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Abstract 12 

Oxidative stress-induced mitochondrial disturbance plays a critical role in the progression 13 

of acute kidney injury and its transition to chronic kidney disease. Food-derived bioactive 14 

components have received long-lasting attention in nutraceutical therapy for various kidney 15 

diseases. Flazin is a food-derived β-carboline alkaloid widely discovered in fermented foods 16 

and fruit juice. In the present study, flazin was studied for its mitochondrial-improving effects 17 

on renal tubular epithelial HK-2 cells under oxidative stress. Flazin protected HK-2 cells from 18 

oxidative stress-induced cell death by reducing reactive oxygen species levels, decreasing 19 

mitochondrial-dependent apoptotic genes expression, and increasing antioxidative genes 20 

expression. Moreover, flazin improved mitochondrial dynamics by restoring mitochondrial 21 

branched structure and increasing length as well as network size through regulating 22 

fission/fusion-related genes expression. Flazin also improved the profile of mitochondria-23 

specific phospholipid, cardiolipin, including increasing its content, improving its species, and 24 

reducing its hydroperoxides ratio through regulating cardiolipin biogenesis and remodeling 25 

genes expression. These resulted in increased ATP production and enhanced mitochondrial 26 

function. This study highlights the health-beneficial effect of flazin on cellular redox 27 

homeostasis and mitochondrial dynamics, suggesting it may serve as a daily nutraceutical to 28 

contribute to the prevention and treatment of kidney disease related to oxidative stress and 29 

mitochondrial disturbance. 30 

 31 
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1. Introduction 34 

Mitochondria are the energy source of cells, producing adenosine triphosphate (ATP) as the 35 

cellular energy currency to maintain metabolic homeostasis (Green & Reed, 1998). Along with 36 

ATP production, reactive oxygen species (ROS) are constantly generated as by-products, which 37 

are linked to mitochondrial function (Small et al., 2012). Oxidative stress occurs while ROS 38 

production extrapolates the cellular antioxidant system neutralizing capacity. It has been 39 

reported that persistently elevated ROS levels lead to mitochondrial disturbance, including 40 

damaged mitochondrial DNA and membrane permeability, decreased ATP production, 41 

increased cytochrome c release, and eventual apoptotic cell death (Chrysostomou et al., 2013; 42 

Guo et al., 2013). Recent studies have revealed that ROS-induced mitochondrial disturbance is 43 

associated with various diseases, including heart diseases (Federico et al., 2021), 44 

neurodegenerative diseases (Cherubini et al., 2020), and kidney diseases (Ho & Shirakawa, 45 

2022). 46 

The kidney is one of the highest energy-consuming organs and requires the second-highest 47 

mitochondrial density and oxygen consumption (Bhargava & Schnellmann, 2017; Ho & 48 

Shirakawa, 2022). Studies have indicated that mitochondrial ROS-induced oxidative stress 49 

plays a crucial role in the pathogenesis of acute kidney injury (AKI) and contribute to the 50 

transition of AKI to chronic kidney disease (CKD) (Basile et al., 2016; Gamboa et al., 2016). 51 

Oxidative stress causes renal cell loss and decreases the proliferative activity of renal cells, 52 

both involving mitochondrial disturbance (Small et al., 2012; Wang et al., 2022) Given the 53 
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critical role of mitochondrial oxidative stress in the onset and progression of AKI and CKD, 54 

amelioration of oxidative stress and regain of mitochondrial homeostasis are considered 55 

important therapeutic targets for the prevention and treatment of oxidative stress-related kidney 56 

diseases (Bhatti et al., 2017; Song et al., 2022). 57 

Food-derived bioactive components have long been used as a complementary therapy to 58 

promote healthcare and treat kidney diseases due to their low treatment costs and minimal side 59 

effects, such as resveratrol (Saldanha et al., 2016), quercetin (Hickson et al., 2019), and 60 

curcumin (Emami et al., 2022). Flazin is a food-derived β-carboline alkaloid widely found in 61 

fermented foods, such as sake, rice vinegar, and soy sauce (Nakatsuka et al., 1986), and fruit 62 

juices, such as cherry tomato (Seong et al., 2021) and black currant (Makila et al., 2016). Recent 63 

studies have claimed its protein glycation inhibiting (Seong et al., 2021), immunomodulatory 64 

(Ying et al., 2021), and lipid metabolism-improving activities (Wu et al., 2022). Fuda et al. also 65 

discovered the antioxidant effect of flazin in human hepatocytes (Fuda et al., 2019). However, 66 

to the best of our knowledge, no study has investigated the effect of flazin on mitochondria in 67 

kidney cells under oxidative stress. 68 

To investigate if flazin has any effect on mitochondria in kidney cells under oxidative stress, 69 

studies were designed and carried out. In vitro models of proximal tubular epithelial cell are 70 

considered valuable alternatives to animal studies in renal disease research (Slyne et al., 2015). 71 

L-buthionine-(S,R)-sulfoximine (BSO) is an inhibitor of γ-glutamylcysteine synthetase. It can 72 

cause cellular glutathione depletion and induce oxidative stress (Cobbett et al., 1998). Thus, 73 
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BSO was added to human kidney proximal tubular epithelial HK-2 cells, and flazin was co-74 

incubated. This study aimed at investigating the effect of flazin on mitochondria dynamics in 75 

HK-2 cells under oxidative stress. 76 

 77 

2. Materials and Methods 78 

2.1. Chemicals and reagents 79 

Flazin was prepared and validated as described in our previous work (Fuda et al., 2019). Briefly, 80 

2.18 mL SOCl2 was added to 50 mL methanol (MeOH) dissolved with 10 mmol L-tryptophan. 81 

After stirring overnight, NaOH aqueous solution was added to adjust the pH to 9-10 and the 82 

solution was extracted by ethyl acetate. The extract was added to 10 mL CH2Cl2 containing 1 83 

mmol 5-(hydroxymethyl)furfural, 80 μL trifluoroacetate, and 1 mmol of trichloroisocyanuric. 84 

After 5-h reaction, the solution was extracted by ethyl acetate and the extract was dissolved in 85 

5 mL MeOH containing 1mL NaOH aqueous solution (3 mol/L). The solution was heated to 86 

65 °C for 5 h. Then, citric acid was added to adjust the pH to 4−5. Finally, the product was 87 

extracted by ethyl acetate and purified with flash chromatography to give flazin. BSO and 2′, 88 

7′- dichlorofluorescin diacetate (DCFH-DA) were purchased from Sigma-Aldrich (St. Louis, 89 

MO, USA). For lipid extraction and analysis, LC-MS grade methyl tert-butyl ether (MTBE), 90 

H2O, MeOH, and isopropanol were purchased from Kanto Chemical Industry (Tokyo, Japan). 91 

Cardiolipin (CL) 15:0/15:0/15:0/15:0 was synthesized in our previous study (Chen et al., 2020). 92 

2.2. Cell line and culture conditions 93 
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HK-2 cells were obtained from American Type Culture Collection (Manassas, VA, USA) and 94 

cultured in Dulbecco’s Modified Eagle's Medium (DMEM, Nacalai Tesque Kyoto, Japan) 95 

supplemented with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA), 1 U/mL 96 

penicillin-streptomycin solution (P/S, Fujifilm Wako, Osaka, Japan) in a 5% CO2 humidified 97 

incubator at 37°C. 98 

2.3. Cell viability assay 99 

For investigating the effect of flazin against BSO treatment, cells were seeded into 96-well 100 

plates at a density of 3 × 103 cells/well. After overnight culture, the medium was replaced with 101 

DMEM (1% FBS and 1% P/S). BSO (100 μM) and flazin (7.8, 15.6, 31.3, and 62.5 μM) were 102 

introduced and incubated for 48h. Afterward, cell viability was tested with a cell counting kit-103 

8 (CCK-8, Dojindo, Kumamoto, Japan) using a Wallac 1420 ARVO Mx plate reader 104 

(PerkinElmer, Tokyo, Japan). To further investigate the effect of flazin, concentrations of 31.3 105 

and 62.5 μM were chosen for the following experiments. 106 

2.4. Quantitative polymerase chain reaction (qPCR) 107 

Cells were seeded into 6-well plates at a density of 5 × 104 cells/well. After overnight culture, 108 

media were replaced by DMEM (1% FBS and 1% P/S). BSO (100 μM) and flazin (31.3 and 109 

62.5 μM) were added and incubated for 24 h. Afterward, cells were collected, and total RNA 110 

was isolated and purified by the TRIzol method (Invitrogen, Waltham, MA, USA). The 111 

concentrations and purities of RNA were determined using NanoDrop Microvolume 112 

Spectrophotometers (Thermo Fisher Scientific, Wilmington, DE, USA). RT-PCR was 113 
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performed using ReverTra Ace qPCR RT Master Mix (Toyobo Co., Ltd., Osaka, Japan). The 114 

gene expression level was determined by qPCR using a Step One Plus Real-Time PCR system 115 

(Applied Biosystems, Waltham, MA, USA) and Fast SYBR Green Master Mix (Applied 116 

Biosystems). The amplification conditions were as follows: 95°C for 3 min followed by 40 117 

cycles of 95°C for 10 s and 60°C for 30 s. The relative expression levels of all genes were 118 

normalized to GAPDH and determined using the 2 -ΔΔCT method. The primers used in the 119 

experiment, listed in Table S1, were synthesized by FASMAC (Kanagawa, Japan). 120 

2.5. Intracellular ROS level measurement 121 

Cells were seeded into black 96-well plates at a density of 3 × 103 cells/well. After overnight 122 

culture, the medium was replaced with DMEM (1% FBS and 1% P/S). BSO (100 μM) and 123 

flazin (31.3 and 62.5 μM) were added and incubated for 24 h. The intracellular ROS levels in 124 

HK-2 cells were determined by the oxidant-sensing fluorescent probe DCFH-DA. In brief, the 125 

cells were added with 25 μM DCFH-DA in 0% FBS DMEM at 37°C for 20 min and then 126 

washed twice with phosphate-buffered saline (PBS, Fujifilm Wako). The fluorescence was 127 

measured at Ex/Em: 485/535 nm using a Wallac 1420 ARVO Mx plate reader (PerkinElmer). 128 

2.6. Fluorescence imaging 129 

For morphological inspection, MitoTracker Green (Invitrogen) and Hoechst 33342 (Dojindo) 130 

were used to stain mitochondria and nuclei, respectively. Specifically, 1 × 105 cells/dish were 131 

seeded into the 35-mm dish (Iwaki, Tokyo, Japan) with DMEM (10% FBS and 1% P/S) and 132 

cultured overnight. The medium was removed and replaced by DMEM (1% FBS and 1% P/S). 133 
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BSO and flazin were added, and cells were treated for another 24 h. Before staining, the 134 

medium was replaced by DMEM (0% FBS, 1% P/S). Then, MitoTracker Green and Hoechst 135 

33342 were introduced and incubated for 20 min. Afterward, the medium was removed and 136 

replaced by DMEM (1% FBS and 1% P/S). The stained cells were observed by a BZ-9000 All-137 

in-one Fluorescence Microscope (KEYENCE, Osaka, Japan) with the excitation of 490 nm 138 

laser for MitoTracker Green and 350 nm laser for Hoechst 33342. 139 

2.7. Lipid extraction 140 

Cells were seeded into 6-well plates with 1.0 × 105 cells/ well. After overnight culture, the 141 

medium was replaced with DMEM (1% FBS and 1% P/S). BSO (100 μM) and flazin (31.3 and 142 

62.5 μM) were added. Cells were treated for 24 h. After incubation, the medium was removed, 143 

and cells were rinsed with PBS. Then, cells were collected by a scraper and dissolved in 1 mL 144 

of PBS (0.1 mL for BCA assay and the rest for lipid extraction). BCA assay was conducted 145 

using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) according to the 146 

manufacturer’s instructions. For lipid extraction, total lipid was extracted according to the 147 

previously reported method (Matyash et al., 2008) with some modification. Briefly, cells in 148 

each tube were extracted twice with 900 μL of MTBE/MeOH/H2O (6:2:1, v/v/v) and 128 pmol 149 

of CL 15:0/15:0/15:0/15:0 as internal standard. Afterward, the solvent system was centrifuged. 150 

The upper layer was collected, dried, and dissolved in MeOH. The obtained total lipid was 151 

stored in -80°C until analysis.  152 

2.8. CL profiling 153 
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CL was profiled using a Prominence HPLC system (Shimadzu Corp., Kyoto, Japan) coupled 154 

to an LTQ Orbitrap mass spectrometer. The condition was according to our previous work 155 

(Chen et al., 2020). An Atlantis T3 C18 column (Waters, Milford, MA, USA) was used for 156 

lipids separation, and an electrospray ionization (ESI) source in negative mode was equipped 157 

for detection. The raw data were processed by Xcalibur 2.3 (Thermo Fisher Scientific), 158 

referring to the LIPIDMAPS database (www.lipidmaps.org, accessed on 11 November 2022) 159 

and our in-house library (Chen et al., 2020). The final result was normalized by total protein 160 

level. The amount of each CL species was calculated with the equation: Amount analyte = 161 

Amount IS × Peak area analyte/Peak area IS. The total CL was calculated as the sum of all the CL 162 

species.  163 

2.9. Intracellular ATP production test 164 

HK-2 cells (3.0 × 103 cells/well) were seeded into a white 96-well plate in DMEM with 10% 165 

FBS and cultured overnight, followed by culturing with BSO and flazin in DMEM with 1% 166 

FBS for 24 h. Intracellular ATP level was tested using Cell ATP Assay Reagent (Toyo B-Net, 167 

Tokyo, Japan) following the manufacturer's protocol and was measured with a Wallac 1420 168 

ARVO Mx plate reader (PerkinElmer). 169 

2.10. Mitochondrial DNA copy number test 170 

Cells were seeded into 6-well plates at a density of 5 × 104 cells/well. After overnight culture, 171 

media were replaced with DMEM (1% FBS and 1% P/S). BSO (100 μM) and flazin (31.3 and 172 

62.5 μM) were introduced and incubated for 24 h. Afterward, total DNA was extracted and 173 
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purified using the NucleoSpin Tissue kit (Takara Bio., Shiga, Japan). Mitochondrial DNA copy 174 

number was relatively measured based on nuclear DNA using qPCR. Two primer pairs for 175 

detecting mitochondrial DNA and nuclear DNA were measured by Human Mitochondrial DNA 176 

Monitoring Primer Set (Takara Bio). The mitochondrial DNA copy number was calculated 177 

according to the manufactural instruction. 178 

2.11. Statistical Analysis 179 

All data are expressed as the mean ± standard deviation (S.D.) using GraphPad Prism 8 180 

(GraphPad Software, Inc., La Jolla, CA, USA). Values were calculated using one-way analysis 181 

of variance (ANOVA) with the Tukey post hoc test. Different letters indicate significant 182 

difference and statistical significance was defined as p < 0.05. 183 

 184 

3. Results and discussion 185 

3.1. Flazin protected cells from oxidative stress-induced damage 186 

Firstly, cytotoxicity of flazin was tested to determine the concentration used in the study. Flazin 187 

exhibited negligible cytotoxicity at concentrations below 62.5 μM (Fig. S1). Additionally, 31.3 188 

and 62.5 μM flazin was found to improve ATP production of cells (Fig. S2). Given the strong 189 

correlation between ATP production and ROS level within cells, our interest was piqued 190 

regarding whether flazin has any effect on oxidative stress. To investigate whether flazin can 191 

protect cells against oxidative stress, cells were incubated with BSO and different doses of 192 

flazin. As shown in Fig. 1a, BSO treatment markedly decreased cell viability by 71.4% ± 13.5%. 193 
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The addition of flazin attenuated the decrease of cell viability in a dose-dependent manner. 194 

Compared with the BSO group, flazin of 15.6 μM, 31.3 μM, and 62.5 μM increased cell 195 

viability by 33.4% ± 12.1%, 43.0% ± 6.6%, and 56.2% ± 9.1%, respectively. No significant 196 

difference was found between the control group and BSO + 62.5 μM flazin group, indicating 197 

that 62.5 μM flazin can effectively protect cells from BSO-induced damage.  198 

  In addition to cell viability, the damage-related mRNA expressions were also tested to 199 

determine the effect of flazin. BCL2-interacting killer (BIK) and Endonuclease-G (ENDOG) 200 

play a role in mitochondrial-dependent apoptosis that can be considered markers of 201 

mitochondrial damage (Mathai et al., 2005; Parrish et al., 2003). BIK is localized in the 202 

endoplasmic reticulum and mediates apoptosis signaling to mitochondria (Hatzimichael et al., 203 

2012). ENDOG, a proapoptotic protein located in mitochondria, is released from mitochondria 204 

and transported to the nucleus to induce cell death via DNA fragmentation during apoptosis (L. 205 

Y. Li et al., 2001). The mRNA expressions of BIK and ENDOG were shown in Fig. 1b. BSO 206 

treatment remarkably upregulated BIK and ENDOG expression levels (3.5-fold and 5.9-fold, 207 

respectively). Comparatively, cells incubated with flazin showed decreased BIK and ENDOG 208 

levels. These results indicated that flazin could effectively protect cells from BSO-induced cell 209 

death.  210 

3.2. Flazin reduced intracellular ROS level 211 

Moderate ROS level is vital for cellular redox state and is essential in the physiological 212 

regulation of intracellular signaling pathways (Finkel, 2011). However, the depletion of cellular 213 
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glutathione levels causes ROS accumulation and leads to oxidative stress in BSO-induced cells 214 

(Cobbett et al., 1998). Intracellular ROS level was tested by recruiting the cell-permeant 215 

reagent DCFH-DA as an indicator (Fig. 2a). Weak green fluorescence was observed in the 216 

control group, indicating a moderate level of ROS. BSO treated group exhibited strong green 217 

fluorescence, suggesting large amounts of ROS accumulated in cells. When flazin was added, 218 

fluorescence was evidently diminished with the increasing concentration of flazin. By 219 

calculating the fluorescence intensity, the quantitative result of the ROS level was shown in 220 

Fig. 2b. Compared with the control group, BSO treatment increased cellular ROS level by 26.4% 221 

± 9.0%. When flazin was added, cellular ROS level decreased in a dose-dependent manner. 222 

Flazin of 31.3 and 62.5 μM decreased cellular ROS levels to normal levels as tested in the 223 

control group, indicating the ROS-lowering effect of flazin. To further investigate the 224 

antioxidant activity of flazin, antioxidant gene expressions were tested. Superoxide dismutase 225 

(SOD) is one of the key enzymes in the phase I antioxidant system, which converts superoxide 226 

to oxygen and hydrogen peroxide (Ighodaro & Akinloye, 2018). In human tissue, the SOD1 227 

gene encodes Cu/Zn-SOD localized in the cytosol, and the SOD2 gene encodes MnSOD 228 

presented in mitochondria (Zelko et al., 2002). Catalase (CAT) is a common enzyme which 229 

catalyzes the transformation of hydrogen peroxide to water and oxygen (Ighodaro & Akinloye, 230 

2018). The mRNA expression of SOD1, SOD2, and CAT was tested (Fig. 2c). BSO treatment 231 

cause negligible effect on SOD1 and SOD2 mRNA expression. In comparison, the addition of 232 

flazin significantly increased SOD1, SOD2, and CAT mRNA expression in a dose-dependent 233 
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manner. These results indicated that flazin could improve SOD1, SOD2, and CAT mRNA 234 

expression. Together, the mRNA expression of damage markers and antioxidant genes 235 

suggested that flazin can protect cells from BSO-induced oxidative stress by promoting 236 

antioxidant genes expression and inhibiting apoptotic genes expression. 237 

3.3. Flazin preserved mitochondrial morphology 238 

Mitochondria are the primary source of ROS and the immediate target of ROS damage 239 

(Bullon et al., 2014). Oxidative stress causes substantial changes to mitochondrial morphology, 240 

thereby interfering with its function (RJ & AM., 2014). Selective staining and microscopic 241 

inspection of mitochondria can provide important information about their morphological 242 

characteristics and overall state. In this study, MitoTracker Green was recruited to label 243 

mitochondria (Fig. 3a). In the control group, mitochondria exhibited reticulated networks with 244 

branched structures. In cells treated with BSO, fragmented and punctiform mitochondria were 245 

found. By contrast, when flazin was added, especially 62.5 μM flazin, mitochondria regained 246 

elongated and tubular shape. Besides, flazin treatment also rebuilt the mitochondrial network. 247 

Quantitative analysis of mitochondrial morphology was also conducted by calculating the 248 

mitochondrial length and network size (Fig. 3b and 3c). BSO markedly decreased the mean 249 

length and mean network size of mitochondria. Flazin treatment, especially 62.5 μM flazin, 250 

significantly increased the length and network size to the control level. It was reported that 251 

oxidative stress can result in the imbalance between fusion and fission, cause mitochondrial 252 

fragmentation, and induce apoptotic cell death (RJ & AM., 2014; Zheng et al., 2022). In cells 253 
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treated with flazin and BSO, mitochondria tended to fuse and regain elongation and network 254 

structure, suggesting that flazin can inhibit mitochondrial fragmentation from BSO-induced 255 

oxidative stress and contribute to mitochondrial fusion. Various beneficial effects of fused 256 

mitochondrial states have been reported, such as increased ATP production, protection against 257 

apoptosis, and extended cellular proliferation (Mitra, 2013; Zhao et al., 2017). Furthermore, as 258 

in the stress state, improved quality control is significant to its physiological functions 259 

(Hoitzing et al., 2015). These results indicated that flazin protected mitochondria dynamics 260 

from BSO-induced oxidative stress and preserved mitochondrial morphology. 261 

The coordination of fusion and fission plays a pivotal role in maintaining the mitochondrial 262 

network (Song et al., 2022). Fission is mediated by dynamin-related protein 1(DRP1) and 263 

mitochondrial fission 1 protein (FIS1), while fusion of mitochondrial inner membrane is 264 

regulated by optic atrophy protein 1 (OPA1) (Lee et al., 2004). The mRNA expression levels 265 

of these genes are shown in Fig. 3d. For the fission-related genes, both DRP1 and FIS1 were 266 

upregulated by BSO treatment. When flazin was added, mRNA expression of DRP1 and FIS1 267 

were both downregulated in a dose-dependent manner. For the fusion-related gene, BSO 268 

treatment did not affect mRNA expression of OPA1, whereas 62.5 μM flazin increased OPA1 269 

expression significantly. The upregulation of DRP1 and FIS1 in BSO-treated cells indicated 270 

the enhancement of mitochondrial fission, which is in line with the fragmentation of 271 

mitochondria observed in mitochondrial staining (Fig. 3a). Cells treated with BSO and 62.5 272 

μM flazin showed downregulated DRP1 and FIS1 mRNA expression with upregulated OPA1 273 
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mRNA expression, indicating the inhibition of fission and promotion of fusion. These results 274 

also followed the extensive interconnected membrane network seen in cells treated with BSO 275 

and 62.5 μM flazin, as shown in Fig. 3a. Collectively, these results indicated that flazin 276 

preserves mitochondrial morphology in cells under oxidative stress by regulating fission- and 277 

fusion-related genes expression. 278 

3.4. Flazin improved CL profile 279 

Cardiolipin (CL) is a mitochondria-specific phospholipid, which constitutes 15-20% of the 280 

inner mitochondrial membrane (Sifuentes & Lechleiter, 2018) and plays pleiotropic roles in 281 

mitochondria, including mitochondrial biogenesis, morphological maintenance, protein 282 

transport, and respiration process (Ho & Shirakawa, 2022; Ren et al., 2014). CL plays a central 283 

role in mitochondrial structure and function. However, oxidative stress enhances the formation 284 

of oxidized CL, contributing to mitochondrial injury (Yan et al., 2022). To evaluate the effect 285 

of flazin on CL in cells under oxidative stress, cellular lipids were extracted, and CL was 286 

analyzed. As shown in Fig. 4a, compared with the control group, BSO had less effect on total 287 

CL content, whereas 31.3 μM and 62.5 μM of flazin significantly increased total CL content 288 

by 22.3% ± 6.0% and 30.2% ± 16%, respectively. CL is an integral constituent of the 289 

mitochondrial inner membrane. A high CL content is essential for maintaining critical 290 

mitochondrial function, such as cristae formation and stabilization of respiratory complexes 291 

(Böttinger et al., 2012). Additionally, increasing CL content contributes to mitochondrial 292 

membrane fluidity, which is vital for mitochondrial architecture, respiration activity, and 293 
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protein transportation (Unsay et al., 2013). 294 

CL is particularly vulnerable to oxidative stress due to its high content of easily oxidized 295 

unsaturated side chains and its location in the inner mitochondrial membrane near the ROS 296 

production site (Paradies et al., 2011). The main oxidized product of CL is CL hydroperoxides 297 

(CLOOH) (Pope et al., 2008). Total CLOOH content of cells with different treatments is shown 298 

in Fig. 4b. BSO treatment markedly increased CLOOH content compared with the control 299 

group. Compared with cells only treated with BSO, the addition of flazin exerted less influence 300 

on total CLOOH content. However, it significantly decreased CLOOH to CL ratio in a dose-301 

dependent manner (Fig. 4c). These results indicated that flazin could significantly decrease the 302 

CLOOH ratio. Oxidation of CL disturbs its microdomain in the inner membrane, impairs its 303 

function of cristae maintenance and supercomplexes formation, and thus leads to mitochondrial 304 

dysfunction and cell death (Pope et al., 2008). Thus, redox homeostasis of CL is important for 305 

mitochondrial function maintenance and cell survival. Flazin effectively reduced the CLOOH 306 

ratio and restored redox homeostasis of CL, which is of great significance to the maintenance 307 

of mitochondrial structure and function. 308 

In addition to total CL and CLOOH content, individual CL species also attracted our 309 

attention. As shown in Fig. 4d, BSO caused substantial changes to the CL profile. Generally, 310 

BSO treatment increased short-chain CL (such as CL 66:3, 66:4, 68:2, 68:3, 68:4, and 68:5) 311 

but decreased long-chain CL (such as CL 70:5, 70:6, 72:4, 72:5, 72:6, and 72:8). Comparatively, 312 

the addition of flazin reversed these changes induced by BSO. It decreased short-chain CL as 313 
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well as increased long-chain CL. The fatty acyl composition of CL was also elucidated 314 

according to the MS/MS fragmentation. As shown in Fig. 4e, compared with the control group, 315 

BSO treatment increased fatty acyl 16:0 and 16:1 but decreased fatty acyl 18:1 and 18:2. By 316 

contrast, the addition of flazin reversed these alterations. The alteration of the fatty acid chain 317 

of CL is intricately associated with CL oxidation (Ducasa et al., 2019). It is reported that 318 

linoleic acid (fatty acid 18:2) is preferentially incorporated into CL, resulting in increased CL 319 

72:8, which is indicated to enhance mitochondrial function (Mulligan et al., 2012; Oemer et al., 320 

2021). Mitochondria is the prominent source of ROS within the cell. The improved 321 

mitochondria function may contribute to the lowered ROS level (Indran et al., 2011). 322 

Collectively, flazin increased total CL content, decreased CLOOH ratio, reversed CL species 323 

disturbance, and improved CL fatty acyl chain composition, indicating that flazin can attenuate 324 

BSO-induced CL disturbance and improve CL profile, which can contribute to the 325 

improvement of mitochondrial morphology and function. 326 

To investigate the mechanism of the improving effect of flazin on CL profile, expressions 327 

of enzymes involved in CL biogenesis and remodeling were tested. Cytidine diphosphate 328 

diacylglycerol synthase 1 and 2 (encoded by CDS1 and CDS2), and 329 

phosphatidylglycerophosphate synthase 1 (PGS1), participate in CL biogenesis. The 330 

remodeling of CL depends on the activity of tafazzin (TAZ) (Schlame, 2013). The mRNA 331 

expression levels of the genes were shown in Fig. 4f. BSO treatment exerted less effect on CL 332 

biogenesis-related genes, while flazin upregulated the expression of these three genes. For CL 333 
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remodeling-related gene, 62.5 μM flazin significantly upregulated mRNA expression of TAZ. 334 

These results indicated that flazin could improve CL profile by promoting CL biogenesis and 335 

remodeling genes expression. 336 

3.5. Flazin increased ATP production 337 

An improved CL profile contributes to the formation of mitochondrial cristae, resulting in 338 

more efficient ATP production (Mulligan et al., 2012). As flazin improved mitochondrial 339 

dynamics, we are interested in whether the mitochondrial function was improved. Intracellular 340 

ATP level was tested, and results were shown in Fig. 5a. BSO treatment markedly decreased 341 

intracellular ATP level by 44.5 ± 4.0%. Comparatively, 31.3 μM and 62.5 μM flazin 342 

significantly increased ATP levels by 49.5 ± 14.0% and 70.3 ± 15.4%, respectively. These 343 

results indicated that flazin significantly improved ATP production in the cells. To further 344 

investigate if the improving effect was induced by the improving mitochondrial dynamics, the 345 

mitochondrial DNA copy number was then tested. As shown in Fig. 5b, both BSO and flazin 346 

intervention cause less change to mitochondrial DNA copy number, indicating that BSO and 347 

flazin exerted less effect on mitochondrial content. This result excluded the effect of 348 

mitochondrial content on intracellular ATP levels in cells with different treatments. Collectively, 349 

flazin can increase ATP production, which ascribes to improved mitochondrial dynamics. 350 

As this study was carried out based on a cell model, further in vivo study is needed to clarify 351 

its potential in treating oxidative stress-related kidney disease. Li et al. indicated that flazin is 352 

orally bioavailable by ADME (absorption, distribution, metabolism, and excretion) simulation 353 
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in silico (H. Li et al., 2016). Considering these factors, the in vivo study is worth looking 354 

forward to. 355 

 356 

4. Conclusions 357 

This study is the first to discover the mitochondrial-improving effect of flazin in HK-2 cells 358 

under oxidative stress. Considering the health-beneficial effects of flazin in antioxidation and 359 

mitochondrial improvement, it may serve as a nutraceutical candidate to contribute to the 360 

treatment of oxidative stress-induced mitochondria disturbance in cells.  361 
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 560 

Figure Legend 561 

Fig. 1. Effect of BSO and flazin on cell survival. (a) Viabilities of cells treated with BSO and 562 

different concentrations of flazin (n = 6). (b) Relative mRNA expression level of BIK and 563 

EndoG (n = 3). Data are presented as means ± SD. Different letters indicated significant 564 

differences, p < 0.05. 565 

Fig. 2. Effect of BSO and flazin on cellular ROS level. (a) Fluorescence staining of cellular 566 

ROS (n = 5 - 6). (b) Quantitative analysis of the fluorescence staining of cellular ROS (n = 5 - 567 

6). (c) mRNA expression level of SOD1, SOD2, and CAT (n = 3). Data are presented as means 568 

± SD. Different letters indicated significant differences, p < 0.05. 569 

Fig. 3. Effect of BSO and flazin on mitochondria. (a) Fluorescence staining of mitochondria 570 

and nucleus in cells treated with BSO and flazin (n = 6). (b) Mean length of the mitochondria. 571 

(c) Mean network size of the mitochondria. (d) Relative mRNA expression level of DRP1, 572 

FIS1, and OPA1 (n = 3). Data are presented as means ± SD. Different letters indicated 573 
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significant differences, p < 0.05. 574 

Fig. 4. Effect of BSO and flazin on CL profile. (a) Total CL content (n = 3). (b) Total CLOOH 575 

content (n = 3). (c) CLOOH to CL ratio (n = 3). (d) Relative content of individual CL species 576 

(n = 3). (e) Fatty acyl composition of CL (n = 3). (f) Relative mRNA expression level of CDS1, 577 

CDS2, PGS1, and TAZ (n = 3). Data are presented as means ± SD. Different letters indicated 578 

significant differences, p < 0.05. 579 

Fig. 5. Effect of BSO and flazin on ATP production and mitochondrial content. (a) ATP 580 

production level of cells treated with BSO and flazin (n = 3). (b) Mitochondrial DNA copy 581 

number of cells treated with BSO and flazin (n = 3). Data are presented as means ± SD. 582 

Different letters indicated significant differences, p < 0.05. 583 

  



 32 / 36 

 

Figures 

Fig. 1. 

 

  



 33 / 36 

 

Fig. 2. 

 

  



 34 / 36 

 

Fig. 3. 

 

  



 35 / 36 

 

Fig. 4. 

 

  



 36 / 36 

 

Fig. 5. 

 

 


