
Rehmanniae Radix Praeparata aqueous extract improves hepatic ischemia/reperfusion injury by restoring intracellular iron
homeostasis

Yinhao ZHANG, Kexin JIA, Yufei LI, Zhi MA, Guifang FAN, Ranyi LUO, Yajing LI, Yang YANG, Fanghong LI, Runping LIU, Jia
LIU, Xiaojiaoyang LI

Citation: Yinhao ZHANG, Kexin JIA, Yufei LI, Zhi MA, Guifang FAN, Ranyi LUO, Yajing LI, Yang YANG, Fanghong LI,
Runping LIU, Jia LIU, Xiaojiaoyang LI, Rehmanniae Radix Praeparata aqueous extract improves hepatic ischemia/reperfusion injury
by restoring intracellular iron homeostasis, Chinese Journal of Natural Medicines, 2024, 22(9), 769-784. doi: 10.1016/S1875-
5364(24)60719-3.

View online: https://doi.org/10.1016/S1875-5364(24)60719-3

Related articles that may interest you

Er-xian ameliorates myocardial ischemia-reperfusion injury in rats through RISK pathway involving estrogen receptors

Chinese Journal of Natural Medicines. 2022, 20(12), 902-913   https://doi.org/10.1016/S1875-5364(22)60213-9

Stigmasterol protects human brain microvessel endothelial cells against ischemia-reperfusion injury through suppressing EPHA2
phosphorylation

Chinese Journal of Natural Medicines. 2023, 21(2), 127-135   https://doi.org/10.1016/S1875-5364(23)60390-5

Luteoloside protects the vascular endothelium against iron overload injury via the ROS/ADMA/DDAHⅡ/eNOS/NO pathway

Chinese Journal of Natural Medicines. 2022, 20(1), 22-32   https://doi.org/10.1016/S1875-5364(21)60110-3

A combined quality evaluation method that integrates chemical constituents, appearance traits and origins of raw Rehmanniae Radix
pieces

Chinese Journal of Natural Medicines. 2021, 19(7), 551-560   https://doi.org/10.1016/S1875-5364(21)60056-0

Dihydroartemisinin attenuates ischemia/reperfusion-induced renal tubular senescence by activating autophagy

Chinese Journal of Natural Medicines. 2023, 21(9), 682-693   https://doi.org/10.1016/S1875-5364(23)60398-X

Houttuynia cordata polysaccharides alleviate ulcerative colitis by restoring intestinal homeostasis

Chinese Journal of Natural Medicines. 2022, 20(12), 914-924   https://doi.org/10.1016/S1875-5364(22)60220-6

Wechat

http://www.cjnmcpu.com/
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60719-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60719-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(24)60719-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60213-9
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60213-9
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60390-5
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60390-5
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60390-5
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60110-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60110-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60110-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60110-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60110-3
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60056-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60056-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(21)60056-0
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60398-X
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(23)60398-X
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60220-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60220-6
http://www.cjnmcpu.com/article/doi/10.1016/S1875-5364(22)60220-6


Rehmanniae Radix Praeparata aqueous extract improves hepatic
ischemia/reperfusion injury by restoring

intracellular iron homeostasis

ZHANG Yinhao1, JIA Kexin1, LI Yufei2, MA Zhi1, FAN Guifang2, LUO Ranyi1, LI Yajing1,
YANG Yang2, LI Fanghong2, LIU Runping2, LIU Jia1, LI Xiaojiaoyang1*

1 School of Life Sciences, Beijing University of Chinese Medicine, Beijing 100029, China;
2 School of Chinese Materia Medica, Beijing University of Chinese Medicine, Beijing 100029, China

Available online 20 Sep., 2024

[ABSTRACT] Hepatic ischemia/reperfusion injury (HIRI) is a common pathophysiological condition occurring during or after liver
resection and transplantation, leading to hepatic viability impairment and functional deterioration. Recently, ferroptosis, a newly recog-
nized form of programmed cell death, has been implicated in IRI. Rehmanniae Radix Praeparata (RRP), extensively used in Chinese
herbal  medicine  for  its  hepatoprotective,  anti-inflammatory,  and  antioxidant  properties,  presents  a  potential  therapeutic  approach.
However,  the  mechanisms  by  which  RRP mitigates  HIRI,  particularly  through  the  regulation  of  ferroptosis,  remain  unclear.  In  this
study, we developed a HIRI mouse model and monocrotaline (MCT)- and erastin-induced in vitro hepatocyte injury models. We con-
ducted whole-genome transcriptome analysis to elucidate the protective effects and mechanisms of RRP on HIRI. The RRP aqueous
extract was characterized by the presence of acteoside, rehmannioside D, and 5-hydroxymethylfurfural.  Our results demonstrate that
the RRP aqueous extract ameliorated oxidative stress, reduced intracellular iron accumulation, and attenuated HIRI-induced liver dam-
age.  Additionally,  RRP significantly  inhibited hepatocyte  death by restoring intracellular  iron homeostasis  both in  vivo and in  vitro.
Mechanistically,  the  RRP  aqueous  extract  reduced  intrahepatocellular  iron  accumulation  by  inhibiting  ZIP14-mediated  iron  uptake,
promoting  hepcidin-  and  ferroportin-mediated  iron  efflux,  and  ameliorating  mitochondrial  iron  aggregation  through  upregulation  of
Cisd1 expression. Moreover, siRNA-mediated inhibition of hamp synergistically enhanced the RRP aqueous extract’s inhibitory effect
on ferroptosis. In conclusion, our study elucidates the mechanisms by which RRP aqueous extracts alleviate HIRI, highlighting the res-
toration of iron metabolic balance. These findings position RRP as a promising candidate for clinical intervention in HIRI treatment.
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 Introduction

Liver transplantation  (LT)  is  a  critical,  life-saving  pro-
cedure  for  approximately  one  million  individuals  worldwide
suffering from end-stage liver diseases [1]. However, LT is as-
sociated with significant risks, including the potential for un-

predictable  intraoperative  and  postoperative  complications,
such as hepatic ischemia/reperfusion injury (HIRI). HIRI can
lead to adverse clinical outcomes, complicating patient recov-
ery [2]. HIRI typically progresses through two distinct phases:
the acute  ischemic  anoxic  phase  and  the  secondary  reperfu-
sion  injury  phase [3].  During  the  ischemic  anoxic  phase,  an
imbalance in intracellular ATP production and mitochondrial
dysfunction triggers the release of danger-associated molecu-
lar  patterns  (DAMPs)  and  reactive  oxygen  species  (ROS),
leading  to  the  activation  of  Kupffer  cells  and  subsequent
short-term inflammation [4]. In  the  reperfusion  phase,  reoxy-
genation exacerbates the injury as excessive ROS production
activates  immune  responses,  causing  increased  hepatocyte
death  through  apoptosis,  necrosis,  ferroptosis,  and  pyropto-
sis [5].  Currently,  therapeutic  options  for  patients  with  HIRI
are  limited  to  the  use  of  ROS  inhibitors,  such  as  N-acetyl-
cysteine  (NAC),  tiopronin,  and  silymarin.  Consequently,
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there is an urgent need to develop new interventions to mitig-
ate the risk of HIRI and improve patient outcomes following
LT.

Ferroptosis is a newly identified form of iron-dependent
cell  death  characterized  by  the  intracellular  accumulation  of
lipid  peroxides  and  iron  overload [6].  Since  the  liver  is  the
primary  organ  responsible  for  maintaining  iron  metabolic
homeostasis, ferroptosis has been closely linked to the devel-
opment of various liver diseases [7]. Hepcidin (Hamp), a pep-
tide hormone predominantly produced in hepatocytes, plays a
central role  in  regulating iron homeostasis.  Hypoxia  and ex-
cessive  inflammatory  factors  have  been  shown  to  influence
hepcidin  synthesis,  thereby  inhibiting  the  release  of  ferrous
ions into the labile iron pool (LIP) [8]. Hepcidin also regulates
ferroportin  (FPN, Slc40a1), the sole  cellular  iron efflux pro-
tein,  which  results  in  the  retention  of  iron  in  iron-exporting
cells  and affects  systemic iron levels [9].  Additionally,  solute
carrier  family  39  member  14  (ZIP14, Slc39a14)  has  been
identified as a key mediator of ferroptosis by transporting non-
transferrin-bound  iron  (NTBI) [8]. During  ischemic  and  hyp-
oxic conditions in the liver, ZIP14 expression is upregulated,
and  its  transporter  efficiency  is  enhanced  by  pro-inflammat-
ory  cytokines  such  as  interleukin-1  (IL-1) [9].  Furthermore,
the  consumption  and  capacity  of  LIP  are  regulated  by  other
critical  proteins,  including  CDGSH  iron  sulfur  domain  1
(CISD1, Cisd1), which influences mitochondrial iron homeo-
stasis and ROS [10], and heat shock protein 1 (HSPB1), which
decreases  transferrin  receptor  (TFR-1)  expression [11].  These
findings indicate that a variety of ferroptosis-related proteins,
such  as  hepcidin,  FPN,  ZIP14,  CISD1,  and  HSPB1,  play
pivotal  roles  in  iron  homeostasis  and  the  pathogenesis  of
HIRI. Nevertheless,  further research is  essential  to fully elu-
cidate these mechanisms and their implications.

Accumulating evidence  supports  the  potential  of  tradi-
tional  Chinese  medicine  (TCM)  as  a  rich  source  for  novel
drug discovery. Rehmanniae Radix (RR), the tuberous root of
dried Rehmannia  glutinosa,  was  first  documented  in Shen-
nong’s Classic of Materia Medica [12] and is well-regarded in
TCM for its liver-protective properties [13]. Rehmanniae Radix
Praeparata  (RRP,  Shu-di-huang)  is  derived  from  dried  RR
through  a  process  involving  repeated  steaming  and  drying
cycles,  and  it  has  been  widely  utilized  in  clinical  settings.
Over 100 components have been isolated from RRP, primar-
ily  including  cyclic  ether  terpenes  and  their  glycosides,
iridoid glycosides, and phenylethanoid glycosides [14]. RRP is
known  to  exhibit  anti-inflammatory  and  antioxidant  effects
by modulating cytokine levels  such as IL-6,  thereby demon-
strating  hepatoprotective  properties [15]. Recent  studies  sug-
gest  that  RRP  may  also  mitigate  ferroptosis,  as  its  natural
components  have been shown to  enhance the  cysteine/gluta-
thione peroxidase 4 (GPX4) pathway and regulate iron meta-
bolism [13]. While inflammatory factors like IL-6 can exacer-
bate HIRI via the bone morphogenetic proteins/small mother

against decapentaplegic (BMP/SMAD) pathway by affecting
hepcidin expression and hepatocyte iron metabolism [16], it re-
mains unclear  whether  RRP can  confer  hepatoprotective  be-
nefits and effectively improve HIRI by preventing ferroptos-
is and correcting iron metabolism imbalances in hepatocytes.
This study aims to address this gap.

In this study, we first isolated and confirmed the quality
of the aqueous extract of RRP. We then investigated the pro-
tective  effects  of  RRP  using  an in  vivo HIRI  mouse  model
and in  vitro monocrotaline  (MCT)-  and  erastin-induced  cell
models.  To  uncover  the  underlying  mechanisms  of  RRP
against HIRI,  we  applied  RNA  sequencing  for  comprehens-
ive  bioinformatics  analysis  and employed molecular  biology
techniques to evaluate whether the protective effects of RRP
were closely  related  to  the  reversal  of  ferroptosis.  Collect-
ively, our findings strongly suggest that RRP may be a prom-
ising  therapeutic  option  for  the  treatment  of  HIRI  and  its
complications by improving intracellular iron homeostasis.

 Materials and  Methods

 Materials
MCT was obtained from Innochem Technology Co., Ltd.

(Beijing, China).  Erastin,  ferrostatin-1  (Fer-1),  and  other  re-
agents were sourced from Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). The antibody against ZIP14 (PA5-87880)
was  purchased  from  Thermo  Scientific  Co.  (Massachusetts,
USA).  The  antibody  for  hepcidin  (sc-100277)  was  acquired
from  Santa  Cruz  Biotechnology  (Santa  Cruz,  USA).  The
transferrin antibody  (17435-1-AP)  was  sourced  from  Pro-
teintech  (Rosemont,  USA),  and  the β-actin (4970S)  was  ob-
tained from Cell Signaling Technology (Danvers, USA). Ad-
ditional consumables for cell culture and flow cytometry ana-
lysis were procured from Sigma-Aldrich (St. Louis, USA).
 Animal study

Eight-week-old male C57BL/6J mice (22−24 g) were ob-
tained  from  SIBEIFU  Biotechnology  Co.  (Beijing,  China).
The mice were maintained in a temperature-controlled envir-
onment (22  ±  2  ℃)  with  standard  chow  and  sterile  water
available ad  libitum,  under  a  12-hour  light/12-hour  dark
cycle. They were randomly assigned to six groups (n = 6 per
group):  Sham group,  HIRI group, HIRI + RRP low-dose (L,
2.5  g·kg−1)  group, HIRI  +  RRP  medium-dose  (M,  5  g·kg−1)
group, and HIRI + RRP high-dose (H, 10 g·kg−1) group. RRP
extract was administered by gavage for one week at different
dosages  depending  on  the  group.  Following  pretreatment,
mice were anesthetized with isoflurane, and a midline laparo-
tomy was  performed  to  expose  the  liver.  Noninvasive  mi-
crovascular  forceps  were  used  to  clamp  the  portal  vein  and
hepatic artery. The sham group (group 1) underwent the same
surgical  procedure  without  vascular  occlusion.  After  90  min
of  ischemia,  the  clamps  were  released  to  initiate  a  6-hour
reperfusion  period.  Upon  completion,  all  liver  and  serum
samples were collected immediately for  further  analysis.  All
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animal studies and procedures were approved by the Institu-
tional Animal Protection and Use Committee of Beijing Uni-
versity of Traditional Chinese Medicine and conducted in ac-
cordance with relevant guidelines and regulations.
 Biochemical analysis

Serum levels of alanine aminotransferase (ALT), aspart-
ate  aminotransferase  (AST),  lactate  dehydrogenase  (LDH),
and  nitric  oxide  (NO)  were  measured  using  specific  kits:
ALT  (Nanjing  Jiancheng,  China,  C010-2-1),  AST  (Nanjing
Jiancheng,  China,  C009-2-1),  LDH  (Nanjing  Jiancheng,
China, A020-2-2), and NO (Beyotime Biotechnology, China,
S0021S). The  malondialdehyde  (MDA)  content  in  liver  tis-
sues was assessed using an MDA assay kit  (Nanjing Jianch-
eng, China, A003-1). Glutathione (GSH) levels in BRL cells
were determined using a GSH assay kit  (Nanjing Jiancheng,
China,  A006-2-1).  Total  iron  and  ferrous  ion  concentrations
in the medium supernatant were quantified with the total iron
ion  kit  (Elabscience,  China,  E-BC-K772-M)  and  the  ferrous
ion kit (Elabscience, China, E-BC-K773-M).
 Transmission electron microscope (TEM) and hematoxylin &
eosin (H&E) staining

Liver tissues from different groups were fixed with 2.5%
glutaraldehyde  and  mounted  on  formvar-carbon  grids.  After
dehydration,  maceration,  and  embedding,  the  samples  were
stained with a mixture of uranyl acetate and methyl cellulose
for Transmission  electron  microscopy  (TEM)  analysis.  Im-
ages were captured using a Zeiss Libra 120 transmission elec-
tron  microscope  (Carl  Zeiss,  Germany).  For  H&E  staining,
mouse  liver  tissues  were  fixed  in  4% formaldehyde  for  7  d,
embedded  in  paraffin  wax,  and  sectioned  into  5  μm  thick
slices.  The  paraffin  sections  were  then  prepared  for  H&E
staining  as  previously  described,  and  images  were  captured
using an Aperio Versa digital pathology scanner (Leica, Wet-
zlar, Germany).
 RNA-sequencing  analysis  and  quantitative  real-time  PCR
(qPCR)

Total RNA from mouse liver tissues was extracted using
Trizol reagent and quantified with a NanoPhotometer® spec-
trophotometer  (IMPLEN,  USA).  mRNA  was  purified,  and
250−300 bp cDNA fragments were enriched to create sequen-
cing  libraries  on  the  Illumina  Novaseq  platform,  following
established protocols [17]. Gene expression data were normal-
ized, and differentially expressed genes (DEGs) were identi-
fied  using  the  edgeR  package.  Enrichment  analysis  of  gene
ontology (GO) terms and Kyoto Encyclopedia of  Genes and
Genomes  (KEGG)  pathways  was  performed  using  the
clusterProfiler R package. Additionally,  genomic enrichment
analysis  (GSEA)  and  heatmap  visualization  were  utilized  to
further interpret  the  differential  expression  data.  For  the  qP-
CR experiments, cDNA was synthesized from total RNA us-
ing the  HiScript  III  RT  SuperMix  (R323-01,  Vazyme  Bi-
otech).  qPCR  was  conducted  to  quantify  mRNA  expression
levels  of  target  genes,  with Hprt1 used  as  the  normalization

control. Primer  sequences  for  qPCR  are  available  upon  re-
quest from the corresponding author.
 Cell culture and treatment

BRL hepatic cell lines were cultured in Dulbecco’s Mod-
ified  Eagle  Medium  (DMEM)  supplemented  with  10% fetal
bovine  serum  and  1% penicillin/streptomycin  at  37 °C  in  a
5% CO2 atmosphere.  RRP  aqueous  extracts  were  filtered
through 0.8 and 0.22 μm Millipore filters,  then diluted to  fi-
nal  concentrations  of  50,  100,  and  150 mg·mL−1 in  DMEM.
MCT, which  induces  liver  injury  by  blocking  hepatic  sinus-
oids, was used to mimic hepatocyte damage under HIRI con-
ditions.  Erastin,  a  known  ferroptosis  inducer,  was  employed
to promote the accumulation of endogenous reactive oxygen
species (ROS) and ferroptosis, serving as a positive control to
explore the role of RRP aqueous extract in ferroptosis inhibi-
tion.  For  the  experiments,  BRL  cells  were  pre-treated  with
RRP  aqueous  extract  at  concentrations  of  50,  100,  and
150 μg·mL−1 for 1 h. Subsequently, the cells were exposed to
MCT (500 μmol·L−1) or erastin (10 μmol·L−1) for 24 h. Addi-
tionally,  the  ferroptosis  inhibitor  Fer-1  (1 μmol·L−1) was  ap-
plied for 1 h following the 24-hour MCT or erastin treatment.
The dosages for MCT, erastin, and Fer-1 were selected based
on previous studies [18-20]. Following the treatments, cells were
washed  with  PBS  and  collected  for  subsequent  analyses.
siRNAs  targeting  hamp  and  control  siRNAs  were  designed
and synthesized by Shanghai Hanbio Co., Ltd. (China). BRL
cells,  at  70%–90% confluence,  were  transfected  with
LipoFiter (HB-LF-1000) for 48 h. After transfection, the cells
were treated with stimulators or RRP for an additional 12 h.
 Flow cytometry

Hepatocyte apoptosis was assessed using the Annexin V
(AV)/Propidium  Iodide  (PI)  kit  (C1067S,  Beyotime,  China)
according  to  the  manufacturer’s  instructions.  Briefly,  cells
were pre-treated with RRP aqueous extract at  concentrations
of 50, 100, and 150 μg·mL−1 for 1 h, followed by stimulation
with erastin  for  24  h.  After  treatment,  the  cells  were  collec-
ted and washed with sterile PBS. FITC-labeled AV was used
as  a  probe  in  conjunction  with  PI.  The  AV/PI  signals  were
detected  using  a  CytoFLEX  flow  cytometer  (Beckman
Coulter, Pasadena, CA) to determine the extent of apoptosis.
 Western blotting analysis

Western  blotting analysis  was  conducted  as  previously
described [21].  Briefly,  proteins  from  cells  and  liver  tissues
were lysed  using  RIPA  buffer  (BIORIGIN).  The  lysed  pro-
teins were separated by SDS-PAGE and then transferred onto
a polyvinylidene  fluoride  (PVDF)  membrane  (Merck  Milli-
pore,  Darmstadt,  Germany).  The membranes were incubated
overnight  at  4  °C  with  primary  antibodies  against  ZIP14,
transferrin, and hepcidin. Following the primary antibody in-
cubation, the  membranes  were  incubated  with  the  appropri-
ate secondary antibodies for 1 h. The protein bands were then
visualized  using  the  ChemiDoc™  Touch  Imaging  System
(Bio-Rad, Hercules, CA).

ZHANG Yinhao, et al. / Chin J Nat Med, 2024, 22(9): 769-784

– 771 –



 Immunofluorescence
Cellular production of ROS was assessed using the ROS

assay kit (S0033, Beyotime Biotechnology, Shanghai, China)
according to the manufacturer’s instructions [22]. Briefly, cells
were pre-treated with RRP aqueous extract at  concentrations
of  50,  100,  and 150 μg·mL−1 for  1  h,  followed by treatment
with  MCT  or  erastin  for  24  h. Subsequently,  the  cells  were
stained  with  10 μmol·L−1 DCFH-DA  at  37 °C  for  20  min.
After  washing with  sterile  PBS and staining with  DAPI,  the
cells  were imaged using an Olympus FV3000 confocal  laser
scanning microscope (Tokyo, Japan).
 TUNEL assay

The  terminal  deoxynucleotidyl  transferase  dUTP  nick
end  labeling  (TUNEL)  assay  was  conducted  on  liver  tissues
and  BRL  cells  using  the  TUNEL  assay  kit  (C1089,  Jiangsu
Institute of Biotechnology, China) according to the manufac-
turer’s  protocol [23].  Briefly,  BRL  cells  were  fixed  with  4%
paraformaldehyde  for  30  minutes  and  then  permeabilized
with  0.1% Triton  X-100  for  10  min.  The  cells  were  treated
with the TUNEL reaction mixture for 1 h in the dark at room
temperature. The percentage of TUNEL-positive cells and the
number  of  apoptotic  cells  in  liver  tissues  and  hepatocytes
were  quantified  using  an  Olympus  FV3000  confocal  laser
scanning microscope (Tokyo, Japan).
 Statistical analysis

All  experiments  were  repeated  independently  at  least
three times, and the results are presented as mean ± SD. Data
were analyzed using one-way ANOVA followed by Tukey’s
post hoc  test  for  multiple  group  comparisons,  using  Graph-
Pad  Prism  Software  8.0  (GraphPad,  San  Diego,  CA,  USA).
A P value of ≤ 0.05 was considered statistically significant.

 Results

 Chemical characterization of RRP
High-performance  liquid  chromatography  (HPLC)  was

employed  to  characterize  the  chemical  composition  of  RRP
aqueous extract, owing to its advantages in specificity, sensit-
ivity, and  analytical  efficiency.  An  HPLC  method  was  de-
veloped to verify the composition and quality of the RRP ex-
tract.  By  using  solvents  with  different  polarities,  three
primary chemical components of RRP—acteoside, rehmanni-
oside  D,  and  5-hydroxymethylfurfural —were  separated  and
identified.  The  retention  times  for  these  components  and
mixed standards  were  determined (Fig.  S1A),  demonstrating
excellent  separation  and  repeatability.  Upon  analyzing  the
RRP  aqueous  extract,  the  retention  times  for  acteoside,
rehmannioside  D,  and  5-hydroxymethylfurfural  were  found
to be 61, 62, and 8 min, respectively (Fig. S1B).
 RRP  aqueous  extract  ameliorates  ischemia  reperfusion-in-
duced liver injury in mice

To investigate  the therapeutic  potential  of  RRP aqueous
extract  in  HIRI,  we  administered  varying  dosages  of  RRP
aqueous extract (2.5, 5, and 10 g·kg−1) or a vehicle control to

mice  subjected  to  HIRI,  as  detailed  in  the  “ Materials  and
methods” section (Fig. 1A). As shown in Fig. 1B, treatment
with  RRP  aqueous  extract  significantly  restored  the  organ
coefficient and reduced hepatic edema compared to the mod-
el  group.  Moreover,  RRP  aqueous  extract  reduced  serum
levels  of  ALT  and  AST,  key  biomarkers  of  liver  injury.  It
also ameliorated hepatic oxidative stress by decreasing LDH
activity and enhancing NO expression (Fig. 1C). Histopatho-
logical  analysis  with  H&E  staining (Fig.  1D and  Fig.  S2A)
revealed that the HIRI group displayed disrupted hepatic lob-
ular structures, hemorrhagic foci, and hepatocyte necrosis. In
contrast,  medium  and  high  dosages  of  RRP  aqueous  extract
significantly improved hepatic morphology, including the in-
tegrity of  liver  cell  nuclei  and lobules.  TUNEL staining was
used to evaluate apoptosis in liver tissues. The number of ap-
optotic cells was markedly lower in the livers of mice treated
with RRP aqueous extract compared to the HIRI group (Fig.
1E and  Fig.  S2B).  Considering  the  role  of  inflammation  in
HIRI,  we  assessed  the  expression  of  several  inflammatory
markers. qPCR  analysis  indicated  elevated  levels  of  inflam-
matory  cytokines il-6, il-1,  and  and  the  M1  macrophage
marker  inducible  nitric  oxide  synthase  (inos)  in  the  HIRI
group.  These  levels  were  significantly  reduced  following
RRP aqueous extract treatment. Additionally, the mRNA ex-
pression  of  endothelial  nitric  oxide  synthase  (enos), an  en-
zyme  that  produces  NO  and  exerts  vasoprotective  effects,
was  decreased  after  HIRI  surgery  but  was  restored  by  RRP
aqueous extract administration (Fig. 1F). These findings sug-
gest  that  RRP  aqueous  extract  effectively  mitigates  hepatic
inflammation and liver damage induced by HIRI surgery.
 RRP aqueous extract influences the differential expression of
ferroptosis-associated genes in mice

To investigate  the  therapeutic  role  of  RRP  aqueous  ex-
tract in HIRI, we conducted RNA-sequencing analysis on liv-
er tissues from HIRI mice treated with RRP aqueous extract.
Volcano  plots  revealed  DEGs  between  the  sham  and  HIRI
groups, as well as between the HIRI and HIRI + RRP groups
(log2 fold change C > 0.20. adjusted P-value < 0.05). Among
these  DEGs,  ferroptosis-related  genes hspb1 and slc7a11
were  significantly  upregulated,  while slc39a14 and hamp
were significantly downregulated following RRP aqueous ex-
tract treatment (Fig. 2A). We annotated these DEGs and per-
formed KEGG pathway analysis, which showed that genes in
the HIRI group were significantly enriched in processes such
as apoptosis,  immune regulation,  and endoplasmic reticulum
stress. In contrast,  genes in the HIRI + RRP group were en-
riched in pathways related to mitochondrial  energy metabol-
ism, cell cycle regulation, and nucleic acid metabolism. Not-
ably, the ferroptosis pathway was significantly enriched after
RRP  aqueous  extract  administration (Fig.  2B). Gene  Onto-
logy  (GO)  analysis  corroborated  these  findings,  indicating
that DEGs in the HIRI group were primarily involved in cell
growth  and  death,  material  and  energy  metabolism,  signal
transduction, and  interaction  processes.  In  comparison,  DE-
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Gs in the HIRI + RRP group were mainly associated with en-
ergy  metabolism,  redox  responses,  immune  responses,  gene
expression, and cell cycle processes (Fig. 2C). Gene Set En-
richment Analysis (GSEA) further supported these observations
(Fig. 2D). Post-ischemia-reperfusion surgery, genes related to
the  cell  cycle  and  apoptosis  were  highly  expressed  in  the
HIRI group.  After  RRP aqueous extract  treatment,  genes in-
volved in  ferroptosis  were  significantly  enriched.  These  res-

ults  suggest  that  RRP  aqueous  extract  exerts  its  therapeutic
effects  on  HIRI  by  modulating  ferroptosis-related  processes
and improving iron metabolism homeostasis in mice.
 RRP aqueous extract reduces ferroptosis and improves mito-
chondria structure in HIRI-induced mice

While  our  previous  findings  demonstrated  that  RRP
aqueous extracts  improved  HIRI  and  may  influence  mito-
chondrial  energy  and  ferroptosis-related  processes,  detailed
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Fig. 1    Effects of RRP aqueous extract on HIRI mice. A surgical model of HIRI was established and treated with different doses
of  RRP  aqueous  extracts  for  one  week,  as  indicated.  (A)  Flow  chart  of  animal  experiments.  (B)  Measurement  of  spleen/body
weight ratio and liver/body weight ratio after sham surgery or HIRI. (C) Serum ALT, AST, LDH and NO levels. (D) Represent-
ative images of H&E staining were quantified using Image J software. Scale bar = 100 μm. (E) TUNEL staining images of livers.
Scale bar = 50 μm. (F) Relative mRNA levels of il-6, il-1, inos, and enos in liver tissues were determined by qPCR and normalized
using hprt1 as an internal control. Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001 (n = 6).
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Fig.  2     Transcriptomic analysis  of  RRP aqueous extract-treated livers.  (A)  Volcano plots  of  DEG expression in liver  samples,
(B) KEGG pathway, (C) GO enrichment circle diagram, and (D) GSEA analysis from sham and HIRI groups (left panel),  and
HIRI and HIRI + RRP groups (right panel).
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experimental evidence on how RRP relieves ferroptosis to al-
leviate liver  IRI  was  still  lacking.  To  address  this,  we  per-
formed  heatmap  cluster  analysis  on  differentially  expressed
genes (DEGs) related to ferroptosis. The left panel of Fig. 3A

shows that  RRP aqueous  extract  increased the  expression of
genes  associated  with  mitochondrial  energy  metabolism  and
redox  response,  such  as noa1 (nitric  oxide  associated  1),
cyp2c70 (cytochrome P450,  family  2,  subfamily  c,  poly-
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Fig. 3    RRP aqueous extract attenuates ferroptosis in the liver with HIRI. (A) The relative expression levels of DEGs associated
with ferroptosis were shown in the heat map. The right panel divides the expression of DEGs into four categories and plots trend
lines reflecting the hepatic changes in these DEGs. (B) Ferrous ion, total iron ion, GSH, and MPO contents in the mouse liver.
(C) Prussian staining of the liver in each group of mice. Scale bar = 60 μm. (D) Representative transmission electron microscopy
images of mitochondria in hepatocytes of the liver. Red arrow: damaged mitochondria. Scale bar = 1 μm. (E) Relative mRNA ex-
pressions of gpx4, hspa5, nfe2l2, and slc7a11 in each group were determined by qPCR and normalized using hprt1 as an internal
control. Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001 (n = 6).
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peptide  70).  Conversely,  it  downregulated  genes  linked  to
iron metabolism, such as hamp and slc39a14,  in response to
HIRI. The right panel of Fig. 3A categorizes these DEGs in-
to four clusters, displaying trend lines that reflect these hepat-
ic changes.  Pretreatment  with  RRP aqueous  extract  signific-
antly  reduced  the  accumulation  of  intrahepatic  ferrous  and
total iron  ions  induced  by  HIRI,  thereby  suppressing  intra-
hepatic  ferroptosis  (Fig.  3B).  The  levels  of  GSH,  the  most
abundant intracellular antioxidant responsible for scavenging
ROS  catalyzed  by  GPX4,  markedly  increased  after  RRP
aqueous extract  pretreatment,  indicating  reduced  ROS  accu-
mulation in the liver. Additionally, myeloperoxidase (MPO),
a  marker  of  neutrophil  activation,  was  significantly  reduced
by RRP  aqueous  extract  pretreatment,  contributing  to  de-
creased  hepatic  inflammation  (Fig.  3B).  RRP  also  mitigated
oxidative stress-induced  liver  damage,  as  evidenced  by  in-
creased  superoxide  dismutase  (SOD)  and  NO  levels,  along
with a significant reduction in MDA, a marker of lipid perox-
idation (Fig. S3A). Considering the Fenton reaction’s conver-
sion mechanism between trivalent and divalent iron ions, we
discovered  that  trivalent  iron  ions  were  also  downregulated
following RRP aqueous  extract  pretreatment. Fig.  3C shows
significant  intracellular  iron  ion  accumulation  in  the  HIRI
group (indicated by higher Prussian blue staining), which was
significantly  ameliorated  by RRP aqueous  extract  in  a  dose-
dependent manner. TEM results in Fig. 3D further confirmed
that  mitochondrial  membranes  were  damaged  and  cristae
were reduced  or  absent  in  the  HIRI  group,  while  the  mito-
chondrial  structure  was  significantly  preserved  with  RRP
treatment.  As indicated in Fig.  3E,  the hepatic expression of
genes  responsible  for  preventing  ferroptosis,  such  as gpx4,

hspa5 (heat shock protein family A member 5), nfe2l2 (NFE2
like  bZIP  transcription  factor  2),  and slc7a11, was  substan-
tially decreased following HIRI but was remarkably restored
by RRP aqueous extract treatment (Fig. 3E).
 RRP  aqueous  extract  attenuates  ferroptosis  in  hepatocytes
after MCT or erastin intervention

While previous data demonstrated that RRP aqueous ex-
tract alleviates ferroptosis in vivo in cases of hepatic ischemia-
reperfusion  injury  (HIRI),  its  effects  in  vitro remained un-
clear. To address this,  we selected the top 1205 genes signi-
ficantly affected in our RNA-sequencing data of whole livers.
We discovered that most of these genes were enriched in hep-
atocytes  (Fig.  4A). Consequently,  we  focused  on  investigat-
ing  the  role  of  RRP  aqueous  extract  on  hepatocytes  treated
with  MCT  or  the  ferroptosis  inducer  erastin.  Initially,  a
CCK8 assay  was  used  to  determine  the  optimal  concentra-
tion  of  RRP  aqueous  extract  by  assessing  cell  growth  and
proliferation,  confirming doses of  50,  100,  and 150 μg·mL−1

for RRP aqueous extract administration (Fig. S4A). PCR res-
ults indicated that genes inhibiting ferroptosis,  such as gpx4,
showed  an  upward  trend  following  RRP  administration.  In
contrast,  the  intracellular  ferroptosis  marker  prostaglandin-
endoperoxide synthase 2 (ptgs2) exhibited a decreasing trend
after  pretreatment  with  RRP  aqueous  extract  (Fig.  4B).  As
shown in Fig. S4B, similarly, slc7a11 expression increased in
both MCT- and erastin-treated groups after  RRP administra-
tion.  Additionally,  mRNA  levels  of p53—which  promotes
ferritin  formation —and  the  inflammatory  factor il-6 in-
creased after  MCT  or  erastin  stimulation  but  decreased  fol-
lowing RRP administration. Flow cytometry was employed to
verify whether RRP aqueous extract could mitigate ferroptos-
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is  (Fig.  4C and Fig.  S4C).  Both  MCT  and  erastin  signific-
antly  increased  the  number  of  early  apoptotic  hepatocytes,
but  RRP  aqueous  extract  effectively  blocked  this  process.
TUNEL staining further confirmed these results, showing that
pretreatment with RRP aqueous extract significantly reduced
hepatocyte apoptosis induced by MCT or erastin (Fig. 4D and
Fig.  S4D).  Given  that  increased  iron  absorption  or  limited
iron efflux can lead to iron buildup and subsequent ferroptos-
is via various signaling pathways [24], we investigated the rela-
tionship between  RRP  aqueous  extract-mediated  hepatopro-
tection and iron buildup. RRP aqueous extract effectively in-
creased GSH levels and reduced intracellular iron uptake, as
evidenced by decreased total and ferrous iron ion levels in the
cell  medium,  thereby  mitigating  MCT  or  erastin-stimulated

ferroptosis  (Fig.  4E).  These  findings  suggest  that  RRP
aqueous extract influences the ferroptosis network by modu-
lating  iron  ion  endocytosis  and  efflux.  Ferroptosis  is  also
known as a ROS-dependent form of cell death, making ROS
a critical feature of ferroptosis. To detect cellular ROS gener-
ation  (green  fluorescence),  we  employed  live  cell  staining
techniques in Fig. 4F and Fig. S4E. RRP aqueous extract sig-
nificantly reduced ROS levels induced by MCT or erastin in
hepatocytes.  Overall,  these  findings  suggest  that  RRP
aqueous extract acts as a potential natural agent exerting hep-
atoprotective effects in HIRI by inhibiting ferroptosis.
 RRP aqueous extract attenuates ferroptosis both in vivo and
in vitro via regulating intracellular iron homeostasis

After  initially  confirming  that  RRP  aqueous  extract  can
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Fig. 4    RRP aqueous extract attenuates ferroptosis in injured hepatocytes. (A) Cell sorting enrichment. (B) Relative mRNA ex-
pressions of gpx4 and ptgs2 in each group were determined by qPCR and normalized using hprt1 as an internal control. (C) Flow
cytometry of AV-PI with histograms. (D) TUNEL staining of hepatocytes. Scale bar = 30 μm. (E) GSH, total iron ion and ferrous
ion contents in hepatocytes. (F) Representative images of live cell staining of ROS. Scale bar = 30 μm. Statistical significance: *P <
0.05, **P < 0.01, ***P < 0.001 (n = 3).
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alleviate HIRI  by  suppressing  ferroptosis,  we  aimed  to  fur-
ther explore its role in mitigating iron toxicity. We generated
a genetic heatmap to identify ferroptosis-associated genes af-
fected by RRP aqueous extract pretreatment (Fig. 5A). West-
ern blotting analysis showed that RRP aqueous extract dose-
dependently reduced the levels of transferrin, ZIP14, and hep-
cidin induced by HIRI (Fig.  5B).  To validate these findings,
qPCR experiments  were  conducted.  The  results  showed that
genes involved in iron metabolisms, such as hamp, slc39a14,
and fth1  (ferritin  heavy  polypeptide  1),  which  regulate  iron
endocytosis and efflux, were downregulated after administra-
tion of RRP aqueous extract. Conversely, genes such as cisd1
and slc40a1, which inhibit ferric ion uptake and promote mi-
tochondrial iron utilization, were upregulated following RRP
pretreatment  (Fig.  5C).  Additionally,  inflammatory  markers
such  as il-6 and il-1 were  significantly  downregulated  after
RRP  aqueous  extract  administration,  while hspb1 and
slc11a2, which inhibit ROS synthesis, were significantly up-
regulated, synergistically contributing to hepatoprotective ef-
fects (Fig. S5A). We also examined the nuclear translocation
of hepcidin  in  hepatocytes  labeled  with  HNF4α.  Immuno-
fluorescence  co-staining  showed  that  the  increased  nuclear
expression of hepcidin caused by HIRI was significantly and
dose-dependently  reduced  by  RRP aqueous  extract  (Fig.  5D
and  Fig.  S5B). Moreover, the  expression  of  the  transmem-
brane  protein  ZIP14,  which transports  extracellular  iron  into
cells, was significantly  increased in  the HIRI group but  rap-
idly decreased with increasing doses of RRP aqueous extract
(Fig. 5E and Fig. S5C).
 RRP aqueous extract attenuates ferroptosis in vitro by regu-
lating intracellular iron homeostasis

Building on our previous observations, we further invest-
igated the  role  of  RRP aqueous  extract  in  mitigating  ferrop-
tosis  induced  by  HIRI in  vitro cell  models.  As  illustrated  in
Fig.  6A,  genes  that  promote  ferroptosis,  such  as hamp,
slc39a14,  and fth1,  were  significantly  downregulated  under
both  MCT  and  erastin  treatments  following  pre-administra-
tion  of  RRP  aqueous  extract.  Conversely,  genes  that  inhibit
ferroptosis,  including cisd1 and slc40a1,  were  significantly
upregulated  after  RRP  aqueous  extract  administration  (Fig.
6B). Moreover, pretreatment with RRP aqueous extract led to
a  significant  upregulation  of hspb1 in both  models,  indicat-
ing inhibition of transferrin receptor protein 1 (TFRC) and a
reduction in  intracellular  ROS production  (Fig.  S6A).  West-
ern blotting analysis  further  confirmed the protective role  of
RRP aqueous extracts in reducing ferroptosis during HIRI, as
shown  by  decreased  levels  of  ZIP14  and  hepcidin
(Fig.  6C).  As  shown in Fig.  6D and Fig.  S6B,  Fluorescence
staining of hepcidin (red fluorescent area) corroborated our in
vivo findings, showing a significant reduction in nuclear hep-
cidin expression  with  increasing  doses  of  RRP  aqueous  ex-
tract. Additionally,  ZIP14  expression  in  hepatocyte  mem-
branes  significantly  decreased with  increasing doses  of  RRP
aqueous extract following MCT or erastin induction (Fig. 6E
and Fig. S6C). These findings suggest that RRP aqueous ex-

tract effectively mitigates intracellular ferroptosis by regulat-
ing the expression of hepcidin and ZIP14 in vivo and in vitro.
 Inhibition of hamp ameliorates ferroptosis and enhances the
protective effect of RRP aqueous extract against HIRI

Our results  indicated that hamp,  a  central  component  of
the hamp/slc40a1/slc39a14 regulatory  loop,  plays  a  crucial
role in the amelioration of HIRI by RRP aqueous extracts. To
further investigate this, we used siRNA to determine whether
inhibiting hamp could  synergistically  enhance  the  protective
effect  of  RRP  aqueous  extracts.  Three  siRNAs  targeting
hamp were designed,  and  siRNA1  was  selected  for  sub-
sequent experiments (Fig. 7A). Downregulation of hamp sig-
nificantly  alleviated  ferroptosis  by  promoting  intracellular
ferrous ion efflux.  Furthermore,  RRP aqueous extract  syner-
gistically corrected the HIRI-induced imbalance in intracellu-
lar  iron  homeostasis  (Fig.  7B).  Compared  with  the  control
group, hamp inhibition resulted in higher levels of GSH and
NO,  which  were  further  enhanced  by  RRP  aqueous  extract.
Additionally,  MDA  levels  were  significantly  decreased,  and
SOD  levels  were  significantly  increased  after hamp inhibi-
tion and RRP aqueous extract treatment (Fig. 7C). As shown
in Fig. 7D, ROS staining revealed that hamp inhibition, com-
bined  with  RRP aqueous  extract,  significantly  reduced  ROS
accumulation caused by ferroptosis. Following erastin induc-
tion,  the expression of  hepcidin and ZIP14 was significantly
suppressed  in  the  si-hamp group  compared  to  the  erastin
group.  This  inhibition  was  even  more  pronounced  in  the
group  treated  with  both  RRP  aqueous  extract  and  si-hamp
(Figs. 7E and 7F). In conclusion, inhibiting hamp synergizes
with  RRP  aqueous  extract  to  reduce  lipid  peroxidation  and
ameliorate HIRI-induced ferroptosis,  highlighting a potential
therapeutic strategy for liver injury.

 Discussion

RRP is  an  herbal  remedy that  contains  numerous  active
ingredients, offering  synergistic  therapeutic  benefits  by  tar-
geting  multiple  pathways  simultaneously.  In  this  study,  we
confirmed the  anti-ferroptosis  efficacy  of  RRP  aqueous  ex-
tract  in  a  HIRI-induced  mouse  model  and  in  MCT-  and
erastin-stimulated  hepatocytes.  Through  HPLC,  RNA-se-
quencing  analysis,  and  molecular  biology  experiments,  we
demonstrated  that  RRP aqueous  extract  effectively  mitigates
HIRI-induced  liver  injury,  inflammation,  and  mitochondrial
damage in mouse livers. Additionally, it improved apoptosis,
reduced  intracellular  ROS  levels,  and  decreased  ferrous  ion
accumulation in MCT- or erastin-stimulated hepatocytes. Sig-
nificantly, we found that the hepatoprotective effects of RRP
aqueous extract,  particularly  its  inhibition  of  lipid  peroxida-
tion and cell apoptosis in hepatocytes under hypoxic-ischem-
ic conditions, are largely dependent on the regulation of iron
metabolism.  This  includes  decreasing hamp expression, pro-
moting FPN-mediated  transport  of  ferrous  ions  to  the  extra-
cellular space,  reducing  ZIP14  expression  to  inhibit  the  im-
port of extracellular iron ions, increasing cisd1 expression to
enhance  intracellular  iron  ion  utilization,  and  upregulating
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related genes. (B) The protein expressions of transferrin, ZIP14, and hepcidin in the liver and normalized with β-actin. (C) Relat-
ive mRNA expressions of hamp, slc39a1, fth1, cisd1, and slc40a1 in the liver and normalized using hprt1 as an internal control.
Represent immunofluorescence images of (D) HNF4α and hepcidin and (E) HNF4α and ZIP14 in liver. Scale bar = 100 μm. Stat-
istical significance: *P < 0.05, **P < 0.01, ***P < 0.001 (n = 6).

ZHANG Yinhao, et al. / Chin J Nat Med, 2024, 22(9): 769-784

– 779 –



hspb1 to mitigate  ROS  accumulation.  Moreover,  we  identi-
fied  that  the  HIRI-induced  imbalance  of  intracellular  iron
homeostasis  is  linked to hamp, which can be induced by in-
flammatory factors to produce hepcidin, subsequently inhibit-
ing FPN on the  cell  membrane and restricting the  release  of
intracellular  ferrous  ions.  Inhibition  of hamp using  specific
siRNA further enhanced the inhibitory effect of RRP aqueous
extract on ferroptosis. In summary, our findings confirm that
RRP  aqueous  extract  provides  protection  against  HIRI  by
correcting intracellular  iron  homeostasis  and  thereby  redu-
cing ferroptosis.

Both  clinical  observations  and  experimental  research
have highlighted that the primary and inevitable consequence
of HIRI is the death of hepatocytes, the most abundant paren-
chymal cells in the liver. Ferroptosis is widely recognized as
a critical factor in cell death associated with IRI, particularly
in acute heart, brain, and kidney injuries [25-27]. The main char-
acteristics of  ferroptosis  are  intracellular  iron  ion  accumula-
tion  and  lipid  peroxidation [28].  Despite  the  liver  being  the
largest metabolic  organ,  the  mechanisms  underlying  ferrop-
tosis in HIRI have not been extensively studied. Recent clin-
ical research has  shown elevated serum ferritin  levels  in  pa-
tients undergoing LT, suggesting that intracellular iron accu-
mulation  in  the  liver  significantly  contributes  to  HIRI  post-
LT [29]. While  mechanistic  studies  of  ferroptosis  have  tradi-
tionally focused on the cysteine/GSH/GPX4 antioxidant axis,
new  evidence  is  increasingly  highlighting  the  roles  of  other
proteins  involved  in  ferroptosis  during  HIRI.  For  instance,

hepcidin regulates FPN to control intra- and extracellular iron
flow, playing a crucial role in iron metabolism and HIRI pro-
gression [30, 31]. Additionally,  ZIP14  has  been  shown  to  pre-
vent NTBI  accumulation  and  ferroptosis  in  hepatocytes  un-
der  conditions  of  iron  overload [32].  Therefore,  targeting  iron
metabolism  may  offer  a  promising  approach  for  treating
HIRI.  Understanding  the  molecular  regulatory  mechanisms
involved in this process could provide new strategies for the
prevention and treatment of diseases related to iron metabol-
ism disorders.

RRP  aqueous  extract  is  a  traditional  herbal  remedy
known for its beneficial effects on liver function, particularly
through its  anti-inflammatory  and  cell  proliferation  proper-
ties [33]. Its active components provide hepatoprotective bene-
fits via antioxidant  and  anti-inflammatory  mechanisms [34].
Although  RRP  aqueous  extracts  have  not  been  explicitly
shown  to  alter  the  process  of  intracellular  ferroptosis,  they
have demonstrated  the  ability  to  prevent  inflammatory  re-
sponses  and  reduce  oxidative  stress  levels  in  mice [35].  Key
components isolated from Radix Rehmanniae, such as epigal-
locatechin gallate  (EGCG),  have  shown  significant  hepato-
protective  effects.  EGCG  administration  has  been  found  to
reduce MDA levels, increase GSH and SOD content, and en-
hance  hepatic  antioxidant  activity  in  damaged  liver  tiss-
ues [36].  Additionally,  EGCG reduces  iron  ion  levels  in  liver
cells  and  tissues  and  provides  hepatoprotective  effects  by
suppressing  inflammation  and  protecting  mitochondria [37].
These  findings  suggest  that  RRP  extracts  have  considerable
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potential  against  HIRI.  However,  the  molecular  mechanisms
linking  them  to  ferroptosis  require  further  investigation.  In
the current study, we demonstrated that RRP aqueous extract
not only reduces inflammation by suppressing the expression
of inflammatory markers  such as  IL-6 and IL-1 but  also de-
creases MDA  levels,  maintains  normal  mitochondrial  struc-
ture and cristae density, and improves lipid peroxidation. Fur-
thermore, we discovered that pretreatment with RRP aqueous
extract  partially reversed the expression of hamp, zip14,  and
slc11a2 in HIRI-induced  liver  damage.  Despite  the  de-
creased  intracellular  concentrations  of  total  and  ferrous  iron
ions,  the  iron  content  in  the  medium was  higher,  suggesting
that  RRP  aqueous  extract  helps  cells  restore  iron  transport
and  storage  utilization  activities,  thereby  maintaining  iron
homeostasis.

This  study  demonstrates  the  hepatoprotective  effects  of
RRP aqueous extract  against  HIRI by modulating intracellu-
lar iron homeostasis and reducing ferroptosis. However, sev-

eral limitations remain that require further investigation. Our
results showed consistent changes in the expression of hspb1,
slc40a1,  and cisd1 in  both  mouse livers  and in  vitro hepato-
cyte  models,  while  the  gene  changes  of slc39a14 and  hamp
were not  consistent.  We speculate that:  1) hspb1 is  sensitive
to real-time ROS production and may block trivalent iron by
inhibiting  TFRC  uptake  of  iron  ions. 2) slc40a1,  as  a  key
route for divalent iron ion export, plays a crucial role in main-
taining intracellular iron homeostasis. 3) Cisd1 aids in the in-
tracellular  buildup  of  divalent  iron  ions,  facilitating  their
entry  into  the  mitochondrial  TCA cycle  and  increasing  their
utilization within the cell. These iron-sensitive genes—hspb1,
slc40a1, and cisd1—likely work synergistically to efficiently
regulate  iron  ion  absorption,  exportation,  and  utilization.
Conversely, hamp,  activated  by  extracellular  inflammatory
stimuli, inhibits FPN and plays a critical role in iron metabol-
ism  regulation.  The  higher hamp expression in  tissues  com-
pared  to in  vitro hepatocytes might  be  due  to  a  more  pro-
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Fig. 6    RRP aqueous extract improves HIRI by regulating ferroptosis via improving hepcidin and ZIP14-dominated iron homeo-
static network. (A) Relative mRNA expressions of hamp, slc39a14, and fth1 in each group were determined by qPCR and nor-
malized using hprt1 as an internal control. (B) Relative mRNA expressions of cisd1 and slc40a1 in each group were determined
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normalized with β-actin. Represent immunofluorescence images of (D) hepcidin and (E) ZIP14 in hepatocytes. Scale bar = 30 μm.
Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001 (n = 3).
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nounced inflammatory environment in  vivo. Another import-
ant consideration is the dual role of fth1. While it stores iron
ions  as  a  component  of  ferritin,  supporting  intracellular  iron
homeostasis [38], it also facilitates ferritin degradation in lyso-
somes,  releasing  free  iron  and  inducing  ferroptosis [39].  Our

findings show that RRP can inhibit fth1 mRNA levels in both
liver tissues and hepatocytes.  We propose that RRP aqueous
extract  reduces  the  potential  of fth1 to  enhance  iron  release
from  ferritin  by  increasing  iron  autophagy,  thus  mitigating
ferroptosis. Despite  demonstrating  the  hepatoprotective  ef-
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Fig.  7     Inhibition  of hamp can synergize  with  RRP aqueous  extracts  to  improve  intracellular  iron  homeostasis  and attenuate
HIRI.  (A)  The  protein  expression  of  hepcidin  in  hepatocytes  transfected  with  different hamp siRNAs  and  normalized  with β-
actin. (B) Total ferrous and ferrous ion levels in the culture medium. (C) GSH, NO, MDA, SOD levels in hepatocytes. (D) Repres-
entative images of live cell staining of ROS. Represent immunofluorescence images of (E) hepcidin and (F) ZIP14 in cells. Scale
bar = 30 μm. Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001 (n = 3).
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fects  of  RRP  against  HIRI  by  restoring  intracellular  iron
homeostasis, further studies are urgently needed. Specifically,
research  should  focus  on  identifying  which  components  of
RRP aqueous extracts affect specific aspects of ferroptosis in
hepatocytes.  This  knowledge  is  crucial  for  translating  our
findings  into  clinical  applications  and  developing  targeted
therapies for liver injury.

 Conclusion

This  study  shows  that  RRP  aqueous  extract  attenuates
HIRI-induced liver damage, inflammation, and ferroptosis by
inhibiting  iron uptake  and promoting iron excretion,  thereby
maintaining  intracellular  iron  homeostasis.  We  explored  the
underlying molecular mechanisms in both in vivo and in vitro
models. Our findings provide direct experimental evidence of
the  hepatoprotective  effects  of  RRP  on  HIRI  and  suggest  a
novel therapeutic strategy for clinical application in HIRI pa-
tients.

 Supporting Information

Supporting  information  can  be  requested  by  sending  E-
mail to the corresponding author.
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