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Xanthohumol attenuates renal ischemia/reperfusion
injury by inhibiting ferroptosis
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Abstract. Ischemia/reperfusion injury (IRI) is a notable
contributor to kidney injury, but effective prevention and
treatment options are limited. The present study aimed to
evaluate the impact of xanthohumol (XN), a kind of flavo-
noid, on renal IRI and its pathological process in rats. Rats
and HK-2 cells were divided into five groups: Sham (control),
IR [hypoxia-reoxygenation (HR)], IR (HR) + XN, IR (HR) +
erastin or IR (HR) + XN + erastin. The effects of XN and
erastin (a ferroptosis inducer) on IRI in rats were evaluated
using blood urea nitrogen, plasma creatinine, glutathione,
superoxide dismutase and malondialdehyde kits, western
blotting, cell viability assay, hematoxylin and eosin staining
and reactive oxygen species (ROS) detection. Nrf2 small
interfering (si)RNA was used to investigate the role of the
Nrf2/heme oxygenase (HO)-1 axis in XN-mediated protection
against HR injury. Cell viability, ROS levels and expression of
ferroptosis-related proteins were analyzed. Following IR, renal
function of rats was severely impaired and oxidative stress
and ferroptosis levels significantly increased. However, XN
treatment decreased renal injury and inhibited oxidative stress
and ferroptosis in renal tubular epithelial cells. Additionally,
XN upregulated the Nrf2/HO-1 signaling pathway and
Nrf2-siRNA reversed the renoprotective effect of XN. XN
effectively decreased renal IRI by inhibiting ferroptosis and
oxidative stress and its protective mechanism may be associ-
ated with the Nrf2/HO-1 signaling pathway.
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Introduction

Acute kidney injury (AKI) is a common clinical syndrome
characterized by rapid-onset kidney function damage, which
leads to chronic and end-stage kidney disease (1). Renal
ischemia/reperfusion injury (RIRI) is the primary pathogenic
mechanism underlying AKI in which the renal blood supply
is constrained and then restored (2). Reactive oxygen species
(ROS) overproduction, neutrophil-endothelial cell adhesion
and alterations to the microenvironment are the primary
pathological mechanisms of RIRI (3,4). Oxidative stress and
ferroptosis play crucial roles in RIRI (5-8).

Ferroptosis is a type of cell death that occurs due to
iron-dependent lipid peroxidation (9). Ferroptosis was first
proposed by Dixon et al (10) to describe a form of programmed
cell death dependent on cellular iron ions that occurs after
treatment with the small molecule compound erastin. Erastin
inhibits cystine uptake that leads to depletion of reduced gluta-
thione (GSH), hindering the antioxidant capacity of glutathione
peroxidase 4 (GPX4), causing an imbalance of intracellular
redox levels and inability to eliminate lipid peroxidation
products (10). Tuo et al (5) showed that ferroptosis inhibitors
ferrostatin-1 and liproxstatin-1 notably decrease the infarc-
tion volume caused by cerebral IRI in rats by limiting lipid
peroxidation and inhibiting ferroptosis. In addition, a previous
study confirmed the role of ferroptosis in the pathogenesis of
IRI-mediated kidney injury (11). Tao et al (12) confirmed that
decreased lipid peroxidation and ferroptosis inhibition can
reduce RIRI.

Various fruits, vegetables and plant-based foods such as
quercetin, citrus, soy and tea contain flavonoids, compounds
that exhibit renal-protective effects by chelating redox-active
metals, which inhibit lipid peroxidation (13). Xanthohumol
(XN), the primary active ingredient in hops, is a flavonoid
with various biological properties, including antioxidation,
antitumor and antibacterial properties (14,15). Previous studies
have shown that XN promotes neuronal differentiation and
neurite growth and serves a neuroprotective role against
ischemic stroke in rats (16,17). To the best of our knowledge,
however, the renal protective effect of XN has not been reported.
The present study aimed to investigate whether XN alleviates
IR-induced ferroptosis and its underlying mechanisms.
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Materials and methods

Chemicals. XN was purchased from Shanghai Macklin
Biochemical Co., Ltd. (cat. no. 6754-58-1). Erastin was
purchased from MedChemExpress (cat. no. HY-15763).

Animals. A total of 30 male Sprague-Dawley rats (age, 6
weeks old; weight, 200-220 g) were obtained from the Animal
Center of Wuhan University, Wuhan, China. The rats were
maintained with standard feeding conditions including food
and water ad libitum, a 12 h light/dark cycle, 20-25°C and
50-65% humidity.

RIRI model. Rats were fasted for 8 h before surgery. All rats
were randomly divided into five groups (six rats per group):
Sham, IR, IR + XN, IR + erastin or IR +XN + erastin groups.
To explore the effect of XN on RIRI, XN group rats were
intraperitoneally injected with 0.4 mg/kg XN (16) 10 min
before IR. The erastin group rats were intraperitoneally
injected with 10 mg/kg erastin (18) 10 min before IR. A total
of 50 mg/kg pentobarbital sodium was injected intraperito-
neally to induce anesthesia before surgery. The limbs of the
rats were fixed and the surgical skin area was disinfected.
The renal pedicle was exposed via abdominal incision, and
bilateral renal arteries were clamped for 45 min. The hemo-
static forceps were loosened during reperfusion and the color
change of the kidney was observed. After blood flow returned
to normal, the incision was sutured. The sham group only
underwent abdominal incision without clamping the renal
pedicle. After 24 h, rats were humanely euthanized under
anesthesia by intraperitoneal injection with 1% pentobarbital
sodium (150 mg/kg). Rat kidneys were harvested and serum
samples were collected.

Cell culture. HK-2 cells, a human renal tubular epithelial
cell line, were obtained from the National Collection of
Authenticated Cell Cultures (Beijing, China). HK-2 cells
were cultured in DMEM (cat. no. 12430112) with 1% peni-
cillin-streptomycin solution (cat. no. 15140122) and 10% fetal
bovine serum (cat. no. 16140089; all Gibco; Thermo Fisher
Scientific, Inc.). Cells were cultured in a 37°C incubator with
5% CO,. All cells were randomly divided into five groups:
Control, IR, IR + XN, IR + erastin or IR + XN + erastin.

Hypoxia-reoxygenation (HR) model. Following starvation in
serum-free DMEM for 12 h at 37°C, HK-2 cells were trans-
ferred to a 37°C tri-gas incubator containing 95% N, to induce
hypoxia for 8 h.

Treatment protocols in vitro. To investigate the effect of ferrop-
tosis and XN, HK-2 cells were incubated with 10 xuM XN (19)
or erastin (20) at the beginning of reoxygenation. HK-2 cells
were transfected with either control small interfering RNA
(si-con; GenePharma Co., Ltd.) or Nrf2 siRNA (si-Nrf2;
GenePharma Co., Ltd.) for 48 h before IR to evaluate the effect
of Nrf2. The HK-2 cells were transfected with si-Nrf2 (5'-GCA
CCUUAUAUCUCGAAGUTT-3") or non-targeting scrambled
(used as si-con) oligonucleotides (5'-UUCUCCGAACGUGUC
ACGUTT-3") using Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the instructions provided

by the manufacturer. The cells were subjected to treatment
24 h after transfection.

Cell viability assay. Cell viability assay was performed
using Cell Counting Kit-8 (CCK-8; cat. no. C0038; Beyotime
Institute of Biotechnology). HK-2 cells were transferred into
96-well plates at a density of 1x10* cells/well and cultured for
12 h in a 37°C thermostatic incubator. Following treatment
with either XN or erastin for 4 h, 10 ul CCK-8 solution was
added to the 96-well plates and cells were incubated for 1 h.
A microplate reader (PerkinElmer, Inc.) was used to measure
absorbance at 450 nm.

Renal function and histopathological analysis. Renal func-
tion was measured using serum creatinine (Scr) and blood
urea nitrogen (BUN). Serum was separated by centrifugation
at 3,000 x g and at 4°C, and Scr and BUN levels were deter-
mined by staff at the Clinical Laboratory of Renmin Hospital
of Wuhan University, who were blinded to the treatments
given. Blood samples were stored at -80°C for analysis. Rat
kidney samples were collected and fixed in 4% formaldehyde
for 24 h at room temperature, dehydrated with 95% ethanol and
embedded in 55°C paraffin, and then cut into 4-ym sections.
The sections were stained with hematoxylin and eosin (H&E)
to assess the histopathological changes. The slides were stained
with hematoxylin, and incubated at room temperature for
4 min. The slides were incubated in water at 25°C for 30 min.
The slides were dehydrated in 100% ethanol for 10 min three
times, and were stained with eosin at room temperature for 4
min. The slides were dehydrated in 100% ethanol for 10 min
three times, and mounted under cover slips. The slides were
observed under x200 magnification using a light microscope
(Olympus Corporation). A total of five different fields of view
were observed. The severity of RIRI was assessed according
to Paller's score (21). The histopathological changes of kidney
tissue were analyzed and graded as follows: 0, no damage; 1,
mild damage, including rounded epithelial cells and dilated
tubular lumen; 2, moderate damage, including substantially
dilated lumen, flattened epithelial cells and nuclear staining
loss; and 3, severe damage, including destroyed tubules with
no nuclear staining of epithelial cells. The evaluation of histo-
logical data was performed by two independent observers,
blinded to the experimental group.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted using TRIzol® reagent (Vazyme Biotech
Co., Ltd.) in accordance with the manufacturer's instructions.
After quantification with a Nanodrop spectrophotometer
(Thermo Fisher Scientific, Inc.), 1 ug RNA sample was reverse
transcribed into cDNA (42°C, 2 min; 37°C, 15 min; 85°C,
5 sec) using a First Strand cDNA Synthesis kit (Thermo
Fisher Scientific, Inc.). Subsequently, the RT-qPCR assay was
performed based on the descriptions of a SYBR Premix Ex
Taq II kit (Vazyme Biotech Co., Ltd.) in an ABI PRISM 7700
Sequence Detection System (Applied Biosystems; Thermo
Fisher Scientific, Inc.). GAPDH was used as the internal refer-
ence to normalize mRNA expression levels. The calculation
of mRNA levels was executed using the 2244 method (22).
The qPCR thermocycling conditions were as follows: Initial
denaturation at 95°C for 30 sec, followed by annealing and
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Table I. Sequences of primer pairs for quantitative PCR.

Primer Forward (5'-3") Reverse (5'-3")

Nrf2 CCCAGCACATCCAGACAGAC TATCCAGGGCAAGCGACTC
Heme oxygenase-1 CCCTTCCTGTGTCTTCCTTTG ACAGCCGCCTCTACCGACCACA
GAPDH GACATGCCGCCTGGAGAAAC AGCCCAGGATGCCCTTTAGT

elongation for 39 cycles of 95°C for 15 sec, 60°C for 30 sec
and 72°C for 30 sec, and a final extension at 72°C for 2 min.
The primer sequences used in the present study are shown in
Table I.

Western blotting. The cells or tissues were lysed in ice-cold
modified RIPA lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 50 mM NaF, 0.5% deoxycholic acid, 1% NP-40, 1 mM
sodium orthovanadate and 0.1% SDS). The insoluble material
was then removed by centrifugation at 12,000 x g for 15 min
at 4°C. The protein concentration of each sample was measured
using a BCA kit (cat. no. A045-4-2; Nanjing Jiancheng
Bioengineering Institution). Total protein (10 ug/lane) was sepa-
rated using SDS-PAGE (10% gels) and transferred to a PVDF
membrane. Membranes were incubated with primary anti-
bodies against GPX4 (1:1,000; cat. no. 67763-1-Ig; Proteintech
Group, Inc.), long-chain acyl-CoA synthetase (ACSL4; 1:1,000;
cat. no. 22401-1-AP; Proteintech Group, Inc.), Nrf2 (1:1,000;
cat. no. 80593-1-RR; Proteintech Group, Inc.), heme oxygenase
(HO)-1 (1:1,000; cat. no. 10701-1-AP; Proteintech Group, Inc.)
or GAPDH (1:1,000; cat. no. 60004-1-Ig; Proteintech Group,
Inc.) overnight at 4°C following blocking with 5% BSA for 2 h
at room temperature (Beijing Solarbio Science & Technology
Co., Ltd.). Then, membranes were washed in TBS containing
0.1% Tween-20 and incubated for 2 h at room temperature
with corresponding secondary antibodies. The secondary
antibodies used were HRP-conjugated anti-rabbit (1:1,000;
cat. no. sc-2370) and anti-mouse (1:1,000; cat. no. sc-516102)
(Santa Cruz Biotechnology, Inc.) were used. The membranes
were visualized using an ECL kit (cat. no. W028-2-1; Nanjing
Jiancheng Bioengineering Institution) and band intensities
were quantified using ImageJ (version 1.8.0; National Institutes
of Health).

Detection of oxidative stress indicators. The kidney tissues
or HK-2 cells were homogenized and centrifuged at 4°C
for 10 min at 10,000 x g. Then, the activities of superoxide
dismutase (SOD), malondialdehyde (MDA) and GSH were
determined using commercial kits (cat. nos. S0131S, S0101S
and S0053, respectively; Beyotime Institute of Biotechnology)
based on the manufacturer's protocols and the OD values were
determined at 560 (SOD), 412 (GSH), 532 and 600 (MDA) nm,
respectively, using a microplate reader.

ROS levels in kidney tissues. Dihydroethidium (DHE) fluores-
cence probe (cat. no. D7008; Sigma-Aldrich; Merck KGaA)
was used to evaluate the level of ROS in the kidney tissues.
Kidney tissues were placed in optimal cutting temperature
embedding medium (Servicebio, Inc.), frozen for 3 min at -20°C
and cut into 30 pm-thick sections by a freezing microtome.

The DHE probe was dissolved in dimethyl sulfoxide and then
diluted with phosphate-buffered saline to a working solution
of 10 umol/l. DHE probe working solution (100 ul) was added
onto the surface of the section, which was then promptly
placed in a light-tight wet box for 30 min at 37°C, in order to
oxidize DHE and generate ethidium bromide (EB). The EB
binds to DNA in the cell nucleus to produce red fluorescence
under UV light. Subsequently, unreacted probes were washed
away and the sample was observed under a fluorescence
microscope. Under excitation at a wavelength of 490 nm and
an emission wavelength of 520 nm, the signal intensity of the
red fluorescence was observed. Microscopic imaging analysis
was adopted for image acquisition. Image-Pro Plus 6.0 (Media
Cybernetics, Inc.) was used for the quantitative analysis of the
fluorescence intensity of the image.

ROS levels of HK-2 cells. Intracellular ROS production was
assessed using a fluorescent probe, DCFH-DA, using flow
cytometric analysis, as previously described (23). Detection
of ROS was based on the fact that intracellular ROS are
able to oxidize DCFH, yielding the fluorescent product,
2'/7'-dichlorofluorescein (DCF). Following an incubation of
the cells with 0, 15, or 30 mM formate at 37°C for 24 h, the
supernatant was removed (300 x g at room temperature for
10 min), and the cells were washed with PBS three times.
The cells were subsequently harvested and suspended in PBS.
DCFH-DA (10 M final concentration) probe (cat. no. D6883;
Sigma-Aldrich; Merck KGaA) was added and the mixture
was incubated at 37°C for 15 min. Finally, ROS generation
was measured, according to the fluorescence intensity (FL-1;
530 nm) of 10* cells using a flow cytometer (FACSCalibur; BD
Biosciences).

Statistical analysis. GraphPad (version 8.0.1; Dotmatics) was
used to analyze experimental data. Data are presented as mean
+ the standard deviation from three independent experiments.
The comparisons between multiple groups were conducted by
one-way ANOVA followed by Tukey's post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

XN significantly decreases RIRI. In the sham group, the renal
tubular lumen was not dilated, glomerular structure was intact,
and the renal tubular epithelial cells were healthy. However, in
the IR group, there was a noticeable glomerular lesion, renal
tubular epithelial cells were flat, the renal tubular lumen was
occluded and there were instances of bleeding and cell abscis-
sion. These changes indicated diffuse damage. By contrast,
the XN + IR group showed decreased glomerular damage,
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Figure 1. XN attenuates IR-induced kidney injury. Rats underwent sham operation or RIRI with or without XN. (A) Representative images of hematoxylin and
eosin staining inkidney sections; magnification, x400. (B) Paller's score of kidney injury. Concentrations of (C BUN and (D) SCr in rats. "P<0.05 vs. sham;
"P<0.05 vs. IR. XN, xanthohumol; RIRI, renal ischemia/reperfusion injury; BUN, blood urea nitrogen; SCr, serum creatinine.

although the renal tubular lumen was still partially occluded
and the morphology of renal tubular epithelial cells was flat-
tened with loss of the brush border (Fig. 1A and B).

The concentrations of BUN and SCr in the IR group were
significantly higher than those in the sham group, while levels
of BUN and SCr in the XN + IR group were lower than those
in the IR group (Fig. 1C and D).

XN attenuates ferroptosis during RIRI. To determine
whether the protection against RIRI by XN is related to
ferroptosis, the production of ROS and the levels of SOD,
MDA and GSH were measured. IR significantly increased
ROS and MDA levels and decreased the activity of SOD
and GSH, while XN inhibited IR-induced oxidative damage
(Fig. 2A-E). The expression of the ferroptosis-related
proteins GPX4 and ACSL4 was determined. The expression
of the pro-ferroptosis protein ACSL4 increased in the IR
group, while expression of the anti-ferroptosis protein GPX4
decreased in the IR group. However, XN partially reversed
these changes and erastin blocked the inhibitory effect of
XN on ferroptosis (Fig. 2F-H). In general, XN attenuated
ferroptosis during RIRI.

XN inhibits HR-induced damage and ferroptosis in HK-2
cells. An HR model of the renal tubular epithelial cell line
HK-2 was established to determine whether XN prevents
HR-induced damage and ferroptosis. The CCK-8 assay was
performed to evaluate cell viability. HR decreased cell viability
and XN prevented cell death caused by HR. However, erastin
reversed the protective effect of XN on HK-2 cells (Fig. 3A). In
addition, HR increased and decreased the levels of MDA and
SOD, respectively, in HK-2 cells. XN increased SOD and GSH
and decreased MDA in HK-2 cells. Erastin reversed the inhibi-
tory effect of XN on ROS Ilevels in HK-2 cells (Fig. 3B-D).
Similarly, XN inhibited the increase of ACSL4 expression
induced by HR, enhanced activity of GSH and upregulated

the expression of GPX4, while erastin blocked the inhibitory
effect of XN on ferroptosis (Fig. 3E-G).

XN upregulates the Nrf2/HO-1 signaling pathway. RT-qPCR
showed that XN significantly upregulated mRNA levels of
Nrf2 and HO-1 in IR+XN group (Fig. 4A and B). Western
blotting showed that IR upregulated the expression of nuclear
Nrf2 and cytoplasmic HO-1 in renal tissue, while XN further
upregulated expression of Nrf2 and HO-1 (Fig. 4C-E). Similar
results were obtained in the HR model of cells (Fig. 4F-H).

XN inhibits IR-induced ferroptosis via the Nrf2/HO-1
signaling pathway. To explore the role of the Nrf2/HO-1
axis in XN-mediated protection against IRI, si-Nrf2 was
used to knock down Nrf2. Nrf2 expression was significantly
decreased following si-Nrf2 transfection (Fig. 5SA and B).
XN prevented oxidative damage (XN upregulated the levels
of SOD and GSH levels, and downregulated the MDA level)
and decreased cell viability caused by HR, while si-Nrf2
transfection eliminated this inhibitory effect (Fig. 5C-F).
Consistently, si-Nrf2 transfection inhibited the effect of XN
on HR-induced upregulation and downregulation of GPX4
and ACSL4 expression, respectively (Fig. 5G-K). DCFH-DA
fluorescent probe assessed intracellular ROS levels in HK-2
cells following HR. The results showed that XN decreased
ROS levels, while si-Nrf2 transfection increased ROS levels
(Fig. 5L and M).

Discussion

AKI is a prevalent clinical syndrome characterized by rapid
loss of renal function (24). AKI primarily manifests as a
reduction in glomerular filtration rate and renal excretion
dysfunction, coupled with a rapid increase in BUN and SCr
or hypourocrinia (24,25). Although the pathogenesis of
AKI is complex, RIRI is a common cause of AKI and it is
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Figure 2. XN prevents ferroptosis during RIRI. (A) ROS production in kidney tissue was measured by the dihydroethidium fluorescence probe; magnifica-
tion, x200. (B) Quantitative analysis of ROS levels. (C) SOD, (D) MDA and (E) GSH levels in kidney tissues of rats. (F) Western blotting of (G) GPX4 and
(H) ACSL4 in kidney tissues. "P<0.05 vs. sham, “P<0.05 vs. IR and ¥P<0.05 vs. XN + IR. XN, xanthohumol; RIRI, renal ischemia/reperfusion injury; ROS,
reactive oxygen species; SOD, superoxide dismutase; MDA, malondialdehyde; GSH, glutathione; ACSL4, long-chain acyl-CoA synthetase.

prevalent in critically ill patients and those undergoing major
surgery (26,27). Additionally, renal insufficiency, such as that
occurring during cardiac surgery using a cardiopulmonary
bypass machine, is a leading cause of severe AKI (27).

RIRI is a complex pathophysiological process that results
in a decline in kidney function, leading to damage and
life-threatening consequences. Currently, there is a lack of
effective RIRI-specific drugs, and ongoing research aims to
develop potential treatments (28). Natural products, such as
traditional Chinese medicine, have gained attention due to
their low toxicity and high biological activity (29,30).

XN is a primary active ingredient in hops and belongs to
the isoprene flavonoid compound class (31). XN has various
biological functions, such as anti-tumor and anti-inflammatory
effects and regulation of lipid metabolism (32-37). XN induces
the apoptosis of activated hepatic stellate cells in vitro in a
dose-dependent manner and decreases expression of some
pro-inflammatory response factors, such as monocyte chemoat-
tractant protein-1 in hepatic stellate cells (38). In addition, XN
has a notable anticancer effect and inhibits the growth of tumor
blood vessels by blocking the endothelial nuclear factor NF-xB
and Akt signaling pathways (39). XN also inhibits production
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Figure 3. XN inhibits HR-induced ferroptosis in HK-2 cells. (A) Cell Counting Kit-8 was used to evaluate cell viability. (B) SOD, (C) MDA and (D) GSH levels
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of tumor-associated vascular growth factors, such as vascular
endothelial growth factor and interleukin-8 (40). While previous
studies have indicated the protective effects of XN on organs,
including the liver (41), heart (19) and cranial nerves (42), its
renal protective effects have not been fully explored. The
present study found that XN protects renal function after IRI
and decreases the injury of renal tubular epithelial cells; to the
best of our knowledge, the present study is the first to demon-
strate the renal protective effect of XN in rats.

Ferroptosis was previously identified as a form of cell
death (10). Studies have reported ferroptosis in certain animal
models of IRI in vital organs and the level of cell death indi-
cates the degree of IRI (43-45). Numerous studies have shown
that ferroptosis is associated with the pathophysiological
mechanism of RIRI (46-48), which is essential for exploring
disease pathogenesis and discovering novel therapeutic
targets. The present study showed that XN inhibited oxidative
stress levels in rats with RIRI and expression of ACSL4, but
increased the expression of GPX4 during IR. These results
suggested that XN was involved in the ferroptosis process of
renal cells and decreased RIRI by inhibiting ferroptosis in renal
cells. Additionally, the Nrf2/HO-1 signaling pathway serves a
notable role in anti-oxidative stress activation in cells (49-51).
When IRI occurs, oxidative stress increases and ferroptosis
occurs in renal tubular epithelial cells. At the same time, the
antioxidant system is activated, thus activating the Nrf2/HO-1
signaling pathway to exert its organ protective effect (52,53),
inhibiting oxidative stress and ferroptosis. The present study
showed that XN activated the Nrf2/HO-1 signaling pathway in
the presence of RIRI and blocking of the Nrf2/HO-1 signaling
pathway significantly inhibited the resistance to ferroptosis
induced by XN. Therefore, XN exerted anti-oxidative stress and
anti-ferroptosis effects by activating the Nrf2/HO-1 pathway.

In conclusion, XN decreased RIRI and improved renal
function in rats, and its mechanism may involve activation of
the Nrf2/HO-1 signaling pathway to inhibit ferroptosis in renal
cells. However, the current study has limitations. The effect
of blocking the Nrf2/HO-1 signaling pathway on inhibition
of ferroptosis by XN was only explored in vitro and animal
experiments should be conducted in future studies.
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