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Chapter 3
Mitochondrial Dysfunction in Metabolic 
Disorders

Ghulam Murtaza, Muhammad Tariq, and Ramzi Shawahna

Abstract Mitochondria are the energy houses of cells. Cell functioning and stabil-
ity are critical responsibilities of mitochondria. The other functioning of cells 
includes ATP production, intracellular calcium ion regulation, production of reac-
tive oxygen species, radical scavenging property, regulation of the cell survival and 
death, and caspase family of protease stimulation. Mitochondrial dysfunction can 
be described as abnormality in functioning in addition to the production of reactive 
species. Mitochondrial dysfunction leads to the development of metabolic syn-
dromes such as obesity, diabetes, and neurodegenerative disorders. Since the past, 
many studies have been done on morphology, physiology, and pharmacology of 
mitochondria involved in metabolic diseases. By adopting interventions that include 
lifestyle intervention, pharmacologic approaches, and the targeted-mitochondrial 
methodologies, the progression of metabolic disease decelerates. These approaches 
are involved in maintaining mitochondrial number and morphology, eliminate dys-
functional mitochondria, and reduce oxidative stress in metabolic disorders. The 
aim of the study is to illuminate the role of mitochondria in the metabolic disorder 
and sum up the process of the targeted mitochondrial molecule to treat metabolic 
syndrome.
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 Introduction

Mitochondria are rod-shaped organelles found intracellularly. Mitochondria are also 
known as the driving force of cell because it produces most of the energy supply of 
cells in the form of adenosine triphosphate (ATP) and also plays a dynamic part in 
metabolizing nutrients. There are many other cell functions performed by mitochon-
dria like energy metabolism along with the production of ion radicals, homeostasis, 
and cell integrity [1, 2]. Mainly, glucose is oxidized to produce ATP via OXPHOS 
and also the metabolites of Kreb’s cycle and fatty acid are also oxidized to produce 
ATP. Presently, it is now a well-known fact that pathophysiological changes pro-
duced in mitochondria in metabolic disease are directly linked with decreased mito-
chondrial working with the time as age increases, the biogenesis of mitochondria is 
decreased which may be due to changes in pattern of segregation and merging of 
mitochondrial cells and inhibiting the process of mitophagy. In this process, the 
dysfunctional mitochondria are removed [3]. The reactive oxygen species belong to 
a free radical family, it includes O2−, OH−, and peroxyl [4]. Mitochondrial cells have 
many defense processes to pledge the production of ROS, as it is a predictable pro-
cess and can be held whenever generated. This overproduction of reactive oxygen 
species causes the DNA, lipids, and proteins to degrade to some extent [2]. Oxidative 
stress is a risk factor for several diseases, including cancer, diabetes, stroke, aging, 
and neurodegenerative diseases [5]. There are various pathophysiological condi-
tions that emerge due to oxidative stress which is related to metabolic disorders [5].

Metabolic syndrome is a cluster of health issues that include obesity, diabetes, 
and dyslipidemia. These conditions increased the risk of elevated blood glucose 
level, heart and blood vessel diseases. In this modern era, it may be the major health 
issue of this society. Metabolic syndrome has several causes that act together like 
overweight and obesity. Also, other factors involved in metabolic diseases are social, 
personal, and economic burden [6]. From previous studies, it was evident that envi-
ronmental factors and genetic variability participate in increasing the situation of 
metabolic syndrome [7]. There are numerous data available that proves the role of 
mitochondrial dysfunction and aging in the pathophysiology of aging, neurodegen-
erative disorder, and metabolic disease [5]. However, the basic mechanism of meta-
bolic syndrome still remains unknown. This review article basically focused on the 
mode of action involved in mitochondrial abnormality and the link between this 
abnormality and the metabolic syndrome. So that the pharmacologic actions were 
taken to target dysfunctional mitochondria to prevent the health hazards associated 
with a metabolic disorder.

 Functional and Dysfunctional Mitochondria

Mitochondria are cytoplasmic membranous organelle; it has its own self-replicating 
genome. Mitochondria play a vital role in maintaining metabolic homeostasis and 
are mediators of cell integrity. The energy produced by mitochondria in eukaryotes 

G. Murtaza et al.



59

is by oxidation of NADHA/FADH2 via glycolysis. In addition to glycolysis, other 
mechanisms are also involved in generating NADH2/FADH2; these are the TCA 
cycle, oxidative phosphorylation, and β-oxidation of fatty acids. These processes 
are controlled by transcription factors present in mitochondria and there are about 
800–1000 copies of mtDNA present in the single mitochondrion that is inherited 
and packaged in nucleoids [8]. However, nucleoids are widely spread in the matrix 
of mitochondria but mostly reside in the vicinity of cristae. Cristae is an organelle 
that carries the OXPHOS system. Between inner and outer membrane there is a 
small space present which is called intermembrane space. The outer and intramem-
branous space of mitochondria has more penetration power than the inner mem-
brane. The permeability of the inner membrane is low because the inner membrane 
has enzymes that perform the ETC process to generate ATP.  The mitochondrial 
matrix is surrounded by a mitochondrial membrane where the TCA cycle produces 
electrons that are taken up by ETC to produce ATP. The OXPHOS process is derived 
through the production of electrochemical gradient across the inner membrane [9].

The electron transport chain contains five subunits of enzyme complexes. These 
are complex I (NADH ubiquinone reductase), complex II (succinate dehydroge-
nase), complex III (Ubiquinol-cytochrome c reductase), complex IV (cytochrome c 
oxidase), and complex V (F0F1 ATP synthase). They are located in the inner mito-
chondrial membrane [10]. Electrons are donated by the TCA cycle which then travel 
to the electron transport chain. These electrons travel from enzyme complex I to 
V. Transport of protons is also coupled with the transfer of electrons along the ETC 
that generate electrochemical gradient which produces ATP [11]. Mitochondria 
continuously produce reactive species by metabolizing oxygen. The electron flow 
through the electron transport chain is an imperfect process. Mitochondria consume 
incompletely reduced oxygen and produce reactive species such as (•O−2) which is 
also called “Primary” ROS [12]. The secondary ROS is also generated due to the 
excessive generation of primary ROS [13]. It has been proved that the deoxyribose, 
backbone of DNA, i.e., a nitrogenous base, purine and pyrimidine, damages due to 
the interlinking of hydroxyl radical with DNA [2]. The increased production of 
reactive species causes damage in mitochondrial proteins/enzymes, DNA, and other 
cell structures as a result of an abnormality in mitochondrial functioning and failure 
to produce ATP in mitochondria [12]. The electron transport chain also generates 
other reactive species of nitrogen. Nitration induced by reactive nitrogen species is 
affected by cellular proteins and glutathione. Similarly, free radicals which are pro-
duced freely can also inhibit the oxidative damage both by enzymatic and non- 
enzymatic mechanism. The mechanisms involved can scavenge free radicals by 
antioxidants or lead to generation of free radicals.

The oxidative stress which is produced by increased release of free radicals can 
be overcome by several defense mechanisms. The following are involved in enzy-
matic defense mechanism such as SOD, CAT, GR, and GPx. Similarly, the non- 
enzymatic defense system possesses antioxidant compounds such as Vitamin C and 
E, glutathione, etc. The ionic imbalance produces damage in the cells which causes 
other abnormalities to appear in the cell including impairment of enzymatic func-
tions which further degrade the mitochondrial function [5]. In diabetes, the number 
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and functioning of mitochondria are reduced by reducing oxidative phosphorylation 
[14]. In mammalian cells, as a key regulator of body functions, neurodegenerative 
disorders occur even due to minute change in mitochondria [15]. Figure 3.1 repre-
sents the mechanisms involved in functional and dysfunctional mitochondria.

 Mechanisms Controlling Mitochondrial Replication

Mitochondria in combination with nuclear and mitochondrial genome maintain its 
physiology and morphology with the help of various transcription factors. These 
transcriptional factors include nuclear respiratory factor, mitochondrial transcrip-
tional factor A, PPARs, uncoupling proteins, estrogen and its related factors α and γ 
[16], Tfam, NRF, and NRF-2. To maintain the integrity of mitochondria, various 
stimuli are involved, which may be pathological and physiological. In combination 
with the above compounds, co-transcriptional regulatory factors are also involved in 
regulating a number of mitochondria. Physical exercise, dietary changes, and mus-
cle movements are also the stimuli that contribute to maintaining the number of 
mitochondria. These transcriptional factors interact with co-transcriptional factor 
Peroxisome proliferator-activated receptor (PPAR)-γ coactivator-1α (PGC-1α) to 
control the transcription of the main enzyme in mitochondria and also synthesize 
mtDNA [17]. In the case of low energy, along with transcription factors, there are 
two more enzymes to compensate for the low energy state, these include AMP- 
activated protein kinase and mammalian counterpart of silent information regulator 
2. These are also called as metabolic sensors. In the case of low energy state, the 
AMP activates protein kinase phosphorylate and mammalian counterpart of silent 
information regulator 2. In a low energy state, AMPK phosphorylates and SIRT1 
acetylates to regulate PGC-1α [18]. The role of PGC-α and other transcriptional 

Fig. 3.1 Mechanisms involved in functional and dysfunctional mitochondria
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factors is well-portrayed in literature. It has been proved in many studies that due to 
pathologic conditions changes occur in morphology and number of mitochondria in 
different body organs such as heart and skeletal muscles [1].

 Fission and Fusion Balance of Mitochondria

Mitochondria host the process of fission and fusion and its balance, the balance 
between these two processes is called mitochondrial dynamics (Fig.  3.2). 
Mitochondrial dynamics are involved in maintenance during cell growth and cell 
death and its pathway and also eradicate the worn-out mitochondria [19]. This pro-
cess was explained for the first time when the yeast was budded [20].

The shape and size of mitochondria fluctuate frequently due to external stimuli 
which may include the number of nutrients and others. Mitophagy is a process in 
which mitochondria fuse with lysosomes via fusion and remove the dysfunctional 
mitochondria; in other words, it is an autophagy-lysosomal system [21]. When the 
amount of nutrients increases from its demand and cellular dysfunction worsens, it 
causes mitochondrial fragmentation and increases the risk of metabolic diseases 
[22]. The impairment of mitochondria causes the failure of oxidative capacity which 
results in overproduction of reactive oxygen species. Since the past, many kinds of 
literature have been documented giving us the data of regulators involved in fusion 
and fission. The mitochondrial fusion process is controlled by three GTPase, these 
are mitofusin 1 and 2 and optic atrophy1 [23]. The outer membrane of mitochondria 
holds Mitofusin 1 and Mitofusin 2, while the inner one holds OPA 1. While on the 
other hand fission is regulated by two GTPase genes, FIS 1 (on the outer membrane 
of mitochondria), and Drp 1(on outer membrane and cytosol). The fusion process 
works by intermixing of mitochondrial content and maintaining the electrical con-
ductivity [24]. When normal functioning of mitochondria is disturbed by diminish-
ing fusion or fission process which results in increased generation of reactive 
species, the enzyme activities alter in mitochondria, decreased in calcium balance 
(homeostasis), inhibition of production of ATP and low energy metabolism. The 
studies earlier have proved that changes occur in mitochondria due to increasing 
metabolic and neurodegenerative disorders [25].

Fig. 3.2 A schematic representation of mitochondrial dynamics (fusion and fission). Mitochondrial 
fusion involves the coordinate merging of the two outer membranes and the two inner 
membranes
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 Oxidative Damage to Mitochondria Triggering Its Dysfunction

The imbalance between two antagonistic forces is referred to as oxidative stress 
which causes the production of ROS and minimizes antioxidants. It is also a well- 
known fact that the damaging effect of reactive oxygen species is more as compare 
to compensatory. Mitochondrial dysfunction is a series of events that occur in mito-
chondria which involve dysfunction in mitochondrial biogenesis, changes produced 
in the membrane potential, and the decrease in size, number, and oxidative proteins 
of mitochondria [26]. In the body, it is a routine process of generating reactive oxy-
gen species by oxygen metabolism in which mitochondria have the lead role in 
generating these reactive species [12]. These reactive species when interacting with 
other cellular components like DNA, protein, lipids, etc. in the OXPHOS process 
result in mitochondrial dysfunction [27]. Metabolic syndrome involves many dis-
eases such as hypertension, obesity, hyper-dyslipidemia, and others. Changes in 
mitochondrial functions increase the risk of diseases like diabetes, obesity, dyslip-
idemia, and cardiovascular diseases. The abnormal cell metabolism causes the 
irregular generation of energy and its consumption, which are the main cause of 
metabolic syndromes [28]. Morphological changes occur due to enhanced glucose 
levels and increased reactive species [29]. When the signaling pathway of insulin is 
inhibited it causes the accumulation of fatty acids and lipids which can also be the 
reason for metabolic syndrome [30]. The following data, mentioned in Fig. 3.3, give 
us a detailed discussion about the connection between metabolic disorders and 
mitochondrial dysfunction.

 Mitochondrial Involvement in Obesity

Presently, obesity has a strong impact on our society and is a major health issue 
worldwide. It is the main health issue created due to metabolic syndrome and also 
linked with other risk factors associated with other diseases. There are many factors 
that involve in generating obesity such as environmental and genetic factors. 
Mitochondrial dysfunction is also the cause of obesity. As explained from studies 
the NADPH oxidase and anti-oxidative enzymes in obese mice have declined due to 

Fig. 3.3 Various diseases 
in which mitochondrial 
dysfunction is involved
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increased release of reactive oxygen species in adipose tissues [31]. Interestingly, it 
has also been documented that abdominal obesity is generated by mitochondrial 
dysfunction such as in rodents and humans [32]. The gene expression is also reduced 
in an obese person. So, the obesity can be linked with gene expression of mitofusin 
2 lost in skeletal muscle, the mitochondrial dysfunction starts in the tissue [33].

 Mitochondrial Involvement in Insulin Resistance

When the level of insulin attains lesser response by cells, the condition is termed as 
insulin resistance. There are many factors that contribute to insulin resistance which 
include increased age, decreased physical exercise, obesity, and tension. So, it can 
say that oxidative stress in mitochondria may be the reason for insulin resistance 
[1]. Though it is still not confirmed that metabolic diseases such as insulin are 
caused by mitochondrial alterations or disorder, many studies have documented this 
fact that alteration in mitochondrial number and morphology cause to generate insu-
lin resistance in skeletal muscle [34]. When glucose level increases from its demand 
the reactive species of oxygen also increases which causes mitochondrial alterations 
[29]. Similarly, when insulin signaling pathways inhibited, it causes accumulation 
of fatty acids and lipids which results in the generation of metabolic syndrome [30]. 
In various studies, mitochondrial metabolism markers have altered in the person 
who is insulin resistant. From the data, it is found that mitochondrial changes in 
skeletal muscle cause the increase in deposition of lipids and develop insulin resis-
tance. It is also a well-known fact that lesser fatty acid oxidation results in stopping 
insulin signaling which leads to free fatty acid and insulin resistance and also 
decreases oxidation and ATP production in these individuals [29]. However, advance 
researches are needed to describe the mitochondrial function and insulin sensitivity 
via the antioxidant pathway.

 Mitochondrial Involvement in Diabetes

Since the past, there is an increased incidence of type 2 diabetes and this number has 
become a major problem worldwide. Now diabetes increases up to 382 million indi-
viduals and this number is increasing rapidly. Many factors are involved in diabetes 
but still, the main reason is not clear. Myocytes, adipocytes, and hepatocytes are the 
insulin-sensitive cells when get resistant they are called insulin resistant along with 
that abnormal functioning of pancreatic cells is also the main factor that contributes 
to insulin resistance. Now, recent studies have proved that the involvement of mito-
chondrial abnormal functioning causes an excess of reactive species which induce 
diabetes [29]. T2DM is the outcome of lesser tissue sensitivity and secretion of insu-
lin [35, 36]. recent study was done on diabetic and obese patients showed decreased 
glucose production and impaired lipid homeostasis in skeletal muscle [35]. In obese 
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persons, the fat mass causes low glucose transport, stops insulin to perform its action, 
and increases FFA and others [37]. The hyperglycemic condition develops when the 
glucose level rises from its range and insulin sensitivity decreases [38]. In a diabetic 
person, at cellular level mitochondrial respiration and its density decrease which also 
decreases the energy production in the form of ATP and mRNA. Insulin resistance 
and type 2 diabetic patients at the cellular level have reduced mitochondrial respira-
tion, ATP production and mitochondrial density and mRNA [39]. Oxidative stress 
always increases with the intake of the high- calorie diet which causes OXPHOS to 
increase its enzyme protein expression. In the brain, the increase in reactive oxygen 
species in the OXPHOS process is the major cause of oxidative damage of mtDNA 
[40]. When the insulin signaling pathway is inhibited by an excess of reactive spe-
cies and also interferes with acetyl CoA to being oxidized in obese and diabetic 
persons results in increased lipid and diacylglycerol [1]. In diabetic and obese condi-
tions, mitochondrial synthesis has impaired [35]. PGC-1α also involved in the gen-
eration of mitochondria [41]. In addition, mitochondrial dysfunction may be the 
target of therapeutic measures to treat diseases such as obesity and diabetes.

 Mitochondrial Involvement in Cardiovascular Complications

Heart diseases are also a major issue around the globe. There are many factors which 
are involved in cardiovascular diseases, these are an environmental and genetic fac-
tor. From studies, it is confirmed that oxidative stress is directly proportional to an 
increased number of mtDNA. The heart can generate many reactive species in the 
heart cells including cardiac myocytes, endothelial cells, and neutrophils. There are 
many in vivo and in vitro researches available that documented that oxidative stress 
has a high impact on reducing reactive species in the cells [6]. The reactive species 
in the heart are generated when ETC complexes I and III get disrupted [42]. In 
accordance with this, other mechanisms are also involved in damaging heart tissues 
by producing reactive oxygen species, these are NADPH oxidase, xanthine oxidore-
ductase, or NOS. The increased reactive oxygen species decreases the antioxidant 
capacity of cell and causes cell injury which results in an alteration in gene expres-
sion, damaging mtDNA and abnormality in the functioning of endothelial cells [6], 
this results in failing heart muscle called myocardium [43]. Additionally, reactive 
oxygen species activate contractile functions, activate enzymes and transcription 
factors. Thus, the reactive oxygen species could be involved in cardiovascular 
diseases.

 Mitochondrial Involvement in Stroke

Stroke is the main cause of death in developing countries. There are many factors 
that induce a stroke. They may be economical, physiological, or others. Among 
these, oxidative stress is also the contributing factor which causes a stroke by tissue 
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injury [44], this oxidative stress then evolves abnormality in mitochondria, so mito-
chondrial dysfunction is also indirectly the cause of brain stroke. As the mitochon-
drial disorder causes decreased supply of oxygen and glucose to the tissues, it 
decreases the production of ATP and also the pathway of cell death change [45]. 
There are a series of experimentation done on the stroke model, to generate a stroke 
model the oxygen supply of the stroke model is stopped and also the glucose source 
is terminated which results in decreased oxidative metabolism. There are series of 
events generated in a nutrient-deprived stroke model which causes high storage of 
reduced material and accumulation of reactive oxygen species [44]. The tissue dam-
age starts in the form of necrosis and apoptosis when the heart muscle gets focal 
ischemia due to oxidative stress [46, 47]. Thus, peroxynitrite radical is the causative 
agent of brain stroke. Thus it is proved that in the ischemic brain, oxidative metabo-
lism is the result of the overproduction of reactive species brain [45].

 Concluding Remarks

Mitochondria, the membranous organelle is involved in cell death and survival [47]. 
The main functions of mitochondria include the production of energy. Also, it hosts 
many cellular functions including metabolism of energy, generation of reactive spe-
cies, and Ca2+ homeostasis along with cell integrity. Alteration in the morphology and 
function of mitochondria produces metabolic disorders in humans. Mitochondrial dys-
functions in metabolic syndrome that were reported in recent studies were impaired 
dynamics of mitochondria, deformity of synthesis of mitochondria, abnormal func-
tioning of mitochondria, and production of reactive oxygen species. Furthermore, the 
researchers showed that maintaining mitochondrial dynamics and functions is manda-
tory to treat metabolic diseases. If we want to slow down the progression of metabolic 
disease, many interventions and approaches are helpful to make life better. These 
include lifestyle intervention, pharmaceutical plans to treat the patient in better ways, 
and mitochondrial-targeted molecules for the treatment of patients. However, the link 
between metabolic syndrome and mitochondrial function has not been fully eluci-
dated. Similarly, genetics and its susceptibility with metabolic syndromes and the role 
of epigenetics are unclear. Additionally, the treatments related to metabolic syndromes 
are not so beneficial as the body physiology varies from population to population.
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