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INTRODUCTION
Redox reactions (oxidation and reduction) represent the transfer of 
electrons from an electron donor (reducing agent) to an electron 
acceptor (oxidising agent). Cellular pro-oxidants like Reactive 
Oxygen Species (ROS), Reactive Nitrogen Species (RNS), and 
their removal by antioxidants determine the cellular redox domain 
[1]. Under physiological conditions, ATP generation depends on a 
series of redox reactions. Notably, redox couples like NAD+/reduced 
NAD+ (NADH), phosphorylated NAD+ (NADP+)/reduced NADP+ 
(NADPH) are paramount for cellular redox environment and are 
responsible for cellular energetics [2]. More so, they play a crucial 
role in maintaining cellular redox homeostasis, which accounts 
for a healthy physiological steady state [3]. Redox homeostasis 
might be a controlling link between the cell cycle and metabolic 
proceedings [4]. As redox couples are linked to cellular redox 
environments with cellular energetics, any perturbation in these 
ratios might lead to detrimental pathophysiological events. The 
notion of Reductive Stress (RS) denotes a stable alteration of redox 
homeostasis. This is introduced in a biological context to describe 
a sustained increase in reducing equivalents due to overexpression 
of antioxidant enzyme system that could reposition the redox 
couples (NADH/NAD+, NADPH/NADP+) from an oxidative state to 
a reduced state [5]. Emerging evidence establish that RS might be 
even more detrimental than its counterpart oxidative stress [1,4,5]. 
Importantly, RS is seen as an underlying mechanism in the majority 
of reports on pathological conditions like cancer, cardiovascular 
disease, neurodegenerative disease, muscular dystrophy, 
metabolic syndrome, and disorders of mitochondrial Electron 
Transport Chain (ETC) [5,6]. An in-depth analysis suggests the 
following mechanisms contributing to pathogenesis: i) regulation of 
cellular signalling pathway; ii) modification of transcription factors; 
iii) alteration in the formation of disulphide bonds in the membrane 
and secretory proteins resulting in activation of unfolded protein 
and endoplasmic reticulum stress; iv) mitochondrial dysfunction; 
v) alteration of cellular metabolism [1,5]. It is also speculated 
that experimental control on cellular antioxidant pathways to 

manipulate redox control of cell cycle could impede deleterious 
cellular proliferation [4]. RS also supports the mechanism that 
could be considered as a beneficial geroprotective approach. 
Contemporary perception of the fundamental mechanism of RS 
and its effect on cell metabolism is limited. This article reviews and 
delineates the metabolic source of the cellular redox network and 
cellular distribution of the aforementioned redox couple. Also, it 
focuses on the harmful effect of increased ROS which mediates 
cellular dysfunction via prolonged RS. Also, it confers an overview 
of the current state of knowledge on RS and associated chronic 
diseases. This review is based on a search of Medline, and citation 
lists of relevant publications in English.

Redox Homeostasis and Redox Stress in Human Beings
Cellular redox environment always maintains uniformity between 
synthesis of ROS, RNS, and their obliteration by antioxidant 
enzyme system [7]. ROS are predominantly generated by 
enzymatic reactions like NAD(P)H oxidase, nitric oxide synthase, 
xanthine oxidase, or by mitochondrial ETC as functional by-
products, which mostly constitute cellular pro-oxidants [Table/
Fig-1] [8]. In this context, it should be noted that pro-oxidants are 
highly reactive in redox reactions, and their physiological role is not 
confined locally, though their production is compartment specific. 
Overall, it can be hypothesised that the redox cycle acts as 
controlling nexus between oxidative metabolic affaire and cell cycle 
chores. It has also been demonstrated that ROS takes part in an 
evaluative contribution in many pathological processes, especially 
on cell cycle control [4]. It is well known that ROS can damage 
protein, lipid, DNA, thus altering the organism’s structure and 
function. It is noteworthy to state that cellular redox homeostasis 
is perpetuated by a subtle equilibrium between pro-oxidant and 
antioxidant. Thus, excess oxidant level leads the way to oxidative 
stress, which is detrimental to cell cycle function and this entails 
the initiation of many chronic diseases like Cardiovascular Disease 
(CVD), neurodegenerative disease, ageing and cancer [5]. It is 
worth mentioning here that several antioxidant trials to impede 
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ABSTRACT
Nicotinamide Adenine Dinucleotide (NAD+) takes part in cellular energy metabolism by accepting hydride equivalents to form 
reduced NADH, which furnishes reducing equivalents to mitochondrial Electron Transport Chain (ETC). Usually, NADH (H for 
hydrogen)/NAD+ (redox couple is crucial for cellular redox homeostasis and healthy physiological condition. Reductive Stress 
(RS) denotes a stable alteration of redox homeostasis due to overexpression of the antioxidant enzyme system, which could 
deplete Reactive Oxygen Species (ROS). This might potentially switch the redox couple from an oxidative state to a reduced 
state. Notably, it navigates the cell to RS. Emerging evidence recommends that RS might be even more detrimental than 
its counterpart oxidative stress. Contemporary perception on fundamental mechanisms of RS, due to perturbation of redox 
couple, is limited. This review is based on recent comprehension on the biochemical and metabolic role of NADH/NAD+ redox 
couple and its title role in promoting diseases like cancer, cardiovascular disease, Diabetes Mellitus (DM), neurodegenerative 
diseases. Besides, insight into the evolution of NAD+ redox signaling will augment the perspective on cellular redox homeostasis. 
Upcoming coveted analyses are desired to establish and explore metabolic transformation to RS. Moreover, the anti-reductant 
approach to hinder RS will be noteworthy.
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and dearth of useful ROS could impede growth factor-mediated 
signalling and could elevate mitochondrial dysfunction. Under these 
circumstances, there is a decreased cellular function and cell survival 
due to RS [12]. Thus, it is hypothesised that RS could be detrimental 
to cells and could be associated with several disease processes, 
such as CVD, neurodegenerative disease, and carcinoma [4].

Metabolic Sources of NAD+ and NADP+ 
NAD+ is a cofactor for several enzymes which catalyse various 
crucial metabolic reactions. Three major sources for synthesis 
of NAD+ are de novo synthesis (tryptophan precursor), Preiss-
Handler Pathway (nicotinic acid precursor), and salvage pathway 
(nicotinamide riboside precursor) [3,5]. NAD+ kinase enzyme 
converts NAD+ to NADP+, whereas dehydrogenase enzyme 
converts NAD+ and NADP+ to NADH and NADPH, respectively. In 
this context, the term redox stress refers to the relative paucity of 
ROS in comparison to NAD+/NADH redox couples [5]. Metabolic 
role of redox couples, reducing equivalents, antioxidant enzymes 
and pathologies leading to imbalance in redox homeostasis, thus 
denote RS. 

The involvement of reducing equivalents and antioxidant 
enzymes are summarised in [Table/Fig-2] [1]. On a similar 
note, the interconversion of NAD(P)+ to NAD(P)H highlights the 
significance of redox balance. Few major carbohydrate metabolic 
pathways like glycolysis, TCA cycle, Hexose Monophosphate 
(HMP) shunt, etc., settle the interconversion [18]. In addition, 
a few other enzymes like alcohol dehydrogenase and aldehyde 
dehydrogenase also contribute to the formation of NADH. It 
should be noted here that malate/aspartate shuttle is responsible 
for compartmental exchange which sustains high cytosolic NAD+ 
and high mitochondrial NADH. Any disturbance in the shuttle 
mechanism might affect redox homeostasis [19].

chronic diseases like cancer and CVD has been debatable [9]. 
Besides, it has also been reported that antioxidants should be 
selected based on their availability and ease of delivery [10].

Reductive Stress (RS)
This upcoming hypothesis broadens our understanding of the 
cellular redox environment. The term RS, not a well characterised 
hypothesis, was first reported by Gores GJ et al., during his 
experiment in rats to induce chemical hypoxia [11]. Usually, under 
physiological conditions, redox homeostasis is maintained by redox 
couples such as NADH/NAD+, NADPH/NADP+ [7]. Besides, this 
has been revealed that surplus reducing equivalents like NADH and 
NADPH underscore a close link to RS [5]. Like oxidative stress, RS 
also backs pro-oxidant production which might cause oxidative 
damage to cells that can put the cell in distress. In the context 
of this review, RS is defined as a condition when the equilibrium 
between pro-oxidant and antioxidant is detrimentally disturbed [12]. 
This highlights to be deleterious through multiple mechanisms such 
as elicitation of ROS production, interference in signalling function 
of ROS, alteration in cell metabolism, curbing of protein disulphide 
genesis [13].

Consistent with these observations, it is suggested that the 
cellular redox environment changes during the cell cycle, which 
also regulates progression from one cell cycle phase to another 
[14]. Innovative research by Kalen AL et al., focussing on the 
influence of Superoxide Dismutase (SOD) on redox stress and 
cell cycle checkpoint, reinforces the redox regulation of cell 
cycle progression [15]. In addition to this, research evidence also 
justifies the role of redox regulations in cell cycle proteins, such 
as Cyclin-Dependent Kinase (CDK) interacting protein (p 21), Rb 
protein for a G1 checkpoint, cyclin D1, CDK 4-6 [16]. Likewise, 
another study by Sakamaki T et al., provides strong evidence for 
the association between the cellular redox domain and cyclin D1 
protein, which largely regulates the progression of the cell cycle 
from G0/G1 to S phase [17]. Importantly, the literature discussed 
in this section distinctly defends the hypothesis of periodicity in 
cellular redox nature, which is sustained by intricate uniformity 
between pro-oxidant and antioxidants. On a similar note, it could 
also be speculated that restriction of redox homeostasis may 
repress numerous expressions of such proliferative disorders.

Metabolic Source and Cellular Distribution of Redox 
Couple
This is already understood that reducing equivalents like NADH 
and NADPH are indispensable for cellular redox homeostasis. 
Nonetheless, the term RS could be correlated to the uncurbed 
magnitude of the aforementioned reducing equivalents. On a 
cellular level, the companionship of growing reducing equivalents 

Free radical Example Source

ROS

Superoxide O2

Endogenous: Aerobic respiration

Peroxisomal beta-oxidation of fatty acid

Hydrogen peroxide H2O2

Microsomal Cyt P450 metabolism

Phagocytosis by pathogen

Hydroxyl ion OH-
Exogenous: Exposure to pollution

Exotoxin- heavy metal, anticancer drug

Peroxyl ion RO2-
Anaesthesia, analgesics

Dietary- excess sugar, saturated fatty acid 

RNS

Nitric oxide NO- L-arginine by NOS

Nitrogen dioxide NO2
L-arginine by NOS

Nitrosyl ion Nitric oxide reactions

Peroxynitrite ONOO- Nitric oxide reactions

[Table/Fig-1]:	 Sources of ROS and RNS [8].
ROS- Reactive oxygen species; RNS- Reactive nitrogen species

[Table/Fig-2]:	 Reductive Stress (RS) owing to reducing equivalents and antioxidant 
enzyme [1].
ROS: Reactive oxygen species; ER: Endoplasmic reticulum; MS: Metabolic syndrome;  
RS: Reductive stress; G6PD: Glucose 6-phosphate dehydrogenase; IR: Insulin resistance; 
HMP shunt: Hexose monophosphate shunt; NADP; NAD phosphate; GSH/GSSG; Reduced/
oxidised glutathione; GR: Glutathione reductase

Metabolic Source of NADH and NADPH
NADH is primarily generated from interconversion of NAD+ 
mediated by enzyme glyceraldehyde -3-phosphate dehydrogenase 
and lactate dehydrogenase. In addition, a few other enzymes 
like alcohol dehydrogenase and aldehyde dehydrogenase also 
contribute to the formation of NADH [13]. As illustrated in the 
glycolysis pathway, glyceraldehyde -3-phosphate is converted to 
1,3 bisphosphoglycerate along with the interconversion of NAD+/
NADH couple. In the same pathway, pyruvate is reduced to lactate, 
along with the oxidation of NADH to NAD+. Oxidative decarboxylation 
of pyruvate to acetyl-CoA also produces NADH. Acetyl-CoA then 
enters into the Tricarboxylic Acid (TCA) cycle, where NADH is 
also generated with enzymes Isocitrate Dehydrogenase (ICD), a 
Ketoglutarate Dehydrogenase (αKGDH), and Malate Dehydrogenase 
(MDH) [5]. Of note, enzymes like Pyruvate Dehydrogenase (PDH), 
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Glucose-6-phosphate dehydrogenase and 6-phospho 
gluconolactone dehydrogenase enzyme (HMP Shunt), are primarily 
responsible for the generation of cytosolic NADPH [5]. Other 
sources of cytosolic NADPH include ICD, Methylenetetrahydrofolate 
Reductase (MTHFR), Formyl Tetrahydrofolate Dehydrogenase 
(FTHFDH) [21]. In addition, malate to pyruvate decarboxylation by 
malic enzyme, usually coupled with the conversion of NADP+ to 
NADPH. Considerable origin of mitochondrial NADPH is mitochondrial 
enzymes such as ICD, Malic enzyme, Methylenetetrahydrofolate 
Dehydrogenase (MTHFD), FTHFDH [5]. In addition, Nicotinamide 
Nucleotide Transhydrogenase (NNT) also contributes to the 
mitochondrial NADPH pool [4].

The literature presented in this review stands up for the concept that 
disruption in redox control could usher in various disease pathologies. 
As the centre of attention of this review is RS induced by a change in 
redox potential, current findings on various RS-associated chronic 
diseases like cancer, CVD, diabetes, neurodegenerative disease will 
be presented below.

Role of Reductive Stress (RS) in Cancer
There is growing appreciation to acknowledge the contribution 
of RS in cancer development, advancement, and curative 
approach. As an emerging concept, RS has been identified as a 
major contributor to carcinogenesis [22]. As discussed previously, 
redox homeostasis is not only vital for the maintenance of normal 
physiological processes but also important for cell growth and 
survival. Moreover, perturbation in redox balance is definitely involved 
in the proliferation and progression of cancer. It is stated before that 
surplus reducing equivalents can be linked to RS. This in turn can 
disturb cell signalling pathways and mitochondrial homeostasis. 
In this context, it is important to understand that antioxidants 
influence RS in tumour microenvironment. RS, antioxidant 
enzymes, and disturbed homeostasis are incongruously link to 
excess ROS production [22]. On a similar note, cancer cells could 
amend to more reductive conditions and a reductive environment 
motivates the proliferation of cancerous cells. It is noteworthy to 

mention here that nuclear factor erythroid 2-related factor 2 (Nrf2), a 
transcription factor, may act as a master regulator of cellular redox 
balance [23]. Importantly, this has been identified to promote RS 
and might contribute to altered metabolism and the development 
of carcinogenesis. Moreover, it has been speculated that tumour 
cells expropriate Nrf2 signal which facilitates cancer cell survival 
even with resistance to anticancer agents [24]. Thus, activation of 
Nrf2 may give a new impetus to cancer metastasis. It is noteworthy 
that recent studies have addressed the involvement of divergent 
activity of Nrf2 in several types of cancers such as lungs, breast, 
ovary, etc., [25]. Moreover, concurrent usage of chemotherapy and 
antioxidants leads to the diminished biological activity of alkylating 
chemotherapeutics through the induction of antioxidant enzymes 
[26]. As stated before, that metabolic alteration and adaptability 
are signatory characteristics of cancer. Of note, this could affect 
cellular redox homeostasis, which ultimately is linked to resistance 
to chemotherapeutics [27]. In general, there occurs metabolic 
alterations and excess ROS in cancer cells [28]. RS is utilised to 
achieve therapeutic resistance which is favourable for tumour 
growth and metastasis. For instance, a recent study by Metere A 
et al., on thyroid cancer tissue signifies metabolic reprogramming 
(decrease TCA cycle and enhance glycolysis), which indicates their 
progress and endurance [29]. Several inquiries stand unsettled 
regarding the detrimental and defensive consequences of ROS on 
cell physiology. 

Role of Reductive Stress (RS) in Cardiovascular Disease
It is now clearly recognised that intracellular redox balance could 
be preserved by a mechanism that regulates production (pro-
oxidants) and removal (antioxidants) of ROS. Of note, mitochondria 
(ETC by-products) and extramitochondrial (enzymes such as 
NAD phosphate (NADPH) oxidases) are the two major sources of 
ROS generation in the heart [30]. As explained earlier, the redox 
environment is defined by NADH, NADPH, and their respective 
oxidised form. Emerging suggestions specify that RS is assumed 
to be more deleterious than its counterpart oxidative stress by a 
mechanism where the saviour turns predator [31]. As explained 
earlier in this review, RS is defined by a sustained increase in 
reducing equivalents due to overexpression of antioxidant enzyme 
system, that could reposition the redox couples from an oxidative 
state to a reduced state. It is now widely recognised that RS alters 
redox potential which may promote cardiovascular deterioration 
such as myocardial ischaemia-reperfusion injury, cardiac 
hypertrophy, cardiomyopathy, heart failure, and mitochondrial 
dysfunction [32]. A noteworthy question here is that how both 
oxidative stress and RS usher to matching consequences. Many 
queries remain unresolved about the defensive and detrimental 
effect of RS on CVD.

It is already known that fibrous plaque and atherosclerosis have 
been identified to play a crucial part in coronary heart disease 
(CHD). Data suggest that vascular smooth muscle cell proliferation 
could initiate ROS generation and abundant expression of 
ROS signalling can further activate cellular proliferation during 
atherosclerosis [33]. Based on this report, it has been elucidated 
that intracellular ROS is substantially involved in the pathogenesis 
of CVD. Pyrimidine nucleotide NADH, NADPH plays a major role 
in the generation of ROS and their removal by the antioxidant 
enzyme. Importantly, NADPH oxidase, Platelet-Derived Growth 
Factor (PDGF), xanthine oxidase, and phagocyte NADPH oxidase 
mostly contribute to ROS generation in ischaemia [34]. There is 
growing appreciation that activation of NADPH oxidase (NOx) 
has a considerable impact on the pathogenesis of CVD [12]. So 
far, several types of NOx have been reported, out of which NOx4 
has been reported to utilise both NADPH and NADH catalytically 
in cardiac tissue [35]. Handy DE and Loscalzo J shed some light 
on this enigma, which is considered as a key source of ROS [12]. 

[Table/Fig-3]:	Mitochondrial and cytosolic sources of NADH.
Gly-3-p-d– glyceraldehyde 3 phosphate dehydrogenase, NAD- nicotinamide adenine dinucleotide, 
PDH- pyruvate dehydrogenase, MDH- malate dehydrogenase, ICD, αKGDH- Alpha ketoglutarate 
dehydrogenase.

Glutamate Dehydrogenase (GDH), ICD, a KGDH, MDH, etc., furnish 
NADH in the mitochondrial matrix [Table/Fig-3] [5,20]. The aerobic 
condition can bring about eight NADH molecules when one glucose 
molecule enters through the TCA cycle.



Sanjukta Mishra et al., Reductive Stress in Health and Diseases	 www.jcdr.net

Journal of Clinical and Diagnostic Research. 2023 Apr, Vol-17(4): BE01-BE0644

Several studies on NOx4 have been analysed in the model of 
cardiac diseases, which explain its role by controlling endothelial 
Nitric Oxide Synthase (eNOS) expression and NO production on 
vasculature [36]. Evidence from Touyz RM et al., suggests altered 
expression of NOx4 in atherosclerosis, justifying its response 
to stress [37]. Looi YH et al., however, suggest that NOx2 is 
considered to be constitutively active in myocardial infarction [38]. 
Additionally, a link between NOx4 and Nrf2 activation was shown 
in cultured endothelial cell experiments. It is truly unclear whether 
overexpression of endogenous NOx4 will promote redox stress 
or angiogenic response and cell survival [39]. Many questions 
remain unanswered about the defensive and detrimental effect 
of NOx4 on CVD. As RS and NOx, likely play an essential role in 
redox signalling, yet it is undefined how oxidants bring about a 
defensive role instead of harmful action.

The concept of protein aggregation cardiomyopathy and cardiac 
dysfunction is not new. Already it is well known that αB-crystallin 
(CryAB), acts as chaperone protein (proper folding or assembly) 
for cardiac myofibrillar protein desmin and actin. Pathogenesis 
of cardiomyopathy is associated with misfolding and subsequent 
cytoplasmic aggregates of desmin [40]. Furthermore, an additional 
mouse model with overexpression of CryAB displays an increase 
in NADPH and antioxidant enzyme catalase and glutathione 
reductase, which supports the concept of RS in cardiac disease. 
Interestingly, the mitochondrial matrix displays a reduced redox 
potential to a great extent [41]. Any variation in the redox profile 
promotes mitochondrial dysfunction and cardiac pathology. It must 
be mentioned here that mitochondrial redox state is relevant to the 
heart as it needs a constant supply of ATP via the ETC. Extensive 
clinical experimental evidence could throw more light on therapeutic 
means for effective prevention and treatment of various CVD.

Role of Reductive Stress (RS) in Diabetes
The DM has been known since antiquity. India is one of the 
epicentres of the global diabetes pandemic. Chronic elevation of 
blood glucose is a characteristic feature of DM. Type 1 DM (IDDM) 
results from insulin deficiency, whereas type 2 DM (NIDDM) is 
delineated by insulin insensitivity in peripheral tissues due to Insulin 
Resistance (IR) [42]. In India, 77 million people were estimated to 
have diabetes in 2019, and by 2045, that number is projected to 
reach over 134 million [43].

It is primarily due to interaction between lifestyle, genetic, and 
environmental factors [44]. Although the exact cause of diabetes is 
not thoroughly acknowledged, it is postulated that perturbation of 
cellular redox homeostasis may notably affect the progression of this 
disease [45]. As hyperglycaemia and IR is a characteristic feature 
of type 2 DM, hence it would be sufficing to mention that there is 
an increase in glucose metabolism in such cases. Thus, persistent 
hyperglycaemia explains more production of NADH for ATP through 
the glycolysis pathway. Surplus NADH may constitute the framework 
for redox imbalance between NADH and NAD [46]. Studies have 
shown that the above redox disproportion is assumed to be the 
pathogenesis of type 2 DM [45-47]. It has been discussed earlier that 
there occurs overproduction of NADH in diabetes via conventional 
glucose metabolic pathway (Glycolysis and Kreb’s cycle) as shown 
in [Table/Fig-3]. Following enzymes can be ascribed for this function 
such as glyceraldehyde -3-phosphate dehydrogenase in glycolysis, 
PDH complex in link reaction, ICD in TCA cycle, and MDH in TCA 
cycle. Additionally, mitochondrial beta-oxidation of fatty acids plays 
a conspicuous role in maintaining energy homeostasis by producing 
NADH. Although fatty acid oxidation acts as a crucial energy source 
for the heart, skeletal muscle, and kidney, it also provides essential 
energy in post-absorptive and fasting states [48]. Nonetheless, 
under hyperglycaemic conditions, NADH is overproduced which 
might lead to RS in DM. In this context, it is noteworthy that the 
polyol pathway is enhanced under diabetic hyperglycaemia, which 

is another source of NADH [49]. This also can contribute to redox 
imbalance between NADH and NAD.

The study provides evidence that mitochondrial dysfunction 
and IR in type 2 DM should be linked together [50]. Of note, 
mitochondria typically have many intermediary metabolites and 
reducing equivalents as a result of various metabolic reactions 
in it [51]. This finding suggests that any change in mitochondrial 
function may bring about anomalous insulin signalling pathways. 
Ultimately insufficient glucose utilisation augments type 2 DM [52]. 
Strikingly, these changes can be reversed by aiming to upgrade 
mitochondrial function, which may contribute to a curative plan of 
action for IR and DM.

As mentioned earlier that redox equilibrium keeps the cellular 
homeostasis. RS can occur when there is an unusual increase in 
reducing equivalents which reposition the redox balance of NADH/
NAD+ to a more reducing state. It is noteworthy, that sirtuins and 
Poly ADP Ribose Polymerases (PARPs) are the enzymes that can 
use NAD+ as their substrate [53]. It should be noted that chronic 
hyperglycaemia in diabetes is usually accompanied by low sirtuin 
protein due to low NAD+ (excess NADH). It has been hypothesised 
that a high sirtuin level can promote redox balance in diabetes, 
which could amend diabetes and future complications [54]. 
Similarly, PARP, which is reported to be overactivated in diabetes, 
may attenuate NAD+ causing redox imbalance [55]. Hence, it is 
imaginable that restoring redox balance by PARP inhibitor should be 
a promising approach for anti-diabetic therapy. Additionally, NAD+ 
analog can also restore NADH/NAD+ redox balance in diabetes. 
Future intensive studies on restoring redox balance can be helpful 
for anti-diabetic therapeutic strategies.

Role of RS in Neurodegenerative Diseases
Neurodegenerative disorders are delineated by cumulative loss of 
selective neurons of the brain and spinal cord, for example, superior 
temporal sulcus in Alzheimer’s disease and substantia nigra in 
Parkinson’s disease [56]. The exact cause behind the pathology of 
these diseases remains unclear. Several studies provide compelling 
evidence in support of inflammation-causing protein aggregation 
and subsequent alteration in neurotransmitters [1,57]. There are 
still many questions to be answered regarding RS participation in 
neurodegenerative diseases. An animal study by Lloret A et al., 
showed that RS is the emerging cause of Alzheimer’s disease even 
before the onset of the disease [57]. The cause of RS could be 
related to a high level of G6PD and GSH, which may be crucial 
for maintaining the mitochondrial membrane sulfhydryl group. 
Likewise, overexpression of antioxidant enzymes may trigger the 
risk of Alzheimer’s disease by impairing redox homeostasis [1]. 
Future studies are necessitated to analyse how RS influences 
cell metabolism and how cells adapt to such stress and how the 
biological consequence of imbalanced redox niche is responsible 
for causing Alzheimer’s disease. Similarly, Parkinson’s disease 
is a common neurodegenerative disease that involves gradual 
deprivation of dopaminergic neurons with an unusual increase in 
alpha-synuclein in the substantia nigra. Although aetiology remains 
elusive, ROS-mediated damage has been implicated to be involved in 
the development of the disease. The Rotenone Model of Parkinson’s 
disease by Greenamyre JT et al., showed significant augmentation 
of NADH/NAD+ in association with the disease [58]. It is important 
to note that mitochondrial dysfunction and neuroinflammation have 
been attributed to redox cellular equilibrium in substantia nigra, 
which predicts the progression of the disease [59]. Clinical trials in 
a large population will cover the knowledge on the potential role of 
antioxidants and their impact on living beings. 

CONCLUSION(S) 
Despite the contemporary conviction that oxidative stress is 
a significant player for underlying disease processes, there is 
extending acknowledgement that RS is even more harmful to the 
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biological system. It is the ultimate time to review and reconsider 
the importance of a nebulous balance between oxidative stress 
and RS in health and disease. On a cellular level, the NADH/
NAD+ redox couple maintains and harmonises cellular metabolism 
and is so assumed to be responsible for a healthy physiological 
steady state. Sustained and perpetual augmentation of reducing 
equivalents could shift the redox couples more towards a reduced 
state, which has been linked to pathological disorders. This review 
article highlights the metabolic sources of the redox couple and 
also confabulates current knowledge on RS and associated chronic 
diseases. Several recent literature searches have proclaimed 
that cancer, DM, and many CVDs are redox imbalance diseases. 
This review article reasonably stands up for redox paragon which 
promotes origination of reducing equivalents and accompanying 
RS. Despite extended research works, several queries stand still 
unsettled regarding the detrimental and defensive consequences 
of ROS, antioxidant defence mechanisms on cell physiology. 
Consistent with the knowledge reviewed here, it is suggested that 
targeted antioxidant therapy could mend the redox homeostasis 
and its impact on living beings.

REFERENCES
	 Pérez-Torres I, Guarner-Lans V, Rubio-Ruiz ME. Reductive stress in inflammation-[1]

associated diseases and the pro-oxidant effect of antioxidant agents. Int J Mol 
Sci. 2017;18(10):2098.

	 Yang Y, Sauve AA. NAD(+) metabolism: Bioenergetics, signaling and manipulation [2]
for therapy. Biochim Biophys Acta. 2016;1864(12):1787-800.

	 Cantó C, Menzies KJ, Auwerx J. NAD(+) metabolism and the control of energy [3]
homeostasis: A balancing act between mitochondria and the nucleus. Cell 
Metab. 2015;22(1):31-53.

	 Sarsour EH, Kumar MG, Chaudhuri L, Kalen AL, Goswami PC. Redox control of the [4]
cell cycle in health and disease. Antioxid Redox Signal. 2009;11(12):2985-3011.

	 Xiao W, Wang RS, Handy DE, Loscalzo J. NAD(H) and NADP(H) redox couples [5]
and cellular energy metabolism. Antioxid Redox Signal. 2018;28(3):251-72.

	 Belleza I, Riuzzi F, Chiappaulupi S, Areuri C, Giambonco I, Sorei G. Reductive [6]
stress in striated muscle cells. Cell Mol Life Sci. 2020: 10.1007/s00018-020-
03476-0.

	 Trachootham D, Lu W, Ogasawara MA, Nilsa RD, Huang P. Redox regulation of [7]
cell survival. Antioxid Redox Signal. 2008;10(8):1343-74. 

	 Schrader M, Fahimi HD. Mammalian peroxisomes and reactive oxygen species. [8]
Histochem Cell Biol. 2004;122(4):383-93.

	 Brown BG, Zhao XQ, Chait A, Fisher LD, Cheung MC, Morse JS, et al. Simvastatin [9]
and niacin, antioxidant vitamins, or the combination for the prevention of coronary 
disease. N Engl J Med. 2001;345(22):1583-92.

	 Steinhubl SR. Why have antioxidants failed in clinical trials? Am J Cardiol. [10]
2008;101(10A):14D-19D.

	 Gores GJ, Flarsheim CE, Dawson TL, Nieminen AL, Herman B, Lemasters JJ. [11]
Swelling, reductive stress, and cell death during chemical hypoxia in hepatocytes. 
Am J Physiol. 1989;257:C347-54. 

	 Handy DE, Loscalzo J. Responses to reductive stress in the cardiovascular [12]
system. Free Radic Biol Med. 2017;109:114-24.

	 Xiao W, Loscalzo J. Metabolic responses to reductive stress. Antioxid Redox [13]
Signal. 2020;32(18):1330-47.

	 Conour JE, Graham WV, Gaskins HR. A combined in vitro/bioinformatic [14]
investigation of redox regulatory mechanisms governing cell cycle progression. 
Physiol Genomics. 2004;18(2):196-205.

	 Kalen AL, Sarsour EH, Venkataraman S, Goswami PC. Mn-superoxide dismutase [15]
overexpression enhances G2 accumulation and radioresistance in human oral 
squamous carcinoma cells. Antioxid Redox Signal. 2006;8(7-8):1273-81.

	 Burch PM, Heintz NH. Redox regulation of cell-cycle re-entry: Cyclin D1 as a [16]
primary target for the mitogenic effects of reactive oxygen and nitrogen species. 
Antioxid Redox Signal. 2005;7(5-6):741-51.

	 Sakamaki T, Casimiro MC, Ju X, Quong AA, Katiyar S, Liu M, et al. Cyclin D1 [17]
determines mitochondrial function in vivo. Mol Cell Biol. 2006;26(14):5449-69.

	 Hui S, Ghergurovich JM, Morscher RJ, Jang C, Teng X, Lu W, et al. Glucose [18]
feeds the TCA cycle via circulating lactate. Nature. 2017;551(7678):115-18.

	 Yang H, Zhou L, Shi Q, Zhao Y, Lin H, Zhang M, et al. SIRT3-dependent GOT2 [19]
acetylation status affects the malate-aspartate NADH shuttle activity and 
pancreatic tumor growth. EMBO J. 2015;34(8):1110-25.

	 Lunt SY, van der Heiden MG. Aerobic glycolysis: Meeting the metabolic [20]
requirements of cell proliferation. Annu Rev Cell Dev Biol. 2011;27:441-64.

	 Yang M, Vousden KH. Serine and one-carbon metabolism in cancer. Nat Rev [21]
Cancer. 2016;16(10):650-62.

	 Zhang L, Tew KD. Reductive stress in cancer. Adv Cancer Res. 2021;152:383-[22]
413.

	 Dodson M, Redmann M, Rajasekaran NS, Darley-Usmar V, Zhang J. KEAP1-[23]
NRF2 signalling and autophagy in protection against oxidative and reductive 
proteotoxicity. Biochem J. 2015;469(3):347-55.

	 Sporn MB, Liby KT. NRF2 and cancer: The good, the bad and the importance of [24]
context. Nat Rev Cancer. 2012;12(8):564-71.

	 Zimta AA, Cenariu D, Irimie A, Magdo L, Nabavi SM, Atanasov AG. The role [25]
of Nrf2 activity in cancer development and progression. Cancers (Basel). 
2019;11(11):1755.

	 De Larco JE, Park CA, Dronava H, Furcht LT. Paradoxical roles for antioxidants [26]
in tumor prevention and eradication. Cancer Biol Ther. 2010;9(5):362-70.

	 Zhao Y, Butler EB, Tan M. Targeting cellular metabolism to improve cancer [27]
therapeutics. Cell Death Dis. 2013;4(3):e532.

	 Chun KS, Kim DH, Surh YJ. Role of reductive versus oxidative stress in tumor [28]
progression and anticancer drug resistance. Cells. 2021;10(4):758.

	 Metere A, Graves CE, Chirico M, Caramujo MJ, Pisanu ME, Iorio E. Metabolomic [29]
reprogramming detected by 1H-NMR spectroscopy in human thyroid cancer 
tissues. Biology (Basel). 2020;9(6):112.

	 Touyz RM, Anagnostopoulou A, De Lucca Camargo L, Montezano AC. Novel [30]
biosensors reveal a shift in the redox paradigm from oxidative to reductive stress 
in heart disease. Circ Res. 2016;119(9):969-71.

	 Narasimhan M, Rajasekaran NS. Reductive potential - A savior turns stressor in [31]
protein aggregation cardiomyopathy. Biochim Biophys Acta. 2015;1852(1):53-60.

	 Shanmugam G, Wang D, Gounder SS, Fernandes J, Litovsky SH, Whitehead [32]
K et al. Reductive stress causes pathological cardiac remodeling and diastolic 
dysfunction. Antioxid Redox Signal. 2020;32(18):1293-312.

	 Shimokawa H. Reactive oxygen species promote vascular smooth muscle cell [33]
proliferation. Circ Res. 2013;113(9):1040-42

	 Duilio C, Ambrosio G, Kuppusamy P, DiPaula A, Becker LC, Zweier [34]
JL. Neutrophils are primary source of O2 radicals during reperfusion 
after prolonged myocardial ischemia. Am J Physiol Heart Circ Physiol. 
2001;280(6):H2649-57.

	 Ago T, Kuroda J, Pain J, Fu C, Li H, Sadoshima J. Upregulation of Nox4 by [35]
hypertrophic stimuli promotes apoptosis and mitochondrial dysfunction in 
cardiac myocytes. Circ Res. 2010;106(7):1253-64.

	 Schröder K, Zhang M, Benkhoff S, Mieth A, Pliquett R, Kosowski J, et al. Nox4 is [36]
a protective reactive oxygen species generating vascular NADPH oxidase. Circ 
Res. 2012;110(9):1217-25.

	 Touyz RM, Rios FJ, Alves-Lopes R, Neves KB, Camargo LL, Montezano [37]
AC. Oxidative stress: A unifying paradigm in hypertension. Can J Cardiol. 
2020;36(5):659-70.

	 Looi YH, Grieve DJ, Siva A, Walker SJ, Anilkumar N, Cave AC, et al. Involvement [38]
of Nox2 NADPH oxidase in adverse cardiac remodeling after myocardial 
infarction. Hypertension. 2008;51(2):319-25. 

	 Lee DY, Wauquier F, Eid AA, Roman LJ, Ghosh-Choudhury G, Khazim K, et [39]
al. Nox4 NADPH oxidase mediates peroxynitrite-dependent uncoupling of 
endothelial nitric-oxide synthase and fibronectin expression in response to 
angiotensin II: Role of mitochondrial reactive oxygen species. J Biol Chem. 
2013;288(40):28668-86

	 Dalakas MC, Park KY, Semino-Mora C, Lee HS, Sivakumar K, Goldfarb LG. [40]
Desmin myopathy, a skeletal myopathy with cardiomyopathy caused by 
mutations in the desmin gene. N Engl J Med. 2000;342(11):770-80.

	 Swain L, Kesemeyer A, Meyer-Roxlau S, Vettel C, Zieseniss A, Güntsch A. Redox [41]
imaging using cardiac myocyte-specific transgenic biosensor mice. Circ Res. 
2016;119(9):1004-16.

	 Rother KI. Diabetes treatment--bridging the divide. N Engl J Med. [42]
2007;356(15):1499-501.

	 Pradeepa R, Mohan V. Epidemiology of type 2 diabetes in India. Indian J [43]
Ophthalmol. 2021;69(11):2932-38. 

	 Olokoba AB, Obateru OA, Olokoba LB. Type 2 diabetes mellitus: A review of [44]
current trends. Oman Med J. 2012;27(4):269-73.

	 Hayden MR, Sowers JR. Redox imbalance in diabetes. Antioxid Redox Signal. [45]
2007;9(7):865-67.

	 Wu J, Jin Z, Zheng H, Yan LJ. Sources and implications of NADH/NAD(+) redox [46]
imbalance in diabetes and its complications. Diabetes Metab Syndr Obes. 
2016;9:145-53.

	 Yan LJ. NADH/NAD+ redox imbalance and diabetic kidney disease. [47]
Biomolecules. 2021;11(5):730.

	 Houten SM, Violante S, Ventura FV, Wanders RJ. The biochemistry and [48]
physiology of mitochondrial fatty acid β-oxidation and its genetic disorders. Annu 
Rev Physiol. 2016;78:23-44.

	 Boesten DM, von Ungern-Sternberg SN, den Hartog GJ, Bast A. Protective [49]
pleiotropic effect of flavonoids on NAD+ levels in endothelial cells exposed to high 
glucose. Oxid Med Cell Longev. 2015;1155:894597.

	[50] Patti ME, Butte AJ, Crunkhorn S, Cusi K, Berria R, Kashyap S, et al. Coordinated 
reduction of genes of oxidative metabolism in humans with insulin resistance 
and diabetes: Potential role of PGC1 and NRF1. Proc Natl Acad Sci. 
2003;100(14):8466-71.

	 Pfanner N, Warscheid B, Wiedemann N. Mitochondrial proteins: From biogenesis [51]
to functional networks. Nat Rev Mol Cell Biol. 2019;20(5):267-84. 

	 Lim JH, Lee JI, Suh YH, Kim W, Song JH, Jung MH. Mitochondrial dysfunction [52]
induces aberrant insulin signalling and glucose utilisation in murine C2C12 
myotube cells. Diabetologia. 2006;49(8):1924-36.

	 Nikiforov A, Kulikova V, Ziegler M. The human NAD metabolome: Functions, [53]
metabolism and compartmentalization. Crit Rev Biochem Mol Biol. 
2015;50(4):284-97.

	 Hirschey MD, Shimazu T, Jing E, Grueter CA, Collins AM, Aouizerat B, et al. [54]
SIRT3 deficiency and mitochondrial protein hyperacetylation accelerate the 
development of the metabolic syndrome. Mol Cell. 2011;44(2):177-90.

	 Puthanveetil P, Zhang D, Wang Y, Wang F, Wan A, Abrahani A, et al. Diabetes [55]
triggers a PARP1 mediated death pathway in the heart through participation of 
FoxO1. J Mol Cell Cardiol. 2012;53(5):677-86.



Sanjukta Mishra et al., Reductive Stress in Health and Diseases	 www.jcdr.net

Journal of Clinical and Diagnostic Research. 2023 Apr, Vol-17(4): BE01-BE0666

	 Nunomura A, Moreira PI, Lee HG, Zhu X, Castellani RJ, Smith MA, et al. Neuronal [56]
death and survival under oxidative stress in Alzheimer and Parkinson diseases. 
CNS Neurol Disord Drug Targets. 2007;6(6):411-23.

	 Lloret A, Fuchsberger T, Giraldo E, Vina J. Reductive stress: A new concept in [57]
Alzheimer's disease. Curr Alzheimer Res. 2016;13(2):206-11.

	 Greenamyre JT, Cannon JR, Drolet R, Mastroberardino PG. Lessons from the [58]
rotenone model of Parkinson's disease. Trends Pharmacol Sci. 2010;31(4):141-42.

	 Park JS, Davis RL, Sue CM. Mitochondrial dysfunction in Parkinson’s disease: [59]
New mechanistic insights and therapeutic perspectives. Curr Neurol Neurosci 
Rep. 2018;18(5):21.

PARTICULARS OF CONTRIBUTORS:
1.	 Professor, Department of Biochemistry, KIMS, KIIT University, Bhubaneswar, Odisha, India.
2.	 Professor, Department of Biochemistry, KIMS, KIIT University, Bhubaneswar, Odisha, India.
3.	 Professor, Department of Paediatrics, KIMS, KIIT University, Bhubaneswar, Odisha, India.

PLAGIARISM CHECKING METHODS: [Jain H et al.]

•  Plagiarism X-checker: Jan 23, 2023
•  Manual Googling: Feb 18, 2023
•  iThenticate Software: Mar 17, 2023 (3%)

Etymology: Author OriginNAME, ADDRESS, E-MAIL ID OF THE CORRESPONDING AUTHOR:
Dr. Rajlaxmi Sarangi,
Professor, Department of Biochemistry, KIMS,  
BBSR Campus 5, Patia, BBSR, Bhubaneswar, Odisha, India.
E-mail: drrajlaxmisarangi@gmail.com

Date of Submission: Dec 01, 2022
Date of Peer Review: Jan 28, 2023
Date of Acceptance: Mar 20, 2023

Date of Publishing: Apr 01, 2023

Author declaration:
•  Financial or Other Competing Interests:  None
•  Was Ethics Committee Approval obtained for this study?  No
•  Was informed consent obtained from the subjects involved in the study?  No
•  For any images presented appropriate consent has been obtained from the subjects.  No

http://europeanscienceediting.org.uk/wp-content/uploads/2016/11/ESENov16_origart.pdf

