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ABSTRACT

Background: Cisplatin-induced acute kidney injury (cis-AKI) is not rare in
oncological patients clinically, but there are limited prevention and treatment
methods available. The efficacy of hydrogen sulfide (H,S) in mitigating cis-AKI has
been studied and determined in animal models.

Methods: According to the pre-registered program (PROSPERO: CRD
42023463779), we searched PubMed/Medline, Embase, and Web of Science
databases using the keywords: hydrogen sulfide, cisplatin, acute kidney injury, and
alternatives. A total of 13 articles met the inclusion criteria were included.
Standardized mean difference (SMD) and 95% confidence interval (CI) were
calculated and aggregated using random effects meta-analysis.

Results: The results showed that H,S treatment significantly improved renal function
(serum creatinine SMD = -2.96, 95% CI [-3.72 to —2.19], p < 0.00001; blood urea
nitrogen SMD = -2.73, 95% CI [-3.68 to —1.78], p < 0.00001), decreased oxidative
stress (superoxide dismutase SMD = 2.90, 95% CI [1.36-4.43], p = 0.0002) and
inflammation levels (interleukin-1p SMD = —4.41, 95% CI [-5.84 to —2.97],

p <0.00001). However, there was a high degree of heterogeneity between studies (I >
70%). Further subgroup analysis did not show a clear source of the heterogeneity, but
various H,S donors exhibited positive renal protection in those studies.
Conclusions: H,S could be a new approach for treating cis-AKI, while the
differential efficacies among natural and slow-release H,S donors remain to be
compared and evaluated further. This meta-analysis may shed light on establishing
preclinical and clinical investigation guidelines for treating human cis-AKI with H,S
donors.
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INTRODUCTION

Cisplatin, as an efficient chemotherapy drug, induces DNA crosslinks, causes DNA
damage, and ultimately exerts its anti-cancer effect (Ghosh, 2019). Since its discovery in the
late 1960s, cisplatin and its derivatives have been widely used in the treatment of various
solid tumors, including lung cancer (Mascaux et al., 2000), mammary cancer (Rodler et al.,
2023), bladder cancer (Kamat et al., 2016a), and ovarian cancer (Markman, 1994).
However, cisplatin can cause multiple organ toxicity in the process of tumor treatment,
among which kidney toxicity is the most common (Ries & Klastersky, 1986). Despite the
clinical use of pre-treatment hydration therapy to reduce multi-organ toxicity caused by
cisplatin, acute kidney injury (AKI) still occurs in approximately 30% of patients
(Latcha et al., 2016). The nephrotoxic effects of cisplatin are cumulative and
dose-dependent, mainly through the transport of organic cationic transporter-2 and
copper transporter-1 in the basolateral membrane of the proximal tubule to intracellular
accumulation (Guo et al., 2018; Sharaf, El Morsy ¢ El-Sayed, 2023), resulting in proximal
tubular injury, oxidative stress, inflammation, DNA damage, mitochondrial dysfunction,
and vascular injury (Pabla et al., 2009; Yan et al., 2016), and ultimately AKI. Once AKI
occurs and is not under control, the disease will progress into chronic kidney disease
(CKD) eventually (Jiang et al., 2020; Xiao et al., 2016; Zhang et al., 2023a). At present, there
are no effective drugs or methods to treat kidney damage caused by cisplatin. Therefore,
seeking a novel strategy has become a hot topic in the prevention and treatment of
cisplatin-induced AKI (cis-AKI).

In the last twenty years, extensive research has been conducted on hydrogen sulfide
(H,S) due to its significant functions in preserving cellular membrane stability, controlling
cellular differentiation and growth, safeguarding the integrity of mitochondrial DNA,
engaging in signal transmission processes, and governing programmed cell death
(Cuevasanta et al., 2012; Kamat et al., 2016b; Zhang et al., 2019; Zhong et al., 2010). This
makes it the third naturally occurring gas molecule, following carbon monoxide and nitric
oxide. Evidence has shown that endogenous H,S is closely involved in the physiological
functions and pathological changes of the kidney (Ahmad et al., 2012; Yuan et al., 2019).
According to animal experimental research reports, increasing the amount of H,S with
exogenous H,S donors can alleviate the renal toxicity caused by cisplatin (Ahangarpour
et al., 2014; Cao et al., 2018a), mainly through anti-inflammatory, antioxidant, autophagy,
and other mechanisms (Ahangarpour et al., 2014; Sun et al., 2020; Yuan et al., 2019).

Although H,S has been proven to be protective against cisplatin-induced nephrotoxicity
in animal studies, there is no approved H,S medication available for patients yet. Thus,
conducting meta-analyses on published animal studies to validate H,S efficacy in cis-AKI
is of significance for future clinical investigations. To shed light on the future applications
of H,S in oncology patients with cis-AKI, we reviewed and summarized current
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publications and performed a meta-analysis on the current findings about the protective
effect of H,S against nephrotoxicity caused by cisplatin in animal models through in vivo
studies.

MATERIALS AND METHODS

Protocol and registration

The methods used in this study are previously specified in PROSPERO (CRD
42023463779). The systematic review and meta-analysis were conducted according to the
guidelines for systematic review and meta-analysis of animal studies and reported under
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) for
the manuscript (Moher et al., 2009; Page et al., 2021).

Search strategy and study selection

This meta-analysis involved an extensive review of the effects of H,S therapy on animal
models of cis-AKI. All relevant original research articles published up to March 2024 were
included in the review. We systematically searched through Web of Science, Scopus, and
Pub-Med/Medline by using the following keywords: “hydrogen sulfide [Mesh], cisplatin
[Mesh], acute kidney injury [Mesh]”, and alternatives.

Two independent reviewers (Han and Yan) selected literature that met the inclusion
criteria by screening titles and abstracts. According to the inclusion and exclusion criteria
(shown below), the article was classified as irrelevant and relevant. Any existing
disagreements were resolved through discussion with a third reviewer (Deng), utilizing the
identical approach separately.

The full text of qualified literature was searched as far as possible. In case the full text
was not available, we applied to the first author of the original article by email. Two authors
examined the full text to exclude studies that did not meet predetermined inclusion
criteria. In addition, we carefully examined the references of the selected literature to
identify those that met the research selection criteria. The sorting process is managed using
the bibliographic management software Endnote 20.

Inclusion and exclusion criteria

We established the following criteria for inclusion in this review study: (1) literature
published in English, (2) the experiments were carried out in animals, (3) wild-type
animals without any genetic or environmental modifications, (4) experimental cis-AKI
model of kidney, (5) H,S donors were given in any route, frequency, and dose to treat/
prevent cis-AKI. If the following conditions exist, the literature was excluded from this
meta-analysis: (1) any in vitro, and computer modeling studies, (2) studies conducted on
genetically modified animals or animals with complications, such as diabetes mellitus,
myocardial infarction, heart failure, or hypertension, (3) research conducted in humans,
(4) studies on simultaneous administration of H,S and other drugs, (5) reviews and
conference reports.
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Data extraction

The experimental data presented in each article were extracted and analyzed: experimental
design; animal characteristics of species, gender, age, or weight; methods of administering
cisplatin including mode, dosage, and duration; H,S donor administration details of type,
dosage, duration, and route. The main outcome variable was the value of serum creatinine.
Secondary outcome variables were markers of kidney injury, inflammation, oxidative
stress, and cell apoptosis. Histopathological images were independently evaluated by two
reviewers using a semi-quantitative scoring system based on HE/PAS staining. Tubular
injury was graded as follows: 0 (no injury), 1 (<25% of tubules affected), 2 (25-50%), 3
(50-75%), and 4 (>75%), consistent with established criteria (Gong et al., 2021; Yuan et al.,
2019). Discrepancies were resolved by consensus or third-party arbitration. The specific
plan could be found in the PROSPERO database (CRD 42023405958). The data extraction
from graphs was facilitated by employing digital software (WebPlotDigitizer, Version 4.6,
https://automeris.io/, September 2022), which was developed by Ankit Rohatgi in Pacifica,
California, USA. The data collection was conducted independently by two authors (Deng
and Yan), ensuring unbiased and reliable results. If the difference between the data
extracted by the two examiners was <10%, the average of the two values was taken. Any
discrepancies were resolved through discussion with a third reviewer (Han), applying the
same technique independently, to ensure consensus and accuracy.

Quality assessment

Risk of bias and quality of evidence from included studies were assessed according to SYR-
CLE’s Risk of Bias tool (Hooijmans et al., 2014), which had been adapted for animal
experimental models. Two reviewers conducted separate evaluations of bias risk and study
quality for each study, with any discrepancies being resolved through consultation with a
third reviewer. The risk-of-bias plots were generated by using Microsoft Excel (2312 Build
16.0.17126.20132; Microsoft, Bellingham, WA, USA) and an online application, robvis
(accessible at https://mcguinlu.shinyapps.io/robvis/).

Statistical analysis

Data were presented as SMD of 95% confidence intervals (CI). Standard deviation (STD)
was utilized to compare the H,S treatment group with the control group (no treatment/
placebo). The level of heterogeneity was measured using I%, Tau2, and Q statistical tests. I’
value exceeding 50% indicated significant heterogeneity. Forest plots were generated to
summarize the findings from meta-analysis studies. Meta-regression analyses and
subgroup analyses were conducted to explore associations among animal species, type of
H,S donor, and route of administration in relation to outcome variables. Publication bias
was evaluated through examination of funnel plots and quantified using the Egger test. A
p-value less than 0.05 was considered statistically significant. Review Manager (version
RevMan 5.3) and Stata (StataCorp, College, TX, USA) were utilized for statistical analysis
and figure creation.
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Figure 1 PRISMA flowchart of the search and selection process of the article. Full-size K&l DOT: 10.7717/peerj.19481/fig-1

RESULTS

Study selection process

The process of retrieving literature was illustrated in Fig. 1. A total of 282 articles were
initially gathered from PubMed/MEDLINE, Web of Science, Cochrane Library, and
Scopus databases. Following the removal of duplicates and exclusion criteria, a
meta-analysis was conducted on 13 literature (Abdel-Daim et al., 2019; Ahangarpour et al.,
2014; Ahmad, 2022; Cai et al., 2024; Cao et al., 2018a, 2018b; Chiarandini Fiore et al., 2008;
Elkhoely & Kamel, 2018; Jiang et al., 2024; Karimi et al., 2017; Sun et al., 2020; Wang, Liu ¢
Liu, 2022; Yuan et al., 2019). The characteristics and experimental protocols of the
included studies were listed in Table 1. Eight exogenous H,S donors were administered to
elevate systemic H,S levels in animal models. These included synthetic compounds
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Table 1 Main characteristics of included studies.

Reference Species Dosage Treatment Administration Donor Dosage (H,S) Treatment Sample
(cisplatin, i.p) duration (day) (H,S) duration (day) (cis vs cis
(cispaltin) (H,S) +H,S)

Cai et al. C57BL/6 mice 25 mg/kg 4 po ADT-OH 37 mg/kg 4 6vs6
(2024)

Cai et al. C57BL/6 mice 25 mg/kg 4 po GYY4137 100 mg/kg 4 6vs6
(2024)

Cai et al. C57BL/6 mice 25 mg/kg 4 po NaHS 5.6 mg/kg 4 6vs6
(2024)

Jiang et al. BALb/c mice 20 mg/kg 5 ip DATS 20 mg/kg 20 8vs8
(2024)

Wang, Liu ¢ beagle 5 mg/kg 3 iv NaHS 1 mg/kg/h 3 6vs6
Liu (2022)

Ahmad Wistar rat 5 mg/kg 7 ip NaHS 56 pumol/kg 35 6vs6
(2022)

Sun et al. C57BL/6 mice 25 mg/kg 3 ip NaHS 5.6 mg/kg 4 5vs5
(2020)

Sun et al. C57BL/6 mice 25 mg/kg 3 ip GYY4137 100 mg/kg 4 5vs5
(2020)

Sun et al. C57BL/6 mice 25 mg/kg 3 ip Na,S, 500 pg/kg 4 5vs5
(2020)

Yuan et al. ~ C57BL/6 mice 16 mg/kg 4 ip NaHS 5.6 mg/kg 4 8vs8
(2019)

Abdel-Daim ~ Wistar rat 7 mg/kg 7 po Allicin 10 mg/kg 14 8vs8
et al. (2019)

Elkhoely & SD rat 3.5 mg/kg 4 ig DAS 50 mg/kg 4 6vs6
Kamel
(2018)

Elkhoely & SD rat 3.5 mg/kg 4 ig DAS 100 mg/kg 4 6vs6
Kamel
(2018)

Cao et al. SD rat 7 mg/kg 6 ip Na,S, 5.6 mg/kg 7 8vs8
(2018a,
2018b)

Cao et al. C57BL/6 mice 25 mgkg 3 ip NaHS$ 5.6 mg/kg 4 9vs9
(2018a)

Cao et al. C57BL/6 mice 25 mgkg 3 ip GYY4137 100 mg/kg 4 9vs9
(2018b)

Karimi et al. ~ SD rat 5 mg/kg ip NaHS 200 pg/kg 15 8vs8
(2017)

Ahangarpour  SD rat 6 mg/kg 6 ip NaHS 100 umol/kg 6 10 vs 10
et al. (2014)

Chiarandini ~ SD rat 10.5 mg/kg 4 ig DADS 292.5 mg/kg (1 4 8vs8
Fiore et al. day) 146.25 mg/
(2008) kg (3 days)

Note:

(DADS: diallyl disulfide, DAS: diallyl sulfide, DATS: diallyl trisulfide, ip: intraperitoneal injection, ig: intragastric, iv: intravenous injection, po: peros(Latin)- oral
administration).
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Figure 2 Quality and risk of bias assessment. Full-size K&l DOI: 10.7717/peerj.19481/fig-2

(ADT-OH, NaHS, Na,S,;, GYY4137) and natural plant extracts (Allicin, diallyl disulfide
(DADS), diallyl sulfide (DAS), diallyl trisulfide (DATS)), which either directly release H,S
or were metabolized into H,S in vivo. Four administration routes were used:
intra-peritoneal injection, intravenous injection, oral administration, and gavage.
Certainly, different donor drugs and animal species require adjustment and optimization
of the corresponding drug dose.

Risk of bias assessment

Using the SYRCLE bias risk tool to evaluate the quality of animal studies revealed that all
studies had unknown bias in the blind design of grouping, intervention, outcome
assessment, inclusion, and exclusion of reports. Among the 13 included pieces of literature,
nine had low bias, four had unknown bias, and no literature had high bias (Fig. 2 and
Fig. S1).

Renal function recovery after H,S treatment on cis-AKI

Serum creatinine and urea nitrogen were measured in 19 studies. Renal function was
significantly improved after H,S donors postprocessing, with creatinine (SMD = -2.96,
95% CI [-3.72, -2.19], Z = 7.54, p < 0.00001; Fig. 3) and urea nitrogen (SMD = -2.73, 95%
CI [-3.68, -1.78], Z = 5.62, p < 0.00001; Fig. 4). The overall effect size was accompanied by
a high degree of heterogeneity (I* = 73%, p < 0.00001, and I* = 75%, p < 0.00001,
respectively).

Effects of H,S on oxidative stress, inflammation and apoptosis
Superoxide dismutase (SOD) was measured in six studies. A meta-analysis of these studies
showed that H,S treatment was associated with significantly increased SOD levels

(SMD = 2.90, 95% CI [1.36-4.43], Z = 3.70, p = 0.0002; Fig. 5), the heterogeneity was
statistically significant (I* = 79%, p = 0.0001). Additionally, nine separate research inquiries
examining malondialdehyde (MDA) concentrations demonstrated that subjects who
underwent H,S adaptation exhibited considerably reduced MDA levels when compared to
those who received no treatment (SMD = -2.85, 95% CI [-3.98 to —1.71], Z = 4.91,
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H2S+Cis Cis Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD Total Weight IV. Random. 95% Cl __IV.Random.95%CI
Abdel-Daim et al.2019 1.2 0.281421 8 3.33 0.567843 8 5.2% -4.49 [-6.54, -2.45] _'_
Ahangarpour et al.2014 0.59 0.159057 10 1.25 0.282302 10 6.7% -2.76 [-4.05, -1.46] -
Ahmad et al.2022 1.82 0.08 6 2.21 0.13 6 5.3% -3.34 [-5.32, -1.35] -
Cai et al.2024a 0.810145 0.38328 6 4.571174 0.707267 6 3.4% -6.10 [-9.29, -2.92] -
Cai et al.2024b 2.116447 0.647975 6 4.571174 0.707267 6 5.3% -3.34 [-5.33, -1.36] -
Cai et al.2024c 1.369888 0.285048 6 4.571174 0.707267 6 3.8% -5.48 [-8.39, -2.58] -
Cao et al.2018 107.5337 22.90105 8 151.1351 48.29226 8 7.1% -1.09 [-2.16, -0.02] ™
Cao et al.2018a 126.3747 20.30631 9 164.602 46.52115 9 7.2% -1.01 [-2.01, -0.02] ™
Cao et al.2018b 112.5125 23.50033 9 164.602 46.52115 9 7.2% -1.35 [-2.40, -0.30] -
Elkhoely et al.2018a 3.02 0.19 6 6.11 0.29 6 15% -11.63[-17.43,-584]
Elkhoely et al.2018b 1.82 0.17 6 6.11 0.29 6 0.8% -16.66 [-24.87, -8.45] —
Fiore et al.2008 14.83 2.07 8 24.74 3.03 8 5.8% -3.61 [-5.35, -1.87] -
Jiang et al.2023 33.49789 3.284131 8 65.96848 4.247367 8 3.2% -8.09 [-11.46, -4.71] -
Karimi et al.2017 0.6 0.1 8 0.8 0.1 8 6.8% -1.80 [-3.01, -0.58] .
Sun et al.2020a 63.34206 26.46039 5 120.3299 27.24807 5 6.0% -1.92 [-3.56, -0.27] ]
Sun et al.2020b 61.41796 22.16575 5 120.3299 27.24807 5 5.8% -2.14 [-3.87, -0.41] -
Sun et al.2020c 69.80869 19.94439 5 120.3299 27.24807 5 6.0% -1.91 [-3.55, -0.27] -
Wang et al.2022 212.2239 28.99805 6 300.7694 47.75598 6 6.2% -2.07 [-3.59, -0.55] i
Yuan et al.2019 31.16556 10.60318 8 62.38402 15.52657 8 6.6% -2.22 [-3.54, -0.90] -
Total (95% ClI) 133 133 100.0% -2.96 [-3.73, -2.19] ' . ¢ .

Heterogeneity: Tau? = 1.86; Chi? = 67.82, df = 18 (P < 0.00001); I? = 73% _1'0 _'5 0 5 1:0
Test for overall effect: Z = 7.54 (P < 0.00001)

Favours [H2S+Cis] Favours [Cis]

Figure 3 Experimental cisplatin vs. H,S forest plot showing the pooled effect of H,S treatment on serum creatinine level. Note: Abdel-Daim
et al. (2019), Ahangarpour et al. (2014), Ahmad (2022), Cai et al. (2024), Cao et al. (2018a, 2018b), Chiarandini Fiore et al. (2008), Elkhoely ¢ Kamel
(2018), Jiang et al. (2024), Karimi et al. (2017), Sun et al. (2020), Wang, Liu & Liu (2022), Yuan et al. (2019).

Full-size k] DOI: 10.7717/peerj.19481/fig-3

H2S+Cis Cis Std. Mean Difference Std. Mean Difference
__Study or Subgroup __Mean SD Total Mean SD Total Weight IV, Random. 95% CI IV, Random. 95% ClI
Cai et al.2024a 1.18 0.3 6 5.19 0.66 6 4.3% -7.22[-10.92, -3.52]
Cai et al.2024b 2.02 0.38 6 5.19 0.66 6 5.8% -5.43 [-8.32, -2.55]
Cai et al.2024c 1.76 0.52 6 5.19 0.66 6 5.9% -5.33 [-8.17, -2.49] -
Cao et al.2018 205.08 52.36 8 270.61 111.26 8 11.0% -0.71[-1.73, 0.31] sl
Cao et al.2018a 141.62 33.55 9 196.7 58.83 9 11.0% -1.10 [-2.10, -0.09] ™
Cao et al.2018b 117.53 25.66 9 196.7 58.83 9 10.7% -1.66 [-2.77, -0.55] -
Jiang et al.2023 24.25 3.2 8 50.1 4.27 8 6.1% -6.48 [-9.24, -3.71] -
Sun et al.2020a 17.97 11.31 5 48.28 2254 5 9.5% -1.54 [-3.05, -0.02] ]
Sun et al.2020b 16.87 543 5 48.28 2254 5 9.3% -1.73 [-3.31, -0.15] B
Sun et al.2020c 21.18 5.93 5 48.28 2254 5 9.6% -1.49 [-2.98, 0.01] B
Wang et al.2022 7.28 1 6 17.62 2.92 6 6.9% -4.37 [-6.79, -1.96] -
Yuan et al.2019 41.47 13.57 8 87.06 18.78 8 9.8% -2.63 [-4.07, -1.19] -
Total (95% CI) 81 81 100.0% -2.73 [-3.68, -1.78] 2
1 1
T

Heterogeneity: Tau? = 1.87; Chi? = 43.25, df = 11 (P < 0.00001); I2 = 75%

1 1
T T T
Test for overall effect: Z = 5.62 (P < 0.00001) A P L

Favours [H2S+Cis] Favours [Cis]

Figure 4 Experimental cisplatin vs. H,S forest plot showing the pooled effect of H,S treatment on BUN level. Note: Cai et al. (2024), Cao et al.
(2018a, 2018b), Jiang et al. (2024), Sun et al. (2020), Wang, Liu & Liu (2022), Yuan et al. (2019). Full-size k4] DOT: 10.7717/peerj.19481/fig-4
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SOD H2s+Cis cis Std. Mean Difference Std. Mean Difference
Abdel-Daim etal2019 155 181 8 94 127 8 17.4% 3.69[1.92, 5.46] -
Ahmad et al.2022 10981 257 6 938 233 6 11.6% 6.02(2.87,9.18] —
Elkhoely et al.2018a 892 051 6 695 06 6 16.6% 327[1.31,5.22) -
Elkhoely et al.2018b 925 031 6 695 06 6 14.4% 4.45 [2.00, 6.89] —
Wang et al.2022 86.18 936 6 7532 552 6 19.5% 1.30(0.01, 2.60) =
Yuan etal.2019 10374 3427 8 84.82 2448 8 20.6% 0.60 [-0.41, 1.61) ™
Total (95% Cl) 40 40 100.0% 2.90 [1.36, 4.43] *
Heterogeneity: Tau® = 2.71; Chit = 23.69, df = 5 (P = 0.0002); I* = 79% RIS P
Test for overall effect: Z = 3.70 (P = 0.0002) Favours (H25+Cis]  Favours (Cis]

MDA H2S+Cis Cis Std. Mean Difference Std. Mean Difference
Abdel-Daim etal2019 113 127 8 17.4 385 8 152%  -2.01[3.28,-0.74) -
Ahangarpour etal2014  41.36 6.4 10 53.44 481 10 15.8%  -2.04[-3.17,-092 -

Ahmad et al.2022 782 06 6 126 066 6 65%  -7.00[-10.59,-3.40] —

Elkhoely et al.2018a 374 043 6 418 028 6 14.3%  -1.86(3.31,-0.41) -

Elkhoely et al.2018b 302 011 6 418 028 6 91%  -5.03(7.74,-2.33 —

Karimi et al.2017 436 03 8 727 058 8 96%  -5.96(-8.53,-3.39) .
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Figure 5 Experimental cisplatin vs. H,S forest plot showing the pooled effect of H2S treatment on
SOD, MDA, GSH, IL- 18, NF-x B, TNF- «, and cleaved-caspase3 levels. Note: Abdel-Daim et al.
(2019), Ahangarpour et al. (2014), Ahmad (2022), Cai et al. (2024), Cao et al. (2018a, 2018b), Elkhoely
& Kamel (2018), Jiang et al. (2024), Karimi et al. (2017), Sun et al. (2020), Wang, Liu & Liu (2022),

Yuan et al. (2019).
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Sun et al.2020b 3.2 0.4 5 44 0.233 5 7.6% -3.31 [-5.55, -1.07] -
Sun et al.2020c 31 044 5 44 0.21 5 7.6% -3.41[-5.69, -1.12] -
Wang et al.2022 255 0.33 6 435 0.13 6 6.6% -6.62 [-10.05, -3.20] —
Yuan et al.2019 125 0.32 8 3.95 0.31 8 6.7% -8.10 [-11.48, -4.72] R
Total (95% Cl) 107 107 100.0% -7.29 [-9.14, -5.44] L 2

Heterogeneity: Tau? = 10.42; Chi? = 84.27, df = 15 (P < 0.00001); I> = 82%

Test for overall effect: Z=7.72 (P < 0.00001)
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Figure 6 Experimental cisplatin vs. H,S forest plot showing the pooled effect of H,S treatment on renal tubule injury. Note: Ahangarpour et al.
(2014), Ahmad (2022), Cai et al. (2024), Cao et al. (2018a), Chiarandini Fiore et al. (2008), Elkhoely & Kamel (2018), Jiang et al. (2024), Karimi et al.

(2017), Sun et al. (2020), Wang, Liu & Liu (2022), Yuan et al. (2019).

Full-size K&l DOT: 10.7717/peerj.19481/fig-6

p < 0.00001; Fig. 5), with considerable variation observed across all included studies

(I = 74%, p = 0.0003). As for glutathione (GSH), statistically reported by four studies, as
well as SOD activity, treatment of H,S induced a significant elevation (SMD = 4.82, 95% CI
[2.58-7.06], Z = 4.21, p < 0.0001; I = 66%, p = 0.03, Fig. 5).

In contrast, cotreatment of cisplatin with H,S exhibited a significant decrease of these
pro-inflammatory markers compared to the cis group as follows: IL-1B (SMD = —4.41, 95%
CI [-5.84 to —2.97], Z = 6.03, p < 0.00001), NF-kB (SMD = —4.26, 95% CI [~5.46 to —3.07],
Z=6.99, p <0.0001), TNF-a (SMD = —4.43, 95% CI [-7.72 to —1.14], Z = 2.64, p = 0.008,
Fig. 5; SMD = —4.84, 95% CI [-6.22 to —3.45], Z = 6.85, p < 0.00001, Fig. 5).

H,S treatment also reduced apoptosis and tissue damage, such as a notable decrease in
cleaved-caspase-3 level (SMD = —1.48, 95% CI [-2.06 to —0.89], Z = 4.94, p < 0.00001,
Fig. 5) and renal tubule injury (SMD = -7.29, 95% CI [-9.14 to -5.44], Z = 7.72,

p <0.00001, Fig. 6). Unfortunately, a suitable meta-analysis could not be conducted due to
the lack of quantitative data available for the TUNEL-positive cells.

Sensitivity analysis

Aggregating SMDS with fixed-effects models instead of random-effects models resulted in
consistently large and significant effect estimates, with no significant change in the
heterogeneity of outcome measures. Sensitivity analysis confirmed the consistency of the
findings even after excluding individual studies (Fig. S2).
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Heterogeneity analysis

To examine possible factors contributing to heterogeneity, we conducted subgroup
analyses on the overall effect of, H,S donor type, animal species, and administration
method on serum creatinine concentration. Each study showed a protective effect

(SMD = -2.96, 95% CI [-3.72 to —2.19], I* = 73%, p < 0.00001; SMD = -2.96, 95% CI
[-3.72to -2.19], I* = 73%, p < 0.00001; SMD = -2.96, 95% CI [-3.72 to —2.19], I° = 73%,
p < 0.00001, Figs. S3-S5). However, compared with the results before grouping, there was
no significant reduction in heterogeneity, and the intergroup heterogeneity was large

(I = 72.4%, p = 0.006; I* = 0%, p = 0.47; I* = 81.3%, p = 0.001, Figs. 3-5). Although the
difference between groups was low in the species subgroup analysis, it was not statistically
significant.

Publication bias

Visually, the funnel plot revealed potential asymmetry (Fig. S6). Two studies were clearly
outside the 95% confidence interval, indicating publication bias, which was supported by
the Egger regression test (Intercept = —5.08, 95% CI [-5.88 to —4.28], p = 0.000, Fig. S7).
After the application of the clipping method, the number of additions was 0, indicating
that despite the bias, it had little impact on the conclusion and the results were stable
(SMD = —3.265, 95% CI [-4.095 to —2.435], p = 0.000, Fig. S8).

DISCUSSION

Currently, this is the first attempt to conduct a meta-analysis on H,S efficacy for
cisplatin-induced experimental nephrotoxicity. This meta-analysis assessed the
consistency of results in animal studies on using H,S for treating cis-AKI. According to all
13 articles reviewed and analyzed, H,S donors effectively mitigated renal toxicity induced
by cisplatin and significantly re-stored renal function after cisplatin treatment. Therefore,
H,S could be a new approach for treating cis-AKI, theoretically. This meta-analysis may
shed light on establishing preclinical and clinical investigation guidelines for treating
human cis-AKI with H,S donors.

Although cis-AKI is not rare in oncological patients clinically, there are limited
prevention and treatment methods available, except for adequate hydration (Launay-
Vacher et al., 2008). According to a meta-analysis on clinical prevention of cisplatin
nephrotoxicity, magnesium supplementation could be a forward-thinking and
cost-effective preventive strategy (Hamroun et al., 2019), which was supported by several
animal studies (Solanki et al., 2014; Yokoo et al., 2009). On the other hand, a meta-analysis
conducted by Emre Aydingoz et al. (2023) also shows a protective effect of H,S on
ischemia-reperfusion injury (IRI), also a common AKI model, demonstrating that H,S
effectively prevents or improves renal IRI before, during, or after ischemia and during the
reperfusion phases (Emre Aydingoz et al., 2023).

In the renal system, H,S biosynthesis is primarily regulated by three enzymes:
cystathionine-y-lyase (CSE), cystathionine-p-synthase (CBS), and 3-mercaptopyruvate
sulfurtransferase (3-MST) (Cirino, Szabo ¢ Papapetropoulos, 2023). These enzymes are
abundantly localized in the brush border and cytoplasm of glomerular endothelial cells,
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proximal tubules, distal tubules, and peritubular capillary epithelial cells, establishing the
kidneys as a critical site for endogenous H,S production involved in physiological
regulation (Lu et al., 2022). Subsequent studies identified CBS and CSE as the predominant
H,S-synthesizing enzymes in renal tissues, with CBS predominantly expressed in proximal
tubular cells of the outer cortex, while CSE exhibited predominant localization in the inner
cortex and outer medulla (Cirino, Szabo ¢ Papapetropoulos, 2023). In cis-AKI,
impairment of endogenous H,S-synthesizing enzymes played a pivotal role in renal
pathophysiology. Experimental evidence demonstrated that cisplatin treatment
significantly downregulated CSE expression in proximal tubular cells, a phenomenon
mechanistically linked to excessive ROS accumulation (Cao et al., 2018b; Jiang et al., 2024).
ROS may directly damage enzyme structures or indirectly suppress transcriptional activity
through pro-inflammatory pathways such as NF-kB activation (Elkhoely ¢ Kamel, 2018).
Animal studies further corroborated that cisplatin administration markedly reduced renal
H,S levels, while pharmacological inhibition of CSE using DL-propargylglycine (PAG)
exacerbated tubular necrosis, inflammatory infiltration, and oxidative damage (Ahmad,
2022; Cao et al., 2018b). These findings underscored the critical disruption of endogenous
H,S biosynthesis in driving cis-AKI progression. Notably, plasma H,S concentrations also
declined during cis-AKI, reflecting systemic depletion of this cytoprotective molecule. The
reduction in both renal and circulating H,S levels correlated with impaired antioxidant
defenses, amplified mitochondrial dysfunction, and enhanced susceptibility to
cisplatin-induced apoptotic signaling cascades (Ahmad, 2022; Cai et al., 2024; Cao et al.,
2018b). The suppression of H,S-synthesizing enzymes served as a central mechanism
linking cisplatin toxicity to renal injury.

Our analysis has explored the therapeutic potential and underlying mechanisms of H,S
donors in cisplatin-associated nephrotoxicity, including their ability to inhibit the
upregulation of inflammatory factors, reduce ROS production, and alleviate apoptosis and
death of tubule cells. NaHS improved mitochondrial energy metabolism by sulthydrating
sirtuin 3 (SIRT3) on both CXXC zinc finger motifs, increasing SIRT3 expression and
enhancing its deacetylase activity (Yuan et al., 2019). There is also a direct interaction
between H,S and p47phox, which inhibits NADPH oxidase activity and reduces ROS
accumulation by persulfide p47phox (Cao et al., 2018b). Moreover, by inhibiting the ROS/
mitogen-activated protein kinase signaling pathway, the polysulfide donor Na,S,
promoted nuclear factor erythroid two-related factor 2 translocation into the nucleus,
reduced NOX activation, and alleviated renal toxicity (Cao et al., 2018a). Drawing on our
previous research, we also found that GYY4137, a long-acting H,S donor, provides a stable
concentration of H,S in solution for more than 24 h, exerting a strong protective effect on
diabetic renal damage via affecting multiple ROS-associated enzymes (Chen et al., 2023; Yu
et al., 2021). Na,S, NaHS, and GYY4137 similarly reduced the production of
inflammatory cytokines and kidney inflammation caused by cisplatin. This mechanism of
action is associated with S-sulfhydrylation of signal transduction and transcriptional
activator3 (STAT3) and inhibitor kappaB kinasef (IKK-f), leading to phosphorylation and
decreased expression of pro-inflammatory genes (Sun et al., 2020). ADT-OH, a new
sustained-release donor of H,S, is found to reduce cisplatin-induced RTEC cell death and
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mitochondrial dysfunction in HK-2 cells compared to control cells, indicating its potential
for treating cisplatin-induced acute kidney injury (Cai et al., 2024). Aside from these
potential mechanisms, H,S also reduces lipid deposition, inhibits ferroptosis, and protects
renal tubular cells (Cai et al., 2024; da Costa Marques et al., 2022; Zhang et al., 2023b).
These studies also showcased that H,S donor molecules curtailed inflammation and
enhanced mitochondrial function in animal models of cis-AKI.

The high heterogeneity, with I = 73% on Scr and I” = 75% on BUN, respectively, may
be due to the differences in animal species, sample size, and methodology among the
studies. In terms of experimental animals, only one study used dogs as experimental
subjects (Wang, Liu ¢» Liu, 2022), and the rest used rats (eight studies) or mice (10 studies).
The lack of significance in animal species subgroup analysis may be attributed to this factor
(SMD = -2.96, 95% CI [-3.72 to —2.19], p = 0.38, I* = 0%, Fig. $4). Due to the lack of data
from large mammals, there is still a long way to go for subsequent clinical translation.
There were different effect ranges for different H,S donors seen in our study. This
suggested that different donors may have varying degrees of renal protection, and further
research is needed to identify the most suitable donor for specific applications. We also
observed significant differences in the release curve (Jiang et al., 2024), physicochemical
and biological characteristics, time of action, and potential therapeutic applications of H,S
donors in animals (Cai ef al., 2024). These differences highlighted the complexity of H,S
donor research and the need for a deeper understanding of their mechanisms of action.
NaHS was the most commonly used donor in eight studies, accounting for 51% of the total.
The NaHS group demonstrated the narrowest 95% CI and a low level of heterogeneity in
subgroup analyses of donors (95% CI [-2.65 to —1.53], 2 = 20%, Fig. S3). Moreover, based
on the above analysis, GYY4137, used in three studies, stands out among other H2S donors
due to its sustained release characteristics. As mentioned above, ADT-OH is more effective
than other H,S donors and offers protection against cisplatin-induced renal tubular cell
apoptosis, oxidative stress, and mitochondrial dysfunction in vitro (Cai et al., 2024). Allicin
is the main bioactive compound in garlic, which can be decomposed into DADS, DAS, and
DATS (Bautista et al., 2005; Borlinghaus et al., 2014). I. vivo, red blood cells converted
these compounds into H,S, producing experimental results similar to those of other
artificial H,S donors (Benavides et al., 2007). With the deepening understanding of various
garlic extracts, researchers gradually integrate their pharmacological properties, such as
anti-inflammatory (Zhu et al., 2022), immune regulation (Arreola et al., 2015), pathogen
infection resistance (Hall et al., 2017), antioxidant stress (Vazquez-Prieto et al., 2011), and
organ protection (Abdel-Daim et al., 2020). There were five studies using garlic extracts in
this meta-analysis (Abdel-Daim et al., 2019; Chiarandini Fiore et al., 2008; Elkhoely ¢
Kamel, 2018; Jiang et al., 2024), and the final results confirmed their inhibitory effect on
cisplatin-induced nephrotoxicity (SMD = -7.27, 95% CI [-10.37 to —4.16], p = 0.0009,
I> = 79%, Fig. S3). As the four garlic extracts were only utilized in 1-2 studies, we
amalgamated them into a single major category that was applied for initial subgroup
analysis, showing that natural H,S donors possess equivalent therapeutic potential to
synthetic donors. To ensure precision, separate subgroup analyses of these four extracts
were also conducted, and their renal protective effects remained unchanged despite high
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heterogeneity (I* = 85.6%, p < 0.00001, Fig. S9). However, it is worth noting that there may
be some structural limitations on those natural donors in clinical translation, and
by-products during the release of H,S (El-Saber Batiha et al., 2020). More accurate
extraction and modifications of those compounds remain to be established.

There are common issues in meta-analyses of animal studies, such as high heterogeneity
and funnel plot asymmetry. Despite subgroup analysis on H,S donor type, species, and
administration methods, the heterogeneity is not significantly reduced in the current study,
probably due to potential intra-study bias, inadequate experimental design, sampling
error, and other factors. These limitations may have weakened the generalizability of the
study findings and increased the risk of translating the preclinical experiments into clinical
studies.

CONCLUSIONS

H,S exhibits significant nephroprotective effects on animal experimental AKI models,
making it a promising candidate for the treatment of AKI induced by various causes. The
beneficial effects are likely attributed to their ability to reduce oxidative stress,
inflammation, and possible cell deaths. The broad applications of H,S on cis-AKI animal
models seen in the current analysis, signify its potential as a game-changer in renal
medicine. The consistent and positive results encourage further exploration into the
mechanisms of H,S-mediated renal protection. Well-designed preclinical investigations
for H,S as a drug to prevent cisplatin-induced nephrotoxicity are necessary. More
attention should be paid to the beneficial effects of sustained-released H,S donors and
extracts from natural sources in the prevention and treatment of cis-AKI in the future.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

The authors received no funding for this work. The National Natural Science Foundation
of China (81970605) supported the APC for this article. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
The National Natural Science Foundation of China: 81970605.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

¢ Zhenyuan Han conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

» Tianyu Deng conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, and approved the final draft.

Han et al. (2025), PeerdJ, DOI 10.7717/peerj.19481 14/19


http://dx.doi.org/10.7717/peerj.19481/supp-1
http://dx.doi.org/10.7717/peerj.19481
https://peerj.com/

Peer/

e Dechao Yan conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, and approved the final draft.

* Yutao Jia performed the experiments, analyzed the data, prepared figures and/or tables,
software, and approved the final draft.

» Jing Tang conceived and designed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the article, supervision, and approved the final draft.

» Xiaoyan Wang conceived and designed the experiments, authored or reviewed drafts of
the article, supervision, Project administration, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:
This is a systematic review/meta-analysis.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peer;j.19481#supplemental-information.

REFERENCES

Abdel-Daim MM, Abdel-Rahman HG, Dessouki AA, El-Far AH, Khodeer DM, Bin-Jumah M,
Alhader MS, Alkahtani S, Aleya L. 2020. Impact of garlic (Allium sativum) oil on
cisplatin-induced hepatorenal biochemical and histopathological alterations in rats. Science of
the Total Environment 710(4):136338 DOI 10.1016/j.scitotenv.2019.136338.

Abdel-Daim MM, Abushouk AI, Donia T, Alarifi S, Alkahtani S, Aleya L, Bungau SG. 2019. The
nephroprotective effects of allicin and ascorbic acid against cisplatin-induced toxicity in rats.
Environmental Science and Pollution Research 26(13):13502-13509
DOI 10.1007/s11356-019-04780-4.

Ahangarpour A, Abdollahzade Fard A, Gharibnaseri MK, Jalali T, Rashidi I. 2014. Hydrogen
sulfide ameliorates the kidney dysfunction and damage in cisplatin-induced nephrotoxicity in
rat. Veterinary Research Forum 5(3):121-127 DOI 10.5455/jppa.20130215073523.

Ahmad A. 2022. Prophylactic treatment with hydrogen sulphide can prevent renal
ischemia-reperfusion injury in L-NAME induced hypertensive rats with cisplatin-induced acute
renal failure. Life (Basel) 12(11):1819 DOI 10.3390/life12111819.

Ahmad FU, Sattar MA, Rathore HA, Abdullah MH, Tan S, Abdullah NA, Johns EJ. 2012.
Exogenous hydrogen sulfide (H2S) reduces blood pressure and prevents the progression of
diabetic nephropathy in spontaneously hypertensive rats. Renal Failure 34(2):203-210
DOI 10.3109/0886022x.2011.643365.

Arreola R, Quintero-Fabian S, Lopez-Roa RI, Flores-Gutiérrez EO, Reyes-Grajeda JP, Carrera-
Quintanar L, Ortuio-Sahagun D. 2015. Immunomodulation and anti-inflammatory effects of
garlic compounds. Journal of Immunology Research 2015(3):401630 DOI 10.1155/2015/401630.

Bautista DM, Movahed P, Hinman A, Axelsson HE, Sterner O, Hogestitt ED, Julius D,
Jordt SE, Zygmunt PM. 2005. Pungent products from garlic activate the sensory ion channel
TRPAL. Proceedings of the National Academy of Sciences of the United States of America
102(34):12248-12252 DOI 10.1073/pnas.0505356102.

Benavides GA, Squadrito GL, Mills RW, Patel HD, Isbell TS, Patel RP, Darley-Usmar VM,
Doeller JE, Kraus DW. 2007. Hydrogen sulfide mediates the vasoactivity of garlic. Proceedings

Han et al. (2025), PeerdJ, DOI 10.7717/peerj.19481 15/19


http://dx.doi.org/10.7717/peerj.19481#supplemental-information
http://dx.doi.org/10.7717/peerj.19481#supplemental-information
http://dx.doi.org/10.1016/j.scitotenv.2019.136338
http://dx.doi.org/10.1007/s11356-019-04780-4
http://dx.doi.org/10.5455/jppa.20130215073523
http://dx.doi.org/10.3390/life12111819
http://dx.doi.org/10.3109/0886022x.2011.643365
http://dx.doi.org/10.1155/2015/401630
http://dx.doi.org/10.1073/pnas.0505356102
http://dx.doi.org/10.7717/peerj.19481
https://peerj.com/

Peer/

of the National Academy of Sciences of the United States of America 104(46):17977-17982
DOI 10.1073/pnas.0705710104.

Borlinghaus J, Albrecht F, Gruhlke MC, Nwachukwu ID, Slusarenko AJ. 2014. Allicin:
chemistry and biological properties. Molecules 19(8):12591-12618
DOI 10.3390/molecules190812591.

Cai F, Li D, Xie Y, Wang X, Ma H, Xu H, Cheng J, Zhuang H, Hua ZC. 2024. Sulfide: quinone
oxidoreductase alleviates ferroptosis in acute kidney injury via ameliorating mitochondrial
dysfunction of renal tubular epithelial cells. Redox Biology 69(2):102973
DOI 10.1016/j.redox.2023.102973.

Cao X, Nie X, Xiong S, Cao L, Wu Z, Moore PK, Bian JS. 2018a. Renal protective effect of
polysulfide in cisplatin-induced nephrotoxicity. Redox Biology 15(5):513-521
DOI 10.1016/j.redox.2018.01.012.

Cao X, Xiong S, Zhou Y, Wu Z, Ding L, Zhu Y, Wood ME, Whiteman M, Moore PK, Bian JS.
2018b. Renal protective effect of hydrogen sulfide in cisplatin-induced nephrotoxicity.
Antioxidants & Redox Signaling 29(5):455-470 DOI 10.1089/ars.2017.7157.

Chen X, Xiao L, Yu S, Ren Z, Wang W, Jia Y, Liu M, Wang P, Ji D, Yu Y, Wang X. 2023.
GYY4137, a H2S donor, ameliorates kidney injuries in diabetic mice by modifying renal
ROS-associated enzymes. Biomedicine ¢ Pharmacotherapy 162(12):114694
DOI 10.1016/j.biopha.2023.114694.

Chiarandini Fiore JP, Fanelli SL, de Ferreyra EC, Castro JA. 2008. Diallyl disulfide prevention of
cis-Diamminedichloroplatinum-induced nephrotoxicity and leukopenia in rats: potential
adjuvant effects. Nutrition and Cancer 60(6):784-791 DOI 10.1080/01635580802100869.

Cirino G, Szabo C, Papapetropoulos A. 2023. Physiological roles of hydrogen sulfide in
mammalian cells, tissues, and organs. Physiological Reviews 103(1):31-276
DOI 10.1152/physrev.00028.2021.

Cuevasanta E, Denicola A, Alvarez B, Moller MN. 2012. Solubility and permeation of hydrogen
sulfide in lipid membranes. PLOS ONE 7(4):e34562 DOI 10.1371/journal.pone.0034562.

da Costa Marques LA, Teixeira SA, de Jesus FN, Wood ME, Torregrossa R, Whiteman M,
Costa SKP, Muscara MN. 2022. Vasorelaxant activity of AP39, a mitochondria-targeted H(2)S
donor, on mouse mesenteric artery rings in vitro. Biomolecules 12(2):280
DOI 10.3390/biom12020280.

Elkhoely A, Kamel R. 2018. Diallyl sulfide alleviates cisplatin-induced nephrotoxicity in rats via
suppressing NF-kB downstream inflammatory proteins and p53/Puma signalling pathway.
Clinical and Experimental Pharmacology and Physiology 45(6):591-601
DOI 10.1111/1440-1681.12910.

El-Saber Batiha G, Magdy Beshbishy A, Wasef LG, Elewa YHA, Al-Sagan AA, Abd El-Hack ME,
Taha AE, Abd-Elhakim YM, Prasad Devkota H. 2020. Chemical constituents and
pharmacological activities of garlic (Allium sativum L.): a review. Nutrients 12(3):872
DOI 10.3390/nu12030872.

Emre Aydingoz S, Teimoori A, Orhan HG, Efe OE, Kibaroglu S, Erdem RS. 2023. Effect of
hydrogen sulfide on ischemia-reperfusion injury of kidney: a systematic review and
meta-analysis of in vivo animal studies. European Journal of Pharmacology 943:175564
DOI 10.1016/j.ejphar.2023.175564.

Ghosh S. 2019. Cisplatin: the first metal based anticancer drug. Bioorganic Chemistry 88(1):102925
DOI 10.1016/j.bioorg.2019.102925.

Gong W, Lu L, Zhou Y, Liu J, Ma H, Fu L, Huang S, Zhang Y, Zhang A, Jia Z. 2021. The novel
STING antagonist H151 ameliorates cisplatin-induced acute kidney injury and mitochondrial

Han et al. (2025), PeerdJ, DOI 10.7717/peerj.19481 16/19


http://dx.doi.org/10.1073/pnas.0705710104
http://dx.doi.org/10.3390/molecules190812591
http://dx.doi.org/10.1016/j.redox.2023.102973
http://dx.doi.org/10.1016/j.redox.2018.01.012
http://dx.doi.org/10.1089/ars.2017.7157
http://dx.doi.org/10.1016/j.biopha.2023.114694
http://dx.doi.org/10.1080/01635580802100869
http://dx.doi.org/10.1152/physrev.00028.2021
http://dx.doi.org/10.1371/journal.pone.0034562
http://dx.doi.org/10.3390/biom12020280
http://dx.doi.org/10.1111/1440-1681.12910
http://dx.doi.org/10.3390/nu12030872
http://dx.doi.org/10.1016/j.ejphar.2023.175564
http://dx.doi.org/10.1016/j.bioorg.2019.102925
http://dx.doi.org/10.7717/peerj.19481
https://peerj.com/

Peer/

dysfunction. American Journal of Physiology-Renal Physiology 320(4):F608-616
DOI 10.1152/ajprenal.00554.2020.

Guo D, Yang H, Li Q, Bae HJ, Obianom O, Zeng S, Su T, Polli JE, Shu Y. 2018. Selective
inhibition on organic cation transporters by carvedilol protects mice from cisplatin-induced
nephrotoxicity. Pharmaceutical Research 35(11):204 DOI 10.1007/s11095-018-2486-2.

Hall A, Troupin A, Londono-Renteria B, Colpitts TM. 2017. Garlic organosulfur compounds
reduce inflammation and oxidative stress during dengue virus infection. Viruses 9(7):159
DOI 10.3390/v9070159.

Hamroun A, Lenain R, Bigna JJ, Speyer E, Bui L, Chamley P, Pottier N, Cauffiez C, Dewaeles E,
Dhalluin X, Scherpereel A, Hazzan M, Maanaoui M, Glowacki F. 2019. Prevention of
cisplatin-induced acute kidney injury: a systematic review and meta-analysis. Drugs
79(14):1567-1582 DOI 10.1007/s40265-019-01182-1.

Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes-Hoitinga M, Langendam MW.
2014. SYRCLE’s risk of bias tool for animal studies. BMC Medical Research Methodology
14(1):43 DOI 10.1186/1471-2288-14-43.

Jiang M, Bai M, Lei ], Xie Y, Xu S, Jia Z, Zhang A. 2020. Mitochondrial dysfunction and the AKI-
to-CKD transition. American Journal of Physiology-Renal Physiology 319(6):F1105-F1116
DOI 10.1152/ajprenal.00285.2020.

Jiang X, Zhu X, Liu Y, Zhou N, Zhao Z, Lv H. 2024. Diallyl trisulfide and its active metabolite allyl
methyl sulfone attenuate cisplatin-induced nephrotoxicity by inhibiting the ROS/MAPK/NF-kB
pathway. International Immunopharmacology 127(1):111373
DOI 10.1016/j.intimp.2023.111373.

Kamat AM, Hahn NM, Efstathiou JA, Lerner SP, Malmstrom PU, Choi W, Guo CC, Lotan Y,
Kassouf W. 2016a. Bladder cancer. Lancet 388(10061):2796-2810
DOI 10.1016/s0140-6736(16)30512-8.

Kamat PK, Kyles P, Kalani A, Tyagi N. 2016b. Hydrogen sulfide ameliorates
homocysteine-induced Alzheimer’s disease-like pathology, blood-brain barrier disruption, and
synaptic disorder. Molecular Neurobiology 53(4):2451-2467 DOI 10.1007/s12035-015-9212-4.

Karimi A, Absalan F, Khorsandi L, Valizadeh A, Mansouri E. 2017. Sodium hydrogen sulfide
(NaHS) ameliorates alterations caused by cisplatin in filtration slit diaphragm and podocyte
cytoskeletal in rat kidneys. Journal of Nephropathology 6(3):150-156 DOI 10.15171/jnp.2017.26.

Latcha S, Jaimes EA, Patil S, Glezerman IG, Mehta S, Flombaum CD. 2016. Long-term renal
outcomes after cisplatin treatment. Clinical Journal of the American Society of Nephrology
11(7):1173-1179 DOI 10.2215/cjn.08070715.

Launay-Vacher V, Rey JB, Isnard-Bagnis C, Deray G, Daouphars M. 2008. Prevention of
cisplatin nephrotoxicity: state of the art and recommendations from the European society of
clinical pharmacy special interest group on cancer care. Cancer Chemotherapy and
Pharmacology 61(6):903-909 DOI 10.1007/500280-008-0711-0.

Lu C-L, Liao C-H, Wu W-B, Zheng C-M, Lu K-C, Ma M-C. 2022. Uremic toxin indoxyl sulfate
impairs hydrogen sulfide formation in renal tubular cells. Antioxidants 11(2):361
DOI 10.3390/antiox11020361.

Markman M. 1994. Intraperitoneal cisplatin and carboplatin in the management of ovarian cancer.
Seminars in Oncology 21(3):17-19 DOI 10.1007/978-1-4899-0738-7_43.

Mascaux C, Paesmans M, Berghmans T, Branle F, Lafitte JJ, Lemaitre F, Meert AP, Vermylen P,
Sculier JP. 2000. A systematic review of the role of etoposide and cisplatin in the chemotherapy

of small cell lung cancer with methodology assessment and meta-analysis. Lung Cancer
30(1):23-36 DOI 10.1016/s0169-5002(00)00127-6.

Han et al. (2025), PeerdJ, DOI 10.7717/peerj.19481 17/19


http://dx.doi.org/10.1152/ajprenal.00554.2020
http://dx.doi.org/10.1007/s11095-018-2486-2
http://dx.doi.org/10.3390/v9070159
http://dx.doi.org/10.1007/s40265-019-01182-1
http://dx.doi.org/10.1186/1471-2288-14-43
http://dx.doi.org/10.1152/ajprenal.00285.2020
http://dx.doi.org/10.1016/j.intimp.2023.111373
http://dx.doi.org/10.1016/s0140-6736(16)30512-8
http://dx.doi.org/10.1007/s12035-015-9212-4
http://dx.doi.org/10.15171/jnp.2017.26
http://dx.doi.org/10.2215/cjn.08070715
http://dx.doi.org/10.1007/s00280-008-0711-0
http://dx.doi.org/10.3390/antiox11020361
http://dx.doi.org/10.1007/978-1-4899-0738-7_43
http://dx.doi.org/10.1016/s0169-5002(00)00127-6
http://dx.doi.org/10.7717/peerj.19481
https://peerj.com/

Peer/

Moher D, Liberati A, Tetzlaff J, Altman DG. 2009. Preferred reporting items for systematic
reviews and meta-analyses: the PRISMA statement. PLOS Medicine 6(7):e1000097
DOI 10.1371/journal.pmed.1000097.

Pabla N, Murphy RF, Liu K, Dong Z. 2009. The copper transporter Ctrl contributes to cisplatin
uptake by renal tubular cells during cisplatin nephrotoxicity. American Journal of
Physiology-Renal Physiology 296(3):F505-F511 DOI 10.1152/ajprenal.90545.2008.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, Shamseer L,
Tetzlaff JM, Akl EA, Brennan SE, Chou R, Glanville J, Grimshaw JM, Hrobjartsson A,
Lalu MM, Li T, Loder EW, Mayo-Wilson E, McDonald S, McGuinness LA, Stewart LA,
Thomas J, Tricco AC, Welch VA, Whiting P, Moher D. 2021. The PRISMA, 2020 statement:
an updated guideline for reporting systematic reviews. BMJ 372:n71 DOI 10.1136/bmj.n71.

Ries F, Klastersky J. 1986. Nephrotoxicity induced by cancer chemotherapy with special emphasis
on cisplatin toxicity. American Journal of Kidney Diseases 8(5):368-379
DOI 10.1016/s0272-6386(86)80112-3.

Rodler E, Sharma P, Barlow WE, Gralow JR, Puhalla SL, Anders CK, Goldstein L, Tripathy D,
Brown-Glaberman UA, Huynh TT, Szyarto CS, Godwin AK, Pathak HB, Swisher EM,
Radke MR, Timms KM, Lew DL, Miao J, Pusztai L, Hayes DF, Hortobagyi GN. 2023.
Cisplatin with veliparib or placebo in metastatic triple-negative breast cancer and BRCA
mutation-associated breast cancer (S1416): a randomised, double-blind, placebo-controlled,
phase 2 trial. The Lancet Oncology 24(2):162-174 DOI 10.1016/s1470-2045(22)00739-2.

Sharaf G, El Morsy ME, El-Sayed EK. 2023. Augmented nephroprotective effect of liraglutide and
rabeprazole via inhibition of OCT2 transporter in cisplatin-induced nephrotoxicity in rats. Life
Sciences 321(9):121609 DOI 10.1016/.1f5.2023.121609.

Solanki MH, Chatterjee PK, Gupta M, Xue X, Plagov A, Metz MH, Mintz R, Singhal PC,
Metz CN. 2014. Magnesium protects against cisplatin-induced acute kidney injury by regulating
platinum accumulation. American Journal of Physiology-Renal Physiology 307(4):F369-F384
DOI 10.1152/ajprenal.00127.2014.

Sun HJ, Leng B, Wu ZY, Bian JS. 2020. Polysulfide and hydrogen sulfide ameliorate
cisplatin-induced nephrotoxicity and renal inflammation through persulfidating STAT3 and
IKKP. International Journal of Molecular Sciences 21(20):7805 DOI 10.3390/ijms21207805.

Vazquez-Prieto MA, Rodriguez Lanzi C, Lembo C, Galmarini CR, Miatello RM. 2011. Garlic
and onion attenuates vascular inflammation and oxidative stress in fructose-fed rats. Journal of
Nutrition and Metabolism 2011(4):475216 DOI 10.1155/2011/475216.

Wang S, Liu X, Liu Y. 2022. Hydrogen sulfide protects from acute kidney injury via attenuating
inflammation activated by necroptosis in dogs. Journal of Veterinary Science 23(5):€72
DOI 10.4142/jvs.22064.

Xiao L, Zhou D, Tan R]J, Fu H, Zhou L, Hou FF, Liu Y. 2016. Sustained activation of Wnt/{-
catenin signaling drives AKI to CKD progression. Journal of the American Society of Nephrology
27(6):1727-1740 DOI 10.1681/asn.2015040449.

Yan M, Tang C, Ma Z, Huang S, Dong Z. 2016. DNA damage response in nephrotoxic and
ischemic kidney injury. Toxicology and Applied Pharmacology 313(2):104-108
DOI 10.1016/j.taap.2016.10.022.

Yokoo K, Murakami R, Matsuzaki T, Yoshitome K, Hamada A, Saito H. 2009. Enhanced renal
accumulation of cisplatin via renal organic cation transporter deteriorates acute kidney injury in
hypomagnesemic rats. Clinical and Experimental Nephrology 13(6):578-584
DOI 10.1007/s10157-009-0215-1.

Han et al. (2025), PeerdJ, DOI 10.7717/peerj.19481 18/19


http://dx.doi.org/10.1371/journal.pmed.1000097
http://dx.doi.org/10.1152/ajprenal.90545.2008
http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.1016/s0272-6386(86)80112-3
http://dx.doi.org/10.1016/s1470-2045(22)00739-2
http://dx.doi.org/10.1016/j.lfs.2023.121609
http://dx.doi.org/10.1152/ajprenal.00127.2014
http://dx.doi.org/10.3390/ijms21207805
http://dx.doi.org/10.1155/2011/475216
http://dx.doi.org/10.4142/jvs.22064
http://dx.doi.org/10.1681/asn.2015040449
http://dx.doi.org/10.1016/j.taap.2016.10.022
http://dx.doi.org/10.1007/s10157-009-0215-1
http://dx.doi.org/10.7717/peerj.19481
https://peerj.com/

Peer/

Yu Y, Xiao L, Ren Z, Zhu G, Wang W, Jia Y, Peng A, Wang X. 2021. Glucose-induced decrease of
cystathionine p-synthase mediates renal injuries. The FASEB Journal 35(5):€21576
DOI 10.1096/£j.202002696RR.

Yuan Y, Zhu L, Li L, Liu J, Chen Y, Cheng J, Peng T, Lu Y. 2019. S-Sulfthydration of SIRT3 by
hydrogen sulfide attenuates mitochondrial dysfunction in cisplatin-induced acute kidney injury.
Antioxidants & Redox Signaling 31(17):1302-1319 DOI 10.1089/ars.2019.7728.

Zhang L, Chen F, Dong J, Wang R, Bi G, Xu D, Zhang Y, Deng Y, Lin W, Yang Z, Cao W.
2023a. HDACS3 aberration-incurred GPX4 suppression drives renal ferroptosis and AKI-CKD
progression. Redox Biology 68(5):102939 DOI 10.1016/j.redox.2023.102939.

Zhang J, Shi C, Wang H, Gao C, Chang P, Chen X, Shan H, Zhang M, Tao L. 2019. Hydrogen
sulfide protects against cell damage through modulation of PI3K/Akt/Nrf2 signaling. The
International Journal of Biochemistry ¢ Cell Biology 117(3):105636
DOI 10.1016/j.biocel.2019.105636.

Zhang M, Tong Z, Wang Y, Fu W, Meng Y, Huang J, Sun L. 2023b. Relationship between
ferroptosis and mitophagy in renal fibrosis: a systematic review. Journal of Drug Targeting
31(8):858-866 DOI 10.1080/1061186x.2023.2250574.

Zhong GZ, Li YB, Liu XL, Guo LS, Chen ML, Yang XC. 2010. Hydrogen sulfide opens the KATP
channel on rat atrial and ventricular myocytes. Cardiology 115(2):120-126
DOI 10.1159/000260073.

Zhu L, Myhill L], Andersen-Civil AIS, Thamsborg SM, Blanchard A, Williams AR. 2022. Garlic-
derived organosulfur compounds regulate metabolic and immune pathways in macrophages and
attenuate intestinal inflammation in mice. Molecular Nutrition ¢ Food Research 66(7):e2101004
DOI 10.1002/mnfr.202101004.

Han et al. (2025), PeerdJ, DOI 10.7717/peerj.19481 19/19


http://dx.doi.org/10.1096/fj.202002696RR
http://dx.doi.org/10.1089/ars.2019.7728
http://dx.doi.org/10.1016/j.redox.2023.102939
http://dx.doi.org/10.1016/j.biocel.2019.105636
http://dx.doi.org/10.1080/1061186x.2023.2250574
http://dx.doi.org/10.1159/000260073
http://dx.doi.org/10.1002/mnfr.202101004
http://dx.doi.org/10.7717/peerj.19481
https://peerj.com/

	Hydrogen sulfide protects against cisplatin-induced experimental nephrotoxicity in animal models: a systematic review and meta-analysis ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


