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Abstract

Background/Aims: Inhaled particulate air pollution is associated with cardiotoxicity with
underlying mechanisms including oxidative stress and inflammation. Carnosol, commonly
found in rosemary and sage, is known to possess a broad range of therapeutic properties
such as antioxidant, anti-inflammatory and antiapoptotic. However, its cardioprotective
effects on diesel exhaust particles (DEPs)-induced toxicity have not been studied yet. Hence,
we evaluated the potential ameliorative effects of carnosol on DEPs-induced heart toxicity in
mice, and the underlying mechanisms involved. Methods: Mice were intratracheally instilled
with DEPs (1 mg/kg) or saline, and 1 hour prior to instillation they were given intraperitoneally
either carnosol (20 mg/kg) or saline. Twenty-four hours after the DEPs instillation, multiple
parameters were evaluated in the heart by enzyme-linked immunosorbent assay, colorimetric
assay, Comet assay and Western blot technique. Results: Carnosol has significantly reduced the
elevation in the plasma levels of lactate hydrogenase and brain natriuretic peptide induced by
DEPs. Likewise, the augmented cardiac levels of proinflammatory cytokines, lipid peroxidation,
and total nitric oxide in DEPs-treated groups were significantly normalized with the treatment
of carnosol. Moreover, carnosol has markedly reduced the heart mitochondrial dysfunction, as
well as DNA damage and apoptosis of mice treated with DEPs. Similarly, carnosol significantly
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reduced the elevated expressions of phosphorylated nuclear factor-kB (NF-«kB) and mitogen-
activated protein kinases (MAPKs) in the hearts. Furthermore, the treatment with carnosol
has restored the decrease in the expression of sirtuin-1 in the hearts of mice exposed to
DEPs. Conclusion: Carnosol significantly attenuated DEP-induced cardiotoxicity in mice by
suppressing inflammation, oxidative stress, DNA damage, and apoptosis, at least partly via

mechanisms involving sirtuin-1 activation and the inhibition of NF-kB and MAPKs activation.

© 2024 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Air pollution is considered one of the most important risk factors for acute
cardiovascular events and is associated with over 8.9 deaths annually, with ischemic heart
disease and stroke accounting for half of the premature cardiovascular-related death
[1-3]. Despite improvement in air quality in cities in the West, urban air pollution is still
a pressing issue, particularly in developing countries where urbanization is at its peak [1,
2]. In addition to traffic vehicles, high-density residential and industrial areas are major
emitters of anthropogenic gaseous, semi-volatile liquids, and particulate pollutants [2, 4].
These pollutants, especially particulate matter (PM) have been consistently associated
with various detrimental cardiovascular effects, including cardiac arrest, arrhythmia and
cerebrovascular disease [2]. PM is a concoction of particles from various sources and the
smallest, yet the most volatile of all PMs is classified as PM_, (particles with a diameter less
than 100 nm). This includes the byproduct of traffic-derived fossil fuel combustion, namely
the diesel exhaust particles (DEPs), which is the most significant contributor to urban PM
in developing countries and have been linked to various detrimental cardiac outcomes [5].

There are numerous mechanisms that mediate the adverse cardiovascular effects of
particulate air pollution. However, previous studies have elucidated that oxidative stress and
inflammation are the focal pathways involved [4, 6]. We have previously shown that acute
pulmonary exposure to DEPs in mice is associated with cardiovascular dysfunctions [5, 7].
These effects are remarkably similar to those observed in both epidemiological and human
controlled exposure studies and have shown comparable oxidative stress and inflammatory
changes [8]. Moreover, the cardiovascular effects induced by inhaled air pollution often
implicate the functions of other organs as well, hence, increasing both cardiovascular and
all-cause mortality related to air pollution [1]. Therefore, it is essential to find therapeutic
agents, including natural phytochemicals, with known antioxidant and anti-inflammatory
properties to either halt or lessen the cardiotoxicity effects of particulate air pollution. A
number of studies in the past, including ours, have attempted to use free radical scavengers
and anti-inflammatory agents such omega-3 fatty acid, melatonin supplementations, as
well as the phytochemicals catalpol and emodin to reduce the cardiovascular effects of air
pollution, and have generated promising results [7, 9-11].

The antioxidant and anti-microbial properties of carnosol, a natural phenolic terpene
profoundly found in rosemary (Rosemarinus officinalis) and sage (Salvia officinalis)
have been established and widely applied in the food and cosmetics industries [12].
More specifically, several studies have shown that carnosol displays antioxidant, anti-
inflammatory, antiapoptotic, antitumor and antithrombotic actions both in vitro and in vivo
[13-16]. Therefore, given that a substantial body of evidence has shown that cardiotoxicity
induced by DEPs is modulated by oxidative stress and inflammation, and carnosol is a potent
antioxidant and anti-inflammatory agent, we thought that it would be enticing to assess the
effectiveness of carnosol in attenuating cardiotoxicity induced by DEPs, which has not been
reported yet. Consequently, here, we aim to evaluate the potential ameliorative effect of
carnosol in preventing cardiotoxicity induced by DEPs and the mechanisms associated with
it, by assessing various markers of oxidative stress, inflammation, mitochondrial dysfunction,
DNA damage, and apoptosis. Furthermore, we wanted to investigate the involvement of
other key mechanisms that regulate inflammatory responses by evaluating the expression
of proteins involved in the mitogen-activated protein kinase (MAPK), nuclear factor-kB (NF-
kB), and sirtuin-1 pathways.
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Materials and Methods

Animals and DEPs

An equal number of male and female BALB/c mice (Research Animal Facility, College of Medicine and
Health Sciences, UAE University, Al Ain, United Arab Emirates) aged six to eight weeks weighing 25 - 30
g were housed in 12-hour light-dark cycle and temperature-controlled (22 * 1 °C) rooms. They had free
access to commercially available additive-free laboratory chow, which contained 24% of crude protein, 2%
of crude fat, and 8% of crude fiber (National Feed and Flour and Marketing Co., Abu Dhabi, United Arab
Emirates) and filtered water.

The DEPs were acquired from the National Institute of Standards and Technology (Gaithersburg,
MD, USA) and suspended in sterile saline (NaCl 0.9%) with Tween 80 (0.01%). The DEP suspensions were
sonicated for 15 minutes and vigorously vortex upon suspension and diluted prior to intratracheal (i.t.)
instillation. These particles have been analyzed by transmission electron microscopy and the presence of
small carbonaceous particle aggregates (<100 nm) was detected [5]. The majority of the aggregates were
1 pm in diameter or less and the analysis of the geometric mean aerodynamic diameter of 215 nm was
reported previously from the same DEP material [11].

Mice Treatments and Carnosol

The pulmonary exposure of DEPs to the mice was performed via intratracheal (i.t.) instillation.
Immediately before the instillation mice were anesthetized with 5% isoflurane using the Surgivet® model
100 vaporizer from ICU Medical, Inc. (San Clemente, CA, USA) and placed supine on an angled board. A 24 G
catheter was used to instill 100 pl of either DEP (1 mg/kg) or saline intratracheally and followed by 100 pl
of air [7, 16, 17]. Twenty mg/kg of carnosol purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA)
was given intraperitoneally to the mice 1 hour before the DEPs instillation [7, 11, 15, 16, 18]. The mice were
randomly segregated into four groups and were treated as follows:

e Saline - Treated with saline (10 mL/kg) via intraperitoneal (i.p.) injection 1 hour before the i.t.
instillation of saline (100 pl).

e DEP - Treated with saline (10 mL/kg) via i.p. injection 1 hour before the i.t. instillation of DEP
(1 mg/kg).

e (Carnosol + Saline - Treated with carnosol (20 mg/kg) via i.p. injection 1 hour before the i.t.
instillation of saline (100 pl).

e (Carnosol + DEP - Treated with carnosol (20 mg/kg) via i.p. injection 1 hour before the i.t.
instillation of DEP (1 mg/kg).

Twenty-four hours after the i.t. instillation of DEPs or saline, the mice were anesthetized with sodium
pentobarbital (60 mg/kg) via i.p., and blood was drawn from the inferior vena cava into a sodium citrate
(4%) tube. The blood then was spun at 900x g for 15 min at 4 °C and the plasma samples obtained were
collected and kept at -80 °C pending analysis. Following blood collection, the hearts were quickly excised,
wrapped and snap-frozen in liquid nitrogen then kept at -80 for later use [19, 20].

Sample Homogenization and Protein Estimation

The frozen heart tissues were thawed and homogenized with 2.0 mm zirconia beads from BioSpec
(Bartlesville, OK, USA) in 2 mL microcentrifuge tubes along with potassium chloride buffer supplemented
with protease and phosphatase inhibitors. The samples were homogenized for three times of three cycles
of 10 seconds at 6500x g using Precellys® homogenizer from Bertin Instruments (Bretonneux, France) and
then centrifuged at 14, 000x g for 20 minutes. Subsequently, the supernatants were aliquoted into 4 tubes
and kept at -80 °C pending further analysis.

The protein quantification analysis was done as per the protocol that came along with the Pierce™
Protein Assay Kit from Thermo Scientific (Rockford, IL, USA).

Measurement of Lactate Dehydrogenase (LDH) and Brain Natriuretic Peptide (BNP) in Plasma
The quantification of LDH in plasma was done as per the protocol previously described [21]. In a 96-
well plate, 50 pl of plasma and 50 pl of assay reagent containing 4 mM iodonitrotetrazolium chloride in
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0.2 M Tris-HCI (pH 8.2), 6.4 mM beta-nicotinamide adenine dinucleotide sodium salt and 320 mM lithium
lactate in 0.2 M Tris-HCI (pH 8.2), along with 0.5 pl of 150 mM 1-methoxyphenazine methosulfate in Tris-
HCL (pH 8.2). Next, the plate was briefly mixed on an orbital shaker for 15 seconds and incubated in a dark
for 60 minutes at room temperature. Subsequently, the reaction was stopped by adding 50 pl of 1M acetic
acid and the absorbance was read and recorded at 490 nm. The plasma level of BNP, a marker of cardiac
dysfunction, was measured using an ELISA kit from MyBioSource (San Diego, CA, USA).

Assessment of Proinflammatory Cytokines in Heart Homogenates
The concentrations of tumor necrotic factor a (TNFa), interleukin (IL)-6, and IL-1f in the heart
homogenates were assessed using ELISA kits purchased from R&D Systems (Minneapolis, MN, USA) [22].

Measurement of Lipid Peroxidation and total nitric oxide (NO) in Heart Homogenates

The end product of lipid peroxidation, thiobarbituric acid reactive substances (TBARS) was measured
spectrophotometrically using malondialdehyde from Sigma Aldrich Co. (St. Louis, MO, USA) as the standard.
Whereas, the NO activity was measured with a total NO assay kit (R&D systems, Minneapolis, MN, United
States), which was used to quantify the more stable NO metabolites, NO,” and NO,".

Mitochondrial Extraction and Assessment of Mitochondrial Complexes in Heart Homogenates

The isolation of mitochondria from the heart was done as previously described via differential
centrifugation, where the hearts were chopped and homogenized in mitochondrial isolation buffer (MIB)
containing 0.32 M sucrose, 1 mM EDTA, 10 mM tris base [23, 24]. Subsequently, the homogenates were spun
at 1000 rpm at 4° C for 10 minutes to remove cellular debris. Next, the supernatants were centrifuged at 15,
000 rpm at 4° C for 15 minutes and pellets containing mitochondria were resuspended in MIB, aliquoted,
and kept at -80° C for further use.

The mitochondrial complex I, complex II & III, and complex IV activities in the hearts of mice were
assessed based on a protocol previously published [24, 25]. For the analysis of rotenone-sensitive complex
I, 25 pg of extracted mitochondria was added to a 96-well plate along with distilled water, 10 mM potassium
cyanide (KCN), 0.5 M potassium phosphate buffer (PPB, pH 7.5), 10 mM NADH and 50 mg/mL BSA. In
order to monitor the specificity of this assay, parallelly in a separate plate, the same reagents and samples
were added as well as 1 mM rotenone. The reaction was started by adding 5 mM of ubiquinone and the
reduction in absorbance at 340 nm was monitored for 10 minutes. The enzymatic activity of complex I
was calculated according to following the equation: enzyme activity (nmol min'mg?) = (A Absorbance/
minx1000)/[(extinction coefficient x volume of sample used in mL) x (sample protein concentration in mg
mL71)] (extinction coefficient of NADH = 6.2 mM*cm?).

The complex II & III activity was measured by adding distilled water, 0.5 M PPB (pH7.5), 10 mM KCN,
400 mM succinate solution, and 25 pg extracted mitochondria into a 96-well plate. Next, the plate was
incubated on an orbital shaker for 10 min at 37° C. Reaction was initiated with the addition of 1 mM oxidized
cytochrome C and the increase of absorbance was followed for 5 min at 550 nm. The enzymatic specificity
of the assay was determined by adding 1 M malonate or 1 mg/mL antimycin A in another plate with the
same reagents and samples. The activity of complex Il & III was calculated using the same equation used for
complex I (extinction coefficient of reduced cytochrome C = 18.5 mM'mg™1).

The activity of complex [V was measured by adding distilled water, 0.1M PPB (pH 7) and 1 mM reduced
cytochrome C in a 96-well plate, followed by the measurement of baseline activity at 550 nm. The reaction
was initiated by the addition of 25 pg of extracted mitochondria and the reduction of absorbance at 550
nm was monitored for 10 min. In parallel, 10 nM KCN was added in a separate plate containing the same
reagents and samples to evaluate the specificity of the assay. The enzymatic activity of complex IV was
calculated using the same formula used for complex II & I11.

DNA Damage in Heart

In a separate set of mice, the hearts of mice from all groups were excised immediately after sacrifice
and were subjected to DNA damage analysis as per the standard Comet assay protocol [26-28]. The DNA
damage was assessed by measuring the length of the DNA migration, including the nucleus diameter and the
migrated DNA using image analysis Axiovision 3.1 software by Carl Zeiss (White Plains, NY, USA).
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Measurement of Cleaved Caspase-3 in Heart Homogenates
The level of cleaved caspase-3, in heart homogenates was measured using an ELISA kit purchased from
R&D Systems (Minneapolis, MN, USA)

Western Blot Analysis of Phosphorylated (Phospho)-NF-kB and MAPKs in Heart Homogenates

The protein expressions of phospho-NF-kB and MAPKs including phosphorylated c-Jun N-terminal
kinase (phospho-]NK), phosphorylated extracellular signal-regulated kinase (phospho-ERK) and
phosphorylated P38 (phospho-P38) were determined using the Western blot technique. Thirty micrograms
of protein from the heart homogenates were separated in 10% sodium dodecyl sulfate polyacrylamide gel
via electrophoresis and then transferred onto polyvinylidene difluoride membranes using the Trans-Blot
Turbo Transfer System from Bio-Rad (Hercules, CA, USA). Next, the blots were incubated with 5% bovine
serum albumin at room temperature for one hour, before being probed with 1:1000 dilution of mouse
monoclonal phospho-NF-kB, p-JNK, p-ERK, and p-P38 antibodies from Santa Cruz Biotechnology (Dallas, TX,
USA) overnight at 4° C. The next day, a 1:10, 000 dilution of rabbit anti-mouse IgG horseradish peroxidase-
conjugated secondary antibody from Abcam (Boston, MA, USA) was used to incubate the blots for 2 hours at
RT and the blots were developed using the SuperSignal™ West Pico PLUS chemiluminescent substrate from
Thermo Scientific (Rockford, IL, USA). The measurement of the protein band density was done using the
image processing program Image] (Bethesda, MD, USA). Blots were then re-probed with 1:10, 000 dilution
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody from Abcam (Boston, MA, USA) and the
protein band density was used as the control.

Assessment of the Concentration of Sirtuin-1 in Heart Homogenate
The concentration of sirtuin-1 in heart homogenates was measured using an ELISA kit purchased from
MyBioSource (San Diego, CA, USA) as per the protocol that came with the kit.

Statistics

The statistical analyses were performed using GraphPad Prism Software (GraphPad Software
Inc., La Jolla, CA). Data are presented as mean * standard error of the mean, and statistical significance
was determined using one-way analysis of variance (ANOVA), followed by the Holm-Sidak’s multiple
comparisons test; p < 0.05 was considered significant.

Results

LDH and BNP in Plasma

Fig. 1 shows that when compared with the saline group, treatment with DEPs, induced a
significant increase in the levels
of LDH (p<0.0001) and BNP
(p<0.0001) in plasma. However,
when carnosol was given an
hour prior to DEPs instillation,
the levels of LDH and BNP
showed significant reduction
(p<0.0001) compared with the
group given only DEP.
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with the saline-treated mice. This elevation nevertheless was significantly normalized
(p<0.001, p<0.0001 and p<0.0001, respectively) with the pretreatment of carnosol (Fig. 2).

TBARS and NO in Heart Homogenates

Fig. 3 depicts that the changes in the levels of markers of oxidative stress in heart
homogenates in all four groups. The level of TBARS, the byproduct of lipid peroxidation
was significantly increased in mice instilled with DEPs compared with the saline group
(p<0.0001) and this effect was significantly reduced (p<0.0001) with the pretreatment
with carnosol. Likewise, a significant increase in NO activity (p<0.0001) was recorded in
DEPs-treated mice, in comparison with what is observed in the saline group. This effect was
significantly prevented (p<0.0001) when carnosol was given an hour before DEPs.
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Fig. 2. Tumor necrosis factor a (TNFa, A), interleukin (IL)-6 (B) and IL-1B (C) concentrations in heart
homogenates of mice, 24 hours after intratracheal instillation of saline or diesel exhaust particles (DEPs, 1
mg/kg) with or without carnosol (20 mg/kg) pretreatment. Data are mean + SEM (n=8). Statistical analysis
by one-way analysis of variance followed by Holm-Sidak’s test.
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Fig. 4. Mitochondrial complexes I (A), I & III (B) and IV (C) activities in heart homogenates of mice, 24
hours after intratracheal instillation of saline or diesel exhaust particles (DEPs, 1 mg/kg) with or without
carnosol (20 mg/kg) pretreatment. Data are mean + SEM (n=8). Statistical analysis by one-way analysis of
variance followed by Holm-Sidak’s test.
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Mitochondrial Complex I, Complex 11 & 11l and Complex 1V in Heart Homogenate

As illustrated in Fig. 4, the activity of mitochondrial complex I, complex II & III, and
complex IV in the heart of mice with pulmonary exposure to DEPs showed significant
elevation (p<0.0001, p<0.0001, p<0.0001, respectively) compared with the saline-treated
mice. However, a significant preventative effect was observed with the pretreatment of
carnosol one hour before DEPs (p<0.0001, p<0.0001, and p<0.0001, respectively).

The DNA Damage in Heart

Fig. 5 shows that mice instilled with DEPs showed a significantly greater level of DNA
damage in the heart (p<0.0001) compared with mice instilled with saline. This effect,
however, was significantly avoided (p<0.0001) with carnosol pretreatment one hour prior
to DEPs instillation.

Cleaved Caspase-3 in Heart Homogenate

When compared with the saline group, pulmonary exposure to DEPs induced a
significantly higher concentration of the apoptotic marker cleaved caspase-3 in hearts
(p<0.0001, Fig. 6). However, the pretreatment of carnosol significantly normalized the
concentration of cleaved caspase-3 in DEPs-treated mice (p<0.0001).

Phospho-NF-xB in Heart Homogenate

Fig. 7 depicts the Western blot results related to the protein expression of phospho-
NF-kB in mice i.t. instilled with either DEPs or saline with or without pretreatment with
carnosol. DEPs exposure significantly elevated the expression of phospho-NF-kB in the
heart of mice, compared with the saline group (p<0.0001). This elevation nevertheless was
significantly reversed when carnosol pretreatment was introduced one hour before DEP
instillation (p<0.0001).
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phospho-JNK, phospho-ERK, and phospho-38 in Heart Homogenate

The Western blot analysis of the expression of markers of MAPKs is illustrated in Fig. 8.
Mice treated with DEPs showed significantly higher expressions of phospho-]NK (p<0.0001),
phospho-ERK (p<0.0001), and phospho-P38 (p<0.0001) in hearts compared with mice
treated with saline. The high expressions of these markers, however, were significantly
reversed by treatment with carnosol (p<0.0001, p<0.0001, and p<0.0001, respectively).

Sirtuin in Heart Homogenate

Fig. 9 shows that the concentration of sirtuin-1 was markedly reduced in DEPs-treated
mice, compared with the saline treatment group (p<0.0001). An action that was significantly
prevented in mice pretreated with carnosol one hour prior to DEP instillation (p<0.001).
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Fig. 8. Phosphorylated c-Jun N-terminal kinase (phospho-JNK, A), phosphorylated extracellular signal-
regulated kinase (phospho-ERK, B) and phosphorylated P38 (phospho-P38, C) expression in heart
homogenates of mice, 24 hours after intratracheal instillation of saline or diesel exhaust particles (DEPs, 1
mg/kg) with or without carnosol (20 mg/kg) pretreatment. Data are mean + SEM (n=8). Statistical analysis
by one-way analysis of variance followed by Holm-Sidak’s test.
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Discussion

In this study, we have demonstrated that pretreatment with carnosol has significantly
attenuated the DEPs-induced cardiac inflammation, oxidative stress, mitochondrial
dysfunction, DNA damage, and apoptosis. Moreover, carnosol has potently reversed the
increase in the expressions of NF-kB and MAPKs and the decrease of sirtuin-1 in the heart.

There is now a substantial amount of evidence that links the exposure to air pollution
with the detrimental effects on the cardiovascular system involving several interplaying
mechanisms. Nevertheless, oxidative stress and inflammation have consistently been
identified as the primary mechanisms involved in particulate air pollution-induced
cardiotoxicity [7, 8]. Despite the wealth of knowledge on this topic, addressing particle air
pollution from diesel exhaust remains challenging, particularly in developing countries
where reliance on this efficient fossil fuel persists (up to 20% more fuel efficient than petrol)
[29]. Legislative steps have been taken to reduce the global fossil fuel emissions, with many
countries have introduced initiatives to phase out the reliance on fossil fuels, either by
banning the sale of diesel and petrol vehicles, or by reducing the emissions, by replacing
them with hybrid or electric cars [30]. However, these changes will take time and, in the
meantime, it is best to consider other interventions including the use of phyto-antioxidants
to reduce DEPs-induced oxidative stress and inflammation [1].

In the present study, we have pretreated mice intraperitoneally with 20 mg/kg carnosol,
a phytochemical reported to have potent antioxidant and anti-inflammatory activities [31,
32]. The intraperitoneal administration is a widespread method of delivery in laboratory
rodents and is recognized as a parenteral route of administration [33]. Thus the dosage and
route of administration of carnosol applied here is comparable with other studies assessing
its protective effects in animal models of human diseases [33]. It has been previously
reported that carnosol is more efficient in neutralizing reactive oxygen species and has
better DNA protecting ability than vitamin C and vitamin E [34]. Carnosol was given an hour
before mice were intratracheally instilled with a bolus of DEPs suspension. This routine i.t.
instillation method has been extensively applied in the past and could reproduce the adverse
cardiovascular effects observed in particulate controlled exposure in human [5, 7, 8].

BNP is a sensitive marker for cardiac damage and LDH is a general marker of cytotoxicity
[35-37]. The plasma concentration of BNP has been reported to be significantly elevated in
an event of cardiac injury [35], a finding that is presently observed in mice instilled with
DEPs, and confirmed by a previous report [24]. Both increases of BNP and LDH were averted
by the pretreatment with carnosol. In conjunction with the latter observations, we wanted to
appraise ifthe observed protective potential of carnosol is due to its ability to reduce oxidative
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stress, a key mediating pathway of DEPs-induced cardiotoxicity. Here, as previously reported
[7], we have demonstrated that the level of the free radical scavenger NO was significantly
augmented with DEPs instillation, an effect that was subsequently and significantly reduced
with the pretreatment of carnosol. The increase in NO is perhaps the result of a compensatory
process in which the heart produces more NO to defend itself from the oxidative stress,
and the reduction of NO that came with carnosol pretreatment suggests that carnosol play
an important role in eradicating DEPs-induced free radicals’ production [8, 38]. In order
to produce a more robust evidence for the occurrence of oxidative stress, other alternate
measures which reflect oxidative stress such as markers of lipid and DNA oxidation should
be evaluated [8, 39]. In the present study, we have measured the concentration of TBARS, the
byproduct of lipid peroxidation, and despite the increased in NO induced by DEPs, we found
that the concentration of TBARS was significantly elevated in the heart of mice. This increase,
however, was reversed with the pretreatment of carnosol, and concurred with a previous
report that elucidated the ability of carnosol in preventing lipid peroxidation, by scavenging
free radicals, as well as by directly inhibiting the lipid peroxidation process [31]. Moreover,
in the present study, we have measured the DNA damage using Comet assay and detected
an increase in DNA damage in DEPs-instilled mice, which is comparable to our precedent
report [5]. Interestingly, a complete prevention in DNA damage was observed in the heart
of mice pretreated with carnosol. These observations again suggest that carnosol might
have cardioprotective ability by eliminating free radicals that could potentially oxidize both
lipid and DNA. The oxidations of lipid and DNA have been linked to the increased buildup of
oxidized lipids that would lead to inflammation, as well as oxidative DNA damage, that if not
repaired, could give rise to several detrimental cellular responses [8, 38].

Although, the exactmechanisms bywhichinhaled particles caused adverse cardiovascular
effects have not been fully elucidated yet, it is widely accepted that the interplay between
oxidative stress and inflammation plays a mediating role in many pathological alterations
including those that affect the heart in response to toxic agent exposure [8, 40]. It has been
proposed that DEPs induce cardiovascular inflammatory response in three ways. First, by
inducing inflammation in the lung, causing the secretion of cytokines into the circulatory
system. Another hypothesis, suggests that DEPs directly induce inflammation by translocating
across the air blood barrier into the circulatory system. The third proposal suggests that
DEPs trigger sensory receptor activation causing alterations in the autonomic nervous
system which subsequently lead to indirect functional changes to the cardiovascular system
[8]. Regardless of the hypotheses, it is clear is that inflammation plays a pivotal role in DEP-
induced cardiotoxicity. In the present study, we found that the DEPs-induced augmented
levels of proinflammatory cytokines TNFa, IL-6 and IL-1f were significantly normalized with
the pretreatment of carnosol. This suggest that carnosol is potentially effective in alleviating
inflammation possibly via, if not all, at least one of the proposed pathways, and our data
corroborate with previous reports where carnosol significantly reduced the concentrations
of proinflammatory cytokines in murine models of acute lung injury and osteoporosis [18,
32].

The accumulation of DNA damage could lead to cascades of responses including apoptosis
[38], an event characterized by the activation of caspase-3. Presently, DEPs significantly
elevated the level of the activated form of caspase-3, the cleaved caspase-3, a finding that
is consistent with our previous observation [7]. Remarkably the treatment with carnosol
prevented this increase. The activation of cleaved caspase is prompted by both external and
intracellular mechanisms [41]. The externally driven apoptosis involved the recruitment
and the activation of caspase-3 by cytokines from the TNF superfamily including the TNFq,
which we have shown earlier to be significantly normalized when carnosol is given an hour
prior to DEPs exposure. While the internal cellular mechanism, activates the caspase-3 via
the mitochondrial pathways [41]. It is possible that the reduction of caspase-3 is attributed
to the efficiency of carnosol in averting its activation by preventing DNA damage and the
expression of TNFa [42].

282



Cellular Physiology Cell Physiol Biochem 2024;58:273-287

DOI: 10.33594/000000707 © 2024 The Author(s). Published by

and BiOChemiStry Published online: 14 June 2024 Cell Physiol Biochem Press GmbH&Co. KG

Zaaba et al.: DEP-induced Cardiotoxicity and Carnosol

A number of epidemiological and observational studies have linked the etiology of
particulate air pollution-induced cardiovascular toxicity to mitochondrial dysfunction
[43]. These studies also suggest that mitochondria is the primary target of environmental
toxicants which damage the morphology, functions and the mitochondrial DNA [43].
Moreover, mitochondrial dysfunction and defects have been linked to the increase of the
generation of free radicals which could aggravate the oxidative stress and inflammation
[24]. In this study, we have shown that the activities of mitochondrial complexes I, I1&III
and IV were significantly elevated when mice were given DEP, and amended when carnosol
was given an hour prior. These suggest that carnosol could potentially protect mitochondria
from particulate-induced cardiotoxicity and prevent the exacerbation of oxidative stress
and inflammation associated with mitochondrial dysfunction. In fact, recent studies have
reported that carnosol is effective in preventing mitochondrial dysfunction in models of
nonalcoholic fatty liver disease and neurogenerative diseases [44, 45].

The NF-kB and MAPKs pathways are synergistically involved in the induction of pro-
inflammatory cytokines and the progressions of many inflammatory diseases, including
cardiovasculardiseases,suchasmyocardialinfarction,cardiachypertrophyandatherosclerosis
[7, 46-48]. Earlier studies have reported that carnosol is effective in mitigating inflammation
associated with rheumatoid arthritis in mice, as well as in suppressing the inducible nitric
oxide synthase involved in inflammation in mouse macrophages by downregulating the
NF-kB and MAPK pathways [49, 50]. Here, we discovered that the significantly elevated
expressions of phospho-NF-kB, and the markers of MAPKs (phospho-JNK, phospho-ERK
and phospho-P38) induced by DEPs were significantly reduced with the pretreatment of
carnosol. The reduction in phospho-NF-kB can be ascribed to the effectiveness of carnosol
in inhibiting the activation of NF-kB by interfering with the signal-induced phosphorylation
of IkB, which has been previously demonstrated in a transient transfection assay [50]. This
subsequently, inhibits the production of proinflammatory cytokines. The carnosol-induced
reduction of MAPKs markers suggests that carnosol could inhibit the phosphorylation
of JNK, ERK and P38 MAPK, which attenuates the MAPKs signaling [51] and prevent the
downstream inflammatory responses including the release of cytokines [52].

To further investigate the mechanism involved in the protective effects of carnosol in
particulate induced cardiac inflammation, we have evaluated the concentration of sirtuin-1.
Sirtuin-1 is an instrumental enzyme involved in the progression of cardiovascular disease,
responsible in regulating the expression of inflammatory genes in the cells, as well as
modulating lipid peroxidation, and the aging of endothelial progenitor cells [53, 54]. The
activation of sirtuin-1 has been associated with improved oxidative metabolism and reduced
inflammation, suggesting that sirtuin-1 has an inhibitory impact towards NF-kB signaling
cascade [55]. Additionally, it has been previously reported that sirtuin-1 activation is linked to
the decrease in phosphorylation of stress-induced JNK, ERK and P38, suggesting yet another
inhibitory effect of sirtuin-1 on a pathway involved in inflammation [54, 56]. As a matter of
fact, regulating the activity of sirtuin-1 has been applied pharmacologically under the notion
that enhancing sirtuin-1 activity offers promising outcomes, which is evidence in various
reports on the use of natural products with sirtuin-1 enhancing activity such as resveratrol,
catalpol and quercetin [38, 53, 54]. Presently, we have found that carnosol has significantly
abrogated the detrimental effect associated with the reduced level of sirtuin-1 found in the
heart of mice treated with DEP, an observation that is concurred by previous claims where
the therapeutic properties of carnosol via sirtuin-1 activation has been demonstrated on rats
with liver fibrosis and early brain injury after subarachnoid hemorrhage [57, 58].

Conclusion
Taken together, our findings demonstrated that pretreatment with carnosol exhibited

protective effects against DEPs-induced acute cardiotoxicity in mice by attenuating
inflammation, oxidative stress, mitochondrial dysfunction, DNA damage and apoptosis.
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This was potentially achieved due to the ability of carnosol in activating sirtuin-1, which
consequently suppressed the NF-kB and MAPK pathways. Nonetheless, further studies are
warranted in order to substantiate this claim and to determine whether carnosol as a viable
option for the clinical treatment of particulate-induced cardiotoxicity.
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