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Purpose: Renal ischemia-reperfusion injury (IRI) is a major cause of acute kidney injury and a critical determinant of delayed graft
dysfunction after kidney transplantation. Sterile inflammation, mitochondrial dysfunction, and oxidative stress are central drivers of
renal IRI, yet effective pharmacologic interventions remain limited. Isopropyl 3-(3,4-dihydroxyphenyl)-2-hydroxypropanoate (IDHP),
an esterified derivative of Danshensu, has shown anti-inflammatory and antioxidant activity in other injury models, but its role in renal
IRI remains unclear.

Methods: A murine bilateral renal IRI model and a hypoxia/reoxygenation (H/R) model in HK-2 cells were used to evaluate the
protective effects of IDHP. In the in vivo preventive treatment model, mice received IDHP at 15 mg/kg before ischemia and shortly
after reperfusion. In vitro, HK-2 cells were pretreated with IDHP, and 10 pM was selected for subsequent experiments based on its
protective efficacy and acceptable tolerability. Renal injury was assessed by serum creatinine (Scr), blood urea nitrogen (BUN), PAS
staining, tubular injury scoring, and KIM-1 expression. Inflammation, mitochondrial function, oxidative stress, cytosolic mitochondrial
DNA (mtDNA) release, and Nrf2-associated signaling were further examined. The involvement of Nrf2 was explored in HK-2 cells
using the pharmacologic inhibitor ML385.

Results: IDHP reduced Scr and BUN by 40.2% and 39.3%, respectively, compared with the IRI group, and alleviated histological
features of tubular injury after renal IRI. IDHP also reduced macrophage and neutrophil accumulation, suppressed renal TNF-a, IL-6,
and IL-1P expression, and increased IL-10 expression. IDHP preserved mitochondrial complex activity, restored ATP levels, reduced
cytosolic mtDNA accumulation, attenuated oxidative stress, and enhanced Nrf2-associated antioxidant signaling in injured kidneys. In
H/R-treated HK-2 cells, IDHP improved cell viability, reduced ROS accumulation, limited cytosolic mtDNA release, and decreased
secretion of TNF-a, IL-6, MCP-1, and CXCL-8. In this in vitro model, ML385 partially blunted the protective effects of IDHP,
suggesting that Nrf2-associated signaling may contribute to its cytoprotective actions.

Conclusion: IDHP attenuates experimental renal IRI and H/R-induced tubular epithelial injury, potentially through coordinated
suppression of sterile inflammation, preservation of mitochondrial function, reduction of oxidative stress, and engagement of Nrf2-

associated cytoprotective signaling. These findings support further preclinical investigation of IDHP as a candidate renoprotective
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agent. However, dose-response, therapeutic window, long-term outcomes, and in vivo mechanistic studies remain necessary before
clinical translation can be considered.
Keywords: renal ischemia-reperfusion injury, inflammation, mitochondria, Nrf2, oxidative stress, IDHP

Introduction

Renal ischemia-reperfusion injury (IRI) is a central pathogenic process in kidney transplantation and ischemic acute
kidney injury.' It directly contributes to delayed graft function, increases the risk of acute rejection, and adversely affects
long-term graft survival.” Beyond transplantation, renal IRI also occurs in clinical settings such as cardiac surgery, severe
trauma, shock, and other conditions involving transient renal hypoperfusion.® Despite advances in perioperative manage-
ment and supportive care, pharmacologic strategies that directly target renal IRI remain limited.* Because renal IRI often
occurs in clinically predictable settings, identifying pharmacologic agents or intervention strategies suitable for prophy-
lactic or peri-reperfusion use remains necessary.

Sterile inflammation, oxidative stress, and mitochondrial dysfunction are major drivers of renal IRL.” During ischemia
and reperfusion, injured tubular epithelial cells release danger-associated signals and promote neutrophil and macrophage
infiltration.*” These immune cells amplify tissue damage through cytokine release, protease production, and oxidant
generation.® Mitochondria are deeply involved in this process. Mitochondrial respiratory dysfunction leads to excessive
reactive oxygen species (ROS) generation, bioenergetic failure, and release of mitochondrial DNA (mtDNA) into the
cytosol.” Cytosolic mtDNA can act as a danger-associated molecular pattern and contribute to innate inflammatory
activation.'® Therefore, an intervention strategy that simultaneously restrains inflammation, limits oxidative stress, and
preserves mitochondrial integrity may be particularly valuable in renal IRI.

Salvia miltiorrhiza contains multiple bioactive compounds with antioxidant and anti-inflammatory activities.'!
Several Salvia miltiorrhiza-derived compounds have shown protective effects in experimental renal IRI. Nrf2-
associated antioxidant responses are relevant to renal IRI because they contribute to redox homeostasis, inflammatory
modulation, and mitochondrial stress adaptation.lzf14 Compounds such as tanshinone IIA, salvianolic acid B, and
cryptotanshinone have been reported to attenuate renal IRI through mechanisms involving oxidative stress, apoptosis,
inflammation, pyroptosis, or Nrf2-related signaling.'>™'” These studies support the general renoprotective potential of
Salvia miltiorrhiza-derived compounds.

IDHP is an esterified derivative of Danshensu, a phenolic acid associated with Salvia miltiorrhiza."""'® Compared with
Danshensu, this esterified structure has been reported to improve lipophilicity and metabolic stability, which may facilitate
cellular uptake and intracellular activity.'®'® Previous studies have suggested that IDHP exerts anti-inflammatory, antiox-
idant, anti-ischemia/reperfusion, and mitochondria-protective effects in inflammatory and stress-related injury models,
including cardiomyocyte injury, pulmonary injury, and activated microglia.'®** Thus, IDHP provides a distinct pharmaco-
logic rationale relative to other previously studied Salvia miltiorrhiza-derived compounds. Nevertheless, whether IDHP
protects against renal IRI remains unknown, and its potential effects on mitochondrial preservation, cytosolic mtDNA
accumulation, sterile inflammation, and Nrf2-associated cytoprotective signaling have not been fully explored.

In the present study, we evaluated the renoprotective effects of IDHP in a murine renal IRI model and an H/R-induced
tubular epithelial cell model. We tested whether IDHP pretreatment attenuates renal IRI by suppressing sterile inflam-
mation, preserving mitochondrial function, and reducing oxidative stress, with accompanying changes in Nrf2-associated
cytoprotective signaling. By combining in vivo renal injury assessment with in vitro pharmacologic inhibition of Nrf2,
this study aimed to define the renoprotective profile of IDHP and to clarify whether Nrf2-associated signaling may
contribute to its protective effects.

Materials and Methods

Reagents and Antibodies

Anti-KIM-1 (NBP1-76701ss) was purchased from Novus Biologicals (Centennial, CO, USA), anti-F4/80 (70076T) from
Cell Signaling Technology (Danvers, MA, USA), anti-Nrf2 (66,504-1-Ig) from Proteintech (Wuhan, China), and anti-
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Ly6G (GB11229) from Servicebio (Wuhan, China). Cy3-conjugated goat anti-rabbit IgG (GB21303), horseradish
peroxidase-conjugated goat anti-mouse IgG (GB23301), goat anti-rabbit IgG (GB23303), and the bicinchoninic acid
protein assay kit were obtained from Servicebio (Wuhan, China). ML385 (HY-100523) was purchased from
MedChemExpress (Monmouth Junction, NJ, USA). IDHP (purity >98% by high-performance liquid chromatography)
was provided by the Hong-Taoism Research Institute of Analytical Science and Technology (China). For in vivo
experiments, IDHP was weighed immediately before use and freshly prepared in sterile normal saline. For in vitro
experiments, IDHP was freshly prepared in sterile phosphate-buffered saline (PBS) and diluted into the culture medium
to the indicated final concentrations. The corresponding vehicle controls received the same volume of normal saline
or PBS.

Cell Culture and H/R Treatment

The human tubular epithelial HK-2 cell line was obtained from the Cell Center of Shanghai Institutes for Biological
Sciences and has since been maintained in our laboratory. Cells were routinely tested for mycoplasma and used within 15
passages. HK-2 cells were cultured in DMEM/F12 supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin at 37°C in a humidified atmosphere containing 5% CO2. To induce H/R injury, cells were exposed to 0.5%
02, 94.5% N2, and 5% CO2 for 24 h and then returned to normoxic conditions for 6 h. Control cells were maintained
under normoxic conditions. IDHP was freshly prepared in sterile PBS, diluted into the culture medium to the indicated
final concentrations, and added 30 min before hypoxia. The control and H/R groups received the same volume of sterile
PBS. For Nrf2 inhibition experiments, ML385 was added at a final concentration of 5 uM 30 min before IDHP treatment.

Cell Viability Assay

HK-2 cell viability was determined by MTT assay. Cells were seeded into 96-well plates at 1x1074 cells/well and
incubated overnight. After treatment, cells were incubated with MTT solution (0.5 mg/mL) for 4 h. Formazan crystals
were dissolved in dimethyl sulfoxide, and absorbance was measured at 570 nm.

Animals and Experimental Design

Specific pathogen-free male C57BL/6J mice aged 9-10 weeks were obtained from Dossy Experimental Animals Co.,
Ltd. (Chengdu, China). All mice were acclimatized to the animal facility for 7 days before experimentation and housed
under standard conditions, including a temperature of 19-21°C, a 12 h light/dark cycle, and ad libitum access to food and
water. All animal procedures were approved by the Animal Care and Use Committee of Xi’an Jiaotong University
(Approval No. XJTU-IAUC/765/2019, #19765) and were performed in accordance with the Guidelines for the Care and
Use of Laboratory Animals of Xi’an Jiaotong University, the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and the ARRIVE 2.0 guidelines.

To investigate the effect of IDHP on renal IRI, a total of 18 mice were randomly assigned to three groups (n = 6 per
group) using a block randomization method with a block size of 6. A formal a priori power calculation was not
performed; the sample size was selected based on previous renal IRI studies using similar experimental designs and
endpoints.'®'” The random sequence was generated in Microsoft Excel by assigning random numbers to group labels and
sorting accordingly. The allocation sequence was concealed in sequentially numbered opaque envelopes, which were
opened only at the time of assignment. The three groups were as follows: (1) sham-operated group, (2) IRI + Vehicle
(saline) group, and (3) IRI + IDHP group. All surgeries, drug administrations, sample collections, and outcome
assessments were performed by investigators blinded to group allocation. Group allocation was performed by an
independent researcher who was not involved in subsequent procedures or outcome assessments. The group key was
revealed only after all data had been collected.

The IRI model was established by bilaterally clamping the renal pedicles for 27 min under anesthesia induced by
intraperitoneal injection of 1.25% tribromoethanol at 0.2 mL/10 g. The sham-operated group underwent the same surgical
procedure without vascular occlusion. For the treatment group, IDHP was freshly prepared in sterile normal saline and
administered intraperitoneally at 15 mg/kg 30 min before ischemia and again 30 min after reperfusion. The vehicle group
received an equivalent volume of sterile normal saline on the same schedule. The 15 mg/kg dose was selected based on
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previous preclinical evidence showing protective effects of IDHP in inflammatory or ischemia-related injury models at
comparable dosing ranges.m Because no renal IRI-specific dose-response data for IDHP were available, this dose was
used to evaluate whether IDHP confers renal protection in the present experimental model.

Throughout surgery and recovery, body temperature was maintained at 37°C using a heating pad. Postoperative
analgesia was provided by subcutaneous injection of carprofen at 10 mg/kg. The order of surgeries alternated among
groups. Before, during, and after surgery, all mice were housed under identical conditions, operated on by the same
surgeon, maintained under controlled temperature, and sampled at identical time points. Each individual mouse was
considered an experimental unit. No specific inclusion or exclusion criteria were established a priori. All mice that
successfully underwent the surgical procedure without intraoperative death were included in the study, and no animals
were excluded from the analysis. At 24 h after reperfusion, mice were anesthetized with tribromoethanol (1.25%, 0.2 mL/
10 g, i.p). Blood was collected by cardiac puncture using a 1 mL syringe. Immediately after blood collection, mice were
euthanized by cervical dislocation. Kidney tissues were then rapidly harvested for subsequent analysis.

Assessment of Renal Function and Histologic Injury

Serum creatinine (Scr) and blood urea nitrogen (BUN) were measured using a Hitachi 7060 automatic biochemical
analyzer. Kidney tissues were fixed, embedded in paraffin, and sectioned at 3 pm. Sections were stained with periodic
acid-Schiff. Tubular injury was scored in a blinded manner in at least 10 fields per sample according to a previously
described semiquantitative method.”> KIM-1 expression was assessed by immunofluorescence staining.

Immunostaining

Paraffin-embedded kidney sections were deparaffinized, rehydrated, subjected to antigen retrieval, and blocked according
to standard immunostaining procedures as previously described.>* Primary antibodies were used at the following
dilutions: KIM-1, 1:100; Ly6G, 1:100; F4/80, 1:50; and Nrf2, 1:100. KIM-1 expression was assessed by immunofluor-
escence staining. After incubation with the primary antibody, sections were incubated with a species-appropriate
fluorophore-conjugated secondary antibody in the dark, counterstained with DAPI, and imaged using a fluorescence
microscope. F4/80, Ly6G, and Nrf2 were assessed by immunohistochemistry using standard chromogenic detection. F4/
80 and Ly6G staining were used to evaluate inflammatory cell infiltration, and Nrf2 staining was used to assess nuclear
localization.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated with TRIzol reagent and reverse-transcribed using the MightyScript RT reagent kit. Quantitative
polymerase chain reaction was performed with SYBR Green master mix on a QuantStudio 3 system. Relative expression
was calculated by the 2"-AACt method using B-actin as the internal control. Primer sequences are listed in Table 1.

Mitochondrial Complex Activity, ATP, and Cytosolic Mitochondrial DNA

Mitochondria were isolated from renal tissues or HK-2 cells using commercial kits from Abcam (Cambridge, UK).
Complex II activity was measured using kit ab109908, and complex IV activity was measured using kit ab109911
according to the manufacturer’s instructions. ATP levels were determined using a luciferase-based ATP assay kit
(Beyotime, Shanghai, China).

For cytosolic mtDNA measurement, cytosolic fractions were prepared using a mitochondria/cytosol fractionation
procedure under ice-cold conditions. Briefly, kidney tissues or HK-2 cells were homogenized and subjected to differential
centrifugation to remove nuclei, cell debris, and intact mitochondria. The supernatant was collected as the cytosolic
fraction. An aliquot of cytosolic fraction was reserved for fractionation quality control by Western blotting before
mtDNA extraction. B-actin was used as a cytosolic marker, and TOMM20 was used as a mitochondrial marker. Cytosolic
fractions showing clear B-actin enrichment and absent or minimal TOMM20 signal were considered acceptable for
subsequent cytosolic mtDNA extraction and quantitative PCR analysis. The fractionation quality-control result is shown
in Supplementary Figure S1. DNA from the cytosolic fraction was extracted using the TIANamp Genomic DNA Kit and

quantified by quantitative polymerase chain reaction.
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Table | Primer Sequences Used for qPCR

Gene | Species Forward Primer Reverse Primer

TNF-a Mouse ACCGTCAGCCGATTTGCTAT TTGGGCAGATTGACCTCAGC
IL-6 Mouse TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
IL-1B Mouse ATCTCGCAGCAGCACATCAA ATGGGAACGTCACACACCAG
IL-10 Mouse GCTGGACAACATACTGCTAACC ATTTCCGATAAGGCTTGGCAA
GCLC Mouse GGGGTGACGAGGTGGAGTA GTTGGGGTTTGTCCTCTCCC
HO-I Mouse TGTGCTTGACCTCAGGTGTC CACGCATATACCCGCTACCT
KIM-1 Mouse ACAAACCAGACTGGAATGGC GTCCACAAGGAGCAGTAGCA
B-actin Mouse TGCTGTCCCTGTATGCCTCTG TGATGTCACGCACGATTTCC
D-loop | Mouse AATCTACCATCCTCCGTGAAACC TCAGTTTAGCTACCCCCAAGTTTAA
Tert Mouse | CTAGCTCATGTGTCAAGACCCTCTT GCCAGCACGTTTCTCTCGTT
D-loop | Human CTATCACCCTATTAACCACTCA TTCGCCTGTAATATTGAACGTA
Tert Human TCACGGAGACCACGTTTCAAA TTCAAGTGCTGTCTGATTCCAAT

Oxidative Stress and Reactive Oxygen Species Assays

Malondialdehyde (MDA), oxidized glutathione (GSSG), and total superoxide dismutase (t-SOD) were measured using
commercial kits according to the manufacturers’ instructions. Intracellular reactive oxygen species in HK-2 cells were
quantified with H,DCFDA. Fluorescence was measured at excitation and emission wavelengths of 490 and 520 nm,
respectively.

Enzyme-Linked Immunosorbent Assay
Supernatant concentrations of IL-6, TNF-a, MCP-1, and CXCL-8 were determined using commercially available
enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturers’ instructions.

Statistical Analysis

Statistical analyses were performed using SPSS 22.0 (IBM Corp., Armonk, NY, USA). Continuous variables are
presented as mean + SD. Semiquantitative tubular injury scores were treated as ordinal variables and are presented as
median with interquartile range. For continuous variables, data distribution and homogeneity of variance were assessed
using the Shapiro—Wilk test, Levene’s test, and visual inspection of data distribution. When parametric assumptions were
considered acceptable, comparisons among multiple groups were performed using one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. Semiquantitative tubular injury scores were treated as ordinal variables
and analyzed using the Kruskal-Wallis test followed by Dunn’s multiple-comparison test. For in vitro experiments, data
were obtained from at least three independent biological replicates unless otherwise stated. Molecular and cell-based
endpoints were considered exploratory and were interpreted cautiously in the context of multiple comparisons. A two-

sided p-value < 0.05 was considered statistically significant.

Results
IDHP Reduced Tubular Injury in H/R-Treated HK-2 Cells and in Mice Subjected to

Renal IRI

We first examined whether IDHP exhibited intrinsic cytotoxicity in HK-2 cells. IDHP did not significantly reduce cell
viability at concentrations up to 100 uM after 24 h of exposure, indicating acceptable in vitro tolerability (Figure 1A).
Under H/R conditions, IDHP improved HK-2 cell viability across the tested concentration range (Figure 1B). Although
several concentrations showed protective effects, 10 uM produced a robust response that approached the apparent
efficacy plateau, whereas higher concentrations did not provide further obvious improvement. Therefore, 10 uM was

selected as the working concentration for subsequent mechanistic experiments.
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Figure | IDHP ameliorates renal tubular injury in vitro and in vivo. (A) Effect of IDHP alone (0-100 uM) on HK-2 cell viability. (B) Effect of IDHP pretreatment on the
viability of HK-2 cells subjected to hypoxia/reoxygenation (H/R). (C) Scr levels. (D) BUN levels. (E) Representative PAS staining and immunofluorescence staining for KIM-|
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We next evaluated the in vivo effect of IDHP. Compared with the sham group, mice subjected to renal IRI showed
marked increases in Scr and BUN (Figure 1C and D), confirming successful induction of acute kidney injury. IDHP
treatment significantly reduced both indicators of renal dysfunction. Histologically, IRI caused substantial tubular injury
characterized by tubular dilation, cast formation, and loss of brush border architecture, whereas these pathological
changes appeared attenuated in IDHP-treated mice (Figure 1E). Tubular injury scores increased markedly after IRI and
were numerically lower after IDHP treatment, although the difference between the IRI and IDHP-treated groups did not
reach statistical significance (Figure 1F). In parallel, renal KIM-1 expression was significantly reduced in the IDHP-
treated group (Figure 1G).

IDHP Suppressed Sterile Inflammation After Renal IRI

Because inflammatory cell recruitment is a major determinant of post-ischemic tissue damage, we examined inflamma-
tory infiltration in kidney sections. IRI caused pronounced accumulation of F4/80-positive macrophages and Ly6G-
positive neutrophils in the renal interstitium. IDHP significantly reduced both macrophage and neutrophil infiltration,
with a more pronounced reduction in Ly6G-positive cells (Figure 2A—C).

At the transcriptional level, renal IRI markedly increased the expression of the pro-inflammatory cytokines TNF-a,
IL-6, and IL-1B. IDHP significantly blunted these increases (Figure 2D-F). In contrast, renal IL-10 expression was
increased in the IDHP-treated group (Figure 2G). Together, these data suggest that IDHP alleviated the sterile
inflammatory response triggered by renal IRI.

IDHP Preserved Mitochondrial Function and Reduced Cytosolic Mitochondrial DNA

Release in Injured Kidneys

Given the central role of mitochondria in ischemic renal injury, we next examined mitochondrial function. Renal IRI
significantly reduced mitochondrial complex II and complex IV activities and decreased ATP content. IDHP significantly
improved these parameters, indicating preservation of mitochondrial bioenergetic function (Figure 3A—C).

We also examined cytosolic mtDNA as an index of mitochondrial damage-associated inflammatory signaling.
Cytosolic mtDNA levels were markedly increased after renal IRI, whereas IDHP significantly reduced mtDNA
accumulation in the cytosolic fraction (Figure 3D). These findings suggest that IDHP preserves mitochondrial bioener-
getic function and reduces cytosolic mtDNA accumulation, which is consistent with attenuation of mitochondrial danger
signaling.

IDHP Attenuated Oxidative Stress and Enhanced Nrf2-Associated Antioxidant
Signaling in the Injured Kidney

Because mitochondrial injury and inflammation are closely linked to oxidative stress, we measured several oxidative
stress-related indicators. Renal IRI increased malondialdehyde and oxidized glutathione levels and reduced total super-
oxide dismutase activity, consistent with substantial oxidative damage. IDHP reversed these changes, indicating
improved redox homeostasis (Figure 4A—C).

Nrf2 is a master regulator of antioxidant defense and a known modulator of inflammatory responses. In sham and
untreated IRI kidneys, Nrf2 staining was weak and predominantly cytoplasmic. IDHP increased overall Nrf2 expression
and promoted its nuclear localization. In parallel, the Nrf2 target genes HO-1 and GCLC subunit were significantly
upregulated in IDHP-treated kidneys (Figure 4D—G). These results are consistent with enhanced Nrf2-associated
antioxidant signaling in IDHP-treated kidneys after renal IRI.

IDHP Reduced Mitochondrial Dysfunction, Oxidative Stress, and Inflammatory
Mediator Release in H/R-Treated HK-2 Cells

To further explore the direct effects of IDHP on tubular epithelial cells, we analyzed mitochondrial and inflammatory
outcomes in H/R-treated HK-2 cells. IDHP significantly restored complex II activity and ATP production in H/R-injured
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cells. It also reduced intracellular reactive oxygen species accumulation and decreased cytosolic mitochondrial DNA
levels (Figure SA-D).

Because injured tubular epithelial cells can actively contribute to renal inflammation, we measured inflammatory
mediators in cell supernatants. H/R significantly increased secretion of TNF-qa, IL-6, MCP-1, and CXCL-8, whereas
pretreatment with IDHP significantly suppressed all four mediators (Figure SE-H). These data suggest that IDHP can

attenuate inflammatory mediator release from tubular epithelial cells under ischemic stress.

Nrf2 Inhibition Blunted the Protective Effects of IDHP in HK-2 Cells
To examine whether Nrf2 participates in the protective actions of IDHP, HK-2 cells were treated with the Nrf2 inhibitor
ML385. ML385 partially attenuated the ability of IDHP to restore complex II activity and ATP content after H/R. ML385
also partially weakened the suppressive effects of IDHP on ROS accumulation and cytosolic mtDNA release
(Figure 6A-D).

Similarly, the IDHP-mediated reductions in TNF-a, IL-6, MCP-1, and CXCL-8 secretion were partially attenuated by
ML385 (Figure 6E-H). These findings suggest that Nrf2-associated signaling may contribute, at least in part, to the anti-
inflammatory and mitochondria-preserving effects of IDHP in H/R-injured tubular epithelial cells.

Discussion
This study shows that IDHP confers protection against experimental renal ischemia-reperfusion injury. In both animal

and cell models, IDHP improved renal injury phenotypes and was associated with reduced inflammatory burden, lower
oxidative stress, and better preservation of mitochondrial function. These findings support further preclinical evaluation
of IDHP in ischemic kidney injury, while the mechanistic and translational implications should be interpreted cautiously.
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Figure 4 IDHP attenuates oxidative stress and enhances Nrf2-associated signaling in kidneys subjected to IR. (A) MDA levels in renal tissue. (B) GSSG levels in renal tissue.
(C) T-SOD activity in renal tissue. (D) Representative immunohistochemical staining for Nrf2 in kidney sections from the sham, IR, and IR + IDHP groups. (E) Quantification
of renal Nrf2 immunoreactivity. (F) Renal mMRNA expression of GCLC. (G) Renal mMRNA expression of HO-1. Data are presented as mean * SD. **p < 0.0/, ***p < 0.00/ vs.
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Inflammation is a major amplifier of tissue injury after ischemia and reperfusion.> Tubular epithelial cell injury
initiates a cascade of danger signaling that rapidly recruits neutrophils and macrophages to the kidney. These cells release
cytokines, chemokines, ROS, and proteases, thereby worsening local injury.?® In the present study, IDHP reduced both
macrophage and neutrophil infiltration and suppressed renal TNF-a, IL-6, and IL-1pB expression, while enhancing IL-10
expression. The stronger reduction observed in neutrophil accumulation is noteworthy because neutrophils are among the
earliest inflammatory effectors to infiltrate the post-ischemic kidney and can intensify tissue injury through multiple
mechanisms.?’ The in vitro findings further support an anti-inflammatory profile for IDHP, as it reduced secretion of
TNF-a, IL-6, MCP-1, and CXCL-8 from H/R-injured HK-2 cells. Together, these results suggest that suppression of
inflammatory responses is an important component of IDHP-associated protection in renal IRI.

A second important finding is that IDHP preserved mitochondrial function. Renal tubular epithelial cells depend
heavily on mitochondrial oxidative metabolism and are therefore particularly vulnerable to ischemic injury.”® In the
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Figure 5 IDHP directly improves mitochondrial function and suppresses inflammatory mediator release in H/R-treated HK-2 cells. (A) Mitochondrial complex Il activity. (B)
ATP content. (C) Intracellular ROS levels. (D) Cytosolic mtDNA levels. (E-H) Secretion of TNF-q, IL-6, MCP-1, and CXCL-8 measured by ELISA. Data are presented as
mean + SD. *p < 0.05, **p < 0.0/, ***p < 0.00/ vs. control group; #p < 0.05, ##p < 0.0/, ###p < 0.00/ vs. H/R group.

current study, IDHP improved complex II and IV activities, increased ATP content, and reduced cytosolic mtDNA release
in vivo. Similar protective effects on complex II activity, ATP production, ROS accumulation, and cytosolic mtDNA
release were observed in HK-2 cells. Because cytosolic mtDNA can function as a danger-associated molecular pattern

2939 the reduced cytosolic mtDNA accumulation observed after IDHP

and activate innate inflammatory pathways,
treatment may be linked to the attenuated inflammatory response. However, because downstream mtDNA-sensing
pathways were not directly examined, this finding should not be interpreted as direct causal evidence.

Oxidative stress links mitochondrial dysfunction to inflammatory amplification.”’ IDHP lowered MDA and GSSG
levels and increased t-SOD activity in injured kidneys, indicating an improved redox state. We further found that IDHP

promoted Nrf2 nuclear translocation and increased expression of the downstream antioxidant genes HO-1 and GCLC.
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Nrf2 is increasingly recognized not only as an antioxidant transcription factor but also as a broader regulator of

inflammation-associated tissue protection.'**? In HK-2 cells, pharmacologic inhibition of Nrf2 with ML385 partially

attenuated the effects of IDHP on mitochondrial function, ROS accumulation, cytosolic mtDNA accumulation, and

inflammatory mediator production. These data suggest that Nrf2-associated signaling may participate, at least in part, in
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the protective actions of IDHP. Nevertheless, alternative interpretations should be considered. The partial reversal
observed after ML385 treatment suggests that IDHP may also act through Nrf2-independent antioxidant or mitochondria-
protective pathways. Moreover, because ML385 is a pharmacologic inhibitor, potential off-target effects cannot be fully
excluded. It is also possible that the reduction in inflammatory mediator production resulted, at least in part, from
improved mitochondrial preservation rather than representing the initiating protective mechanism. Therefore, the
observed relationship among Nrf2-associated signaling, mitochondrial preservation, cytosolic mtDNA accumulation,
and sterile inflammation should be regarded as a plausible mechanistic association rather than definitive in vivo causal
evidence.

The upstream mechanism by which IDHP enhances Nrf2-associated signaling remains unclear. Potential mechanisms
may involve Keapl cysteine modification, GSK-3f inhibition, PKCd-related signaling, or other redox-sensitive path-
ways, but these possibilities were not directly examined in this study. Likewise, whether Nrf2-associated signaling limits
cytosolic mtDNA accumulation by preserving mitochondrial integrity remains to be determined. Future studies using
in vivo Nrf2 loss-of-function models, together with assays of mitochondrial quality control and mtDNA-sensing path-
ways, will be needed to clarify this mechanism.

Our findings extend previous evidence that Danshen-related compounds can confer renal or ischemia-related
cytoprotection through antioxidant and anti-inflammatory mechanisms.**>> Although tanshinone IIA, salvianolic acid
B, and cryptotanshinone have been evaluated in renal IRL'>"7 IDHP differs from these compounds as a Danshensu-
related esterified metabolite with a distinct chemical scaffold and reported anti-inflammatory, antioxidant, and mitochon-
dria-protective activities.'®? This esterified structure may improve lipophilicity and metabolic stability, thereby facil-
itating cellular penetration, bioavailability, and intracellular or mitochondrial protective effects.'®!® The present findings
also align with studies of classical Nrf2-activating agents, including sulforaphane, dimethyl fumarate, and bardoxolone
methyl, in renal IRI or ischemic AKI contexts.**® However, because direct comparisons with these agents or with other
Salvia miltiorrhiza-derived compounds were not performed, this study does not establish the superiority of IDHP.
Instead, it supports IDHP as a distinct candidate for further preclinical evaluation in renal IRI, while emphasizing the
need for careful safety assessment before translation.*”

From a translational perspective, renal IRI is particularly relevant to kidney transplantation, where injury occurs in
a clinically predictable setting. IDHP may therefore be worth exploring in future studies as a donor-preparation strategy,
perioperative recipient therapy, organ-preservation additive, or early reperfusion intervention. Nevertheless, these
possibilities remain speculative at present because pharmacokinetic, toxicological, dose-response, long-term outcome,
and actual transplantation-model data are not yet available.

The present study has several limitations. First, only a single in vivo dose of IDHP was tested, and formal dose-
response analysis was not performed; therefore, the optimal effective dose and dose-related safety profile remain to be
defined. Second, because IDHP was administered before ischemia and shortly after reperfusion, the present findings
mainly support a prophylactic or peri-reperfusion protective strategy rather than treatment of established renal injury, and
future studies should define its therapeutic window. Third, the 24 h reperfusion period allowed assessment of acute injury
and early inflammatory responses but did not address sustained functional recovery, long-term structural preservation, or
delayed mitochondrial adaptation. In addition, only male mice were used. Fourth, Nrf2 involvement was supported
mainly by in vitro pharmacologic inhibition, and downstream mtDNA-sensing pathways, such as cGAS-STING or TLR9
signaling, were not directly examined. Finally, tribromoethanol anesthesia and carprofen analgesia were applied
consistently across groups according to animal welfare requirements; however, their potential influence on inflammatory
readouts cannot be entirely excluded, particularly because carprofen is a nonsteroidal anti-inflammatory analgesic.

Despite these limitations, the data support further preclinical evaluation of IDHP as an inflammation-modulating and
mitochondria-protective candidate in renal IRI. Its potential applications may include prophylactic or peri-reperfusion
protection in predictable ischemic settings, but dose-response, therapeutic-window, long-term outcome, pharmacokinetic,
toxicological, and in vivo mechanistic studies are needed before clinical translation can be considered.

Journal of Inflammation Research 2026:19 hetps: 13



Yan et al

Conclusion

IDHP attenuates experimental renal IRI and H/R-induced tubular epithelial injury, potentially through coordinated
suppression of sterile inflammation, preservation of mitochondrial function, reduction of oxidative stress, and engage-
ment of Nrf2-associated cytoprotective signaling. These findings support IDHP as a preclinical candidate renoprotective
agent. Further dose-response, therapeutic-window, long-term outcome, pharmacokinetic, toxicological, and in vivo
mechanistic studies are required before clinical translation can be considered.

Protocol Registration

No formal study protocol was prepared or registered before the study. The experimental design and analysis plan were
established before data collection based on preliminary findings and published literature. This study adheres to the
ARRIVE 2.0 guidelines.
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AKI, acute kidney injury; BUN, blood urea nitrogen; CXCL-8, C-X-C motif chemokine ligand 8; GCLC, glutamate-
cysteine ligase catalytic subunit; GSSG, oxidized glutathione; H/R, hypoxia/reoxygenation; HO-1, heme oxygenase-1;
IDHP, isopropyl 3-(3,4-dihydroxyphenyl)-2-hydroxypropanoate; IRI, ischemia-reperfusion injury; MCP-1, monocyte
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