[Short title + Author Name - P&H title] 17 (2024) 105569

Contents lists available at ScienceDirect

agssndllodl

King Saud University

Arabian Journal of Chemistry

journal homepage: www.ksu.edu.sa

Original article ' :.)

Check for

Natural pigment zeaxanthin ameliorates lipopolysaccharides induced acute [
lung inflammation in both in vitro and in vivo models

Xiaru Lou?, Huijuan Li ", Sulaiman Ali Alharbi ¢, Thamaraiselvan Rengarajan , Jianyu Wang "

2 Department of Critical Care Medicine, Foshan Fosun Chancheng Hospital, Foshan 528031, China

Y Department of ICU Medicine, Xiajin People’s Hospital, Dezhou 253200, China

¢ Department of Botarty and Microbiology, College of Science, King Saud University, PO Box -2455, Riyadh 11451, Saudi Arabia

4 SCIGEN Research and Innovation Pvt. Ltd., Periyar Technology Business Incubator, Thanjavur, Tamil Nadu, India

¢ The Emergency Department, The Air Force Military Medical University Second Affiliated Hospital (Tangdu Hospital), Xi’an 710038, China

ARTICLE INFO ABSTRACT

Keywords: Natural pigments obtained from plants, animals, and microbes are not only a potent alternative to synthetic dyes
Natural pigments in the food, textile, and cosmetic industries, but they also possess immense pharmacological properties. Carmine
Zeaxanthin

acids, carotenoids, flavonoids, indigo, anthocyanin, melanins, and curcumin are such natural pigments that have
proven pharmacological properties. Zeaxanthin is one such natural water-soluble antioxidant pigment that be-
longs to the xanthophyll family and is predominantly accumulated in the retina of the eyes. The potency of
zeaxanthin against LPS-induced inflammation in in vitro and in vivo conditions was examined. RAW264.7 cells
were treated with zeaxanthin and challenged with LPS. The LPS-induced zeaxanthin-treated cells were subjected
to assessments of cytotoxicity and inflammatory markers. For the in vivo study, BALB/c male mice were induced
to have acute lung inflammation by LPS. The ALI-induced mice were treated with 25 and 50 mg/kg concen-
trations of zeaxanthin. BALF was collected from zeaxanthin-treated ALI-induced mice and was sacrificed for the
excision of lung tissue. Pulmonary edema was examined in the lung tissues. Immune cell infiltration and protein
content were examined in the BALF collected. Oxidative stress induction was analyzed in the lung tissue of ALI-
induced mice. The inflammatory markers iNOS, COX-2, and PGE-2 were quantified in the lung tissues of
zeaxanthin-treated ALI-induced mice. Zeaxanthin effectively prevented lung edema and immune cell infiltration.
Oxidative stress and inflammatory cytokine synthesis induced by LPS in the lungs were significantly decreased
with zeaxanthin treatment. Histopathological analysis also confirms our in vitro and in vivo biochemical ana-
lyses. Overall, our findings corroborate that zeaxanthin is a potent anti-inflammatory agent that effectively in-
hibits LPS-induced ALI in both in vitro and in vivo conditions.

RAW264.7 cells
BALB/c mice
Inflammation
Oxidative stress

1. Introduction immense antioxidant, antidiabetic, antitumor, anti-obesity, anti-micro-

bial, and anti-inflammatory properties (Li et al., 2022; Fayez et al.,

Natural pigments are bioactive compounds extracted from various
sources, such as minerals, plants, animals, microbes, and marine or-
ganisms. In recent decades, studies on the utilization of natural pigments
instead of synthetic dyes have drastically increased (Martins et al.,
2023). Even though synthetic dyes are cheap, easy to manufacture, and
long-lasting their bioavailability and biosafety are questionable. Hence,
at present, the usage of natural dyes in food, cosmetic and clothing
sectors has increased (Di Salvo et al., 2023; De Faria et al., 2022).
Recently, the utility of natural dyes has extended to the pharmaceutical
industry. Natural pigments are not only non-hazardous; they possess

2022). Indigo, curcumin, p-carotene, anthocyanins, flavonoids, lyco-
pene, lutein, and betalains are some of the most commonly used natural
pigments in the food industry, which also have incredible pharmaco-
logical properties (Mohammad Azmin et al., 2022).

Zeaxanthin (,p-Carotene-3,3"-diol), a carotenoid with 11 conjugate
double bonds and 568.8 Daltons of molecular weight, is a natural lipid-
soluble antioxidant belonging to the xanthophyll family (Sajilata et al.,
2008). Zeaxanthin is not biosynthesized by humans; hence, the dietary
source is the only option (Delgado-Pelayo and Hornero-Méndez, 2012).
Zeaxanthin is present in oranges, squash, papaya, corn, egg yolk,
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nectarines, and orange pepper, which was found to contain the highest
level of zeaxanthin (Sommerburg et al., 1998; Mozaffarieh et al., 2003;
Sparrow and Kim, 2009). Zeaxanthin predominantly accumulates in the
retina of the eyes and macula (Billsten et al., 2003). Zeaxanthin has been
reported to prevent cataracts and other age-related eye problems
(Moeller et al., 2000; Arunkumar et al., 2018). It is also proven to be a
potent antioxidant and ameliorates systemic inflammation (Murillo
etal., 2019). Studies with animal and human models suggest zeaxanthin
treatment is effective against curing stroke, coronary heart disease, and
macular degeneration stroke (Ribaya-Mercado and Blumberg, 2004).

Acute lung injury is a life-threatening infection that worsens acute
respiratory distress, increases the severity of morbidity, and also causes
mortalities in patients with septic shock, pneumonia infection, and
ischemia (Cross and Matthay, 2011). ALI-induced mortality is more
commonly reported in patients in intensive care units (Zhang et al.,
2015). ALI is caused by the uncontrolled triggering of inflammatory
cells, leading to airway dysfunction, hypoxemia, and lung tissue damage
(Shin et al., 2015). At present, corticosteroids are the first-line treatment
given for subsiding ALI-induced symptoms. There is no drug available
for a complete cure; hence, the long-term usage of these steroids causes
comorbidities in patients (Ayodele et al., 2022). Natural pigments may
be a potent alterative to the currently available steroids to treat ALI and
ADRS.

The lipopolysaccharide-induced ALI/ARDS mouse model is a well-
recognized mouse model for studying the mechanism of action. It
mimics the ALI pathogenesis exactly with the induction and infiltration
of macrophages and neutrophils, thereby inducing inflammation in the
lungs (Liu et al., 2010; Wei et al., 2012). In this study, we analyzed the
ameliorative effect of the natural pigment zeaxanthin against LPS-
induced acute lung inflammation.

2. Materials and methods
2.1. Chemicals

Zeaxanthin (molecular weight: 568.87; molecular formula:
C40Hs602; purity: >95.0 %) and other chemicals were purchased from
Sigma Aldrich, USA.

2.2. Cell culture

RAW 264.7 cells were utilized for the current study to analyze the
cytotoxic nature of zeaxanthin. Upon arrival, the cells were examined
for contamination and cultured in DMEM medium. The medium con-
taining 10 % FBS and 1 % antibiotic cocktail was used to avoid
contamination. The cells were cultured in a 5 % CO2-supplied incubator
at 37C. Upon attaining 80 % confluency, the cells were subjected to
trypsinization with a Trypsin-EDTA solution and subcultured.

2.3. Cytotoxicity assay

RAW 264.7 cells were cultured in a 96-well culture plate for cyto-
toxicity examination of zeaxanthin. The cells were treated with different
concentrations of zeaxanthin ranging from 0 to 10 uM and incubated for
24 hinab5 % CO2 incubator at 37C. To the 24 h zeaxanthin-treated cells,
5 mg/ml concentration of MTT was added (20 ul/well) and incubated
further for 4 h. After the incubation period, the supernatant was
removed from all the wells, and the formazan crystals formed were
dissolved in DMSO solution (150 pl/well). The OD of the dissolved
formazan crystals in each well was measured using a microplate reader
at 570 nm. The experiments were repeated thrice, and each sample was
examined in triplicate.

The cytoprotective property of zeaxanthin against immune cell
activator LPS was assessed by challenging the zeaxanthin-treated RAW
264.7 cells with 1 ug/ml of LPS. The zeaxanthin-treated cells stimulated
with LPS were then subjected to cytotoxicity assays to examine the
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viability of the cells.
2.4. Pro-inflammatory cytokines quantification

The pro-inflammatory cytokine levels in the LPS stimulated zeax-
anthin challenged RAW 264.7 cells were quantified using the commer-
cially available ELISA kits (MyBiosource, USA). The 5 and 7.5 uM
zeaxanthin-treated cells were stimulated with LPS. The cells were
trypsinized and subjected to sonication. The cell lysate was subjected to
centrifugation at 2500 rpm for 5 min at 4C. The supernatant was
collected and quantified for pro-inflammatory cytokines as per the in-
structions of the manufacturer provided in the kit.

2.5. Animals

The experimental procedures to be conducted on the mice were
clearly explained to the ethical committee, and the same was followed
during the study. Healthy, young, 3-4-week-old male BALB/c mice were
housed in hygienic polypropylene cages with free access to food and
water. Mice were fed standard laboratory rodent pellets. The mice were
acclimatized for a period of a week at a temperature of 24 + 2C with a
humidity of 60 + 10 % and a strict 12-hour light-dark cycle. The rodents
were treated with the utmost care and concern; no mortality was
observed throughout the experiment period.

2.6. Induction of acute lung inflammation model

An acute lung inflammation model was induced in mice by treating it
with endotoxin lipopolysaccharides. The 5 mg/kg bwt of LPS was
inoculated intratracheally to induce inflammation in mice. The LPS
treatment was given for three successive days, and the animals were
observed for any lethal abnormalities during the treatment period.

2.7. Grouping & treatment

The mice were randomly grouped into four as that each group con-
sists of six.

Group I — Control mice treated with saline alone.

Group II — Acute lung inflammation induced mice.

Group III - 25 mg/kg bwt zeaxanthin was treated for 3 successive
days to ALI induced mice.

Group IV - 50 mg/kg bwt zeaxanthin was treated for 3 successive
days to ALI induced.

After 24 h of zeaxanthin treatment, BALF samples were collected,
and the animals were anesthetized and further subjected to cervical
dislocation. Blood samples and tissue samples were collected for further
analysis.

2.8. BALF collection

Bronchoalveolar lavage fluid was collected from the anesthetized
mice according to the protocol of Daubeuf et al. (Daubeuf and Frossard,
2012). The mice were subjected to tracheostomy, and a semi-excision
was made on the trachea, which will allow them to pass a 21-gauge
lavage tube. The tube and the needle were attached with cotton
thread. 500 pl of saline was injected into the tube, and a chest massage
was given for 10 s. The lavage was then aspirated back and stored in ice.
The procedure was repeated five times, and the lavages collected were
pooled together for further analysis.

2.9. Relative organ weight

The body weight of the mice was measured with a digital weighing
machine, and the lung weight of each mouse was measured to calculate
the relative organ weight. The dry weight of the lungs was measured by
drying the tissue in an oven for 72 h at 70C, and the weight of the dried
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tissue was measured.
2.10. BALF total protein concentration

The concentration of total protein in BALF was quantified using the
commercially available protein assay kit procured from Thermo-
Scientific USA (Pierce BCA). The experiment was performed in triplicate
as per the instructions provided by the manufacturer. The final absor-
bance of the sample was measured at 550 nm using a microplate reader.
The concentration of protein was calculated using the standard curve
plotted with different known concentrations of albumin.

2.11. BALF cell count

The erythrocytes in the BALF were removed by adding 1.5 ml of
water to the cell pellet, followed by the addition of 0.5 ml of 0.6 M KCl,
and the mixture was mixed gently. The suspension was centrifuged at
2000 rpm for 5 min, and the pellet was collected. To the pellet, 0.5 ml of
saline-EDTA solution was added and mixed gently. The cell suspension
was utilized for total and differential cell counts.

The 5 pl of cell suspension was loaded onto the hemocytometer, and
the total number of cells was counted under the microscope manually.
The differential cell count was counted by centrifuging 200 pl of cell
suspension at 700 rpm for 5 min and then stained with Diffi-Quick stain.

2.12. Determination of lipid peroxidation

Lipid peroxidation in ALl-induced, untreated, and zeaxanthin-
treated lung tissue was assessed according to the protocol of Devasa-
gayam and Tarachand (1987) (Devasagayam and Tarachand, 1987).
Thiobarbituric acid reacts with malondialdehyde, the end product of
lipid peroxidation, to form a pink chromogen adduct. The final product
absorbance was measured at 532 nm. The levels were expressed as
nmoles/g tissue.

2.13. Determination of SOD

The superoxide dismutase concentration in the experimental animals
was measured according to the protocol of Beauchamp and Fridovich
(1971) (Beauchamp and Fridovich, 1971). SOD in the sample decreases
the riboflavin-produced superoxide anions, thereby decreasing the for-
mazan formation. The SOD concentration in the sample is directly
proportional to the formazan formation. The concentration of SOD in the
sample was expressed as Unit/g tissue.

2.14. Determination of GSH

The concentration of GSH in the lung tissue of experimental animals
was measured according to the procedure of Beutler et al. (1963)
(Beutler et al., 1963). The samples were titrated with 0.1 mmol/1 of 5,5’
Dithibios (2-nitrobenzoic acid). The end product, reduced thioni-
trobenzene, was measured at 412 nm. The levels of GSH were expressed
as ug/g tissue.

2.15. Quantification of inflammatory enzymes

The levels of proinflammatory enzymes iNOS, COX-2, and PGE-2 in
the lung tissue of experimental mice were quantified using the ELISA kit
procured from Sigma Aldrich, USA. The assay was performed according
to the kit protocol provided by the manufacturer.

2.16. Lung histopathology
Excised lung tissue was fixed with 10 % neutral formalin for 48 h and

then the tissue was subjected to dehydration with a series of alcohol. The
processed lung tissue was then embedded in paraffin wax and cut into 5
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um. The tissue was then deparaffinized and stained with hematoxylin
and eosin stains. The stained tissue sections were examined under a light
microscope for histopathological changes. The lung injury induced by
LPS and the protective effect of zeaxanthin were assessed by scoring the
stained tissue sections from O to 5 according to the rate of inflammatory
cell infiltration and dissemination.

2.17. Statistical analysis

The results were statistically analyzed with GraphPad Prism soft-
ware. The difference among the group were examined with one way
analysis of variance and the difference between the individual sample in
a group was assessed with Student t test, p < 0.05 was considered as
statistical significance.

3. Results
3.1. Cytoprotective effect of natural pigment zeaxanthin

Fig. 1a depicts the results of the MTT assay performed on zeaxanthin-
treated RAW264.7 cells. Only a minimal percentage of cell death was
observed in zeaxanthin-treated cells. 7.5 uM zeaxanthin-treated cells
showed 9 + 0.5 % of cell death, and it was further reduced to 4 + 0.6 %
of cell death in 5 pM zeaxanthin treated cells. The 5 and 7.5 uM
zeaxanthin-treatments showed negligible percentages of cell death;
hence, these two doses were utilized for the further examination of the
zeaxanthin protective effect against LPS-induced inflammation.

3.2. Effect of natural pigment zeaxanthin against endotoxin LPS

The anti-inflammatory property of zeaxanthin was examined in
RAW264.7 cells by inducing inflammation with LPS treatment. LPS
treatment significantly increased cell death in RAW264.7 cells, whereas
zeaxanthin prevented LPS-induced cell death. The percentage of cell
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Fig. 1. Cytoprotective effect of natural pigment zeaxanthin. A. RAW264.7 cells
were treated with 0-10 uM for 24 h. MTT assay was performed. B) RAW264.7
cells were treated with zeaxanthin 5 &10 uM concentration challenged with 1
ng/ml LPS. MTT assay was performed. Results were statistically analyzed with
GraphPad Prism software. One-way ANOVA followed by Student’s t test was
done. Statistical significance p < 0.05.
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death decreased in a dose-dependent manner. 5 pM zeaxanthin treat-
ment showed 45 + 3 % of cell death, whereas it was significantly
reduced in 7.5 uM zeaxanthin treatment, which showed only 18 + 2 %
of cell death (Fig. 1b).

3.3. Anti-inflammatory effect of natural pigment zeaxanthin in vitro

The induction of pro-inflammatory cytokines by LPS treatment and
the defensive role of zeaxanthin against LPS-induced inflammatory cy-
tokines were measured using the ELISA technique (Fig. 2). LPS treat-
ment significantly increased the proinflammatory cytokines TNF-a, IL-
1B, and IL-6, whereas zeaxanthin treatment inhibited the production of
LPS-induced pro-inflammatory cytokine synthesis. Zeaxanthin treat-
ment decreased the levels of TNF-q, IL-1p, and IL-6 in a dose-dependent
manner, which proves the anti-inflammatory property of zeaxanthin.

3.4. Ameliorative effect of natural pigment zeaxanthin against LPS induce
pulmonary edema

Fig. 3A&B depict the relative organ weight and dry/wet ratio of lung
tissue in LPS-induced zeaxanthin-treated mice. LPS treatment signifi-
cantly increased the relative organ weight of the lungs, and it also
caused pulmonary edema in mice, as evidenced by the increase in the
dry/wet weight ratio compared to the control mice. Zeaxanthin treat-
ment significantly repressed the pulmonary edema in ALI mice.

Arabian Journal of Chemistry 17 (2024) 105569
3.5. Inhibitory effect of zeaxanthin against LPS induced infection

Fig. 3C illustrates the levels of protein concentration in the BALF of
LPS-induced zeaxanthin-treated mice. LPS-induced respiratory infection
leads to protein-rich fluid exudation into the alveolar space, whereas
zeaxanthin treatment significantly prevented the infection, which was
indicated by a reduction in BALF protein concentration compared to the
LPS-only-treated cells.

3.6. Effect of natural pigment zeaxanthin against LPS activated immune
cells

Endotoxin LPS treatment significantly increased the immune cells in
BALF, whereas zeaxanthin decreased the total WBC count in BALF. The
differential count results also prove that zeaxanthin treatment signifi-
cantly decreased the levels of LPS-induced neutrophils, macrophages,
and lymphocytes in the BALF of LPS-treated cells. The decrease in im-
mune cells was observed in a dose-dependent manner (Fig. 4).

3.7. Antioxidant effect of natural pigment zeaxanthin on ALI induced
mice

LPS treatment significantly increased the oxidative stress in mice,
which was confirmed by increased lipid peroxidation and decreased
antioxidant SOD and GSH levels. The antioxidant SOD and GSH levels
were increased with zeaxanthin in a dose-dependent manner, which
proves the antioxidant property of zeaxanthin. It also decreased LPS-
induced lipid peroxidation in the lung tissue of mice (Fig. 5).
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Fig. 2. Anti-inflammatory effect of natural pigment zeaxanthin in vitro. RAW264.7 cells were treated with zeaxanthin 5 & 7.5 uM concentration challenged with 1
ug/ml LPS. ELISA technique was performed. A) TNF-a, B) IL-1, C) IL-6. Results were statistically analyzed with GraphPad Prism software. One-way ANOVA followed

by Student’s t test was done. Statistical significance p < 0.05.
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Fig. 3. Ameliorative effect of natural pigment zeaxanthin against LPS induce pulmonary edema. BALB/c male mice were induced acute lung inflammation with LPS.
A) Relative organ weight B) Dry/Wet weight ratio C) BALF Protein concentration. Results were statistically analyzed with GraphPad Prism software. One-way
ANOVA followed by Student’s t test was done. Statistical significance p < 0.05. n = 6 mice.
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Fig. 4. Effect of natural pigment zeaxanthin against LPS activated immune cells. BALB/c male mice were induced acute lung inflammation with LPS. Total cell count
done manually with hematocytometer and Diffi-Quick stain was used to assess the differential count in BALF of LPS and zeaxanthin treated mice. Results were
statistically analyzed with GraphPad Prism software. One-way ANOVA followed by Student’s t test was done. Statistical significance p < 0.05. n = 6 mice.

3.8. Anti-inflammatory effect of natural pigment zeaxanthin on ALI
induce mice

Fig. 6 represents the levels of the anti-inflammatory cytokine iNOS.
COX-2 and PGE2 levels in LPS-induced and zeaxanthin-treated mice
lung tissue. LPS treatment significantly triggered the inflammatory
cytokine iNOS. COX-2 and PGE2 levels in the lungs of mice. Zeaxanthin
treatment significantly prevented the pulmonary tissue from LPS-
induced inflammation; it prevented the LPS-induced synthesis of the
inflammatory cytokine iNOS. COX-2 and PGE2 levels in the lungs of LPS-
treated mice. The reduction in inflammatory cytokine levels in ALI mice

was observed in a dose-dependent manner.

3.9. Protective effect of natural pigment zeaxanthin against LPS induced
lung histopathological changes in mice

Control group mice lung tissue showed no histopathological changes;
the observed tissue section had a normal histoarchitecture of alveoli,
bronchioles, and blood vessels (Fig. 7A). LPS-alone-treated mice lung
tissue section (B) shows enlarged blood vessels with a thickened alveolar
septa, and it shows an increased lung injury score compared to the
control and zeaxanthin-treated mice. Zeaxanthin-treated mice showed
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Fig. 5. Antioxidant effect of natural pigment zeaxanthin on ALI induced mice. BALB/c male mice were induced acute lung inflammation with LPS. Oxidative stress
markers were assessed in the lung tissue homogenate of LPS and zeaxanthin treated mice. A) MDA, B) SOD C) GSH. Results were statistically analyzed with GraphPad
Prism software. One-way ANOVA followed by Student’s t test was done. Statistical significance p < 0.05. n = 6 mice.
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Fig. 6. Anti-inflammatory effect of natural pigment zeaxanthin on ALI induce mice. BALB/c male mice were induced acute lung inflammation with LPS. Inflam-
matory cytokine levels in lung tissue homogenate of LPS and zeaxanthin treated mice were measured using ELISA technique. A) iNOS, B) COX-2 and C) PGE2. Results
were statistically analyzed with GraphPad Prism software. One-way ANOVA followed by Student’s t test was done. Statistical significance p < 0.05. n = 6 mice.

The infiltration of cells and the alveolar septa thickness were consider-

few histopathological changes compared to LPS-alone-treated mice. The
ably decreased in zeaxanthin-treated mice compared to LPS-treated

lung injury score was significantly reduced in 50 mg/kg zeaxanthin-
treated mice (D) compared to the 25 mg/kg zeaxanthin-treated mice. mice lung tissue.
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Fig. 7. Protective effect of natural pigment zeaxanthin against LPS induced lung histopathological changes in mice. BALB/c male mice were induced acute lung
inflammation with LPS. Lung tissue of LPS and zeaxanthin treated mice were processed and stained with H&E stain. The tissue section were subjected to lung injury
scoring. A) Control B) ALI induced C) ALI induced treated with 25 mg/kg zeaxanthin D) ALI induced treated with 50 mg/kg zeaxanthin. Results were statistically
analyzed with GraphPad Prism software. One-way ANOVA followed by Student’s t test was done. Statistical significance p < 0.05. n = 6 mice.

4. Discussion

Acute lung inflammation, a disease with significant global mortality
and morbidity rates possesses a multifactorial etiology (Patel et al.,
2019). Septic shocks, pneumonia, burns, and trauma are some of the
factors that induce ALI progression (Wang et al., 2020). The pathogen-
esis of ALI includes pulmonary edema, depletion of antioxidant en-
zymes, pulmonary injury, an uncontrolled inflammatory response,
epithelial dysfunction, and excessive infiltration of immune cells (Ware
and Matthay, 2000; Butt et al., 2016). Corticosteroids, bronchodilators,
leukotriene modifiers, and anti-inflammatory drugs are some of the
medications prescribed to relieve symptoms in ALI patients. These
medications provide only temporary relief, and long-term usage causes
comorbidities; hence, a potent alternative for these medicines is needed
today. In this study, we examined the ameliorative potency of the nat-
ural pigment zeaxanthin against LPS-induced acute lung inflammation.

We assessed the defensive effect of zeaxanthin against acute lung
inflammation using an LPS-induced ALI model. Lipopolysaccharides are
glycolipid proteins present on the cell walls of Gram-negative bacteria
(Mayeux, 1997). These polysaccharides effectively trigger the immune
cells, causing an inflammatory response. The administration of LPS via
intratracheal or intranasal channel triggers the generation of reactive
oxygen species and proinflammatory cytokines, which in turn lead to the
immune cells migration to the alveolar space, and the uncontrolled
disproportionate inflammatory response causes damage to lung tissue
(Huang et al., 2015; Wang et al., 2021). The LPS-induced ALI model is
globally accepted for assessing the pathophysiological and signaling
mechanisms of action during acute lung inflammation (Philippakis
et al., 2008; Xie et al., 2014; Ali et al., 2020).

In an in vitro model, we analyzed the efficacy of zeaxanthin in
RAW264.7 macrophage cells by challenging them with LPS, since
macrophages play a vital role in phagocytosis during physiological and
infection conditions (Zhang and Wang, 2014). Zeaxanthin treatment did
not show any considerable cytotoxic effect on RAW264.7 macrophage
cells when treated with varied doses. It also prevented RAW264.7 cell
death when challenged with lipopolysaccharides. Alveolar macrophages
trigger the proinflammatory cytokines TNF-a, IL-1p, and IL-6 as an early

response during exposure to toxicants such as LPS (Bhatia and Mooch-
hala, 2004; Parsons et al., 2005; Chu et al., 2012; Yang et al., 2015). The
uncontrolled synthesis of these inflammatory cytokines leads to acute
lung inflammation. These cytokines were reported to be elevated in the
cases of mortalities caused by acute lung inflammation (Neurath et al.,
1997; Ma, 2001). Therefore, in our study, we treated RAW264.7
macrophage cells with zeaxanthin and challenged them with LPS to
assess the levels of pro-inflammatory cytokines. The pro-inflammatory
cytokines TNF-a, IL-1p, and IL-6 levels were decreased in LPS-
challenged macrophage cells treated with zeaxanthin.

ALI/ARDS are characterized by the unrestrained response of pul-
monary immune cells, causing infiltration of immune cells in the alve-
olar space, epithelial cell disruption, interstitial edema, and lung tissue
injury (Fan and Fan, 2018; Li et al., 2020). Inflammatory diseases of the
lungs, such as deadly COVID-19, asthma, ARDS, ALI, pulmonary fibrosis,
and chronic obstructive pulmonary disease, indicate that macrophage
polarization induces the excessive synthesis of cytokines, chemokines,
and transcription factors, which leads to lung tissue damage (Saradna
et al., 2018 Jan; Booz et al., 2020; Chen et al., 2020). Macrophages and
neutrophils work hand in hand to evacuate microbial and other aller-
gens from the host. In conditions such as ALI, these alveolar macro-
phages polarize into M1/M2 macrophages to lead the exudative,
rehabilitation, and fibrotic phases of pathogenicity (Lee et al., 2021).
Excessive infiltration of neutrophils triggers cytokine synthesis, which
causes lung tissue damage (Zemans and Matthay, 2017). The infiltration
of neutrophils and macrophages into alveolar space, which was evi-
denced in the BALF, was decreased with zeaxanthin treatment. The in-
hibition of neutrophil influx further prevented LPS-challenged mice
from pulmonary edema and lung tissue damage.

Neutrophil influx during ALI/ADRS causes the excessive release of
oxidants and proteases (Abraham, 2003; Guo and Ward, 2007; Kantrow
et al., 2009). LPS intensifies the inflammatory response in mice by
inducing free radical generation and causing oxidative stress in lung
tissue (El-Sayed et al., 2011). The host defense mechanism produces
high levels of superoxide anions and other reactive oxygen species
during the encounter of microbial invasion (Ong et al., 2003). During
some conditions, this respiratory burst of inflammatory cells, in spite of
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guarding the host, suppresses the antioxidant system and causes tissue
injury (Weiss, 1989). Zeaxanthin treatment in LPS-challenged had
significantly scavenged free radicals and prevented lung tissue from
lipid peroxidation. It also increased the levels of the prime antioxidants
SOD and GSH, whose fluctuations were often reported in ALI patients
(Khazri et al., 2016; Zhang et al., 2017).

Nitric oxide synthase catalyzes the L-arginine to L-citrulline con-
version, which releases nitric oxide. Each type of NOS plays different
roles in homeostasis maintenance, such as neuromodulators, neuro-
transmitters, blood vessel regulators, etc. Inducible nitric oxide synthase
(iNOS), specifically elevated during inflammation, was reported in
various inflammatory diseases (Cedergren et al., 2002; Donnelly and
Barnes, 2002; Gao et al., 2022). In our study, iNOS levels were signifi-
cantly increased with LPS treatment, whereas zeaxanthin treatment
reduced the expression of LPS-induced iNOS in ALI mice. Most anti-
inflammatory and analgesic drugs target the cyclooxygenase, specif-
ically COX-2, to alleviate inflammation. COX-2 levels were significantly
increased in the lungs during exposure to endotoxins (Amann et al.,
1999). Stimulated alveolar macrophages trigger the expression of COX-
2, which in turn increases prostanoids and pulmonary edema (Salih
et al., 2023). COX-2 metabolizes arachidonic acid in alveolar epithelial
cells to produce the cyclooxygenase metabolite PGE2, which further
worsens the inflammation. Subsequent COX-2 activity prevents the
synthesis of PGE-2, thereby protecting against inflammation-induced
lung tissue damage (Vancheri et al., 2004; Lukkarinen et al., 2006). In
our study, zeaxanthin treatment significantly inhibited COX-2 levels and
diminished PGE-2 levels in the lung tissues of ALI-induced mice.

LPS-induced lung tissue damage was analyzed with histopatholog-
ical analysis. Zeaxanthin treatment decreased endothelila permeability,
alveolar thickening, and neutrophil infiltration in LPS-challenged mice
(Yin et al., 2008). It correlates with our biochemical analysis, where
zeaxanthin treatment scavenged free radicals and inhibited the synthesis
of pro-inflammatory cytokines. Both our in vitro and in vivo results
confirmed the anti-inflammatory potency of zeaxanthin against LPS-
induced acute inflammation.

5. Conclusion

To summarize, our results support the ameliorative effect of zeax-
anthin against LPS-induced acute lung inflammation. Zeaxanthin treat-
ment is non-toxic to RAW264.7 macrophage cells, and it also
significantly prevents the apoptosis of RAW264.7 macrophage cells from
LPS-induced inflammatory cytokines. Zeaxanthin treatment increased
the antioxidants and inhibited lipid peroxidation in the lung tissue of
LPS-challenged mice. It also inhibited pro-inflammatory iNOS, COX-2,
and PGE2 synthesis and prevented pulmonary edema and tissue dam-
age in ALI-induced mice.
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