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Satureja khuzistanica Jamzad
essential oil and pure carvacrol
attenuate TBI-induced
inflammation and apoptosis

via NF-«B and caspase-3 regulation
in the male rat brain

Elham Abbasloo!*, Sedigheh Amiresmaili?, Sara Shirazpour?, Mohammad Khaksari*,
Firas Kobeissy*® & Theresa Currier Thomas®”’

Traumatic brain injury (TBI) causes progressive dysfunction that induces biochemical and metabolic
changes that lead to cell death. Nevertheless, there is no definitive FDA-approved therapy for TBI
treatment. Our previous immunohistochemical results indicated that the cost-effective natural Iranian
medicine, Satureja khuzistanica Jamzad essential oil (SKEO), which consists of 94.16% carvacrol
(CAR), has beneficial effects such as reducing neuronal death and inflammatory markers, as well as
activating astrocytes and improving neurological outcomes. However, the molecular mechanisms

of these neuroprotective effects have not yet been elucidated. This study investigated the possible
mechanisms involved in the anti-inflammatory and anti-apoptotic properties of SKEO and CAR

after TBl induction. Eighty-four male Wistar rats were randomly divided into six groups: Sham, TBI,
TBI +Vehicle, TBI+CAR (100 and 200 mg/kg), and TBI + SKEO (200 mg/kg) groups. After establishing
the “Marmarou” weight drop model, diffuse TBI was induced in the rat brain. Thirty minutes after
TBlinduction, SKEO & CAR were intraperitoneally injected. One day after TBI, injured rats exhibited
significant brain edema, neurobehavioral dysfunctions, and neuronal apoptosis. Western blot results
revealed upregulation of the levels of cleaved caspase-3, NFkB p65, and Bax/Bcl-2 ratio, which

was attenuated by CAR and SKEO (200 mg/kg). Furthermore, the ELISA results showed that CAR
treatment markedly prevents the overproduction of the brain pro-inflammatory cytokines, including
IL-18, TNF-a, and IL-6. Moreover, the neuron-specific enolase (NSE) immunohistochemistry results
revealed the protective effect of CAR and SKEO on post-TBI neuronal death. The current study
revealed that the possible neuroprotective mechanisms of SKEO and CAR might be related to (at
least in part) modulating NF-kB regulated inflammation and caspase-3 protein expression. It also
suggested that CAR exerts more potent protective effects than SKEO against TBI. Nevertheless, the
administration of SKEO and CAR may express a novel therapeutic approach to ameliorate TBI-related
secondary phase neuropathological outcomes.
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It is estimated that 69 million traumatic brain injuries (TBIs) occur each year globally which impose a significant
therapeutic burden on human societies. Traffic accidents and TBI are the third most common causes of death
worldwide, according to data provided by the World Health Organization?. The incidence of TBI is highest
among high-income countries, while the burden is greatest in low-income and middle-income countries®. There-
fore, cost-effective treatments for TBI are still important*.

It has been well established that TBI’s highly complex pathophysiological process involves primary disruption
of brain tissue due to direct mechanical trauma and secondary injury. While the primary phase occurs at the
injury site within minutes to hours post-injury, the secondary injury occurs hours to days later. The secondary
injury involves a series of neuropathological events, including blood-brain barrier (BBB) disruption, inflamma-
tion, excitotoxic damage, mitochondrial dysfunction, oxidative stress, lipid peroxidation, necrotic, and apoptotic
cell death’. Among these events, persistent and excessive inflammation can worsen the neurological disrup-
tion during the secondary insult process by secretion of pro-inflammatory mediators, such as tumor necrosis
factor-a (TNF-a), which plays an essential role in releasing interleukin-6 (IL-6) and interleukin-1p (IL-1B) by
T-cells®. Increased IL-6 production causes neuronal impairment, BBB damage, and other acute neurological
complications’. Many experimental data suggested that nuclear factor kappa B (NF-kB) activation enhances the
transcription of pro-inflammatory cytokines®, and the cytokines are known to, in turn, activate NF-«B°. In this
regard, the pro-apoptotic family members, such as B-cell lymphoma protein 2 (Bcl-2)-associated (Bax), trigger-
ing cytokine release, leading to caspase family activation'®-12,

Our previous study findings showed that Satureja khuzistanica Jamzad essential oil (SKEO) with a high
percentage of carvacrol (CAR) exerts a neuroprotective effect against the TBI pathophysiology in rats'*. SKEO
can reduce BBB permeability and edema, regulating astrocytes, neurons, and blood origin-infiltrated cells that
produce cytokines, and decrease neuronal death followed by improved neurological function'’. However, the
protective mechanisms of SKEO against TBI complications are still unknown.

Satureja khuzistanica Jamzad (SKJ) (also known as Marzeh Khuzestan in Persian) is a member of the Satureja
genus, which belongs to the Lamiaceae family and the Nepetoidae subfamily. It is found in the southwestern and
southern sections of Iran. This plant is utilized as a dental anesthetic drop and mouth disinfectant in traditional
medicine, as well as in the food and pharmaceutical industries''*. This plant contains more than 4.5% essen-
tial 0il'%, and CAR is the most abundant compound in SKEO (90.08-94.16%) (see Table 1)'®”. Accumulating
evidence has reported anti-nociceptive'®, antioxidant’, anti-allergic, anti-apoptotic, neuroprotective, and anti-
inflammatory effects of this plant essential oil and extract®*-2,

Carvacrol (2-methyl-5-(1-methyl ethyl)-phenol) is found in the genus of plants belonging to the Lami-
aceae family, such as Thym, Satureja, and Origanum, so oils derived from these plants can contain 85-90%
carvacrol®?*, Because of its low molecular mass and lipophilic characteristics, this molecule can easily cross
the BBB?. CAR possesses various biological and pharmacological properties in vitro and in vivo, including

Rt RI KI Compound Area%
3.971 846.9895 847 | Ethyl 2-methylbutanoate 0.07
5.405 928.0449 929 | a-Thujene 0.37
5.613 937.3933 937 | a-Pinene 0.26
6.694 985.9775 986 | Beta-pinene 0.09
6.802 990.8315 990 | Myrcene 0.7
7.363 1013.222 1013 | a-Phellanderene 0.05
7.619 1022.704 1023 | a-Terpinene 0.12
7.879 1032.333 1034 | P-Cymene 2.29
7.955 1035.148 1035 | Limonene 0.08
8.045 1038.481 1037 | B-Phellandrene 0.06
8.728 1063.778 1063 | y-Terpinene 0.27
9.179 1080.481 1085 | Cis sabinene hydrate 0.42
9.89 1106.626 1106 | L-linalool 0.68
10.091 1113.864 1116 | Trans sabinene hydrate 0.12
12.282 1192.762 1193 | Endo-borneol 0.14
12.424 1197.875 1200 | 4-Terpineol 0.55
12.878 1213.251 1217 | a-Terpinol 0.08
12.934 1248.675 1244 | Iso thymol methyl ether 0.14
15.692 1308.1691 | 1308 | Thyme camphor 0.3
16.253 1328.2694 | 1327 | Carvacrol 91.33
19.098 1431.8113 | 1431 | Caryophyllene 0.18
21.25 1513.6526 | 1510 | Beta-Bisabolene 0.58
23.512 1603.3571 | 1606 | Caryophyllene oxide 0.17

Table 1. Composition of Satureja khuzistanica Jamzad essential oil. RI'; Retention indices determined relative
to n-alkanes (C4-C,4) on a DB-5GC column. RI: Retention indices; MS: mass spectra; Col: co-injection.
Significant values are in bold.
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antioxidant, anticancer, antibacterial, antifungal, anti-inflammatory, and hepatoprotective effects?*-2%. Previous
studies showed that CAR provided neuroprotection against ischemia reperfusion-induced cerebral injury?,
spinal cord injury®’, and neurodegenerative disease®'. In 2012 Peter and colleagues declared that inhibition of
transient receptor potential channel (TRPC1) by CAR enhanced neurological recovery after a TBI in mice®.
However, the underlying mechanisms of these neuroprotective processes have yet to be fully clarified in TBI

Based on the previously mentioned evidence about the protective activity of SKEO and CAR, the current
study evaluates the potential neuroprotective mechanisms of CAR and SKEO post-TBI induction. In this regard,
we investigated whether CAR and SKEO could regulate apoptosis-related proteins; caspase-3, Bax, and Bcl2,
as well as the pro-inflammatory regulatory cytokine, NF-kB, to ameliorate the neurological deficits observed
during the acute phase of TBI.

Materials and methods

Animals and experimental protocol. Male Wistar rats (200-250 g) were maintained in a temperature-
controlled room (22-25 °C) with a regular 12-h light/dark cycle and free access to food and water. Rats were
randomly divided into six groups, as follows: (1) Sham: these rats underwent all preliminary procedures for
TBI except for the TBI induction (weight dropped), (2) TBI: these rats were exposed to the brain trauma and
received no treatment, (3) TBI + Veh: these rats intraperitoneally injected with vehicle (tween 20, 1% i.p)***, (4)
TBI+ CARI100: these rats received CAR (100 mg/kg, i.p), (5) TBI+ CAR200: these rats received CAR (200 mg/
kg, i.p), (6) TBI+ SKEO200: these rats received SKEO (200 mg/kg, i.p). All treatments and vehicles were admin-
istered 30 min after TBI induction. To achieve 90% power- to detect statistical significance at 95% confidence
interval, six rats were assigned to each group. The rats were sacrificed 24 h after the TBI** (Table 1 and Supple-
mental Fig. 1).

A dose of 100 mg/kg of CAR was shown to be ineffective based on data obtained from the veterinary coma
scale (VCS) and brain water content (BWC), but a dose of 200 mg/kg of CAR was associated with improved
VCS and reduced BWC. As a result, the following experiments were carried out using a 200 mg/kg CAR and
SKEO. In this regard, our previous dose-response analysis revealed that the SKEO (200 mg/kg) is the most
beneficial dose'®. Amanlou et al. found that intraperitoneal treatment of dosages greater than 200 mg/kg of SKJ
was related to sleepiness and decreased physical activity'®. In a pilot study, we observed that CAR (250 mg/kg)
caused drowsiness (somnolent-like behavior) and staggering in rats by a similar mechanism to SKEO (250 mg/
kg). As a result, we avoided utilizing higher doses due to the potential risk of interfering with neurological
consciousness-dependent outcomes (e.g., VCS).

Furthermore, vehicle administration (Tween' 20, 1%) caused no significant difference between the TBI and
TBI+ Veh groups in the water content, VCS, and ELISA tests; hence, we only examined the indicated proteins
expression and neural death in the TBI+ Veh group. As a result, the number of utilized animals and associated
research costs were reduced.

All experiments were performed in accordance with relevant guidelines and regulations and adhered to the
ARRIVE guidelines (https://arriveguidelines.org/) which was used for reporting of animal experiments. The
study was reviewed and approved by the local ethical committee of the Kerman University of Medical Sciences
(Ethics code No. 1395.703).

Chemicals and essential oil preparation. Tween 20 and CAR were purchased from Merck Millipore
(Darmstadt, Germany) and Sigma-Aldrich (Germany).

Preparing of the essential oil.  SK] was obtained from a cultivated source (Khorraman Farm, Khorrama-
bad, Iran) during the plants flowering period, identified by the Department of Botany of the Research Institute
of Forests and Rangelands (TARI; Tehran, Iran), and assigned a specimen voucher number (No. 58416) at the
Herbarium of TARI. The obtained materials were crushed after drying in the air and then boiled in distilled
water for 5 h using a Clevenger machine before being purified. The evaporated essence mixture and the water
were separated based on the difference in mass between the water and the essence. A sodium sulfate solution
was used to absorb the suspended water particles after the yellow oil (essence) was obtained. Carvacrol (91.33%),
p-Cymene (2.29%), and L-Linalool (0.68%) made up the majority of the essence, according to previous gas
chromatography-mass spectroscopy (GC-Mass) analysis'®*! (Supplemental Fig. 2). All procedures of collect-
ing, boiling, preparing of essential oil and determining its component were done according to the Khorraman
Company standard guideline. The essential oil was diluted in 1% Tween’ 20 and administered 30 min after TBI
induction, similar to previous studies’.

Diffuse traumatic brain injury (TBI) induction.  All rats were intubated before the TBI induction. Based
on the Marmarou approach®-%, the adopted TBI method was a moderate diffuse brain injury. Briefly, all the
animals were anesthetized with ketamine and xylazine in preparation for TBI. Then, a 300 g weight was dropped
from a height of 2 m onto the anesthetized rat’s head, while a metal disc (10 mm in diameter, 3 mm thick) was
affixed to the animal’s skull. After trauma induction, all rats were immediately connected to the breathing pump
(Animal Respiratory Compact, TSE systems, Germany). The intra-tracheal tube was removed once the spon-
taneous breathing had returned, and rats were housed in individual cages. The site of brain damage was clearly
visible on H&E-stained slides (Supplemental Fig. 3).

Brain water content (BWC) determination. Each rat BWC was measured 24 h after the TBI induction
to quantify cerebral edema. As previously mentioned, anesthetized rats were sacrificed, and their brains were
rapidly removed and subjected to wet-dry weight comparisons to measure water content percent (%). Briefly,
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the brain was weighed after placement in pre-weighed glass vials (wet weight). Then, the vials were placed in
a 100 °C incubator (Memmert, Germany) for 24 h before being weighed again (dry weight). The percentage of
water in each brain specimen was then calculated using the following formula’®:

Brain water content (%) = [(wet weight — dry weight) /wet weight] x 100

Neurological outcomes assessment. The veterinary coma scale (VCS) (3-15), the sum of the respira-
tory response score (1-3), the motor response score (1-8), and the visual response score (1-4) were used to
assess neurological outcomes. The definitions of the stated scoring systems are presented in Table 2. A higher
score indicates better neurological outcomes. The VCS was measured before TBI induction and 4 and 24 h
afterward*.

Western blot analysis of apoptotic and inflammatory markers. The brain was removed from the
skull and divided into two hemispheres. The right hemispheres of the brain were homogenized in 700 pl ice-cold
RIPA lysis buffer (sigma; R0278), 1 mM protease inhibitors (sigma; P2714-IBTL), and 1 mM sodium orthova-
nadate using a tissue homogenizer (Hielscher UP200-Germany). The homogenate was centrifuged at 17,000xg
for 15 min at 4 °C'**42, The supernatant was collected, and its protein concentrations were determined using
the Bradford method (Bio-Rad Laboratories, Miinchen, Germany)*. On a 10% SDS-PAGE gel, equal amounts
of protein (40 g) were separated electrophoretically and transferred to nitrocellulose membranes (Hybond ECL,
GE Healthcare Bio-Sciences Corp., NJ, USA). The membranes were blocked for 2 h with 5% non-fat milk, then
incubated overnight at 4 °C with the following antibodies; Bax (1:200, B-9: sc-7480), Bcl-2 (1:200, N-19: sc-492),
NF-xB p65 (1:200, F-6: sc-8008), and caspase-3 (1:200, E-8: sc-7272). The membranes were incubated for 2 h at
room temperature with the secondary antibodies (1:5000, mouse anti-rabbit IgG-HRP: sc-2357) and (1:5000, m-
IgGxBP-HRP: sc-516102) followed by three times washing with tris-buffered saline with Tween" (TBST; 15 min
each). All antibodies were diluted in a blocking buffer containing 5% non-fat dried milk and TBST. Control
of loading was performed using p-actin immunoblotting (antibody from Cell Signaling Technology Inc., Bev-
erly, MA, USA; 1:200). Antibody-antigen complex was visualized via the Enhanced Chemiluminescence (ECL)
method using the Gel Documentation System (BIO-RAD). The density of the bands was calculated using Lab
Works software*>*,

Enzyme-Linked immunosorbent assay (ELISA) of inflammatory cytokines. The tissue levels
of TNF-a, IL-1B, and IL-6 were determined using commercially available ELISA kits (Eastibiopharm, USA).
Briefly, the left cerebral hemispheres of rats were extracted and homogenized in phosphate buffer (pH 7.4, 0.1 M)
using a homogenizer (Hielscher UP200-Germany) 24 h after TBI induction. The samples were then centrifuged
at 3500 rpm for 15 min at 4 °C. The supernatant was collected and kept at — 80 °C until the analysis of TNF-a,
IL-1P, and IL-6 levels as described by the kits manufacturer’s instructions®.

Immunohistochemistry (IHC). To determine neuronal activation, neuron-specific enolase (NSE) lev-
els were assessed*® at 24 h after injury in paraffin-embedded sections (4 pm) using a Leica DM500-Germany
microscope and ICC50 HD digital camera. Positive IHC-stained cells were counted in five different high-power

Veterinary coma scale variable ‘ Score

Motor function

Normal movement

Mildly drowsy with spontaneous purposeful movements

Lethargic, unable to stand, but maintains sternal recumbency

Lethargic, withdraws to pinch, and lifts head with attention to visual stimuli; no sternal recumbency

Withdraws or pedals to pinch

Spontaneous pedaling

Extensor posturing (spontaneous or to stimuli)

N W R ||| | e

Flaccid to stimuli

Eye function

Open

Open on stimulation

Normal eyelid reflexes

— N W

No eyelid response to stimuli

Respiration

Normal 3

Ataxic 2

Apneic 1

Table 2. Veterinary coma scale.
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fields (HPF; 40X). Neuron-specific enolase (NSE) IHC (NSE-IHC) protocols in this lab have been previously
published'.

Statistical analysis. To test the hypothesis that acute CAR treatment after diffuse TBI can reduce inflamma-
tory and apoptotic properties at 24 h, associated with CARs ability to improve VCS scores similar to our previous
publication testing SKEO', statistical analyses were performed using SPSS, version 24.0 (SPSS, Inc., Chicago,
IL, USA). Independent data are in structured data sets that are normally distributed (Shapiro-Wilk test) with
similar variances (Brown-Forsythe test) meeting assumptions for the use of analysis of variance (ANOVA)*"4,
One-way analysis of variance (ANOVA) was used to examine BWC and cytokines data, followed by a Tukey’s
honest significance test (HSD) for post-hoc analysis. Repeated measure ANOVA was done on the logarithmic
transformation of VCS scores to compare VCS scores between groups at different times by Bonferroni post-hoc
test, similar to previous publications from our group®. Protein density and IHC data were compared between
studied groups using one-way ANOVA followed by Tukey’s post-hoc test. Data are presented as the mean + the
standard error from the mean (SEM). Differences were considered statistically significant at the P<0.05 level.

Results

SKEO and CAR treatments improved veterinary coma scale (VCS) scores after TBl. VCS
changes in trial groups at different times after TBI are shown in Table 3. There were no significant differences
in VCS between groups before TBI. A significant decrease was shown in the VCS scores in the TBI group at
4h (9.33+0.33) and 24 h (11.33+0.33) post-TBI in comparison with the sham group (15+0.0) (P<0.001 and
P <01, respectively). The VCS scores in the SKEO (200 mg/kg) group at4 h (12.00+0.58) and 24 h (13.17+0.31)
post-TBI increased as compared to the Veh group (P<0.01 and ns, respectively). Also, VCS scores in the CAR
(200 mg/kg) group significantly increased at 4 h (12.33+0.33) and 24 h (14.5+0.22) post-TBI compared to the
Veh group (P<0.05 and P <0.05, respectively). There was no significant difference in VCS between the TBI and
TBI+ Veh groups at any time after TBI.

SKEO and CAR treatments reduced brain edema after TBIl.  Changes in BWC 24 h post-TBI have
been shown in Fig. 1. The BWC increased from 70.83+0.23 to 76.88+0.58 and 76.02+0.51 in the TBI and
TBI+ Veh groups compared to the sham group (P<0.001). The BWC in the TBI+SKEO200 and TBI+ CAR200
groups was significantly lower than in the TBI+ Veh group (P<0.001), whereas there was no significant differ-

Animal groups VCS (-1) VCS (0) VCS (4) VCS (24)
Sham 150 15+0 15+0 150

TBI 15+£0 15+£0 9.33+0.33% 11.33+0.33*
TBI+ Veh 150 15+0 9.17+0.31% 11.00+0.37*
CAR (100 mg/kg) 150 15+0 9.33+0.17°% 11.67+0.49"
CAR (200 mg/kg) 15+£0 15+0 12.33+£0.33" 14.50£0.22*
SKEO (200 mg/kg) 15+£0 15+0 12.00£0.58** 13.17+0.31%

Table 3. Veterinary coma scale (VCS) scores. Data are expressed as mean + SEM. TBI: traumatic brain injury;
SKEO: Satureja Khuzistanica essential oil; CAR: Carvacrol. *P <0.05, #*P <0.01 & **P <0.001 represents
significant difference with sham; *P <0.05,*P <0.01,*P <0.001 represents significant difference with TBI + Veh.
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Groups

Figure 1. Effects of SKEO and CAR on the percent of brain water content 24 h after TBI induction in

the different experimental groups (n =6 rats per group). Data are expressed as mean + SEM. #*P<0.01 and
###P<0.001 represents significant difference with sham; ***P<0.001 represents significant difference with

TBI + Veh; and *P<0.05 represents significant difference with TBI+ SKEO. TBI: Traumatic brain injury; SKEO:
Satureja khuzistanica essential oil; CAR: Carvacrol.
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ence between the TBI and TBI + Veh groups. The administration of CAR100 had no significant effects on BWC.
The BWC was significantly decreased in the TBI+ CAR200 group (69.55 +0.78) compared to the TBI + SKEO200
group (72.02+0.59) (P<0.05). Based on the dose-response investigation, we discovered that a 100 mg/kg CAR
dosage was ineffective, but a 200 mg/kg dose significantly decreased BWC (Fig. 1) and improved VCS at 4 and
24 h after TBI (Table 3).

Effects of SKEO and CAR on the apoptotic-related proteins after TBlinduction. The proenzyme
(32 kDa) and the active fragment (17 kDa) of caspase-3 were evaluated using the western blot technique. The
proactive form of caspase-3 was reduced in the brain 24 h after injury, suggesting its possible conversion to
the active form. Cleaved Caspase-3 protein expression was significantly elevated in the vehicle-treated animals
(TBI+ Veh) (4.8+0.25, F=35.42) compared to the sham group (P<0.001) and was significantly diminished after
CAR200 (1.53+0.3) (P<0.001) and moderately suppressed by SKEO200 (3.08 +0.4) (P<0.01) (Fig. 2).

Expression of apoptotic-related proteins (Bax and Bcl-2) was used to investigate the protective effects of SKEO
and CAR against TBI-induced neuronal death. The proapoptotic factor Bax (26 kDa) expression was low in the
brains of sham rats, but the level of Bax expression in TBI + Veh was increased at 24 h post-TBI (3.11£0.75,
F=18.74,P<0.001) compared to sham group as shown in Fig. 3A. After SKEO and CAR treatment, Bax protein
expression levels were significantly reduced (1.94+0.13, P<0.01) (1.44+0.12, P <0.001); respectively. Our find-
ings indicated that SKEO and CAR administration was capable of modulating Bax expression following TBI
induction, where CAR was more effective at lowering proapoptotic Bax protein compared to SKEO (P <0.05)
in this TBI model (Fig. 3A).

Moreover, the Western blot analysis showed that he expression of Bcl-2 was dramatically decreased in the
TBI + Veh group (0.32+0.06, F=30.95, P <0.001) 24 h after injury compared to the sham group, but this effect
was significantly restored in the TBI-induced rats treated with CAR (0.68+0.07, P <0.05) but not by SKEO
(0.41£0.06) (Fig. 3B).

Furthermore, the Bax:Bcl-2 ratio alterations were compared between the studied groups. Injured animals
in the TBI+ Veh group (9.99+1.01) had a significantly higher Bax:Bcl-2 protein ratio than those in the sham
group (P<0.001). The elevated Bax:Bcl-2 ratio was significantly reduced in injured rats treated with 200 mg/kg
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Figure 2. Effects of SKEO and CAR on the cleaved caspase-3 protein expression were assessed by western
blotting 24 h after TBI induction in the different experimental groups (n=6 rats per group). Cropped
representative bands from the western blot test from the same run are shown above. Data are expressed as
mean + SEM. ##P<0.001 represents significant difference with sham; **P<0.01 and **P<0.001 represent
significant differences with TBI + Veh; **P<0.01 represents significant difference between TBI + CAR and
TBI+SKEO. TBI: Traumatic brain injury; SKEO: Satureja khuzistanica essential oil; CAR: Carvacrol.
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Figure 3. Effects of SKEO and CAR on the (A) Bax, (B) Bcl-2 protein levels, and (C) Bax:Bcl-2 ratio 24 h

after TBI induction in the different experimental groups (n=6 rats per group). Cropped representative bands
from the western blot test from the same run are shown above. Data are expressed as mean + SEM band density
ratio for each group. B-actin was used as an internal control. ***P<0.001 represents significant difference with
sham; *P<0.05, **P<0.01, and ***P<0.001 represent significant differences with TBI + Veh; $P<0.05 represent
significant differences between TBI+ CAR and TBI+ SKEO. TBI: Traumatic brain injury; SKEO: Satureja
khuzistanica essential oil; CAR: Carvacrol.

SKEO (4.96 £0.67) and CAR (2.26 +0.48) compared to the TBI + Veh group (P <0.01 and P<0.001, respectively)
(Fig. 3C). There was a significant difference between CAR and SKEO treatment groups (P <0.05).

SKEO and CAR reduced the inflammatory cytokines after TBI induction. The tissue levels of
IL-1p, TNF-a, and IL-6 in rat brains were significantly increased 24 h after TBI induction compared to the sham
group. No significant differences were observed between the TBI and TBI+ Veh groups. Figure 4A indicates a
significant decrease in IL-1p levels in the TBI+SKEO (862.33+21.88) and TBI+ CAR (715.66+12.99) groups
compared to the TBI+ Veh (1186.6 £46.75) group (P<0.001). There was also a significant difference between the
TBI+SKEO and TBI+ CAR groups (P <0.05).

TNE-a levels were also decreased significantly in the TBI+ SKEO (79.61 +5.2) and TBI+ CAR (62.08 £1.5)
groups (P <0.001) compared to the TBI+ Veh group (118.89 +1.23) (Fig. 4B). A significant difference in TNF-a
levels was found between the TBI+ SKEO and TBI + CAR groups (P <0.05).

Figure 4C also shows that SKEO (99.68 £0.42) and CAR (80.13 + 3.83) treatment after TBI induction signifi-
cantly decreased the level of IL-6 compared to the TBI+ Veh group (132.25+7.81) (P<0.001). The results also
showed that CAR significantly reduced IL-6 levels compared to the SKEO (P<0.05).

Scientific Reports |

(2023) 13:4780 | https://doi.org/10.1038/s41598-023-31891-3 nature portfolio



www.nature.com/scientificreports/

A
: 1400 H#iH . s
1200
2 1000
-
& 800
5}
< 60
>
D a00
c
5 200
S
@ o
Sham TBI TBHVeh TBHSKEO200 TBHCAR200
Groups
140
B 5 # #H
w 120 $
- —
B 100 4 Fkk
'S
E 80
§ 60
[
>
9 44
s
T 20 4
Jid
o
0 4
Sham TBI TBHVeh  TBHSKEO200 TBHCAR200
Groups
160
C i o
— 140 $
o S )
¥ 120
® 100 7
=
« 80
5}
5
)
£ 20
o
@ o0
Sham TBI TBHVeh  TBHSKEO200 TBHCAR200

Groups

Figure 4. Effects of SKEO and CAR on the (A) IL-1B, (B) TNF-q, and (C) IL-6 levels 24 h after TBI induction
in the different experimental groups (n=6 rats per group). Data are expressed as mean + SEM. #P<0.01 &
##P<0.001 represent significant differences with sham; ***P<0.001 represents significant difference with

TBI + Veh; and $P<0.05 represents significant difference between TBI+ CAR and TBI+SKEO. TBI: Traumatic
brain injury; SKEO: Satureja khuzistanica essential oil; CAR: Carvacrol.

Western blot assays were used to determine whether the neuroprotective effect of CAR and SKEO was due
to the inhibition of NF-«B signaling. TBI substantially enhanced NF-«xB p65 expression (4.18 +0.26) compared
to the sham group (P <0.05). In contrast, SKEO (2.72£0.41) and CAR (1.53+0.22) administration signifi-
cantly reduced the postinjury NF-«Bp65 protein expression in the brain when compared to the TBI + Veh group
(P<0.01 & P<0.001, respectively) (Fig. 5).

SKEO and CAR inhibited neuron injury. We performed IHC staining for NSE to assess for neuronal
loss/injury. NSE-THC staining showed that the neuronal nucleus and the intact, brown-stained neural cytoplasm
and membrane were present in neurons in the sham group (100 +1.55%). In contrast, in the TBI+ Veh group, a
few non-injured neurons were seen, accompanied by a large number of malformed or squeezed neurons in com-
parison with the sham group (28.42+1.33%) (P <0.001). However, treatment with SKEO and CAR, respectively,
resulted in the survival of (110.71+1.2%) and (175.02+1.62%) of neurons, positively stained, in comparison
with the TBI+ Veh group (P <0.001). The results also showed that CAR potently and significantly reduced neural
damage compared to the SKEO (P<0.05) (Fig. 6).

Discussion
In the present study, we established a successful TBI weight-drop model and confirmed it by evaluating the rate
of brain edema, neurological scores, and histological findings (Figs. 1, 6, Table 3, and Supplemental Fig. 1). Fur-
thermore, the current study findings revealed that SKEO and CAR could reduce edema and have beneficial effects
on regulating apoptotic and inflammatory signaling pathways following TBI model induction. Administration
of SKEO and CAR reduced pro-apoptotic proteins such as Bax and caspase-3 and improved anti-apoptotic pro-
teins such as Bcl-2 (Figs. 2 and 3). Moreover, after brain injury induction, the inflammatory signaling molecules,
such as the NF-«B, IL-1B, TNF-a, and IL-6, were significantly reduced following CAR and SKEO treatments
(Figs. 4 and 5). It should be noted that in most of the studied variables, the effects of CAR were more potent and
significant than the SKEO.

Our previous findings showed that SKEO (200 mg/kg), which contains more than 94% CAR, inhibits astro-
cytes, neurons, and blood origin-infiltrated cells, all of which are cytokines-producing sources, lowering pro-
inflammatory cytokines such as IL-1B, TNF-q, and IL-6, and resulting in considerably reduced brain injuries'.
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**P<0.05 and **P<0.01 represent significant differences with TBI+ Veh. TBI: Traumatic brain injury; SKEO:
Satureja khuzistanica essential oil; CAR: Carvacrol.
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The inflammatory response, which plays a crucial role in developing secondary damage such as cell death,
is related to the generation of pro-inflammatory cytokines. Acute reduction in the inflammatory response has
been implicated in reducing the morbidity and mortality associated with trauma®’. We found significant neuronal
cell death after TBI in this work, as demonstrated by alterations in VCS scores, elevated cleaved caspase-3 along
with neuron damage (NSE-THC) (Table 3, Figs. 2 and 6), consistent with earlier findings'**"*2, while SKEO and
CAR therapy mitigated these changes.

The overall pathophysiology of TBI in humans and animals is associated with apoptosis or programmed
cell death of neurons and glia® and is regulated by several interconnected mechanisms, including extrinsic and
intrinsic signaling pathways. In the weight drop TBI model, stimulation of the cell-extrinsic pathway triggers the
binding of ligands, such as TNF-a and FasL, to their receptors on the cell surface, whereas higher permeabiliza-
tion of Bax/Bak channels on the outer mitochondria membrane are the central events in the intrinsic pathway,
which leads to the cytochrome c release, a protein that plays a crucial role in cell death and is typically inhibited
by the Bcl-2 protein. Then, cytochrome c forms the apoptosome complex in the cytosol. These two mechanisms
converge at the level of effector caspases, such as caspase-3 and caspase-7, resulting in the cleavage of cellular
proteins and apoptosis®"**~*. It has also been demonstrated that decreasing caspase-3 activation and apoptotic
cell death promotes functional recovery in animals following TBI*"*%,

Anti-apoptotic genes like Bcl-2°? and pro-apoptotic genes like Bax® belong to the Bcl-2 multigene superfam-
ily. Following localized and global ischemia and TBI, damaged neurons showed decreased Bcl-2 and elevated
Bax immunoreactivity®'-®. The ratio of anti-apoptotic and pro-apoptotic Bcl-2 superfamily proteins appears to
be essential for cell survival following CNS damage and in other cells?*®-%, After TBI in rat brains, changes in
the cellular Bax:Bcl-2 ratio may mediate cell death via modulating the activity of the cell death-inducing caspase
family of proteases®”°.

In the present study, TBI induces an increase in the Bax:Bcl-2 ratio in the TBI + Veh group, whereas SKEO
and CAR treatments cause a more substantial decline in the Bax:Bcl-2 ratio in rat brains (Fig. 3). As a result,
the decrease in the Bax:Bcl-2 protein ratio in the brains of rats treated with SKEO and CAR may be critical for
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reducing cleaved caspase-3 synthesis and, consequently, neurological scores improvement. Consistent with these
results, Peter et al.*? reported neurological function improvement after CAR administration in a mouse model
of weight drop closed head injury. Another research study showed that administration of Satureja khuzistanica
extract reduced motor deficits in diabetic rats, which has been associated with a reduction in cleaved caspase-3
protein and Bax:Bcl-2 ratio in rat dorsal root ganglion?.

There is growing evidence that pro-apoptotic family members promote cytokine release into the cytoplasm,
which leads to caspase activation'®'2. CAR-rich SKEO has been demonstrated to reduce anti-inflammatory and
neuroprotective properties, but the full mechanistic range of CAR and SKEO remains unknown?’. Therefore, a rat
model was used to investigate whether SKEO and CAR may help prevent neuroinflammation-induced apoptosis
following TBI. Findings of our previous study’! and current results showed that TBI induced inflammation in
the rat brains by overexpressing IL-1f, TNF-a, and IL-6, while SKEO200 and CAR200 treatment alleviated these
inflammatory markers (Fig. 4). According to Li et al. findings, CAR decreased the levels of TNF-a and IL-1p, as
well as the production of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) in ischemic cor-
tical tissues. They also found that CAR inhibited tissue invasion by cellular markers of inflammatory enzymes”2.

Microglia generate members of the pro-inflammatory cytokine family, which raise BBB permeability”. Brain
edema and neuronal degeneration were linked to increased pro-inflammatory cytokines’. The findings of the
present study, in agreement with our previous study'!, demonstrated an increase in cerebral edema accompanied
by up-regulation levels of pro-inflammatory cytokines following TBI in rat brains. The ability of CAR to mini-
mize edema has been shown in previous research, which supports CAR to diminish edema and inflammatory
responses by suppressing TNF-a’>. Zhong et al. demonstrated the preventive effects of CAR on an intracerebral
hemorrhage by reducing cerebral edema®. In the current study, CAR200 dramatically reduced cerebral edema
and levels of pro-inflammatory cytokines, IL-1p, TNF-a, and IL-6. In our previous study, the Evans blue dye
extravasation was used to quantify BBB permeability and revealed that SKEO200 reduced the water accumula-
tion in the brain parenchyma due to improved vascular consistency'®. Accordingly, we predict that the reduction
in cerebral edema in the SKEO-treated group in this study was probably through a similar vascular mechanism
(Fig. 1). Besides this, our recent finding showed that CAR potentially protects BBB via zonula occludens-1(ZO-1)/
occludin, tight junction proteins, in the rat”. Consistent with our results, Park and colleagues revealed the efficacy
of CAR in reducing vascular permeability following spinal cord injury by raising the tight junction and adhesion
proteins levels”. Increased BBB permeability allows blood cells such as neutrophils, lymphocytes, monocytes,
and macrophages to enter the central nervous system’s, followed by releasing mediators such as prostaglandins,
free radicals, and inflammatory cytokines, which trigger the production of chemokines and adhesion molecules
and activate immune cells and glia’. As a result, it appears that a reduction in vascular permeability is one of the
reasons for the reduction of edema and inflammatory cytokines by CAR in the current study.

TNF-a not only promotes the expression of other interleukins, like IL-6, which cause nerve impairment,
BBB damage, and acute neurological problems in injury sites”>*, but it can also trigger programmed cell death
in neurons®"#2. Cytokines also have a role in apoptosis and inflammation by degrading IkappaB kinase (IkB)
and activating the NF-«kB signaling pathway, which is critical in initiating apoptosis®*. NF-kB is a proinflamma-
tory regulatory cytokine that can enhance the effects of other inflammatory signals®%. Due to binding to the IxkB
inhibitor, the NF-«B transcription factor complex is generally retained in the cytoplasm in its inactive form.
Upon activation, IkB is ubiquitinated and degraded, allowing the NF-B complex to be phosphorylated and
transported into the nucleus, where it can bind to promoter sites to regulate the transcription of target genes®.
Nearly the whole arsenal of immunological defenders is triggered by NF-kB, including chemokines, cytokines,
adhesion molecules, inflammatory mediators, and apoptosis inhibitors, giving NF-kB a crucial role in global
immunity® that is conserved across species®”. NF-kB is also implicated in the downregulation of pro-survival
brain-derived neurotrophic factor (BDNF) at 24 h following exposure to high extracellular glutamate levels®,
a common occurrence after mechanical depolarization during TBI. In an experimental model of closed-head
injury, repression of the NF-kB inhibitor system enhanced neuronal cell death, worsened neurological outcomes,
and accelerated post-traumatic mortality rate. It has been observed that NF-«B activation continues for a long
time in glial cells and neurons following TBI, and it might regulate pro-apoptotic factors such as Bax protein®.
In this regard, Li et al. reported the inhibitory effect of CAR on the NF-kB p65 (active form) that was generated
after ischemia-reperfusion in rat brains’>. In the present study, SKEO and CAR treatments efficiently reduced
NF-kBp65 protein expression, indicating that the plant-origin essential oil, SKJ, and commercial CAR may
attenuate post-traumatic inflammatory responses by modifying NF-kB signaling (Fig. 5) by decreasing Bax
protein and ultimately caspase-3 protein activation causing improved VCS. Because CAR is the suspected prin-
cipal active component in SKEO, it is plausible to assume that CAR is responsible for SKEO protective effects on
post-traumatic outcomes and that the reduction in NF-kBp65 protein in the TBI+SKEO group was related to its
CAR content performance. While NF-«B signaling is predominantly associated with pathological processes, there
is growing evidence that it can mediate neuroprotective pathways through the upregulation of hemoxygenase 1
(HO-1), early growth response protein 1 (Egr-1), and heat shock protein -1 of 27 KB (Hsp27) after excitotoxicity
and stroke®®*, which requires further consideration for the impact on NF-kB signaling associated with chronic
inflammation after experimental TBI*'-*%,

In the present study, although SKEO contains a significant amount of carvacrol (91.33%), it showed weaker
effects than pure CAR. In general, essential oils have multifunctional activities due to the presence of various
components. Numerous comparative studies have examined the effects of essential oils with the most constitu-
ent components. They indicated that the active substances are not necessarily more potent than the essential
oils. For example, Magierowicza et al. investigated the biopesticide activity of Satureja hortensis essential oil
containing mainly CAR (73.24%) and purified CAR. They found that the essential oil was more effective than
its active ingredients alone®®. Another comparative study showed that CAR-rich SKEO (87.16%) has the same
antimicrobial properties as commercial CAR®.
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Extensive research has shown that the activity of essential oils is influenced by various factors such as seasonal
variation and harvesting month. These factors are so important that they can lead to changes in potency and
poor performance of the essential oil or existing compounds. For example, it is said that the famous essential oil
called Ocimum gratissimum, popularly known as basil essential oil, has variable activities on the mouse central
nervous system depending on the harvest season and essence extraction”. Other environmental factors can also
affect the activity of essential oils, such as day/night temperature, rainfall and intensity of sunlight®®. Fortunately,
many of the above factors are compensable or adjustable®. Therefore, the difference between the TBI+SKEO
and TBI + CAR groups in our study may be due to the aforementioned interfering factors.

According to the results found in the present study, it can be concluded that SKEO and CAR can reduce
acute edema and inhibit the production of pro-inflammatory cytokines regulator NF-kB and apoptotic-related
proteins caspase 3, resulting in the preservation of neuronal death and acute neurological functions in this model
of TBI. The long-term outcomes require further investigation to confirm if a single treatment of SKEO or CAR
can prevent persisting TBI-induced symptoms.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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