W) Check for updates

Gao Zhao (Orcid ID: 0000-0003-4870-0682)

5
Hemin mitigates contrast-induced nephropathy by inhibiting

ferroptosis via HO-1/Nrf2/GPX4 pathway

Running head: Hemin mitigates CIN by inhibiting ferroptosis

Zhao Gao!"#*;Ziyue Zhang?*;DaqianGu’*;Yunqian Li!; Kun Zhang!; Xiaoli
Dong*; Lingli Liw; Jiye Zhang?; Jimin Chen’; Duozhi Wul; Min Zeng'#

I Medical and Healthcare Center, Hainan General Hospital, Hainan Affiliated Hospital of
Hainan Medical University, Haikou, Hamnan, China.

?Department of Cardiology, Daping Hospital, The Third Military Medical University (Army
Medical University), Chongqing, P.R. China.

3Department of Cardiology, 900 Hospital of The Joint Logistics Team, Fuzhou, Fujian, China.
4Department of Cardiology, Hainan General Hospital, Hainan Affiliated Hospital of Hainan
Medical University, Haikou, Haman, China.

>Department of Clinical Laboratory, Hainan General Hospital, Hainan Affiliated Hospital of
Haman Medical University, Haikou, Hainan, China.

®Medical Laboratory, Liang Ping People’s Hospital of Chongging, Chongqing, China.
"Department of Pathology, Hainan General Hospital, Hainan Affiliated Hospital of Hainan
Medical University, Haikou, Hainan, China.

* Co-first author
#Corresponding author

Corresponding authors:Zhao  Gao, gaozhaohn@126.com(corresponding author  for

submission); Min Zeng, hnzengmin@sina.com.

Medical and Healthcare Center, Hainan General Hospital /Hainan
Affiliated Hospital of Hainan Medical University,

Haikou, Haman, 570311, P.R. China.

Tel: +86-898-68622330,+86-13519895684

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/1440-1681.13673

This article is protected by copyright. All rights reserved.


http://orcid.org/0000-0003-4870-0682
mailto:gaozhaohn@126.com
mailto:hnzengmin@sina.com
http://dx.doi.org/10.1111/1440-1681.13673
http://dx.doi.org/10.1111/1440-1681.13673
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1440-1681.13673&domain=pdf&date_stamp=2022-05-22

Abstract

Contrast-induced nephropathy (CIN) is a common complication with adverse outcome
after iodinated-contrast injection, yet still lacking effective medication. Heme oxygenase- 1
(HO-1) has been reported to play an important role against renal injuries. Hemin, a HO-1
inducer and anti-porphyria medicine, may have a promising effect against CIN. In this study,
we aim to investigate the effect of hemin on CIN model and the underlying molecular
mechanisms in human proximal tubule epithelial cells (HK-2) cells. To mimic a common
condition in PCI patients, CIN was induced by intravenous iopromide in high-fat fed diabetic
rats. We found hemin, given right before iopromide, mitigated CIN with enhanced
antioxidative capacity and reduced oxidative stress. HK-2 cells insulted by iopromide
demonstrated decreased cell vitality and rising ROS, which could also be inhibited by hemin.
The effects of hemin involved a key molecule in ferroptosis, glutathione peroxidase (GPX4),
whose down-expression by siRNA reversed the effect of hemin on HK-2 cells. Furthermore,
hemin’s induction of GPX4 involved HO-1 and nuclear factor Nrf2. Either HO-1 or Nrf2
inhibitor prevented hemin’s effect on GPX4 to a comparable extent, and over-expression of
Nrf2 increased GPX4 expression. Besides, intervention of ferroptosis inhibitor liproxstatin-1
also alleviated CIN in vivo. Thus, we showed hemin mitigated CIN, inhibiting oxidative
stress and ferroptosis, by upregulation of GPX4 via activation of HO-1/Nrf2. Hemin, as a
clinical medicine, has a translational significance in treating CIN, and anti-ferroptosis is a

potential therapeutic strategy for CIN.

Keywords: contrast-induced nephropathy; ferroptosis; GPX4; hemin;HO-1; Nrf2



Introduction

Contrast-induced nephropathy (CIN), also called -contrast-inducedacute kidney
njury(CI-AKI), is a common complication after exposure to iodinated contrast medium (CM)
during diagnostic or interventional procedures, most commonly the percutaneous coronary
intervention (PCI) [1]. CIN is the third cause of iatrogenic renal injury, besides that induced
by drug and low circulating volume,and occurs in up to 30% of patients who receivedCM,
leading to an abrupt landslide-like poor prognosis[2]. CMexposure is rather safe for normal
kidney, but highly toxic for impaired kidney(typically from patients with diabetes mellitus,
chronic heart failure,chronic kidney diseases and advanced age). Diabetes, with its
unavoidable microvascular complication in kidney and macrovascular complication in
coronary artery requiring PCI treatment, has been recognized as a major independent risk
factor for CIN in clinic[3]. However, other than some prophylactic methods like hydration
and hemofiltration, there still lacks an effective guideline-recommended medicine for CIN.
Studies on oxidative stress in the pathogenesis of CIN has attracted wide attention, but the
effect of various anti-oxidative medications so far is barely satisfactory, which warrants

further research [4].

Heme oxygenase-1 (HO-1), as a new therapeutic anti-oxidative target, has demonstrated
robust protective effect on acute kidney injury in a large number of experimental studies[5-7].
In clinical medication, there already exist a class of drug as HO-1 inducer in treating acute
porphyria: hemin (brand name Panhematin, USA) and heme arginate (HA, brand name
NORMOSANG, France)[8]. Hemin can increase plasma HO-1 in healthy volunteers and
increase HO-1 expression in peripheral blood mononuclear cell (PBMC), with only mild side
effects, without impact on liver and kidney function and blood coagulation function, laying a
foundation for the safe use of hemin in indications other than porphyria[9,10]. In a clinical

study of hemin intervention in 40 kidney transplant patients during the perioperative period,



the expression of HO-1 in PBMC and renal biopsy increased significantly without side effects
[11]. The interventional study of hemin on CIN patients has not been reported yet. Thus, we
speculated that the HO-1 inducer hemin may has a significant preventive and therapeutic

effect on CIN and serve as a potential clinical candidate drug.

Kidney is such a bloody organ that whole-body circulating blood continuously flows
through it. It’s easy to understand why interstitial congestion and hemoglobin cast are typical
pathological features of acute tubular necrosis in AKI. Heme (iron (II)-protoporphyrin 1X),
released from extravascular hemoglobin, induces reactive oxygen species (ROS) production,
and possesses extraordinary pro-oxidative and pro-inflammatory properties [12]. HO-1 can
metabolize cytotoxic heme to biliverdin, iron and carbon monoxide (CO) [8]. In light of the
abnormal increase of iron in AKI, which would definitely disrupt the iron homeostasis and
release free irons for free radical reactions, iron metabolism-related ferroptosis attracts our
attention. Ferroptosis has also been reported to play an important role in acute kidney injury
[13].We wondered if hemin could protect against CIN through regulating ferroptosis and the

role of anti-ferroptosis mtervention in coping CIN.

In the present study, we explored the protective effects of hemin against CIN in diabetic
rats and investigated its possible molecular mechanism in antioxidative pathway and

ferroptosis.

Results

1. Hemin protect against renal injury in CIN rats

Since acute kidney injury is hard to be induced by iodinated contrast in normal kidney
with intact compensated function to cope with the CM insult and diabetic renal insufficiency
is a common clinical comorbidity and predisposing risk factor for CIN in PCI patients, we

established CIN model by intravenously injection of iopromide in high-fat fed diabetic rats...



Firstly, we ensured the success of the CIN model establishment in diabetic rats. We found that
24 h after the infusion of iopromide (1.8 g(I)/kg wt), both serum Cr and BUN levels were
sharply increased relative to the DM control rats, even though diabetes background per se has
impact on renal function at the baseline (Fig. 1a, b). At the same time, the level of calculated
CCr was remarkably decreased (Fig. 1¢), indicating that CIN was successfully induced by

iopromide in diabetic rats.

Then, we tested the effect of hemin on renal function. Results showed that treatment
with hemin (10 mg/kg wt) right before the infusion of iopromide significantly prevented the
increase in serum Cr and BUN levels (Fig. 1a, b), and the decrease in CCr level (Fig. 1¢) in
the CIN model Next, we observed the H&E-stained histopathological changes under
microscope. Consistent with our previous report [14], CIN was characterized by marked
proximal tubule dropouts, extensive hemoglobin and erythrocyte casts, interstitial congestion
and inflammation 24 h after CM injection, which were mainly located in the outer medulla.
We found the above-mentioned pathological changes were significantly reduced by hemin
treatment,as proved by the reduction in renal pathological scores(Fig. 2a).Besides necrosis,
regulated cell death (RCD), like apoptosis, ferroptosis, is another pathologicalmanifestation of
injury.We found that CM increased cell death, determined by TUNEL staining, mostly in the
boundary between the cortex and medulla, while hemin reducedthe TUNEL-positive cells to
approximately one third of the CIN group(Fig. 2b). The same effect of hemin on apoptosis
was also verified by immunoblotting of Bax and Bcl-2 expression, where theBaxwas
decreased and Bcl-2 elevated afteracute kidney injury compared to the DM control, which

was attenuated by hemin treatment as shown in a decreased Bax/Bcl-2 ratio (Fig. 2c).
2. Hemin reduced renal oxidative stress with influence on GPX4

Oxidative stress is an initiator and major component in pathogenesis of CIN [15].As

anantioxidant, hemin exerts its protectiverole in many diseases mainly via down-regulation of



ROS formation. Our present study showed that CM induced an acute oxidative stress in
kidney, as evaluated by DHE probe, MDA, T-AOC, SOD levels and the ratio of
GSH/GSSG.DHE is an oxidant-sensitive probe for detection of ROS. MDA is a marker for
lipid peroxidation. Heminsignificantly prevented the CM-induced increase in ROS and MDA
production (Fig. 3a, b)and decrease inT-AOC, SOD and GSH/GSSG levels(Fig. 3c-e). GPX4
is a lipid repair enzyme by converting iron-dependent-ROS related lipid peroxides to non-
toxic lipids, simultaneously converting the reduced GSH to oxidized GSSG [16]. GPX4 has
been identified as a key regulatory factor in ferroptosis. Thus, we wondered whetherGPX4
was involved in the protective effect of hemin on CIN. Results demonstrated that GPX4
expression, determined by immunoblotting, was remarkably reduced in CIN group compared
with DM control, which was reversed by hemin treatment (Fig. 3f), indicating a role of GPX4

and ferroptosis i hemin’s protective effect on CIN.
3. Hemin-induced GPX4 is essential in protecting CM-insulted HK-2 cells

To explore the molecular mechanism of hemin on CIN, we first selected a proper
concentration of iopromide to consistently induce an in vitro model of CM-induced acute
injury in HK-2 cells. We observed that iopromidedecreased the cell vitality of HK-2 cells in a
concentration-dependent manner (10-100 mg/mL), determined by MTT uptake
(Supple mentary Fig. S1a). lopromide with 30mg/mL was chosen to induce a moderate insult
in the upcoming experiments. Although hemin, by itself, didn’t have an impact on the cell
vitality of normal HK-2 cells in the range of 1 to 100 pumol/L (Supplementary Fig. S1b), it
preserved the CM-injured cell vitality in a concentration-dependent manner from 10-50
pumol/L (Fig. 4a). The CM-induced ROS production in HK-2 cells was also obviously
decreased by hemin (50 pmol/L) treatment (Fig. 4b). To observe the effect of hemin on GPX4
expression in CM-injured HK-2 cells, we examined the changes of GPX4 expression first to

find that within 24 hours iopromide time-dependently reduced the mRNA expression of



GPX4 (Fig. 4¢), which was reversed in the presence of hemin (50 mg/mL) (Fig. 4d). The
effect of hemin on GPX4 expression was also confirmed by immunoblotting, where hemin
significantly reversed the down-regulated GP X4 protein expression in CM-injured HK-2 cells
in a dose-dependent manner from 10-50 umol/L, the protein levels were nearly normalized at

the higher dosages (Fig. 4e).

To further clarify whether GPX4 plays an essential role in hemin’s down-regulation of
ROS generation in HK-2 cells, GPX4 siRNA was employed to interfere with the expression
of GPX4. The interference effects of candidate siRNAs were tested in Fig. 4f. siRNA with the
best interference effect was selected for subsequent GPX4 interference test. Our results
showed that the effects of hemin on ROS reduction and cell vitality promotion were
completely eliminated when GPX4 expression was silenced (Fig. 4g, h). These results
indicate that GPX4 is a downstream signal of hemin and plays an important role in hemin’s
protective effect in CM-insulted HK-2 cells. In addition, exogenous administration of hemin
could protect HK-2 cells against injuries induced respectively by two independent ferroptosis
inducers: GPX4 inhibitor RSL-3 and non-GXP4-targeted inducer erastin, which further

confirmed the inhibitory effect of hemin on ferroptosisis essentialin its protective effect in

HK-2 cells.(Fig. 41, j).

4. Hemin promoted GPX4 expression through HO-1/Nrf2 pathway

To further explore the mechanism of the up-regulation effect of hemin on GPX4, firstly
we tested that hemin could promote the protein expression of GPX4 in concentration-
dependent (1-50 pmol/L) and time-dependent (3-24 hours) manners in normal HK-2 cell
without CM insult (Fig. 5a, b). Thus, 50 pmol/L of hemin incubated with HK-2 cells for 24
hours was selected for the following experimental condition. By literature reviewing, we
found that Nrf2 can directly or indirectly up-regulate the expression of GPX4. However,

whether hemin could regulate GPX4 expression through Nrf2 has not been reported. On the



one hand, Nrf2, as a robust transcription factor for numerous antioxidant genes with
antioxidant response element (ARE), is a well-known regulator of HO-1 [17]; on the other
hand, HO-1 in turn can also interact with Nrf2 to modulate its function through stabilization
and subcellular distribution [18]. Thus, we wondered how the blocked effects of HO-1
inhibitor (ZnPP) and Nrf2 inhibitor (ML385) respectively on hemin would be, in terms of
inducing GPX4 expression. Results revealed that either HO-1 inhibitor or Nrf2 inhibitor
effectively blocked the up-regulation effect of hemin on GPX4 mRNA and protein expression
to a comparable extent, indicating that hemin induced GPX4 expression via HO-1/Nrf2
pathway (Fig. Se, d). To examine the efficacy of Nrf2 on GPX4 expression in HK-2 cells, we
constructed a cell line over-expressing Nrf2 by plasmid transfection carrying Nrf2 gene (Fig.
Se) and found that Nrf2 over-expression efficiently up-regulated GPX4 gene transcription and

translation (Fig. Se, f).
5. Inhibitionofferroptosisprevented CIN in vivo

Studies have demonstrated that ferroptosis plays an important role in various type of
acute kidney injuries[19] whichis regulated by GPX4, lipid synthesis, iron metabolism, and
other factors like Nrf2 [16]. Inhibition of ferroptosis in treating AKI has become a new
research hotspot recently, but the effect in CIN has not been reported yet. Besides the above-
studied inhibition of ferroptosis by hemin via Nrf2/ GPX4 promotion, we tried with another
commonly used ferroptosis inhibitor liproxstatin-1 (LIP-1) in vivo to see the effect. Results
demonstrated that the renal function of CIN was significantly improved by the LIP-1 (10
mg/kg wt, ip) intervention, assessed by serum creatinine and BUN (Fig. 6a, b), as well as the
histopathological changes of CIN (Fig. 6¢).LIP-1 also reduced ROS production detected by
DHE probing, MDA level and the ratio of GSH/GSSG (Fig. 6d-f). In addition, results of in
vitro studies also showed that LIP-1, a well-known ferroptosis inhibitor, and DFO, an iron-

chelator,couldprotect HK-2 cells against cell damages induced by iopromide(Fig. 6g, h).



These results demonstrated that inhibition of ferroptosis can decrease the renal damage caused
by CM. Ferroptosis plays an important role in the pathogenesis of CIN and ferroptosis

mnhibition is also a promising therapeutic target and strategy in coping CIN.

Discussion

CM is highly nephrotoxic and mainly accumulates in kidney [20]. An acute decrease in
renal blood flow leading to oxygen imbalance and direct cytotoxic effect are believed to be
the main causes of CM in inducing renal tubular damage in CIN. However, CIN rarely occurs
in normal kidneys. Homeostasis of the medullary oxygenation largely relies on the normal
microvascular environment modulated by local prostaglandin and nitric oxide. It may already
be disturbed with microvascular endothelial diastolic dysfunction at the very early stage of a
renal disease, such as diabetic nephropathy and senile renal dysfunction, which easily induces
the continuous contraction of blood vessels in the kidney under the stress of an acute CM
insult [21]. Only those with an impaired renal function, even in the early compensatory stage,
are vulnerable candidates for CIN. Diabetic patients with coronary heart disease in a condition
requiring PCI treatment is a common scene happened in clinic, which CM would inevitably
exacerbate the renal insufficiency after PCI with an accelerating poor prognosis. Since it is
hard to establish CIN model in normal rat without predispositions, we used diabetic rats to
establish it. By evaluation of renal function and histopathology, we confirmed a successful
and typical histopathological changes in our CIN model, characterized by tubular necrosis,
cast formation, interstitial congestion and infiltration of mononuclear cells mainly in the outer
medullary region, where the ischemic-sensitive mTAL (medullary thick ascending limb of
Henle's loop), rich in mitochondria, locates, which is consistent with previous reports of the

CIN model [22].



Oxidative stress and necrosis related aseptic inflammation induced by CM injection are
the main pathological mechanisms of CIN [23]; they can ignite each other reciprocally,
forming a sustaining vicious circle with escalating self-damage in kidney after acute CM
insult [24]. Antioxidative strategy has been widely investigated in treating CIN, such as N-
acetylcysteine [15] and EGCG [14], but so far none of them has a satisfactory therapeutic
effect in clinic, which warrants further research. Hemin, a HO-1 inducer, as an efficient
clinical drug for porphyria characterized with an acute load of free iron and free radicals,
attracted our attention. The transcriptomics study of hemin intervention in renal ischemia-
reperfusion showed that genes regulated by hemin involve cell differentiation, metabolic
signalling pathways, cell cycle, cell division, cytoskeletal actin and arachidonic acid
metabolism, suggesting the multi-potency effect of hemin [25]. HO-1 has a close relationship
with kidney showing a consistent protective effect in various kinds of AKI, like cisplatin-
induced nephropathy, sepsis related AKI, ischemia-reperfusion injury of transplanted kidney,
obstructive nephropathy, cardiorenal syndrome, hepatorenal syndrome and rhabdomyolysis-
induced AKI [26]. Our results showed that hemin efficiently prevented CI-AKI with excellent
properties in reducing the whole ROS level (detected by DHE) by inducing a robust
antioxidative capability (evaluvated by T-AOC), which reciprocally evidenced with a recent
report from Brazil also demonstrating renoprotective effects of hemin on CIN in
uninephrectomized diabetic rats [27]. Former study on the distribution of HO-1 expression in
rat kidney showed that HO-1 is mainly expressed in the medulla part, more than three times
that of the cortex [28]. It indicates that hemin might exert its effect partly by increasing HO-1

expression in the medulla area, consistent with the njured area in CIN kidney.

Ferroptosis is defined as anonapoptotic form of regulated cell death (RCD), mediated by
iron-dependent free radical reactions, driven by the oxidative degradation of lipids, in a

intracellular microenvironment controlled by GPX4 constitutively.Ferroptosis can be



inhibited by iron chelators and lipophilic antioxidants [16]. The regulation network of
ferroptosis mainly consists of three parts: the increase of free iron providing free radicles, the
lipid peroxidation damage, and the malfunction of GPX4 in repairing the lipid peroxidation
damage. Apparently, ferroptosis, as a special form of RCD with regulation network distinct
from apoptosis, is much more important for AKI than apoptosis. Many studies have found an
important role of ferroptosis in thepathogenesis of AKI [13].Inhibition of ferroptosis can
protect against AKI induced by variousinsults, such as ischemia-reperfusion, cisplatinand
folic acid [29-31]. Since our results showed that hemin reduced the lipid peroxidation
(measured by MDA) and the ratio of GSH/GSSG, we wondered if hemin also influenced the
key modulator of ferroptosis, GPX4. We found hemin could induce the GPX4 protein
expression of normal HK-2 cells in concentration and time- dependent manners. Treatment
with hemin could reverse the impaired GPX4 expression, the increased ROS and decreased
cell vitality in CM-insulted HK-2 cells, which could totally be offset by GPX4 siRNA
indicating a pivotal role of GPX4 in hemin’s protective effect as a downstream target. Besides
the strategy of antioxidant, anti-ferroptosis may also be a promising method to treat CIN.
Therefore, we tried this hypothesis with a common inhibitor of ferroptosis, LIP-1, by reducing

lipid peroxidation in vivo, and found a similar protective effect in CIN as hemin.

Why the antioxidative effect of hemin is so powerful? Though the mechanism is not
fully understood, a key reason should be its ability in activating Nrf2, a transcription factor of
numerous antioxidant target genes with ARE (antioxidant response element) sequence. HO-1,
induced by hemin, is not only a target gene of Nrf2, but also a modulator to activate Nrf2.
HO-1 and Nrf2 constitute such a positive inter-promotive cycle that produces a self-enhancing
and sustaining antioxidative capacity. Previous studies have demonstrated that GPX4 can be
regulated by Nrf2 [16, 32]. In our study, we tested the blockage effects of HO-1 (ZnPP) and

Nrf2 (ML385) respectively on hemin in inducing GPX4 and found both could efficiently



prevent hemin from inducing GPX4 mRNA and protein expression to a similar extent.
Moreover, over-expression of Nrf2 by plasmid transfection could induce the mRNA and
protein expression of GPX4.Notably, the current literature has reported the opposing role of
HO-1 in the regulation of ferroptosis. Though many studies have demonstrated the protective
effect of HO-1 against AKI using the gene knockout and transgene [33,34], showing a
protective effect of HO-1 against ferroptosis [33],there areother reports of pro-ferroptotic
effect of HO-11in cancer cells [35,36]. We consider the different effect of HO-1 on ferroptosis
may bedue to the different cell types.The abnormalpathophysiological state of cancer cells is
quite different from normal cells, which may lead to the opposite effect of HO-1 on
ferroptosis. HO-1 is known to metabolize heme into biliverdin/bilirubin, carbon monoxide
and ferrous iron, and catalytic iron plays a key role in promoting AKI progression.HO-1 is a
well-known key regulator of ron metabolism. Due to the strong oxidizing properties of iron
and its ability to generate ROS via the Fenton reaction, certain antioxidants and ROS
scavengers have demonstrated protective effects, that’s where GPX4 exerts an important role
in anti-ferroptosis.It has also been pointed out that the amount of cellular iron and ROS is the
decisive driving force for HO-1 to exert different effects on ferroptosis, where excess cellular
iron and ROS tend to switch HO-1 from anti-ferroptosis to a promoter of ferroptosis,
suggestinga bidirectional effect of HO-1 on ferroptosis[36].Such bidirectional effect may be
due to a dynamic imbalance between iron production by HO-1 and iron-dependent ROS

depletion by GXP4 in cancer cells, which requires more in-depth study.

In conclusion, we demonstrated the protective effect of hemin on CIN rats and
investigated the possible mechanism in HK-2 cells. Hemin treatment improved the
morphological changes and dysfunction of the contrast-injured kidney with its antioxidative
and anti- ferroptosis capacity, which is related to activation of HO-1-NRF2/GPX4 pathway.

This study suggests that hemin, an anti-porphyria medicine, may has translational significance



in treating CIN, and anti-ferroptosis may be a potential therapeutic strategy for CIN.
However, whether the treatment of hemin has an evidence-based effect on CIN in real world

still needs further research.

Methods
1. Experimental animals

Adult male Sprague-Dawley (SD) rats, weighting 180-200 g, were purchased from
Beijing Vital River Laboratory Animal Technology Co. The experimental protocol was
approved by the Institutional Animal Care and Use Committee of Hainan Medical University
(Haikou, China). All procedures were performed under appropriate anesthesia, and all efforts
were made to minimize animal suffering.

2. CIN model

Rats were fed with a high-fat diet, containing 20 g fat/100 g diet for 4 weeks before the
induction of diabetes. The diabetic rats were established by intraperitoneal injection of
Streptozotocin (40 mg/kg wt, STZ, Sigma-Aldrich) in 0.1M citrate buffer (pH 4.5). Non-
fasting blood glucose levels from the tail were measured at 72 h after administration of STZ
using a commercially available glucometer (Accu-Chek, Roche; measurement range: 0.6-33.3
mmol/L). A level higherthan 16.7 mmol/L in two consecutive days were considered
hyperglycemia [19].

Experiments with contrast medium were performed, as previously reported with minor
change [14], at 4 weeks following the establishment of diabetes. The rats were deprived of
water 24 h before the acute CM insult and anesthetized with sodium pentobarbital (50mg/kg
wt, ip), then placed on a heating table to maintain body temperature at 37°C. The left external
jugular vein was cannulated with PE-10 tubing. CIN was introduced by intravenous injection

of iopromide (Bayer HealthCare China, China) (1.8g(I)’kg wt). In the hemin group, hemin



(Sigma-Aldrich, USA), prepared for immediate use (dissolved in 0.1M NaOH, diluted with
deionized water to 7.7mM, adjusted to pH 7.4 with 0.1M HCI), was injected (10mg/ kg wt)
intravenously right before the CM injection. The vehicle group received equivalent amount of
solvents. The intervention of ferroptosis inhibitor liproxstatin-1 (LIP-1, HY-12726,
MedChemExpress China) was injected (10 mg/kg wt) intraperitoneally right after the
successful operation of CINmodel. Rats were placed in metabolic cages for 24 h urine
collection. Blood and kidneys were collected 24 h after the injection of CM. Rats were
sacrificed under anesthesia with sodium pentobarbital (100mgkg wt).
3. Renal function

Blood sera was extracted by centrifugation. Creatinine (Cr) and blood urea nitrogen
(BUN) were analysed with commercial kits (Sigma-Aldrich, USA) according to
manufacturer’s instructions. Creatinine clearance (CCr) was calculated according to the
formula: CCr = UV/P: U is the urinary Cr concentration (umol/L); V is the total urine volume
collected in 24 h (ml/min); and P is serum Cr concentration (umol/L).
4. Renal histopathology

The longitudinal half of the kidney samples were fixed in 4% paraformaldehyde, then
dehydrated in increasing concentrations of ethanol, cleared in xylene and embedded in
paraffin. Sections (4-um thick) were transected, deparaffinized, and stained with
haematoxylin and eosin. Morphological damages in kidney were scored to evaluate the degree
of renal damage, including tubular epithelial cell vacuolization and necrosis, cast formation,
interstitial congestion. The grading criteria was performed as previously described [14]. Ten
fields per section from three different sections were examined.
5. Apoptosis in kidney

Apoptotic cell death of kidney was detected by TUNEL assay using a fluorescent in situ

cell death detection kit (Roche, Switzerland) as previously described [14]. Nuclei were



identified with DAPI staining. TUNEL positive cells were counted in 10 non-overlapping
fields of outer medulla in each slide for three different sections.
6. Measurement of oxidative markers

Oxidative stress of the injured kidney was evaluated by ROS, malondialdehyde
(MDA), superoxide dismutase (SOD) levels, the ratio of reduced and oxidized glutathione
(GSH/GSSG), and total antioxidant capacity (T-AOC) with commercial assay kits (Beyotime,
China). For ROS detection by dihydroethidium (DHE) probing, kidney tissues were
quicklyfrozen with liquid nitrogen, cut to a thickness of 8 pm at -20°G then mounted on glass
slides and incubated with DHE. The fluorescence intensityin renal outer medulla was viewed
under an immunofluorescence microscope and analysed by Image J, according to the
manufacturer’s protocol. The renal tissues were homogenized in ice-cold sucrose buffer (pH
7.4) for the detection of MDA, SOD, T-AOC and GSH levels according to their respective
manufacturer’s protocol. The level of MDA was analysed using the thiobarbituric acid
method, total SOD activity the nitroblue tetrazolium method, GSH levels the DTNB method,
and T-AOC the rapid ABTS method.
7. Cell Culture

The human proximal tubular epithelial cell line HK-2 was purchased from ATCC
(Hercules, CA). Cells were cultured in 10% FBS-DMEM containing100 U/mL penicillin, and
100 U/mL streptomycin and incubated in a CO2 incubator with 5% CO2 at 37°C. Cells from
subconfluent (70-80%) cultures were trypsin-dissociated and seeded onto collagen-coated 96-
well plates at a density of 1 x 10° cells/well in a culture medium containing 2% FBS. They
were allowedto attach overnight, and then treated with iopromide (30mg(I)/mL) for 24 hours.
Other chemicals used to treat the cells were as follows: hemin (Sigma-Aldrich, 50 uM), ZnPP
(282820, Sigma-Aldrich, 5 uM), ML385 (HY-100523, MedChemExpress, 5 uM), RSL-3

(HY-100218A, MedChemExpress, 5 uM), erastin (HY-15763, MedChemExpress, 30uM),



Liproxstatin-1 (LIP-1, HY-12726, MedChemExpress, 200nM) and Deferoxamine mesylate
(DFO, HY-12726, MedChemExpress, 100uM). Cells were harvested and used for various
morphological and biochemical studies. The cellular data were obtained from at least three
ndependent experiments with three replicates performed in each trial.
8.Cell vitality assay

Cell vitality of HK-2 cells was determined by 3-(4,5-Dimethylthiazol-2-Y1)-2,5-
Diphenyltetrazolium Bromide (MTT) (Beyotime, China)and LDH activity detection, as
previously described [37]. HK-2 cells were seeded into 96-well culture plates at a density of
1x105cells/well and were allowed to grow to subconfluence (70-80%), then were serum
starved for another 6 hours. Quiescent cells were treated with indicated reagents. After 24
hours, 10ul of MTT (5 mg/mL) were added to each well, and the incubation continued for an
additional 4 hours at 37°C. Thereafter, 150ul of DMSO was added to each well, and the
absorbance OD was read at 490 nm on a microplate reader (model 680, Bio-Rad). The activity
of LDH released from injured cells was detected by LDH cytotoxicity assay kit (Beyotime,
China). LDH detection working solution was added to the cell culture supernatant in a 96-well
plate accordingly, and incubated in the dark at 37°C for 30 minutes, and then the absorbance
was measured on the microplate reader at 490nm.
9.Plasmid transfection and siRNA interference

Plasmid transfection and siRNA interference were performed as previously described
[37]. Nrf2 plasmid (Sangon, China) and GPX4 siRN As (RIBOBIO, China) were synthesized
for the transfection in HK-2 cells. When cells reached 80% confluence, plasmid (1pg/mL) or
siRNA (50 nM) was transfected by using Lipofectamine 2000 reagent (Thermo Fisher
Scientific) in Opti-MEM™ (ThermoFisher Scientific) according to the manufacturer’s

protocol. After 48 hours, the transfected cells were collected to determine the GPX4 protein



level and Nrf2 mRNA. The siRNA sequence with the best interfering effect was chosen and
applied to our experiments.
10. Quantitative RT-PCR

Total RNA was isolated from cells using TRIzol Reagent (Invitrogen, USA) following
the manufacturer's instruction. Spectroscopy was then used to detect the concentration and
purity of the RNA samples. QuantiTect Reverse Transcription Kit (Qiagen, Netherlands) was
used for reverse transcription of RNA to cDNA. Then quantitative real time PCR (RT-PCR)
was performed with TB Green® Premix ExTaqll (Takara, Japan). The mRNA expression
level of GPX4 gene and Nrf-2 gene was normalized by GAPDH. The primer sequences for
GPX4 were 5'- CCGCCTTTGCCGCCTAC-3' (forward) and 5'-
TTTACTTCGGTCTTGCCTCACT-3" (reverse). The primer sequences for Nrf2 were 5'-
AGGTTGCCCACATTCCCAAA-3' (forward) and 5'- ACGTAGCCGAAGAAACCTCA-3'
(reverse). The primer sequences for GAPDH were 5- GAATACGGCTACAGCAACAGG-3'
(forward) and 5'- GGTCTGGGATGGAAATTGT-G-3' (reverse) [37].
11. Western blot analysis

Kidney samples were grounded and homogenized in ice-cold lysis buffer. Protein

extraction, electrophoresis, transfer, immunodetection and densitometric evaluation were
performed as previously described [14]. Anti-Bcl-2 (Millipore, USA; dilution 1:500), anti-
Bax (Millipore, USA; dilution 1:500), and anti-GPX4 (Gene Tex, USA; dilution 1:500)
wereapplied. GAPDH (Santa Cruz, USA; dilution 1:1000) were used as housekeeping protein.
12. Statistical analysis

All data were analysed using SPSS19.0 (IBM) and expressed as mean + SD from at least
three repeated independent experiments. One-way analysis of variance (ANOVA) with
Bonferroni post-hoc test was employed for comparisons among the experimental groups, after

checking for normality (Kolmogorov-Smirnov) and homogeneity (Levene). Student’s t-test



was for comparison between only two groups. The histopathological scores among groups
were compared by the nonparametric Kruskal-Wallis test. P<0.05 was considered statistically

significant.

Acknowledge ments

We thank lab staff Hua Pei from Clinical Lab, The Second Affiliated Hospital of Hainan

Medical University, Haikou, Haman, China, for his assistance i the laboratory work.
Funding

The study was supported by grants from the National Natural Science Foundation of
China (81760054), the Hainan Provincial Natural Science Foundation (819QN344,

818QN310) and the Medical Scientific Research Project of Chongqing Health Commission

(2022WSJK 040)

Conflict of Interest Statement

The authors have no relevant financial or non-financial interests to disclose.

Data Availability

The research article data used to support the findings of this study are included within the

article.

Author Contributions

Z.G. conceived and designed the study. ZY.Z, YQ.L., K.Z., XL.D. and JM.C. performed the
experiments. DZ.W. gave experiment suggestions and contributed materials. DQ.G., LL.L. and
JY.Z. analyzed the data. ZY.Z, and DQ.G. drafted the paper. Z.G. and M.Z. edited and revised

the manuscript.



References

1. Authors/Task Force members, Windecker S, Kolh P, Alfonso F, Collet JP, Cremer J, Falk
V, Filippatos G, Hamm C, Head SJ, Jiini P, Kappetein AP, Kastrati A, Knuuti J,
Landmesser U, Laufer G, Neumann FJ, Richter DJ, Schauerte P, Sousa Uva M, Stefanini
GG, Taggart DP, Torracca L, Valgimigli M, Wijns W, Witkowski A. 2014 ESC/EACTS
Guidelines on myocardial revascularization: The Task Force on Myocardial
Revascularization of the European Society of Cardiology (ESC) and the European
Association for Cardio-Thoracic Surgery (EACTS)Developed with the special
contribution of the European Association of Percutaneous Cardiovascular Interventions
(EAPCI). Eur Heart J. 2014;35(37)2541-619.

2. Fahling M, Seeliger E, Patzak A, Persson PB. Understanding and preventing contrast-
induced acute kidney injury. Nat Rev Nephrol 2017; 13: 169-80.

3. Senoo T, Motohiro M, Kamihata H, Yamamoto S, Isono T, Manabe K, Sakuma T,
Yoshida S, Sutani Y, Iwasaka T. Contrast-induced nephropathy in patients undergoing
emergency percutaneous coronary intervention for acute coronary syndrome. Am J
Cardiol. 2010;105(5):624-8.

4. Kusirisin P, Chattipakorn SC, Chattipakorn N. Contrast-induced nephropathy and
oxidative stress: mechanistic insights for better interventional approaches. J Transl Med.
2020;18:400.

5. Wiesel P, Patel AP, Carvajal IM, Wang ZY, Pellacani A, Maemura K, DiFonzo N,
Rennke HG, Layne MD, Yet SF, Lee ME, Perrella MA. Exacerbation of chronic
renovascular hypertension and acute renal failure in heme oxygenase-1-deficient mice.
Circ Res. 2001;88(10):1088-94.

6. Rossi M, Delbauve S, Roumeguere T, Wespes E, Leo O, Flamand V, Le Moine A,
Hougardy JM. HO-1 mitigates acute kidney injury and subsequent kidney-lung cross-talk.
Free Radic Res. 2019;53(9-10):1035-1043.

7. Kim H, Kim SR, Je J, Jeong K, Kim S, Kim HJ, Chang KC, Park SW. The proximal
tubular a7 nicotinic acetylcholine receptor attenuates ischemic acute kidney injury through
Akt/PKC signaling-mediated HO-1 induction. Exp Mol Med. 2018;50(4):1-17.

8. LiBZ, Guo B, Zhang HY, Liu J, Tao SS, Pan HF, Ye DQ. Therapeutic potential of HO-1
in autoimmune diseases. Inflammation. 2014;37(5):1779-88.



9. Doberer D, Haschemi A, Andreas M, Zapf TC, Clive B, Jeitler M, Heinzl H, Wagner O,
Wolzt M, Bilban M. Haem arginate infusion stimulates haem oxygenase-1 expression in
healthy subjects. Br J Pharmacol. 2010;161(8):1751-62.

10.Bharucha AE, Kukarni A, Choi KM, Camilleri M, Lempke M, Brunn GJ, Gibbons SJ,
Zinsmeister AR, Farrugia G. First-in-human study demonstrating pharmacological
activation of heme oxygenase-1 in humans. Clin Pharmacol Ther. 2010;87(2):187-90.

11. Thomas RA, Czopek A, Bellamy CO, McNally SJ, Kluth DC, Marson LP. Hemin
Preconditioning Upregulates Heme Oxygenase-1 in Deceased Donor Renal Transplant
Recipients: A Randomized, Controlled, Phase IIB Trial. Transplantation. 2016;100:176-
83.

12. Gwozdzinski K, Pieniazek A, Gwozdzinski L. Reactive Oxygen Species and Their
Involvement in Red Blood Cell Damage in Chronic Kidney Disease. Oxid Med Cell
Longev. 2021;2021:6639199.

13. Wang J, Liu Y, Wang Y, Sun L. The Cross-Link between Ferroptosis and Kidney

Diseases. Oxid Med Cell Longev. 2021;2021:6654887.

14.Gao Z, Han Y, Hu Y, Wu X, Wang Y, Zhang X, Fu J, Zou X, Zhang J, Chen X, Jose PA,
Lu X, Zeng C. Targeting HO-1 by Epigallocatechin-3-Gallate Reduces Contrast-Induced
Renal Injury via Anti-Oxidative Stress and Anti-Inflammation Pathways. PLoS One.
2016;11(2)c0149032.

15. Seeliger E, Sendeski M, Rihal CS, Persson PB. Contrast-induced kidney injury:
mechanisms, risk factors, and prevention. Eur Heart J. 2012; 33:2007-15.

16. Song X, Long D. Nrf2 and Ferroptosis: A New Research Direction for Neurodegenerative
Diseases. Front Neurosci. 2020;14:267.

17. Zgorzynska E, Dziedzic B, Walczewska A. An Overview of the Nrf2/ARE Pathway and
Its Role in Neurodegenerative Diseases. Int J Mol Sci. 2021;22:9592.

18. Biswas C, Shah N, Muthu M, La P, Fernando AP, Sengupta S, Yang G, Dennery PA.
Nuclear heme oxygenase-1 (HO-1) modulates subcellular distribution and activation of
Nrf2, impacting metabolic and anti-oxidant defenses. J Biol Chem. 2014;289(39):26882-
26894.

19. Sul, Zou W, Cai W, Chen X, Wang F, Li S, Ma W, Cao Y. Atorvastatin ameliorates
contrast medium-induced renal tubular cell apoptosis in diabetic rats via suppression of
Rho-kinase pathway. Eur J Pharmacol. 2014;723:15-22.

20. Mehran R, Dangas GD, Weisbord SD. Contrast-Associated Acute Kidney Injury. N Engl J
Med. 2019;380:2146-2155.



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Uder M, Humke U, Pahl M, Jansen A, Utz J, Kramann B. Nonionic contrast media
iohexol and iomeprol decrease renal arterial tone: comparative studies on human and
porcine isolated vascular segments. Invest Radiol. 2002;37:440-7.

Au TH, Bruckner A, Mohiuddin SM, Hilleman DE. The prevention of contrast-induced
nephropathy. Ann Pharmacother. 2014;48:1332-42.

Rear R, Bell RM, Hausenloy DJ. Contrast-induced nephropathy following angiography
and cardiac mterventions. Heart. 2016;102:638-48.

Mulay SR, Kumar SV, Lech M, Desai J, Anders HJ. How Kidney Cell Death Induces
Renal Necroinflammation. Semin Nephrol. 2016;36:162-73.

Correa-Costa M, Azevedo H, Amano MT, Gongalves GM, Hyane MI, Cenedeze MA,
Renesto PG, Pacheco-Silva A, Moreira-Filho CA, Camara NO. Transcriptome analysis of
renal ischemia/reperfusion injury and its modulation by ischemic pre-conditioning or
hemin treatment. PLoS One. 2012;7(11):¢49569.

Nath KA. Heme oxygenase-1 and acute kidney injury. Curr Opin Nephrol Hypertens.
2014;23:17-24.

Fonseca CDD, Watanabe M, Couto SMF, Santos AACD, Borges FT, Vattimo MFF. The
renoprotective effects of Heme Oxygenase-1 during contrast-induced acute kidney injury
in preclinical diabetic models. Clinics (Sao Paulo). 2021;76:¢3002.

Zou AP, Billington H, Su N, Cowley AW Jr. Expression and actions of heme oxygenase
in the renal medulla of rats. Hypertension. 2000;35:342-7.

Wang Y, Quan F, Cao Q, Lin Y, Yue C, BiR, Cui X, Yang H, Yang Y, Birnbaumer L, Li
X, Gao X. Quercetin alleviates acute kidney injury by inhibiting ferroptosis. J Adv Res.
2020;28:231-243.

Martin-Sanchez D, Ruiz-Andres O, Poveda J, Carrasco S, Cannata-Ortiz P, Sanchez-Nifio
MD, Ruiz Ortega M, Egido J, Linkermann A, Ortiz A, Sanz AB. Ferroptosis, but Not
Necroptosis, Is Important in Nephrotoxic Folic Acid-Induced AKI. J Am Soc Nephrol
2017;28(1):218-229.

Eikan Mishima, Emiko Sato, Junya Ito, Ken-Ichi Yamada, Chitose Suzuki, Yoshitsugu
Oikawa, Tetsuro Matsuhashi, Koichi Kikuchi, Takafumi Toyohara, Takehiro Suzuki,
Sadayoshi Ito, Kiyotaka Nakagawa, Takaaki Abe. Drugs Repurposed as Antiferroptosis
Agents Suppress Organ Damage, Including AKI, by Functioning as Lipid Peroxyl Radical
Scavengers. J Am Soc Nephrol. 2020;31(2):2280-296.



32.

33.

34.

35.

36.

37.

Gou Z, Su X, Hu X, Zhou Y, Huang L, Fan Y, Li J, Lu L. Melatonin improves hypoxic-
ischemic brain damage through the Akt/Nrf2/Gpx4 signaling pathway. Brain Res Bull
2020;163:40-48.

Oreoluwa Adedoyin, Ravindra Boddu, Amie Traylor, Jeremie M Lever, Subhashini
Bolisetty, James F George, Anupam Agarwal. Heme oxygenase-1 mitigates ferroptosis in
renal proximal tubule cells. Am J Physiol Renal Physiol.2018;314(5):F207-F714.

Bolisetty S., Traylor A., Joseph R., Zarjou A., Agarwal A. Proximal tubule-targeted heme
oxygenase-1 in cisplatin-induced acute kidney injury. American Journal of Physiology.
Renal Physiology. 2016;310(5):F385-F394.

Min-Young Kwon, Eunhee Park, Seon-Jin Lee, Su Wol Chung. Heme oxygenase-1
accelerates erastin-induced ferroptotic cell death. Oncotarget. 2015;6(27)224393-403.
Shih-Kai Chiang, Shuen-Ei Chen, Ling-Chu Chang. A Dual Role of Heme Oxygenase-1
in Cancer Cells. Int J Mol Sci. 2018;20(1):39.

PeiF, Pei H, SuC, Du L, Wang J, Xie F, Yin Q, Gao Z. Fisetin Alleviates Neointimal
Hyperplasia via PPARY/PON2 Antioxidative Pathway in SHR Rat Artery Injury Model.
Oxid Med Cell Longev. 2021;2021:6625517.



Figure Legends

a 150 -

100 4

Scr (pmoli/L>
=]

50

04 ! \
Control Control CIN  Hemin+CIN
DM
b
60
~
-
3 404
E
E
St
= &
E 20 1 # -T—
] I T I T T
Control Control CIN  Hemin+CIN
DM
Cc
35
E ) [ &
-.E, 2
- I
£
3 11
Control Control CIN  Hemin+CIN

DM

Fig. 1Hemin improved renal function in diabetic CIN rats

CIN models were established by intravenously injection of iopromide (1.8 g(I)/kg wt) in
diabetic rats. Hemin (10mg/kg wt) or vehicle was given right before CM.Serum Cr (a) and
BUN (b) were measured 24 h after CM injection. (¢) CCr were calculated at 24 h after CM
injection. Scr: serum creatinine; BUN: blood urea nitrogen; CCr: creatinine clearance; DM:
diabetes mellitus; CM: contrast medium. Data are expressed as mean = SD. (n=7; #P<0.05 vs.

normal control; “P<0.05 vs. DM control; 4P<0.05 vs. CIN)
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Fig. 2 Hemin alleviated pathological injury and apoptosis in diabetic CIN rats
Protocols of CIN model and hemin mtervention was performed as Fig. 1. Kidney samples
were collected 24 h after CM injection. (al) Representative images of HE staining in renal
outer medulla (scale bar =100 pm) and (a2) Medullary pathological scores. (b1)
Representative mmages of TUNEL staining in renal outer medulla (scale bar = 50 um) and
(b2) TUNEL-positive cells counted in 10 high-power (400x%) fields. (c1) Western blot

analysis of Bax (a marker of apoptosis) and Bcl-2(a marker of anti-apoptosis) and (¢2) The



ratios of Baxand Bcl-2 in each group. Data are expressed as mean = SD. (n=7; #P<0.05 vs.

normal control; *P<0.05 vs. DM control; &P<0.05 vs. CIN)
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Fig. 3 Hemin reduced renal oxidative stress with increased GPX4 in diabetic CIN rats

Protocols of CIN model and hemin intervention was performed as Fig. 1. Kidney samples
were collected at 24 h after CM injection. (al) Tissue ROS level measured by DHE probing.

Representative images were shown (scale bar = 50 um). (a2) The fluorescence intensity of



DHE in each group. Values were presented with fold-change of control group. The renal
levels of MDA (b), T-AOC (c¢), SOD (d) and GSH/GSSG ratio (e) were determined to
evaluate oxidative stress. (f) Western blot of GPX4 (a regulator of ferroptosis). Values were
presented as fold-change of control group. Data are expressed as mean + SD. (n=7; #P<0.05

vs. normal control; *P<0.05 vs. DM control; &P<0.05 vs. CIN)
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Fig. 4 Hemin-induced GPX4 is essential in protecting CM-insulted HK-2 cells




(a) HK-2 cells were incubated with CM iopromide (30mg(I)/mL) in the presence or absence
of incremental concentrations of hemin (10-50 uM) for 24 hours. Cell vitality was determined
by MTT assay. (b) Total ROS in CM-insulted cells incubated with or without hemin (50 pM)
was determined by DHE fluorescence probing. Fluorescence intensity was analyzed by Image
J. (¢) GPX4 expression in cells incubated with iopromide (30mg(I)/mL) for incremental hours
(3-24 h) was determined by q-PCR. (d) HK-2 cells were treated with iopromide
(30mg(I)/mL)/ and hemin (50 uM) for 24 hours before GPX4 mRN A detection by g-PCR. (e)
HK-2 cells were treated with iopromide (30mg(I)/mL) in the presence or absence of
incremental concentrations of hemin (10-50 uM) for 24 hours. Protein expression of GPX4
was determined by immunoblotting. (f) HK-2 cells were transfected with different GPX4
siRNAs for 48 hours. GPX4 protein expression was determined by western blot. sSiIRNA2 was
selected for subsequent GPX4 interference test. (g) GPX4 siRNA transfected HK-2 cells were
co-incubated with iopromide (30mg(I)/mL) or/and hemin (50 uM) for 24 hours. Total ROS in
cells was detected by DHE fluorescence probing, and (h) cell vitality was determined by MTT
assay. Data were presented as fold-change of control group.Data are expressed as mean + SD.
(*P<0.05 vs. control; #P<0.05 vs. Iopromide alone; ¥P<0.05 vs. CM+Hemin).Further, HK-2
cells were incubated with RSL-3 (5 uM) or erastin (30 uM) in the presence or absence
ofhemin (50 uM) for 24 hours. Cell vitality was determined by MTT assay(i) and LDH
release assay (j). Values were presented as fold-change of control group.Data are expressed as

mean + SD.(*P<0.05 vs. control; #P<0.05 vs. RSL-3 alone; ¥P<0.05 vs. erastinalone)
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Fig. 5 Hemin promoted GPX4 expression through HO-1/NRF-2 pathway in HK-2 cells

(a) and (b) GPX4 protein level was determined by western blot after HK-2 cells were
incubated with incremental concentrations (1-50uM) of hemin alone for 24h or with a fixed
concentration of hemin (50 uM) for incremental times (3-24h). (¢) and (d) HK-2 cells were
treated with 50 uM of hemin for 24 hours in the presence of either HO-1 inhibitor ZnPP (5

uM) or Nrf2 inhibitor ML385 (5 uM). The expression of GPX4 was detected by q-PCR and



western blot. (e) and (f) HK-2 cells were transfected with plasmid carrying Nrf2 over-
expression genes. GPX4 and Nrf2 expressions in cells were determined by g-PCR. GPX4
protein expression was determined by western blot.Data were presented as fold-change of
control group.Data are expressed as mean = SD. ("P<0.05 vs. control, #P<0.05 vs. hemin

alone)
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Fig. 6 LIP-1 prevented renal injury in diabetic CIN rats

LIP-1 (10 mg/kg wt) was intraperitoneally injected right after the successful operation of CIN
in diabetic rats. Serum Cr (a) and BUN (b) levels were measured 24 h after CM injection.
Kidney samples were collected 24 h after CM injection. (c1) Representative images of HE
staining in renal outer medulla (scale bar = 100 pum). (¢2) Medullary pathological scores were
calculated. (d1) Tissue ROS level measured using DHE probing. Representative images were
shown (scale bar = 50 um). (d2) The fluorescence intensity of DHE in each group was
calculated. Values were presented with fold-change of control group. The renal levels of
MDA (e) and GSH/GSSG ratio (f) were measured.Data are expressed as mean + SD. (n=7,
*P<0.05 vs. control, #P<0.05 vs. CIN).In addition, cell vitality in CM-insulted HK-2 cells
incubated with or without LIP-1 (200nM) or DFO (10uM)was determined by MTT assay(g)
and LDH release assay (h).Data were presented with fold-change of control group. Data are

expressed as mean + SD.(*P<0.05 vs. control; *P<0.05 vs. Iopromide alone)





