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Abstract 

 Several types of potassium channels are embedded in the inner mitochondrial membrane and play a crucial role in 

cellular function. Among them, the ATP-sensitive potassium channel located in the mitochondrial inner membrane 

(mitoKATP) is known to protect organs and tissues from ischemia-reperfusion injury. In recent years, increasing attention 

has been devoted to investigating the effects of flavonoids-widely distributed plant-derived secondary metabolites-on 

various physiopathological processes occurring in the organism. Accordingly, the present study examined the effects of 

kaempferol and its glycosides isolated from Geranium rotundifolium on mitochondrial ATP-sensitive potassium channel 

activity in an ATP- and Mg2+-dependent manner, as well as their influence on K+ ion transport. At a constant ATP 

concentration of 200 μM, kaempferol and its glycosides activated mitoKATP activity in a dose-dependent manner, with 

their effectiveness decreasing in the following order: kaempferol > kaempferitrin > kaempferol-7-O-rhamnoside > afzelin. 

At lower ATP concentrations, kaempferol induced weaker channel activation; however, increasing ATP levels enhanced 

the degree of mitoKATP activation by kaempferol. Simultaneously, increasing the concentration of Mg2+ ions resulted in 

a reduction of kaempferol-induced mitoKATP activation. In the presence of the K+ ionophore valinomycin, kaempferol 

more effectively counteracted the succinate-driven reverse K+ influx into the mitochondrial matrix compared to other 

flavonoids. To gain mechanistic insight at the molecular level, in silico docking analysis was performed using the human 

mitochondrial ATP-binding cassette transporter ABCB8. The docking results revealed stable binding of kaempferol and 

its glycosides within the ligand-recognition cavity of ABCB8, with binding energies ranging from –6.9 to –8.8 kcal/mol, 

and indicated a higher affinity of glycosylated flavonoids compared to the aglycone. These interactions were stabilized 

by hydrogen bonding and hydrophobic contacts with key transmembrane residues, suggesting a potential modulatory role 

of flavonoids on mitochondrial transport processes. In conclusion, kaempferol and its glycosides may provide protective 

effects against ischemia-reperfusion injury in the liver and other organs under various stress conditions by modulating 

the activity of mitoKATP and regulating K+ ion transport. 
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Introduction 

 Several potassium channels have been identified 

in the inner mitochondrial membrane, and their crucial 

roles in regulating cell survival and death have been 

demonstrated. One of these is the ATP-sensitive 

potassium channel (mitoKATP) located in the inner 

mitochondrial membrane [1]. This channel was first 

described in the 1990s by Inoue and colleagues [2] as a 

K+-conducting channel in cardiac mitochondria that is 

inhibited by ATP. Therefore, this channel has been 

designated as the mitoKATP in mitochondria. The 

mitoKATP has been identified in the mitochondria of 

various tissues in both vertebrate and invertebrate 

animals, as well as in plant mitochondria [3-5]. Through 

this channel, the influx of K+ ions into the mitochondrial 

matrix contributes to the protection of tissues against 

ischemia–reperfusion injury [6]. 

 ATP and Mg2+ ions have been shown to inhibit the 

activity of the mitoKATP, whereas diazoxide [6], GTP 

[7], as well as uridine and its nucleotides [8,9], have 

been demonstrated to activate the channel. Using 

molecular docking analysis, the binding of GTP and 

ATP to the human nucleotide-binding domain of 

ABCB8 (ATP-Binding Cassette Subfamily B Member 

8)/mitoSUR (sulfonylurea receptor) has been identified. 

In this context, ATP exhibited a half-maximal inhibitory 

concentration for the mitoKATP channel of IC50 = 21.24 

± 1.4 μM, whereas GTP demonstrated a half-maximal 

activating concentration of EC50 = 13.19 ± 1.33 μM [7]. 

Additionally, it has been shown that inhibitory Mg2+ 

ions of the mitoKATP channel exert their effect from the 

mitochondrial matrix side, thereby influencing the 

channel’s conductivity and its open–closed state [6]. 

Furthermore, uridine and its nucleotides, through their 

action on mitoKATP channels, were found to enhance 

tolerance in susceptible animals compared to resistant 

ones [8]. 

 It has been demonstrated that, following partial 

hepatectomy, diazoxide, an activator of the mitoKATP 

channel, enhances liver regeneration and is associated 

with increased ATP accumulation in hepatic tissue. This 

effect indicates that activation of the mitoKATP channel 

supports mitochondrial energy processes [10]. 

Moreover, diazoxide has been shown to stabilize liver 

mitochondria, increase tolerance to ischemia-

reperfusion injury, and reduce the systemic 

inflammatory response [11]. Furthermore, it has been 

shown that remote ischemic preconditioning in 

combination with the mitoKATP channel activator 

diazoxide effectively protects the liver from ischemic 

injury while reducing pro-inflammatory cytokines. This 

protective effect is associated with the inhibition of the 

HMGB1 (high-mobility group protein B1)-induced 

TLR4 (Toll-like receptor 4)/MyD88 (myeloid 

differentiation primary response 88)/NF-κB (nuclear 

factor kappa-light-chain-enhancer of activated B cells) 

signaling pathway by mitoKATP channel activation [12]. 

These findings highlight that the mitoKATP channel and 

its activators are key mediators of hepatic protection 

against ischemia-reperfusion injury. 

 Moreover, plant-derived bioactive compounds, 

including flavonoids and flavonoid-containing plant 

extracts [13-16], as well as other types of bioactive 

molecules [17,18], have been identified as potential 

modulators of the mitoKATP channel. Flavonoids are 

widely distributed secondary metabolites in the plant 

kingdom and can be found in various plant tissues. 

Historically, plant materials rich in flavonoids have been 

extensively used in traditional medicine. Flavonoids, 

particularly kaempferol and its glycosides, are potent 

antioxidant bioactive compounds that exhibit a broad 

range of biological activities, including anti-

inflammatory, anti-reprotoxic, neuroprotective, anti-

apoptotic, pro-apoptotic, cardioprotective, 

hepatoprotective, anti-diabetic, anti-cancer, anti-

allergic, nephroprotective, and immunomodulatory 

effects, among others [19-31]. 

 Flavonoids have been identified as modulators of 

mitochondrial K+ channels, including mitoKATP 

channels, Ca2+-activated K+ channels (mitoBKCa), 

voltage-dependent K+ channels (mitoKv), 2-pore 

domain acid-sensitive K+ channels (mitoTASK), and 

Na+-activated K+ channels (mitoSLO) [32]. They 

selectively affect K+ channels located in biological 

membranes, thereby regulating cellular signaling and 

membrane potential [16]. Additionally, flavonoids 

influence intracellular and tissue signaling pathways, 

contributing to the regulation of ATP synthesis, 

mitochondrial biogenesis, autophagy, cell division, and 

fusion processes [33]. 

 Considering the aforementioned findings, in vitro 

studies were conducted to investigate the effects of 
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kaempferol and its glycosides, isolated from Geranium 

rotundifolium, on mitoKATP channel activity in the 

presence of ATP and Mg2+ ions, as well as their 

influence on K+ ion transport. 

 

Materials and methods 

 Materials 

 Kaempferol and its glycosides were employed in 

the experiments, and their structural formula are 

illustrated in Figure 1. The kaempferol and its 

glycosides kaempferol-7-O-rhamnoside, kaempferitrin, 

and afzelin were extracted from Geranium 

rotundifolium, each with a purity greater than 97 %. In 

the experiments, solutions of flavonoids dissolved in 

DMSO were used. Diazoxide, KCl, glibenclamide, 

valinomycin, and EDTA which are used in the 

experiments purchased by Sigma-Aldrich company. 

K2HPO4, KH2PO4, sodium succinate, MgSO4, and Tris-

HCl were purchased from Reachim (Russia). Sucrose 

and other reagents were obtained from Macklin (China). 

 

 Сare and handing of animals 

 The study was carried out on adult male albino rats 

weighing 180 - 200 g. Additionally, more than 50 3-

month-old rats were utilized in the study. The animals 

were maintained under standard vivarium conditions 

with strict control of diet and housing. All experimental 

procedures adhered to the International Helsinki 

Declaration, the International Guiding Principles for 

Biomedical Research Involving Animals [CIOMS, 

1985], and the bioethical guidelines of the Institute of 

Biophysics and Biochemistry, National University of 

Uzbekistan (Approval No. BEC/IBB-NUU 2024/14-1). 

 

 

Figure 1 Geranium rotundifolium plant and the structural composition of flavonoids isolated from the plant: (A) – 

kaempferol, (B) – kaempferol-7-O-rhamnoside, (C) – afzelin and (D) – kaempferitrin. 

 

 Mitochondria isolation 

 Experimental animals were euthanized by 

decapitation. After decapitation, the abdominal cavity 

was opened, the liver was excised, and cold isolation 

medium was added at a ratio of 1:6. The liver was then 

homogenized using a Teflon homogenizer to prepare a 

liver homogenate. Rat liver mitochondria were isolated 

using the differential centrifugation method [34]. The 

isolation medium contained 250 mM sucrose, 10 mM 

Tris-HCl, and 1 mM EDTA, with a pH of 7.4. 

Centrifugation was carried out at ±2 °C using an RC-

6CM centrifuge. First, the homogenate was spun at 

1,500 rpm for 5 min to sediment nuclei and cellular 

debris. The resulting supernatant was then centrifuged 

at 6,000 rpm for 15 min to obtain the mitochondrial 

pellet. The mitochondria were resuspended in EDTA-

free isolation medium at a 10:1 ratio and kept on ice. 

Protein concentration in liver mitochondria was 

measured by the biuret method [35] and ranged from 60 

to 80 mg/mL.  
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 Mitochondrial ATP-sensitive K+-dependent 

swelling 

 The activity of ATP-sensitive potassium channels 

in mitochondria was determined spectrophotometrically 

in a 3 mL cuvette using a V-5000 spectrophotometer at 

a wavelength of 540 nm, based on the dynamics of 

optical density changes. The incubation medium 

consisted of 125 mM KCl, 10 mM HEPES, 5 mM 

succinate, 1 mM MgSO4, 2.5 mM K2HPO4, 2.5 mM 

KH2PO4, and 0.005 mM rotenone, with a pH of 7.4 [36]. 

The protein concentration in the incubation medium was 

0.3 - 0.4 mg/mL. The activity of mitoKATP channels was 

analyzed under conditions with ATP at concentrations 

of 50, 100, 150, and 200 µM, as well as Mg2+ ions at 0.5, 

1.0, 1.5, and 2.0 mM. In addition, the effects of various 

concentrations of kaempferol and its glycosides on 

mitoKATP activity were investigated. 

 

 Measurement of K+ ion influx (50 mM) through 

the mitoKATP under hypotonic solution 

 In studies of mitoKATP activity in mitochondria, 

Mironova and her colleagues [37] characterized channel 

activity by examining K+ ion influx (50 mM) under 

hypotonic conditions. Accordingly, in the present study, 

the effects of different ATP concentrations were 

assessed in a hypotonic medium, and the incubation 

medium was composed as follows: 50 mM KCl, 10 mM 

HEPES, 5 mM succinate, 1 mM MgSO4, 2.5 mM 

K2HPO4, 2.5 mM KH2PO4, 0.005 mM rotenone, pH 7.4. 

 

 Swelling and shrinkage of mitochondria 

mediated by K+ 

 K+ ion influx into mitochondria (swelling) and K+ 

ion efflux (shrinkage) in the presence of KCl were 

investigated using the following incubation medium: 30 

mM KCl, 10 mM Tris-HCl, 1 mM EDTA, and 1 µM 

rotenone, pH 7.5. K+ entry into mitochondria was 

induced by the K+ ionophore valinomycin (0.1 µg), 

whereas K+ efflux from mitochondria was triggered by 

2 mM sodium succinate [38]. The mitochondrial protein 

concentration in the medium was 0.3 - 0.4 mg/mL. The 

effects of kaempferol and its glycosides on these 

processes were examined. The swelling and shrinkage 

of rat liver mitochondria mediated by K+ were analyzed 

by measuring potassium ion concentrations in the 

incubation medium using an ion-selective method with 

a Roche/Hitachi Cobas c501 Chemistry Analyzer 

(Cobas 6000, USA). 

 

 Molecular docking  

 Molecular docking was performed to investigate 

the interaction of kaempferol and its glycosides with the 

human mitochondrial ABC transporter ABCB8 (PDB 

ID: 5OCH). The protein structure was prepared by 

removing water molecules and non-protein residues, 

followed by the addition of polar hydrogens and 

assignment of Gasteiger charges. The prepared protein 

was saved in PDBQT format. The structures of 

kaempferol, kaempferitrin, kaempferol-7-O-

rhamnoside, and afzelin were energy-minimized, and 

rotatable bonds were defined. Polar hydrogens and 

Gasteiger charges were added prior to docking. Docking 

simulations were carried out using AutoDock Vina. The 

grid box was centered at center_x = 207.86, center_y = 

8.40, center_z = 484.48, covering the putative ligand-

binding cavity of ABCB8. The best binding poses were 

selected based on the lowest binding free energy values. 

Protein-ligand interactions were analyzed in terms of 

hydrogen bonding, hydrophobic interactions, and π-type 

interactions using molecular visualization tools [39]. 

 

 Statistical analysis 

 Data are expressed as the mean ± standard error of 

the mean (S.E.M.). Statistical significance was tested by 

Student’s t test or paired t test. A p value less than 0.05 

was considered significant. 

 

Results and discussion 

 Initially, the studies were conducted to investigate 

the inhibitory effect of ATP at a concentration of 200 

µM on mitoKATP channel activity [40]. In this case, the 

flavonoid kaempferol exhibited a specific effect on 

mitoKATP activity: At a concentration of 1 µM, it 

activated the mitoKATP by 14.9 ± 1.4% compared to the 

ATP-inhibited state, whereas at a concentration of 50 

µM, it activated the mitoKATP by 123.0 ± 2.3% 

compared to the ATP-inhibited state (p < 0.001) (Figure 

2(A)). The kaempferol glycoside - kaempferol-7-O-

rhamnoside - activated the mitoKATP channel by 20.5 ± 

2.7% (p < 0.05) at a concentration of 100 µM compared 

to the ATP-inhibited state, by 64.0 ± 2.1% (p < 0.001) at 

150 µM, and by 181.1 ± 3.15% (p < 0.001) at 200 µM 

(Figure 2(B)).  
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Figure 2 The effects of kaempferol and its glycosides at different concentrations on mitoKATP activity in liver 

mitochondria were evaluated. A - effects of kaempferol at concentrations of 1, 5, 10, 25, and 50 µM; B - effects of 

kaempferol-7-O-rhamnoside at 100, 150, and 200 µM; C - effects of kaempferitrin at 25, 50, 75, and 100 µM; D - effects 

of afzelin at 50, 100, 150, and 200 µM (* –p < 0,05, ** –p < 0.01, *** –p < 0.001; n = 5). 

 

 Another glycoside of kaempferol, namely the 

flavonoid kaempferitrin, activated the mitoKATP channel 

by 17.8 ± 4.4% at a concentration of 25 µM compared 

to the ATP-inhibited state, and by 115.2 ± 2.2% 

(p < 0.001) at a concentration of 100 µM (Figure 2(C)). 

In subsequent experiments, the effect of another 

kaempferol glycoside, the flavonoid afzelin, on 

mitoKATP activity was investigated (Figure 2(D)). At a 

concentration of 50 µM, afzelin did not exhibit an 

activating effect on the mitoKATP compared to the ATP-

inhibited state. At 100 µM, the flavonoid increased 

mitoKATP activity by 25.8 ± 2.3% relative to the ATP-

inhibited state, while at concentrations of 150 and 200 

µM, it activated the mitoKATP by an average of 3- and 4-

fold, respectively, compared to the ATP-inhibited state. 

The obtained results indicate that in an incubation 

medium containing ATP at a concentration of 200 µM, 

kaempferol and its glycosides activated mitoKATP 

activity in a dose-dependent manner. Specifically, 

kaempferol at 50 µM was able to activate the mitoKATP 

to a level comparable to that in the absence of ATP, 

while its glycoside kaempferitrin activated the channel 

at 100 µM. In addition, the other 2 glycosides of 

kaempferol – kaempferol-7-O-rhamnoside and afzelin - 

activated the mitoKATP at 150 µM to a level similar to 

that observed under ATP-free conditions. In the studies, 

kaempferol and its glycosides exhibited different 

biological activities. Kaempferol was active at 

concentrations up to 50 µM, whereas its glycosides 

demonstrated their activity at higher concentrations. 

This difference may be attributed to the presence of 

glycosidic moieties in their structures. 

 MitoKATP activity was shown to be dose-

dependently inhibited in the presence of ATP [7]. Based 

on this, the effect of kaempferol on mitoKATP activity 

was investigated in the presence of varying ATP 

concentrations. Initially, the K+ ion permeability of 

intact rat liver mitochondria was assessed and found to 

be on average 36.4 ± 0.27 (ΔA540×100).  

 Subsequently, the effect of the flavonoid 

kaempferol on mitoKATP activity was investigated under 

conditions in which the channel was inhibited by ATP 

at concentrations of 50, 100, 150, and 200 µM. At an 

ATP concentration of 50 µM, mitoKATP activity was 
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inhibited by 29.4%, corresponding to a value of 25.7 ± 

3.03. At the same time, kaempferol at a concentration of 

1 µM activated mitoKATP channel activity by 10.9% 

(28.5 ± 0.23) compared to the ATP-inhibited state,  

while at concentrations of 5 and 10 µM, it increased 

activity by 26.1% (32.4 ± 0.33) and 45.5% (37.4 ± 0.46), 

respectively (Figure 3(A)). In subsequent experiments, 

mitoKATP activity in liver mitochondria was examined 

under conditions of inhibition by 100 µM ATP. At this 

ATP concentration, mitoKATP activity was inhibited by 

53.6%, corresponding to a value of 16.9 ± 0.33. At the 

same time, kaempferol at a concentration of 1 µM 

increased mitoKATP activity by 47.9% (25.0 ± 0.47) 

compared to the ATP-inhibited state, while at 

concentrations of 5 and 10 µM, it increased activity by 

53.8% (26.0 ± 0 .85) and 89.3% (32.0 ± 0.79), 

respectively (Figure 3(B)). In subsequent experiments, 

mitoKATP activity in liver mitochondria was examined 

under conditions of inhibition by 150 µM ATP. At this 

ATP concentration, mitoKATP activity was inhibited by 

up to 57.7%, corresponding to a value of 15.4 ± 0.33. At 

the same time, kaempferol at a concentration of 1 µM 

increased mitoKATP channel activity by 31.2% (20.2 ± 

0.35) compared to the ATP-inhibited state, while at 

concentrations of 5 and 10 µM, it increased activity by 

79.2% (27.6 ± 0.12) and 111.7% (32.6 ± 0.29), 

respectively (Figure 3(C)). Similarly, in subsequent 

experiments, mitoKATP activity was examined under 

conditions of inhibition by 200 µM ATP. At this ATP 

concentration, mitoKATP activity was inhibited by 

61.0%, corresponding to a value of 14.2 ± 0.19. 

Thereafter, kaempferol at a concentration of 1 µM 

increased mitoKATP activity by 16.9% (16.6 ± 0.24) 

compared to the ATP-inhibited state, while at 

concentrations of 5 and 10 µM, it increased activity by 

81.7% (25.8 ± 0.18) and 112.0% (30.1 ± 0.26), 

respectively (Figure 3(D)). The obtained results 

indicate that mitoKATP activity was increasingly 

inhibited as the ATP concentration in the incubation 

medium increased. However, the activation of the 

mitoKATP by the flavonoid kaempferol was dependent 

on the ATP concentration; at low ATP concentrations, 

the channel was weakly activated, whereas increasing 

ATP levels enhanced the effect of kaempferol. 

 

(А) 

 

(B) 

 

(С) 

 

(D) 

Figure 3 The effect of the flavonoid kaempferol on mitoKATP activity in rat liver mitochondria under hypotonic solution 

was evaluated under inhibition by ATP at concentrations of 50 µM (A), 100 µM (B), 150 µM (C), and 200 µM (D) (* –

p < 0,05; n = 5; # –p value of +ATP relative to −ATP; * –p value of kaempferol concentrations relative to +ATP). 
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 In subsequent experiments, in the absence of ATP 

and at varying Mg2+ concentrations, specifically 0.5, 

1.0, 1.5, and 2.0 mM, it was observed that increasing 

Mg2+ concentration led to a gradual decrease in 

mitoKATP channel activation (Figures 4(A) - (D)). 

However, under these conditions, ATP-mediated 

inhibition of mitoKATP activity was relatively reduced.  

 

(А) 

 

(B) 

 

(С) 

 

(D) 

Figure 4 The effect of various concentrations of the flavonoid kaempferol on mitoKATP channel activity in liver 

mitochondria in media containing Mg2+ (MgSO4) at concentrations of 0.5 mM (A), 1.0 mM (B), 1.5 mM (C), and 2.0 mM 

(D) (* −p < 0,05, ** −p < 0.01, *** −p < 0.001; n = 5). 

 

 Similarly, the activation of the mitoKATP by 

diazoxide (50 µM) was found to depend on the Mg2+ 

concentration in the incubation medium, with increasing 

Mg2+ levels negatively affecting the activating effect of 

diazoxide. Increasing the concentration of Mg2+ ions in 

the incubation medium consistently manifested the 

inhibitory effect of glibenclamide (100 µM) on 

mitoKATP activity. At the same time, a specific effect of 

the studied flavonoid was also observed. Kaempferol at 

concentrations of 1, 5, 10, 25, and 50 µM acted similarly 

to the mitoKATP activator diazoxide, such that increasing 

Mg2+ levels in the incubation medium reduced the 

activation of the mitoKATP by kaempferol. This indicates 

that Mg2+ ions also exert a modulatory effect on 

mitoKATP activity.  

 It has been shown that during ischemic 

preconditioning, changes in K+ ion levels in 

mitochondria occur primarily as a result of the activation 

of mitoKATP and associated regulatory proteins [40]. 

Accordingly, K+ ions, in the presence of the ionophore 

valinomycin, induce swelling of energized mitochondria 

and promote the oxidation of extramitochondrial 

NADH/cytochrome c, which is associated with 

dissipation of the mitochondrial membrane potential 

(ΔΨm) [41] and the mitochondrial matrix becomes 

acidified, resulting in the influx of K⁺ ions into the 

mitochondria [40,42]. 

 Under the same conditions, the effect of 

kaempferol and its glucosides on the swelling and 

shrinkage of mitochondria in the presence of 

valinomycin and succinate was investigated. 

-ATP +ATP Diaz. G K 1 µM 5 µM 10 µM 25 µM 50 µM

0,0

0,1

0,2

0,3

0,4

0,5

***

***

***

***
***

***

***

m
it

o
K

A
T

P
a

ct
iv

it
y







Kaempferol + 0,5 mM MgSO
4

***

-ATP +ATP Diaz. G K 1 µM 5 µM 10 µM 25 µM 50 µM

0,00

0,05

0,10

0,15

0,20

0,25

0,30

0,35

**

**

***

***

*********

***

m
it

o
K

A
T

P
a
ct

iv
it

y
, 


A
5

4
0

Kaempferol + 1,0 mM MgSO4

-ATP +ATP Diaz. G K 1 µM 5 µM 10 µM 25 µM 50 µM

0,00

0,05

0,10

0,15

0,20

0,25

0,30

0,35

**

***

***

***

***

***

m
it

o
K

A
T

P
a

ct
iv

it
y

, 


A
5

4
0

Kаempferol + 1,5 mM MgSO4

-ATP +ATP Diaz G K 1 µM 5 µM 10 µM 25 µM 50 µM

0,00

0,05

0,10

0,15

0,20

0,25

0,30 ***

***

***
***

***

***

***

m
it

o
K

A
T

P
a
ct

iv
it

y
, 


A
5

4
0

Kaempferol + 2 mM MgSO4



Trends Sci. 2026; 23(10): 13296   8 of 15 

  

Kaempferol at concentrations of 10, 20, 30, 40, and 50 

µM had little effect on mitochondrial swelling induced 

by K+ influx in the presence of valinomycin, but it was 

found to reduce the shrinkage of mitochondria triggered 

by succinate in a concentration-dependent manner 

(Figure 5(A)). 

Kaempferol-7-O-rhamnoside, in contrast to 

kaempferol, was found to increase mitochondrial 

swelling induced by K+ influx in the presence of 

valinomycin in a concentration-dependent manner. At 

the same time, it was shown to reduce succinate-induced 

mitochondrial shrinkage in a concentration-dependent 

manner (Figure 5(B)). Afzelin, at the studied 

concentrations, had little effect on mitochondrial 

swelling induced by K+ influx in the presence of 

valinomycin. Although it reduced succinate-induced 

mitochondrial shrinkage, no concentration-dependent 

changes were observed (Figure 5(C)). The next studied 

flavonoid, kaempferitrin, had little effect on 

mitochondrial swelling induced by K+ influx in the 

presence of valinomycin. However, it was shown to 

slightly reduce succinate-induced mitochondrial 

shrinkage, associated with K+ efflux, in a concentration-

dependent manner (Figure 5(D)). 

 Thus, the results indicate that, at the studied 

concentrations, kaempferol significantly counteracts 

succinate-induced mitochondrial shrinkage associated 

with K+ efflux, to a greater extent than the other 

flavonoids. 
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Figure 5 Effect of various concentrations of kaempferol and its glucosides on K+ influx- and efflux-related changes in 

liver mitochondria – A (Spectrophotometric (n = 5)) and ion-selective determination of K+ ions in solution – B (** −p < 

0.01, *** −p < 0.001; n = 3 - 5). Mitochondrial swelling associated with K+ influx was induced by 0.1 µg valinomycin, 

while shrinkage associated with K+ efflux was triggered by 2 mmol/L Na succinate. Ion-selective determination of K+ 

ions in solution: 1-control - incubation medium; 2-valinomycin (0.1 μg); 3-Na succinate (2.0 mM/L); 4-kaempferol (50 

μM/L); 5-kaempferol-7-ramnoside (200 μM/L); 6-kaempferitrin (200 μM/L); 7-afzelin (200 μM/L). 

 

 At present, the concentration of K+ ions in the 

solution were investigated using an ion-selective 

method (Figure 5(B)). The results demonstrated that the 

K+ ion concentration in the incubation medium was 

30.05 ± 0.51 mM/L. However, the addition of liver 
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restoration of the K+ ion concentration in the incubation 
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Kaempferol and its glycosides-kaempferol-7-O-
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ion concentration in the incubation medium, thereby 
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of succinate, treatment with flavonoids led to a further 

decrease in the K⁺ ion concentration in the incubation 

medium. These findings are generally consistent with 

the results presented in Figure 5(A). 

 Thus, the obtained results indicate that the 

flavonoid kaempferol, at the studied concentrations, 

significantly attenuates the contraction process 

associated with the release of K+ ions from mitochondria 

induced by succinate, compared with the other 

flavonoids.  

 Molecular docking studies were performed to 

evaluate the binding affinity and interaction patterns of 

selected flavonoids with the human ABCB8 protein 

(PDB ID: 5OCH) in its outward-facing conformation. 

Docking simulations were carried out within a defined 

binding region using the grid box centered at center x = 

207.86, center_y = 8.40, center_z = 484.48, which 

corresponds to the putative ligand-recognition cavity of 

the transporter. The obtained docking poses revealed 

stable ligand accommodation within the binding pocket, 

supported by multiple noncovalent interactions with key 

amino acid residues (Figure 6). 

 

 

Figure 6 Molecular docking analysis of flavonoids isolated from Geranium rotundifolium with the human mitochondrial 

ABC transporter ABCB8 (PDB ID: 5OCH). The central panel shows the crystal structure of ABCB8 in the outward-

facing conformation, with the ligand-binding cavity highlighted. Surrounding panels illustrate the 2-dimensional 

interaction maps of afzelin, kaempferol, kaempferitrin, and kaempferol-7-O-rhamnoside within the binding pocket. Key 

amino acid residues involved in ligand stabilization are indicated, along with noncovalent interactions, including 

hydrogen bonds, π–cation, π–alkyl, π–π T-shaped, and van der Waals contacts. 

 
 

 

 Among the investigated compounds, 

kaempferitrin exhibited the strongest binding affinity 

toward ABCB8, with a docking score of –8.8 kcal/mol. 

The ligand formed an extensive interaction network 

involving conventional hydrogen bonds with residues 

such as Ser555, Glu557, and Gln238, as well as π–alkyl 

and π–cation interactions with aromatic and charged 

residues including Phe523, Phe553, Arg624, and 

Lys628. Additional van der Waals contacts with 

Ala621, Ala625, Val559, and Ile554 further stabilized 

the ligand within the binding pocket, indicating a highly 

favorable binding mode. 

 Kaempferol-7-O-rhamnoside also demonstrated 

strong binding affinity (–8.2 kcal/mol) and occupied a 

similar region of the binding cavity. The interaction 

profile was dominated by hydrogen bonding with 
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Ser555 and Glu557, complemented by hydrophobic 

interactions involving Val559, Arg624, and Phe523. 

The presence of the sugar moiety contributed to 

additional polar contacts, which likely enhanced ligand 

anchoring and overall binding stability. 

 In comparison, afzelin displayed a moderate yet 

stable binding affinity (–7.7 kcal/mol). Its docking pose 

was characterized by π–cation interaction with Arg624, 

hydrogen bonding with Ser555, and hydrophobic 

contacts involving Phe553, Ile554, Val559, and Ala625. 

These interactions suggest that afzelin is well 

accommodated within the ABCB8 binding pocket, 

although with a slightly reduced interaction density 

relative to kaempferitrin. Kaempferol, the aglycone 

form, showed the weakest binding among the tested 

compounds (–6.9 kcal/mol). Its interaction pattern 

mainly consisted of π–π T-shaped and π–alkyl 

interactions with aromatic residues such as Phe378 and 

Leu381, along with limited hydrogen bonding. The 

absence of glycosidic substituents reduced the number 

of polar contacts, resulting in lower binding affinity 

compared to its glycosylated derivatives. 

 Importantly, the present molecular docking 

analysis provides additional mechanistic insight into the 

mitochondrial actions of flavonoids by demonstrating 

their ability to directly interact with ABCB8. Docking 

simulations revealed stable binding of afzelin, 

kaempferol, kaempferitrin, and kaempferol-7-O-

rhamnoside within the ligand-recognition cavity of 

ABCB8, with binding energies ranging from –6.9 to –

8.8 kcal/mol. Among these compounds, glycosylated 

flavonoids exhibited stronger binding affinities than the 

aglycone kaempferol, suggesting that sugar moieties 

substantially enhance ligand-protein interactions 

through additional hydrogen bonding and polar 

contacts. 

 At the molecular level, the interaction patterns 

were characterized by a combination of conventional 

hydrogen bonds, π–cation, π–alkyl, and van der Waals 

interactions involving functionally relevant amino acid 

residues such as Ser555, Glu557, Arg624, Lys628, 

Phe523, and Phe553, which are located within the 

transmembrane region of ABCB8 responsible for 

substrate recognition and transport. The formation of 

these interaction networks indicates that flavonoids can 

be stably accommodated within the ABCB8 binding 

cavity and may influence transporter conformational 

dynamics and ATP-dependent transport activity. 

 Overall, the docking results demonstrate that all 

investigated flavonoids are capable of binding within 

the ABCB8 ligand-recognition cavity. Notably, 

glycosylated flavonoids exhibited stronger binding 

affinities and more extensive interaction networks than 

the aglycone kaempferol, highlighting the important 

role of sugar moieties in stabilizing ligand-protein 

interactions. These findings suggest that afzelin, 

kaempferitrin, and kaempferol-7-O-rhamnoside may act 

as potential modulators of ABCB8 function, providing 

a structural basis for their possible involvement in 

mitochondrial transport regulation. 

 Based on the results of these studies, it can be 

concluded that the entry of K+ ions into mitochondria 

via the mitoKATP channel or in the presence of 

valinomycin, under steady-state conditions, leads to an 

increase in mitochondrial matrix volume, stimulation 

(uncoupling) of respiration, and alkalization of the 

matrix [43], while simultaneously causing a decrease in 

reactive oxygen species (ROS) generation [7,40]. 

 However, it has also been shown that activation of 

the mitoKATP channel may temporarily lead to a certain 

increase in ROS levels [44]. It has been determined that 

during ischemia/reperfusion processes, stimulation of 

the mPTP leads to a weakening of the K+/H+ antiporter 

function and acidification of the mitochondrial matrix, 

thereby facilitating the influx of phosphate ions. 

Conversely, the entry of K+ ions into mitochondria has 

been shown to protect cells from ischemia/reperfusion 

injury [45]. Activation of the mitoKATP channel by 

diazoxide during hepatic ischemia/reperfusion injury 

has been shown to confer cytoprotective effects by 

protecting the organ from ischemia/reperfusion-induced 

damage [11]. Specifically, based on conducted 

experiments, it can be inferred that kaempferol and its 

glycosides may exert cytoprotective effects in rat liver 

during ischemia/reperfusion by activating the mitoKATP 

channel in hepatic mitochondria. 

 Furthermore, biologically active compounds with 

cytoprotective properties have been reported to improve 

mitochondrial function by activating the SIRT1 (sirtuin 

1)/AMPK (AMP-activated protein kinase) signaling 

pathway, reduce TLR4 (Toll-like receptor 4)/NF-κB 

(nuclear factor kappa-light-chain-enhancer of activated 

B cells) activity, thereby inhibiting the production of 
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proinflammatory cytokines, and modulate the TGF-β 

(transforming growth factor-β)/Smad (Small mothers 

against decapentaplegic) signaling pathway to attenuate 

the activation of hepatic stellate cells [46]. This process 

may also involve partial contributions from mitoKATP 

channel activation, cyclooxygenase-1 activity, and nitric 

oxide modulation [47]. 

 It has been established that the pore-forming 

subunit of the mitoKATP channel is MITOK, encoded by 

the CCDC51 (Coiled-Coil Domain Containing 51) gene, 

while the sulfonylurea receptor subunit MITOSUR, 

which confers sensitivity of the channel to 

glibenclamide, is encoded by the ABCB8 gene. MITOK 

and MITOSUR form the mitoKATP channel responsible 

for K+ ion transport into mitochondria. The MITOSUR 

subunit has been shown to interact with glibenclamide, 

5-hydroxydecanoate, ATP, and Mg2+ ions to inhibit the 

channel, whereas activators such as diazoxide bind to 

MITOSUR to promote channel activation [3,48]. The 

pore-forming MITOK subunit of the mitoKATP channel 

is expressed in all tissues of both humans and mice, and 

its expression exhibits a strong correlation with 

MITOSUR expression across these tissues [3]. Thus, 

ABCB8, located in the inner mitochondrial membrane, 

represents a key regulatory factor that contributes to 

cellular energy metabolism and responses to oxidative 

stress [49-52].  

 Diazoxide has been shown to interact with 

mitoSUR (ABCB8), binding to specific amino acid 

residues within the molecule. In particular, hydrogen 

bonds are formed with Gln205 and Arg275, van der 

Waals interactions with Gln422, Asn383, Asn162, 

Thr209, Ala158, Thr278, and Gln279, and alkyl/π-alkyl 

interactions with Ala159, Tyr212, Ala155, and Arg423. 

In contrast, the competitive inhibitor glibenclamide 

interacts with mitoSUR through hydrogen bonds with 

Gln422, Asn383, and Ala159; carbon-hydrogen bonds 

with Gln279 and Gly282; van der Waals interactions 

with Val163, Leu156, Thr278, Asn162, Gln205, Ser382, 

Ser429, Gln379, Thr209, and Arg275; and alkyl/π-alkyl 

interactions with Leu160, Arg423, Ala426, Met425, and 

Phe386 [39]. Notably, the binding sites of kaempferol 

and its glycosides on ABCB8 have been found to differ 

from the binding sites of diazoxide, suggesting distinct 

interaction patterns. 

 Taken together, these findings suggest that, in 

addition to their well-established antioxidant and 

mitoKATP-modulating properties, flavonoids may exert 

part of their mitochondrial effects through direct 

interaction with ABCB8. Modulation of this transporter 

may contribute to the regulation of mitochondrial ion 

balance, redox status, and energy homeostasis, thereby 

reinforcing the cytoprotective effects of flavonoids 

observed in various pathological conditions. Thus, the 

combined experimental evidence and in silico results 

support the concept that flavonoids act as 

multifunctional mitochondrial modulators targeting 

multiple components of mitochondrial ion transport and 

regulatory systems. 

 It is evident that the high antioxidant capacity of 

flavonoids and their ability to modulate mitoKATP 

channel activity may provide effective outcomes in the 

correction of various pathological conditions. Notably, 

the mitoKATP channel plays a crucial role in both 

physiological and pathological processes by regulating 

mitochondrial volume and function while meeting the 

energetic demands of the cell [3]. At the same time, 

kaempferol and its glycosides, by promoting mitoKATP 

channel activation in an ATP- and Mg2+-dependent 

manner, facilitate the influx of K+ ions into 

mitochondria, protect cells from ischemia/reperfusion 

injury, and contribute to the preservation and 

improvement of mitochondrial and cellular functional 

status. 

 

Conclusions 

 It was demonstrated that, at a constant ATP 

concentration of 200 μM, the activity of the mitoKATP 

was dose-dependently activated by kaempferol and its 

glycosylated derivatives. The efficacy of the tested 

flavonoids in activating the mitoKATP followed the 

order: kaempferol > kaempferitrin > kaempferol-7-O-

rhamnoside > afzelin. Modulation of ATP concentration 

exerted a distinct effect on mitoKATP activity. 

Kaempferol produced only weak channel activation at 

low ATP concentrations; however, increasing ATP 

levels significantly enhanced its stimulatory effect, 

indicating an ATP-dependent modulation of channel 

sensitivity. An increase in Mg2+ ion concentration 

resulted in a marked reduction of kaempferol-induced 

mitoKATP activation, suggesting the involvement of 

Mg2+-dependent regulatory mechanisms in flavonoid–

channel interactions. Furthermore, kaempferol was 

found to more effectively counteract the succinate-
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induced reverse flux of K+ ions into the mitochondrial 

matrix mediated by the K+ ionophore valinomycin, 

compared with the other investigated flavonoids. Also, 

molecular docking simulations revealed stable binding 

of afzelin, kaempferol, kaempferitrin, and kaempferol-

7-O-rhamnoside within the ligand-recognition cavity of 

ABCB8, with binding energies ranging from –6.9 to –

8.8 kcal/mol. This indicates that kaempferol and its 

glycosides, by interacting with the mitochondrial KATP 

channel, protect against ischemia-reperfusion and 

restore mitochondrial and cellular function. The 

observed effects of flavonoids highlight the importance 

of structural features in determining their effects on 

mitochondria and support their potential role in the 

regulation of mitochondrial ion homeostasis and 

bioenergetic stability.  
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