h, and MTT assay was performed
to measure cell viability. The results showed that, with
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Figure 2. APl Improves the Morphological Changes, Renal Hypertrophy Index and Renal Function of Ang ll-Infused Mice. (A) The Renal
Tissues of Mice Were Stained With HE (400x). (B) Body Weight (BW) of Mice. (C) Kidney Weight (KW) of Mice. (D) Renal Hypertrophy
Index (KW/BW) of Mice. (E) Serum Creatinine (Scr). (F) Blood Urea Nitrogen (BUN). (G) Serum Cystatin C (Cys-C). Data Are Presented as
Mean + SD (n = 8 in Each Group). **P <. 001 vs Control group;##P < .01, ###P < .00 vs Ang Il Group.

increasing API dose, the cell viability rate gradually decreased
(Figure 4A). MPCS5 cells were pretreated with API (1, 5, 10,
and 20 uM) for 2 h, followed by incubation with Ang II (1 uM)
for 24 h. The MTT assay was used to measure the cell viability.
We observed that an increase in API dose improved the cell
viability rate (Figure 4B). In addition, to investigate PI3K/Akt
pathway protein expression, MPCS5 cells were pretreated with
API (20 uM) for 2 h, followed by incubation with Ang II
(1 uM) for a further 24 h and analyzed by western blotting.
The results indicated that the Ang II + API group showed
improved the p-P13 K and p-Akt protein expression, while
decreasing them in the Ang II group (Figure 4C). After
quantifying the protein bands of p-PI3K (normalized to total
PI3K protein) and p-Akt (normalized to total Akt protein), we
observed the same consistent expression pattern (Figure 4D).

API Attenuates Ang Il-Induced Apoptosis

MPCS podocytes were pretreated with API (20 pM) or the PI3K/
Akt pathway inhibitor LY294002 (10 uM) for 2 h, followed by

incubation with Ang II (1 uM) for 24 h. Apoptosis was evaluated
using Annexin V-FITC double staining and flow cytometry. The
results demonstrated that Ang II stimulated the apoptotic rate,
which was reduced in the Ang II + API group. However,
treatment ~ with  the  PI3K/Akt pathway inhibitor
LY294002 increased the apoptotic rate in the Ang I + API group
(Figure 5A). Quantification of the apoptotic rate was calculated
as the sum of the lower right quadrant and the upper right
quadrant, and consistent results were observed (Figure 5B).

APl Reduces Ang ll-Induced Intracellular ROS
Generation and Oxidative Stress

MPCS5 podocytes were pretreated with API (20 uM) or the
PI3K/Akt pathway inhibitor LY294002 (10 uM) followed by
24 h of incubation with Ang II (1 puM). Intracellular ROS
production in podocytes was evaluated using DHE staining.
The Ang II group showed elevated ROS production, which was
inhibited in the Ang II + API group. LY294002 treatment re-
stored ROS production in the Ang IT + API group (Figure 6A).
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Figure 3. API Suppresses Renal Fibrosis and Modulates the Expression of Fibrosis-Related Genes in Ang ll-Infused Mice. (A) Paraffin-
Embedded Kidney Tissues Were Stained With Masson Trichrome (200x%). (B) Quantitative Analysis of the Extent of Renal Fibrosis by
Calculating the Percentage of Masson Collagen Area. RT-qPCR was Performed to Determine the mRNA Expression of Fibrosis-Related
Genes: (C) Collagen | (COLIALI), (D) Collagen IV (COL4Al), (E) Fibronectin, (F) TGF-B1, and (G) a-SMA. Data Are Presented as Mean + SD
(n = 8 in Each Group). ¥**P < .001 vs Control Group; ###P < .00! vs Ang Il Group. TGF-B1, Transforming Growth Factor-B1; a-SMA,

o-smooth Muscle Actin.

Quantification of the percentage of DHE + cells relative to
DAPI + cells showed a similar trend (P < .001) (Figure 6B).
Oxidative stress indicators were measured in the cell lysates
using an enzymatic assay. MDA levels increased in the Ang II
group but decreased in the Ang II + API group. Additionally,
LY?294002 treatment improved MDA levels in the Ang II + API
group (P <.001) (Figure 6C). As for SOD and GSH-Px levels,
their expression levels were found to be reversed compared to
MDA (all, P < .001) (Figure 6DandE).

API Attenuates Ang ll-Induced Ferroptosis by Activation
of the PI3K/Akt Pathway

The levels of mitochondrial ferrous iron were measured using
MitoFerroGreen staining. The results showed that the Ang II
group had elevated levels of mitochondrial ferrous iron, which

was reduced in the Ang II + API group. Furthermore, treatment
with the PI3K/Akt pathway inhibitor LY294002 increased
mitochondrial ferrous iron levels in the Ang I1+ API group (P <
.001) (Figure 7A). The percentage of FerroGreen + cells relative
to DAPI + cells was quantified. Consistent expression levels of
mitochondrial ferrous iron were observed (P < 0.001)
(Figure 7B).

APl Regulates Ferroptosis-Related mRNA and Protein
Expression by Activation of the PI3K/Akt Pathway

RT-qPCR was used to measure the mRNA expression of
ferroptosis-related genes including GPX4, SLC7A11, and
ACSLA. The results showed that the Ang II group had increased
GPX4 mRNA levels, which were reduced in the Ang Il + API
group. However, treatment with the PI3K/Akt pathway inhibitor
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LY294002 significantly increased GPX4 mRNA levels in the
Ang I + API group (P < .001) (Figure 8A). The expression
levels of SLC7A11 and ACSL4 were reversed compared to
those of GPX4 (all P < .001) (Figure 8BandC).
Additionally, we examined the expression of ferroptosis-
related proteins by western blot analysis. We found that the
Ang II group had increased GPX4 protein levels, which were
decreased in the Ang I1 + API group. However, treatment with
the PI3K/Akt pathway inhibitor LY294002 increased
GPX4 protein levels in the Ang Il + API group. Similarly, the
expression levels of SLC7A11 and ACSL4 were reversed
compared to those of GPX4 (Figure 8D). Quantitative analysis
of these proteins revealed consistent expression trends in
MPCS5 podocytes (all, P < .001) (Figure 8E,F and G).

Discussion

The current study demonstrated how API affect ferroptosis
and hypertensive renal injury. Our data showed that API
significantly attenuated blood pressure and MAP, and im-
proved the renal hypertrophy index and renal function in Ang
II-treated mice. API significantly inhibited renal fibrosis and
expression of Collagen I, Collagen IV, Fibronectin, TGF-$1,

and a-SMA. In addition, API reduced Ang Il-induced po-
docyte injury, apoptosis, intracellular ROS generation, oxi-
dative stress, and ferroptosis by activating the PI3K/Akt
pathway. Further, API regulates ferroptosis-related mRNA
and protein expression by activating the PI3K/Akt pathway.
Thus, these results indicate that API could have a significant
therapeutic impact on hypertensive renal injury and fibrosis.

Ferroptosis is a type of regulated cell death characterized
by iron-dependent lipid peroxidation and is associated with
various kidney diseases, including hypertensive nephropathy.
Oxidative stress and inflammation caused by hypertension can
intensify ferroptosis, resulting in the death of renal tubular
cells and worsening of kidney damage.”® The primary
mechanisms include reduction of glutathione, suppression of
GPX4, and buildup of lipid peroxides.'”'® Research has
shown that triggering ferroptosis can hinder the growth,
proliferation, and survival of tumor cells, suggesting its po-
tential as a cancer treatment strategy.'”*° Nonetheless, the
current study found that API, a natural flavonoid, prevented
ferroptosis in renal cells under hypertensive conditions. API
notably influenced the expression of genes related to fer-
roptosis, such as GPX4, SLC7All, and ACSL4 in
MPCS5 podocytes. This supports existing evidence that
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ferroptosis is crucial in hypertensive kidney injury and in-
dicates that targeting ferroptosis could be an effective thera-
peutic approach.

The PI3K/Akt pathway is a well-recognized signaling cas-
cade that plays a crucial role in various cellular functions such as
enhancing cell survival, reducing oxidative stress, and pre-
venting apoptosis.”' This pathway operates by phosphorylating
downstream targets and is named after two key genes, PI3K and
AKT.* Its main functions are to support metabolism, cell
survival, proliferation, and angiogenesis in response to external
signals.”*** Previous studies have indicated that activation of
the PI3K/Akt pathway aids in maintaining cellular redox bal-
ance and prevents ferroptosis by modulating antioxidant de-
fenses and lowering ROS levels.>® Furthermore, in kidney
injury cases, activation of this pathway shields against cellular
damage by boosting antioxidant defenses and reducing in-
flammatory responses.””>* However, our study revealed that
API triggered the PI3K/Akt pathway, which subsequently in-
hibited ferroptosis. This observation aligns with earlier studies
demonstrating that PI3K/Akt activation can alleviate renal in-
jury by decreasing oxidative stress, ROS production, and
apoptosis.

API is known for its anti-inflammatory, antioxidant, and anti-
apoptotic properties. It has been studied in various models of
kidney injury, including diabetic nephropathy and ischemia-
reperfusion injury, and exerts protective effects by modulating
oxidative stress and inflammatory pathways.**’ Emerging evi-
dence suggests that the PI3K/Akt pathway can regulate ferroptosis
by modulating cellular redox balance and lipid metabolism. For
example, Akt activation can upregulate antioxidant enzymes such
as GPX4, which plays a key role in preventing lipid peroxidation
and ferroptosis.**>" This study adds to the body of knowledge by
demonstrating that API specifically inhibit ferroptosis through
PI3K/Akt activation. This novel mechanism suggests that API
could be a promising therapeutic agent for hypertensive kidney
injury, particularly in cases in which ferroptosis is a major driver of
renal damage. Moreover, our study provides mechanistic evidence
that the API-mediated activation of PI3K/Akt suppresses fer-
roptosis in renal cells. This aligns with the current understanding of
the protective role of PI3K/Akt in ferroptosis and highlights its
potential as a therapeutic target for hypertensive kidney injury.

Hypertensive kidney injury is a major contributor to
chronic kidney disease (CKD) and end-stage renal disease
(ESRD). Current treatments focus on blood pressure control
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and renin-angiotensin system inhibition, but there is aneed for novel therapeutic approach for hypertensive kidney injury.
therapies that directly target the cellular mechanisms of injury, ~ This is particularly relevant, given the limited treatment op-
such as ferroptosis.*® The present study suggests that APL, by  tions currently available to prevent the progression of hy-
inhibiting ferroptosis through PI3K/Akt activation, could be a  pertensive nephropathy.
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Limitations

Our research has various constraints that require acknowl-
edgement. First, we did not assess the API efficacy in a dose-
dependent manner. In future studies, we could determine the
effects of API in a dose-dependent manner. Second, female
mice were omitted from the in vivo experiments to explore how
API protects against Ang II-induced hypertensive renal damage
and fibrosis. Further investigation is needed to include female
mice and compare how API protects against Ang Il-induced
hypertensive renal damage and fibrosis with that of male mice.
Third, the 28-day observation period was relatively short for
evaluating the chronic effects and potential rebound phenom-
ena. Future studies should extend the observation period to
provide more comprehensive insight. Fourth, the underlying
discoveries of our research are yet to be validated independently
in either preclinical or clinical environments. Further investi-
gation is required to elucidate the mechanism by which API
prevents Ang Il-induced hypertensive renal injury and fibrosis.
Notwithstanding these limitations, our study presents sub-
stantial evidence of the protective properties of API against
hypertensive renal injury and fibrosis, both in vivo and in vitro.

Conclusions

The current study investigated the potential protective effect of API
against renal injury and fibrosis induced by Ang II both in vivo and
in vitro. Our findings showed that API intervention effectively
suppressed Ang Il-induced hypertensive renal injury and fibrosis

by activating the PI3K/Akt pathway. Further research is required to
validate these findings in preclinical and clinical settings.

Acknowledgements

We appreciate the funding of this research by the Researchers Sup-
porting Project (Tszb2023-15) at Shanghai University of Medicine and
Health Science Affiliated Zhoupu Hospital in Shanghai, China.

ORCID iD

Jianwei Wan @ https://orcid.org/0009-0005-5440-4179

Statements and Declarations

Ethical Approval

This study was approved (KCZX20241225-001) by Shanghai Pu-
dong Hospital Ethics Committee. The authors envisaged all standard
protocols in accordance with the 1964 Declaration of Helsinki. All
methods carried out in this study were in accordance with ARRIVE
guidelines.

Authors’ contribution

Haina Zhang: Conceptualization, Methodology, Investigation, Formal
analysis, Data curation, Writing - original draft. Yanhua Cao and Litong
Jiao: Methodology, Formal analysis, Data curation, Visualization. Jianwei
Wan: Supervision, Funding acquisition, Data curation, Conceptualization.

Funding
The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This study


https://orcid.org/0009-0005-5440-4179
https://orcid.org/0009-0005-5440-4179

Dose-Response: An International Journal

was supported by the 2023 Annual Key Discipline/Specialty (Dis-

ease)/Multidisciplinary Joint Diagnosis and Treatment Center Con-
struction Project (Tszb2023-15).

Conflicting Interests
The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Data Availability Statement
Due to confidentiality issues, the datasets generated and/or analyzed

during the current work are not publicly available but are available
from the corresponding author upon reasonable request.

References

1.

10.

11.

12.

13.

Mills KT, Stefanescu A, He J. The global epidemiology of
hypertension. Nat Rev Nephrol. 2020;16(4):223-237.
Stockwell BR, Friedmann Angeli JP, Bayir H, et al. Ferroptosis:
a regulated cell death nexus linking metabolism, redox biology,
and disease. Cell. 2017;171(2):273-285.

Stockwell BR, Jiang X. The chemistry and biology of ferrop-
tosis. Cell Chem Biol. 2020;27(4):365-375.

Brenner BM, Cooper ME, de Zeeuw D, et al. Effects of losartan on
renal and cardiovascular outcomes in patients with type 2 diabetes
and nephropathy. N Engl J Med. 2001;345(12):861-869.

Wang Y, Feng Y, Li M, et al. Traditional Chinese medicine in the
treatment of chronic kidney diseases: theories, applications, and
mechanisms. Front Pharmacol. 2022;13:917975.

Salehi B, Ata A, Anil Kumar N, et al. Antidiabetic potential of
medicinal plants and their active components. Biomolecules.
2019;9(10):551.

Gopallawa I, Lee RJ. Targeting the phosphoinositide-3-kinase/
protein kinase B pathway in airway innate immunity. World J
Biol Chem. 2020;11(2):30-51.

LiJ, Cao F, Yin HL, et al. Ferroptosis: past, present and future.
Cell Death Dis. 2020;11(2):88.

Zhang X, Tian B, Cong X, Ning Z. Corilagin inhibits angio-
tensin Il-induced atrial fibrosis and fibrillation in mice through
the PI3K-Akt pathway. [ran J Basic Med Sci. 2024;27:717-724.
Popovi¢ M, Caballero-Bleda M, Benavente-Garcia O, Castillo J.
The flavonoid apigenin delays forgetting of passive avoidance
conditioning in rats. J Psychopharmacol. 2014;28:498-501.
Su H, Wang J, Zhu Y, Wang G, Cheng X. Discrepancy among
three blood pressure readings within one measurement and rel-
evant influencing factors. Blood Press Monit. 2010;15:152-157.
Gharbi SI, Zvelebil MJ, Shuttleworth SJ, et al. Exploring the
specificity of the PI3K family inhibitor LY294002. Biochem J.
2007;404:15-21.

Li L, Hou X, Xu R, Liu C, Tu M. Research review on the
pharmacological effects astragaloside IV. Fundam Clin Phar-
macol. 2017;31:17-36.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ma JY, Zhang WX, Chen H, Jiang Y, Tu P, Ding H. The
protective effects of echinacoside on oxidative stress injury in
vascular dementia rats. Chin Pharmacol Bull. 2014;30:638-642.
Lim W, An'Y, Yang C, Bazer FW, Song G. Chrysophanol induces cell
death and inhibits invasiveness via mitochondrial calcium overload in
ovarian cancer cells. J Cell Biochem. 2018;119:10216-10227.
Pfaffil MW. A new mathematical model for relative quantifi-
cation in real-time RT-PCR. Nucleic Acids Res. 2011;29:e45.
Wang H, Xie Y. Advances in ferroptosis research: a compre-
hensive review of mechanism exploration, drug development,
and disease treatment. Pharmaceuticals. 2025;18(3):334.

Dai Y, Cui C, Jiao D, Zhu X. JAK/STAT signaling as a key
regulator of ferroptosis: mechanisms and therapeutic potentials
in cancer and diseases. Cancer Cell Int. 2025;25:83.

Li D, Li Y. The interaction between ferroptosis and lipid meta-
bolism in cancer. Signal Transduct Target Ther. 2020;5:108.
Mou Y, Wang J, Wu J, et al. Ferroptosis, a new form of cell death:
opportunities and challenges in cancer. J Hematol Oncol. 2019;12:34.
Janku F, Yap TA, Meric-Bernstam F. Targeting the PI3K
pathway in cancer: are we making headway? Nat Rev Clin
Oncol. 2018;15:273-291.

Chen M, Choi S, Wen T, et al. A p53-phosphoinositide signalosome
regulates nuclear AKT activation. Nat Cell Biol. 2022;24:1099-1113.
Hoxhaj G, Manning BD. The PI3K-AKT network at the in-
terface of oncogenic signalling and cancer metabolism. Nat Rev
Cancer. 2020;20:74-88.

Alzahrani AS. PI3K/Akt/mTOR inhibitors in cancer: at the
bench and bedside. Semin Cancer Biol. 2019;59:125-132.

Su H, Peng C, Liu Y. Regulation of ferroptosis by PI3K/Akt
signaling pathway: a promising therapeutic axis in cancer. Front
Cell Dev Biol. 2024;12:1372330.

Xu C, Chang W, Jiang H, et al. Calycosin induces ferroptosis by
SLC7A11 through the PI3K/Akt pathway in acute myelocytic
leukemia. Rev Bras Farmacogn. 2024;34:776-784.

Huen SC, Cantley LG. Macrophages in renal injury and repair.
Annu Rev Physiol. 2017;79:449-469.

Wang H, Gao L, Zhao C, et al. The role of PI3K/Akt signaling
pathway in chronic kidney disease. Int Urol Nephrol. 2024;
56(8):2623-2633.

Li P, Bukhari SNA, Khan T, et al. Apigenin-loaded solid lipid
nanoparticle attenuates diabetic nephropathy induced by
streptozotocin nicotinamide through Nrf2/HO-1/NF-kB sig-
nalling pathway. Int J Nanomedicine. 2020;15:9115-9124.
Yang WS, Stockwell BR. Ferroptosis: death by lipid perox-
idation. Trends Cell Biol. 2016;26(3):165-176.

Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular
mechanisms and health implications. Cell Res. 2021;31(2):107-125.
Webster AC, Nagler EV, Morton RL, Masson P. Chronic kidney
disease. Lancet. 2017;389(10075):1238-1252.



	Apigenin Inhibits Cell Ferroptosis by Activating the PI3K/Akt Pathway and Alleviates Renal Injury Caused by Hypertension
	Introduction
	Materials and Methods
	Animals
	Mouse Model of Hypertensive Nephropathy
	Measurement of Blood Pressure
	Body Weight Measurement
	Liver and Renal Function
	Histology
	Cell Culture
	Experimental Grouping
	MTT Assay
	Cell Apoptosis Assay
	Immunofluorescence
	Measurement of ROS Production
	Measurement of Oxidative Stress
	Quantitative Reverse Transcription Polymerase Chain Reaction (RT
	Western Blotting
	Statistical Analysis

	Results
	API Shows No Liver and Kidney Toxicity and Lowers Blood Pressure in Ang II-Induced Mice
	API Improves the Renal Hypertrophy Index and Renal Function in Ang II-Induced Mice
	API Suppresses Renal Fibrosis and Inhibits the Expression of Fibrosis
	API Reduces Ang II
	API Attenuates Ang II-Induced Apoptosis
	API Reduces Ang II
	API Attenuates Ang II
	API Regulates Ferroptosis

	Discussion
	Limitations
	Conclusions
	Acknowledgements
	ORCID iD
	Statements and Declarations
	Ethical Approval

	Authors’ contribution
	Funding
	Conflicting Interests
	Data Availability Statement
	References


