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ABSTRACT 

In this study, it was found that flavonoid conjugates (KV-6, KV-8) of isoquinoline alkaloids (F-5, F-24) (5-20 μM) 

in an incubation medium with [Ca
2+

]out=10 mM depending on the concentration (5-20 μM) weaken the process of 

mitochondrial swelling in the liver of rats. In this case, it was confirmed that these agents at a maximum 

concentration of 20 μM reduce the swelling process by 47.40±2.32%, 41.86±3.07%, 62.20±3.17% and 

56.84±2.24%, respectively, compared to the control. It was noted that this activity is manifested to a greater extent 

in their conjugates compared to isoquinoline alkaloids (F-5, F-24). The obtained results can be used as a scientific 

basis for the development of therapeutic drugs for the treatment of liver diseases based on isoquinoline alkaloids 

and their derivatives. 
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INTRODUCTION 

Chronic liver diseases (hepatoses, etc.) are a serious medical and social problem worldwide, characterized by a high 

risk of developing fibrosis, cirrhosis, and hepatocellular carcinoma during pathogenesis.
[1,2,3,4] 

 

In liver diseases, morphofunctional changes in mitochondria, disruption of the structure and function of mitoDNA, and 

the development of dysfunction of the respiratory complex are observed, which in turn leads to a decrease in ATP 

biosynthesis and an increase in the formation of ROS.
[2,5]

 

 

Mitochondria are one of the main dysfunctional structures in the pathogenesis of many diseases and are considered an 

effective “target” in the therapeutic process.
 [6,7,8,9,10,11,12] 

 

Mitochondria are organelles that play a central role in the cellular energy system of the body, and mPTP is the main ion 

transport system under physiological and pathological conditions.
[7,6,13,14,15,16,17]

 

 

Mitochondria have a unique structure and functional activity, which have been described in detail by a number of 

researchers.
[18,19,20,21]

 

 

The outer membrane of mitochondria contains integral transport proteins that are permeable to inorganic ions and 

protein molecules (≤10 kDa), forming a matrix consisting of crystals of the inner membrane with high selective 

permeability. In the mitochondrial membranes there are voltage-dependent anion channels (VDAC), Bax/Bak, Bcl - 

mitochondrial pro-apoptotic proteins, ANT, multienzyme complexes – NADH dehydrogenase (complex I), succinate 

dehydrogenase (complex II), QH2 dehydrogenase (complex III), cytochrome oxidase (complex IV), which during 

respiration form a potential gradient (ΔΨmito.) for ATP synthesis and the Krebs cycle (Fig. 1).
[22,23,24,25,26,27,28,29,30]

 

 

 

Figure 1: Schematic diagram of the structure of mPTP (mitochondrial permeability transition pore). 

 

Bax, Bcl-2 are pro-apoptotic proteins, ROS is a reactive oxygen species (free radical), VDAC is a voltage-dependent 

anion channel, ANT is an adenine nucleotide translocator.
[31,32,33,34,35]

 

 

mPTP (The mitochondrial permeability transition pore) 

Mitochondria, in addition to being the unit of energy supply, are multifunctional organelles involved in a cascade of 

many physiological and pathological biochemical reactions. In this regard, the Ca
2+

-dependent megapore (mPTP) is a 

central structural and functional element in such important processes as biosynthesis, ATP synthesis, intracellular 

signal transduction and oxidative stress. The transition of mPTP to the open state, associated with changes in ROS 
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generation, membrane potential (ΔΨmito.), the amount of [Са
2+

]mit. (Ca
2+

 homeostasis) and the dynamics of ATP 

synthesis, indicates the involvement of mitochondria in important physiological and pathophysiological 

processes.
[13,14,36,37,38,39,40,41]

 

 

The structural organization, functional units, and regulatory mechanisms of mPTP in normal physiological and 

pathophysiological conditions have been described in detail by several researchers.
[6,13,14,35,38,39,42,43,44,45,46,47]

 

 

It has been confirmed that mPTP plays an important role in maintaining normal physiological metabolism, as well as in 

pathophysiological conditions in the antioxidant response of hepatocytes (a transition to an open state under the action 

of free radicals such as ROS and a transition to a closed state under the action of antioxidant agents (ascorbate, etc.) is 

observed).
[32,48,49,50]

 

 

mPTP, located in the inner mitochondrial membrane, has a permeability for substances Mr=≤1500 Da, and VDAC, 

ANT (ADP/ATP antiporter) and cyclophilin D (Cyp-D – cyclophilin D) play an important role in its functional 

regulation.
[6,32,48,49,50,51,52,53]

 

 

mPTP is a complex protein complex, and an increase in [Ca
2+

]mit., oxidative stress, generation of ROS (reactive oxygen 

species) and a change in the value of the internal membrane potential of mitochondria (ΔΨmito) transfer mPTP to the 

open state, while specific blockers (cyclosporin A, etc.) transfer it to the closed state. The experimental mechanism of 

mPTP regulation in liver mitochondria has been described in detail by a number of researchers.
[13,18,20,32,34,54,51,55,56]

 

 

Initial studies confirmed that when Ca
2+

 (10-50 μM) was added to the incubation medium, the mPTP structural-

functional complex was formed by ANT, cyclophilin D, and VDAC, which was characterized by a transition of the 

mitochondrial inner membrane to a state of increased permeability (mitochondrial permeability transition pore). 

Subsequent studies showed that the phosphate symporter (PiC) and F1F0-ATP synthase play an important role in 

regulating the function of the complex.
[34,57,58,59,60]

 

 

Mitochondria are the energy-generating units in cells, including hepatocytes, and are involved in the metabolism of 

proteins, carbohydrates, and lipids, as well as in the e
-
 transport chain involving CO2 and H2O. NADH dehydrogenase 

(complex I), succinate dehydrogenase (complex II), cytochrome b (complex III), and cytochrome c oxidase (complex 

IV) transport H
+
 from the matrix to the intergranular space and form a proton gradient. In this case, in the cascade of 

oxidation-phosphorylation reactions, ATP-synthaza occurs with the participation of ATP synthase in the reverse H
+
 

transport (complex V).
[7,8,9,61,62,63,64,65]

 

 

The functional activity of mitochondria involves the gradient of ions Na
+
, Ca

2+
, K

+
, etc. ([Na

+
]out=145 мМ, [Na

+
]in=15 

мМ, [Na
+
]mito.=5 мМ, [Ca

2+
]out=2 мМ, [Ca

2+
]in=0,0001-0,02 мМ, [Ca

2+
]mito.=0,5 мМ, [К

+
]out=4 мМ, [К

+
]in=150 мМ, 

[К
+
]mito.=150 мМ), ion transport systems (the mitoKATF channel is supported by a K

+
 uniporter, Ca

2+
 uniporter, Na

+
/Ca

2+
 

exchanger, Na
+
/H

+
 exchanger, H

+
/K

+
 exchanger, H

+
/K

+
(Na

+
) exchanger, etc.).

[66,67,68,69]
 

 

Mitochondria play an important role in Ca
2+

 homeostasis in the cell, and in addition to the mitochondrial Ca
2+

 

uniporter, the participation of the Na
+
/Ca

2+
 exchanger (NCLX) and the Ca

2+
/H

+
 antiporter (Letm1)/K

+
/H

+
 exchanger has 

been noted.
[18,20,70,71]
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It has also been confirmed that ion transport systems (including mitoBKCa, mitoKATP channel, etc.) play an important 

role in the functional activity of mitochondria.
[72,73,74,75,76,77,78]

 

 

Under physiological and pathophysiological conditions, mitochondria play an important role in maintaining the 

functional activity of the cell, bioenergetic homeostasis and participate in the process of endogenous/exogenous 

apoptosis. It has been confirmed that under conditions of elevated ROS concentrations, mPTP, a non-selective ion 

channel consisting of a multiprotein structural-functional complex, switches to an open conformational state for a long 

time, which leads to pathological dysfunction in the cell.
[6,7,9,13,14,36,79,80,81,82,83]

 

 

Thus, the function of the mPTP multicomplex (VDAC, ATP synthase, Cp-D, ANT, etc.), located in the inner 

mitochondrial membrane, is regulated by agents such as Ca
2+

, ADP, and bongkrek acid, and it has been confirmed that 

its prolonged transition to the open state leads to mitochondria “swelling”, which in turn leads to the development of 

various pathologies. In turn, it is of great importance for intracellular signal transmission and Ca
2+

 homeostasis, and is 

also a central mitochondrial “target” for pharmacological agents. 
[19, 42, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93] 

 

The aim of this study was to analyze the influence of isoquinoline alkaloids – F-5, F-24 and their conjugates (KV-6, 

KV-8) on the state of mPTP. 

 

MATERIALS AND METHODS 

The experiments were conducted in 2023-2024 in the Metabolomics laboratory of the Institute of Biophysics and 

Biochemistry of the National University of Uzbekistan named after Mirzo Ulugbek. 

 

Experimental Animals  

The objects of the study were white rat (♀/♂, m=170-200 g), which were fed standard food (water) under standard 

vivarium conditions (room temperature +20±5°C, relative air humidity 75±10%, light regime 12:12 hours). 

 

Ethical Approval 

When working with experimental animals in scientific research, the requirements of the rules developed by the 

International Council for International Organizations of Medical Sciences (1985), the European Convention for the 

Protection of Vertebrate Animals used for Experimental and other Scientific Purposes (Strasbourg, 1986), the 

Declaration developed by the European Union (86/609/EEC), and the Bioethical Statement of the Institute of 

Biophysics and Biochemistry of the National University of Uzbekistan (No. BRC/IBB; N44/2024/75-1) were observed. 

 

Chemicals and Drugs 

Isoquinoline alkaloids (F-5, F-24) and their derivatives with the flavonoid quercetin (KV-6, KV-8), provided by the 

staff of the S.Yu.Yunusov Institute of Plant Chemistry of the Academy of Sciences of the Republic of Uzbekistan were 

used as objects of research. 

 

Isolation of liver mitochondria 

Rat liver mitochondrial suspension is a convenient experimental object for the analysis of mPTP regulatory 

mechanisms.
[32]
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In studies on suspensions of rat liver mitochondria, the effect of isoquinoline alkaloids and their conjugates on the state 

of Ca
2+

-dependent, cyclosporine A-sensitive mPTP in mitochondria (in vivo) was analyzed. 
[20,95]

 

 

After the experimental animals were withdrawn from the experiment, the abdominal cavity was surgically opened, the 

liver was removed, and weighed in a separation medium cooled to 0±0.5°C, mixed with a separation medium (sucrose 

– 250 mM, Tris-HCl – 10 mM, EDTA – 1 mM, pH=7.4) in a ratio of 1:6 g/ml. After homogenization in a glass 

homogenizer, it was centrifuged in an RS-6MC centrifuge (NV-Lab, Russia) using the standard differential 

centrifugation method at 1500 rpm for 7-8 minutes (separation of nuclear and cellular fragments), and the 

mitochondrial supernatant was centrifuged at 6000 rpm for 15-20 minutes (separation of mitochondria) 

(t=0…+2±0.5°C), in EDTA-free separation medium (g/ml ratio 10:1), the test sample was stored in an ice bath in a 

diluted state. 
[74, 77, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109]

 

 

The mitochondrial protein content was measured by the Lowry method (modified by Peterson), based on 

spectrophotometric (λ=750 nm) analysis of the intensity of blue color formed during the reaction of protein with the 

Folin-Ciocalteu reagent, using CuSO4×5H2O (0.1% solution) + potassium tartrate (0.2% solution) + Na2CO3 (0.2% 

solution), Folin-Ciocalteu reagent (0.5%). 
[106,110]

 

 

The conductivity of mPTP was analyzed spectrophotometrically using a V-5000 spectrophotometer (Shanghai Metash 

Instruments Co., Ltd.; China) (λ=540 nm) in the following incubation medium: sucrose (250 mM), EDTA (10 mM), 

KH2PO4 – 1 mM, Ca
2+

-EGTA buffer – 20 mM, succinate (5 mM), rotenone (2 μM), oligomycin (1 μg/ml), TRIS 

chloride (20 mM), HEPES (20 mM), KH2PO4 (1 mM) (pH = 7.4).
[77,96,102,105,107,109,111,112,113,114,115,116,117,118,119,120,121,122,123]

 

 

Statistical Analysis 

Mathematical and statistical processing of the obtained experimental results was carried out by standard methods using 

special software packages “Microsoft Excel 2007” (Microsoft, USA), OriginPro v. 8.5 SR1 (EULA, USA).  

 

The results are presented as M±m, where M is the arithmetic mean and m is the standard error of the mean, calculated 

based on the results of experiments conducted with n=3-4 repetitions. Also, the level of statistical significance of the 

values between the experimental results and the control group was calculated based on Student’s t-test and was 

considered statistically significant at values of p<0.05 and p<0.01. The level of reliability of the difference between the 

values of the two experimental groups was calculated using the Student's t-test. 

 

RESULTS AND DISCUSSION 

In experiments it was established that flavonoid conjugates of isoquinoline alkaloids (KB-6, KB-8) (5-20 μM) do not 

have a significant effect on the ionic permeability of rat liver mitochondria in an incubation medium with [Са
2+

]out=0 

mM. 

 

Mitochondrial swelling induced by the addition of Сa
2+

 (10 μM) to the incubation medium was used as a control 

(100%). It was found that cyclosporine A (1 μM) reduced mitochondrial swelling by 47.40±2.32% compared to the 

control (Fig. 2). 

 

It was established that isoquinoline alkaloids – F-5, F-24 – inhibit mitochondrial swelling depending on the 

concentration (5–20 μM) under conditions of [Са
2+

]out=10 mM, and at a maximum concentration of 20 μM, these 
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alkaloids reduce the swelling process by 47.40±2.32% and 41.86±3.07%, respectively, compared to the control (Fig. 

2A, B). 

 

 

Figure 2: Concentration-dependent (5-20 μM) effects of cyclosporine A (1 μM), isoquinoline alkaloids F-5 (A) 

and F-24 on mitochondrial swelling (control) under conditions of [Ca
2+

]out=10 mM (B). 

 

A. The ordinate axis shows the mitochondrial swelling process (ΔA540), expressed as a percentage (%) of the maximum, 

the abscissa axis shows the F-5 concentration (5-20 μM). * – p<0.05 compared to the control, ** – p<0.01 (n=3–4). 

 

It was also established that conjugates of isoquinoline alkaloids (F-5, F-24) with quercetin – KV-6, KV-8 – inhibit the 

process of mitochondrial swelling depending on the concentration (5–20 μM) under conditions of [Са
2+

]out=10 mM, and 

at a maximum concentration of 20 μM, these agents reduce the swelling process by 62.20±3.17% and 56.84±2.24%, 

respectively, compared to the control (Fig. 3A,B). 

 

 

Figure 3. Concentration-dependent effect on mitochondrial swelling of cyclosporine (1 μM) (control) A, 

conjugates of KV-6 (A), KV-8 isoquinoline alkaloids (F-5, F-24) – (5-20 μM) (B) under conditions of [Ca
2+

]out=10 

mM. 
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A. The ordinate axis shows the mitochondrial swelling process (ΔA540), expressed as a percentage (%) of the maximum, 

the abscissa axis shows the concentration of KV-6 (5-20 μM) compared to the control, * – p<0.05 ** – p<0.01 (n=3-4). 

 

Thus, the regulation of Ca
2+

 homeostasis in mitochondria is of great importance for maintaining normal physiological 

processes in the cell, as well as from a therapeutic point of view, since an increase in the amount of [Ca
2+

]mito ensures 

the transition of mPTP to an open conformational state. Under the influence of Ca
2+

 as an activator, the process of 

“mitochondrial swelling” occurs under conditions of increased permeability of the mitochondrial membrane mPTP 

(“permeabilization”).
[13, 71, 94, 124, 125, 126, 127, 128, 129] 

 

Under physiological conditions, the transition of mPTP to the open state is responsible for the transport of Ca
2+

 ions 

from the matrix to the external environment (maintaining Ca
2+

 homeostasis), whereas its irreversible transition to the 

open state is responsible for the occurrence of pathogenesis (induction of apoptosis, etc.). In turn, it is noted that the 

regulation of the functional activity of mPTP is of current importance from a pharmacotherapeutic point of 

view.
[35,38,39,43,42,46,130,129]

 

 

Inhibition of mitochondrial swelling by cyclosporin A (1 μM) in the presence of Ca
2+

 (10 μM) in the incubation 

medium is explained by the blockade of the functional activity of the mPTP regulator cyclophilin D (CypD), as well as 

by blocking the transition of mPTP to the open state (transition to the closed state) as a result of a decrease in the 

amount of [Ca
2+

]mito due to buffering.
[126,128,131,132]

 

 

Studies have confirmed that isoquinoline alkaloids, polyphenolic compounds (flavonoids, etc.) have a significant effect 

on the functional activity of mitochondria. In particular, it was noted that isoquinoline alkaloids (F-4, F-24) 

significantly weaken the mitochondrial dysfunction of the rat heart under conditions of oxidative stress caused by PbCl2 

and increase the activity of the KATP-channel.
[133]

 

 

It has also been confirmed that isoquinoline alkaloid N-14 (30 μM) increases the activity of the KATP-channel in rat 

heart mitochondria.
[134]

 

 

Polyphenolic compounds have been shown to have a significant inhibitory effect on the open state of mPTP in rat liver 

mitochondria.
[135]

 

 

CONCLUSION 

Thus, studies have shown that isoquinoline alkaloids – F-5, F-24 – reliably inhibit the process of mitochondrial 

swelling depending on the concentration (5-20 μM) under conditions of [Са
2+

]out=10 mM. It has been confirmed that 

this activity is manifested to a greater extent in their conjugates than in isoquinoline alkaloids (F-5, F-24). 

 

The obtained results can be used as a scientific basis for the development of therapeutic drugs for the treatment of liver 

diseases based on isoquinoline alkaloids and their derivatives. 
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