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Abstract: (1) Background: The severity of malaria is associated with low bioavailability of antioxidants and
high concentration of free radicals that induce oxidative damage in cerebral and pulmonary microcirculation.
This can be prevented by the action of consumable antioxidants present in foods. Therefore, we investigated
the protective role of lycopene (LYC) on the oxidative changes induced by Plasmodium berghei (Pb); (2) Methods:
Mice were infected by intraperitoneal injection of 10° parasitized red blood cells and treated via gavage with
LYC (3.11 mg/kg bw/day) or NAC (62 mg/kg bw/day). They were then evaluated for 1, 4, 8 or 12 days after
infection. Levels of thiobarbituric acid reactive substances (TBARS), antioxidant capacity by inhibition of ABTS
radicals (AC-ABTS) and DPPH (AC-DPPH), uric acid (UA), and nitric oxide (NO) were measured in brain and
lung tissues; (3) Results: The infection caused oxidative stress confirmed by increased levels of TBARS, AC-
ABTS, AC-DPPH, UA, and NO in the tissues leading to the death of the animals. LYC prevented the increase
in TBARS, AU, and NO levels compared to Pb (p< 0.0001) and NAC+Pb groups (p<0.0001), reaching values
similar to those of Sham animals; (4) Conclusions: These results are striking evidence of the beneficial effect of
lycopene supplementation on oxidative stress in experimental malaria in vivo and emphasize the importance
of antioxidant supplementation in the treatment of the disease.
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1. Introduction

Free radicals are intermediate species with unpaired electrons. The production of these
molecules in the human body is inevitable, since many of these molecules originate from the process
of physicochemical oxidation of molecular oxygen (Oz) and/or molecular nitrogen (N2), leading to the
production of reactive oxygen and nitrogen species (RONS) [1]. RONS are highly oxidizing
intermediates produced continuously in biological systems from biochemical reactions, including
nitric oxide (NO) synthesis and mitochondrial electron transport chain reactions, as well as by
metal-catalyzed oxidation and reduction, among others [2]

The main RONS generated in the human body are superoxide anion (O:*-), hydrogen peroxide
(H202), hydroxyl radical (OH*), singlet oxygen (*Oz), NO, nitrogen dioxide (NO:z) and peroxynitrite

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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(ONOQ") [3]. There are other biologically important free radicals such as lipid hydroperoxide
(ROOR), lipid peroxyl radical (ROO), and lipid alkoxyl radical (RO).

The unpaired electrons give RONS high instability and reactivity. As a result, they have a short
half-life of milliseconds or less, but enough time to trigger intermolecular interactions, as well as
responses in nearby target cells, leading to oxide-reduction reactions, altering and/or damaging
biomolecules, cells and tissues [4].

In response to the production of RONS, the human body induces the synthesis of mobilizable
antioxidants that act by preventing, neutralizing or reducing the oxide-reduction reactions of RONS
in the body [5,6]. Three enzymes are critical in this process, including superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GSH-Px). These mobilizable antioxidants, respectively,
neutralize O2*-and break down H20:2 or ROOH into harmless molecules such as H20, alcohol, and O2
[7].

However, when these antioxidants are not at adequate and sufficient levels to compensate for
the harmful effects of RONS, oxidative stress is installed in the body. Oxidative stress is therefore an
imbalance between RONS and antioxidants in favor of RONS [8]. Oxidative stress is involved in: 1-
Beneficial effects, such as the body's immune defense system through toxic action on invading
pathogens; 2- Harmful effects, leading to an interruption of redox signaling and control and/or
molecular damage in chronic, degenerative, neurodegenerative, metabolic, and infectious diseases
[4,7].

In this context, studies have discussed the role of RONS and antioxidant defense mechanisms in
malaria [9] Malaria is a potentially serious disease, causing more than 200 million malaria episodes
and about 500,000 deaths annually (Figure 1), mostly in impoverished communities [10] Among
others, Plasmodium falciparum and Plasmodium vivax pose the greatest threat to human health.
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Figure 1. Timeline of the number of cases (above) and number of deaths (below) of malaria in the
world.

Studies have associated the action of RONS with the various pathological manifestations in
malaria, which can range from nonspecific symptoms, such as fever and mild anemia, to the
complications of severe malaria, which include coma, prostration, respiratory difficulty, metabolic
acidosis, renal failure, liver damage, and severe anemia [11-13]

According to SUZUKI et al. [14] the pathophysiological changes evident in malaria infection
occur because mobilizable antioxidants are drastically reduced or consumed in oxidation-reduction
reactions with RONS during infection.

Other factors evidenced in the infection are preponderant for the high production of RONS,
including ischemia and reperfusion syndrome (IRS), parasite metabolism, as well as body's immune
response against the parasite itself [5,6,12]

During infection, the parasites invade red blood cells and feed on hemoglobin, their main source
of amino acids. As a consequence, red blood cells lose their function due to severe hemolysis. This
eventually releases heme (Fe?*) into the circulation. Heme can react with O: and generate O:*7,
subsequently increasing H20:2 levels through spontaneous dismutation, as well as increasing HO*
levels [15]. The increase in these RONS mediates the oxidation of lipids, proteins, and DNA, resulting
in cellular and tissue damage, endothelial dysfunction, and loss of vascular homeostasis [16,17]

RONS can also activate toll-like receptor-4 (TLR4), triggering immune response. According to
Ty et al. [18], RONS are a key factor into triggering the immune response during infection. According
to the authors, immune cells are activated, including neutrophils and macrophages, which engulf
and kill the parasites through the respiratory burst. One of the main responsible for this action is NO.
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NO is a gaseous free radical, with an extremely short half-life in tissues, ranging from 3 to 10
seconds, synthesized from L-arginine by the enzyme nitric oxide synthase (NOS). In macrophages
NO synthesis is usually low, however, in response to infection, inducible nitric oxide synthase (iNOS)
is activated, which can result in large amounts of NO produced over hours or days [19].

In addition to macrophages, endothelial, and neuronal cells synthesize NO, but at a constant
rate, regardless of physiological demand. In endothelial cells, NO is synthesized by endothelial NOS
(eNOS), acting as an important vasodilator, being able to increase the vascular permeability of
smooth muscles [20] Meanwhile, in neuronal cells, neuronal nitric oxide synthase (NNOS), releases
NO which can act as a neurotransmitter [21].

However, in malaria the high production of NO favors its reaction with O2*7, even at low
concentrations, to produce highly oxidizing ONOO", which can act locally on the underlying vascular
smooth muscle or on monocytes or platelets, promoting apoptosis in the microvascular endothelium
and cytoadherence [22]. Localized action occurs because the parasites express cytoadhesion factors
on the surface of infected red blood cells, allowing the binding and sequestration of red blood cells
in the postcapillary venules, promoting vascular occlusion and tissue hypoxia [23]. Another
important point to be considered is the fact that NO can interact reversibly with hemoglobin, which
acts as an Oz sensor and regulator of vascular tone in response to local Oz partial pressure, binding to
heme, generating nitrate and methemoglobin, which is unable to bind and carry O: for tissue
perfusion, further potentiating ischemia, hypoxia, and anemia [24].

Thus, phagocytosis and the consequent action of RONS including O2*~ and NO, as  well as other
toxic products, can aggravate the condition due to the rupture of parasitized erythrocytes, during
which uninfected normal erythrocytes can also be destroyed, stimulating cytoadherence and
consequently potentially blocking blood flow and leading to metabolic acidosis, renal failure, liver
damage, and severe anemia [5,11,12,19].

Cellular damage produced by oxidative stress can be prevented or reduced by the action of
consumable antioxidants present in food. Vitamins, including vitamins E and C, phenolic substances,
such as flavonoids and resveratrol, carotenoids, including 3-carotene and lycopene (LYC), and drugs
such as N-acetylcysteine (NAC), among others, belong to this category [5,6].

Recent interest in carotenoids has focused on the role of LYC in human health. LYC is a natural,
monounsaturated, lipophilic carotenoid synthesized by vegetables and fruits, such as tomatoes,
watermelons, and carrots [25]. Tomatoes and tomato products are the main source of LYC and are
considered an important source of carotenoids in the human diet [26]. It is widely used as a
supplement in functional foods, nutraceuticals, and pharmaceuticals, as well as an additive in
cosmetics [27,28].

LYC has potent activities, including antioxidant [29,30], anti-inflammatory [31], anticancer [32],
neuroprotective [33], cardioprotector [34] and cholesterol reducers, and its concentration in multiple
tissues is extremely important for these effects [35]

Consumable carotenoids react with a wide range of radicals, such as Oz*7, OH*, NO, and ONOO~
by electron transfer, producing radicals with lower oxidizing capacity, or they can lead to hydrogen
atom transfer generating neutral radicals [36,37]. This antioxidant action of LYC is favored by the
conjugate double bond contained in its structure, which confers high antioxidant capacity, which is
about 100 times greater than that of vitamin E [26].

Several studies have indicated an association between LYC use and a decrease in oxidative
changes [38-40] According to Pan et al. [41] The strong antioxidant activity was able to prevent
cyclosporine-induced intestinal injury in mice by increasing antioxidant activity and decreasing the
concentration of malondialdehyde (MDA), NO, interleukin (IL)-1f3, IL-6, and tumor necrosis factor-
alpha (TNF-a). These data reinforce the importance of LYC in the prevention of oxidative stress in
malaria [6]

Thus, this study sought to clarify the possible antioxidant mechanisms of LYC, to determine
whether LYC is an appropriate antimalarial candidate capable of reducing oxidative stress in male
Balb/c mice infected with P. berghei, a strain of murine malaria responsible for inducing in the
experimental animal model a syndrome similar to that caused by P. falciparum in humans and that is
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well characterized regarding the involvement of oxidative mechanisms in its pathophysiology. In
this sense, this study provides evidence that, in mice with P. berghei-induced malaria, treatment with
the carotenoid lycopene was able to improve several biochemical biomarkers related to oxidative
stress. The levels of uric acid (UA), thiobarbituric acid reactive substances (TBARS), and NO in
infected mice treated with LYC decreased below the levels found in the untreated infected animals,
or those treated with NAC, reaching values similar to those of the non-infected animals. To the best
of our knowledge, this study is the first to demonstrate important findings on the benefits of a therapy
based on the natural compound lycopene for the management of biochemical changes in
experimental malaria in vivo.

2. Results

Our data showed that P. berghei infection induced a significant increase in the level of TBARS
compared to the Sham group in brain and lung tissues on days 4, 8, and 12 post-infection (p <0.0001;
Figure 2). Both the LYC+Pb and NAC+Pb groups have significantly lower TBARS levels than the Pb
group in both tissues (p <0.0001). In addition, the LYC treatment provided an apparent normalization
in the level of TBARS in the treated animals, which was similar to the values presented by the animals
of the Sham group in both brain and lung tissues.
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Figure 2. Concentration of thiobarbituric acid reactive substances (TBARS) in the brain and lungs of
mice infected with P. berghei, treated or not with lycopene or N-acetylcysteine. Data are expressed as
means + standard deviation. 1 day: Vp < 0.02 versus Sham; °p < 0.005 versus Pb. 4 days: “p < 0.001 versus
Sham; *p < 0.0001 versus Pb; &p < 0.0001 versus LYC+Pb. 8 days: *p < 0.0002 versus Sham; >p < 0.0001
versus Pb; ¢p < 0.0001 versus LYC+Pb. 12 days: *p < 0.0001 versus Sham; ¥p < 0.0001 versus Pb; €p <0.0001
versus LYC+Pb.

In Figure 3 we observed that P. berghei infection led to a significant increase in AC-ABTS and
AC-DPPH in animals of the Pb group compared to the Sham group in brain and lung tissues (p <
0.0001). In the LYC supplemental group, a significant decrease in the level of AC-ABTS and AC-
DPPH was observed in relation to the Pb group in both tissues (p <0.0001), presenting behavior close
to that exhibited by the Sham group in both tissues. However, after treatment with NAC, a significant
increase in the level of AC-ABTS was observed in the brain tissue compared to the Sham and LYC
groups (p < 0.0001).



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 October 2023 d0i:10.20944/preprints202310.1422.v1

5
7 a 7 1
36 A 36 - a
Z5 v S5
g 4 * g 4
» 2
E 3 vor o7y abc A€ 23 . " €
]
2 y "2
% 1 & J’ 3 % 1 4 04 b
0 S‘. = B 0 08 >4 — 2]
1 4 8 12 1 4 8 12
Days post-infection Days post-infection
—o—-Sham —e=Pb =—e—=LYC+Pb =—e=NAC+Pb —o—-Sham —e—=Pb —e—=LYC+Pb —e=NAC+Pb
3.5 4 2 q
g 3 9
= 2.5 = 1.5 4 a
E £ —
S = * A
E E 1
& 15 1 &~ # 5
=] a L 1
v 1 ' 05 F pY
@] 05 4 @]
= 0. <« 0d abc
0 0
1 4 8 12 1 4 8 12
Days post-infection Days post-infection
—e—Sham —e=Ph —e—LYC+Pb —e=NAC+Pb —o—Sham —e=Ph —e—=LYC+Ph —e=NAC+Pb
(Brain) (Lung)

Figure 3. Antioxidant capacity (AC) by inhibition of ABTS and DPPH radicals in the brain and lungs
of mice infected with P. berghei, treated or not with lycopene or N-acetylcysteine. Data are expressed
as means * standard deviation. 1 day: Vp < 0.0001 versus Sham; °p < 0.005 versus Pb; *p < 0.0001 versus
LYC+Pb. 4 days: “p < 0.0001 versus Sham; “p < 0.01 versus Pb; &p < 0.02 versus LYC+Pb. 8 days: *p <
0.0001 versus Sham; p < 0.0001 versus Pb; ¢p < 0.0001 versus LYC+Pb. 12 days: 2p < 0.005 versus Sham;
¥p < 0.001 versus Pb; €p <0.0001 versus LYC+Pb.

Figure 4 shows that P. berghei induced a significant increase in NO levels in the Pb group
compared to the Sham group in both tissues throughout the study period (p <0.0001). After treatment
with LYC, a significant reduction in the level of NO in brain tissue was demonstrated compared to
the Pb and NAC+Pb groups (p < 0.0001). In addition, LYC led to normalization of the NO level in
brain tissue. On the other hand, in the lung tissue, LYC induced a significant increase in the level of
NO compared to the other groups (p < 0.0001).
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Figure 4. Nitric oxide concentration in the brain and lungs of mice infected with P. berghei, whether
or not treated with lycopene or N-acetylcysteine. Data are expressed as means + standard deviation.
1 day: Vp < 0.0001 versus Sham; °p< 0.0001 versus Pb; 'p < 0.0001 versus LYC+Pb. 4 days: *p < 0.0001
versus Sham; *p < 0.0001 versus Pb; &p < 0.0001 versus LYC+Pb. 8 days: *p < 0.0001 versus Sham; bp <
0.0001 versus Pb; <p < 0.0001 versus LYC+Pb. 12 days: *p < 0.0001 versus Sham; Yp < 0.0001 versus Pb; ¢p
<0.0001 versus LYC+Pb.
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Figure 5 shows that P. berghei induced a significant increase in UA levels in the Pb group
compared to the Sham group in both tissues (p < 0.0001). On the other hand, LYC supplementation
induced a significant reduction (p < 0.0001) of UA levels in relation to the Pb group in both tissues,
and to the NAC+Pb group in the brain tissue. Treatment with lycopene provided a normalization of
UA levels in both tissues, as well as NAC in lung tissue up to the eighth day of treatment.
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Figure 5. Uric acid concentration in brain and lungs of animals infected with P. berghei treated or not
with lycopene or N-acetylcysteine. Data are expressed as means + standard deviation. 1 day: Vp <
0,0001 versus Sham; ©p < 0.005 versus Pb; 'p < 0.0001 versus LYC+Pb. 4 days: “p < 0.0007 versus Sham;
p <0.02 versus Pb; &p < 0.0001 versus LYC+Pb. 8 days: #p < 0.0001 versus Sham; *p < 0.0001 versus Pb;
°p < 0.0001 versus LYC+Pb. 12 days: p < 0.0001 versus Sham; vp < 0.0001 versus Pb; €p < 0.0001 versus
LYC+Pb.

3. Discussion

Malaria causes more than 500,000 deaths every year, most of them due to brain and/or lung
complications induced by P. falciparum infection. In order to understand the pathophysiology
involved in malaria, experimental infection in an mice model with P. berghei infection has been widely
used for many studies due to its ability to induce oxidative biochemical changes, including lipid
peroxidation and/or decreased antioxidant capacity in vital organs such as lung and brain, with
several similarities to the human disease [42,43].

In order to investigate whether substances with antioxidant potential could reduce oxidative
biochemical changes during malarial infection, Balb/c mice were induced to malaria by P. berghei
inoculation, and treated with LYC or NAC.

Because NAC is a drug widely indicated for the treatment and/or prevention of several
respiratory diseases and is involved in the reduction of oxidative stress in diseases including human
immunodeficiency virus (HIV) infection, influenza A/HINI1 virus, and malaria, it was used in our
study as a standard substance [44—47]. On the other hand, LYC, as an orally administered antioxidant
agent, was tested for its antioxidant activity in mice infected with P. berghei and its action was
compared to the effects of NAC. LYC is a carotenoid present in foods such as tomatoes, watermelon,
guava, among other foods, which an antioxidant potential approximately twice the activity of -
carotene [48]. Its antioxidant property contributes to optimizing health status and reducing the risk
of oxidative stress-based diseases such as cancer and malaria [38,49].

In this study, our data evidenced that LYC and NAC improved several biochemical biomarkers
related to oxidative stress. However, LYC presented a more intense effect than NAC. LYC induced a
reduction in the levels of UA, TBARS, and NO in mice with malaria, leading to concentrations
significantly lower than those found in untreated infected animals, or in those treated with NAC,
reaching values similar to those of uninfected animals. In this study, we confirmed important data
on the in vivo benefits of a therapy based on this natural compound for the management of oxidative
biochemical changes in experimental malaria.

Although there is still no consensus on the precise mechanism responsible for malaria severity,
studies indicate that both the host and the parasite are under oxidative stress, due to the increase in
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circulating RONS, produced during the inflammatory response by cells such as activated monocytes
and neutrophils, and mainly due to the degradation of hemoglobin by the parasite [6,12,50-52].

During infection, the parasite is able to develop rapidly, because by consuming hemoglobin
from the host erythrocyte, degrades it into amino acids, which are used for its nutrition. Fe?, also
released in the cytosol, undergoes Fenton and Haber-Weiss reactions favored by the presence of O,
generating RONS including Oz*-, H202 and OH*. These RONS can then induce lipid peroxidation,
impair microvessel endothelial cells, and cause other important tissue damages [16,17]

In our study, we demonstrated that the experimental malaria induced by P. berghei infection
caused a detrimental effect on the oxidative biochemical parameters studied in mice, resulting in an
increase in the levels of TBARS, AC-DPPH, AC-ABTS, NO, and UA, which was expected, because,
according to BAPTISTA et al. [53] about 60% of mice infected with P. berghei succumb to malaria
between days 6 and 8 post-infection with moderate parasitemia between 6 and 11%.

To verify possible oxidative biochemical changes caused by RONS, we measured TBARS in lung
and brain tissues of infected BALB/c mice. TBARS are mainly reactive a and (3 unsaturated aldehydes,
such as MDA, 4-hydroxy-2-nonenal, 2-propenal (acrolein) and isoprostanes, and are products of the
decomposition of polyunsaturated fatty acid hydroperoxides and laboratory markers of lipid
peroxidation, which occurs by the action of RONS on lipids and, therefore, demonstrates the
occurrence of oxidative stress [54].

Our data showed that the Pb group had a significantly higher level of TBARS than the Sham
group in brain and lung tissues (p <0.0001; Figure 2), reinforcing the action of RONS as an important
mediator of oxidative biochemical changes caused by experimental malaria infection.

Previously, Reis et al. [46] reported increased production of MDA and conjugated dienes in the
brains of C57BL/6 mice infected with Pb, indicating the occurrence of oxidative stress. Fernandes et
al. [55] correlated increased plasma levels of reactive aldehydes in Pb-infected mice with malaria
severity. Scaccabarozzi et al. [56] showed that infection with Pb in C57BL/6] mice induced at the same
time biochemical changes in liver and lung tissue, as well as leading to acute respiratory distress
syndrome, due to an exacerbated excessive oxidative response, demonstrated by the alteration of
mobilizable antioxidant enzymes and the increase in MDA levels. Recently, Chuljerm et al. [57]
reported elevated levels of TBARS in the plasma and livers of Pb-infected mice.

Our findings indicate that in P. berghei infected mice an excessive oxidative response seems to
predominate, demonstrated by the increase in TBARS levels, which is an index of loss of structure
and integrity of the cell membrane of brain and lung tissues, and these changes were related to high
parasitemia.

However, treatments with LYC and NAC significantly reversed (p < 0.0001) the increase in
TBARS concentration when compared to the Pb group (Figure 2). In addition, LYC treatment brought
the TBARS level to similar values exhibited by the animals in the Sham group, which suggests that
LYC may be successful in eliminating RONS, inhibiting lipid peroxidation, and protecting membrane
lipids from oxidative damage in brain and lung of mice during malarial infection.

These data are in line with previous findings in the literature in which it has been reported that
both LYC and NAC are able to reduce endogenous oxidant levels and protect cells against a wide
range of pro-oxidative insults [58,59] by reacting directly with RONS [60]. According to Zhang [61],
LYC has the ability to inhibit oxidative stress and TBARS, limiting the production of RONS. LYC
activity has also been implicated in the elimination of P. falciparum in vitro [49]. However, the direct
effect of LYC on the proliferation of the parasite in vivo is unclear. On the other hand, the antioxidant
activity of NAC may have involved the direct action of its free thiol (SH) group, which can act as an
electron donor, favoring the interaction of NAC with RONS.

By promoting cellular aggression processes, parasites can readily alter the concentration of
mobilizable antioxidants in the body, triggering endogenous defense mechanisms against oxidative
aggression. The action of these molecules helps protect biological membranes, which are susceptible
to lipid peroxidation and oxidative damage in general. Mobilizable antioxidants include enzymes
such as SOD, which dismutates Oz~ into H20», CAT, and GSH-Px, which break down H20: and
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ROOH into poorly reactive molecules, such as H20, alcohol, and O, as well as other non-enzymatic
molecules such as reduced glutathione (GSH) [5,6]

In this sense, we found a significant increase in AC-ABTS and AC-DPPH in animals in the Pb
group compared to the Sham group in brain and lung tissues (p < 0.0001; Figure 3). The significant
increase in AC-ABTS and AC-DPPH in the present study may reflect an adaptive response of the
animal organism to an increased demand for mobilizable antioxidants, possibly to combat the RONS
generated during P. berghei infection.

Reinforcing these results, we found a significant positive correlation between the concentrations
of TBARS versus AC-ABTS (r = 0.4; p < 0.0001) and TBARS versus AC-DPPH (r = 0.5; p < 0.0001) in
the Pb group. The increase in antioxidant capacity may have occurred due to the action of Pb on
mobilizable enzymes or due to the high level of RONS, such as H202, Oz*7, OH*, ONOO", which form
within cells in response to Pb infection.

On the other hand, LYC supplementation led to a significant decrease in the level of AC-ABTS
and AC-DPPH in relation to the Pb group in both tissues (Figure 3). Additionally, the level of AC-
ABTS and AC-DPPH was restored by treatment in the LYC+Pb group in brain and lung tissues.
Similarly, to what occurred for infected and untreated animals, after treatment with NAC, a
significant increase in the level of AC-ABTS in brain tissue was observed compared to the Sham and
LYC+Pb groups. In the lung tissue, NAC restored the level of AC-ABTS to the levels presented by the
animals of the Sham group.

In view of these findings, it can be suggested that, in mice infected with Pb, the administration
of LYC may decrease the activity of mobilizable antioxidants, as a result of cellular redox regulation
after the ingestion of exogenous antioxidants. On the other hand, NAC, being an analogue and
precursor of GSH, may have induced the replacement of intracellular levels of GSH, also known as
the main antioxidant produced by the body and which protects cells from oxidative stress.

In this context, some studies report that, in diseases in which oxidative stress is a pathogenic
mediator, such as Alzheimer's, Parkinson's, Chagas, dengue, and malaria, the actions of mobilizable
antioxidants are not sufficient to maintain an adequate cellular redox balance [62-65].

To counteract the deleterious effects of RONS, supplementation with consumable antioxidants,
including vitamins E and C, phenolic substances such as flavonoids and resveratrol, carotenoids
including 3-carotene and LYC, and drugs such as NAC, are essential for maintaining optimal cellular
function. LYC is a potent antioxidant that also has anti-inflammatory, anti-atherogenic, antidiabetic,
neuroprotective, and anticancer effects [31,32,34,39,66-68].

Antioxidants can act by increasing the concentration of other antioxidants in the body, donating
electrons to the RONS and neutralizing them, binding directly to RONS and inactivating them, or
also by preventing the cascade of formation of highly reactive RONS, such as OH* and ONOO™ [69].

These RONS are reported to be a key factor in triggering the devastating inflammatory response
that has been associated with disease progression and subsequent fatal outcome [70]. RONS also
appear to act as second messengers in a signaling cascade and can activate mononuclear cells, as well
as macrophages and dendritic cells that stimulate the release of High Mobility Group Box-1 (HMGB-
1) into the intra- and extracellular space [18].

According to Techarang et al. [71] increased expression of HMGB-1 in endothelial cells may
stimulate several receptors, including RAGE, TLR-4, and TLR-2, which activate nuclear factor kappa
B (NF-«B) leading to the production of TNF-a, interferon-gamma (IFN-vy), IL-1f3, and IL-6, involved
in the pathogenesis of malaria.

These inflammatory mediators can also stimulate the activation of iNOS in macrophages. In
macrophages, iNOS activity is normally low, but the expression of this enzyme is greatly stimulated
by the release of inflammatory mediators such as IF N-y, in response to infection, leading to an
increased NO concentration [72].

NO is recognized as a mediator in a wide range of biological systems, plays an important role in
the maintenance and regulation of bronchomotor tone by non-adrenergic and non-cholinergic neural
mechanisms (NANC), and acts as an important vasodilator in the vascular endothelium [73]. In
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addition, it is essential for the phagocytic function of macrophages, generating oxidizing molecules
such as ONOO™ with the ability to destroy invading pathogens.

Despite participating in the body's defense when produced by macrophages, in our study the
increase in NO concentration was not correlated with a decrease in parasitemia. According to our
results, there was a significant increase (p < 0.0001) in NO levels in the Pb group compared to the
Sham group in both tissues throughout the study period (Figure 4). Therefore, it is possible that the
exaggerated production of NO may have generated harmful effects to the animal organism, including
generalized vasodilation resulting in hypotension and oxidative changes resulting from ONOO",
highly reactive, capable of inducing peroxidation of membrane lipids.

However, after treatment with LYC, a significant reduction in the level of NO in brain tissue was
observed in comparison with Pb and NAC+Pb groups (Figure 4). In addition, LYC led to
normalization of the NO level in brain tissue. In lung tissue, LYC led to an increase in NO levels in
the LYC+Pb group compared to the other groups.

LYC is an extremely hydrophobic molecule with a high capacity to permeate the double layer of
phospholipids of the plasma membrane, and can accumulate in different tissues, such as the brain
[74]. According to studies, LYC can be absorbed by passive diffusion and active process in which the
transporter of the scavenger receptor protein class B type 1 (SR-B1) is involved [38,75]. Additionally,
it has a long chain with 11 double conjugate links, which makes it an excellent scavenger for RONS,
such as 102, O2*7, OH*, NO2 and ONOO™ [76,77].

In view of our results, it is possible that lycopene crosses the blood-brain barrier of the central
nervous system and exerts neuroprotective effects against oxidative changes induced by malarial
infection. Additionally, lycopene serves as an efficient antioxidant, acting on antioxidant defense in
brain tissue by binding to RONS, inactivating them and preventing the reaction chains that lead to
the formation of 10z, 027, OH*, NO:, and ONOO™ highly deleterious to the body. In lung tissue, we
believe that LYC can decompose Oz~ and thus prevent the production of ONOO™ and tissue
oxidative nitration, releasing NO to promote vascular vasodilation, contributing to tissue perfusion
and the arrival of more defense cells and lycopene molecules in the tissue. Therefore, lycopene may
accumulate and exert protective effects on the pulmonary and cerebral vasculature.

Previous studies have shown the protective role of NO in the hemodynamic improvement of
cerebral microcirculation and the reduction of vascular pathology in cerebral malaria [78,79]. On the
other hand, in malarial infection, ONOO™ can induce protein nitration, depletion of consumable
antioxidants, peroxidation of the microvascular endothelium [22], resulting in the marked decrease
in blood flow leading to ischemia and subsequent hypoxia, vasospasms, and tissue hypoperfusion
along with cell-mediated congestion, resulting in pulmonary edema and stroke [80,81]. In addition,
tissue ischemia may result from cytoadhesion caused by Plasmodium infection [5,12].

Prolonged hypoxia ceases oxidative phosphorylation in the mitochondria, promoting ATP
degradation and accumulation of xanthine oxidase (XO) and hypoxanthine. In an attempt to restore
tissue oxygenation, the body stimulates the expression of eNOS to increase the production of NO,
aiming at tissue reperfusion. However, when the blood supply is resumed, XO acts on hypoxanthine
resulting in the production of O2*7, H20», and uric acid, the latter being used in the present study as
a marker of the occurrence of IRS. On such IRS, O2*" can still react with NO generating ONOO™ [82].

In this context, our data indicated that Pb infection was able to induce a significant increase in
UA levels in the Pb group compared to the Sham group in both tissues (p < 0.0001; Figure 5). On the
other hand, LYC supplementation induced a significant reduction (p <0.0001) of UA levels in relation
to the Pb group in both tissues, and to the NAC+Pb group in the brain tissue. In addition, treatment
with LYC provided a normalization in the levels of UA in both tissues, as well as NAC in the lung
tissue, suggesting its role in the prevention of damage caused by IRS.

These results are in agreement with previous studies that showed elevated UA levels in children
infected with P. falciparum during acute episodes and with disease severity, suggesting that UA is an
important mediator in the pathophysiology of malaria [83].

4. Materials and Methods
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A total of 231 adult male mice of the species Mus musculus and Balb/c breed, 7-10 weeks of age,
weighing between 25 and 40g (Vivarium of the Evandro Chagas Institute, Ananindeua, Para-Brazil)
were used. The animals were housed in the Experimentation Vivarium of the Oxidative Stress
Research Laboratory (LAPEO) of the Institute of Biological Sciences (ICB) of the Federal University
of Para (UFPA), with an ambient temperature of 24+2°C, a 12-hour light/dark cycle (lights from 7 a.m.
to 7 p.m.), and free access to food and water. Before any experimental procedure, animals were
acclimatized to laboratory conditions for 15 days.

All experimental procedures were performed at LAPEO. The animals were handled and cared
for in accordance with the ethical standards of animal experimentation indicated by the Brazilian
Society of Laboratory Animal Science. The project, filed under No. 3235130919, was approved by the
Ethics Committee on the Use of Animals of UFPA (CEUA/UFPA).

2.1. Protocol for the preparation and administration of lycopene and N-acetylcysteine

The lycopene preparation and administration protocol was chosen based on a dose-response
study on the effects of lycopene supplementation on biomarkers of oxidative stress [84], and the dose
was calculated by allometric extrapolation [85]. Animals received 3.11mg/kg of body weight/day of
lycopene via gavage.

The N-acetylcysteine preparation and administration protocol was chosen based on a
randomized, double-blind, placebo-controlled study of chronic obstructive pulmonary disease [86],
and the dose was calculated by allometric extrapolation [85]. Animals received 62mg/kg of body
weight/day of NAC via gavage.

Mice in the LYC+Pb and NAC+Pb groups were pretreated with a dose of 3.11mg/kg bw/day of
LYC or 62mg/kg bw/day of NAC via gavage, respectively, twenty-four hours before infection.
Treatments then continued daily until the day before the animals were euthanized. Mice of the Sham
group received only vehicle (water) via gavage.

2.2. Plasmodium berghei ANKA -infection protocol

The mice of the groups PB, LYC+Pb and NAC+Pb were performed by intraperitoneal injection
(i.p.) of 106 P. Berghei ANKA-parasitized red blood cells (pRBC). On the other hand, the Sham group
animals received 10°¢ of non-parazitated red blood cells.

2.3. Protocol for subdivision of the experimental groups

In an experiment of 1, 4, 8 or 12 days of consecutive follow-up, 231 male mice (Balb/c) were
randomly assigned to 4 groups (Figure 6), including Sham (n=28): mice received the vehicle (water;
gavage) and non-parasitized red blood cells (i.p.); Pb (n=49): mice infected with P. berghei ANKA
(i.p.); LYC+Pb (n=49): mice treated with LYC (gavage) and infected with P. berghei (i.p.); NAC+Pb
(n=49): mice treated with NAC (gavage) and infected with P. berghei (i.p.).

The subgroups 1- and 4-days were formed by 7 animals each. The 8- and 12-days subgroups
were formed by 15 and 20 animals, respectively, due to the higher mortality expected for these
subgroups.

Sham

n=28
Treatment

Ph Pretreatment 0 1 4 12

8
- n=49
- - — <:#> '. " PN T\ FrmN
L2 LYC+Pb Infection day | hi bl
N=231C n=49

S
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LYC: 3.11mg/kg bw/day
NAC: 62mg/kg bw/day
Infection day: Plasmodium berghei
Days post-infection: 1, 4, 8 or 12
CEUA/UFPA n® 3235130919

(TBARS; AC-ABTS;AC-DPPH; NO; UA|
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Figure 6. Schematic representation of the experimental protocol. Balb/c mice were pretreated with
lycopene or N-acetylcysteine prior to inoculation with 10° erythrocytes parasitized with Plasmodium
Berghei ANKA, and treatment continued daily until the day before euthanasia, for 1, 4, 8 or 12
consecutive days. After euthanasia, brain and lungs were collected for biochemical analyses:
Antioxidant Capacity Equivalent to Trolox by inhibition of ABTS (AC-ABTS) and DPPH (AC-DPPH)
radicals- TBARS= Thiobarbituric Acid Reactive Substances; UA= Uric Acid; NO= Nitric Oxide.

2.4. Euthanasia Protocol and Sample Preparation

At the end of each study period, each animal was anesthetized intraperitoneally, using a
combination of 0.5 mL of 10% ketamine hydrochloride (9 mg/kg) + 0.25 mL of 2% xylazine
hydrochloride (10 mg/kg) +4.25 mL of water for injection. After confirmation of unconsciousness and
loss of corneal reflex, animals were euthanized by exsanguination through intracardiac puncture.

Subsequently, both lungs were extracted, as well as the brain of each animal. The organs were
weighed and added phosphate saline-buffer solution (PBS) in a ratio of 1:10 (m:v). Subsequently, the
ultrasonic disruption of tissues was performed to obtain a homogenate. After homogenization, the
material was centrifuged at 2,500 rpm for 10 minutes and the supernatant was collected, stored in an
Eppendorf microtube, and frozen at -20°C until assayed.

2.5. Biochemical Measurements Protocol

2.5.1. Thiobarbituric acid reactive substances (TBARS)

The method was carried out according to the fundamentals proposed by Kohn and Liversedge
[87], with chemical conditions of the reaction adjusted according to Percario et al. [88]. This method
evaluates lipid peroxidation and has been used as an indicator of oxidative stress. The test is based
on the reaction of thiobarbituric acid (4,6-Dihydroxypyrimidine-2-thiol, TBA; Sigma-Aldrich; T5500;
Sao Paulo/SP) with by-products of lipid peroxidation (e.g. MDA), at acidic pH (2.5) and high
temperature (94°C), forming chromogens with absorbance at 535 nm.

Initially, 0.5 mL of the sample or standard was mixed with 1 mL of the TBA solution (10 mM).
Then, this solution was placed in a water bath at 94°C for 60 minutes. Subsequently, 4 mL of n-butyl
alcohol were added, the solution was stirred in a vortex-type agitator, then centrifuged at 3000 rpm
for 10 minutes. After that, 3 mL of the supernatant was transferred to the cuvette and then
spectrophotometry was performed at 535 nm (Spectrophotometer 800XI; Femto; Sao Paulo/SP).

A standard curve (1,1,3,3, tetrahydroxypropane; standard MDA; 20 uM; Sigma-Aldrich
Chemical; 108383; Sao Paulo/SP) was performed in triplicate and, from the values found, the equation
of the line (y = 0.1419x - 0.0037) was calculated, where y represents the absorbance value and x the
concentration value, obtaining R2=0.9999. From the equation of the line, the concentration of TBARS
of the samples was determined.

2.5.2. Antioxidant capacity by radical ABTS** inhibition (AC-ABTS)

It was carried out according to the initial foundations proposed by Miller et al. [89], with reaction
conditions modified by Re et al. [90]. The method is based on the ability of substances to eliminate
the radical cation 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS**),
a blue-green chromophore with maximum absorption at 734 nm, resulting in the formation of the
stable product ABTS, which is colorless.

Initially, the ABTS** solution (2.45 mM) was prepared from the reaction between ABTS (7 mM,;
Sigma-Aldrich; A1888; Sao Paulo/SP) and potassium persulfate (140 mM; K2OsSz; Sigma-Aldrich;
216224; Sao Paulo/SP). Then, the initial reading (T0) of the ABTS** solution was performed in an 800XI
spectrophotometer (Femto; Sdo Paulo/SP) at 734 nm. Then, 30 pL of sample or standard was added
to the solution and, after 5 minutes, the final reading (T5) was performed.

A standard curve (6-hydroxy-2,5,7,8-tetramethylcromono-2-carboxylic acid; Trolox®; 2.5mM,;
Sigma-Aldrich; 23881-3; Sao Paulo/SP) was performed in triplicate and, from the absorbance values
found, the equation of the line (y = 0.4324x + 0.0049) was obtained, where y represents the absorbance
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value and x the concentration value, obtaining R?= 0.9997. From the equation of the line, the AC-
ABTS of the samples was determined.

2.5.3. Antioxidant capacity by radical DPPH* inhibition (AC-DPPH)

The test was performed according to the adapted method proposed by Blois [91] This assay
evaluates the total antioxidant capacity of synthetic or natural substances to eliminate the DPPH*
radical (Sigma-Aldrich; D9132; Sao Paulo/SP), a violet chromophore with absorption at 517nm,
resulting in the formation of the hydrogenated product DPPH, which is yellow or colorless.

First, the DPPH* solution (0.1 mM) was prepared from the reaction between DPPH (394.32
g/mol; Sigma-Aldrich; A1888; Sao Paulo/SP) and ethyl alcohol (P.A.; C2:HsO; Sigma-Aldrich; 216224;
Sao Paulo/SP). Subsequently, the DPPH* solution was read in an 800XI spectrophotometer (Femto;
Sao Paulo/SP) at 517 nm. Then, 50 pL of the sample or standard was mixed in 950 uL of the DPPH*
solution and placed in a water bath at 30°C for 30 minutes. After this period, the second reading was
held.

A standard curve (Trolox; 2.5mM) was performed in triplicate and, from the absorbance values
found, the equation of the line was obtained: y = 0.2041x — 0.0031, where y represents the absorbance
value and x, the concentration value, obtaining R?= 0.9973. From the equation of the line, the AC-
DPPH was determined in the samples.

2.5.4. Nitric oxide (NO)

The NO concentration was determined indirectly by the detection of nitrate (NOs-) or nitrite
(NOx) in the samples, using the NO colorimetric assay kit (Elabscience®, Catalog No: E-BC-K035-M).
NO is readily oxidized to form nitrite in vivo or in aqueous solution, which can react with the
chromogenic reagent nitrate, forming a pale red compound. The concentration of the compound is
linearly related to the concentration of NO in the sample.

Initially, 100 uL of sample or standard was mixed with 200 pL of reagent 1 (sulfate solution),
and 100 pL of reagent 2 (alkaline reagent). After resting for 15 minutes, the solution was centrifuged
at 3000 rpm for 10 minutes. Then, 160 pL of the supernatant was transferred to the microplate, where
80 pL of the chromogenic reagent was added. After 15 minutes of incubation at room temperature,
spectrophotometric readings were performed at 550 nm.

A standard curve (sodium nitrite; 100 uM) was performed in triplicate and, from the values
found, the equation of the line was obtained (y = 0.0022x — 0.0005), where y represents the absorbance
value and x, the concentration value, obtaining R? = 0.9987. From the equation of the line, the
concentration of nitric oxide in the samples was determined.

2.5.5. Uric acid (UA)

The procedure was performed using the Liquiform Uric Acid Kit (Labtest). The technique
consists of the oxidation of uric acid by uricase producing allantoin and H20z. H20: in the presence
of peroxidase reacts with 3,5-dichloro-2-hydroxybenzene sulfonate acid (DHBS) and 4-
aminoantipyrine to form the antipyrylquinonymine chromogen. The intensity of the red color formed
is directly proportional to the concentration of uric acid in the sample.

To perform the assay, 0.02 mL of the sample or standard was mixed in 1 mL of uric acid working
reagent (4-aminoantipyrine, peroxidase, sodium azide, DHBS, and uricase). The solution was then
incubated in a water bath at 37°C for 5 minutes. Then, absorbances were determined using an 800XI
spectrophotometer (Femto; Sao Paulo/SP) at 505 nm.

A standard curve (Uric acid; 20mg/dL) was performed in triplicate and, from the values found,
the equation of the line was obtained (y = 0.0166x + 0.0012), where y represents the absorbance value
and x, the concentration value, obtaining R?=0.9986. From the equation of the line, the concentration
of UA in the samples was determined.

2.6. Statistical analysis
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For each parameter analyzed, the analysis of possible outliers was performed by calculating the
interquartile range, in which the difference between the third quartile (Q3) and the first quartile (Q1)
was determined, called dj. Any value lower than Q1-3/2dj or greater than Q3+3/2dj was considered
to be discrepancies, and was not considered in the statistical calculations. After the analysis of the
discrepant points, normality was assessed using the Levene test. For homoscedastic distribution, the
Analysis of Variance (ANOVA) test was applied, and for heteroscedastic dispersion, the Kruskal-
Wallis test was applied. Significant differences were compared between the groups using Tukey's
post-hoc test.

In the intragroup temporal progression analysis, the unpaired Student's t-test was performed.
To verify the possible correlation between parameters, Pearson's correlation test was performed,
considering the paired values of two parameters obtained for the same animal, and the calculations
were performed with the data obtained from all animals simultaneously, according to the group to
which they belong. For the pairs of values in which there was suspicion of a linear relationship,
regression analysis was performed, using all animals in both groups simultaneously and each group
individually. In all tests, a significance level of 5% (p<0.05) was considered.

5. Conclusions

Lycopene prevented oxidative damage induced by Plasmodium berghei in brains and lungs of
mice, restoring the levels of NO, TBARS, and antioxidant molecules, as well as preventing the
occurrence of ischemia and reperfusion syndrome in infected animals. These results are striking
evidence of the beneficial effect of lycopene supplementation on oxidative stress in experimental
malaria in vivo, and emphasize the importance of antioxidant supplementation in the treatment of
the disease.

Thus, lycopene may become an important viable, safe, and innovative strategy for the
development of therapeutic alternatives to mitigate the damage caused by malarial infection.
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