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ABSTRACT

Regular moderate-intensity exercise can increase the effectiveness of the body’s endogenous antioxidants, and
potentially boost immune defenses against viral infections. The bioflavonoids in lemon peel essential oil, known
for their antioxidant properties, also help protect against free radical damage while acting as immunomodulators.
This study aimed to evaluate the potential benefits of consistent moderate exercise and lemon peel essential oil
on the immune response during the COVID-19 pandemic. The study involved randomly dividing 20 white rats
into two groups, each consisting of 10 animals. Group P1 participated in 40-minute moderate-intensity swimming
sessions, while group P2 underwent the same swimming routine and also received 0.05 milliliters of lemon peel
essential oil per hour before the swimming sessions. The results showed that in the RDF group, the total
antioxidant capacity (TAC) increased from 320.34 + 44.05 umol (pre-test) to 353.01 £ 70.22 pmol (post-test),
and the C-reactive protein (CRP) level decreased from 0.54 + 0.11 ng/ml (pre-test) to 0.49 = 0.04 ng/ml (post-
test). Similarly, the RE group experienced an increase in TAC from 338.15 + 29.14 pmol (pre-test) to 356.48 +
44.34 umol (post-test) and a decrease in CRP levels from 0.56 + 0.04 ng/ml (pre-test) to 0.53 + 0.09 ng/ml (post-
test). However, no statistically significant differences were observed in TAC (P > 0.05) or CRP (P > 0.05) levels
after the exercise, and no significant differences were observed between the two groups (P > 0.05).
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Introduction

In early 2020, a new type of pneumonia caused by the severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) rapidly spread worldwide and was named COVID-19 [1-3]. The World Health Organization categorized
this outbreak as both a pandemic and a global health emergency. The repercussions of this epidemic have been
vast, influencing economic systems, social behaviors, and individual lifestyles, particularly regarding respiratory
health. Discussions on the disease’s diagnosis, management, and preventive measures remain ongoing [4, 5]. The
infection disrupts the body’s immune response, contributing to tissue damage [6].

COVID-19 is caused by an RNA virus measuring between 120 and 160 nm in size. This virus is part of a family
that includes six human-infecting coronaviruses: 229E, NL63, OC43, HKU1, SARS-CoV, and MERS-CoV [7].
The virus responsible for COVID-19 belongs to the betacoronavirus genus. Phylogenetic analysis shows that
SARS-CoV-2 is closely related to the SARS virus from the 2002-2004 outbreak [8]. Consequently, the virus was
named SARS-CoV-2 by the International Committee on Taxonomy of Viruses [9].

The pandemic has prompted an increased focus on physical fitness and exercise. Alongside regular physical
activity, maintaining a healthy lifestyle and proper nutrition is crucial for boosting immunity and preventing
COVID-19 infection [10]. It is advisable to exercise indoors during quarantine to avoid exposure to the virus.
Activities such as walking, swimming, stair climbing, sit-ups, and yoga are all effective forms of exercise that can
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be incorporated into daily routines [11]. Initial studies suggest that enhancing the activity of endogenous
antioxidants such as catalase can help improve resistance to viral infections. Therefore, regular physical exercise
can be considered a form of immunotherapy, providing an affordable and significant way to enhance the quality
of life [12].

Indonesia, known for its tropical climate, is home to a wide variety of plants that offer numerous benefits to
humans, animals, and the environment. Lemons, which are commonly consumed in Indonesia for their vitamin C
content, are just one example. According to Indonesian Essential Oil: The Scents of Natural Life (2011), there are
approximately 40 plant species in the country that are suitable for essential oil production.

Essential oils are volatile compounds extracted from different parts of plants, including stems, leaves, flowers,
seeds, bark, fruits, roots, and rhizomes. These oils contain various bioactive compounds, such as terpenes, acetone,
phenols, aldehydes, alcohols, esters, and acids, which are present in many plant species [13]. Lemon peel essential
oil, which contains powerful antioxidants, plays a crucial role in protecting the body from oxidative stress.
Moreover, these bioactive compounds can help regulate immune function. Immunomodulation refers to the
process of altering immune system activity, which can either suppress or stimulate immune responses [14].
During physical activity, oxygen consumption can increase by 10 to 15 times compared to resting conditions. In
cases of maximal exertion, the oxygen supply to body tissues may rise to 20 times, while oxygen uptake within
muscle fibers can reach up to 100 times higher than at rest. This substantial increase in oxygen utilization may
lead to the formation of free radicals due to the leakage of electrons from the mitochondrial respiratory chain.
Consequently, exercise is closely associated with increased oxygen consumption and elevated oxidative stress
levels [15].

Several studies have demonstrated that free radicals generated during muscle contraction, particularly under
conditions of tissue hypoxia, play a physiological role in promoting exercise adaptation. These reactive oxygen
species (ROS) function as signaling molecules that stimulate gene expression, enhancing the endogenous
production of antioxidants and contributing to the body’s defense against oxidative stress [16]. However,
excessive production of free radicals may disrupt the balance between pro-oxidants and antioxidants, leading to
oxidative stress. This condition often results in lipid peroxidation, cellular damage, and reperfusion injury, which
impairs oxygen and nutrient delivery, triggers ischemia, and causes microvascular damage. Furthermore,
oxidative stress can activate inflammatory pathways, stimulating the release of C-reactive protein (CRP), a well-
established biomarker of inflammation and infection. Typically, oxidative stress biomarkers, including CRP, are
measured in plasma, providing a stable medium for their assessment [17].

CRP is an acute-phase protein synthesized by the liver in response to inflammatory stimuli, particularly those
mediated by pro-inflammatory cytokines. Elevated CRP levels in the serum reflect the body’s inflammatory
response and may indicate muscle injury resulting from exercise-induced stress [18]. Regular moderate-intensity
exercise has been shown to enhance the total antioxidant capacity (TAC) by promoting the synthesis of enzymatic
antioxidants such as catalase, as well as increasing levels of non-enzymatic antioxidants, including uric acid,
albumin, ceruloplasmin, and metallothionein. Moreover, regular exercise can reduce lipid peroxidation and
mitigate oxidative damage. TAC is commonly used to assess the antioxidant status of biological samples and
serves as an indicator of the body’s ability to neutralize free radicals [19].

The improvement of endogenous antioxidant defenses is influenced by several factors, including the type,
duration, and intensity of exercise, as well as the individual’s training status and nutritional intake. Trained
individuals exhibit less DNA damage from strenuous exercise compared to untrained individuals. In addition to
regular physical activity, consuming antioxidant-rich fruits is crucial for strengthening the immune system,
especially during the COVID-19 pandemic. Antioxidants are compounds that, even at low concentrations, can
inhibit oxidative processes by neutralizing free radicals. They achieve this by donating an electron to unstable
molecules without becoming free radicals themselves, thus preserving cellular integrity [20].

Antioxidants are classified into two main groups: endogenous (enzymatic) antioxidants, such as superoxide
dismutase (SOD), catalase, and glutathione peroxidase (GPx), and exogenous (non-enzymatic) antioxidants,
obtained from diet or supplements, including glutathione, vitamin C, vitamin E, carotenoids, uric acid, and zinc
[21]. Several studies have reported that the consumption of antioxidant-rich foods, such as fruits and vegetables,
can lower CRP levels. Bioactive compounds like anthocyanins are believed to significantly contribute to CRP
reduction, although other antioxidants may also exert similar effects. When free radicals are produced within
physiological limits, endogenous antioxidant systems can adequately neutralize them. However, in cases where
endogenous antioxidants are insufficient, the intake of exogenous antioxidants becomes necessary [22].
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This study aimed to assess the potential benefits of consistent moderate exercise and lemon peel essential oil on
immune response during the COVID-19 pandemic. Citrus peel essential oil was selected as an intervention in this
study because, in addition to its content of bioactive metabolites, it offers potential antioxidant properties that may
modulate oxidative stress and inflammatory responses.

Materials and Methods

This study utilized an experimental method with a post-test control group design. The research subjects comprised
male Wistar strain white rats (Rattus norvegicus), weighing between 180 to 200 grams and aged approximately 3
to 4 months. A total of 20 rats were used in this experiment. The animals were randomly assigned into two groups,
each consisting of ten rats. Group P1 was subjected to moderate-intensity swimming exercise for 40 minutes. In
contrast, group P2 underwent the same swimming protocol but received an additional treatment of 0.05 milliliters
of lemon peel essential oil administered orally every hour for one hour before the swimming activity.

Total antioxidant capability (TAC) test

Measurement of TAC levels was performed using the QuantiChromTM Antioxidant Assay Kit (DTAC-100)
supplied by Bioassay Systems. This method is based on the principle that, under correct assay conditions, the
generated Cut ions interact with a dye reagent to form a colored complex. The resulting color intensity
corresponds directly to the TAC concentration in the sample and is quantified by measuring absorbance at a
wavelength of 570 nm. To prepare the standard, 5 uL of the provided standard solution was mixed with 245 pL
of distilled water to achieve a final concentration of 1 mM Trolox. Subsequently, 20 puL of either the standard
solution or the test sample was added to each well of a 96-well flat-bottom clear microplate. For the working
reagent, 100 pL of reagent A was combined with 8 pL of reagent B for each well. Then, 100 pL of this working
solution was added to each well containing the standard or sample. The microplate was gently mixed and left to
incubate at room temperature for 10 minutes. Following incubation, the absorbance was measured at 570 nm using
a plate reader.

C-reactive protein (CRP) test

Quantification of CRP levels was carried out using the Human CRP ELISA Kit (Catalog No: E1798Hu, Bioassay
Technology Laboratory), employing the standard ELISA procedure. The wells of the microplate were pre-coated
with human CRP antibodies. Samples were added to the wells, allowing CRP present in the samples to bind to the
immobilized antibodies. Subsequently, a biotin-conjugated anti-human CRP antibody was introduced, forming a
complex with the bound CRP. This was followed by the addition of Streptavidin-HRP, which binds to the
biotinylated antibody. After an incubation period, the wells were washed to eliminate any unbound Streptavidin-
HRP. A substrate solution was then added, triggering a colorimetric reaction proportional to the CRP
concentration in the sample. The reaction was terminated by the addition of a stop solution, and absorbance was
measured at a wavelength of 450 nm.

Statistical analyses

Data analysis was performed using SPSS software version 20.0. The data were expressed as mean values
accompanied by standard deviations. Statistical comparisons between the two experimental groups were
conducted using the Student’s t-test, with a significance threshold set at P < 0.05.

Results and Discussion

Based on the results of the statistical analysis, it was observed that total antioxidant capability (TAC) levels
increased in both experimental groups following the intervention. In group P1, which only performed moderate-
intensity swimming, TAC levels rose by 5.14%. Meanwhile, group P2, which received lemon peel essential oil
supplementation before swimming, demonstrated a higher increase in TAC levels, reaching 9.25%. Despite this
difference in the percentage increase, statistical analysis indicated that the variation in TAC levels between the
two groups was not significant (P = 0.896; P > 0.05), as presented in Table 1.

Additionally, the C-reactive protein (CRP) levels in both groups showed a decrease after the treatment period.
The reduction in CRP levels was more pronounced in group P2, which experienced a 10.22% decrease, whereas
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group P1 recorded a lower reduction of 5.66%. Nevertheless, the comparative analysis revealed no statistically
significant difference in CRP level reduction between the two groups (P = 0.296; P > 0.05), as detailed in Table

1.
Table 1. TAC and CRP levels in the group that engaged in regular exercise and the group that engaged in
regular exercise with antioxidants
P1 P2
Variable (n = 10) sroup sroup P
Mean £+ SD Mean £+ SD
Pre-test 338.15+29.14 320.34 +44.05
TAC (nmol) Post-test 356.48 +44.34 353.01 £70.22 0.896
% increased 5.14% 9.25%
Pre-test 0.56 = 0.04 0.54+0.11
CRP (ng/ml) Post-test 0.53 +£0.09 0.49 +0.04 0.296
% decreased 5.66% 10.22%

Note: P1 group: regular exercise; P2 group: regular exercise+antioxidant

In individuals experiencing mild to moderate COVID-19 symptoms, the immune response is characterized by an
elevation in CD8 T lymphocytes, an increase in antibody-secreting cells (ASCs), and a higher count of follicular
helper T cells circulating in the bloodstream, accompanied by a progressive rise in SARS-CoV-2 specific IgM
and IgG antibodies. Interestingly, in patients with non-severe forms of COVID-19, no noticeable elevation in
chemokines or pro-inflammatory cytokines was detected [23].

Engaging in consistent physical activity enables the body to adapt and develop mechanisms to cope with
physiological stressors, transforming them into beneficial stimuli. While intense physical exertion can trigger
elevated levels of C-reactive protein (CRP), habitual exercise, on the other hand, has been shown to contribute to
lowering CRP concentrations [24].

The immune system, comprising both the innate (non-specific) and adaptive (specific) components, is essential
for preserving the body’s homeostasis and defense mechanisms. The suppression of immune function observed
during the resting phase in individuals subjected to repeated exercise without antioxidant supplementation may
result from the cumulative stress hormone response, particularly elevated cortisol levels, coupled with increased
anti-inflammatory cytokine production, including CRP [25].

Furthermore, during strenuous exercise, leukocyte activity is altered due to elevated plasma concentrations of
inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a) and interleukin-1 (IL-1), alongside anti-
inflammatory cytokines. Muscle contraction primarily drives the elevation of plasma IL-6 levels observed during
exercise; however, prolonged physical activity can eventually suppress IL-6 production from monocytes. Exercise
serves as an immunomodulatory factor, regulating immune responses and protecting against cellular damage
caused by various diseases. In response to exercise-induced physiological stress, the hypothalamus secretes
corticotropin-releasing hormone (CRH), which stimulates the anterior pituitary gland. This leads to the release of
adrenocorticotropic hormone (ACTH), which in turn influences the adrenal cortex to produce cortisol — a key
hormone that plays a vital role in regulating immune responses, particularly under conditions of oxidative stress
[26].

It has been demonstrated that a combination of regular physical exercise and the intake of lemon peel essential oil
can lead to improvements in total antioxidant capacity (TAC), increased catalase activity, and reduced CRP levels
in trained individuals compared to exercise alone. However, the observed differences in the increase of TAC,
catalase activity, and reduction in CRP levels between the groups are not statistically significant. The enhancement
in TAC levels noted in both study groups is likely attributable to regular exercise promoting the endogenous
antioxidant defense system, aiding in the neutralization of free radicals, and contributing to overall physical
fitness. Optimal physical condition enhances the body’s capacity to produce its antioxidant defenses. Continuous
physical activity facilitates tissue adaptation to oxidative stress, thus preventing free radical-induced damage to
muscles [27].

Repeated exercise fosters tissue adaptation against free radical damage, thereby safeguarding the body from
oxidative stress and protecting muscle tissue from injury [28]. Free radicals, characterized by unpaired electrons,
exhibit high reactivity as they seek to stabilize themselves by capturing electrons from surrounding molecules.
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This reaction may lead to the generation of new radicals, perpetuating a chain reaction that can eventually result
in damage to cellular structures such as mitochondria, cells, and tissues [29].

Regular physical activity has been shown to reduce the production of harmful free radicals while stimulating the
biosynthesis of antioxidant enzymes. Through consistent exercise, TAC levels improve, and oxidative stress is
mitigated. Furthermore, regular physical activity enhances DNA repair mechanisms by upregulating the
expression of genome repair enzymes within skeletal muscle tissue. While acute bouts of aerobic exercise can
transiently increase oxidative stress, long-term aerobic exercise promotes the production of endogenous
antioxidants, thereby lessening oxidative stress-related damage. This improvement in the body’s antioxidant
defense system is supported by research demonstrating increases in erythrocyte glutathione peroxidase (GPx)
activity and catalase levels following regular exercise [30]. The enhancement of antioxidant enzyme activity is a
well-recognized adaptation resulting from consistent exercise engagement [31].

The enhancement of antioxidant defense mechanisms during physical activity arises from both the mobilization
of naturally occurring (endogenous) antioxidants and the release of tissue-stored antioxidants into circulation.
However, when exercise is performed under overtraining conditions, the body’s ability to adapt to oxidative
challenges becomes impaired, leading to elevated oxidative stress levels, alongside reductions in total antioxidant
capacity (TAC) and catalase enzyme activity. Evidence has shown that marathon running induces a decline in
TAC and an increase in DNA damage within human lymphocytes, indicating oxidative stress [32]. Similarly,
athletes engaged in acute endurance exercise also demonstrate reduced TAC and heightened lipid peroxidation,
further confirming the oxidative imbalance resulting from intense physical activity [33].

The reduction in antioxidant capacity following strenuous exercise reflects a disruption in the balance between
oxidants and antioxidants, favoring oxidative stress due to the excessive generation of free radicals. Interestingly,
participants who underwent regular training while receiving lemon peel essential oil supplementation experienced
a greater elevation in TAC levels. This enhancement is attributed to the secondary metabolites of the polyphenol
class within lemon peel essential oil, which act as potent antioxidants capable of neutralizing free radical species.
The antioxidant defense mechanism functions by delaying, preventing, or eliminating oxidative damage through
various pathways, including scavenging free radicals, chelating metal ions, inhibiting enzymes that generate free
radicals, and activating endogenous antioxidant systems [34].

Lemon peel essential oil is particularly rich in polyphenols, which surpass other antioxidants in abundance and
possess significant reducing activity. These compounds also exhibit non-toxic immunomodulatory properties,
enabling them to effectively scavenge free radicals without causing harm to biological systems [35].

This study’s results are in line with prior research demonstrating the antioxidant capacity of red dragon fruit. The
flavonoid compounds found in red dragon fruit can neutralize free radicals produced during physical exercise,
thereby preventing oxidative stress-related damage [36]. Moreover, a reduction in C-reactive protein (CRP) levels
was observed across both groups involved in the study. This decline is attributed to the anti-inflammatory benefits
of regular physical exercise, which operates through several mechanisms, such as downregulation of inflammatory
signaling pathways and stimulation of myokines in muscle tissue that promote the production of anti-inflammatory
cytokines like IL-1 receptor antagonist (IL-1ra) and interleukin-10 (IL-10) [37].

Regular physical activity can lead to a decrease in CRP levels at rest by inhibiting cytokine production and
exerting potential antioxidant effects. Consequently, exercise-induced reductions in pro-inflammatory
biomarkers, including CRP, have been documented [38]. Notably, participants in the regular training group who
received red dragon fruit supplementation exhibited a more pronounced reduction in CRP levels. This effect is
linked to the antioxidant constituents of red dragon fruit, which aid in lowering CRP concentrations. In addition
to flavonoids, red dragon fruit contains other bioactive compounds such as anthocyanins, $-carotene, tocopherol,
phenolics, and ascorbic acid. Anthocyanins, in particular, have demonstrated the ability to inhibit the expression
of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS), both of which are regulated by nuclear
factor-kappa B (NF-kB) — a key transcription factor responsible for activating various inflammatory genes,
including tumor necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1f), and interleukin-6 (IL-6) [39].
Furthermore, in this investigation, the group subjected to regular exercise and supplemented with Citrus Peel
Essential Oil experienced significant reductions in CRP levels. This anti-inflammatory effect is attributed to the
bioactive components of lemon peel essential oil, particularly flavonoids, which suppress the production of pro-
inflammatory cytokines such as TNF-q, IL-6, and interferon-gamma (IFN-y) [28].

Conclusion
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In summary, regular physical activity enhances the body’s production of internal antioxidants, which helps to
mitigate oxidative stress and protect cellular integrity. The generation of reactive oxygen species (ROS) at
moderate levels during exercise activates specific transcription factors that stimulate the expression of antioxidant
genes. When exercise is performed consistently, the body’s ability to defend against free radicals becomes robust.
Additionally, minyak atsiri kulit lemon, which contains flavonoids, boosts total antioxidant capacity (TAC), acting
as an external antioxidant to further enhance the body’s overall antioxidant capacity.
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