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ABSTRACT 

	Aims: This study evaluated the preventive and therapeutic efficacy of the aqueous extract of Cordyceps bassiana spore powder (AE-CBSP) against chemically induced acute kidney injury (AKI).
Methodology: AE-CBSP was prepared via aqueous boiling, and its nucleosides were quantified using high-performance liquid chromatography (HPLC). Human renal proximal tubular epithelial (HK-2) cells were used to establish in vitro AKI models induced by gentamicin (GEN) and cisplatin (DDP). The cytoprotective effects of AE-CBSP (50–800 μg/mL) were assessed in preventive (pre-treatment) and therapeutic (post-treatment) paradigms utilizing Cell Counting Kit-8 viability assays.
Results: HPLC analysis confirmed AE-CBSP is abundant in nucleosides, including adenosine (980.96 μg/g) and guanosine (353.96 μg/g). Cytotoxicity screening demonstrated AE-CBSP is safe for HK-2 cells up to 800 μg/mL. In the 5 mM GEN-induced AKI model, AE-CBSP exhibited significant dose-dependent protection. Specifically, pre-treatment and post-treatment with 800 μg/mL AE-CBSP significantly elevated cell viability by 14.18% and 10.86% (P<0.05), respectively. Conversely, in the 5 μM DDP-induced model, neither preventive nor therapeutic AE-CBSP administration mitigated cytotoxicity.
Conclusion: AE-CBSP exerts significant preventive and therapeutic protection against GEN-induced renal tubular epithelial cell injury but lacks efficacy against DDP-induced damage. These findings suggest that the renoprotective utility of AE-CBSP depends heavily on the specific nephrotoxic mechanism, providing an in vitro pharmacological basis for developing targeted treatments for aminoglycoside-induced AKI.
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1. INTRODUCTION 

Acute kidney injury (AKI) is a complex clinical syndrome with multifactorial etiologies. Its underlying pathophysiology is primarily characterized by renal tubular epithelial cell injury, oxidative stress, inflammatory cascades, and mitochondrial dysfunction (Li et al., 2022; Aranda-Rivera et al., 2021; Perazella and Rosner, 2022). Among various instigating factors, nephrotoxicity induced by chemotherapeutic agents (e.g., cisplatin) and aminoglycoside antibiotics (e.g., gentamicin) is particularly prevalent. Cisplatin enters proximal tubular epithelial cells via specific basolateral membrane receptors, such as OCT2, thereby inducing mitochondrial damage and subsequent apoptosis (Costa et al., 2014). Conversely, the high-concentration accumulation of gentamicin in the proximal tubules triggers a cascade of pathological reactions, culminating in the degeneration, necrosis, and desquamation of renal tubular epithelial cells (Jia and Ding, 2016; Igwebuike et al., 2020). Although novel biomarkers, including KIM-1, IL-18, and NGAL, have been clinically adopted for the early diagnosis of AKI, specific targeted pharmacotherapies remain elusive (Strauß et al., 2024). Consequently, identifying safe and effective preventive and therapeutic interventions is an urgent priority in nephrology.	Comment by Maher: (DDP)	Comment by Maher: (GEN)	Comment by Maher: (DDP)	Comment by Maher: GEN
In recent years, Traditional Chinese Medicine (TCM) has demonstrated broad translational prospects and distinct advantages in the management of renal pathologies (Wang et al., 2025). C. bassiana (also known as Cicada Flower Chan Hua), a highly valued traditional fungus utilized for both medicinal and culinary purposes, is enriched with diverse bioactive compounds, including myriocin, polysaccharides, and nucleosides such as cordycepin, adenosine, and N6-(2-hydroxyethyl) adenosine (HEA) (Qin et al., 2019). Previous studies have established the significant renoprotective effects of C. bassiana and its derivatives. These extracts effectively ameliorate hypertensive kidney injury, attenuate renal tubulointerstitial fibrosis, and mitigate cyclosporine-induced nephrotoxicity by modulating the SIRT1/p53 and FOXO3a pathways, as well as by alleviating endoplasmic reticulum stress (Cai et al., 2021; Huang et al., 2020). However, existing literature predominantly highlights its protective effects against chronic kidney disease or highly specific toxic injuries. A systematic in vitro evaluation of the preventive and therapeutic efficacy of the aqueous extract derived from its primary active component—the spore powder—across different pathological models of AKI is notably lacking. Previous findings indicate that 75% alcohol extraction of bioactive components of C. bassiana spore powder (BC-CBSP) exhibit lifespan-extending and anti-oxidative stress properties in Caenorhabditis elegans (Ye et al., 2021).
Based on this background, the present study aims to systematically investigate the preventive and therapeutic effects of AE-CBSP on acute renal tubular epithelial cell injury. The HK-2 cell line, an immortalized human renal proximal convoluted tubular epithelial model, serve as a critical in vitro model for elucidating the molecular mechanisms of AKI and for preliminary drug screening (Hu et al., 2025; Pan et al., 2026). This study utilizes classic chemically-induced HK-2 cell models to simulate the pathological progression of AKI (Zhang et al., 2024; Gou et al., 2025). The cytoprotective efficacy of AE-CBSP was evaluated by measuring cellular viability. The findings will not only validate the renoprotective properties of C. bassiana spore powder but also establish a robust experimental basis for developing novel, targeted TCM interventions for AKI. 	Comment by Maher: serves
2. materials and methods 

2.1 Preparation of the Aqueous Extract of C. bassiana Spore Powder

2.1.1 Extraction of AE-CBSP via Aqueous Boiling
Approximately 5.0 g of C. bassiana spore powder was suspended in 500 mL of ultrapure water. The suspension was placed in a stainless-steel container and gradually heated to boiling using a constant-temperature heating apparatus set to 600 W. Boiling was maintained for 30 min, followed by rapid cooling in an ice-water bath. The cooled suspension was centrifuged at 3000 rpm for 5 min to collect the supernatant. The acquired supernatant was subsequently concentrated to a final volume of 20 mL using a rotary evaporator. Finally, the concentrated extract was sterilized via filtration through an autoclaved 0.22 μm microporous membrane, aliquoted, and stored at -20 °C until further use.	Comment by Maher: 600 W constant	Comment by Maher: delete
2.1.2 Determination of Nucleoside Content via HPLC
High-performance liquid chromatography (HPLC) was performed using a Thermo Fisher Ultimate 3000 system equipped with a diode-array detector (DAD) and an Agilent C8 column (4.6 mm × 250 mm, 5 μm). The mobile phase consisted of double-distilled water (A) and methanol (B). A gradient elution was applied as follows: 0–4.0 min, 5% B; 4.0–10.0 min, 5%–10% B; 10.0–15.0 min, 10%–40% B; 15.0–20.0 min, 40%–80% B; 20.0–23.0 min, 80%–100% B; 23.0–23.1 min, 100%–5% B; and 23.1–28.0 min, 5% B. The flow rate was maintained at 1.0 mL/min, the injection volume was 20 μL, and the column temperature was set to 25 °C.
Reference standards for guanosine, inosine, adenosine, cordycepin, and N6-(2-hydroxyethyl)adenosine were dissolved utilizing ultrasonication and analyzed via HPLC. Standard curves were generated by plotting the peak areas (y-axis) against the mass concentrations of the standard solutions (x-axis) to obtain regression equations. The prepared AE-CBSP samples were subsequently analyzed under identical chromatographic conditions, and the nucleoside concentrations within the samples were quantified using the established linear regression equations.
2.1.3 Screening of AE-CBSP Cytotoxicity Concentrations
To evaluate the concentration-dependent effects of AE-CBSP, HK-2 cells were divided into a control group (basal medium) and treatment groups (AE-CBSP at 50, 100, 200, 400, 800, 1600, 3200, and 6400 μg/mL). HK-2 cells in the logarithmic growth phase were trypsinized and seeded into 96-well plates at a density of 1 × 10⁵ cells/mL (100 μL/well). To prevent evaporation, the peripheral wells were filled with sterile phosphate-buffered saline (PBS). The plates were incubated at 37 °C in a humidified atmosphere containing 5% CO₂. Upon reaching 80% confluence, the culture medium was replaced with basal medium containing varying concentrations of AE-CBSP (50–6400 μg/mL) for the treatment groups, or an equal volume of fresh basal medium for the control group. After incubation periods of 12 h, 24 h, and 36 h, 10 μL of Cell Counting Kit-8 (CCK-8) reagent was added to each well. The cells were incubated for an additional 1 h in the dark, and the absorbance was measured at 450 nm using a microplate reader.
2.2 Establishment of Gentamicin (GEN) and Cisplatin (DDP) Induced Kidney Injury Models	Comment by Maher: delete	Comment by Maher: delete

The injury models were categorized into a control group (HK-2 cells + basal medium), a GEN-treated group (HK-2 cells + 2000, 4000, 6000, 8000, or 10000 μM GEN), and a DDP-treated group (HK-2 cells + 5, 10, 20, 40, or 80 μM DDP).
HK-2 cells in the logarithmic growth phase were prepared and seeded into 96-well plates (1 × 10⁵ cells/mL, 100 μL/well) following the aforementioned protocol. Once the cells reached 80% confluence, they were exposed to either GEN (2000–10000 μM) or DDP (5–80 μM). The control group received an equal volume of basal medium. The plates were incubated for 24 h at 37 °C with 5% CO₂. Following the treatment, cell viability was assessed by adding 10 μL of CCK-8 reagent to each well, incubating for 1 h, and measuring the absorbance at 450 nm.
2.3 Statistical Analysis

[bookmark: _GoBack]Data visualization and statistical analyses were performed using GraphPad Prism software. Differences among multiple groups were evaluated using Duncan's new multiple range test for analysis of variance (ANOVA). All experimental data are expressed as the mean ± standard deviation (SD). Statistical significance is denoted as: *P < 0.05, **P < 0.01, ****P < 0.0001; ns indicates no significant difference.

3. results

3.1 Quantification of Nucleoside Content in AE-CBSP via HPLC 

Standard curves were generated by plotting the mass concentration of each nucleoside standard (μg/mL) against its corresponding chromatographic peak area (mAU). The resulting regression equations and correlation coefficients (R2>0.999) demonstrated excellent linearity for all standards within their respective concentration ranges (Table 1). The AE-CBSP samples were subsequently analyzed under identical chromatographic conditions (Figure 1), and the nucleoside concentrations were quantified using these linear equations. The analysis revealed that the AE-CBSP contained 65.78 μg/g of uridine, 74.40 μg/g of inosine, 353.96 μg/g of guanosine, 980.96 μg/g of adenosine, 60.152 μg/g of cordycepin, and 348.98 μg/g of N6-(2-hydroxyethyl)adenosine.
Table 1 Regression analysis of 6 nucleoside components
	Components
	Regression Equation 
	Correlation Coefficient

	Uridine
	y=1.3257x+0.0287
	R2=0.9999

	Inosine
	y=0.6387x-0.0252
	R2=1.0000

	Guanosine
	y=0.5456x-0.0198
	R2=1.0000

	Adenosine
	y=0.3184x-0.0107
	R2=0.9999

	Cordycepin
	y=0.3757x-0.0062
	R2=0.9999

	HEA
	y=1.3269x+0.0961
	R2=0.9998


[image: ]
Fig. 1. Chromatogram of BC-CBSP detected by HPLC method.



3.2 Cytotoxicity Screening of AE-CBSP

The effects of varying concentrations of AE-CBSP on HK-2 cell viability are illustrated in Figure 2. Within the concentration range of 50 to 6400 μg/mL, AE-CBSP exhibited a dose-dependent inhibitory effect on cell viability. Compared to the control group, AE-CBSP concentrations exceeding 200 μg/mL significantly reduced cell viability after 12 h of incubation (P<0.01). Following 24 h and 36 h of incubation, significant cytotoxicity was only observed at concentrations exceeding 3200 μg/mL (P<0.0001 and P<0.001, respectively).
Interestingly, at a given concentration, cell viability demonstrated an upward trend as the incubation period was extended. This phenomenon suggests a cellular adaptive response: during the initial phase of exposure (12 h), cells may experience transient stress, whereas prolonged exposure (24 h, 36 h) allows cells to develop adaptive tolerance, leading to viability recovery. Furthermore, as a complex multi-component mixture, AE-CBSP may exert bidirectional regulatory effects. At lower concentrations or extended durations, the pro-proliferative constituents of the extract may predominate, whereas at higher concentrations, acute cytotoxicity masks any potential proliferative benefits.
Critically, at concentrations up to 800 μg/mL, AE-CBSP incubation for 24 h resulted in less than 10% inhibition of HK-2 cell viability, demonstrating a high biosafety profile within this therapeutic window. Consequently, concentrations of 50, 100, 200, 400, and 800 μg/mL were selected for subsequent efficacy experiments.
[image: ]Fig. 2. Effects of BC-CBSP concentration and incubation time on the viability of HK-2 cells. Note: * indicates P<0.05, # indicates P<0.01

3.3 Establishment of Gentamicin (GEN) and Cisplatin (DDP) Induced Injury Models	Comment by Maher: delete

The cytotoxic effects of GEN and DDP on HK-2 cells are presented in Figure 3. Treatment with GEN at concentrations ranging from 2000 to 10000 μM significantly and dose-dependently reduced HK-2 cell viability, with relative survival rates dropping from 67.81% to 38.70% (Figure 3A). Similarly, exposure to DDP at concentrations between 5 and 80 μM induced profound, dose-dependent cytotoxicity, with survival rates plummeting from 50.63% to 0.76% (Figure 3B). Based on these viability assays, the half-maximal inhibitory concentrations (IC50) for GEN and DDP were calculated to be 5867 μM and 4.99 μM, respectively. Thus, 5 mM GEN and 5 μM DDP were established as the optimal modeling concentrations for subsequent experiments.
[image: ]
Fig. 3. Effects of GEN (A) and DDP (B) on the cytotoxicity of HK-2 cells.

3.4 Therapeutic Efficacy of AE-CBSP on GEN- and DDP-Induced Injury

To evaluate the therapeutic potential of AE-CBSP, HK-2 cells were first injured with the respective IC50 concentrations of GEN or DDP, followed by treatment with AE-CBSP. As shown in Figure 4A, post-treatment with 50–400 μg/mL of AE-CBSP marginally increased the viability of GEN-injured cells compared to the model group, though these changes were not statistically significant. However, treatment with 800 μg/mL AE-CBSP significantly improved the average cell survival rate by 10.86% (P<0.05). Conversely, AE-CBSP (50–800 μg/mL) failed to exhibit any significant therapeutic effect on DDP-induced injury (Figure 4B).
Notably, following initial injury with 5 mM GEN, the cell viability in the model group eventually recovered to 66.96%, suggesting that HK-2 cells retain a degree of self-repair capacity after GEN-induced damage. In contrast, cells injured with 5 μM DDP exhibited a sustained decline in survival to 16.13%, indicating an irreversible damaged state devoid of intrinsic self-repair.
[image: ]
Fig. 4. Therapeutic effects of BC-CBSP on GEN (A) and DDP (B) induced injury
Note: * indicates comparison with the control group, # indicates comparison with the model group.

3.5 Preventive Efficacy of AE-CBSP Against GEN- and DDP-Induced Injury

To assess prophylactic protection, cells were pre-treated with AE-CBSP prior to chemical injury. As depicted in Figure 5A, pre-treatment with 50–800 μg/mL of AE-CBSP consistently resulted in higher relative survival rates compared to the GEN model group. Specifically, pre-treatment with 800 μg/mL AE-CBSP significantly elevated the cell viability by 14.18% (P<0.05). Similar to the therapeutic assays, AE-CBSP pre-treatment afforded no significant protection against DDP-induced injury across the tested concentration range (Figure 5B).


[image: ]
Fig. 5. Protective effects of BC-CBSP on GEN (A) and DDP (B) induced injury
Note: * indicates comparison with the control group, # indicates comparison with the model group.

4. discussion

Extensive study indicates that the pathophysiological mechanisms underlying acute kidney injury (AKI) vary drastically depending on the instigating nephrotoxin (Perazella and Rosner, 2022). Gentamicin primarily induces cellular injury by disrupting protein homeostasis and impairing mitochondrial and lysosomal functions. This mechanism is fundamentally metabolic and proteotoxic, rendering the resulting cellular damage partially reversible. Provided that cells are supplied with adequate energy and repair substrates, they can activate endogenous repair pathways to reverse the pathological state (Li et al., 2022; Aranda-Rivera et al., 2021). Conversely, cisplatin inflicts damage primarily by forming irreversible covalent adducts with DNA, which triggers severe replication stress and activates p53-mediated apoptotic pathways. Because DNA-platinum adducts represent persistent structural damage, cisplatin-induced AKI profoundly compromises intrinsic cellular repair mechanisms, leading to a progressive and irreversible decline in renal function (Liu et al., 2025).	Comment by Maher: GEN	Comment by Maher: (DDP)	Comment by Maher: (DDP)	Comment by Maher: (DDP)	Comment by Maher: (DDP)
The primary bioactive constituents of AE-CBSP include an array of nucleosides (e.g., adenosine, guanosine, and uridine), alongside polysaccharides, flavonoids, and trace polypeptides. Previous literature establishes that exogenous nucleosides can perform a critical "metabolic rescue" function. These molecules are rapidly internalized via membrane-bound nucleoside transporters (e.g., the ENT/CNT families), where they integrate into ATP synthesis pathways to restore intracellular energy homeostasis and fuel endogenous repair mechanisms (Pastor-Anglada et al., 2022). Because energy depletion and protein misfolding are central to GEN-induced toxicity, the supplementation of exogenous nucleosides via AE-CBSP likely accelerates the restoration of metabolic equilibrium (Igwebuike et al., 2020). Furthermore, specific nucleosides such as adenosine may exert extracellular modulatory effects by binding to purinergic receptors (e.g., A1 or A2A receptors), thereby attenuating inflammatory cascades and inhibiting the opening of mitochondrial permeability transition pores, ultimately conferring cytoprotection (Ye et al., 2021).
Additionally, the polysaccharides and flavonoids present in AE-CBSP possess robust antioxidant properties, which likely play an auxiliary role in mitigating GEN-induced oxidative stress. However, in the context of cisplatin toxicity, the profound and irreversible nature of the DNA damage renders these antioxidant and metabolic interventions ineffective. Nucleosides cannot cleave covalent DNA-Pt adducts; effective protection against DDP requires either the direct inhibition of its cellular uptake (e.g., via OCT2 blockade) or the suppression of the downstream p53 apoptotic program (Zhu et al., 2015). Consequently, AE-CBSP failed to improve, and in some instances exacerbated, the survival rates of DDP-injured HK-2 cells (Gou et al., 2025).	Comment by Maher: (DDP)
Our temporal viability data also revealed that extended incubation with AE-CBSP correlated with improved cell viability. This suggests that AE-CBSP may facilitate delayed adaptive repair mechanisms, potentially via the pre-activation of endogenous antioxidant systems (such as the Nrf2 pathway) or the induction of protective autophagy. While the present study validates these differential efficacies at a macroscopic cellular level, further molecular investigations are warranted to elucidate the precise intracellular signaling cascades modulated by AE-CBSP in HK-2 cells.	Comment by Maher: "progressively

5. Conclusion

This study demonstrates that the aqueous extract of C. bassiana spore powder (AE-CBSP) significantly improves the viability of HK-2 cells subjected to gentamicin-induced injury, exerting both preventive and therapeutic effects. However, it lacks efficacy against cisplatin-induced cytotoxicity. These findings indicate that the renoprotective utility of AE-CBSP is highly dependent on the underlying pathological mechanism of the injury. Furthermore, this study provides a vital in vitro foundation for the development of mechanism-specific Traditional Chinese Medicine formulations for the precision management of AKI.	Comment by Maher: under
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