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Abstract: Oxidative stress resulting from the disproportion of oxidants and antioxidants contributes
to both physiological and pathological conditions in sepsis. To combat this, the antioxidant defense
system comes into the picture, which contributes to limiting the amount of reactive oxygen species
(ROS) leading to the reduction of oxidative stress. However, a strong relationship has been found
between scavengers of ROS and antioxidants in preclinical in vitro and in vivo models. ROS is
widely believed to cause human pathology most specifically in sepsis, where a small increase in
ROS levels activates signaling pathways to initiate biological processes. An inclusive understanding
of the effects of ROS scavenging in cellular antioxidant signaling is essentially lacking in sepsis.
This review compiles the mechanisms of ROS scavenging as well as oxidative damage in sepsis, as
well as antioxidants as a potent therapeutic. Direct interaction between ROS and cellular pathways
greatly affects sepsis, but such interaction does not provide the explanation behind diverse biological
outcomes. Animal models of sepsis and a number of clinical trials with septic patients exploring the
efficiency of antioxidants in sepsis are reviewed. In line with this, both enzymatic and non-enzymatic
antioxidants were effective, and results from recent studies are promising. The usage of these potent
antioxidants in sepsis patients would greatly impact the field of medicine.

Keywords: sepsis; oxidative stress; ROS; antioxidant

1. Introduction

Sepsis is an excessive or poorly regulated systemic inflammatory response that
causes intravascular damage in the host [1]. Therefore, it remains an imperative cause
of death worldwide. Systematic inflammatory response syndrome (SIRS) is a state of
hyper-inflammation that also involves hypo- or hyperthermia, tachycardia, and tachypnea.
Sepsis includes the symptoms of SIRS with presumed infection [2]. Not surprisingly, sepsis
causes one or more severe complications such as renal dysfunction, cardiac dysfunction,
coagulation, and hypotension. Together, they are known as called multiple organ dysfunc-
tions, which lead to death [3]. According to recent surveys, it seems to be an increase in the
incidence of sepsis, with mortality rates of 30-50% [4]. However, reported mortality shows
considerable variation across the globe [5]. Microorganisms are responsible for sepsis
(Figure 1) in which bacteria account for 62%, and the contribution of fungi is nearly 20%.
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Streptococcus pneumoniae and Pseudomonas aeruginosa are the most widespread microor-
ganisms associated with sepsis as being isolated and more recurrent between old-aged
patients [6].
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Figure 1. Schematic representation of the pathogenesis of sepsis with stages of severity with a view
on oxidant and antioxidant levels.

The initial stage of sepsis involves hyper-activation of the innate immune response
resulting in the disproportionate release of cytokines [7]. At this time, the patient has a
compromised immune system, and their body turns out to be more inclined to secondary in-
fections [8,9]. Infection and inflammation provoke local and systemic responses, including
the hyper-activation of neutrophils. The pathogenesis of sepsis involves the dysfunction of
endothelial and epithelial cells with the dysregulation of immune cells such as neutrophils
and macrophages [9]. Cytotoxic effects of inflammatory mediators directly involve organ
dysfunction with consistent hypoxia turning into multiple organ dysfunction [10].

In the present review, we have searched various public search engines such as PubMed
and Google Scholar with the keywords sepsis, oxidative stress, ROS, and antioxidant. We
have included research articles, case reports, and review articles falling between the years
2000 and 2022.

2. Oxidative Stress: Worsening the Pathology of Sepsis

The term oxidative stress represents an imbalance between oxidants (ROS), reactive
nitrogen species (RNS), and antioxidants [11,12]. ROS notably contributes to the dysfunc-
tion of immune cells during sepsis. The concept that the highly reactive hydroxyl radical
OH- could be generated from an interaction between superoxide O, and hydrogen per-
oxide HyO, was proposed by Joseph Weiss [13]. Thereafter, it was recognized that the
Haber—Weiss reaction Oy~ + HyO; —> HO + O, + OH™ might provide a means to generate
more toxic radicals. Even then, this often clearly indicates that disruption of free radical
production or defenses at several various levels could cause harmful effects on cells [14].
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Although the generation of HO, which is perhaps the most reactive oxygen species, is
typically representative of an explicitly toxic phenomenon, it is through studies at this
point that we could have progressed to a fuller insight of free radicals as both signaling
molecules and toxic species. Oxidants, in general, encompass the initial species derived
from oxygen and nitrogen, which reacts with most of the biomolecules and oxidizes them.
Important ROS and RNS, as well as their source and catalyzed reactions, are enlisted in
Table 1.

Table 1. Mechanism involved in the production of reactive oxidants.

Oxidants (ROS) Enzyme/Ion Mechanism/Reaction References
Superoxide radical (O, ™) NADPH oxidase NADPH + 20, = 20,~ + NADP* + H* [15]
Hydrogen peroxide (H,0O,) SOD 20,7 +2H'" = H,0, + Oy [16]
Hydroxyl radical (OH™) Fe2* H,0, = OH™ + OH [17]
Hypochlorous acid (HOCI) Myeloperoxidase H,O, + CI~ + HY = HOCI + H,O [18]
Peroxynitrite (OONO™) NO NO- + O,~ = ONOO~ [19]
Nitric oxide (NO-) NOS L-Arginine + O, — L-Citrulline + NO [20]

Free radicals including anion species (O, ~, and OH™) and non-ionic species (H,O;,
HOCI, and NO) are the main culprits aggravating the pathogenesis of sepsis [21]. The
key sites of ROS production in sepsis are activated neutrophils and macrophages. All
through inflammation, these cells show signs of intestinal mucosa infiltration and release
large amounts of reactive species [22]. Abundant production of ROS is associated with
chronic inflammation in sepsis. Since we are in constant contact with oxygen, ROS is
constantly produced in our body in controlled order, and their effect is counteracted by
physiological antioxidant defense mechanisms. The defense system intercepts the ROS and
repairs the damage that has already occurred by them [23]. Under normal conditions, the
potentially harmful effect of ROS is successfully restrained by the defense mechanisms.
Nitric oxide (NO) is protective of the vasculature and is an important neurotransmitter
in the nervous system [24]. It is vital to the immune system and important for gene
expression, signal transduction, and growth regulation [25]. NO derived from neutrophils
and macrophages reacts spontaneously with O, ~ to form ONOO™, a highly potent oxidant.
Furthermore, the NADPH oxidase complex produces ROS through phagocytosis, acting
as a vital factor for microbicidal activity [26]. Studies have shown that ROS can modulate
immune signals, which results in affecting the pathogenesis of sepsis and causing damage
to cells and organs [27,28]. When lipopolysaccharides (LPS) binds with Toll-like receptors
(TLR)-4, it triggers the MyD88-dependent pathway, resulting in the activation of the nuclear
factor kappa B (NF-k3) pathway through the ROS-mediated inhibitor of nuclear factor kB
kinase(IkkB) phosphorylation [29]. NF-k[3 promotes the transcription of genes, such as
NLR Family Pyrin Domain Containing 3 (NLRP3), Pro-IL-13, and Pro-IL-18, which are
essential for inflammation activation. These genes contain NF-kf3 binding sites in their
promoter region making it the most prominent and straight target of NF-« 3. IkkB-deficient
macrophages exhibit uncontrolled activation of caspase 1 and enriched secretion of IL-
1B upon LPS stimulation. TLR-4 induces NF-k3-dependent expression of cytokines and
chemokines [30]. DeLeo et al. have reported that LPS priming to neutrophils resulted in the
activation of Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase assembly
by upregulation of the Rac2 protein [31].
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In addition to direct involvement in cell death, ROS also plays a role as a secondary
messenger in different signaling pathways associated with the inflammatory cells, and
importantly, activation of NF-«f3. In the nucleus, NF-kf3 binds to the promoter region and
initiates the transcription of genes involved in inflammation [32]. It also upregulates cy-
tokines (such as IL-2, IL-6 and TNF), cell adhesion molecule (vascular CAM-1) [33], growth
factors (granulocyte colony-stimulating factor (GCSF) and macrophage colony-stimulating
factor (MCSF) [34] and inducible nitric oxide synthase (iNOS) [35]. The involvement of
ROS-mediated NF-«kB activation leading to sepsis is well established [36,37]. Blackwell
et al. have reported that LPS administration results in the activation of NF-«f3 in several
organs with an increase in cytokines such as TNF-« and IL-6 [38]. Bohrer et al. [39] com-
pared increased NF-« 3 activity with the Acute Physiology and Chronic Health Evaluation
(APACHE 1II) score as an indicator of mortality in sepsis. Moreover, Arnalich et al. [40] have
shown that NF-kf3 activity was significantly elevated in non-survivors and had a direct
correlation with the APACHE II score. Several studies evaluating the oxidant condition of
critically ill and sepsis patients have been reported [41]. Lipid peroxidation products such
as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) are elevated in the serum of
sepsis patients [42]. Furthermore, myeloperoxidase (MPO) activity is elevated in the lungs
of patients with acute respiratory distress syndrome (ARDS) [43]. Disseminated intravascu-
lar coagulation (DIC) is a condition in which small clots develop in the bloodstream and is
caused by RNS resulting in lipid peroxidation. Furthermore, dysregulation of selenium
causes oxidative damage during endotoxemia and inflammation [44]. There are genes
such as Interleukin-1 receptor-associated kinase 3 (IRAK3), Adrenomedullin (ADM), and
arachidonate lipoxygenase 5 (ALOX5), whose expressions were significantly upregulated
in sepsis patients. It shows their involvement in sepsis pathophysiology and indicates
utilization as biomarkers or therapeutic targets [45,46]. Long non-coding RNA (IncRNA)
MIAT has been shown to promote inflammation and oxidative damage in sepsis-induced
cardiac injury via regulating miR-330-5p/TRAF6/NF-« 3 axis [47].

Oxidants cause a change in the redox state of the cell at the intracellular circumstances
contributing to progression in inflammation and leading to organ dysfunction such as
kidney dysfunction [48], liver dysfunction [49], and lung infection [50]. Emphasizing these
pathophysiological mechanisms is important, but it has a limitation, as it depends on the
pathogen and the patient in sepsis. The mechanism underlying ROS-mediated worsening
of the pathology of sepsis leading to organ damage has been illustrated in Figure 2.

Mitochondria, the powerhouse of the cell, may sometimes turn into a foe for the
cell due to leakage of an unpaired electron during the electron transfer chain resulting in
the generation of O, ~, an important contributor to the pathogenesis of sepsis [31,32,47].
Although this defective reduction accounts for less than 5% of the reactions that occur, it
significantly reduces the respiratory capacity of affected tissues, leading to energy depletion
(low level of ATP) and fatigue (high level of lactate) [33-35].

Organ dysfunction or organ failure is the worst outcome in patients suffering from
severe sepsis. Apoptosis and necrosis are the major players mediating organ failure.
Oxidative stress-mediated opening of mitochondrial permeability transition pore (MPTP),
leading to diverse downstream pathways in both apoptosis and necrosis, results in cell
death and ultimately organ failure. Cells with a low level of ATP are further affected
by metabolic/chemical stresses and undergo necrosis [38,39]. During apoptosis, MPTP
opening is associated with the efflux of Ca?*, loss of membrane potential, the release of
pro-apoptotic proteins, excessive production of ROS, and the release of cytochrome c to the
cytosol [51]. Mitochondria-derived ROS provokes the level of pro-inflammatory cytokines
such as IL-13, IL-6, and TNF-«, which further worsen the pathology of sepsis [52].
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Figure 2. The mechanism by which the organ-damaging pathophysiology of sepsis is exacerbated
by oxidants.

In addition to oxidative damage, nitrosative stress mediated by NO- plays an important
role in the pathogenesis of sepsis. Under an inflammatory condition, mitochondrial NOS
present over the inner mitochondrial membrane generates NO in a larger quantity [53].
Being short-lived and highly unstable, NO reacts spontaneously with O, to form ONOO,
which further inactivates complex IV of the mitochondrial respiratory chain [54-56]. A
study involving septic rats demonstrated that NO-induced nitrosylation in thiol groups
of complex I of the mitochondrial electron transfer chain results in energy depletion and
is correlated with reduced levels of GSH [57]. NO has been shown to modulate the levels
of key mitochondrial metabolites (succinate, and citrate), and subunit (Complex I) in an
in vitro murine model of sepsis [58]. A positive correlation between blood level of NO
and reduced mitochondrial activity leads to myocardial contractility [59]. During an LPS-
induced model of sepsis in hepatocytes, an augmented level of NO-mt ROS signaling
network hijacks the mitochondrial quality control system, further establishing an important
role of NO and ROS in the pathogenesis of sepsis [60].

3. Antioxidants as a Potential Therapy for Sepsis

Oxygen-centered reactions are important for aerobic life, but uncontrolled ROS/RNS
generation is lethal. To combat this, there are several antioxidants present endogenously
and collectively known as the antioxidant defense system. Their role is to limit the amount
of ROS/RNS with their defined distribution to assigned parts of the body. All the antioxi-
dants exist in both reduced and oxidized forms. These antioxidants can be categorized into
enzymatic and non-enzymatic groups (Table 2).
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Table 2. List of antioxidants involved in sepsis.

Antioxidant Location Mechanism References
Superoxide Cytoplasm, mitochondria, _
dispmutase pgrofisome, and chloroplast 027 100 and H0; [61,62]
Enzymatic Catalase ﬁigzﬁgrﬂi;nd H,0, to H,O and O, [62,63]
Glutthione Cytoplasm, mitochondria, H,0, to HyO [64]
peroxidase and chloroplast
Increases plasma NO, protects
Vitamin E Cell membrane ..against o?ddat%ve damage ‘ [65]
(exogenous) induced-impaired vasorelaxation;
prevents tumor initiation
Decreases cellular oxidative
damage, prevents tumor initiation;
Vitamin C Cytoplasm, mitochondria, scavenging radical species; [49,66]
(exogenous) peroxisome, and chloroplast ~ decreases pro-inflammatory !
Non-enzymatic cytokines; inhibition of NOx and
inducible nitric oxide synthase
Vitamin A NF-kf inhibition; 10% reduction
Chloroplasts of ROS by p-carotene; [67-69]
(exogenous)

upregulation of Nrf2 expression

Increases glutathione level in the

N-Acetyl cysteine human body; NAC acts as a

Administered orally or

(NAC) topicall methyl donor in the conversion of [70,71]
(endogenous) pleaty 4

homocysteine to methionine
Melatonin Reduces the free radical generation
(endogenous) Pineal gland by increasing the activity of the [72]

electron transport chain

The enzymatic antioxidants mainly include superoxide dismutase, catalase, and glu-
tathione peroxidase. These enzymes require cofactors for their activity such as zinc or
manganese for superoxide dismutase, iron for catalase, and selenium for glutathione peroxi-
dase. The non-enzymatic antioxidants include vitamins such as vitamin E, C, and A. Taking
them all into our diet is essential, and they have potential effects on malnutrition. The
non-enzymatic antioxidants also include hormones such as melatonin and synthetic com-
pounds such as N-Acetylcysteine (NAC). Table 3 enlists different antioxidants investigated
in sepsis and used in animal and clinical trials.

3.1. Superoxide Dismutase (SOD)

SOD is a metalloenzyme that catalyzes the partitioning of the superoxide anion to
hydrogen peroxide [73]. This hydrogen peroxide is later metabolized into the water by
glutathione peroxidase and catalase. Various forms of SOD exist. In humans, SOD takes
the form of cytosolic copper-zinc containing SOD (Cu-Zn-SOD), manganese-requiring
mitochondrial SOD (Mn-50D), and an extracellular SOD (EC-SOD) [74]. Nickel-containing
SOD (Ni-SOD) is present in prokaryotes, and iron-containing SOD (Fe-SOD) is present in
bacteria as well as in plants [75]. SOD enzyme has the highest activity levels in organs such
as the liver, kidney, spleen, and adrenal gland [76]. In the mitochondria, O, is generated,
which is later dismutation to HyO, by both Cu-Zn-SOD and Mn-SOD present in the mito-
chondrial matrix [50]. It is also reported that gastric ulcers are caused by low SOD activity.
Supplementation of a high concentration of SOD helped in curing ulcers in patients [77].
ROS and protease enzymes are released due to hyper-activation of neutrophils, which
damage normal tissue, and later cytokine release further worsens the inflammation [76].
The endothelial cells are activated by superoxide anions and increase neutrophil pene-
tration by upregulating adhesion molecules (ICAM-1) [78]. An animal study conducted
by Salvemini et al. [79] showed that the administration of SOD mimetics attenuated the
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superoxide and peroxynitrite-mediated intestinal damage induced by endotoxin. Later,
Ghio et al. [52] experimented and confirmed that overexpression of EC-SOD decreases lung
injury. Investigators have reported that SOD mimetics of the MnlI complexes of Pytren4Q
(Mn-L1) and Pytren2Q (Mn-L2) have immense anti-oxidant activity in SOD-deficient bacte-
ria and yeast [80,81]. Serena et al. [82] have shown that Mn-L1, a SOD mimic, effectively
protects human-cultured THP-1 macrophages and total mice from the inflammatory con-
sequence formed by LPS. An in vitro study conducted by Coleman et al. [83] has shown
the positive effect of SOD mimetic (BuOE), as it protects the loss of mitochondria. These
responses illustrate the importance of SOD antioxidant activity in promoting health.

3.2. Catalase

Catalase is one of the most abundant enzymes of mitochondria and peroxisomes in
mammals [84] in humans, and it is found with high and low activity in the liver, kidney, and
connective tissues. It dismutases HyO; to HO and O,. When glutathione peroxidase con-
centrations are low, catalase catalyzes the HO, generated during cellular metabolism [75].
Transgenic mice with low levels of catalase have shown normal development, but they are
more sensitive to oxidative damage [84,85]. An in vivo study conducted by Siwale et al. [86]
showed that after endotoxin stimulation, microencapsulated (MC) catalase inhibited HyO,
and TNF, resulting in improved survival. LPS stimulation causes platelet aggregative
dysfunction, and an in vivo study performed by Dong et al. [87] reports the role of catalase
in the prevention of platelet dysfunction. In one study, it has been shown that when NO
level increases, it causes endotoxic shock in most of the organs such as the lungs, liver,
and kidneys. After the SOD-CHS-CAT conjugate was administered, it showed a protective
effect on renal and hepatic function [88].

3.3. Glutathione

Glutathione reductase (GR) reduces oxidized glutathione disulfide (GSSG) to glu-
tathione (GSH) [89]. GSH comprises more than 90% of the non-protein with reduced thiols
in cells. The GR enzyme is a flavoprotein disulfide oxidoreductase where each monomer
subunit consists of four domains: (i) FAD-binding domain, (ii)) NADPH-binding domain,
(iii) central domain, and (iv) interface domain. The catalytic activity exists between the
interface domains of the dimer [90]. The GR enzyme preserves RBCs, hemoglobin, and cell
membranes from oxidative damage by inducing GSH [91]. Riboflavin deficiency leads to
abridging the GR activity in cancer [92], specifically in colon cancer, elevated GSH levels
are observed due to drug resistance [93]. Experimental data investigate that the protein
concentration in cysteine amino acids shows an effective cysteine delivery system for
GSH replenishment during the immune response [94]. A decrease in antioxidant enzyme
GSH levels demonstrates the role of oxidative mechanisms in sepsis-induced tissue dam-
age [95]. These findings are similar to the result and conclusion of the study performed by
Berger et al. [53]. Combined supplementation of L-glutamine and L-alanine (GLN + ALA)
have shown a positive effect in reducing oxidative damage as well as endotoxin-induced
inflammatory response in mice [54]. Zong and Zhang [55] showed that inhibition of GSH
synthesis by buthionine sulphoximine significantly suppressed the AMF-induced inhibitory
effect on oxidative damage in the development of acute lung injury (ALI) in septic rats.
In a recent study, it has been seen that S-Nitrosoglutathione (GSNO) shows beneficial
effects against LPS-induced acute kidney injury (AKI). It shows antioxidant effects for the
treatment of sepsis-induced AKI [96]. In another experiment, GSNO shows protection
against LPS-induced epithelial barrier injury in rats [56]. Clinical trials of GR inhibitors
should be focused precisely to understand the detoxification pathway of GST that will help
in establishing the therapeutic target for inflammatory diseases.
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3.4. Vitamin C

Ascorbic acid (AA) is the redox form of vitamin C and acts as a natural antioxidant. In
sepsis, the circulating concentration of ascorbic acid is markedly reduced. In several animal
studies, a high dose of AA is defensive by reducing the deleterious effects of oxidative
damage in sepsis [97,98]. Vitamin C is a potent electron donor, which reacts with O, and
has a protective role against the oxidative damage generated within leukocytes [99]. It also
plays a role as a modulator for essential biological pathways of the normal metabolism
of immune cells [100]. As an antioxidant, it hinders the activation of NF-«f3 formed by
endotoxin, which results in the attenuation of TNF-« [101]. Victor et al. [102] in their study
performed using peritoneal macrophages from BALB/c mice suffering lethal endotoxic
shock, concluded that vitamin C supplementation scavenges the free radicals hence re-
ducing endotoxin shock severity. Later, Armour et al. [103] showed in their studies that it
modulates the functions of lymphocytes in septic rats. This study also interrupted H,O; in-
jury to cultured microvascular endothelial cells. Rojas et al. [104] demonstrated that guinea
pigs do not unify their vitamin C like humans; as endotoxin was administrated, it caused
depletion of vitamin C and favored oxidative damage. Many studies show the depletion of
vitamin C in patients with sepsis [105,106]. Carcamo et al. [107] reported the mechanism of
vitamin C in the suppression of NF-« (3 activation by inhibiting TNF-a-induced activation of
NIK and IKKh kinases independent of p38 MAPK. Wu et al. [108] also identified that iNOS
expression may be inhibited with the supplementation of vitamin C, which leads to reduced
oxidant levels in the septic muscle. Borrelli et al. [109] reported that plasma AA in patients
with multi-organ failure was significantly lower, whereas a similar result was obtained,
and the concentrations were inversely correlated with increased lipid peroxides [105]. A
study was conducted on critical patients in the ICU by Long et al. [110], and thereafter,
he concluded that during trauma and infection, levels of AA in plasma are exceptionally
low. When a high dose of vitamin C was infused intravenously into the patient with acute
respiratory distress syndrome (ARDS), rapid resolution of lung injury has been seen [111].
A specific trial in major burn patients was performed where results showed that AA sup-
plementation in high doses was able to diminish the capillary leak and the volume of fluid
required for hemodynamic stabilization [112]. In an animal study, the antioxidant mech-
anism of AA and its involvement were directly associated with and have been accepted
in burned sheep [113]. An in vivo study showed that Vitamin C-deficient mice were more
inclined to sepsis-induced multiple organ dysfunction. After the mixing of Vitamin C,
physiological functions were normalized, which attenuated the development of multiple
organ dysfunction in sepsis [111,114]. In particular, Mohammed et al. [115] demonstrated
that low levels of Vitamin C are directly correlated with the delay in the timing of the reso-
lution of inflammation. These results suggest that the role of vitamin C as an antioxidant
influences the inhibition of NF-kf3 activation, resulting in less organ dysfunction.

3.5. Vitamin E

Vitamin E is an important antioxidant found in abundance, having a major potent
role as a protector for cell membranes while protecting them from lipid peroxidation.
a-tocopherol is a biologically active form of vitamin E [116]. In mammalian cellular
membranes, vitamin E is a major chain-breaking antioxidant [117]. It has a very unique
ability, where it limits oxidation in the bi-lipid cell membrane; due to this feature, it has
several additional biologically imperative effects, most importantly, inhibition of protein
kinase C (PKC) [118]. Many investigators in their studies have reported that vitamin E
concentration was very low due to oxidative damage in patients with sepsis [119,120]. The
ability of a-tocopherol to act as a pro- or antioxidant depends on the extent of x-tocopherol
available to scavenge ROS [121]. It is also defensive in decreasing the effects of oxidative
damage in sepsis shown in the study of animals. Declined mortality in guinea pigs
infused with live bacteria has been observed due to a high dose of vitamin E [122]. In
human trials, when volunteers were supplemented with Vitamin E, they had considerably
suppressed responses to LPS acting as a potent immuno-modulator to hinder the activation
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of inflammatory cells [123,124]. In an in vivo study, vitamin E has been shown to have
antioxidant properties, which prevented sepsis-induced changes in lung tissue [125]. A
synthetic vitamin E derivative (E-Ant-S-GS) showed prominent anti-inflammatory actions
with the protection of organ effects in a rat model of sepsis [126]. Another investigator
used vitamin E derivative (ETS-GS), and they reported that it inhibits the secretion of
cytokines in a cecal ligation and puncture (CLP)-induced sepsis rat model, resulting in
reduced organ dysfunction [126]. These studies suggest that it can be used as a potential
clinical therapeutic agent against systemic inflammation.

3.6. Vitamin A

Vitamin A is mostly referred to as carotenoids and it is mostly present in citrus fruits
as well as green leafy vegetables. Carotenoids are found in both food and the body in
different forms such as carotene «, 3, and lycopene [127]. It has antioxidant properties that
mostly depend on retinol-binding proteins and other endogenous antioxidants in vivo [128].
Animal studies have been conducted, and it was found that 3-carotene has a role in the
suppression of lipid peroxidation in mouse models [129]. The role of 3-carotene as an anti-
infective agent has been well established [130]. The underlying mechanism in the reduction
of infection may be through modification of epithelial integrity and function with non-
specific immunity of the host. Cox et al. [131] indicated through their study that the mutual
effects of pregnancy and vitamin A deficiency cause suppression of pro-inflammatory type
1 immune responses. It was improved using low-dose vitamin A supplementation. A study
has shown that (3-carotene and lycopene can lower ROS production, hence attenuating
inflammation [132]. Jang et al. [133] reported that (3-carotene reduced the expression
of targets of NF-kf3, including iNOS and COX-2, by 90% in bacterially infected gastric
adenocarcinoma (AGS) cells and decreases the secretion of NO. Supplementation of vitamin
A was able to decrease the incidence of bronchopulmonary dysplasia in low birth weight
infants. A prospective evaluation has shown the positive effect of vitamin A in reducing
the incidence of chronic lung disease [134]. The immune changing role of both vitamin A
and D throughout the infection was monitored using a complete RNA sequencing-based
methodology, whereas both vitamins showed a positive response against the pathogen-
induced responses [135].

3.7. N-Acetylcysteine (NAC)

It has antioxidant properties and contains a thiol group. It is a major antioxidant
because it is a source of glutathione groups in cells. It is a precursor of cysteine, which
makes it a potent factor to limit the rate of formation of glutathione (GSH). It has a thiol
group and because of this, it ‘directly’ scavenges reactive species [136]. Rank et al. [137]
conducted studies in humans and demonstrated that the administration of NAC can
significantly increase hepatosplanchnic blood flow attributed to the increase in the cardiac
index. NAC has been shown to inhibit pro-inflammatory transcription factors AP-1 and
NF-«f3, hence possessing anti-inflammatory properties [138]. These transcription factors are
induced in response to oxidative stress, supporting the argument that the anti-inflammatory
properties of NAC are due to its mechanism of action as an antioxidant [139]. Furthermore,
Emet et al. [140] have demonstrated in their studies that NAC does not influence outcomes
with the level of cytokines. Sometimes, due to NAC, sepsis-induced organ failure was
even aggravated [141]. A study indicated that NAC has a preventative role in LPS-induced
obstruction by reducing iNOS expression through peroxidation of the lipid in liver and
renal tissue [142]. NAC administrations on critical patients with sepsis were studied, and
investigators have found that a high dose of NAC has a role in increasing immunity during
mechanical ventilation [143]. Plasmodium genus causes infection and can contribute to
oxidative damage and lead to malaria. Supplementation of NAC decreased parasitemia and
oxidative damage in a rat model, which has been reported by Quadros Gomes et al. [144].
The inclusion of NAC in fluid rejuvenation may enhance renal oxygenation, which further
reduces vascular dysfunction. It is also involved in the decrease in renal NO levels, which
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shows a beneficial effect in acute kidney injury [145]. Furthermore, there was a meta-
analysis performed by Visvanathan et al., where they had questioned the assurance and
convenience of intravenous NAC as adjuvant therapy in sepsis. These investigators also
claim that NAC is ineffective in reducing the mortality inpatient population and is very
unsafe when administered later than 24 h after the commencement of symptoms [146]. A
therapeutic strategy combining the microvascular effects of fluids and NAC may be critical
to averting sepsis-induced AKL

3.8. Melatonin

Melatonin is the hormone product of the pineal gland, involved in important physio-
logic functions. It is also synthesized by human PMNs, with multiple immune-modulatory
effects [147]. It acts as a free radical scavenger, and it is believed to directly detoxify ROS
via electron donation, which includes most importantly the hydroxyl radical and hydrogen
peroxide [148]. It also detoxifies other oxidants such as nitric oxide, singlet oxygen, and
peroxynitrous acid [149,150]. Melatonin scavenges the oxidants; during sepsis, there is an
induction of iNOS yielding huge amounts of NO" that severely contribute to mitochon-
drial dysfunction [70]. It consistently inhibits the expression and activity of iNOS, which
directly relates to its efficacy in preventing mitochondrial dysfunction during sepsis [151].
Escames G et al. [152] in their studies have shown that melatonin with its protective effect
has counteracted the effect of LPS on respiratory complex I and iNOS activity in the liver
and lung of rats. Ozkok et al. [153] have studied the effect of melatonin on the skeletal
muscle of rats with LPS-induced endotoxemia. According to the histopathologic findings,
they concluded that melatonin reduced myopathic changes in the LPS group. Melatonin is
an anti-oxidant, and it has been shown to scavenge different types of free radicals in body
fluids and cells [154,155]. Furthermore, melatonin activates anti-oxidant defense to reduce
the amount of ROS leading to improving oxidative-related pathologies such as hyperten-
sion and brain diseases, for example, Huntington’s and Parkinson’s disease [149,156]. An
experimental and clinical study has shown that melatonin is useful in fighting against sepsis
and septic injury, the mechanism involved is the anti-oxidative and anti-inflammatory
actions of melatonin [157]. Melatonin administration improved the clinical condition of
neonatal sepsis patients. After some more clinical research, it was found that it could be
used as a therapeutic target for the same [158]. The conceptual approach to the use of
antioxidants for the protection against ROS-mediated organ damage in sepsis is depicted
in Figure 3.

Table 3. Antioxidants investigated in sepsis and used in animal and clinical trials.

Vitamin Animal Model Eleslslue/ Outcomes References
. . . Reduces ROS generation by upregulating

Vitamin A Rats Neutrophils the SOD CAT, p22 and p47. [159]

Vitamin A Mice Lung Regulates expression of cytochrome P450 [160]
. . . . Downregulation of NF-kf3 associated

Vitamin A Mice Liver VCAM-1, IL-1a, MCP-1 and IFN-y [161]

Vitamin A Mice Monoblasts Decreased NF-k[3 activity [65]

Vitamin E Human Lung Reduces the stroke in CVD [162]

Vitamin E Ex-vivo human Neutrophils Decreased O, ~ plasma level [163]

samples
Vitamin E Rat Neutrophils Induces an imbalance in hep?tlc [164]
vasoregulatory gene expression
Vitamin E Human Whole Body Tends to decrease LPO [165]
Vitamin C Mice Liver Gene expression was changed [166]
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Table 3. Cont.

Tissue/

Vitamin Animal Model Cell Outcomes References
Vitamin C Human Endothelial cell Improves endothelial function [167]
Vitamin C Sheep Skin Reduces inflammation [113]
Increases its serum levels, which is
Vitamin C Human Whole Body associated with decreased levels of CRP, [165]
PCT, and NO3~ /NO, .
Glutathione Rat Mucosal tissue Decreases glutathione concentration [168]
Glutathione Human Plasma Cells significantly d.ecreasef:l the pe.rox1datlve [169]
damage of patients with septic shock
. Increases sod concentration and
SOD Rat Intestine decreased glutathione [170]
.. E.coli challenged Improves the vascular reactivity, reduced
SOD mimetic (M40401) ~ Rat animal, blood cells  cytokine production, and mortality [72]
SOD mimetic Improves the vascular reactivity, reduced
(MnlIIITE-2-PyP5+) Rat Heart cytokine production, and mortality (1711
C.AT . . . Reduces the level of lipid peroxidation
mimetic Mice Brain cells and oxidized nucleic acids in brain cells [172]
(EUK-207)
. Decreases the ROS activity as well as
NAC Rat Hippocampus intracellular free Ca* [173]
Maintains the level of GSH, increases
NAC Rat Neural cell bioenergetics, and decreases [174]
oxidative damage
NAC Human Whole Body Rec}ucgs LPO and' improves [165]
antioxidant capacity
NAC Human Blood Improves liver function [137]
NAC Human Blood Decregses hepatic lgctate; increases liver [175]
perfusion and function
Attenuation in the levels of biochemical
Lunes. heart. liver markers of acute liver and renal
MitoQ Rat at garll dki drlle ’ dysfunction, maintenance of [176]
st y mitochondrial membrane potential in
most organs.
MitoQ Rat, Mouse Heart Restores mltochond'rl'al function and [177]
reduces caspase activity
Hemigramicidin-
TEMPO Rat Intestine Improves the survival [178]
conjugates
Plastoquinone ..
decylrhodamine 19 Rat Kidney ;gcrﬁizeis,;?gézdjor}zs and shows a [179]
(SkQR1), phrop
. . Reduces sepsis-induced
MitoTEMPOL Mouse Diaphragm diaphragm dysfunction [180]
Restores myocardial morphological
5531 Mouse damage and suppresses [181]
inflammatory response
Reduces sepsis-induced diaphragm
SS31 Mouse Diaphragm dysfunction, and maintains [182]

mitochondrial function
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Figure 3. ROS: to maintain their functions and to avoid the negative effects of excessive ROS
generation, immune cells require optimal amounts of antioxidant defenses. This figure shows
antioxidants’ general protective mechanism in sepsis.

3.9. Antioxidants Protecting Mitochondria

Being that mitochondrial dysfunction leads to oxidative damage and that hyper ROS
generation is an important contributor to the pathogenesis of sepsis, antioxidants targeting
mitochondrial dysfunction pathways could improve a patient’s survival by counteracting
the excessively produced ROS [33]. Because of a higher negative potential present in
mitochondria, antioxidants tagged with lipophilic cations are an attractive approach to
increase their penetration and retention inside mitochondria [111]. Several antioxidants
have been used to ameliorate mitochondrial function by preventing oxidative damage in
sepsis (Table 3). MitoQ, a unique formulation of antioxidant CoQ10 conjugated with a
triphenylphosphonium (TPP) cation, quenches harmful free radicals in the mitochondria
before their efflux and damage to the cells. MitoQ has been shown to protect mitochondria
from oxidative damage by lowering the level of ROS, preserving membrane potential,
suppressing the release of proinflammatory cytokines, and increasing the production of
IL-10, an anti-inflammatory cytokine in the endothelial cell model of sepsis [175].

A study involving an LPS-induced sepsis model in mice demonstrated that MitoQ
supplementation results in attenuation of plasma diamine oxidase, D-lactate, intestinal
oxidative as well as nitrosative stress, and pro-inflammatory cytokines, and it augmented
the level of intestinal SOD and GSH. MitoQ exerted this antioxidant and anti-inflammatory
effect by activating the nuclear factor E2-related factor 2 (Nrf2) signaling pathway and
its downstream antioxidant genes, including HO-1, NQO-1, and GCLM [183]. SkQR1, a
complex formed between a plant quinone plastoquinone and TPP, inhibits TNF-induced
endothelial permeability under in vitro conditions. SkQR1 exerts a mitochondria protective
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role by attenuating caspase 3 activations, 3-catenin cleavage, and matrix metalloprotease
9 (MMP 9)-dependent shedding of transmembrane proteins [184]. RNA level molecules
also ameliorate sepsis-induced mitochondrial dysfunction. In this context, H19, a type of
Inc RNA, inhibits the sepsis-induced inflammatory response and mitochondrial dysfunc-
tion via modulation of the miR-93-5p/SORBS2 axis in LPS-treated cardiomyocytes [185].
5531, a novel cell-permeable antioxidant peptide, known to be located in the inner mi-
tochondrial membrane, has shown to be cardioprotective mediated by improving the
oxidant/antioxidant balance and mitochondrial function linked to NF-kf3 in LPS-induced
cardiac damage in mice [181].

4. Failures and Risks of Antioxidants

Some earlier research studies indicate that supplemental antioxidants cannot diminish
the risks for some diseases and can even play an opposite role because the antioxidant may
not be involved in metabolism or may be a pro-oxidant in vivo [186]. Another reason for
the failure of clinical assessments of antioxidant therapies is the use of antioxidants in the
late stages of diseases, as in the case of atherosclerotic adult individuals. Thus, the selection
of different stages of disease progression has been more probable to reveal the response
from antioxidant remedies [187]. The addition of excess vitamin E to lipid emulsions can
accelerate lipid peroxidation in vitro, even though vitamin E inhibits lipid peroxidation in
normal conditions [188]. In vivo studies also showed that the administration of vitamin E
raised plasma lipid peroxidation metabolite levels in smokers on a high-fat diet and induced
fatty livers in rats that were maintained on an ethanolic high-fat diet [189]. A high intake of
vitamin E in adults is generally thought to have only minimal toxicity, but blood coagulation
can be affected by interfering with the action of vitamin K. Additionally, high doses of
vitamin E might increase the overall mortality in cardiovascular disease and cancer patients
in a dose-dependent manner [190]. Latent toxicity via increasing the linked oxidized
low-density lipoprotein that is an important biomarker of oxidative damage after high
dosages of vitamin E supplements with a high risk of cardiovascular diseases [191]. There
are no significant differences that were detected in hemodialytic patients after massive
supplementation of vitamin C in thiobarbituric acid reactive substances (IBARS) and
lipoperoxides levels; consequently, ascorbic acid failed to prevent steady-state levels of
lipid peroxidation [192].

Furthermore, several studies indicated that polyphenols decreased TBARS, and F2-
isoprostanes, (8-iso-PGF2x, where PGF is prostaglandin) are produced by nonenzymatic
oxidation of arachidonic acid by reactive oxygen species including free radicals [193].
F2-Isoprostane is the most commonly used isoprostane marker of lipid peroxidation to
evaluate in vivo oxidative damage [194]. In this respect, some studies proposed that natural
antioxidants that are rich in polyphenol content may prevent the oxidation of LDL in mildly
hyper-cholesterolemic patients [195]. The water solubility of flavonoids may play a major
role in therapeutic efficacy, as aglycones of low solubility flavonoids had lower absorption in
the intestine, and poor availability was obtained. Therefore, partly synthetic water-soluble
flavonoids were developed as hydroxyl-ethylrutosides and inositol-2-phosphatequercetin,
for the treatment of hypertension and hemorrhage [196]. However, the in vivo antioxidant
efficacy of flavonoids is less documented, and their pro-oxidant properties have been
essentially illustrated. Flavonoids with pro-oxidant properties induced oxidative damage
by reacting with lipoproteins and nucleoproteins [197]. People should recognize that
excessive consumption of a natural supplement or food can be dangerous, and they may
not attribute their side effects and symptoms to natural compounds [198]. The most recent
literature has been focused on the advantageous activities of flavonoids, but few reports
referred to how excessive consumption can result in significant health problems [199].
Therefore, further studies are required to identify conditions of antioxidants that are
converting into pro-oxidants and their pathways as metabolic components. Additionally,
there should be further clinical and experimental analyses to reveal diseases that are suitable
for antioxidant therapy and how antioxidant intake can maintain health.



Vaccines 2022, 10, 1575

14 of 22

5. Future Perspectives

The involvement of the ROS-sensitive signaling pathways suggests that therapeutic
targeting of oxidative damage with redox-modulating agents to prevent organ damage
should be beneficial when treating sepsis. Targeted therapy of sepsis without side effects is
the need of the hour. Nanoparticle-mediated drug delivery is gaining importance because
of its high specificity and selectivity over other drug-delivery systems. Currently, few
nano-conjugated antioxidants have been evaluated for the treatment of ROS-mediated
organ toxicity in sepsis. In view of this, extensive research needs to be performed uti-
lizing nano-conjugated redox modulating agents with improved pharmacokinetics and
pharmacodynamics for the prevention of organ damage during sepsis.

In silico prediction of the antioxidant potential of key proteins is an excellent approach,
which facilitates in reducing the number of possible candidates for further authentication
by wet-lab experiments. Various computational methods based on machine learning
algorithms have been developed using protein sequences to predict the antioxidant nature
of proteins (Table 4). These provide useful insights into the study of antioxidant proteins
and help researchers understand the role of different properties of antioxidants in their
antioxidative activities. Despite this, further studies are required to develop better and
more effective tools using advanced algorithms to enhance specificity, sensitivity, and
prediction accuracy.

Table 4. Machine learning-based computational methods for prediction of antioxidant potential of proteins.

Sensitivity Specificity Accuracy

Server Method (%) %) (%) Web-Server Reference
Support vector http:/ /lin.uestc.edu.cn/
AodPred pport vecto 75.09 74.48 74.79 server/AntioxiPred (accessed [200]
machine
on 1 January 2021)
SeqsvM  Support vector — — 89.46 — [201]
machine
Support vector http:/ /server.malab.cn/
AOPs-SVM pportY 68 98.5 94.2 AOPs-SVM/index.jsp [202]
machine
(accessed on 1 January 2021)
Vote9 Support vector 65 99 94.1 — [203]
machine
https:
Support vector / / github.com/salman-khan-
SFS-5VM machine _ T 97.54 mrd/Antioxident_proteins [204]
(accessed on 1 January 2021)
Deep http:/ /services.
AnOxPePred convolutional — — — bioinformatics.dtu.dk/ [205]

neural network

service.php? AnOxPePred-1.0
(accessed on 1 January 2021)

6. Conclusions

The significance of the damage inflicted upon biological systems by ROS cannot be
overruled, as they have been implicated in sepsis. The dual nature of these species with their
benign and destructive characteristics signifies the complexities of their specific functioning
in sepsis. Evidence on the harmful effects of oxidative damage in pathophysiological
mechanisms of sepsis is compelling. The use of known antioxidants to boost the defense
system could be used to reinstitute this imbalance and should provide benefits in impairing
and curtailing the harshness of sepsis. At the same time, undertaking the identification
of novel and more potent antioxidants as a therapeutic strategy should continue. This
review hopes to stimulate researchers to become more involved in this area and carry out
the novel investigation, and more human studies in the clinical trial will lead to efficacious
antioxidant-based therapies.
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