
Sonali Sansare, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 9, 2805-2820 | Review 

*Corresponding Author: Sonali Sansare 

Address:  Department of Pharmacology, Viva Institute of Pharmacy, Shirgaon, Virar (E). 

Email      : sonalissansare@gmail.com 

Relevant conflicts of interest/financial disclosures: The authors declare that the research was conducted in the absence of 

any commercial or financial relationships that could be construed as a potential conflict of interest.   

         

              INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES                                                                                2805 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

Direct mitochondrial toxicity is a major factor in the development of drug-induced liver 

injury (DILI), which continues to be a major cause of acute hepatic failure globally. 

While cytosolic enzyme disruption and widespread oxidative stress have been the main 

focus of traditional study, new findings point to mitochondrial DNA (mtDNA) damage 

and associated repair mechanisms as an important but little-studied area of 

hepatotoxicity. Through direct oxidative modification, topological conversion (like the 

B-DNA to left-handed Z-DNA transition), competitive inhibition of DNA polymerase 

gamma (POLG), and selective inhibition of respiratory chain complexes, xenobiotics 

and their reactive metabolites cause significant damage to mtDNA. As a damage-

associated molecular pattern (DAMP), severely damaged or fragmented mtDNA might 

protrude into the extracellular space and cytoplasm. This extruded mtDNA triggers 

enormous sterile inflammation in non-parenchymal cells by activating the cGAS-

STING and TLR9 signaling pathways. The ZBP1-MAVS-caspase-8 axis is directly 

activated by structurally modified Z-DNA in parenchymal hepatocytes to carry out 

programmed apoptosis without the need for canonical inflammatory signals. 

Hepatocytes mainly rely on mitochondrial Base Excision Repair (BER) machinery, 

which is powered by important enzymes like apurinic/apyrimidinic endonuclease 1 

(APE1) and 8-oxoguanine DNA glycosylase (OGG1), to combat this genomic 

instability and preserve cellular survival. Novel diagnostic biomarkers, such as 

circulating cell-free mtDNA (ccf mtDNA), are made possible by translating these 

mechanistic insights into clinical practice. Additionally, new therapeutic approaches 

targeted at improving active DNA repair and preventing pathogenic cytosolic DNA 

sensing cascades to prevent liver failure are made possible. 

 

INTERNATIONAL JOURNAL OF  

PHARMACEUTICAL SCIENCES 

[ISSN: 0975-4725; CODEN(USA): IJPS00] 

Journal Homepage: https://www.ijpsjournal.com 

 

Review Article  

Mitochondrial DNA Damage and Repair: An Under-Explored Frontier 

in Drug-Induced Hepatotoxicity 

Sonali Sansare* 

Department of Pharmacology, Viva Institute of Pharmacy, Shirgaon, Virar (E). 

ARTICLE INFO                              ABSTRACT                      

Published:  23 Sept 2026       

Keywords: 

Mitochondrial DNA 

(mtDNA), Base Excision 

Repair (BER), Z-DNA, 

ZBP1, cGAS-STING, 

Hepatotoxicity, 

Acetaminophen, and Drug-

Induced Liver Injury (DILI)   

  DOI:   

10.5281/zenodo.22912821 

 

 

 

 

 

 

 

 

 

 

 

 

  

INTRODUCTION  The liver is an amazingly complex and essential 

organ, which is responsible for metabolic 
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homeostasis, general detoxification and 

biosynthesis of important endogenous substances. 

The hepatocytes have an exceptionally high 

number of mitochondria to keep up with these high 

metabolic and synthetic requirements. In hepatic 

cells, typically an individual cell has eight hundred 

to four thousand of these organelles, which 

represent almost a fifth of the volume of each 

cell.[1] The structural and functional integrity of the 

mitochondrial network is essential for the survival 

of the whole cell, since all of the diverse functions 

of the liver rely on the constant generation of 

adenosine triphosphate by mitochondrial oxidative 

phosphorylation. Disruption of the bioenergetic 

function of mitochondria inevitably causes a 

cascade of pathophysiological events which soon 

results in significant organ dysfunction.[2] In fact, 

DILI is one of the most common and severe drug-

induced liver injuries worldwide with an 

appreciable number of these side effects being 

caused by direct mitochondrial toxicity.[3] Much of 

the hepatotoxicity research effort over the years 

has been directed towards the mechanisms of 

general oxidative stress and damage to cytosolic 

enzymes; however, there is a major paradigm shift 

in the field toward more detailed and mechanistic 

study of mitochondrial DNA damage and the 

endogenous repair system.[4],[5] 

Mitochondrial DNA is a unique, special and highly 

susceptible compartment of the eukaryotic cell. In 

contrast, the mitochondrial genome is a closed ring 

of double-stranded DNA freely floating in the 

matrix of the mitochondria, as opposed to the 

nuclear genome, which is tightly wrapped around 

protective histone proteins and stored inside the 

heavily fortified nucleus.[6] This exact site brings 

the genetic material into close and constant contact 

with the inner mitochondrial membrane, the main 

site of the electron transport chain. In normal 

physiological metabolism, the electron transport 

chain is a normal metabolic byproduct of oxidative 

phosphorylation, with the production of reactive 

oxygen species at complexes I and III 

consistently.[7] Mitochondrial DNA is extremely 

vulnerable to oxidative damage, single- and 

double-stranded breaks, and severe 

conformational deformities due to the complete 

absence of the structural protection provided by 

the chromatin packaging that surrounds nuclear 

DNA and the continuous activity that occurs 

within this highly oxidative microenvironment. 

The loss of this particular genome has a special 

impact on the cell by coding for thirteen essential 

polypeptide subunits of the oxidative 

phosphorylation system, as well as specific 

transfer and ribosomal RNAs required for 

continuous translation of these polypeptide chains 

in the organelle.[8],[9] 

Xenobiotics and/or their highly reactive 

metabolites that become concentrated in hepatic 

tissue often overload the endogenous antioxidant 

buffering capacity of the hepatocyte, resulting in a 

magnified, pathological release of mitochondrial 

ROS. This toxic exposure causes direct and severe 

chemical alterations of the backbone of the 

mitochondrial DNA and the nitrogenous bases it 

contains. One of the most important discoveries in 

modern molecular toxicology is that the severe 

liver injury associated with toxic drugs is not 

simply a result of a brief drop in ATP 

concentration and temporary halt in metabolic 

function, but that it is a deep and irreversible 

genomic crisis in the mitochondria itself.[10] 

Massive, unrepaired damage to the mitochondrial 

genome potently suppresses the transcription of 

new respiratory chain components, and causes the 

organelle to enter a vicious cycle of electron 

leakage, generation of more ROS, and accelerated 

DNA destruction.[11] Moreover, recent molecular 

studies of high resolution have shown that severely 

damaged mitochondrial DNA doesn't just lie 

passively in the organelle, but literally egresses the 
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damaged mitochondrial matrix and goes directly 

into the cell's cytosol or the extracellular 

space.[12],[13] 

These oxidized and fragmented polynucleotides 

are then mistaken by host innate immune system 

as pathogenic invaders once they have been 

released from the mitochondrial matrix. The 

human mitochondrial DNA contains a number of 

unmethylated cytosine-phosphate-guanine 

repeats, which are very similar to bacterial DNA 

sequence signatures, reflecting its evolutionary 

origin from the alpha-proteobacteria via 

endosymbiosis. Their rapid influx into the 

cytosolic compartment serves as an extremely 

potent damage-associated molecular pattern, 

which sets off severe sterile inflammatory 

responses and initiates programmed cell death 

cascades.[14],[15] This pathophysiological network 

is extremely complex, involving xenobiotic drug 

metabolism, structural mitochondrial DNA 

damage and the activation of innate immunity. The 

exact biochemical mechanisms by which the 

particular pharmaceutical agents cause this 

damage and the exact ways by which the 

hepatocytes try to detect and repair the genomic 

lesions are a critical frontier in modern 

pharmacology and toxicology.[16] 

DIFFERENT MECHANISMS OF DRUG 

INDUCED MITOCHONDRIAL DNA 

DAMAGE ARE DISCUSSED: 

Damage to the mitochondrial genome by different 

pharmaceuticals is very diverse depending on the 

metabolic pathway that they follow, their 

pharmacokinetics and intrinsic molecular mode of 

action. Acetaminophen is a well-established 

clinical and experimental model of dose-

dependent, mitochondrial DNA-damaging liver 

injury that is widely used around the world as an 

over-the-counter analgetic and antipyretic. 

Acetaminophen is rapidly, safely and effectively 

metabolized in the liver by glucuronidation and 

sulfation and excreted in the urine. Under normal 

circumstances, these routes are completely 

saturated during an acute or chronic overdose, and 

the excess amount of the drug is metabolized, 

predominantly, by the hepatic cytochrome P450 

enzyme system, specifically the CYP2E1 

isoenzyme. This alternative route results in the 

formation of a very electrophilic and extremely 

toxic intermediate called N-acetyl-p-

benzoquinone imine. At first, this toxic metabolite 

is detoxified by conjugating with hepatic 

glutathione, but when the intracellular glutathione 

level is too low to reach the critical threshold, N-

acetyl-p-benzoquinone imine binds to the critical 

proteins of the inner mitochondrial membrane 

through covalent binding.[17],[18] This non-

discriminatory covalent binding leads to a 

significant change of the structure of the electron 

transport chain and of the permeability of the 

mitochondrial membrane, which results in a 

stimulated and uncontrolled production of 

superoxide anions and ensuing ROS.[19],[20] 

There is an initial wave of oxidative stress that 

quickly becomes direct damage to the 

mitochondrial DNA. The most frequent and most 

damaging type of oxidation damage that occurs in 

this environment is a hydroxylation in guanine 

residues to 8-oxo-7,8-dihydroguanine. This 

particular oxidative modification has been shown 

to play a fundamental role in changing the 

topology and tertiary structure of the 

mitochondrial genome by using recent 

groundbreaking discoveries in structural 

biology.[21],[22] At physiological conditions, 

mitochondrial DNA is mainly in the right handed 

B-DNA conformational state. The build up of 8-

oxo-7,8-dihydroguanine lesions, however, 

produces a high thermodynamic burden and steric 

hindrance that allows the double helix to 

spontaneously adopt a more energetically 
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favourable conformation, a left-handed one, called 

Z-DNA. It's a radical structural shift that shows 

alternating syn and anti base conformation with a 

unique tightly-wrapped zigzag sugar-phosphate 

backbone (Song & Xu, 2026).[23] This oxidative 

stress induced topological change is absolutely 

critical for the secondary, long-term, irreversible 

component of acetaminophen toxicity, which often 

results in massive centrilobular hepatocyte 

necrosis and acute liver failure, well after the toxic 

metabolite has been metabolically cleared from the 

system.[24],[25] 

Nucleoside and nucleotide reverse transcriptase 

inhibitors, which have been the pharmacological 

mainstay of human immunodeficiency virus 

treatment for decades, cause mitochondrial DNA 

damage by direct, competitive enzymatic 

inhibition, in contrast to the large oxidative 

damage caused by acetaminophen. These anti-

retroviral drugs have been rationally designed to 

inhibit viral replication by being false substrates 

and chain terminators for the viral reverse 

transcriptase enzyme. Unfortunately, the structural 

similarities of these polymerases also mean that 

these drugs have considerable non-specific affinity 

for human DNA polymerase gamma, the only 

mammalian polymerase capable of the replication 

and repair of the mitochondrial genome (Lewis et 

al., 2003).[26] During normal mitochondrial DNA 

replication, certain drugs like zidovudine, 

didanosine or stavudine become inserted in the 

new mitochondrial DNA chain, but do not have the 

necessary 3-prime hydroxyl group on which the 

next nucleotide could be added, so the process is 

prematurely terminated. At the same time, they are 

very strong inhibitors of the endogenous 

exonuclease proofreading activity that is needed to 

identify and remove the incorrect analog. In 

prolonged treatment periods this chronic 

enzymatic inhibition causes severe mitochondrial 

DNA depletion and a very high number of 

spontaneous point mutations. The progressive 

decrease in respiratory chain proteins leads to a 

clinical picture of severe macrovesicular hepatic 

steatosis, chronic hyperlactatemia and possibly 

lethal lactic acidosis, highlighting the critical need 

for ongoing gene expression of the mitochondria 

in the support of hepatic lipid metabolism.[27] 

 
Figure 1: Illustration depicting the molecular pathways of xenobiotic-induced mitochondrial oxidative stress. 

The diagram highlights the conversion of normal right-handed B-form mitochondrial DNA into the highly 

immunogenic left-handed Z-form following the accumulation of 8-oxoG lesions. 

Valproic acid, a broad-spectrum antiepileptic and 

mood-stabilizing agent, causes idiosyncratic acute 

liver failure in a small number of individuals, but 

with a severe clinical course, is an example of an 

entirely separate pathway of mitochondrial injury. 

The hepatotoxicity of valproic acid appears to be 

closely and mechanistically related to the intrinsic 

defect in the mitochondrial DNA replication 
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machinery of the individual patient. Usually, 

valproic acid is extensively metabolized in 

mitochondria of the liver. In heterozygous or 

homozygous carriers of POLG gene mutations, 

encoding the catalytic subunit of DNA polymerase 

gamma, the liver's ability to compensate for 

metabolic stress, such as drug treatment, with high 

mitochondrial DNA copy number is dramatically 

reduced.[28],[29] Even common polymorphic 

variants of the POLG gene, like the p.Q1236H 

substitution, which may be completely 

asymptomatic in normal physiological conditions, 

can greatly sensitise hepatocytes to exposure to 

valproate. The polymerase defect not only causes 

a failure to replicate the correct mitochondrial 

genes, but also impairs normal fatty acid 

metabolism and the growth of cells. The dual hit 

leads to catastrophic bioenergetic failure, to 

microvesicular steatosis, and to hepatocyte death 

in a short space of time; this process often affects 

children with undiagnosed Alpers-Huttenlocher 

syndrome.[30],[31] 

Moreover, many commonly used antimicrobial 

drugs, including the principal drug used in the 

first-line therapy for tuberculosis, isoniazid, cause 

strong damage to mitochondrial DNA through 

specific inhibition of single respiratory complexes. 

The major, highly reactive metabolite of isoniazid, 

hydrazine, is a powerful and specific inhibitor of 

mitochondrial complex II. The inactivation of this 

protein disrupts a normal electron flow through the 

respiratory chain, leading to a local accumulation 

of reactive oxygen species that selectively 

damages the mitochondrial genes that encode 

subunits of complex I, mainly the NADH 

dehydrogenase subunits 1 and 5.[10] These genome 

hot-spots are hot-spots for nonsynonymous 

mutations that further impair respiratory 

efficiency, which leads to a vicious cycle of 

oxidative damage and energetic decline which is 

clinically expressed as cytolytic hepatitis. 

Likewise, chemotherapeutic agents like 

doxorubicin, which are well-known for their 

cardiotoxicity, are associated with a considerable 

hepatotoxicity due to mitochondrial DNA 

intercalation and a tremendous production of 

oxidative stress that results in the poisoning of the 

hepatic mitochondrial network. These various 

modes of action make it clear that the damage to 

mitochondrial DNA caused by drugs is not a 

monolithic pathological process, but one that is 

quite complex and involves a number of potential 

mechanisms including direct oxidative 

modification, topological distortion, competitive 

polymerase inhibition, and the fatal triggering of 

existing genetic susceptibility.[32] 

Table 1: Key Drugs and Mechanisms of Mitochondrial DNA Damage in Hepatotoxicity. The table 

comprehensively delineates the diverse biochemical pathways through which specific xenobiotics compromise 

the structural and functional integrity of the mitochondrial genome. 

Repair / Sensor 

Protein 

Subcellular 

Localization 

Primary Biological Function 

in the Context of Liver Injury 

Consequence of 

Dysfunction or Inhibition 

8-Oxoguanine 

Glycosylase (OGG1) 

Mitochondrial 

Matrix 

Recognizes and excises 8-oxoG 

lesions; prevents transition of B-

DNA to Z-DNA 

Accumulation of oxidized 

bases; profound susceptibility 

to APAP toxicity 

Apurinic/ Apyrimidinic 

Endonuclease 1 (APE1) 

Mitochondrial 

Matrix 

Cleaves phosphodiester 

backbone at abasic sites 

generated by glycosylases 

Stalled repair processes; 

increased mtDNA depletion 

under alkylating stress 

DNA Polymerase 

Gamma (POLG) 

Mitochondrial 

Matrix 

Sole polymerase for mtDNA 

replication and gap filling 

during Base Excision Repair 

Idiosyncratic liver failure 

upon exposure to drugs like 

Valproic Acid or NRTIs 
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Z-DNA Binding Protein 

1 (ZBP1) 

Cytosol 

(Hepatocytes) 

Senses extruded oxidized Z-

form mtDNA; activates MAVS-

caspase-8 apoptotic cascade 

Evasion of programmed cell 

death; however, normal 

activation drives acute liver 

failure 

cGAS-STING Complex Cytosol / ER 

(Non-

Parenchymal) 

Senses leaked unmodified or 

fragmented mtDNA; drives pro-

inflammatory cytokine release 

Dampened immune response, 

but hyperactivation leads to 

massive sterile inflammation 

CYTOSOLIC SENSING OF DAMAGED 

MITOCHONDRIAL DNA AND 

INFLAMMATORY CASCADES: 

Mitochondrial DNA mutations can have much 

more serious pathological effects than just 

impaired oxidative phosphorylation and the loss of 

energy currency. Once the mitochondrial network 

is completely compromised by excessive drug-

induced oxidative damage, the structurally altered 

mitochondria with damaged and fragmented DNA 

molecules literally spill out from the mitochondrial 

matrix. This catastrophic translocation is mostly 

from prolonged opening of the mitochondrial 

permeability transition pore or through 

pathological oligomerisation of voltage-dependent 

anion channels of the outer mitochondrial 

membrane.[33],[34] This displaced genetic material 

is a very immunogenic danger signal, once 

introduced into the previously sterile cytosolic or 

extracellular environments. Spatial 

mislocalization of mitochondrial DNA functions 

as a critical amplifying signaling nexus that 

connects bioenergetic failure within the cell(s) to 

the devastating sterile inflammation in 

surrounding normal tissue, which is an organ-wide 

manifestation of this mechanism.[35],[36] 

The sensing of leaked mitochondrial DNA is 

primarily and robustly associated with the cyclic 

GMP-AMP synthase (cGAS) and stimulator of 

interferon genes (STING) signaling pathway in the 

non-parenchymal cellular compartment of the 

liver, which is heavily represented by resident 

Kupffer cells, dendritic cells, and liver sinusoidal 

endothelial cells. Dying hepatocytes can release 

extracellular mitochondrial DNA, which can 

easily be taken up by these innate immune cells or 

mitochondrial DNA can leak into the cytosol of the 

immune cell and directly activate the sensor. Once 

bound to the misplaced, double-stranded DNA, the 

cytosolic enzyme cGAS changes its conformation 

and catalyzes the production of the second 

messenger cyclic GMP-AMP, which then diffuses 

and binds to STING that's localized on the 

membrane of the endoplasmic reticulum. This is 

an essential binding event that results in the 

oligomerization and translocation of STING, 

recruiting and phosphorylating TANK-binding 

kinase 1. This activation cascade in turn results in 

the phosphorylation of interferon regulatory factor 

3 (IRF3) and nuclear factor kappa B (NF-kB), 

which triggers massive nuclear transcription of 

type I interferons and a plethora of pro-

inflammatory cytokines including interleukin-6 

and tumor necrosis factor α (TNF α) 
respectively.[37] Moreover, the unmethylated 

cytosine-phosphate-guanine motifs found in the 

mitochondrial DNA are excellent triggers of Toll-

like receptor 9, which is abundant in the 

endosomal compartment of infiltrating neutrophils 

and macrophages, thus contributing to the sterile 

inflammatory response typical of pathological 

processes such as severe drug-induced 

hepatotoxicity.[38],[39] 

But, in recent high resolution immunological 

studies of acute liver failure due to acetaminophen, 

a completely new picture of the response of the 

actual parenchymal hepatocytes themselves to 
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oxidized mitochondrial DNA has emerged. In 

contrast, the non-parenchymal compartment of the 

liver is rich in cGAS and STING proteins that are 

expressed at high basal levels and have a well-

established function in innate immunity.The non-

parenchymal compartment of the liver is lined 

with cells that express cGAS and STING proteins 

at high basal levels and have an established role in 

innate immunity, whereas mature, differentiated 

hepatocytes express extraordinarily low basal 

levels of both cGAS and STING proteins, making 

this canonical inflammatory pathway functionally 

marginal in the parenchymal compartment. On the 

contrary, a specialized innate immune sensor, 

mitochondrial DNA binding protein 1 (ZBP1), 

which is constitutively expressed in hepatocytes, 

selectively and promptly recognizes oxidized, left-

handed Z-form mitochondrial DNA.[40] ZBP1 is a 

protein with very unique and highly specialized Z-

alpha domains that have a high biochemical 

affinity only to the zigzag sugar-phosphate 

backbone of the Z-DNA conformation and not to 

canonical, undamaged B-DNA. This extreme 

specificity suggests that the mere presence of 

mitochondrial DNA in the cytosol is not enough to 

initiate this cascade, but rather that the DNA must 

have been structurally altered in a fundamental 

way, by oxidative modification, and make it 

pathogenic to the hepatocyte.[41] 

ZBP1 binding to oxidized mitochondrial Z-DNA 

leads to a highly unique apoptotic cascade in the 

hepatocyte. When ZBP1 detects the topological 

abnormality, it immediately binds the 

mitochondrial antiviral-signaling protein (MAVS) 

and creates a special high-molecular-weight 

signaling complex. This complex is able to directly 

activate the initiator caspase-8[42], and mostly 

lacks a number of classical necroptotic mediators 

like receptor-interacting serine/threonine-protein 

kinase-3 which is largely not expressed in 

functional human hepatocytes. Potent activation of 

caspase-8 quickly triggers downstream activation 

of executioner caspases, which leads to 

irreversible and excessive hepatocyte apoptosis. 

The fact that the oxidized Z-DNA to ZBP1 axis is 

a profound discovery that the mitochondrial 

genome undergoes dramatic changes in structure 

and that such changes are the ultimate molecular 

execution order in severe drug-induced liver injury 

without any involvement of the known immune 

inflammatory networks is a striking example of the 

inborn immune network independence of the 

mitochondrial genome. The final fate of the liver 

in response to the toxic pharmacological insult, 

therefore, depends not only on an extruded 

mitochondrial genetic material but also on its 

topological conformational state.[43] 

MITOCHONDRIAL DNA REPAIR 

PATHWAYS IN HEPATOCYTES: 

The maintenance of hepatocyte viability requires 

an extremely efficient, rapid and dynamic 

mitochondrial DNA repair system, given the 

extremely vulnerable position of the mitochondrial 

genome to a broad spectrum of pharmaceutical 

insults. In contrast to the cellular nucleus that has 

a huge array of redundant DNA repair pathways to 

preserve genomic integrity, the mitochondrion 

lacks a complete array of nucleotide excision 

repair pathways. This evolutionary limitation is 

the reason the organelle is unable to recognise or 

remove bulky chemical adducts, large intra-strand 

cross-links, or cyclobutane pyrimidine dimers 

formed by ultraviolet radiation. Thus, in the 

mitochondrion, the Base Excision Repair pathway 

is the key and most important defense mechanism 

against oxidative and alkylating damage by drugs. 

This multi-step conserved biochemical process is 

specifically designed to rapidly identify, remove 

and replace individual oxidized, deaminated or 

alkylated nucleotide bases before they are able to 
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stall the replication fork, cause catastrophic DSBs 

or induce lethal topological changes.[44],[45] 

Specific DNA glycosylases constantly patrol the 

mitochondrial genome for modified and damaged 

bases, thus performing the first, rate-limiting step 

of the mitochondrial Base Excision Repair 

pathway. In the particular context of drug induced 

oxidative stress, the enzyme 8-oxoguanine DNA 

glycosylase (OGG1) is the main molecular 

sentinel. The recognition of the highly mutagenic 

lesions, 8-oxo-7,8-dihydroguanine lesions, 

directly caused by the overproduction of ROS, is 

specific to the OGG1. Once OGG1 has exactly 

identified the oxidized purine, it removes the N-

glycosidic bond between the damaged base and the 

sugar-phosphate backbone, leaving a very reactive 

abasic site (apurinic or apyrimidinic). The rapid 

and continuous activity of OGG1 can in theory 

prevent the potentially harmful and 

thermodynamically favoured transition of B-DNA 

to Z-DNA when there is a strong toxic stress, 

provided the amount of OGG1 activity is not 

overloaded. APE1 (also often called Apex1) is 

then rapidly recruited to the site of the damage, 

following this initial glycosylase activity. APE1 

opens the phosphodiester backbone right at the 5-

prime side of the newly created abasic site, thus 

allowing the subsequent replacement of the 

base.[46],[47] 

 
Figure 2: A comprehensive overview of mitochondrial DNA homeostasis during drug-induced hepatotoxicity. 

The diagram maps the dual outcomes of mitochondrial DNA damage: cytosolic extrusion leading to ZBP1-

mediated apoptosis and cGAS-STING inflammation, versus the successful rescue pathway mediated by Base 

Excision Repair enzymes such as OGG1 and APE1. 

The role of these very endonucleases in the 

protection of liver against xenobiotic and toxic 

insults has been elegantly shown in highly targeted 

genetical animal models. For example, the mice 

that have a haploinsufficient form of the Apex1 

gene have very weak abilities to repair 

mitochondrial DNA. These Apex1 deficient 

models show a rapid and profound decrease in the 

levels of mitochondrial DNA and a very high 

proportion of genetic lesions when they are 

challenged with high doses of drugs that cause 

mitochondrial metabolic stress, like alkylating 

agents or pharmaceutical drugs.[48],[49] Defects in 

the cell's capacity to process abasic sites directly 

result in dysfunctional replication forks, collapse 

of global mitochondrial bioenergetics and a 
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significant increase in hepatocyte death, 

demonstrating that APE1 is a key, non-redundant 

survival factor in drug-induced liver injury. The 

single nucleotide gap is then seamlessly closed by 

the highly specialized mitochondrial DNA 

polymerase gamma and the final phosphodiester 

bond is permanently sealed by the activity of DNA 

ligase III.[50],[51] 

In addition to the enzymes of the Base Excitation 

Repair, the stability of the whole mitochondrial 

genome in a very active liver is sustained by a 

complex network of accessory proteins and 

structural regulatory factors. Endonuclease G-like 

1 (EXOG) and Endonuclease G (ENDOG) 

perform critical and specific functions in the 

processing of displaced DNA flaps during long-

patch repair and control the degradation of 

irreparable mitochondrial genomes to stop their 

pathogenic accumulation. There is a considerable 

inter-individual genetic variation in these critical 

repair and degradation systems. Studies of 

extensive clinical genome-wide association have 

confirmed that there are strong effects of single-

nucleotide polymorphisms in EXOG, ENDOG, 

FEN1 and POLG genes on human susceptibility to 

many types of toxic and metabolic liver 

injuries.[52],[53] In addition, the overall levels of 

these essential repair proteins are dynamically 

controlled at the level of their transcription and the 

import of the proteins into the mitochondria by 

cell-wide stress responses. The ability of the 

mitochondrial repair machinery to be rapidly 

upregulated is regulated by intracellular factors, 

including the tumor suppressor p53, glycogen 

synthase kinase 3 beta and circulating systemic 

interleukins, such as IL-6, which all act to promote 

cell cycle arrest to give time for mitochondrial 

DNA to be recovered after acute toxic 

exposure.[54],[55],[56] 

Table 2: Primary DNA Repair Enzymes and Sensors Implicated in Hepatic Mitochondrial Homeostasis. The 

table summarizes the distinct roles of localized enzymes that definitively dictate the balance between cellular 

rescue and programmed death following xenobiotic exposure. 

Repair / Sensor 

Protein 

Subcellular 

Localization 

Primary Biological Function in 

the Context of Liver Injury 

Consequence of 

Dysfunction or Inhibition 

8-Oxoguanine 

Glycosylase (OGG1) 

Mitochondrial 

Matrix 

Recognizes and excises 8-oxoG 

lesions; prevents transition of B-

DNA to Z-DNA 

Accumulation of oxidized 

bases; profound susceptibility 

to APAP toxicity 

Apurinic/ Apyrimidinic 

Endonuclease 1 (APE1) 

Mitochondrial 

Matrix 

Cleaves phosphodiester 

backbone at abasic sites 

generated by glycosylases 

Stalled repair processes; 

increased mtDNA depletion 

under alkylating stress 

DNA Polymerase 

Gamma (POLG) 

Mitochondrial 

Matrix 

Sole polymerase for mtDNA 

replication and gap filling during 

Base Excision Repair 

Idiosyncratic liver failure 

upon exposure to drugs like 

Valproic Acid or NRTIs 

Z-DNA Binding Protein 

1 (ZBP1) 

Cytosol 

(Hepatocytes) 

Senses extruded oxidized Z-

form mtDNA; activates MAVS-

caspase-8 apoptotic cascade 

Evasion of programmed cell 

death; however, normal 

activation drives acute liver 

failure 

cGAS-STING Complex Cytosol / ER 

(Non-

Parenchymal) 

Senses leaked unmodified or 

fragmented mtDNA; drives pro-

inflammatory cytokine release 

Dampened immune response, 

but hyperactivation leads to 

massive sterile inflammation 

TRANSLATIONAL IMPLICATIONS AND 

EMERGING THERAPEUTIC 

INTERVENTIONS: 

The elucidation of mechanisms of mitochondrial 

damage and the detailed understanding of the 

tightly coupled cytosolic sensing pathways have 



Sonali Sansare, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 9, 2805-2820 | Review 

                 

              INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES                                                                                 2814 | P a g e  

rapidly opened up a whole new world of clinical 

diagnostics and targeted pharmacotherapy in drug-

induced liver injury. In clinical diagnostics, highly 

fragmented mitochondrial DNA in systemic blood 

circulation is a highly sensitive, specific and early 

indicator of the extent of actual subclinical liver 

damage. Being an active, potent, damage 

associated molecular pattern, rather than a passive 

product of late stage cell death, circulating cell-

free mitochondrial DNA (ccf mtDNA) can supply 

live and actionable information on the degree of 

existing sterile inflammation and the clinical 

course of acute injury. [57] Mitochondrial DNA has 

been strongly linked with the severity of acute 

toxic pharmacological damage and chronic 

metabolic disorders like non-alcoholic fatty liver 

disease (NAFLD) and severe alcoholic hepatitis 

(SAH), with increased levels being a hallmark of 

both conditions. Clinicians could potentially 

accurately predict which patients initially did not 

present with symptoms would be most at risk to 

develop fulminant hepatic failure, based on the 

constant assessment of these selected biomarker 

concentrations, and more aggressive medical 

intervention could be performed much 

earlier.[58],[59] 

In a clinical setting, the management of drug-

induced liver injury has been almost exclusively 

focused on restoring antioxidant defenses in early 

stages of the chemical insult (therapeutics). The 

intravenous administration of N-acetylcysteine in 

a severe acetaminophen overdose is the most 

important clinical example, and is very effective 

when administered within the first 8 hours of the 

critical time before the irreversible secondary 

cascade of mitochondrial structural destruction 

sets in. Targeting the fundamental topology and 

active repair of mitochondrial DNA, however, 

promises a paradigm-shifting therapeutic 

approach, which significantly widens that crucial 

therapeutic window. In recent years, however, 

there have been several advances in pharmacology 

that have enabled the identification of novel small 

molecule agonists that directly and potently 

activate the enzymatic activity of specific DNA 

repair enzymes. The highly specific 

pharmacological activator of the OGG1 

glycosylase synthesized compound TH10785 is a 

giant step forward in acute hepatoprotection. 

TH10785 actively promotes the physical 

elimination of 8-oxoguanine lesions from the 

genetic backbone, thus quickly and efficiently 

reverting the left-handed Z-DNA pathogenic 

conformation to the safe, physiological right-

handed B-DNA structure.[60],[61] 

By inducing a completely new topology, this is 

sufficient to disrupt the highly specific binding 

interface that is needed to activate ZBP1, and 

abruptly and safely terminates the MAVS-

caspase-8 apoptotic pathway even when the 

mitochondria have been severely damaged within 

the cell. In a series of severe preclinical animal 

models of lethal acetaminophen toxicity, delayed 

treatment with TH10785 well outside the accepted 

therapeutic window of N-acetylcysteine resulted 

in significantly better survival. The beneficial 

synergistic biological activities of glutathione 

augmentation along with boosting DNA lesion 

repair resulted in almost complete protection from 

drug-induced acute liver failure when used 

together in combination therapy.[62] The capability 

for structural genome integrity was found to be a 

protective mechanism that has profound 

implication for the immense translational potential 

of shifting the clinical paradigm from passive 

(reactive oxygen species scavenging) to active, 

targeted maintenance of structural genome 

integrity. 

Moreover, numerous natural bioactive molecules 

have been found to be very effective in modulating 

these destructive inflammatory pathways. Emodin 
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is an extensively extracted well characterized 

anthraquinone derivative from traditional 

medicinal plants, which has been widely 

documented in recent literature to attenuate severe 

hepatotoxicity induced by drugs by actively 

suppressing the cGAS-STING signaling axis. 

Emodin successfully inhibits the extruded 

mitochondrial DNA (mtDNA) mediated 

secondary inflammatory amplification by 

significantly downregulating the baseline 

expression of STING and prominently reducing 

downstream activation of the NLRP3 

inflammasome.[63],[64] Moreover, emodin is 

hepatoprotective, and it simultaneously 

upregulates Nrf2-mediated antioxidative stress 

pathway, which utilize a multi-target approach to 

the prevention of hepatocyte death, in a highly 

efficient manner.[64] Additional protection has 

been recently reported by using advanced 

pharmacological inhibitors of the mitochondrial 

permeability transition pore (mPTP) that 

physically prevent the release of the lethal genome 

into the cytosol. Together these varied and 

inventive strategies, from direct agonism of DNA 

repair to targeted inhibition of nucleic acid sensor 

function in the cytosol, emphasize that the 

toxicological consequences of mitochondrial 

DNA damage are not necessarily lethal, but rather 

a highly regulated biochemical network that is 

extremely receptive to targeted pharmacological 

manipulation.[65] 

FUTURE PERSPECTIVES IN DRUG-

INDUCED HEPATOTOXICITY: 

The in-depth integration of mitochondrial genomic 

stability into the wider physiological context of 

DILI is a giant step forward in contemporary 

mechanistic toxicology. In the past toxicologists 

looked at the mitochondrion simply as a passive 

and unfortunate victim of the accumulation of 

reactive oxygen species, and the final inevitable 

death of the cell was blamed on the eventual and 

inevitable failure of ATP production. Today, 

however, the molecular scene is quite different: it 

is a highly dynamic and responsive and interactive 

system in which the actual structure of the 

mitochondrial genome determines the final fate of 

the hepatic tissue: survival or death. The stunning 

conversion of canonical B-DNA to the highly 

immunogenic Z-DNA structural form provides a 

clear and definitive proof that severe oxidative 

stress can directly switch on death receptors with 

highly specialized function like ZBP1 – 

fundamentally changing the pathological 

picture.[66],[67] 

In the future, it is important for the scientific and 

medical community to focus on characterizing 

inter-individual genetic variation in genes that 

make up the Base Excision Repair pathway and 

mitochondrial maintenance genes. The level of 

life-threatening vulnerability shown by patients 

carrying even small POLG, APE1 and EXOG 

polymorphisms indicates that a blanket, 

population-wide approach to drug safety and 

dosage is simply not enough. Routine clinical use 

of these specific pharmacogenomic tests might 

provide a reliable way to avoid potentially fatal 

idiosyncratic liver toxicity caused by commonly 

used drugs such as valproic acid and nucleoside 

reverse transcriptase inhibitors. Moreover, next 

generation pharmaceutical drugs should be 

designed to be structurally non-toxic to 

mitochondria, or at least be designed as multi-drug 

therapy that combines repair-activating molecules 

with high oxidative burden therapeutic 

drugs.[68],[69] 

Summarizing, the exact biochemical mechanisms 

responsible for mitochondrial DNA damage, for 

the cytosolic detection of subsequent damage, and 

for endogenous base excision repair processes 

represent a completely new and crucial field in 
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hepatology that has been largely unexplored in 

modern medicine. These highly complex pathways 

provide a deep and actionable understanding of the 

real molecular mechanism of toxic liver disease 

and the mechanisms that mediate the sterile 

inflammatory signaling that occurs systemically. 

The transition to the use of advanced therapies that 

actively repair genomic architecture and safely 

disrupt pathogenic DNA conformations holds 

great promise for transforming the clinical care for 

patients with acute and currently irreversible 

hepatic failure and will bring a great deal of 

hope.[70],[71] 

REFERENCES 

1. Meex RC, Blaak EE. Mitochondrial 

dysfunction is a key pathway that links 

saturated fat intake to the development and 

progression of NAFLD. Molecular nutrition 

& food research. 2021 Jan;65(1):1900942. 

2. Skat-Rørdam J, Lykkesfeldt J, Gluud LL, 

Tveden-Nyborg P. Mechanisms of drug 

induced liver injury. Cellular and Molecular 

Life Sciences. 2025 May 26;82(1):213. 

3. Verma BK, Bhalgama D, Thakur P, Banerjee 

D. Drug-Induced Liver Injury: Mitochondrial 

Mechanisms, Biomarkers, and Emerging 

Therapeutic Strategies. Chemical Research in 

Toxicology. 2026 May 7;39(5):786-95. 

4. Ramachandran A, Visschers RG, Duan L, 

Akakpo JY, Jaeschke H. Mitochondrial 

dysfunction as a mechanism of drug-induced 

hepatotoxicity: current understanding and 

future perspectives. Journal of clinical and 

translational research. 2018 May 28;4(1):75. 

5. Andrade, R. J., Chalasani, N., Björnsson, E. 

S., Suzuki, A., Kullak-Ublick, G. A., Watkins, 

P. B., Aithal, G. P., & Lucena, M. I. (2019). 

Drug-induced liver injury. Nature Reviews 

Disease Primers, 5(1), Article 58. 

https://doi.org/10.1038/s41572-019-0105-0 

6. Taanman JW. The mitochondrial genome: 

structure, transcription, translation and 

replication. Biochimica et Biophysica Acta 

(BBA)-Bioenergetics. 1999 Feb 

9;1410(2):103-23. 

7. Muftuoglu M, Mori MP, de Souza-Pinto NC. 

Formation and repair of oxidative damage in 

the mitochondrial DNA. Mitochondrion. 2014 

Jul 1;17:164-81. 

8. Malik AN, Czajka A. Is mitochondrial DNA 

content a potential biomarker of 

mitochondrial dysfunction?. Mitochondrion. 

2013 Sep 1;13(5):481-92. 

9. Yan C, Duanmu X, Zeng L, Liu B, Song Z. 

Mitochondrial DNA: distribution, mutations, 

and elimination. Cells. 2019 Apr 25;8(4):379. 

10. Mihajlovic M, Vinken M. Mitochondria as the 

target of hepatotoxicity and drug-induced 

liver injury: molecular mechanisms and 

detection methods. International journal of 

molecular sciences. 2022 Mar 18;23(6):3315. 

11. Jaeschke H, McGill MR, Ramachandran A. 

Oxidant stress, mitochondria, and cell death 

mechanisms in drug-induced liver injury: 

lessons learned from acetaminophen 

hepatotoxicity. Drug metabolism reviews. 

2012 Feb 1;44(1):88-106. 

12. Li W, Li Y, Zhao J, Liao J, Wen W, Chen Y, 

Cui H. Release of damaged mitochondrial 

DNA: A novel factor in stimulating 

inflammatory response. Pathology-Research 

and Practice. 2024 Jun 1;258:155330. 

13. Liu Y, Ma X, Guan Q, Zhou S. Cell-free 

mitochondrial DNA (cf-mtDNA) in human 

body fluids: molecular characteristics, release 

mechanisms, and clinical translation—an 

updated review. Frontiers in molecular 

biosciences. 2026 Feb 26;13:1774015. 

14. Xuan W, Song D, Yan Y, Yang M, Sun Y. A 

potential role for mitochondrial DNA in the 

activation of oxidative stress and 

inflammation in liver disease. Oxidative 

medicine and cellular longevity. 

2020;2020(1):5835910. 

15. Riley JS, Tait SW. Mitochondrial DNA in 

inflammation and immunity. EMBO reports. 

2020 Apr 3;21(4):EMBR201949799. 

16. Woolbright BL, Jaeschke H. Mechanisms of 

inflammatory liver injury and drug-induced 

hepatotoxicity. Current pharmacology 

reports. 2018 Oct;4(5):346-57. 



Sonali Sansare, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 9, 2805-2820 | Review 

                 

              INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES                                                                                 2817 | P a g e  

17. Jaeschke H, Ramachandran A. Central 

mechanisms of acetaminophen 

hepatotoxicity: mitochondrial dysfunction by 

protein adducts and oxidant stress. Drug 

Metabolism and Disposition. 2024 Aug 

1;52(8):712-21. 

18. Ramachandran A, Jaeschke H. 

Acetaminophen Hepatotoxicity-A 

Mitochondrial Perspective. Advances in 

Pharmacology (San Diego, Calif.). 2019 Feb 

21;85:195. 

19. Ramachandran A, Jaeschke H. 

Acetaminophen toxicity: novel insights into 

mechanisms and future perspectives. Gene 

expression. 2018 Mar 21;18(1):19. 

20. Begriche, K., Massart, J., Robin, M. A., 

Borgne-Sanchez, A., & Fromenty, B. (2011). 

Drug-induced toxicity on mitochondria and 

lipid metabolism: Mechanistic diversity and 

deleterious consequences for the liver. Journal 

of Hepatology, 54(4), 773–794. 

https://doi.org/10.1016/j.jhep.2010.11.006 

21. Wan J, Bae M, Song BJ. Acetoaminophen-

induced accumulation of 8-

oxodeoxyguanosine through reduction of 

Ogg1 DNA repair enzyme in C6 glioma cells. 

Experimental & molecular medicine. 2004 

Feb;36(1):71-7. 

22. Fleming AM, Zhu J, Ding Y, Esders S, 

Burrows CJ. Oxidative modification of 

guanine in a potential Z-DNA-forming 

sequence of a gene promoter impacts gene 

expression. Chemical research in toxicology. 

2019 Mar 7;32(5):899. 

23. Endutkin AV, Dvornikova AP, Zharkov DO. 

8-Oxoguanine: A Lesion, an Epigenetic Mark, 

or a Molecular Signal?. International Journal 

of Molecular Sciences. 2025 Dec 

6;26(24):11799. 

24. Klein B, Reynolds MB, Xu B, Gharaee-

Kermani M, Gao Y, Berthier CC, Henning S, 

Tsoi LC, Loftus SN, McNeely KE, Goudsmit 

CM. Epidermal ZBP1 stabilizes 

mitochondrial Z-DNA to drive UV-induced 

IFN signaling in autoimmune 

photosensitivity. Science immunology. 2025 

Mar 7;10(105):eado1710. 

25. Bernal, W., & Wendon, J. (2013). Acute liver 

failure. The New England Journal of 

Medicine, 369(26), 2525–2534. 

https://doi.org/10.1056/NEJMra1208937 

26. Lewis W, Day BJ, Copeland WC. 

Mitochondrial toxicity of NRTI antiviral 

drugs: an integrated cellular perspective. 

Nature reviews Drug discovery. 2003 Oct 

1;2(10):812-22. 

27. Lim SE, Ponamarev MV, Longley MJ, 

Copeland WC. Structural determinants in 

human DNA polymerase γ account for 
mitochondrial toxicity from nucleoside 

analogs. Journal of molecular biology. 2003 

May 23;329(1):45-57. 

28. Stewart JD, Horvath R, Baruffini E, Ferrero I, 

Bulst S, Watkins PB, Fontana RJ, Day CP, 

Chinnery PF. Polymerase γ gene POLG 
determines the risk of sodium valproate‐
induced liver toxicity. Hepatology. 2010 

Nov;52(5):1791-6. 

29. Cazares-Olivera, J., & Santos, J. H. (2021). 

The Base Excision Repair pathway in 

mitochondria: Mechanisms, limitations, and 

pharmacological targeting. Frontiers in Cell 

and Developmental Biology, 9, Article 

674312. 

30. Li S, Guo J, Ying Z, Chen S, Yang L, Chen K, 

Long Q, Qin D, Pei D, Liu X. Valproic acid‐
induced hepatotoxicity in Alpers syndrome is 

associated with mitochondrial permeability 

transition pore opening‐dependent apoptotic 
sensitivity in an induced pluripotent stem cell 

model. Hepatology. 2015 May;61(5):1730-9. 

31. Rahman S, Copeland WC. POLG-related 

disorders and their neurological 

manifestations. Nature Reviews Neurology. 

2019 Jan;15(1):40-52. 

32. Lee KK, Fujimoto K, Zhang C, Schwall CT, 

Alder NN, Pinkert CA, Krueger W, 

Rasmussen T, Boelsterli UA. Isoniazid-

induced cell death is precipitated by 

underlying mitochondrial complex I 

dysfunction in mouse hepatocytes. Free 

radical biology and medicine. 2013 Dec 

1;65:584-94. 

33. Wu NN, Wang L, Wang L, Xu X, Lopaschuk 

GD, Zhang Y, Ren J. Site-specific 



Sonali Sansare, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 9, 2805-2820 | Review 

                 

              INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES                                                                                 2818 | P a g e  

ubiquitination of VDAC1 restricts its 

oligomerization and mitochondrial DNA 

release in liver fibrosis. Experimental & 

molecular medicine. 2023 Jan;55(1):269-80. 

34. Newman LE, Shadel GS. Mitochondrial DNA 

release in innate immune signaling. Annual 

review of biochemistry. 2023 Jun 

20;92(1):299-332. 

35. Xian H, Watari K, Sanchez-Lopez E, 

Offenberger J, Onyuru J, Sampath H, Ying W, 

Hoffman HM, Shadel GS, Karin M. Oxidized 

DNA fragments exit mitochondria via mPTP-

and VDAC-dependent channels to activate 

NLRP3 inflammasome and interferon 

signaling. Immunity. 2022 Aug 9;55(8):1370-

85. 

36. Hu MM, Shu HB. Mitochondrial DNA-

triggered innate immune response: 

mechanisms and diseases. Cellular & 

molecular immunology. 2023 

Dec;20(12):1403-12. 

37. Xu Y, Chu C, Shi Z, Zhang J. The role of 

hepatocyte mitochondrial DNA in liver injury. 

Biomedicine & Pharmacotherapy. 2023 Dec 

1;168:115692. 

38. Mun Y, Kim J, Choi YJ, Lee BH. cGAS–
STING–NF-κB axis mediates rotenone-

induced NLRP3 inflammasome activation 

through mitochondrial DNA release. 

Antioxidants. 2025 Oct 24;14(11):1276. 

39. Handa P, Vemulakonda A, Kowdley KV, 

Uribe M, Méndez-Sánchez N. Mitochondrial 

DNA from hepatocytes as a ligand for TLR9: 

Drivers of nonalcoholic steatohepatitis?. 

World journal of gastroenterology. 2016 Aug 

21;22(31):6965. 

40. Yang ZH, Zhang BX, Ye HF, Gong R, Shi L, 

Cai ZY, Chen Q, Wu L, Huang J, Zhang L, 

Jiao H. Oxidation-driven mtDNA BZ 

transition activates ZBP1 to mediate 

acetaminophen hepatotoxicity. bioRxiv. 2026 

Feb 17:2026-02. 

41. Nassour J, Aguiar LG, Correia A, Schmidt 

TT, Mainz L, Przetocka S, Haggblom C, 

Tadepalle N, Williams A, Shokhirev MN, 

Akincilar SC. Telomere-to-mitochondria 

signalling by ZBP1 mediates replicative 

crisis. Nature. 2023 Feb 23;614(7949):767-

73. 

42. Preston SP, Stutz MD, Allison CC, Nachbur 

U, Gouil Q, Tran BM, Duvivier V, 

Arandjelovic P, Cooney JP, Mackiewicz L, 

Meng Y. Epigenetic silencing of RIPK3 in 

hepatocytes prevents MLKL-mediated 

necroptosis from contributing to liver 

pathologies. Gastroenterology. 2022 Dec 

1;163(6):1643-57. 

43. Chen, M., Suzuki, A., Borlak, J., Andrade, R. 

J., & Lucena, M. I. (2015). Drug-induced liver 

injury: Interactions between drug properties 

and host factors. Journal of Hepatology, 

63(2), 503–514. 

https://doi.org/10.1016/j.jhep.2015.04.016 

44. Kazak L, Reyes A, Holt IJ. Minimizing the 

damage: repair pathways keep mitochondrial 

DNA intact. Nature reviews Molecular cell 

biology. 2012 Oct;13(10):659-71. 

45. Croteau DL, Stierum RH, Bohr VA. 

Mitochondrial DNA repair pathways. 

Mutation Research/DNA Repair. 1999 Jul 

30;434(3):137-48. 

46. Alexeyev M, Shokolenko I, Wilson G, 

LeDoux S. The maintenance of mitochondrial 

DNA integrity—critical analysis and update. 

Cold Spring Harbor perspectives in biology. 

2013 May;5(5):a012641. 

47. Allkanjari K, Baldock RA. Beyond base 

excision repair: an evolving picture of 

mitochondrial DNA repair. Bioscience 

Reports. 2021 Oct;41(10):BSR20211320. 

48. Hill JW, Hazra TK, Izumi T, Mitra S. 

Stimulation of human 8-oxoguanine-DNA 

glycosylase by AP-endonuclease: potential 

coordination of the initial steps in base 

excision repair. Nucleic acids research. 2001 

Jan 15;29(2):430-8. 

49. Pérez-Pérez CM, Rodríguez-Muñoz A, 

Mackenzie GG, Matsukuma KE, Castro-Achi 

MR, Ayala-Peña S, Torres-Ramos CA. 

Mitochondrial DNA Damage and 

Histological Features in Liver Tissue of 

Azoxymethane-Treated Apex1 

Haploinsufficient Mice. Biomolecules. 2025 

Dec 6;15(12):1706. 



Sonali Sansare, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 9, 2805-2820 | Review 

                 

              INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES                                                                                 2819 | P a g e  

50. Rong, Z., Tu, P., & Tan, Y. (2022). 

Mitochondrial DNA sensing pathways in 

acute organ injuries: Mechanisms and 

therapeutic opportunities. Theranostics, 

12(8), 3715–3735. 

51. King DE, Copeland WC. DNA repair 

pathways in the mitochondria. DNA repair. 

2025 Feb 1;146:103814. 

52. Ziółkowska S, Kosmalski M, Kołodziej Ł, 
Jarmusz K, Ejsmont M, Pietras T, Jabłkowska 
A, Jabłkowski M, Szemraj J, Czarny P. 

Single-Nucleotide Polymorphisms in Genes 

Associated with Mitochondrial and DNA 

Damage Response Modulate the Risk of Non-

Alcoholic Fatty Liver Disease in Humans. 

International Journal of Molecular Sciences. 

2026 May 28;27(11):4854. 

53. Gureev, A. P., Shaforostova, E. A., & Popov, 

V. N. (2019). Regulation of mitochondrial 

biogenesis and DNA repair in human 

diseases. FEBS Journal, 286(14), 2658–2679. 

https://doi.org/10.1111/febs.14865 

54. Vadrot N, Ghanem S, Braut F, Gavrilescu L, 

Pilard N, Mansouri A, Moreau R, Reyl-

Desmars F. Mitochondrial DNA maintenance 

is regulated in human hepatoma cells by 

glycogen synthase kinase 3β and p53 in 
response to tumor necrosis factor α. PLoS 
One. 2012 Jul 20;7(7):e40879. 

55. Zhang X, Tachibana S, Wang H, Hisada M, 

Williams GM, Gao B, Sun Z. Interleukin‐6 is 
an important mediator for mitochondrial DNA 

repair after alcoholic liver injury in mice. 

Hepatology. 2010 Dec;52(6):2137-47. 

56. Pinti, M., Gibellini, L., De Biasi, S., Nasi, M., 

& Cossarizza, A. (2014). Mitochondrial DNA 

toxicity and repair mechanisms in xenobiotic 

exposure. Toxicology and Applied 

Pharmacology, 277(3), 201–209. 

57. McGill MR, Staggs VS, Sharpe MR, Lee 

WM, Jaeschke H, Acute Liver Failure Study 

Group. Serum mitochondrial biomarkers and 

damage‐associated molecular patterns are 
higher in acetaminophen overdose patients 

with poor outcome. Hepatology. 2014 

Oct;60(4):1336-45. 

58. Sun M, Chen P, Xiao K, Zhu X, Zhao Z, Guo 

C, He X, Shi T, Zhong Q, Jia Y, Tao Y. 

Circulating cell‐free DNAs as a biomarker 
and therapeutic target for acetaminophen‐
induced liver injury. Advanced Science. 2023 

Jun;10(16):2206789. 

59. An P, Wei LL, Zhao S, Sverdlov DY, Vaid 

KA, Miyamoto M, Kuramitsu K, Lai M, 

Popov YV. Hepatocyte mitochondria-derived 

danger signals directly activate hepatic 

stellate cells and drive progression of liver 

fibrosis. Nature communications. 2020 May 

12;11(1):2362. 

60. Labbé, G., Pessayre, D., & Fromenty, B. 

(2008). Drug-induced liver injury through 

mitochondrial dysfunction: Mechanisms and 

detection during preclinical safety studies. 

Fundamental & Clinical Pharmacology, 

22(4), 335–353. 

https://doi.org/10.1111/j.1472-

8206.2008.00608.x 

61. Michel M, Benitez-Buelga C, Calvo PA, 

Hanna BM, Mortusewicz O, Masuyer G, 

Davies J, Wallner O, Sanjiv K, Albers JJ, 

Castaneda-Zegarra S. Small-molecule 

activation of OGG1 increases oxidative DNA 

damage repair by gaining a new function. 

Science. 2022 Jun 24;376(6600):1471-6. 

62. Song Z, Xu D. Oxidized mtDNA flips into Z. 

Vita. 2026 May 13. 

63. Copeland, W. C. (2012). Defects in 

mitochondrial DNA replication and repair in 

human disease. Biochimica et Biophysica 

Acta (BBA) - General Subjects, 1820(5), 555–
562. 

https://doi.org/10.1016/j.bbagen.2011.08.012 

64. Shen P, Han L, Chen G, Cheng Z, Liu Q. 

Emodin attenuates acetaminophen-induced 

hepatotoxicity via the cGAS-STING pathway. 

Inflammation. 2022 Feb;45(1):74-87. 

65. Hu N, Liu J, Xue X, Li Y. The effect of 

emodin on liver disease--comprehensive 

advances in molecular mechanisms. European 

journal of pharmacology. 2020 Sep 

5;882:173269. 

66. Jaeschke H, Duan L, Nguyen NT, 

Ramachandran A. Mitochondrial damage and 

biogenesis in acetaminophen-induced liver 

injury. Liver research. 2019 Dec 1;3(3-

4):150-6. 



Sonali Sansare, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 9, 2805-2820 | Review 

                 

              INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES                                                                                 2820 | P a g e  

67. Wallace, K. B. (2008). Doxorubicin-induced 

cardiac and hepatic mitochondriotoxicity. 

Toxicology, 254(3), 165–171. 

https://doi.org/10.1016/j.tox.2008.07.057 

68. Côté HC, Brumme ZL, Craib KJ, Alexander 

CS, Wynhoven B, Ting L, Wong H, Harris M, 

Harrigan PR, O'Shaughnessy MV, Montaner 

JS. Changes in mitochondrial DNA as a 

marker of nucleoside toxicity in HIV-infected 

patients. New England Journal of Medicine. 

2002 Mar 14;346(11):811-20. 

69. Xu, J., Henstock, P. V., Dunn, M. C., Smith, 

A. R., Chabot, J. R., & de Graaf, D. (2008). 

Translational biomarkers of acetaminophen-

induced hepatotoxicity. Toxicological 

Sciences, 105(1), 220–231. 

70. Chalasani NP, Maddur H, Russo MW, Wong 

RJ, Reddy KR. ACG clinical guideline: 

diagnosis and management of idiosyncratic 

drug-induced liver injury. American Journal 

of Gastroenterology. 2021 May;116(5):878-

98. 

71. West, A. P., & Shadel, G. S. (2017). 

Mitochondrial DNA in innate immune 

responses and inflammatory pathology. 

Nature Reviews Immunology, 17(6), 363–
375. https://doi.org/10.1038/nri.2017.21 

 

HOW TO CITE: Sonali Sansare, Mitochondrial DNA 

Damage and Repair: An Under-Explored Frontier in 

Drug-Induced Hepatotoxicity, Int. J. of Pharm. Sci., 

2026, Vol 4, Issue 9, 2805-2820. 

https://doi.org/10.5281/zenodo.22912821 


