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Prenatal opioid exposure might disturb epigenetic programming in the brain of neonatal offspring with various consequences for
gene expressions and behaviors. This study determined whether altered trimethylation of histone 3 at lysine 4 (H3K4me3) in the
promoter of the tumor necrosis factor-a (tnf-a) gene with neural cell apoptosis was involved in the ventral-medial striatum, an
important brain region for withdrawal symptoms, of neonatal rat offspring from morphine-addicted mothers. Female adult rats
were injected with morphine before gestation and until 14 days after giving birth. On postnatal day 14 (P14), rat offspring from
morphine-addicted mothers were subjected to an opioid-withdrawal protocol and were analyzed 2 or 8 h after administration of
that protocol. Expressions of the TNF-a protein, H3K4me3 in the tnf-a promoter gene, and neural cell apoptosis within the
ventral-medial striatum of neonatal rat offspring were evaluated. In the absence of significant opioid withdrawal (2h after
initiation of the opioid-withdrawal protocol on P14), prenatal morphine exposure led to increased levels of H3K4me3 in the tnf-
o promoter gene, of the TNF-« protein, and of neural cell apoptosis within the ventral-medial striatum of neonatal rat offspring.
Following opioid withdrawal (8 h after initiation of the opioid-withdrawal protocol on P14), differential expression of H3K4me3
in the tnf-a promoter gene locus and upregulation of the level of TNF-a protein expression were further enhanced in these
offspring. In addition, increased levels of caspase-3 and neural cell apoptosis were also observed. Taken together, this study
revealed that prenatal opioid exposure can activate an epigenetic histone mechanism which regulates proinflammatory factor
generation, which hence, led to cell apoptotic damage within the ventral-medial striatum of neonatal rat offspring from
morphine-addicted mothers. More importantly, the opioid-withdrawal episode may provide augmented effects for the
abovementioned alterations and could lead to deleterious effects in the neonatal brain of such offspring.

1. Introduction contribute to neurodevelopment via interactions with the

individual’s genotype to disrupt specific neural and psycho-
Early life adversity is related to increased risks for developing ~ physiological system-related cognitive functions, thereby
many behavioral and psychiatric disorders [1]. A spectrum  enhancing the risk for psychopathologies later in life [2, 3].
of prenatal, intrapartum, and postnatal episodes is likely to ~ Indeed, children exposed to perinatal opioid drugs appear
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to have a higher mortality rate after birth and suffer
from neurodevelopmental consequences and behavioral
problems [4, 5].

During the fetal and neonatal periods, the central
nervous system (CNS) displays highly significant plasticity
and is vulnerable to changes by prenatal influences such as
prenatal opioid exposure [6-8]. The mechanisms through
which early life exposures play important roles for later-life
psychopathologies remain undetermined, but an epigenetic
mechanism represents a reasonable candidate [9, 10]. The
ventral-medial striatum of the mammalian brain serves as
an integration center to mediate goal-directed behaviors
(i.e., rewards of drug craving and drug addiction) [11].
Previous studies demonstrated that morphine exposure can
trigger the production of proinflammatory cytokines, includ-
ing tumor necrosis factor- (TNF-) «, interleukin- (IL-) 1, and
IL-6 [12-14]. Chronic opioid administration leads to
increased messenger (m)RNA levels of IL-1 and IL-6 in the
ventral-medial striatum of rats in vivo [15]. In addition, mor-
phine withdrawal neuro-behaviors can induce TNF-« release
from neural cells [13]. Recently, TNF-« expression levels
were found to increase in the amygdala during morphine-
withdrawal episodes [14]. Indeed, inflammation in the brain
not merely occurs with direct opioid exposure and with-
drawal but has transplacental effects on newborn offspring
as well; for instance, offspring suffering from prenatal opioid
exposure exhibited increased TNF-« production in the hip-
pocampus [16]. Prenatal stresses, such as chronic illicit drug
abuse, can dysregulate the maternal immune function and
cause elevated proinflammatory cytokine levels in the brain
of neonatal offspring [17]. Taken together, those studies
revealed that prenatal opioid exposure can generate transpla-
cental inflammation cascades during early life.

The epigenetic histone regulation in a target promoter
gene locus might play a role in the molecular basis of mam-
malian drug-craving and addiction [18, 19]. Recently, tri-
methylation of histone H3 at lysine 4 (H3K4me3), one type
of histone regulation, was suggested to act as a transcription
booster for the tnf-a gene expression within the promoter
region [18, 20]. In addition, early life stress or drug exposure
can also induce histone modifications within the ventral teg-
mental area resulting in dysregulated signal conduction [21].
However, little is known about histone methylation as a
result of perinatal opioid exposure with apoptosis in the off-
spring brain. Thus, the aim of this study was to examine the
hypothesis that prenatal opioid exposure activates the tri-
methylation of H3K4me3 in the tnf-a promoter gene and is
associated with neural cell apoptosis in the ventral-medial
striatum of neonatal rat offspring (on postnatal day 14; P14).

2. Materials and Methods

2.1. Experimental Animal Protocol. Female adult Sprague-
Dawley (SD) rats which underwent the opioid-withdrawal
protocol were housed under a 12h light/dark cycle with
humidity maintained around 60% ~70% and were initially
injected with morphine hydrochloride (2 mg/kg body weight
(BW), subcutaneously twice daily with the dosage progres-
sively increased at a rate of 1 mg/kg BW every 7 days with a
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maximum dose of 7 mg/kg BW) [6-8, 22]. These female rats
were mated on about day 7 or 8. During pregnancy and after
the rat offspring were born, morphine was still routinely
administered as scheduled until the offspring were 14 days
old. The last opioid injection was on postnatal day 13
(P13). Throughout the experimental course, there were no
significant opioid withdrawal symptoms between the mater-
nal opioid injections. The vehicle-control group consisted of
maternal SD rats injected with NaCl at the same dose and
interval as the experimental group.

We evaluated the growth of BW of rat offspring on post-
natal day 7 (P7) and P14 (an age regarded as a neonate in the
human lifespan) [23]. On P14, rat offspring from maternal
rats were transferred to an observational chamber main-
tained at around 33°C with warm light and were observed
for 2h for cumulative episodes of and latency in exhibiting
opioid-withdrawal behaviors, such as rearing, teeth chatter-
ing, backward locomotion, tremors, and wet-dog shaking.
Rat offspring from morphine-addicted mothers were divided
into two groups: an early group represented rat offspring
observed for opioid withdrawal behaviors for 2h immedi-
ately after transfer, after which they were sacrificed for bio-
chemical experiments (the early group, n = 48 rats); and the
late group represented rat offspring for observation of
opioid-withdrawal behaviors for 2h starting from the 6th
hour after transfer. These rat offspring were then sacrificed
for biochemical experiments (the late group, n =48 rats).
Rat offspring from the vehicle-control group were transferred
to an observational chamber on P14 and were observed for
opioid-withdrawal behaviors for 2h starting from the 6th
hour after transfer. These rat offspring were then sacrificed
for biochemical experiments (the control group, n = 48 rats).
There were no differences in sex among the three groups.

All experimental protocols were approved by the Animal
Care and Use Committee at the National Defense Medical
Center, Taiwan (NDMC-04-088 and IACUC-04-085) with
all actions undertaken being designed to lessen suffering
and decrease the number of animals used.

2.2. Preparation of Slices of the Ventral-Medial Striatum
Brain Region. After the opioid-withdrawal protocol was com-
pleted on P14, the pups were sacrificed, and brain slices (400
um) containing the ventral-medial striatum brain region
were immediately harvested with a vibro-slicer (Campden
Instruments, Sileby, Loughboroug, UK). Brain slices were
selectively transferred to an incubation chamber perfused
with oxygenated artificial cerebrospinal fluid (95% O,/5%
CO, gas, at 30.0 £ 0.5°C) for 1 h. Artificial cerebrospinal fluid
consisted of (in mM) NaCl (124), MgCl, (1), CaCl, (2), KCI
(3.5), NaH,PO, (1.25), NaHCO; (26), and D-glucose (10) at
pH 7.4 and with an osmolarity of 305 + 5 mOsm.

2.3. Immunoblotting. Cells of the ventral-medial striatum
were lysed in buffer (10 mM Tris at pH 7.4, 150 mM NaCl,
ImM PMSF, 0.2% Triton X-100, 2mM EDTA, and 1x
protease inhibitor mixture). The protein concentration was
clarified with a BCA assay (Thermo Scientific, Rockford, IL,
USA). Cell lysates were sorted on sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE), later
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transferred to nitrocellulose membranes, and then probed
with antibodies against TNF-«a (SC-1351; Santa Cruz) and
cleaved caspase-3 (no. 9662; Cell Signaling). Depending on
the different types of primary antibody, either rabbit anti-
mouse immunoglobulin G (IgG) or goat anti-rabbit IgG (1:
3000) was chosen as the secondary antibody. Immunoreac-
tive proteins were detected using the BioSpectrum 810 Imag-
ing System (UVP).

2.4. Real-Time Polymerase Chain Reaction (PCR). Isolation of
RNA, including synthesis of complementary (c)DNA, and
DNase treatment was accomplished using the Transcriptor
First Strand cDNA Synthesis Kit RT-PCR System™ (Roche,
Indianapolis, IN, USA) following the manufacturer’s instruc-
tions. The two-step real-time PCR with the LightCycler™
System (Roche) and Sybr Green I dye was used for monitor-
ing the PCR. FastStart DNA Master SYBR Green I (Roche)
was performed according to the producer’s instructions and
used for the real-time PCR. This study utilized the following
set of primers: TNE-a: forward (5'-CCCTACGGGTCATT
GAGAGA-3") and reverse (5'-GGTTGTGGACTGCCTT
TTGT-3'); and 18s ribosomal (r)RNA: forward (5’ -CCAG
TAAGTGCGGGTCATAA-3") and reverse (5'-TAGTCA
AGTTCGACCGTCTTC-3"). The thermal protocol of the
PCR was set to 95°C (for 4 min), followed by 30 amplification
cycles of 94°C (for 30s), 62°C (for 1 min), and 72°C (for 1
min), with a final melting curve analysis. Amplicons were
analyzed by the melting curve (Light Cycler software) and
agarose gel electrophoresis; the LightCycler analytical sys-
tem was applied to decide cycle threshold (CT) values, and
the relative messenger (m)RNA level of each experiment
was assessed by a real-time PCR followed by measurement
by the relative CT method (AACT) (the expression of the
objective was normalized to an endogenous standard (18S
rRNA) and compared to a calibrator (cDNA from a pooled
sample)).

2.5. Chromatin Immunoprecipitation (ChIP) Assay. A ChIP
assay was performed as previously described [24, 25]. Briefly,
5% 10° cells were treated with 1% formaldehyde at room
temperature (for 10 min) accompanied by sonication of
DNA and immunoprecipitation of chromatin overnight with
antibodies of trimethylated H3K4 (2 ug for 25 ug of chroma-
tin; antihistone H3K4me3 antibody, ChIP Grade; ab8580;
Abcam) and later purification with a ChIP kit (no. 17-295;
Upstate Biotechnology, Lake Placid, NY, USA). Probes and
primers were planned by exploring the proximal promoter
and intronic enhancer areas of the tnf-a gene [24, 25], includ-
ing the following subregions as described below relative to
the transcription start site: tnf-a 1 (-2686 to -2667); forward,
5'-CCCTAGTCCTCCTGGGATGT-3' and reverse, 5'-GCC
TGCTGCAACAGAGAGA-3'; tnf-a 2 (-2202 to -2183); for-
ward, 5'-CGTCTCACTATGCCTGGGTCT-3" and reverse,
5'-AAGCAAAGCACTTCTACCAAAT-3'; tnf-a 3 (-1672
to -1653); forward, 5'-AAACTCAGACCAGGCTGCAT-3'
and reverse, 5'-CAGGTCATCTCTTGACGTGGT-3'; tnf-a
4 (-502 to -480); forward, 5 -GAGTTCTGCATGTATT

40

Body weight (gm)
) w
S )

—
S
L

P7 P14

Il Control
[ Morphine

FIGURE 1: The BW of rat offspring of the prenatally opioid-exposure
group was statistically significantly lower. The BW of rat offspring
on P7 was as follows: the control group: 16.3 + 1.3 g (n =48 rats)
vs. the prenatally opioid-exposure group: 8.3+ 0.7 g (n =96 rats).
And the BW of rat offspring on P14 was as follows: the control
group: 37.6 1.7 (n1=48 rats) vs. the prenatally opioid-exposure
group: 29.2+1.6g (n=96 rats). Scatted dots represent the data
points in each group. *p < 0.05, compared to the control group.

GGATAGG-3" and reverse, 5'-TGCTACCAAGCCTAAA
GACC-3'; and tnf-a 5 (-230 to -213); forward, 5 -GGTT
CAGTTCCCAGCACCTA-3" and reverse, 5 -ATGGGC
ATATCTGCACAGCA-3'. PCRs were conducted on the
ABI Gene Amp ® PCR System (Applied Biosystems). The
quantity of immunoprecipitated DNA was calculated and
compared to the quantity of total input DNA.

2.6. Apoptosis Evaluation. A double immunofluorescence
investigation by laser-scanning confocal microscopy was
applied to examine apoptosis in neurons of brain sections
of the ventral-medial striatum, which were cut at a coronal
plane and measured 30 um and then stained with an anti-
neuronal nuclei (NeuN) antibody (clone A60, MAB377; Che-
micon, Temecula, CA, USA) to identify neuronal cells in the
presence or absence of terminal uridine nick-end labeling
(TUNEL; 11684795910, Sigma-Aldrich, St. Louis, MO,
USA), and immunostaining was used to detect DNA break-
down. A Cy3-conjugated anti-mouse antibody for staining
NeuN and a fluorescein-conjugated antibody for staining
TUNEL were used for a secondary amplification that was
visualized with a Zeiss LSM510 laser microscope (Thorn-
wood, NY, USA). Quantitative analyses of the NeuN-
sensitive cell density, TUNEL-sensitive cell density, and
NeuN/TUNEL-sensitive cell density were performed in the
ventral-medial striatum according to the brain atlas [26].
Average results for each group were taken from six slices
per animal.

2.7. Statistical Analysis. Data are shown as mean + standard
error of the mean (SEM). Data were analyzed using Sigma-
Plot 10.0 and Sigmastat 3.5. A one-way analysis of variance
(ANOVA) with Bonferroni’s test for post hoc comparisons
was applied with the level of significance set to p < 0.05.
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FIGURE 2: Observations of opioid-withdrawal behaviors in rat offspring on P14. (a) The rat offspring which were observed for 2h starting
from the 6th hour after transfer (the late group) exhibited shorter latency in exhibiting opioid-withdrawal behaviors. (b) There were more
opioid-withdrawal behaviors in a 2 h period in the late group. 1: rearing; 2: teeth chattering; 3: backward locomotion; 4: tremor; 5: wet-dog
shaking. Each group was derived from independent 48 rats, respectively. *p < 0.05, compared to the control group.
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FIGURE 3: Prenatal opioid exposure enhanced the TNF-« expression in the ventral-medial striatum of neonatal rat offspring on P14. (a) The
expression of TNF-a at mRNA level in the ventral-medial striatum of neonatal rat offspring from morphine-addicted mothers. (b) The
expression of TNF-a at protein level in the ventral-medial striatum of neonatal rat offspring from morphine-addicted mothers. The
groups were as follows: the control group (n =12 rats), the early group (n =12 rats), and the late group (n =12 rats). The upper panel
indicates representative immunoblots. 3-Tubulin served as an internal standard control and was not significantly changed across lanes.
Scatted dots represent the data points in each group. *p < 0.05, compared to the control group. #p <0.05, compared to the early group.

3. Results

3.1. Opioid-Withdrawal Behaviors. We observed whether
prenatal opioid exposure disrupted the growth in BW after
birth. In Figure 1, the BW of rat offspring of the prenatally
opioid-exposure group was statistically significantly lower
(P7: the prenatally opioid-exposure group: 8.3+0.7g,
p<0.05, n=96 rats vs. the vehicle-control group: 16.3 +
1.3 g, n =48 rats; P14: the prenatally opioid-exposure group:
29.2+1.6g, p<0.05 n=96 rats vs. the vehicle-control
group: 37.6 £ 1.7, n = 48 rats).

Rat offspring in the early group did not express signifi-
cant opioid-withdrawal behaviors, compared to the control

group (p > 0.05, n =48 rats in each group, data not shown).
In contrast, as shown in Figure 2, the late group exhibited
shorter latency in exhibiting opioid-withdrawal behaviors
(e.g., rearing, teeth chattering, backward locomotion, tremors,
or wet-dog shaking) and had more opioid-withdrawal behav-
iors in a 2h period, compared to rat offspring born from the
control group at the 6th hour after transfer (p < 0.05, n =48
rats in each group).

3.2. Prenatal Opioid Exposure and TNF-a Expression.
Figure 3 shows levels of TNF-a« mRNA and protein in the
ventral-medial striatum of neonatal rat offspring (P14) from
morphine-addicted mothers. There were significant increases
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at the mRNA and protein levels of the TNF-« expression in
the early group compared to the control group (p <0.05, n
=12 rats in each group). In addition, mRNA and protein
levels of the TNF-a expression were further enhanced in
the late group compared to the early group (p < 0.05, n =12
rats in each group).

3.3. Prenatal Opioid Exposure and H3K4me3 Modifications in
the tnf-« Promoter. To determine whether activation of
H3K4me3 in the tnf-a promoter gene was associated with
increased levels of TNF-« as seen in Figure 3, ChIP analyses
using PCR primers matching five subregions of the tnf-« pro-
moter gene were performed in the ventral-medial striatum of
neonatal rat offspring. As shown in Figure 4, prenatal opioid
exposure increased levels of H3K4me3 in subregions 2, 3, and
4 of the tnf-a promoter gene (p < 0.05, n =12 rats in each
group). Furthermore, in the late group, there were further
increased levels of H3K4me3 activity in subregions 3 and 4
of the tnf-a promoter gene locus compared to the early group
(p <0.05, n =12 rats in each group).

3.4. Prenatal Opioid Exposure and Apoptotic Caspase-3
Activity. To observe whether prenatal opioid exposure caused
the abovementioned TNF-a enhancement combined with
cell apoptosis, cleaved caspase-3 activity was evaluated in
the ventral-medial striatum of neonatal rat offspring (P14)
from morphine-addicted mothers. As shown in Figure 5,
there was an increased level of the cleaved caspase-3 expres-
sion in the early group compared to the control group
(p<0.05). In addition, the level of cleaved caspase-3
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FIGURE 5: Prenatal opioid exposure enhanced the level of the
caspase-3 expression in the ventral-medial striatum of neonatal rat
offspring on P14. The level of cleaved caspase-3 in the ventral-
medial striatum of neonatal rat offspring from morphine-addicted
mothers is summarized in three groups as follows: the control
group (n=12 rats), the early group (n=12 rats), and the late
group (n=12 rats), respectively. The upper panel reveals
illustrative immunoblots. B-Tubulin was used as an internal
standard control and was not significantly different across lanes.
Scatted dots represent the data points in each group. *p <0.05,
compared to the control group. #p < 0.05, compared to the early

group.
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and the late group (c1-c3), respectively. The dotted circles reveal representative apoptotic neurons. Bar = 50 ym.

expression in the late group did not statistically differ com-
pared to the early group (p > 0.05, n = 12 rats in each group).

3.5. Prenatal Opioid Exposure and Neural Cell Apoptosis. To
confirm the increased levels of the above-described caspase-
3 activity, confocal laser-scanning microscopy was applied
to study neonatal rat offspring (P14) from morphine-
addicted mothers. Figures 6(a)-6(c) are representative mor-
phological illustrations, and Figures 7(a)-7(c) demonstrate
summarized data. As indicated in Figure 7(a), there was an
increased number of TUNEL-sensitive cells within the
ventral-medial striatum in the early group compared to the
control group (p<0.05, n=12 rats in each group). In
addition, a further increase in TUNEL-sensitive cells was
observed in the late group compared to the early group
(p<0.05, n=12 rats in each group) (Figure 7(a)).
Figure 7(b) shows that prenatal opioid exposure led to fewer
NeuN-sensitive cells in the early group compared to the con-
trol group (p < 0.05). The number of NeuN-sensitive cells in
the late group did not statistically differ compared to the early
group (p >0.05, n =12 rats in each group) (Figure 7(b)). In
Figure 7(c), the number of cells displaying colocalization of
NeuN and TUNEL responses within the ventral-medial stri-
atum was significantly higher in neonatal rat offspring (P14)
from morphine-addicted mothers compared to the control
group (p>0.05, n=12 rats in each group). These results

reveal that prenatal opioid exposure can induce neural cell
apoptosis in the ventral-medial striatum of neonatal rat
offspring from morphine-addicted mothers.

4. Discussion

The major findings of this study revealed that prenatal opioid
exposure activated differential trimethylation of H3K4 mod-
ifications in the promoter locus of the tnf-a gene and was
associated with cell apoptosis in the ventral-medial striatum
of neonatal rat offspring from morphine-addicted mothers,
suggesting possible early life adversity within the ventral-
medial striatum of the mammalian brain.

Previous studies suggested that epigenetic histone modi-
fications regulate gene expressions through a specific site
over a promoter in response to various stimuli [27]. How-
ever, most studies evaluated global changes of epigenetic
modifications rather than adopting an approach to investi-
gate a specific gene. Previous studies indicated a higher pos-
sibility of DNA methylation located in specific loci of the
tnf-a promoter gene as detected from human gingiva with
periodontitis [28, 29]; additionally, exposure to lipopolysac-
charide induced different but focused regions of histone
modifications including methylation in the promoter region
of the tnf-a gene [27]. This study further disclosed the differ-
ential enhancement of H3K4me3 modifications in the tnf-«
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FIGURE 7: Prenatal opioid exposure induced cell apoptosis in the ventral-medial striatum of neonatal rat offspring (P14). The summarized
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promoter gene locus of the ventral-medial striatum of neona-
tal rat offspring from morphine-addicted mothers, and this
enhancement over a different promoter locus of the tnf-«
gene implies that respective transcriptional factors can be
recruited into transcription and become affected by prenatal
opioid exposure. For example, signal transducer and activa-
tor of transcription 6 (STAT6) (located in the tnf-a 2 subre-
gion) were reported to mediate neuroinflammation caused
by ethanol in mice with a traumatic brain injury [30].
Engrailed homeobox 1 (Enl) (located in the tnf-a 3 sub-
region) and pituitary homeobox 3 (Pitx3) (located in the
tnf-a 4 subregion) are involved in dopaminergic neuronal
development, which is related to drug addiction and reward
behaviors [31]. In this study, we demonstrated increased
levels of H3K4me3 in subregions 2, 3, and 4 of the tnf-«
promoter gene in the ventral-medial striatum of neonatal
rat offspring from morphine-addicted mothers (Figure 4),
accompanied by increased levels of TNF-a mRNA and
protein (Figure 3). These results hint at possible alterations
in activation of transcription factors responsible for proin-
flammatory factor generation (e.g., TNF-«). However, which
transcription factors are involved and are affected by epige-
netic histone modifications in offspring due to prenatal opi-
oid exposure are still unclear.

Epigenetic histone modifications persistently appear not
only during acute or chronic exposure but are long-lasting
as well, even after withdrawal episodes [32, 33]. Metham-

phetamine increased the expression of H3K4me3 during
addiction in the dorsal striatum of animals, and it was glob-
ally expressed even after termination of methamphetamine
exposure [34]. Similar, prenatal opioid exposure increased
levels of H3K4me3 in the tnf-a promoter gene in this study.
And as the late group presented opioid-withdrawal behav-
iors, there was a further enhancement of H3K4me3 activity
in specific subregions. Taken together, epigenetic histone
modifications seem to be related to mediation of priming or
desensitization of specific genes in illicit drug exposure, and
such epigenetic histone modifications can be latent, while
persistently altering the chromatin structure after withdrawal
episodes [35]. However, we mainly evaluated the H3K4me3
expression in the ventral-medial striatum from neonatal rat
offspring in the acute stage of prenatal morphine exposure
and/or withdrawal in this study, which might mimic the clin-
ical state of neonatal abstinence syndrome. Future studies
should also investigate histone modifications at additional
time points in order to evaluate the long-term effects of pre-
natal opioid exposure.

Enhancement of TNF-« production was associated with
cell apoptosis within the ventral-medial striatum by prenatal
opioid exposure which increases the neurobiological basis of
risks for neuropsychiatric disorders in later life. Such
enhanced TNF-« release indicates an early proinflammatory
response leading to activation of apoptotic pathways such as
caspase-3 signaling [36-38]. However, in this study, there



was no significant decrease in apoptotic neurons in the late
group (Figure 7). Indeed, morphine can directly induce apo-
ptosis of microglia and neurons in vitro, but it seemed that
chronic morphine exposure might not affect glial cells at an
early age in vivo from animal models [36, 37]. Therefore,
apoptosis did play a role in prenatal opioid exposure, but
the detailed involvement of specific cell types remains to be
investigated. In this study, prenatal opioid exposure and
withdrawal induced TNF-«& production might lead to neural
cell apoptosis in the ventral-medial striatum. In addition,
opioid exposure might also enhance apoptosis in selected,
specific brain areas, such as the amygdala, ventral-medial
striatum, or prefrontal cortex in vivo [36, 38]. Prenatal heroin
exposure enhances apoptosis in the hippocampus and results
in impairments to learning and memory [39]. Those results
indicate that prenatal opioid exposure and withdrawal might
induce apoptosis in other specific brain areas and result in
neurological impairments.

Recently, a closely interactive and related relationship
between inflammation and neuropsychiatric disorders was
proposed in the mammalian brain [40]. For instance, proin-
flammatory cytokines can affect cognition and mood behav-
iors by promoting neuroexcitatory reactions and impairing
neuron plasticity [41]. Furthermore, as shown in this study,
the epigenetic H3K4me3 mechanism for the upregulation
of the TNF-«a expression was associated with increased neu-
ral cell apoptosis in the ventral-medial striatum, which might
contribute to neurological impairments. Such neural cell
apoptotic damage within the ventral-medial striatum during
early life might lead to increased dose requirements for opi-
oid drugs to satisfy the need to increase the dosage and to ful-
fill drug-craving and addictive behaviors later in life. In
addition, prenatal opioid exposure may initiate long-lasting
alterations in the gene expressions of the synapse structure
in the ventral-medial striatum in rat offspring [8, 22]. Such
effects of prenatal opioid exposure seem to exist longer than
expected. Our current results showed that prenatal opioid
exposure induced neural cell apoptosis within the ventral-
medial striatum in early life. However, whether neural cell
apoptosis persistently appears in later life or the next genera-
tion is still unknown, and this has motivated us to conduct
further experiments on the long-term effect of prenatal opi-
oid exposure and withdrawal.

5. Conclusions

In summary, this study revealed that prenatal opioid exposure
can activate an epigenetic histone mechanism for regulating
proinflammatory factor generation and hence lead to cell apo-
ptotic damage within the ventral-medial striatum of neonatal
rat offspring from morphine-addicted mothers. More impor-
tantly, the opioid-withdrawal episode may provide augmented
effects for such abovementioned alterations and may lead to
adverse effects in the neonatal brain of these offspring.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Mediators of Inflammation

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Authors’ Contributions

PLW contributed to the data curation, writing—original
draft, and funding acquisition. JLS contributed to the
resources, writing—review and editing, and visualization.
CHY contributed to the investigation and data curation.
KCK contributed to the methodology and visualization.
YCY and SNY contributed to the conceptualization, method-
ology, writing—review and editing, supervision, and funding
acquisition. All authors contributed to the manuscript revi-
sion and read and approved the submitted version.

Funding

This study was supported in part by research grants to
San-Nan Yang (EDPJ107068, EDPJ108057, EDPJ109059)
and Pei Ling Wu (EDAHI 107004, EDAHP108015,
EDAHP105030, and EDCHP106007).

References

[1] A. Agorastos, P. Pervanidou, G. P. Chrousos, and D. G. Baker,
“Developmental trajectories of early life stress and trauma: a
narrative review on neurobiological aspects beyond stress
system dysregulation,” Frontiers in Psychiatry, vol. 10, p. 118,
2019.

[2] S.Lisonkova, L. L. Richter, J. Ting et al., “Neonatal abstinence
syndrome and associated neonatal and maternal mortality and
morbidity,” Pediatrics, vol. 144, no. 2, p. €20183664, 2019.

[3] K. Ramphul, S. G. Mejias, and J. Joynauth, “An update on the
burden of neonatal abstinence syndrome in the United States,”
Hospital Pediatrcs, vol. 10, no. 2, pp. 181-184, 2020.

[4] R. W. S. Coulter, J. E. Egan, S. Kinsky et al., “Mental health,
drug, and violence interventions for sexual/gender minorities:
a systematic review,” Pediatrics, vol. 144, no. 3, p. €20183367,
2019.

[5] A.J. Czynski, J. M. Davis, L. M. Dansereau et al., “Neurodeve-
lopmental outcomes of neonates randomized to morphine or
methadone for treatment of neonatal abstinence syndrome,”
The Journal of pediatrics, vol. 219, 2020.

[6] S.N. Yang, L. T. Huang, C. L. Wang et al., “Prenatal adminis-
tration of morphine decreases CREBSerine-133 phosphoryla-
tion and synaptic plasticity range mediated by glutamatergic
transmission in the hippocampal CAl area of cognitive-
deficient rat offspring,” Hippocampus, vol. 13, no. 8, pp. 915-
921, 2003.

[7] S.N. Yang, C. A. Liu, M. Y. Chung et al., “Alterations of post-
synaptic density proteins in the hippocampus of rat offspring
from the morphine-addicted mother: beneficial effect of dex-
tromethorphan,” Hippocampus, vol. 16, no. 6, pp. 521-530,
2006.

[8] C.S.Lin, P. L. Tao, Y. . Jong et al., “Prenatal morphine alters
the synaptic complex of postsynaptic density 95 with N-
methyl-D-aspartate receptor subunit in hippocampal CAl
subregion of rat offspring leading to long-term cognitive defi-
cits,” Neuroscience, vol. 158, no. 4, pp. 1326-1337, 2009.



Mediators of Inflammation

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]
(20]

(21]

(22]

(23]

[24]

H.J. Harder and A. Z. Murphy, “Early life opioid exposure and
potential long-term effects,” Neurobiology of Stress, vol. 10,
p- 100156, 2019.

E.J. Ross, D. L. Graham, K. M. Money, and G. D. Stanwood,
“Developmental consequences of fetal exposure to drugs: what
we know and what we still must learn,” Neuropsychopharma-
cology, vol. 40, no. 1, pp. 61-87, 2015.

M. D. Scofield, J. A. Heinsbroek, C. D. Gipson et al., “The
nucleus accumbens: mechanisms of addiction across drug clas-
ses reflect the importance of glutamate homeostasis,” Pharma-
cological Reviews, vol. 68, no. 3, pp. 816-871, 2016.

L. C. Loram, P. M. Grace, K. A. Strand et al., “Prior exposure to
repeated morphine potentiates mechanical allodynia induced
by peripheral inflammation and neuropathy,” Brain Behavior,
and Immunity, vol. 26, no. 8, pp. 1256-1264, 2012.

S. Hao, S. Liu, X. Zheng et al., “The role of TNFa in the peria-
queductal gray during naloxone-precipitated morphine with-
drawal in rats,” Neuropsychopharmacology, vol. 36, no. 3,
pp. 664-676, 2011.

S.J. O'Sullivan, E. Malahias, J. Park et al., “Single-cell glia and
neuron gene expression in the central amygdala in opioid
withdrawal suggests inflammation with correlated gut dysbio-
sis,” Frontiers in Neuroscience, vol. 13, p. 665, 2019.

S. L. Chen, P. L. Tao, C. H. Chu et al., “Low-dose memantine
attenuated morphine addictive behavior through its anti-
inflammation and neurotrophic effects in rats,” Journal of
Neuroimmune Pharmacology, vol. 7, no. 2, pp. 444-453, 2012.
J. Amri, M. Sadegh, N. Moulaei, and M. R. Palizvan, “Transge-
nerational modification of hippocampus TNF-« and S100B
levels in the offspring of rats chronically exposed to morphine
during adolescence,” The American Journal of Drug and Alco-
hol Abuse, vol. 44, no. 1, pp. 95-102, 2018.

L. Hantsoo, S. Kornfield, M. C. Anguera, and C. N. Epperson,
“Inflammation: a proposed intermediary between maternal
stress and offspring neuropsychiatric risk,” Biological Psychia-
try, vol. 85, no. 2, pp. 97-106, 2019.

K. Hyun, J. Jeon, K. Park, and J. Kim, “Writing, erasing and
reading histone lysine methylations,” Experimental & molecu-
lar medicine, vol. 49, no. 4, p. €324, 2017.

E.J. Nestler, “Epigenetic mechanisms of drug addiction,” Neu-
ropharmacology, vol. 76, pp. 259-268, 2014.

T. Kusch, “Histone H3 lysine 4 methylation revisited,” Tran-
scription, vol. 3, no. 6, pp. 310-314, 2012.

R. D. Shepard and F. S. Nugent, “Early life stress- and drug-
induced histone modifications within the ventral tegmental
area,” Frontiers in cell and developmental biology, vol. 8,
p- 588476, 2020.

P.L. Wu, Y. N. Yang, J. L. Suen, Y. C. S. Yang, C. H. Yang, and
S. N. Yang, “Long-lasting alterations in gene expression of
postsynaptic density 95 and inotropic glutamatergic receptor
subunit in the mesocorticolimbic system of rat offspring born
to morphine-addicted mothers,” BioMed Research Interna-
tional, vol. 2018, Article ID 5437092, 9 pages, 2018.

P. Sengupta, “The laboratory rat relating its age with human’s,”
International Journal of Preventive Medicine, vol. 4, no. 6,
pp. 624-630, 2013.

Y. N. Yang, Y. T. Su, P. L. Wu et al., “Granulocyte colony-
stimulating factor alleviates bacterial-induced neuronal
apoptotic damage in the neonatal rat brain through epigenetic
histone modification,” Oxidative Medicine and Cellular Lon-
gevity, vol. 2018, Article ID 9797146, 10 pages, 2018.

[25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

Y. N. Yang, Y. C. S. H. Yang, P. L. Wu, C. H. Yang, K. C.
Kuo, and S. N. Yang, “Dextromethorphan suppresses
lipopolysaccharide-induced epigenetic histone regulation in
the tumor necrosis factor-a expression in primary rat
microglia,” Mediators of Inflammation, vol. 2020, Article
ID 9694012, 8 pages, 2020.

S. R. Jones, S. J. O'Dell, J. F. Marshall, and R. M. Wightman,
“Functional and anatomical evidence for different dopamine
dynamics in the core and shell of the nucleus accumbens in
slices of rat brain,” Synapse, vol. 23, no. 3, pp. 224-231,
1996.

K. E. Sullivan, A. B. M. Reddy, K. Dietzmann et al., “Epigenetic
regulation of tumor necrosis factor alpha,” Molecular and
Cellular Biology, vol. 27, no. 14, pp. 5147-5160, 2007.

S. Zhang, S. P. Barros, A. J. Moretti et al., “Epigenetic regula-
tion of TNFA expression in periodontal disease,” Journal of
Periodontology, vol. 84, no. 11, pp. 1606-1616, 2013.

A. Kojima, T. Kobayashi, S. Ito, A. Murasawa, K. Nakazono,
and H. Yoshie, “Tumor necrosis factor-alpha gene promoter
methylation in Japanese adults with chronic periodontitis
and rheumatoid arthritis,” Journal of Periodontal Research,
vol. 51, no. 3, pp. 350-358, 2016.

F. O. Heuvel, S. Holl, A. Chandrasekar et al., “STAT6 medi-
ates the effect of ethanol on neuroinflammatory response in
TBI,” Brain, Behavior, and Immunity, vol. 81, pp. 228-246,
2019.

M. T. Alves dos Santos and M. P. Smidt, “Enl and Wnt signal-
ing in midbrain dopaminergic neuronal development,” Neural
Development, vol. 6, no. 1, p. 23, 2011.

Y. D. Black, F. R. Maclaren, A. V. Naydenov, Carlezon WA Jr,
M. G. Baxter, and C. Konradi, “Altered attention and prefron-
tal cortex gene expression in rats after binge-like exposure to
cocaine during adolescence,” The Journal of Neuroscience:
The Official Journal of the Society for Neuroscience, vol. 26,
no. 38, pp. 9656-9665, 2006.

A. Kumar, K. H. Choi, W. Renthal et al., “Chromatin remodel-
ing is a key mechanism underlying cocaine-induced plasticity
in striatum,” Neuron, vol. 48, no. 2, pp. 303-314, 2005.

I. N. Krasnova, M. Chiflikyan, Z. Justinova et al., “CREB phos-
phorylation regulates striatal transcriptional responses in the
self- administration model of methamphetamine addiction in
the rat,” Neurobiology of Disease, vol. 58, pp. 132-143, 2013.

A.J. Robison and E. J. Nestler, “Transcriptional and epigenetic
mechanisms of addiction,” Nature Reviews Neuroscience,
vol. 12, no. 11, pp. 623-637, 2011.

D. Bajic, K. G. Commons, and S. G. Soriano, “Morphine-
enhanced apoptosis in selective brain regions of neonatal rats,”
International journal of developmental neuroscience: the offi-
cial journal of the International Society for Developmental Neu-
roscience, vol. 31, no. 4, pp. 258-266, 2013.

S. Hu, W. S. Sheng, J. R. Lokensgard, and P. K. Peterson,
“Morphine induces apoptosis of human microglia and neu-
rons,” Neuropharmacology, vol. 42, no. 6, pp. 829-836,
2002.

S. N. Katebi, Y. Razavi, S. Z. Alamdary, F. Khodagholi, and
A. Haghparast, “Morphine could increase apoptotic factors
in the nucleus accumbens and prefrontal cortex of rat brain's
reward circuitry,” Brain Research, vol. 1540, pp. 1-8, 2013.

Y. Wang and T. Z. Han, “Prenatal exposure to heroin in mice
elicits memory deficits that can be attributed to neuronal apo-
ptosis,” Neuroscience, vol. 160, no. 2, pp. 330-338, 2009.



10 Mediators of Inflammation

[40] G. Z. Réus, G. R. Fries, L. Stertz et al., “The role of inflam-
mation and microglial activation in the pathophysiology of
psychiatric disorders,” Neuroscience, vol. 300, pp. 141-154,
2015.

[41] M. E. Bauer and A. L. Teixeira, “Inflammation in psychiatric
disorders: what comes first?,” Annals of the New York Academy
of Sciences, vol. 1437, no. 1, pp. 57-67, 2019.



Hindawi

Mediators of Inflammation

Volume 2021, Article ID 9933532, 9 pages
https://doi.org/10.1155/2021/9933532

Research Article

Hindawi

Vagal Nerve Stimulation-Modulation of the Anti-Inflammatory
Response and Clinical Outcome in Psoriatic Arthritis or

Ankylosing Spondylitis

C. Brock(,' S. E. Rasmussen (9,2 A. M. Drewes(,” H. J. Moller ©,> B. Brock ®,*
B. Deleuran ®,? A. D. Farmer ©,>° and M. Pfeiffer-Jensen (>’

'Mech-Sense, Department of Gastroenterology and Hepatology, Clinical Institute, Aalborg University Hospital, Aalborg, Denmark

“Department of Rheumatology, Aarhus University Hospital, Aarhus, Denmark

Department of Clinical Biochemistry, Aarhus University Hospital, Denmark

“Steno Diabetes Center Copenhagen, Region Hovedstaden, Gentofte, Denmark

*Centre for Trauma and Neuroscience, Blizard Institute, Wingate Institute of Neurogastroenterology, Barts and the London School of
Medicine & Dentistry, Queen Mary University of London, London, UK

®Institute of Applied Clinical Sciences, University of Keele, Stoke on Trent, UK

”Copenhagen Center for Arthritis Research (COPECARE), Center for Rheumatology and Spine Diseases, Rigshospitalet, Glostrup,
Copenhagen, and Department of Clinical Medicine, University of Copenhagen, Denmark

Correspondence should be addressed to C. Brock; christina.brock@rn.dk

Received 22 March 2021; Accepted 3 May 2021; Published 27 May 2021

Academic Editor: Rdmulo Dias Novaes

Copyright © 2021 C. Brock et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Objectives. The vagal nerve exerts an essential pathway in controlling the cholinergic anti-inflammatory reflex. Thus, the study is
aimed at investigating the acute effect of a noninvasive transcutaneous vagus nerve stimulation on clinical disease activity and
systemic levels of inflammation in patients with psoriatic arthritis or ankylosing spondylitis. Methods. Twenty patients with
psoriatic arthritis (PsA) and 20 patients with ankylosing spondylitis (AS) were included and stimulated bilaterally with a
handheld vagal nerve stimulator for 120 seconds 3 times a day for 5 consecutive days. All patients were in remission. Cardiac
vagal tone, clinical scores, CRP, and cytokine levels were assessed. Results. In PsA and AS, decreased heart rate was observed,
confirming compliance. Furthermore, in PsA, a clear reduction of clinical disease activity associated with a 20% reduction in
CRP was shown. In AS, a reduction in interferon-y, interleukin- (IL-) 8, and 10 was shown. No side effects were described.
Conclusion. This open-label study provides support for an anti-inflammatory effect of transcutaneous vagus nerve stimulation in
patients with psoriatic arthritis and ankylosing spondylitis. The modulated immune response and reduced disease activity and
CRP-levels raise the fascinating possibility of using neuromodulation as an add-on to existing pharmacological treatments.

1. Introduction

Psoriatic arthritis (PsA) and ankylosing spondylitis (AS) are
chronic autoimmune diseases characterized by peripheral
and spinal joint inflammation. The global prevalence of
PsA and AS is approximately 0.5% [1-3], and the chronic
inflammation of peripheral and spinal joints in PsA and
AS leads to various degrees of impaired functionality associ-
ated with increased risks of cardiovascular comorbidities
and mortality [4-6] and substantial socioeconomic expenses

[7]. Currently, PsA and AS are typically treated with nonste-
roidal anti-inflammatory drugs (NSAIDs) and/or disease-
modifying antirheumatic drugs (DMARDs) such as metho-
trexate (MTX) [8] and targeted biological therapies, ie.,
tumour necrosis factor-alpha (TNF-«) inhibitors, interleu-
kin- (IL-) 17, and IL-12/23 inhibitors [9-12]. Frequent blood
monitoring of the disease activity and presence of opportu-
nistic infections is needed, and whilst most patients respond
to these expensive treatments, a proportion of patients do
not [13-15].
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Circulating proinflammatory cytokines, such as TNF-q,
has an important role in the pathophysiology of these disor-
ders [16]. In a seminal animal study, Borovikova et al.
showed the existence of the cholinergic anti-inflammatory
pathway (CAP). Serum levels of TNF-a were decreased in
endotoxin-treated animals that received electrical stimula-
tion of the vagus nerve (VN) in comparison to vagotomised
animals [17]. The anti-inflammatory effect is exerted through
multiple neuroimmune interactions primarily via vago-vagal
and vago-splenic pathways [18, 19], often referred to as the
cholinergic anti-inflammatory pathway/reflex [20]. Many
immune-mediated inflammatory disorders are characterized
by a relative paucity of vagal tone, and therefore, vagal nerve
stimulation (VNS) has been proposed as a potential anti-
inflammatory intervention [18]. Clinical reduction of serum
levels of TNF-« and clinical disease activity scores in rheu-
matoid arthritis [21] and C-reactive protein (CRP) in
Crohn’s disease have been reported [22], in response to inva-
sive VNS-devices, which necessitates operative implantation
with potential postoperative complications [23]. Conse-
quently, novel noninvasive transcutaneous VNS (t-VNS)
devices are emerging in the field of bioelectronics [24]. In
healthy participants, bilateral t-VNS of the cervical part of
the VN for 90 seconds caused a significant increase in cardiac
vagal tone (CVT), a validated biomarker of efferent vagal
tone, and a reduction in TNF-« lasting for up to 24 hours
[25]. In rheumatoid arthritis, t-VNS resulted in reductions
in disease activity, CRP, interferon-y, and interleukin-10
[26], but hitherto, such transcutaneous devices have not been
explored in the treatment of PsA or AS. We hypothesized
that t-VNS would increase resting CVT and reduce the level
of systemic inflammation and disease activity in such
patients. Hence, this study is aimed at investigating the acute
and short-term effect of t-VNS on CVT and the short-term
effect of t-VNS on the disease activity and systemic level of
inflammation.

2. Materials and Methods

2.1. Ethical Considerations. All participants provided written
informed consent. The study was approved by the Ethical
Committee in “Region Midt,” Denmark (1-10-72-199-16),
the Danish Data Protection Agency (1-16-02-442-16), and
the European Databank for Medical Devices (CIV-16-03-
015125). The study was conducted in accordance to Good
Clinical Practice (CPMP/ICH/135/95) and in compliance
with the Declaration of Helsinki and its revised editions.

2.2. Study Design. This single-center, open-label, proof-of-
concept study was designed to investigate the potential
anti-inflammatory effects of t-VNS in two parallel cohorts
diagnosed with PsA and AS. Participants were recruited from
the Department of Rheumatology, Aarhus University Hospi-
tal, Denmark. Eligible participants, according to the inclu-
sion and exclusion criteria, had their clinical disease activity
measured using the DAS28-CRP and ASDAS scores, under-
went noninvasive evaluation of autonomic parameters, and
had venous blood drawn for the analysis of cytokines. Partic-
ipants were then thoroughly instructed on how to deliver t-
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VNS, using the noninvasive, handheld stimulator (gamma-
Core; electroCore Inc. Basking Ridge, NJ, USA) to both the
left and right cervical vagus nerves. In order to personalize
stimulation to a therapeutic level, the t-VNS intensity was
slowly increased until participants experienced a nonpainful
mild pulling of the ipsilateral oral commissure. Participants
then self-stimulated the left and right cervical vagus nerves
using the gammaCore device three times daily (morning,
afternoon, and evening) during the four-day intervention
period (24 stimulations in total). Each stimulation lasted for
120 seconds. On the second study day, participants were
asked to demonstrate the t-VNS to the study personnel in
order to enhance patient safety, correct application, and
study compliance. The study protocol is summarized in
Figure 1. In addition to the baseline visit, study site visits took
place at day 2 and day 5 including autonomic measures and
venous blood sampling.

2.3. Study Participants. Eligible study participants included
females and males with an established diagnosis of PsA or
AS according to ACR criteria. Adult participants (>18 years)
were included if they had no known contradictions to t-VNS
such as known cardiovascular diseases including uncon-
trolled hyper/hypotension. Exclusion criteria included treat-
ment with oral or intra-articular corticosteroids within the
preceding five weeks or pregnancy (positive urine-HCG or
lactating). None of the included patients had underwent pre-
vious vagotomy and/or had a currently implanted electrical
or neurostimulating device.

2.4. Vagus Nerve Stimulation. Noninvasive t-VNS was per-
formed using the handheld, portable gammaCore stimulator.
The device contains two stainless steel electrodes, which
deliver electrical stimulation to the cervical part of the vagus
nerve. The electrical signal is comprised of small electrical
bursts with a 1-millisecond duration (five 5 kHz sine waves,
each lasting 200 milliseconds) repeated at 25Hz. The low-
voltage signal produced by the gammaCore can be varied
according to tolerability but is limited to a peak voltage of
24 volts and a maximum output current of 60 mA when
placed on the skin.

2.5. Cardiac-Derived Parameters. Autonomic measures were
assessed by a portable ECG recording device (Faros 180°; Bit-
tium, Oulu, Finland) connected to three ECG electrodes
(Ambu BlueSensor P; Ambu, Copenhagen, DK). The elec-
trodes were placed on clean and dry skin with the left and
right arm electrodes positioned in the infraclavicular fossae
and the left leg electrode near apex cordis. Five-minute rest-
ing recordings were performed on days 1, 2, and 5. The
recordings were subsequently analysed using the bespoke
software (ProCVT; ProBiometrics, London, UK) from which
R-R intervals, HR, and cardiac vagal tone (CVT) were
derived. CVT is a validated cardiometrically derived beat-
to-beat measure of efferent vagal influence on the heart,
and parasympathetic tone can be derived in recordings in
epochs as short as 5 minutes, and details are described else-
where [27]. CVT is measured on a linear vagal scale where
0 refers to full atropinisation. Any changes in heart rate
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FIGURE 1: Schematic presentation of the study protocol.

(HR) of two consecutive heart beats at rest larger than 15
beats per minute (bpm) were removed from the recording
as they were considered as artefacts due to sudden moves
by the patient (e.g., coughing, sneezing, and change of posi-
tion). Blood pressure (BP) was measured on the upper right
arm using an electronic sphygmomanometer (UA-852;
A&D Company Ltd., Tokyo, Japan).

2.6. Disease Activity. Disease activity was assessed on days 1,
2,and 5 via a physical examination and a combination of self-
reported indices electronically entered in the Danish DAN-
BIO database. Physical examinations included a count of ten-
der and swollen joint(s) and an assessment of axial
inflammation using the Bath Ankylosing Spondylitis Metric
Index (BASMI) [28]. Calculated values of DAS28-CRP,
BASMI, and Ankylosing Spondylitis Disease Activity Score
(ASDAS) were then extracted from the DANBIO database.
DAS28-CRP was originally developed to assess disease activ-
ity in rheumatoid arthritis, but performs well in clinical stud-
ies with patients with PsA [29-31]. Similarly, ASDAS was
originally developed for patients with AS, but has shown to
be valid in patients with peripheral spondyloarthropathies
[32].

2.7. Cytokine Analysis. Venous blood was collected by experi-
enced personnel at BY-lab, Aarhus University Hospital.
Levels of C-reactive protein (CRP) were measured as part

of a standard biochemical analysis, in addition to a variety
of different biomarkers, at the hospitals’ biochemical labora-
tory. Once collected, samples were centrifuged at 800 x g for
10 minutes, and the plasma was collected and frozen at -80°C.
An electrochemiluminescence (ECL) immunoassay was then
performed using two multiplex cytokine assays (V-PLEX
Proinflammatory Panel 1 Human Kit and V-PLEX Custom
Human Cytokine; Meso Scale Diagnostics, Rockville, Mary-
land, USA) and a plate reader (MESO QuickPlex SQ 120;
Meso Scale Diagnostics, Rockville, Maryland, USA). The fol-
lowing cytokines were analysed: IFN-y, IL-1p, IL-2, IL-4, IL-
6, IL-8, IL-10, IL-12p70, IL-13, IL-17, IL-23, and TNF-a.
Only measurements of IFN-y, IL-8, IL-10, and TNF-a dem-
onstrated data sets where <5% of the observations were
below detection range.

2.8. Statistical Analyses. Data are presented as mean +
standard deviation (SD) or median and interquartile range
(IQR) depending on data distribution as assessed by visual
inspection of histograms and Q-Q plots. Group differences
in demographics, clinical characteristics, and t-VNS aspects
were assessed with Student’s ¢-test, Mann-Whitney test,
chi-squared, or Fisher’s exact test. A mixed effect model
and post hoc analyses were conducted on CVT, HR, BP,
DAS28-CRP, and ASDAS and cytokines to test differences
between pre- and posttreatment. CRP measurements below
detection rates (<0.6) were assigned the value 0.60 for further



analyses. Cytokine measurements below detection rate were
assigned a value corresponding to “Limit of detection/~/2”
[33]. If >5% of data were missing due to too low values, the
cytokines were not analysed and included in the study. Linear
associations were assessed using Pearson’s correlation. As
this was a preliminary exploratory proof of principle study,
a sample size calculation was not performed. P values <0.05
were considered statistically significant. All statistical analy-
ses were performed using a standard software package (Stata
Statistical Software, Release 14; StataCorp LLC, College Sta-
tion, TX, USA).

3. Results

3.1. Participant Disposition, Demographics, and General
Characteristics. A total of 118 possible participants were pre-
screened, and a total of 20 patients diagnosed with PsA and
20 patients diagnosed with AS were included in the study.
For further details, see Figure 2. Due to concomitant infec-
tion (pneumonia and UTI) during the study, 3 patients diag-
nosed with AS were withdrawn by the study personnel,
leaving 17 for final analyses.

The two cohorts differed in numbers treated with MTX
usage, body mass index, and median stimulation amplitude.
In other aspects, the groups displayed similar demographics;
details are provided in Table 1.

3.2. Participants with Psoriatic Arthritis. Cardiac-derived
parameters (n=19): CVT recordings from one patient in
the PsA group were uninterpretable due to significant move-
ment artefact. The acute response to t-VNS was a significant
decrease in HR 20 minutes after stimulation (71 bpm vs. 68,
P =0.019). Furthermore, t-VNS caused a significant reduc-
tion in median CVT from baseline to day 5 (5.73 LVS vs.
4.69, P=0.017).

Disease activity data (n=20): t-VNS reduced median
ASDAS from baseline to day 5 (2.22 vs. 2.03, P=0.012).
The clinical composite score DAS28-CRP was unchanged,
but in comparison to baseline t-VNS caused a reduction in
median CRP on day 2 (3.23 vs. 2.72, P=0.043) and day 5
(3.23 vs. 2.59, P = 0.001).

Cytokine data (n=20): t-VNS induced an increase in
TNF-a on the 5" day (1.65 vs. 1.81, P =0.005). Please see
Figure 2 and Table 2 for details.

3.3. Participants with Ankylosing Spondylitis. Cardiac-derived
parameters (n=17): the acute response to t-VNS was a signif-
icant decrease in HR (69bpm vs. 65, P=0.028) and an
increase in median CVT (5.38 LVS vs. 6.03, P =0.027).

Disease activity data (n=17): t-VNS did not change
DAS28-CRP, ASDAS, or CRP.

Cytokine data (n = 17): t-VNS induced a decrease in IFN-
y (4.36 vs. 3.76, P =0.02), IL-8 (3.83 vs. 3.03, P =0.02), and
IL-10 (0.46 vs. 0.42, P = 0.008) on the 2™ day.

Please see Table 3 for details.

4. Discussion

This preliminary proof-of-concept report is the first to exam-
ine the potential anti-inflammatory effects of short-term t-
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VNS in patients with PsA and AS. t-VNS lowered HR in
patients with PsA and reduced the objective biomarker
CRP and clinical disease activity, despite slightly increased
levels of the proinflammatory cytokine TNF-a. Taken
together, we consider t-VNS as a promising add-on therapy
to existing pharmaceutical intervention in PsA. In patients
with AS, t-VNS lowered HR, increased the cardiac vagal tone,
and reduced the proinflammatory cytokines IFN-y, IL-8, and
the anti-inflammatory cytokine IL-10, indicating modulation
of the overall immune response in patients with AS.

4.1. The Link between Inflammation and Parasympathetic
Tone. It has become increasingly accepted that the
ANS—and the VN in particular—is involved in control and
regulation of the immune system, the so-called neuroim-
mune interaction [34]. Tracey has described an inflamma-
tory reflex in which biochemical signals of systemic
inflammation are transmitted to the brain by afferent vagal
nerve fibres [20]. In response to these, the vagal nerve exerts
a combined anti-inflammatory effect by activation of the
hypothalamic-pituitary-adrenal (HPA) axis, the cholinergic
anti-inflammatory pathway/reflex, and the spleen. Taken
together, although considerable uncertainty exists, the clini-
cal effect that we observed has been suggested to be mediated
by vagal modulation of nociplastic pain including the inhibi-
tion of inflammation, the sympathetic tone, and the pain
neuromatrix—all of which are factors that contribute to
development of central sensitization and chronic pain [35].

In addition, a growing body of evidence supports the
notion that inflammation is associated with a sympathovagal
imbalance. For example, in a murine model, Huang et al.
demonstrated that lipopolysaccharide-induced endotoxemia
caused a sympathetic-vagal disequilibrium with an overexci-
tation of the sympathetic nervous system [36]. These findings
suggest that systemic inflammation may lead to the observed
imbalance in the ANS, supporting the afferent mechanism.
Moreover, long-term VN stimulation using an implanted
VNS-device reduced disease activity and inhibited produc-
tion of TNF-« in patients with rheumatoid arthritis [21], sug-
gesting treatment efficacy of t-VNS in similar autoimmune
and inflammatory diseases.

In healthy participants, there is a wide range of normal
CVT, ranging from 2 to 18 LVS [37]. In the two patient
cohorts with PsA and AS, we demonstrated that median
CVT at baseline was in the lower end, but not outside the
normal range. This contrasts the findings in patients with
chronic pancreatitis, Crohn’s disease, and type 1 diabetes,
where chronic inflammation and neuropathy are considered
to influence the autonomic dysfunction [38-40]. In AS
patients, we demonstrated that in response to bilateral t-
VNS, the CVT was increased and HR reduced, implicating
increase parasympathetic tone. We did not assess CVT
between the two stimulations, and thus, this data does not
contain information on the t-VNS modulatory effect of stim-
ulating right versus left cervical vagal nerve. Nevertheless, the
findings resemble those observed in healthy participants [25]
and support that t-VNS has a modulatory effect on the para-
sympathetic branch in these patients. This modulation did
however not cause any alterations in clinical disease activity.
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FiGURE 2: Flowchart illustrating screening process. *Temporary failure in the ECG-recording device.

In contrast, the PsA group failed to show acute increase in
CVT but on the contrary demonstrated a decrease in CVT
following stimulation. The different response in CVT, which
is believed to reflect the efferent vagal tone accounting for
20% of the vagal nerve fibres, between the two cohorts may
therefore be due to the differences in the pathogeneses of
the diseases. For example, the promising effects of interleu-
kin- (IL-) 17 and IL-23 inhibitors in patients with PsA (and
not AS) suggest that there are differences in the nature of
the inflammation between these patient groups [41]. Another
explanation is that the response to t-VNS assessed with CVT
seems to be influenced of systemic inflammation. For exam-
ple, we have previously showed that CVT was raised in
response to t-VNS in patients with rheumatoid arthritis in
remission but not with flare [26], which may indicate that
CVT is less robust in chronic inflammation; however, to clar-
ify this, further investigations in other cohorts of inflamma-
tory diseases are needed.

4.2. Vagal Nerve Stimulation and Anti-Inflammation. The
basic scientific basis of the anti-inflammatory effect of t-

VNS is widely accepted. Physiological modulation of the
parasympathetic tone has also been demonstrated to have
analgesic effects in healthy subjects. Using a validated acid-
induced oesophageal pain model of central sensitization, it
was shown that deep breathing, which increased parasympa-
thetic tone, exerted an analgesic effect. This effect that was
abolished by the coadministration of atropine suggests the
cholinergic mediated signalling [42]. Moreover, t-VNS pre-
vented the development of, and reversed established, acid-
induced oesophageal hypersensitivity, by increasing para-
sympathetic tone [35]. Moreover, synergistically applied
deep breathing and electrical stimulation of the auricular
branch of the VN in healthy increased experimental thresh-
olds of bone pain, indicating analgesic properties [43]. Fur-
thermore, a single bilateral t-VNS caused a significant
increase in CVT and a serum reduction in TNF-« lasting
for up to 24 hours [25]. Taken together, these results suggest
therapeutic implications for the management of pain. In
addition, VNS has demonstrated anti-inflammatory effect
in patients with Crohn’s disease [22] and Koopman et al.
demonstrated that long-term (84 days) invasive VNS
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TABLE 1: Patient characteristics.

Psoriatic arthritis (n=20)  Ankylosing spondylitis (n =17) P value
General characteristics*
Age, (years, median (IQR)) 45 (34-54) 45 (38-51) 0.77
Female, no. (%) 11 (55%) 6 (35%) 0.33
Disease duration, (years, median (IQR)) 7 (3-8.5) 4.5 (2.5-15.5) 0.78
Caucasian ethnicity, no. (%) 20 (100%) 17 (100%) N/A
Current smoker, no. (%) 1 (5%) 1 (6%) 1.00
Daily caffeine use, no. (%) 18 (90%) 16 (94%) 1.00
Methotrexate, no. (%) 15 (75%) 1 (6%) <0.0001
Methotrexate dose amongst users, (mg per week) 16.5+1.4 25+0 0.15
Prescription NSAID, no. (%) 13 (65%) 11 (65%) 0.99
NSAID prescription dose (mg per day, median (IQR)) 1200 (1000-1800) 1000 (800-1200) 0.11
Height (cm) 176.0 + 10.6 177.4+ 8.3 0.66
Weight (kilogram) 86.3+17.6 79.3+16.3 0.22
Body mass index (BMI) 27.7+3.9 25.1+4.4 0.02F
Vagnus nerve stimulation*
Stimulations used (no./patient, median (IQR)) 24 (24-25) 24 (22-24) 0.3
Stimulation amplitude (intensity) (intensity, median (IQR)) 30 (29-35) 27 (25-30) 0.04"
*Data are presented as mean + SD unless otherwise indicated. 'Significant difference, P < 0.05.
TABLE 2: Result—psoriatic arthritis.
Baseline 20 min P value Day 2 P value Day 5 Pvalue  Overall P value
Cardiometric data
Cardiac vagal tone (LVS)* 573 (0.72)  5.68 (0.72) 0.892 5.49 (0.72) 0.531 4.69 (0.71) 0.007 0.023
Heart rate (bpm) 71+3 68+3 0.017 69+3 0.077 73+3 0.307 0.002
Systolic BP (mmHg) 130+ 4 130+4 0.872 126 +4 0.150 133+4 0.141 0.031
Diastolic BP (mmHg) 83+3 85+3 0.310 82+3 0.710 85+3 0.173 0.255
Disease activity
DAS28-CRP* 2.54 (0.16) . - 2.53(0.16)  0.876  2.45(0.16)  0.162 0.309
ASDAS* 2.22 (0.20) - - 2.07 (0.20) 0.063 2.03 (0.20) 0.012 0.033
CRP (mg/L)* 3.23 (0.84) - - 272(0.84)  0.043 259 (0.84)  0.001 0.004
Cytokines
IFN-y (pg/L)* 4.96 (0.92) - - 5.19 (0.12) 0.735 6.27 (0.89) 0.101 0.089
IL-8 (pg/mL) 3.41 (0.30) - - 3.72 (0.30) 0.324 3.99 (0.30) 0.061 0.172
IL-10 (pg/mL) 0.29 (0.05) - - 0.26 (0.04) 0281  0.30(0.05)  0.482 0.193
TNF-a (pg/mL) 1.65 (0.17) - - 1.69 (0.17) 0476  1.81(0.17)  0.005 0.014

*Data are presented as estimated mean and standard error.

significantly reduced disease activity and serum levels of
TNF-« in patients with rheumatoid arthritis [21]. These
intriguing results are in line with a novel study using t-VNS
in 5 days, showing reduced disease activity (DAS28-CRP),
CRP, and interferon-y in patients with rheumatoid arthritis
and flare [26].

In contrast to these studies, PsA patients in the current
study were only stimulated during a 5-day protocol, and in
response to that, we saw a clear reduction of clinical disease

activity measured by the ASDAS score, associated with a
20% reduction in CRP, and such disease attenuation would
not otherwise be expected in the normal natural history of
this disorder. We saw that t-VNS modulated the immune
response in both diseases.

The immune response is complex and can be considered
as a dynamic balance between pro- and anti-inflammatory
cytokines, as it requires and responds to continuous feedback
mechanisms at the molecular, organ, and whole-host level.



Mediators of Inflammation

TaBLE 3: Results—ankylosing spondylitis.

Baseline 20 min P value Day 2 P value Day 5 Pvalue  Overall P value

Cardiometric data

Cardiac vagal tone (LVS) 559 (0.77)  6.56 (0.77) 0.014 5.75 (0.77) 0.692 5.22 (0.77) 0.361 0.008

Heart rate (bpm) 69+3 65+3 0.009 67+3 0.401 68+3 0.796 0.041

Systolic BP (mmHg) 131+4 131+4 0.822 129+4 0.565 131+4 0.920 0.861

Diastolic BP (mmHg) 83+3 83+3 0.900 83+3 0.616 83+3 0.900 0911
Disease activity

DAS28-CRP 1.78 (0.17) . . 176 (0.17) 0598  1.77(0.17)  0.845 0.868

ASDAS 1.75 (0.21) - . 166 (0.21)  0.128  1.67(021)  0.139 0.220

CRP (mg/L) 3.02 (0.88) - - 3.08 (0.88) 0.784 3.09 (0.88) 0.211 0.408
Cytokines

IFN-y (pg/L) 4.36 (0.95) - - 376 (0.95) 0017  4.44(0.95)  0.440 0.055

IL-8 (pg/mL) 3.83 (0.33) - - 3.03(0.35) 0024  3.90(0.33)  0.840 0.026

IL-10 (pg/mL) 0.46 (0.05) - - 042 (0.05)  0.008 0.4 (0.05)  0.090 0.024

TNF-a (pg/mL) 1.43 (0.19) - - 144 (0.19) 0861  1.51(0.19)  0.167 0.331

*Data are presented as estimated mean and standard error.

Interpretation of the observed decreased anti-inflammatory
and increased proinflammatory cytokines should be done
with caution because patients were investigated at relatively
low levels of inflammation due to concomitant immunomod-
ulatory treatment and disease remission ab initio; other stud-
ies have used lipopolysaccharide-stimulated blood samples,
and the focus on the dynamic balance which may not neces-
sarily be quantitative (e.g., equal concentrations of pro- and
anti-inflammatory cytokines) but rather should be consid-
ered as a qualitative harmonization in downstream activation
and inhibition [44].

5. Limitations

This study has some intrinsic limitations. Firstly, as this was
an open-label study, it was conducted without blinding and
thus the lack of a placebo-arm/sham stimulation limits any
firm conclusion on the anti-inflammatory efficacy of t-VNS
in PsA and AS. Secondly, the small sample size, although
comparable to similar studies, limits the generalisability of
these findings. Nevertheless, further work is now warranted
in larger patient groups with higher disease activity, with a
potential possibility of categorizing participants according
to their current treatment regimens, e.g., biological and/or
conventional DMARD:s. Thirdly, the assessment of clinical
disease activity may have been vulnerable to bias as the
reduction in the clinical scores such as DAS28-CRP and
ASDAS yields a subjective part, which involves an assessment
of tender and swollen joints. However, the natural history of
PsA and AS and the clear objective reduction in CRP levels in
PsA support that an anti-inflammatory effect was achieved
through t-VNS in the short five-day treatment period.
Finally, in spite of our efforts in terms of education and train-
ing in t-VNS stimulation, we cannot guarantee that partici-
pants positioned the gammaCore correctly at every
stimulation, and thus, insufficient stimulation may have

occurred; however, the decreased HR supports that the t-
VNS modulated the ANS in patients with PsA and AS.

In conclusion, this open-label preliminary report pro-
vides support for an anti-inflammatory effect of t-VNS in
patients with PsA and AS, evident as convincing reduction
in HR, disease activity, and CRP-levels. This raises the fasci-
nating possibility of using neuromodulation as an add-on to
existing pharmacological treatments; however, these initial
findings warrant further investigation in larger randomized
sham-controlled trials.
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Background. Basil polysaccharide (BPS) represents a main active ingredient extracted from basil (Ocimum basilicum L.), which can
regulate secondary bacterial pneumonia development in the process of sepsis-mediated immunosuppression. Methods. In this
study, a dual model of sepsis-induced secondary pneumonia with cecal ligation and puncture and intratracheal instillation of
Staphylococcus aureus or Pseudomonas aeruginosa was constructed. Results. The results indicated that BPS-treated mice
undergoing CLP showed resistance to secondary S. aureus pneumonia. Compared with the IgG-treated group, BPS-treated mice
exhibited better survival rate along with a higher bacterial clearance rate. Additionally, BPS treatment attenuated cell apoptosis,
enhanced lymphocyte and macrophage recruitment to the lung, promoted pulmonary cytokine production, and significantly
enhanced CC receptor ligand 4 (CCL4). Notably, recombinant CCL4 protein could enhance the protective effect on S. aureus-
induced secondary pulmonary infection of septic mice, which indicated that BPS-induced CCL4 partially mediated resistance to
secondary bacterial pneumonia. In addition, BPS priming markedly promoted the phagocytosis of alveolar macrophages while
killing S. aureus in vitro, which was related to the enhanced p38MAPK signal transduction pathway activation. Moreover, BPS
also played a protective role in sepsis-induced secondary S. aureus pneumonia by inducing Treg cell differentiation. Conclusions.
Collectively, these results shed novel lights on the BPS treatment mechanism in sepsis-induced secondary S. aureus pneumonia
in mice.

1. Introduction

Sepsis is a complex immunopathological syndrome charac-
terized by life-threatening organ dysfunction caused by a
deregulated host response to systemic infection [1]. It is
attributed to a persistent and complicated interaction of the
proinflammatory process with the anti-inflammatory one in
the body, leading to high inflammatory response and subse-
quent immune dysfunction [2, 3]. Globally, sepsis continues
to be a major reason for deaths at intensive care unit (ICU)
[4]. Recently, a global study reported approximately 49 mil-
lion diagnosed patients along with 11 million deaths due to
sepsis in the world in 2017, which accounted for around
20% total death cases globally. Furthermore, a study reported

that the pooled incidence of hospital-treated sepsis patients
was 189/100,000 person-years, whereas the estimated mor-
tality rate was 26.7%. The study also reported that the preva-
lence of ICU-treated sepsis was 58/100,000 person-years,
including 41.9% dying before hospital discharge. Notably,
the incidence of hospital-treated sepsis considerably
increased after 2008 [5]. Great inflammatory response is pre-
viously reported to induce sepsis-related deaths early,
whereas compensatory anti-inflammatory response is sug-
gested to cause deaths following organ failure via the domi-
nant congenital immunity, affecting endothelial function,
blood flow, and parenchymal cell metabolism [6]. However,
recent studies have revealed that the persistent counterregu-
latory anti-inflammatory and proinflammatory state
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triggered by the imbalanced innate along with restrained
adaptive immune responses leads to prolonged organ dam-
age and dysfunction, leading to patient death [7]. Primary
infections in patients with severe sepsis may not be the lead-
ing cause of death; however, persistent inflammation and
immunosuppression represent the predominant cause of sec-
ondary infections and mortality [8]. In recent years, the
increased prevalence of infection with antibiotic-resistant
bacteria represents a significant challenge to the effective
treatment of sepsis-induced secondary bacterial pneumonia
in the hospital [9]. Pulmonary immunity exerts an important
part in resisting the pulmonary respiratory pathogens, while
different inflammatory mediators (such as chemokines, cyto-
kines, or growth factors) modulate responses to various kinds
of infection or injury [10]. Thus, further understanding pul-
monary immunity together with the molecular and cellular
immune responses upon microbial infection would signifi-
cantly enhance our understanding of secondary lung infec-
tions’ pathogenesis during the immunosuppressive phase of
sepsis. Several studies have identified the association between
suppression-mediated immunosuppression and secondary
bacteria-induced pulmonary infection. Moreover, macro-
phage dysfunction [11], neutrophil paralysis [12], and lym-
phopenia [13] are related to secondary bacteria-induced
pulmonary infection post-sepsis. Therefore, the immunosup-
pression induced by sepsis may markedly alter the modula-
tion of pulmonary immunity in the host, resulting in the
enhanced sensitivity among septic cases complicated by nos-
ocomial pneumonia [14].

Basil or Ocimum basilicum L., belongs to the family
Lamiaceae, is known as the “king of herbs” due to its exten-
sive traditional use in medicine and for culinary and perfum-
ery purposes worldwide. It is native to Southeast Asia,
America, and parts of Africa and frequently planted within
the gardens and pots across Southwest Asia, the USA, and
Europe [15]. Basil has been shown to exhibit potential
pharmacological effects, including anticancer, antistress,
antidiabetic, antipyretic, antioxidant, immunomodulatory,
hypolipidemic antiatherosclerotic effect, and antibacterial
activities [16-19]. Among the essential active compounds
of basil, basil polysaccharide has been shown to exhibit a
variety of pharmacological activities [20]. Studies have
demonstrated that basil polysaccharide (BPS) is adopted
to be the immunopotentiator for stimulating macrophages,
protecting immune organs, while building the complement
system for exerting immune enhancement effects. More-
over, basil polysaccharide exhibits good antibacterial activity
[21]. BPS can also inhibit various bacteria infected in clinic
[22, 23]. Currently, BPS has been extensively utilized to lower
blood lipids, prevent atherosclerosis, and treat cancer and
diabetes [24, 25]. However, there is a paucity of literature
on the effects of basil polysaccharide on sepsis-induced sec-
ondary bacterial infection in the lungs.

Hospital-acquired secondary pneumonia, a frequent nos-
ocomial bacterial infection, accounts for a major reason lead-
ing to deaths among severe sepsis cases [26]. Organisms
causing hospital-acquired secondary pneumonia leading to
severe sepsis are dominated by Staphylococcus aureus
(20.5%), followed by Pseudomonas species (19.9%), fungi
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(19%), and Enterobacter (mostly Escherichia coli, 16.0%)
[27]. Herein, a dual model of sepsis-induced secondary
pneumonia with cecal ligation and puncture (CLP) along
with intranasal instillation of Pseudomonas aeruginosa or
Staphylococcus aureus was established to elucidate the
effects of basil polysaccharide in sepsis-induced secondary
lung bacterial infection.

2. Materials and Methods

2.1. Animals. The 8-12-week-old C57BL/6 male mice
(weight, 20-24 g) were provided by Laboratory Animal Cen-
ter of Chongqging Medical University (Chongqing, China).
The license number is SYXK (Chongqing, China) 2018-
0003. Thereafter, all animals were raised in the specific
pathogen-free (SPF) environment under 24°C, 50%-60% rel-
ative humidity (RH), and 12h/12h light/dark cycle condi-
tions. Each mouse was allowed to drink water and eat
standard food. Each animal was healthy and infection-free
throughout the experiment.

All mice were treated following the Guidelines for the
Care and Use of Laboratory Animals in China. The Institu-
tional Animal Care and Use Committee of Chongqing Med-
ical University approved our study protocol.

2.2. “Double-Hit” Mice Model. CLP and intratracheal injec-
tion of S. aureus or P. aeruginosa were carried out as the first
and second hits, respectively. Briefly, each mouse was given
intraperitoneal injection of ketamine (1 mg/ml) and 100 ul
xylazine (20 mg/ml) contained within PBS for anesthesia,
followed by cecal ligation and puncture using the 26G needle
(nonsevere CLP, resulting in the mortality rate of 5%-10% in
WT mice). Later, we put back the cecum into peritoneal cav-
ity, followed by incision closure using the surgical staples. All
mice were given subcutaneous administration of 0.9% sterile
normal saline at the dose of 5ml/100g body weight (BW)
preheated at 37°C for replacing the 3" space loss; thereafter,
the warm pad was prepared for resuscitation [28].

At 3 days after CLP, the xylazine/ketamine mixture was
administered into the surviving mice for anesthesia. Then,
each mouse was placed in the “head-up” position, and the
trachea was exposed, followed by intratracheal injection
(it) with P. aeruginosa (5x 107 colony-forming units
(CFUs) within 50 ul PBS) or S. aureus (5 x 107 CFUs within
50 ul PBS) [29].

2.3. In Vivo Administration of Basil Polysaccharides. For
in vivo basil polysaccharide treatment, each mouse was
administered i.p. with 75mg/kg of basil polysaccharides
[30] (Shanxi kingreg Biotech. Ltd., China) or IgG 2h after
the second hit. With regard to CCL4 exposure in vivo, all
animals were given 500ng IgG or recombinant mouse
CCL4 (R&D Systems, USA) ip. at the time of the second
hit of S. aureus.

24. Lung Tissue and Bronchoalveolar Lavage Fluid
Collection. At 24h following S. aureus or P. aeruginosa i.t.,
the animals were killed under anesthesia. Lungs were
extracted, and tissues were harvested, followed by the imme-
diate collection of bronchoalveolar lavage fluid (BALF). After
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chest clapping, right bronchial bundling and left lung lavage
were carried out. In addition, after resecting the right lung,
we obtained the right upper lobe to count the bacterial num-
bers, whereas the rest right lung tissues were preserved under
—70°C at once for further analysis.

2.5. Determination of Lung and Plasma Bacterial Burdens.
Plasma samples were obtained at specific time periods.
Meanwhile, we also resected the right upper lung lobe under
aseptic condition, followed by homogenization within 1 ml
sterile saline using the tissue homogenizer by the use of a
vented hood. Later, we diluted plasma and lung homogenate
at serial concentrations. For every dilution, 10 ml sample was
added on the predried tryptic soy-base blood agar plates,
followed by overnight incubation under 37°C. Afterwards,
CFUs were counted and expressed as total CFU per lung or
per milliliter of plasma.

2.6. Measurement of Inflammatory Mediators. Blood samples
were collected in heparinized tubes via the ophthalmic vein.
Inflammatory mediators, such as CCL4, IL-10, CXCL-1,
TNF-a, IL-1f3, IL-6, and IL-17A, were assessed by the Mice
Cytokine Magnetic Bead Panel Kit (eBioscience, USA) fol-
lowing the manufacturer’s protocol.

2.7. Determination of Chemokine CCL4 Produced by
Neutrophils. The neutrophils were sorted from the broncho-
alveolar lavage using magnetic separation (Miltenyi Biotec)
and were suspended in 10% FBS (Sigma, USA) and
RPMI1640 (Sigma, USA) and then inoculated on the culture
plate. To determine whether basil polysaccharides promote
the secretion of CCL4 by neutrophils, we supplemented basil
polysaccharide [31] (100 ug/ml, kingreg Biotech, China) or
PBS to the culture. After incubation for 48 h, the chemokine
CCL4 in the supernatant was quantified by ELISA using kits
(R&D, USA) following specific protocols. The absorbance of
each sample was read at 450 nm.

2.8. Lung Injury Index Assessment. Lung injury index assess-
ment is as follows: (1) Morphological evaluation: as for the
right upper lung lobe, it was subjected to 10% formalin fixa-
tion, paraffin embedding, and sectioning into 4 ym sections.
Then, the sections were deparaffinized, dehydrated, and
stained by hematoxylin and eosin (H&E) to carry out histo-
logical examinations. Mikawa’s method was adopted to esti-
mate lung injury score by adopting the 4 indicators below:
(1) alveolar hyperemia, (2) hemorrhage, (3) neutrophil or
interstitial aggregation or infiltration, (4) hyaline membrane
formation or alveolar septal thickening, where 0-4 marks
indicated no/very mild, mild, moderate, severe, and very
severe damage, respectively. All scores were added up as the
final score, and the ARDS pathological score was indicative
of increases in lesion number. Lung injury was rated accord-
ing to the 0-4 scale based on lesion severity of every indicator,
where 0-4 points indicated normal results, mild (<25%),
moderate (25-50%), severe (50-75%), and very severe
(>75%) lung involvements, separately. A greater score was
indicative of the more severe lesion. The light microscope
(Olympus, Japan) was utilized to evaluate the abnormal his-
tological results. (2) Albumin assessment: albumin for lung

permeability assessment was performed using a Albumin
Quantification Kit (Bethyl Laboratories, Montgomery, TX)
following specific protocols. (3) Myeloperoxidase (MPO)
measurement: the MPO activity in the tissue was measured
to quantify lung neutrophil infiltration. In brief, we homog-
enized lung tissues with the 20mmol/l PBS (pH?74),
followed by 10min of centrifugation at 4°C and 10,000 g.
Later, pellets were resuspended with 50mmol/l PBS
(pH6.0) contained within 0.5% hexadecyltrimethylammo-
nium bromide (Sigma), and then, the homogenate was
treated with 4 freeze-thawing cycles, followed by 40's of son-
ication for disruption. Afterwards, the samples were sub-
jected to 5min of centrifugation for 40s at 10,000g and
40,000 ion. The sample was assayed for the myeloperoxidase
activity according to previous description, with tetramethyl-
benzidine (Sigma) being the substrate. Later, we detected
the absorbance (OD) values at 460 nm and adjusted them
based on tissue weights (fold change (FC) relative to control).
(4) Wet/dry weight: after dissecting left lung, we weighed the
wet weight. The lung was incubated, then dried in an oven at
60°C for 3-4 days and reweighed as dry weight. Then, the wet
weight was divided by dry weight to calculate the wet-to-dry
(W/D) weight ratio [32]

2.9. TUNEL Assay. The In situ Cell Apoptosis Detection Kit I,
POD (Roche, Switzerland) was utilized to measure cell apo-
ptosis rate by TUNEL assay following specific instructions.
In brief, after xylene deparaffinage, the 4 ym sections were
subjected to gradient ethanol rehydration. Thereafter, 3%
hydrogen peroxide (H,O,) was used to block endogenous
peroxidase activity for a period of 10 min; afterwards, 10-
20 pug/ml proteinase K solution was utilized to digest sections
under 37°C for 15 min. After PBS washing, terminal deoxy-
nucleotidyl transferase diluted at 1:20 supplemented within
the reaction buffer (digoxigenin-labeled nucleotides) was
used to react with sections for 2h under 37°C. Thereafter,
the stop/wash buffer was used to rinse slides for 2 min thrice.
Subsequently, antidigoxin antibody previously diluted at
1:100 was used to incubate sections under 37°C for 30 min,
and later, ABC was employed to further incubate sections
for 30 min under 37°C. Apoptosis was measured through
incubating sections using 3,3’ -diaminobenzidine chromogen
for about 20 min, followed by hematoxylin counterstaining.
Later, 5 fields of view (FOVs) were selected randomly from
every section (x400 magnification). Then, TUNEL-positive
cell proportion per field was recorded at X400 magnification
in 5 random fields.

2.10. Western Blot Analysis. The protein extraction kit (Beyo-
time, China) was utilized to extract total macrophage pro-
teins in accordance with specific protocols. Bicinchoninic
acid (BCA) protein assay kit (Pierce, USA) was employed
for detecting protein contents. Thereafter, proteins were sep-
arated through 10%SDS-PAGE, followed by transfer to the
nitrocellulose membranes. After transfer, the membranes
were incubated in blocking buffer containing 5% (w/v)
skimmed milk supplemented within the Tris-buffered saline
that contained 0.05% Tween-20, followed by overnight incu-
bation with primary antibody under 4 C and then secondary



antibody incubation. At last, the ECL detection system was
used to visualize protein blots.

2.11. Flow Cytometry. After PBS washing, cells were prepared
into pellets and analyzed by the flow cytometer. The follow-
ing monoclonal antibodies including CD4, CD25, Foxp3,
CD11b, Ly6G, F4/80. To stain CD4, CD25, Foxp3, CD11b,
Ly6G, F4/80, the Fixation/Permeabilization kit (eBioscience,
USA), anti-CD4-FITC, anti-CD11b-APC, anti-Ly6G-FITC,
anti-F4/80-FITC, anti-CD25-PE, and anti-Foxp3-APC
(eBioscience, USA) were utilized following specific protocols.
The FACScan flow cytometer (Becton Dickinson) was used
to collect cells (10°), whereas FlowJo software 7.6 was
adopted for analysis.

2.12. Cell Purification and Culture. We adopted the Lympho-
cyte Separation Medium (GE healthcare, USA) to isolate
splenic peripheral blood mononuclear cells (PBMCs) from
mice. Thereafter, magnetic activated cell sorting (Miltenyi
Biotec) was carried out to isolate naive CD4+ T cells from
PBMCs using the Naive CD4+ T Cell Isolation Kit II (Stem-
Cell, Canada) following specific protocols. Then, flow cyto-
metric analysis was performed to measure the naive CD4+
T cell purity (>90%). Then, we cultivated cells within the
RPMI 1640 complete medium (Gibco, Grand Island, NY,
USA) that contained 10% fetal bovine serum (FBS) and incu-
bated them under 37°C and 5% CO, conditions.

2.13. Treg Cell Subset Generation. In this study, we produced
Treg cell subsets through exposing to 50mM [3-mercap-
toethanol, 2mM L-glutamine, 2 ug/ml anti-CD28, 5 ug/ml
anti-CD3, 2.5ng/ml TGF-f, and 50 U/ml IL-2 for a period
of 3 days. To determine whether basil polysaccharide was
involved in the induction process, we supplemented basil
polysaccharide (100 pg/ml, kingreg Biotech, China) to the
culture. Flow cytometric analysis was performed to assess
intracellular staining and surface marker expression.

2.14. Macrophage Phagocytosis Assays. BALFs were incu-
bated using 0.5 mg/ml FITC (Sigma) under 37°C for 20 min,
so that macrophages adhered to the plastic, FITC-labeled S.
aureus for separation. Thereafter, FITC-labeled bacteria
(MO, 100) were used to incubate the separated macrophages
under 37°C for 30 min. Then, cells were washed, and nuclei
were subjected to DAPI (Invitrogen) staining and visualized
under the confocal laser scanning microscope (LSM 510,
Zeiss). One independent reviewer was responsible for quan-
tifying engulfed bacterial proportion of the 300 cells coun-
ted/well. For certain experiments, 100 yg/ml BPS (kingreg
Biotech, China) was used to pretreat bronchoalveolar macro-
phages before infection with FITC-labeled S. aureus.

2.15. Macrophage Killing Assays. Alive S. aureus (with the
multiplicity of infection (MOI) of 10) was used to infect 1
x 10°> bronchoalveolar macrophages for 1h under 37°C.
Later, buffer that contained 100 ug/ml tobramycin was
adopted to wash cells for removing extracellular bacteria,
whereas lysis buffer (Promega) was used for lysis. Lysate cul-
ture was utilized to quantify alive intracellular bacteria so as
to assess bacterial uptake as well as intracellular killing
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(t =0 and 2, respectively). Killing was determined by colony
proportion occurring at ¢ =2h in comparison with that at ¢
=0h,100 — [CFU number at = 2h/CFU number ¢ =0h]. In
certain experiment, 100 yg/ml BPS (kingreg Biotech, China)
was used to pretreat bronchoalveolar macrophages prior to
alive S. aureus infection.

2.16. Statistical Analysis. SPSS19.0 (IBM, Armonk, New
York, USA) was employed for statistical analysis. Values were
presented in the manner of median (interquartile ranges) or
mean + SD. Differences of two groups were evaluated by
Mann-Whitney U tests, whereas those among several groups
were evaluated by one-way ANOVA. Log-rank (Mantel-Cox)
test was used to analyze survival curves. p <0.05 indicated
statistical significance.

3. Results

3.1. Basil Polysaccharide Can Significantly Improve the
Prognosis of the Sepsis-Induced Secondary S. aureus
Pneumonia Mice Model, but Not in Secondary P. aeruginosa
Pneumonia. For investigating the possible effect of BPS on
the sepsis-mediated secondary bacterial pulmonary infec-
tion, we treated C57BL/6 mice with CLP, followed by intra-
tracheal injection with bacteria (S. aureus or P. aeruginosa)
and BPS or IgG treatment. The entire experimental design
and procedures were presented in Figure 1(a). As shown in
Figures 1(b)-1(g), in the CLP-induced nonsevere sepsis
model, survival rate between BPS-exposed and IgG control
groups showed no significant difference, and their survival
rate was about 90%. Therefore, there was no significant dif-
ference in mouse lung injury indicators such as protein in
BALF, MPO, and W/D ratio. However, in the bacterial pneu-
monia model, mice’s mortality began to increase, and the
mortality was the highest in the CLP-induced secondary bac-
terial pneumonia mouse model. Next, we found that basil
polysaccharide administration can improve the survival rate
of S. aureus pneumonia or CLP-induced secondary S. aureus
pneumonia mouse model. Moreover, it can also reduce the
bacterial load in mice’s blood and lungs and improve lung
injury indicators. However, these results were not observed
in P. aeruginosa pneumonia or CLP-induced secondary P.
aeruginosa pneumonia mice model (supplementary data
(available here)).

3.2. CLP Resulted in Impaired Host Pulmonary Immunity in
the Mice. For confirming the effect of CLP on attenuating
pulmonary response based on the microbial sepsis model,
firstly, we detected the mice of immune status after CLP.
The results showed that 24 hours after CLP, lung injury
and inflammatory mediators including MIP-1p3/CCL4, IL-
10, TNF-a, IL-1p, IL-6, and IL-17A in serum or BALF were
increased significantly. However, 72 hours after CLP, the
lung injury was gradually recovered. Proinflammatory
cytokines including MIP-18/CCL4, TNF-a, IL-183, IL-6,
and IL-17A in serum or BALF were decreased, while the
anti-inflammatory cytokine IL-10 continued to increase
(Figures 2(a)-2(d)). Next, we treated WT C57BL/6 mice with
sham operation or CLP, followed by intratracheal infection
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FIGURE 1: (a) Experimental procedure. We randomized mice into 6 groups, including 4 receiving CLP at D0 and 2 receiving sham operation.
At 3 days later (D3) or at D0 in the sham operation group, mice were given intratracheal injection with P. aeruginosa (PA, 5 x 10’ CFU) or S.
aureus (SA, 5x 107 CFU). Two hours after the bacterial hit or the second bacterial hit, basil polysaccharide or IgG was injected
intraperitoneally as an intervention. We collected lung tissues, blood, and BALF at 24 h after a bacterial infection or secondary bacterial
infection for analysis. In the 10-day experimental period, we recorded the mortality rates of all groups to analyze the survival. (b) The
mortality rates were monitored for 10 days after the challenge with S. aureus (n =15 mice/group). (c, d) Lung or blood bacterial CFU in
each group after administration with S. aureus (n=>5 mice/group). (e-g) Lung injury assessment indicators such as protein in BALF,
myeloperoxidase, and wet/dry weight ratio in the lung were measured after challenge with S. aureus (n=5 mice/group). Log-rank
(Mantel-Cox) test was performed to analyze survival curves. Values were presented in the manner of mean + SD, while one-way ANOVA
as well as LSD multiple comparisons test was adopted for data analysis. “p < 0.05, compared with S. aureus infection treated with basil
polysaccharide. *p < 0.05, compared with CLP-surgery mice upon secondary S. aureus infection treated with basil polysaccharide. *p <
0.05, **p <0.01, and ***p <0.001, upon one-way ANOVA as well as LSD multiple comparisons. Compared with S. aureus infection
treated with basil polysaccharide group or CLP-surgery mice upon secondary S. aureus infection treated with the basil polysaccharide group.

by S. aureus at 72h after CLP. All mice undergoing sham
operation survived, whereas over 90% mice receiving CLP
with the 26G needle survived. Nonetheless, after S. aureus
intrapulmonary administration at 5 x 107 CFU, 67% animals
in the sham operation group survived. On the contrary, most
animals exposed to sublethal CLP died upon subsequent
intratracheal injection of S. aureus (Figure 2(e)). In addition,
animals subjected to CLP that developed secondary S. aureus
pneumonia showed markedly reduced BALF or serum
inflammatory mediator production, such as IL-18, IL-6, IL-
17A, TNF-a, and MIP-1p3/CCL4, whereas upregulated anti-
inflammatory mediator (IL-10) production relative to the
sham operation group, and pneumonia occurred at 24 h fol-
lowing infection (Figure 2(f)). Collectively, the above results
conformed to previous results suggesting that CLP led to
compromised pulmonary immune response upon secondary
S. aureus infection.

3.3. Basil Polysaccharide Protected Mice from Lethality,
Ablated Lung Pathology, and Regulated Inflammatory
Responses in Sepsis-Induced Secondary S. aureus Pneumonia
Mice Model. To assess the involvement of basil polysaccha-
ride in host defense against S. aureus in septic mice, IgG or
basil polysaccharide was administered to intervene in mice.
The results revealed that the basil polysaccharide-treated
mice group receiving CLP had remarkably elevated survival
rate after secondary S. aureus infection, relative to the IgG

group (Figure 3(a)). From the lung histopathological exami-
nation, in mice treated with basil polysaccharide, the lung
injury scores were significantly reduced, indicated by
improved hemorrhage, edema, and inflammatory cell infil-
tration in the CLP-induced secondary S.aureus pneumonia
mouse model (Figures 3(b) and 3(c)). Additionally, pulmo-
nary TUNEL-positive cell proportion declined following
BPS exposure (Figures 3(d) and 3(e)). As presented in
Figure 3(f), although there was no statistical significance,
the basil polysaccharide-treated group exhibited compara-
tively increased chemokine or cytokine production (such as
CXCL1, TNF-a, IL-6, IL-1p, and IL-17A) within alveolar
lavage fluid and serum, compared with the IgG group, with
statistically significant differences in CCL4 levels. Together,
these findings indicated that the therapeutic effect of basil
polysaccharide may be related to the recruitment of chemo-
kines CCL4 in the lungs.

3.4. Effects of Basil Polysaccharide on Leukocyte Recruitment
in Sepsis-Induced Secondary S. aureus Pneumonia Mice. For
identifying the possible mechanisms of BPS in changing the
antibacterial defense in the host, this study measured the leu-
kocyte influx into primary infection site following sepsis-
mediated secondary S. aureus pulmonary infection. The
overall cell number within mouse alveolar lavage fluid
(BALF) increased significantly after treatment with basil
polysaccharide (Figures 4(a) and 4(b)). Notably, treatment
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F1Gure 2: CLP led to damaged pulmonary immune responses in the host. Mice receiving CLP or sham operation. (a, b) Histological scores for
CLP-induced nonsevere sepsis model (n = 5 mice/group). (¢, d) At 24h and 72 h after CLP, we detected contents of cytokines in serum and
BALF. Mice Cytokine Magnetic Bead Panel Kit (n = 5 for every group) was performed to analyze the obtained specimens. (e) 72 h after CLP,
mice were given intratracheal injection with S. aureus (5 x 107 CFU). Following challenge (n = 15 for every group), we observed mortality
rates over the 10-day period. Log-rank (Mantel-Cox) test was performed to analyze survival curves. (f) At 24h following secondary
infection with S. aureus, we detected contents of chemokines and cytokines in serum and BALF. Mice Cytokine Magnetic Bead Panel Kit
(n=>5 for every group) was performed to analyze the obtained specimens. Values were presented in the manner of mean + SD, whereas
nonparametric Mann-Whitney U test was adopted for data analysis. *p <0.05, **p <0.01, compared with normal control or sham-

surgery mice upon secondary S. aureus infection.

with basil polysaccharide significantly enhanced lympho-
cyte and macrophage counts within BALF relative to the
IgG treatment group (Figures 4(c)-4(f)). On the contrary,
differences in overall neutrophil count were not significant
(Figures 4(g) and 4(h)). These results collectively suggest
that the protection of basil polysaccharide during infection
is still crucial to recruit lymphocytes and macrophages in
this model.

3.5. Basil Polysaccharides Improve the Survival Rate of Sepsis-
Induced Secondary S. aureus Pneumonia Mice by Promoting
CCL4 Secretion from Neutrophils. Previous studies have
found that the chemokine CCL4 exerts a vital part in the
pathogenic mechanism of pulmonary diseases like bacterial
pneumonia and respiratory defense [33]. Our study revealed
that basil polysaccharide can significantly increase the level of
CClL4 in the lungs of sepsis-induced secondary S. aureus
pneumonia mice (Figure 3(f)). This indicated that the thera-
peutic effect of basil polysaccharide may be related to the

recruitment of chemokine CCL4 in the lungs. Therefore,
we investigated the role of CCL4 in sepsis-induced second-
ary S. aureus pneumonia mouse model. First, we observed
that in secondary S. aureus pneumonia induced by sepsis,
recombinant CCL4 could improve lung pathology and
lung injury, increase the clearance rate of bacteria from
the lung and blood, reduce lung injury and mortality,
and effectively promote macrophage recruitment in the
lungs (Figures 5(a)-5(i)). Neutrophils are immune cells
that can secrete a variety of chemokines, such as IL-1p,
IL-8, interferon-y inducible protein 10 (IP-10), and CCL4
[32]. Although we did not identify the ability of basil poly-
saccharide in promoting neutrophil recruitment in the
lungs, in vitro experimental results revealed that basil
polysaccharide could effectively promote the secretion of
CCL4 by neutrophils. These findings highlighted the
molecular immune mechanism of basil polysaccharide in
regulating sepsis-induced secondary S. aureus pneumonia
in mice (Figure 5(j)).
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mice in the IgG group.

3.6. Basil Polysaccharide Induces Macrophage Phagocytosis
and Killing S. aureus by p38 MAPK Signaling Pathway. To
determine whether basil polysaccharide induced the inherent
bacteria defense ability of phagocytes, this study examined
bacterial absorption and macrophage clearance in the bron-
choalveolar lavage fluid. Pretreatment with basil polysac-
charide promoted phagocytosis and intracellular killing of
S. aureus by macrophages (Figures 6(a) and 6(b)). More-
over, this study explored the possible mechanism by which
BPS affected the S. aureus killing and phagocytosis abilities.
The p38 MAPK signaling pathways exert vital parts in the
regulation of bacterial clearance and macrophage phagocy-
tosis [32, 34]. As a result, this study conducted Western
blotting assay for analyzing the expression of proteins
related to such signal transduction pathways. Following
BPS treatment, the p38 MAPK signal expression increased
significantly (Figures 6(c) and 6(d)).

3.7. Basil Polysaccharides Promote the Differentiation of
Regulatory T Lymphocytes in Sepsis-Induced Secondary S.
aureus Pneumonia Mice. The previous results found that
CD4*lymphocytes increased significantly in sepsis-induced
secondary S. aureus pneumonia mice (Figures 4(e) and

4(f)). Next, we used flow cytometry to detect Treg lympho-
cytes in mouse BALF. The results revealed that after basil
polysaccharide administration, the Treg cells in mice BALF
increased significantly (Figures 7(a) and 7(b)). In order to
further analyze the effect of basil polysaccharide on the differ-
entiation of Treg lymphocytes, naive CD4+ T lymphocytes
were isolated from the mouse spleens and cultured in vitro.
Afterwards, cells were intervened with BPS. At 3 days
later, a trend of differentiation to Treg cells was observed
among the naive CD4+ T lymphocytes (Figures 7(c) and
7(d)). Taken together, these data demonstrated that basil
polysaccharide could promote naive CD4+ T lymphocytes
to differentiate to Treg cells, thus exerting the immuno-
modulatory effect in sepsis-induced secondary S. aureus
pneumonia mice.

4. Discussion

Following clinical cure, patients with microbiologic treat-
ment failure experience significantly high rates of recurrent
pneumonia and high susceptibility to sepsis-induced second-
ary lung infection [35]. These findings have been associated
with the development of sepsis-induced immunosuppression
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with the isotypical IgG control.

[36]. Several new therapies have been reported to reduce
sepsis-induced immunosuppression rates and limit the sus-
ceptibility to secondary pneumonia in recent years. However,
these new approaches’ efficacy remains poor and represents a
significant challenge for clinicians [37]. Great attempts have
been tried to avoid antimicrobial resistance spread; the devel-
opment of resistant bacteria remains inevitable over time
[38]. A possible method is related to the immunity-specific
targeted treatment [39]. Basil, with diverse medicinal appli-
cations, has been incorporated into the Pharmacopeia
(2015 edition). Basil polysaccharide is considered the most
important active compound of basil, whereas mannose
(Man), rhamnose (Rha), glucose (Glc), fructose (Fru), and
Arabian sugar (Ara) represent its main components [40-
42]. Studies have revealed that polysaccharides may be
adopted to be immunopotentiators for stimulating macro-
phages, protecting immune organs, in the meantime of build-
ing the complement system, thus exerting the role of
immunoenhancers [43, 44]. Not only that, basil polysaccha-
ride also exhibits a wide range of antibacterial activities. They
also exhibit inhibitory effects on a variety of common bacte-
rial infections [45]. In this study, we observed that in experi-
mental sepsis-induced secondary S. aureus pneumonia
model, basil polysaccharides could improve lung pathology
and lung injury, increase the clearance rate of bacteria from
the lungs and blood, and effectively reduce mortality(Fi-
gure 1); however, no such effects were observed in experi-
mental sepsis-induced secondary P. aeruginosa pneumonia
model (Supplementary data (available here)). These find-
ings indicate that basil polysaccharide could serve as a
new type of adjuvant treatment to sepsis-induced secondary
S. aureus pneumonia.

The out-of-balance between proinflammatory cytokine
levels and anti-inflammatory cytokine levels is a characteris-
tic of sepsis-mediated immunosuppression, and this makes
the host susceptible to secondary pneumonia, especially nos-
ocomial pneumonia [46, 47]. In general, as presented in
Figures 2(c) and 2(d), at 72 hours after CLP, proinflamma-
tory cytokines including MIP-13/CCL4, TNF-a, IL-1p, IL-

6, and IL-17A in serum or BALF were decreased and the
anti-inflammatory  cytokine IL-10 was significantly
increased. Meanwhile as compared with the control group
(sham+SA), the alveolar lavage fluid and serum samples of
mice in the CLP+SA group revealed lower levels of proin-
flammatory cytokines or chemokines (including TNF-a, IL-
183, IL-17A, IL-6, and CCL-4) and higher levels of anti-
inflammatory cytokines (IL-10), indicating that the sepsis-
induced secondary S. aureus pneumonia mouse model pre-
sented an immunosuppressive state (Figure 2(f)).

Next, we intervened by administrating basil polysaccha-
ride 2 hours after the second hit. As shown in Figure 3(f),
although there is no statistical significance, the basil
polysaccharide-treated group exhibited slightly increased
chemokine and cytokine expressions (such as IL-1f3, TNF-
a, IL-6, IL-17A, and CXCL1) within the alveolar lavage fluid
and serum samples, compared with the IgG group, with sta-
tistically significant differences in CCL4 levels. Together,
these findings indicate that the therapeutic effect of basil
polysaccharide may be related to the recruitment of chemo-
kine CCL4 in the lungs. As for host defense, recruiting
immune and inflammatory effector cells into tissue injury,
neoplasia, and infection sites is still an important part. Such
response can be partially modulated through the locally
produced mediator network, such as lipids or chemotactic
proteins [46]. Chemokines are critical proinflammatory
cytokines related to the host defense regulating the activa-
tion and recruitment (chemotaxis) of leukocytes or addi-
tional cell types into the neoplasia, infection, or injury
sites [47]. MIP-1p, also known as CCL4, belongs to the
chemokine family and is essential in immune responses
to infection and inflammation. CCL4 is a crucial chemo-
tactic mediator for recruiting mononuclear macrophages,
natural killer cells, T lymphocytes, and cytokine production
regulation [33]. Furthermore, studies have shown that
CCL4 (MIP-p) chemokines exert vital parts within cytokine
networks modulating immune and inflammatory responses
of the respiratory tracts, which possibly facilitate the patho-
genic mechanism of pulmonary diseases [48-50]. According
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control. (a) Survival of septic mice with secondary S. aureus infection (n=15 mice/group) following recombinant protein CCL4
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protein CCL4 administration. (d-f) Lung damage assessment indicators such as protein in BALF, myeloperoxidase (MPO), and wet/dry
weight ratio in septic mice with secondary S. aureus infection (n = 5 mice/group) following recombinant protein CCL4 administration. (g)
The total number of macrophages in BALF in septic mice with secondary S. aureus infection (n =5 mice/group) following recombinant
protein CCL4 administration. (h, i) Histological scores for secondary pulmonary infection with S. aureus of septic mice (n=>5 for every
group). Log-rank (Mantel-Cox) test was performed to analyze survival curves. Values were presented in the manner of mean + SD,
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CCL4 in the cell supernatant after S. aureus or basil polysaccharide stimulates neutrophils for 48 hours. **p <0.01, ***p <0.001, upon
one-way ANOVA and LSD multiple comparisons, relative to the S. aureus group.

to articles that assess the interstitial pulmonary disease [51],
pulmonary sepsis [52], or oxidant lung damage [53] animal
models, CCL4 (MIP-3) exerts an important part in the dis-
ease pathogenic mechanism and respiratory tract defenses.
Therefore, we investigated the role of CCL4 in the sepsis-
induced secondary S. aureus pneumonia mouse model.
Firstly, we observed that in experimental sepsis-induced sec-
ondary S. aureus pneumonia, recombinant CCL4 could
improve lung pathology and lung injury, increase the clear-

ance rate of bacteria from the lungs and blood, and effectively
promote macrophage recruitment in the lungs and reduce
mortality (Figures 5(a)-5(i)). Secondly, neutrophils were
the first immune cells recruited at the site of inflammation
[54]. They can secrete a variety of chemokines, including
IL-1p, IL-8, interferon-y inducible protein 10(IP-10), macro-
phage inflammatory protein la (MIP-la), and MIP-
1B(CCL4) [55]. According to previous reports, following
the release of neutrophils, MIP-13 (CCL4), a critical



Mediators of Inflammation

10 - %
=
o 81
o
O
=
5 6 -
E
o _
o0
<
&
o 27
I
g
0 T T
Medium control Medium+BPS

()

Medium control ~ Medium+BPS

PISMAPK— | Ly ‘ < 38KD

(©

Ficurk 6: Effects of basil polysaccharide treatment on the ability of

17

100 1 *
N E
60

40 1

20

Macrophage killing (%CFU)

Medium control Medium+BPS

(b)
2.0 4

stskoskok

—
wu
1

MAPK/f-actin
s
1

=}
v
Il

0.0

SA+PBS SA+BPS
(d)

macrophages to eliminate and swallow bacteria. (a, b) 12h BPS

treatment was conducted on macrophages, followed by 30 min of S. aureus (MOI, 10) or FITC-labeled S. aureus infection under 37°C.

We then determined the swallowed FITC-labeled S. aureus count

and intracellular bacterial killing (t+=2h) according to specific

descriptions. (c, d) After 12h of BPS treatment, Western blotting assay was conducted to determine p38MAPK signals within
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chemotactic mediator for the recruitment of monocytes/ma-
crophages, promotes macrophages’ endocytosis, leading to
regression of inflammation [56]. Therefore, we further inves-
tigated whether basil polysaccharide can promote the secre-
tion of CCL4 from neutrophils; we extracted mouse
peritoneal centrioles for in vitro culture. The results indicated
that BPS could effectively promote the secretion of CCL4 by
neutrophils (Figure 5(j)). This may possibly be the molecular
immune mechanism underlying the basil polysaccharide reg-
ulating the sepsis-induced secondary S. aureus pneumonia.
Phagocytes, especially resident macrophages and
recruited neutrophils, exert an important part in immune
responses at the infection sites, either in early or late stage;
in addition, they express various ‘scavenger’ receptors, thus
clearing the senescent host cells, proteins, and foreign bacte-
ria [57]. Our in vitro experiments demonstrated that pre-
treatment with basil polysaccharide could effectively
promote the phagocytosis and killing ability of macrophages
to phagocytose S. aureus (Figures 6(a) and 6(b)). Activating
the intracellular signal transduction pathways is necessary
for the interaction of host cells with foreign pathogens [58].
This study also explored the effect of BPS treatment of mac-
rophages on changing intracellular signal transduction upon

secondary infection with S. aureus. According to our find-
ings, BPS remarkably promoted p38MAPK signal transduc-
tion pathway activation within macrophages after S. aureus
challenge (Figures 6(c) and 6(d)) [34]. The abovementioned
pathway participates in the ability for host cells to recognize
and absorb bacteria, and the BPS-mediated enhanced abili-
ties for macrophages to kill and swallow bacteria were partly
regulated through the promoted p38MAPK signal transduc-
tion pathway activation.

Apoptosis is an essential part of normal physiological
mechanisms and occurs as a homeostatic mechanism to bal-
ance cell proliferation and cell death. The initiation of apo-
ptosis is genetically and biochemically regulated by
intracellular stimuli and extracellular signals [59]. Under
physiological conditions, apoptosis is necessary to eliminate
pathogen-invaded cells and is involved in removing inflam-
matory cells; however, under pathological conditions, it is
related to the development of multisystem diseases [60].
Some studies have found that the cytotoxic effect of S. aureus
during epithelial and endothelial cell invasion is mediated
through apoptosis [61, 62]. By coculturing human T lympho-
cytes with S. aureus exotoxin, Jonas et al. found that the
nanomolecular concentration of toxin can cause irreversible
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ATP depletion of activated or resting T lymphocytes. The T
lymphocyte membrane is more permeable to monovalent
ions, leading to nuclear DNA degradation and cell apoptosis
[63]. These studies indicate that the pathogenesis of S. aureus
is closely associated with cell apoptosis. In this study, we
found that in the sepsis-induced secondary S. aureus pneu-
monia mouse model, the lung apoptosis was significantly
increased. However, treatment with basil polysaccharide
can significantly reduce cell apoptosis in the lungs of mice
(Figures 3(d) and 3(e)). These findings highlight another
important mechanism of regulation by basil polysaccharide
in sepsis-induced secondary S. aureus pneumonia.

The body’s immune system has several functions in
resisting pathogenic bacteria, regulating inflammatory
response and anti-inflammatory response [64, 65]. The
human immune system includes humoral immunity and cel-
lular immunity; among cellular components, T lymphocytes
represent the primary cells involved in realizing the cell-
mediated immune response [66]. Studies have previously
revealed that CD4 T lymphocytes are essential for the lungs
to resist specific pathogens [67]. Reports also indicate that
in CD4 knockout (KO) mice, the clearance rate of S. aureus
is significantly impaired. And in S. aureus-mediated experi-
mental pleurisy, CD4 T lymphocytes play an important role
[68]. Therefore, we analyzed the effect of basil polysaccharide
on CD4+ lymphocytes in a mouse model of sepsis-induced
secondary S. aureus pneumonia. First, we tested the number
of CD4+ lymphocytes in mouse BALF and found that basil
polysaccharide can significantly increase CD4+ lymphocytes
in the lungs (Figures 4(e) and 4(f)). As previous studies have
also shown that BPS enhances T cell activation and antigen
presentation within dendritic cells (DCs), thus enhancing
the immune response and surveillance [21]. Next, we tested
the CD4+ T lymphocyte subsets (Treg cells) in the BALF of
experimental mice, and the results indicated that basil poly-

p <0.0001, one-way ANOVA as well as LSD multiple comparisons test was conducted to compare two groups.

saccharide could increase the proportion of Treg cells in
BALF (Figures 7(a) and 7(b)). To further illustrate that BPS
affected T lymphocyte differentiation, naive CD4+ T lym-
phocytes were isolated from the mouse spleen for in vitro cul-
ture, and the result revealed that basil polysaccharide could
significantly promote naive CD4+ T lymphocytes to differen-
tiate to Treg cells (Figures 7(c) and 7(d)).

5. Conclusion

Collectively, in this study, we found that BPS can effectively
accelerate MIP-1f3 (CCL4) secretion by neutrophils for the
recruitment of monocytes/macrophages (M®) in the lung,
enhance macrophage endocytosis and killing of S. aureus
through activation of the p38MAPK signal pathway, signifi-
cantly reduce cell apoptosis in the lung, and promote naive
CD4+ T lymphocytes to differentiate to Treg cells. Besides,
this study highlights an essential mechanism of BPS in play-
ing a protective role in sepsis-induced secondary S. aureus
pneumonia.
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Background. Inflammatory responses have been associated with delayed oral mucosal wound healing and the pathogenesis of the
periodontal disease. The invasion of microbes into the tissues and the establishment of a chronic infection may be due to impaired
healing. The protracted inflammatory phase may delay wound healing and probably support tissue fibrosis and reduce tissue
regeneration. Vanillin is a well-known natural compound with potential anti-inflammatory capacity. Hence, we hypothesized
that Vanillin could accelerate wound healing reducing inflammation and especially cytokine production making the oral tissue
repair process easier. Methods. Our hypothesis was tested using primary human gingival fibroblast (HGF) cell pretreated with
Vanillin and primed with IL-1$3, as inductor of proinflammatory environment. After 24 hours of treatments, the gene
expression and production of IL-6, TNF-a, IL-8, COX-2, iNOS, and nitric oxide (NO) generation and the wound healing rate
were determined. Results. In IL-1f3-primed cells, preincubation with Vanillin reduced IL-6, IL-8, COX-2, and iNOS expression
and NO release, compared to IL-1p-primed cells. Moreover, Vanillin determines the increased gene expression of nAChRa7,
leading us to hypothesize a role of Vanillin in the activation of the cholinergic anti-inflammatory pathway. Furthermore, in
presence of mechanical injury, the Vanillin preincubation, wound closure may be reducing the expression and release of IL-6
and TNF-« and upregulation of COX-2 and IL-8. Conclusion. Together, the results of this study highlight the anti-inflammatory
and tissue repair ability of Vanillin in IL-1p3-primed HGF. Therefore, Vanillin shows a potential therapeutic interest as an
inflammatory modulator molecule with novel application in periodontal regeneration and oral health.

1. Introduction

Inflammation is defined as an essential biological event
occurring for the defence of the body. It involves immune
cells and multiple mechanisms that operate at different levels,
including alterations in immune cell types in tissues, changes
in cellular reactivity to inflammatory stimuli, regulation of
signaling pathways, and control of gene expression [1]. In
fact, macrophages promote the innate host defence and
inflammatory reaction, with the release of inflammatory
mediators like interleukin- (IL-) 1f, IL-6, IL-8, tumour
necrosis factor- (ITNF-) a, reactive oxygen species (ROS),
and nitric oxide (NO) [2]. These molecules mediate the
inflammatory response and trigger adaptive immune activa-

tion, through the interaction with cellular specific receptors
[3]. Periodontal diseases, inflammatory conditions with
an infectious aetiology including gingivitis and periodonti-
tis, are amongst the prevalent oral health illnesses that
may ultimately lead to severe chronic conditions in the
oral cavity [4]. Inflammation seems to be linked to micro-
organism growth associated with the destruction of oral
tissues and release of harmful nutrients, such as degraded
collagen, heme-containing compounds, sources of amino
acids, and iron. These events can drive the establishment
of a proinflammatory microenvironment and the produc-
tion of oxidative stress mediators with the periodontal
pocket formation and gingival tissue, alveolar bone, and
periodontal ligament destruction. Therefore, the prominent
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role of the inflammatory response in periodontal disease
pathogenesis suggests that reduction of bacterial load and
regulation of inflammation are the main goals for the treat-
ment of periodontal disease. Recently, it has become clear
that natural compounds are important regulators of immune
responses [5]. To date, natural phenolic compounds have
gained considerable attention for the improvement of human
health. The increase in the use of herbal medicines has
renewed interest in the effects of plant extracts for the control
of plaque and other oral diseases [5-7]. In their review,
Kouidhi et al. [8] documented the potential use of plant
extracts, essential oils, and natural compounds as biofilm
preventive agents in dentistry, and the search for natural
anti-inflammatory agents with fewer side effects has made
the leap from research laboratories to the pharmaceutical
industry. Different natural common herb components such
as the tea tree oil, aloe vera, vanillin, curcumin, and chamo-
mile have been recently introduced as anti-inflammatory
molecules for dental treatments [9].

Vanillin  (4-hydroxy-3-methoxybenzaldehyde) is the
major component of natural vanilla, which is one of the most
widely used flavor components in food and personal prod-
ucts [10] with antimicrobial, antimutagenic, and antiangio-
genic effects [11, 12]. Many studies have investigated the
role of Vanillin in nervous systems, demonstrating the
protection against rotenone-induced neurotoxicity in SH-
SY5Y cells [13] or the antineuroinflammatory properties
in microglial cells [14]. Keeping in mind the antimicrobial
and anti-inflammatory capacity of Vanillin and since to
date, there are no reports on the effects of Vanillin on the oral
tissue cells, this study is aimed at investigating the ability of
Vanillin to modulate the inflammatory response, oxidative
stress, and oral tissue repair. Human gingival fibroblasts
(HGFs) are the most abundant resident cells in the oral
mucosa, and inflammatory cytokine produced by HGF may
have a central role during gingival inflammation and
periodontal tissue repair. Thus, to mimic in vitro the inflam-
matory microenvironment in periodontal disease, we used
IL-1f as inductor and enhancer of the proinflammatory
response on primary gingival fibroblasts [15]. With this
in vitro model, we aim to evaluate the effects of Vanillin on
inflammation, oxidative stress, and tissue repair, in order to
open a way for its potential use in periodontal diseases.

2. Materials and Methods

2.1. HGF Sampling. Healthy patients, aged between 20 and 25
years, were recruited at the Dental Clinic of “G.d’Annunzio”
of Chieti-Pescara University, Chieti, Italy, for wisdom tooth
extraction. After written informed consent release, discarded
gingival tissues were obtained and processed for primary
human gingival fibroblast (HGF) isolation. The gingival
tissues were placed in physiological solution, at room tem-
perature, for transport to the cell culture laboratory. The
study was approved with the committee report no. 14, on
23 July 2015 by the Inter-Institutional Ethic Committee of
the University of Chieti-Pescara, Italy. Each sample was
coded to guarantee the anonymity of the donors.
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2.2. Cell Isolation and Culture. For each healthy donor,
gingival fragments were washed with physiological sodium
chloride solution and placed in a T25 culture flask (Merck
KGaA, Darmstadt, Germany) filled with Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) (pH 7.2; Merck KGaA, Darm-
stadt, Germany) supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 100 U/mL penicillin, 100 yg/mL
streptomycin, and 2mmol/L l-glutamine (Merck KGaA,
Darmstadt, Germany) and left in a humidified CO, incubator
set at 37°C till cell adhesion occurred. The culture media were
replaced with fresh medium twice a week for 15 days to
obtain primary HGF. Cells were collected after adding of
1X trypsin-EDTA solution (Merck KGaA, Darmstadt,
Germany) and used for subsequential experiments. Primary
HGFs were used for experiments between passages 4 and 5
after isolation.

2.3. Cell Viability Assay. HGFs were seeded into the wells of
the 96-well plates at a density of 0.4 x 10° cells/well. The fol-
lowing day, IL-1$ (Peprotech, Rocky Hill, USA) within a
concentration range 0.1-10ng/mL or Vanillin (Merck
KGaA, Darmstadt, Germany) within a concentration range
100-300 M or negative control (0.1% (v/v) DMSO) and pos-
itive control (100% (v/v) DMSQO) were added to the attached
cells, in presence of fresh culture medium, for 24 h. Cell via-
bility was determined by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay, according
to the recommendations of the manufacturer (Merck KGaA,
Darmstadt, Germany). At the end of incubation, MTT
reagent was added for 2h and incubated at 37°C, the absor-
bance was measured at OD590 nm. Absorbance data were
normalized to the untreated control group, considered as
100% of viability.

2.4. In Vitro Treatments. The inflammatory condition of
periodontal disease was mimic in vitro priming HGFs with
IL-18 (1 ng/ml). To evaluate the ability of Vanillin on inflam-
matory response modulation, we have designed two different
experimental conditions. In the first experimental condition,
0.15x 10° cells/cm® HGF were preincubated for 2h with
200 uM of Vanillin and treated with IL-1p for the following
24h of incubation at 37°C, 5% CO,, and then, gene expres-
sion and production of inflammatory mediators were evalu-
ated. In the second experimental condition, HGFs were
seeded at a cell density of 0.15 x 10° cells/cm? in two sets of
6-well plates in a complete medium (10% FBS) and grown
until the monolayer was confluent. Subsequently, to mimic
the oral wound, a scratch was made mechanically with a
10yl sterile pipette tip. Detached cells and debris were
removed by washing with Dulbecco’s Phosphate Buffered
Saline (PBS), fresh medium containing IL-153, or Vanillin
was added to carry on the incubation at 37°C, 5% CO, for
24 h. Alternatively, Vanillin was added 2 h before the scratch,
and the added fresh medium was supplemented with
Vanillin+IL-13. The effect of Vanillin on the rate of
scratched monolayer closure was monitored by observing
the cell repopulation of the area between the wound edges,
using an inverted phase-contrast microscope (Leica,
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TaBLE 1: Primer sequences used for real-time PCR reactions.

Gene Forward primer sequence (5'-3") Reverse primer sequence (5'-3") Amplicon length
18s CTTTGCCATCACTGCCATTAAG TCCATCCTTTACATCCTTCTGTC 199 bp
IL-6 GTACATCCTCGACGGCATC ACCTCAAACTCCAAAAGACCAG 198 bp
TNF-« CCTTCCTGATCGTGGCAG GCTTGAGGGTTTGCTACAAC 184 bp
IL-8 GTGTAAACATGACTTCCAAGCTG GTCCACTCTCAATCACTCTCAG 182bp
iNOS GGTATCCTGGAGCGAGTGGT CTCTCAGGCTCTTCTGTGGC 212bp
COX-2 GACAGTCCACCAACTTACAATG GGCAATCATCAGGCACAGG 105bp
nAChRa7 CTGCTCGTGGCTGAGATCAT CTGGTCCACTTGGGCATCTT 167 bp
Germany) equipped with a CCD camera, and the remain- 5.00.- MTT assay
ing cell-free area was measured. ol

At the end of incubation, the cells were harvested for s
analysis of inflammatory mediators involved in wound 2 1301
healing. S 1004
2.5. Nitrite Determination. To measure the NO produc- g
tion, nitrite concentration in the culture supernatant was g 0504
determined using Griess reagent (1% sulfanilamide and é
0.1% N-(1-naphthyl)-ethylenediamine dihydrochloride in 0.00 —2% = = Sz = = ”
5% H3PO4) (Cayman Chemical, Ann Arbor, Michigan, % > S > = > > g
USA). 100 ul of cell culture supernatant and 100 ul Griess = ] X i = S o)
reagent were mixed and incubated for 10 min, to color devel- ° -2
opment. The absorption was estimated at 540 nm, using a =
Glomax Multireader spectrophotometer (Promega, Madison, Vanillin IL-1p

WI, USA). Nitrite standard (Cayman Chemical, Ann Arbor,
Michigan, USA) was used to generate a standard curve for
quantification. Results were obtained from three indepen-
dent experiment measurements.

2.6. ELISA Analysis. The culture supernatants were quanti-
tatively assayed for IL-6, TNF-a, and IL-8 (BOOSTER
PicokineTM ELISA, Boster Biological Technology, Pleasan-
ton, CA, USA), with concentrations following the manufac-
turer’s instructions. Optical density was measured at
450 nm. The inflammatory cytokine levels were determined
in all the different condition samples through duplicated
measurements requiring 100uL of culture supernatant.
Results were standardized by using internal controls supplied
with each kit, with a known concentration of the target pro-
tein. For IL-6, sensitivity < 0.3 pg/ml; for TNF-a and IL-8,
sensitivity < 1 pg/ml.

2.7. RNA Isolation and Real-Time RT-PCR Analysis. Total
RNA was isolated using the classic phenol-chloroform
method. Total RNA was quantified at 260 nm using Nano-
Drop 2000 ultraviolet-visible (UV-Vis) spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). 1ug of
RNA was reverse transcribed to cDNA for 15min at 42°C
and 3 min at 90°C to inactivate Quantiscript Reverse Tran-
scriptase, according to the protocol of QuantiTectReverse
Transcription Kit (Qiagen, Hilden, DE). Real-time PCR was
performed in a CFX Real-Time PCR Detection Systems
(Bio-Rad, Hercules, California, USA), using GoTaq® qPCR
Master Mix (Promega, Madison, W1, USA) to evaluate the
gene expression of IL-6, nAChRa7, TNF-a, IL-8, iNOS,
COX-2, and 18S housekeeping gene (Table 1). The amplifica-

FiGure 1: MTT viability assay in HGF cell treated for 24h with
Vanillin (100, 200, and 300 uM) or IL-1f3 (0.1, 1, and 10 ng/ml).
Absorbance values are given as media +SD of three independent
experiments.

tion program consisted of a preincubation step for cDNA
denaturation (2 min 95°C), followed by 40 cycles consisting
of a denaturation step (30s 95°C), an annealing step (60s
60°C), and an extension step (30s 68°C). At the end of each
run, melting curve was performed in the temperature range
of 60 to 95°C. Expression levels for each gene were performed
according to the 27" method.

2.8. Statistical Analysis. Quantitative variables are summa-
rized as the mean value and standard deviations (SD) in the
figures. Precision of the fold change, calculated with 2744
method, was determined using the 95% confidence interval
(95% CI). Student t-test for unpaired sample was applied to
evaluate statistical differences. Tests threshold of will be
assumed equal to p value <0.05. Analyses were performed
by the SPSS Inc. statistical software package (Version 23.0).
One, two, and three symbols represent a significant differ-
ence between two groups with p <0.05, p<0.01, and p <
0.001, respectively.

3. Results

3.1. Effects of Vanillin and IL-1f3 on HGF Viability. Prelimi-
narily, using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay, we analyzed the effects of
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FIGURE 2: TNF-a, IL-6, and IL-8 levels in HGF cell culture supernatant. The mean values + SD were reported, ***p < 0.001. All experiments

were repeated in triplicate.

Vanillin (100, 200, and 300uM) and IL-1f (0.1, 1, and
10ng/ml), on HGF survival. The dose-response experi-
ments suggested that cell viability after 24h of incubation
with Vanillin or IL-18 was not affected at any of the
tested concentrations (Figure 1). Thus, the concentration
of 1ng/mL of IL-18 and 200 uM of Vanillin were selected
for all the following experiments.

3.2. Production of Inflammatory Mediators. To investigate
the effects of Vanillin, on inflammation, we have used IL-
18 to promote the proinflammatory response in HGF cells.
After 24 h incubation of HGF with IL-1f, Vanillin alone or
Vanillin (2h pretreatment) plus IL-1p3, IL-6, IL-8, and
TNF-«a levels were evaluated in cell culture supernatant, by
ELISA assay. TNF-a, IL-6 (p <0.001), and IL-8 (p <0.001)
were upregulated by the treatment with IL-1f. Meanwhile,
in presence of Vanillin, alone or as pretreatment of inflamed
HGF, a significant reduction of TNF-a, IL-6, and IL-8 was
observed compared to IL-18 primed cells (p<0.001)
(Figure 2).

3.3. Gene Expression of Inflammatory Mediators. In order to
investigate if differences in supernatant levels of cytokine
mirror a different gene expression profile of proinflamma-
tory cytokine, we have evaluated the cytokine expression in
treated and untreated HGF, using real-time PCR. TNF-«
gene expression levels were significantly (p = 0.047) induced
in IL-1B-primed HGF, such as levels of IL-8 (p = 0.037) com-
pared to the untreated cells. Treatment with Vanillin does
not significantly affect gene expression levels, compared to
the other conditions. Unlike the pretreatment with Vanillin,
for 2h, reduces the expression of IL-6 (p =0.049) and IL-8
(p=0.042) with respect to IL-1f3-primed HGF. Moreover,
due to the nAChRa7 can represent an important marker
for the stabilization of tissue homeostasis in the presence of
persistent chronic inflammation, we have evaluated Vanillin
effects on nAChRa7 gene expression. As shown in Figure 3,
IL-1f3-primed HGF showed no statistically significant varia-
tion in nAChRa7 expression levels (p > 0.05) with respect
to untreated cells. Meanwhile, the Vanillin alone led to a
slight increase of nAChRa7 gene expression, and in
Vanillin-pretreated HGF cells, the nAChRa7 mRNA expres-

sion was significantly increased, compared to untreated cells
(p=0.049) and to the IL-15-primed HGF (p = 0.42).

3.4. COX-2 and iNOS Gene Expression and NO Production.
Inflammatory stimuli induce the COX-2 and iNOS expres-
sion in the sites of inflammation and damaged tissue; thus,
we have evaluated the effect of Vanillin on IL-1f-primed
HGF. Both HGFs treated with Vanillin alone or with Vanillin
(2h pretreatment) plus IL-1/3 showed a significant downreg-
ulation of COX-2 gene expression (p = 0.42) with respect to
IL-1B3-primed HGF. The iNOS gene expression, responsible
also for NO production, was significantly upregulated in all
the treatment conditions, with higher increase in Vanillin
pretreatment of inflamed HGF (Figure 4).

In addition, as shown in Figure 5, the production of NO
was significantly increased in HGF IL-1p primed, compared
to untreated cells. Vanillin pretreatment of IL-1f3-primed
HGF cells downregulates NO production levels, compared
to IL-1p3-primed HGF cells. These results underline the
ability of Vanillin to regulate NO production acting by
iNOS inhibition. In addition, as shown in Figure 5, the pro-
duction of NO was significantly increased in HGF IL-1p3
primed, compared to untreated cells. Vanillin pretreatment,
in IL-1pB-primed HGF cells, showed a downregulation of
NO production levels, compared to IL-1S-primed HGF cells.
These results underline the ability of Vanillin to regulate NO
production acting by iNOS inhibition.

3.5. Effect of Vanillin Pretreatment on Inflamed HGF
Scratched Cells

3.5.1. Wound Healing. Infections are the primary factors
underlying inflammation, but also, injury or trauma can
trigger inflammatory responses. The wound-healing assay
was used to study the molecular mechanisms of tissue
repair, as well as to study potential application of Vanillin
as treatment to improve soft tissue healing. As showed in
Figure 6(a), an increased HGF migration was observed in
Vanillin-pretreated cells after 24 h scratching, reaching the
100% of wound closure. In IL-1f3-primed cells, an impaired
coverage of cell-free area (25% reduction of wound size com-
pared to T0) was detected (Figures 6(a) and 6(b).
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3.5.2. Inflammatory Mediator Expression and Production
during Wound Healing. The repair process is mediated by
the interaction of molecular signals, which orchestrate the
cellular activities underling inflammation and healing. Thus,
we have determined the effect of Vanillin on production and

gene expression of proinflammatory mediators. The preincu-
bation with Vanillin in the scratched HGF monolayer
reduced the production of IL-6 compared to IL-1f3-primed
cells (p=0.037) and with respect to the untreated cells
(p=0.004), whereas the production of TNF-« and IL-8 was
not significantly modified (Figure 7).

On the other hand, the gene expression of TNF-« and IL-
8 was significantly affected by the treatments. In particular, a
reduction of TNF-« in HGF scratched cells was induced by
Vanillin (p=0.010) and even more with Vanillin (2h pre-
treatment) plus 13 cells (p = 0.002) (Figure 8). The IL-6 gene
expression was reduced in cells treated with Vanillin
(p=0.043) and downregulated by Vanillin (2h pretreat-
ment) plus 1 (p=0.049), compared to 1f3-primed cells. In
the scratched HGF monolayer, we observed higher levels of
IL-8 gene expression in Vanillin (2h pretreatment) plus 18,
with respect to both untreated (p <0.001) and IL-1p-primed
cells (p < 0.001).

3.5.3. Vanillin Effect on iNOS and COX-2 Gene Expression
and NO Production in Inflamed HGF Scratched Cells. A
cross-talk between NOS and COX enzymes, key inflamma-
tory mediators, has been suggested [16]. Thus, we have eval-
uated the mRNA expression levels of COX-2 and iNOS in
scratched HGF cell monolayer preincubated with Vanillin
and primed with IL-18. After 24 h of incubation in presence
of mechanical damage and treatments, a significant increase
of COX-2 gene expression (p < 0.01) was detected in Vanillin
(2h pretreatment) plus 13, compared to other conditions
(Figure 9). Meanwhile, Vanillin (p = 0.022) alone or as pre-
treatment (p = 0.024) of inflamed HGF showed a significant
upregulation of iNOS, with respect to 13-primed cells.

The weak induction of NO production observed in
inflamed HGF scratched cells (p <0.001) was reverted by
Vanillin (2h pretreatment) plus 15 (p =0.028). Reduction
is p = 0.028, as shown in Figure 10.

4. Discussion

The interest in the therapeutic potential of phenolic com-
pounds, present in food and medicinal plants, had an
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increased relevance in the last decade [15, 17]. In many
diseases, local inflammation could determine systemic
inflammation, characterized by systemic oxidative stress,
activation of circulating inflammatory cells, and increased
circulating levels of inflammatory cytokines. The influence
of inflammatory response by phenolic compounds has
become the focus of several new treatment strategies with
promising results [18, 19]. The use of Vanillin in oral inflam-
matory diseases has not yet been evaluated, although its
interesting effects on oxidative stress and inflammation may
represent a new strategy for the treatment of inflammatory

diseases. Oral fibroblasts, other than by macrophages, den-
dritic cells, epithelial, and keratinocytes cells, have a central
role in the inhibition of bacterial products and proinflam-
matory cytokine production [20-22]. In periodontitis, pro-
inflammatory cytokines, such as IL-1f, IL-6, IL-8, and
TNF-a, seem to be the major mediators, involved in the
destruction of periodontal tissue. Individuals with periodon-
tal infections show high concentrations of circulating inflam-
matory markers that directly correlated with the severity of
tissue destruction and inflammatory serum markers [20-
23]. High levels of IL-6 and TNF-«, important mediators in
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the switch from acute to chronic inflammation, are present in
periodontal gingival crevicular fluid and gingival tissues, and
after nonsurgical periodontal therapy, reduced levels of TNF-
a, IL-1f3, and IL-6 were observed, confirming their role in
periodontal disease [24, 25]. In this study, we have simulated
the proinflammatory microenvironment by IL-1 priming of
HGF and we have evaluated the effect of Vanillin on inflam-
matory mediator gene expression and production. Our
results showed that in IL-18-primed HGF cells, Vanillin
pretreatment decreases expression and production of proin-

flammatory mediators, such as IL-8, IL-6, and TNF-a. Pro-
gression of periodontal disease may be derived by NO and
COX-2 signaling pathways [26, 27]. In Vanillin pretreated
cells, we detected a reduction of iNOS and COX-2 gene
expression and NO production. Together, these results
underline the ability of Vanillin to modulate inflammatory
response in HGF-inflamed cells. nACha7 receptor is a crit-
ical regulator of the “cholinergic anti-inflammatory path-
way” [28, 29] and is expressed in HGF cells. Thus, we
investigate if the anti-inflammatory ability of Vanillin may
be linked to nAChRa7 expression. Our results showed the
Vanillin-induced increase of nAChRa7 expression in accord
with the reduction of proinflammatory cytokine gene expres-
sion. Taking into account that inflammatory mediators drive
the onset and progression of connective tissue degradation,
our second goal was to analyze the effect of Vanillin on
wound healing [30-32]. Vanillin, in our in vitro model of
wound healing, quickens wound closure. Moreover, the gene
expression of IL-1f-induced mediators (IL-6 and TNF-«) in
scratched HGF monolayer was reduced in Vanillin-
pretreated cells, while no significant difference on IL-6,
TNF-a, and IL-8 production was observed. Interestingly, in
mechanical damaged IL-1 f-priming HGF, IL-8 gene expres-
sion was increased in presence of Vanillin pretreatment, as a
response to a double mechanical and inflammatory stimula-
tion. In fact, in vivo and in vitro studies have been reported



that IL-8 induces neutrophil recruitment in the damaged
area, stops the bacterial invasion, and promotes local neoan-
giogenic, cell proliferation, and tissue reepithelization in the
hell of human wounds [33, 34].

IL-1p3 is known to increase COX-2 expression and pros-
taglandin (PG) production in HGF [35-37]. In the present
study, we observed that the IL-1f upregulation of COX-2
expression was increased by Vanillin (pretreatment) plus
1 treatment, in accord with the role of COX-2 in early and
late regulation of the outcome of wound repair [35-37].
iNOS expression occurs very early after tissue injury, suggest-
ing that this enzyme is necessary in the early inflammatory
phase; in fact, our results showed a reduction of iNOS and
NO at 24 h, when the complete wound healing was detected.

5. Conclusions

Opverall, our results suggest that Vanillin may be useful in the
management of the inflammatory periodontal disease by
decreasing the excessive production of proinflammatory
mediators and free radicals, as well as stimulating tissue
regeneration and the management of soft tissue restoration.
It is known that anti-inflammatory and antioxidant mole-
cules added to oral hygiene products improve the indexes
of periodontal disease [38, 39], with a reduction of the risk
of associated systemic diseases. Thus, Vanillin could be
potentially used in formulations suitable for oral application
as a nonpharmacological agent for periodontal health and
also as integral care of several disease managements, such
as people with diabetes or HIV-infection, with tissue healing
delayed rate.
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The effects of Zataria multiflora (Z. multiflora) and pioglitazone (a PPAR-y agonist) alone and in combination, on systemic
inflammation and oxidative stress induced by inhaled paraquat (PQ) as a herbicide, which induced inflammation in rats, were
examined. Rats were exposed to (1) saline (control) and (2) 54 mg/m3 PQ aerosols (8 times, every other day, each time for
30 min) without treatment or treated with (3 and 4) two doses of Z. multiflora (200 and 800 mg/kg/day), (5 and 6) two doses of
pioglitazone (5 and 10mg/kg/day), (7) low doses of Z.multiflora + pioglitazone, (Pio-5+Z-200mg/kg/day) or (8)
dexamethasone (0.03 mg/kg/day) for 16 days, after the last PQ exposure. Different variables were measured at the end of the
treatment period. Exposure to PQ significantly increased total and differential white blood cells (WBC) counts, serum levels of
nitrite (NO,), malondialdehyde (MDA), interleukin- (IL) 17, and tumor necrosis factor alpha (TNF-«), but reduced thiol,
superoxide dismutase (SOD), catalase (CAT), IL-10, and interferon-gamma (INF-y) (p <0.05 to p <0.001). Most measured
parameters were significantly improved in groups treated with either doses of the extract, pioglitazone, Pio-5+Z-200 mg/kg/day,
or dexamethasone compared to the PQ group (p < 0.05 to p < 0.001). The combination of low doses of Pio-5+Z-200 mg/kg/day
showed significantly higher effects compared to each one alone (p<0.05 to p<0.001). Systemic oxidative stress and
inflammation due to inhaled PQ were improved by Z. multiflora and pioglitazone. Higher effects of Pio-5+Z-200 mg/kg/day
compared to each one alone suggest modulation of PPAR-y receptors by the plant extract, but further studies using PPAR-y
antagonists need to be done in this regard.

1. Introduction

Paraquat (PQ) (C12 H14 N2), a bipyridinium and nonselec-
tive quaternary nitrogen herbicide, is commonly used world-
wide [1]. In 1985, only in Japan, approximately 2000 deaths

occurred/year due to PQ digestion which were mostly inten-
tional, and in 2020, more than 150,000 people died due to
pesticide poisoning [2, 3]. PQ intoxication is characterized
by swelling, bleeding, inflammation, and proliferation of
bronchial epithelial cells [4]. Exposure to PQ is accidental
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FIGURE 1: Protocol of exposing animals to t inhaled PQ (54 mg/m3) and treatment of animals with the extract, pioglitazone and

dexamethasone.

or intentional in humans and animals, and the most common
routes of exposure are inhalation and dermal [5]. Following
oral administration, PQ causes burning and swelling of the
mouth and throat, followed by gastrointestinal symptoms
such as abdominal pain, loss of appetite, nausea, vomiting,
diarrhea, and systemic inflammation [6]. It has also been
reported that administration of PQ can lead to an increase
in inflammatory factors such as TNF-« [7].

Zataria multiflora Boiss (Z. multiflora) from Lamiaceae
family grows in southern Iran, Afghanistan, and Pakistan
[8]. The constituents of Z. multiflora are terpenes, phenols,
aliphatic alcohols, flavonoids, saponins, tannins, thymol, car-
vacrol, apigenin, luteolin, and 6-hydroxyluteolin glycosides,
as well as di-, tri-, and tetramethoxylated. Oral administra-
tion of Z. multiflora aqueous extract (boiled) is used in tradi-
tional medicine for its analgesic, antiseptic, antioxidant, anti-
inflammatory, anthelmintic, and antidiarrheal properties [8].
Z. multiflora extract has been used in inflammatory and
immune deficiency diseases or against conditions associated
with increased oxidative stress [8].

Peroxisome proliferator-activated receptors (PPARs) are
a group of ligand-dependent nuclear receptors that act as
transcription factors and have three known a, /8, and y iso-
forms in humans [9]. PPAR-y agonists were shown to affect
the cardiovascular system [10]. PPAR-y agonists are insulin-
sensitive drugs used to treat insulin resistance [11]. The acti-
vation of PPAR-y receptors showed anti-inflammatory and
anticancer effects as well as the regulations of cellular metab-
olism, cell differentiation, and apoptosis [9, 12].

Therefore, in the present study, the effects of Z. multiflora
hydroalcoholic extract and a PPAR-y agonist and their com-
bination, on systemic inflammation and oxidative stress
induced by inhaled PQ in rats, were investigated. The effect
of combination of low dose of the extract and pioglitazone
was studied to evaluate their synergistic effect.

2. Materials and Methods

2.1. Animals and Groups. The study was performed in forty-
eight male Wistar rats (weighing approximately 200-250 g)
kept in the animal house, School of Medicine, Mashhad Uni-
versity of Medical Sciences, Iran. The animals were kept at
22 £2°C with a 12h light/dark cycle and fed a standard diet
and tap drinking water ad libitum. The ethics committee of
Mashhad University of Medical Sciences approved the Ani-

mal Experiments of the present study with allowance Code
961202.

Eight groups of rats (n=6 in each group) were stud-
ied: (1) control group, which was exposed to normal saline
aerosol; (2) animals exposed to PQ (Sigma-Aldrich Co.,
China) aerosol at dose of 54mg/m3 [13-15]; (3 and 4)
two groups exposed to PQ 54mg/m’ and treated with
two doses of the extract of Z. multiflora (200 and
800 mg/kg/day); (5 and 6) two groups exposed to PQ
54mg/m> and treated with two doses (5 and
10 mg/kg/day) of the pioglitazone (Samisaz Pharmaceutical
Company, Iran); (7) one group exposed to PQ 54 mg/m’
and treated with Pio-5+Z-200mg/kg/day; and (8) one
group exposed to PQ 54mg/m’ and treated with dexa-
methasone (Sigma-Aldrich Co., St. Louis, MO, Germany;
0.03 mg/kg/day). The control group was exposed to saline
and other groups to PQ (Sigma-Aldrich Co., China) aero-
sols 8 times on days 1, 3, 5, 7, 9, 11, 13, and 15, each time
for 30 min during a 16-day period. In treated groups, the
extract, pioglitazone, or dexamethasone was administered
by gavage for 16 days after the end of PQ exposure [15,
16] (Figure 1).

2.2. Exposure to PQ. For production of PQ aerosol, a nebu-
lizer (Omron CX3, Japan, particle size 3-5 ym) with an air
flow of 8 L/min was used. A volume of 4.5mL of 1.33 mg/mL
PQ solution was added to the nebulizer chamber each time.
The solution output of the nebulizer was 0.15 L/min and its
air output was 3.7 L/min. The aerosol was delivered to expo-
sure box, with dimensions 15x 18 x30cm as previously
described [15]. Therefore, the PQ dose in the exposure box
was 54 mg/m3 [13].

2.3. Plant Extract Preparation. Plant collection and extract
preparation were fully described in our previous study [15].
The plant was identified by Mr. Joharchi, Herbarium of the
School of Agriculture, Ferdowsi University, and a voucher
specimen was preserved (Herbarium No. 35314, FUMH).
Briefly, the hydro-ethanolic extract was prepared by mixing
100g of dried shoots and powdered Z. multiflora with
875 mL of 50% ethanol and shacked for 72 h at room temper-
ature. The solvent was removed under reduced pressure, and
the yield extract was 33.2 g. The studied doses of the extract
were freshly prepared for gavage by adding water to dried
extract [15].
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F1GURE 2: Fingerprint of (a) the extract of Z. multiflora (50 mg/mL) and the (b) pure carvacrol (C10H140, 5/1000) (Boskabady et al., 2011).
The extract showed a peak appears on 8.98 min which was as the same as retention time (RT) of pure carvacrol (9.49 min).

2.4. Characterization of the Extract of Z. multiflora by HPLC.
The extract of the plant was characterized in our previous
study by a HPLC-UV (multiwavelengths) (Waters 474,
Waters Corporation, Milford, MA, USA) finger print.
Figure 2 illustrates chromatographic profile of pure carvacrol
(5/1000) with retention time at about 9 min.

2.5. Total and Differential WBC Counts. After the end of the
treatment period (day 33), the rats were anesthetized by
intraperitoneal injections of ketamine (50 mg/kg) and xyla-
zine (5 mg/kg). Peripheral blood (2.5 mL) was prepared from
the heart immediately after animal sacrificing. Then, 0.5mL

of blood was mixed with Turk solution, and total WBC num-
ber was determined in a hemocytometer (Burker chamber).
For differential WBC count, the smear of blood was prepared
and stained with Wright-Giemsa. Differential cell analysis
was carried as previously described [17].

2.6. Oxidant and Antioxidant Biomarker Measurement. The
blood samples (2mL) were centrifuged at 2000 revolution
per minute (rpm) for 10 minutes. Concentrations of oxidants
biomarkers including malondialdehyde (MDA) and nitrite
(NO,), as well as status of antioxidants including total thiol
content, superoxide dismutase (SOD), and catalase (CAT)



activities in the serum, were evaluated as previously
described.

2.7. Cytokine Measurement. Serum levels of cytokines IL-10,
IFN-y, IL-17, and TNF-a were measured using specific
enzyme-linked immunosorbent assay (ELISA) kits (Hang-
zhou Eastbiopharm, Iran) according to the manufacturer’s
protocol as previously reported.

2.8. Statistical Analysis. The normal distribution of the data
was checked using the Kolmogorov-Smirnov test. Data were
analyzed by one-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparison test, and results are pre-
sented as the mean + SEM. Values of p < 0.05 were consid-
ered statistically significant.

3. Results

3.1. Total and Differential WBC Counts. Total and differen-
tial WBC were increased in the blood of animals exposed to
inhaled PQ compared to the control group (p < 0.05 for lym-
phocytes and p < 0.001 for other cases). Total WBC and neu-
trophil were reduced in all treated groups except for the
group treated with low dose of the extract; eosinophil was
reduced in groups treated with the two doses of pioglitazone,
Pio-5+Z-200 mg/kg/day, and dexamethasone; lymphocyte
was decreased in groups treated with high-dose pioglitazone,
Pio-5+Z-200 mg/kg/day, and dexamethasone; and monocyte
was reduced in groups treated with high-dose extract, Pio-5
+Z7-200 mg/kg/day, and dexamethasone (p<0.05 to p<
0.001) (Table 1).

The effect of dexamethasone treatment on neutrophil
was significantly higher than that of both doses of the extract,
low-dose pioglitazone, and Pio-5+Z-200 mg/kg/day. Dexa-
methasone effect on monocyte was higher than both doses
of the extract and pioglitazone, and its effect on eosinophil
count was higher than both doses of the extract and low-
dose pioglitazone; however, dexamethasone effect on lym-
phocyte was lower than the Pio-5+Z-200 mg/kg/day group
(p<0.05to p<0.001) (Table 1).

The effects of high-dose extract and pioglitazone treat-
ment on total WBC and eosinophil and the effect of high-
dose pioglitazone on neutrophil and lymphocyte were signif-
icantly higher than their low doses (p <0.05 to p <0.001)
(Table 1).

In addition, treatment with low-dose pioglitazone +
extract had significantly higher effects on total WBC and
lymphocyte counts compared to low-dose extract and on
monocyte than low-dose extract and pioglitazone alone
(p<0.001 for lymphocyte and p<0.05 for other cases)
(Table 1).

3.2. Oxidant and Antioxidant Biomarkers. Significant
increases in MDA and NO, concentrations and significant
decreases in total thiol content, and SOD and CAT activities
were seen in the group exposed to inhaled PQ compared to
the control group (p < 0.001 for all cases) (Figures 3 and 4).

The levels of NO, in all treated groups, MDA level in all
groups except low-dose extract, SOD activity except low-dose
pioglitazone, and CAT and thiol levels in all treated groups
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except groups treated with low-dose extract and pioglitazone
were significantly improved compared to the PQ group
(p<0.05to p <0.001) (Figures 3 and 4).

The effects of dexamethasone treatment on MDA and
thiol levels were significantly higher than all other treated
groups. Dexamethasone effect was significantly higher on
CAT activity than all treated groups except for high-dose pio-
glitazone, on SOD activity than only treated groups with low-
dose extract and pioglitazone and on NO, level than only
treated group with low-dose extract (p <0.05 to p <0.001)
(Figures 3 and 4).

The effects of high-dose extract and pioglitazone treat-
ment on MDA and CAT levels, the effect of high-dose extract
on NO, level, and the effect of high-dose pioglitazone on
SOD activity were significantly higher than their low doses
(p<0.05to p<0.001) (Figures 3 and 4).

Treatment with Pio-5+Z-200 mg/kg/day had signifi-
cantly higher effects on MDA, SOD, and CAT levels than
low doses of the extract and pioglitazone and on NO, level
than low-dose extract alone (p<0.01 for CAT and SOD
and p <0.001 for MDA and NO,) (Figures 3 and 4).

3.3. Serum Cytokine Level. Serum levels of IL-17 and TNF-
o were significantly increased, but IL-10 and INF-y were
decreased in PQ-exposed animals compared to the con-
trol group (p<0.001 for all cases). Serum levels of IL-
10 in all treated groups and INF-y, TNF-a, and IL-17
in all treated groups except groups treated with low-
dose extract and pioglitazone were significantly improved
compared to the PQ group (p<0.05 to p<0.001)
(Figures 5 and 6).

The effects of dexamethasone treatment were signifi-
cantly higher on the IL-10 level compared to low-dose
extract, on IL-17 and TNF-a than low-dose extract and pio-
glitazone, and on INF-y than both doses of the extract and
low-dose pioglitazone-treated groups (p<0.01 and p<
0.001) (Figures 5 and 6). However, the effect of treatment
with combination of Pio-5+Z-200 mg/kg/day was signifi-
cantly higher on TNF-a than dexamethasone (p <0.01)
(Figure 6).

The effects of high-dose extract and pioglitazone treat-
ment on IL-10 and TNF-« and the effect of high-dose pioglit-
azone on IL-17 and INF-y levels were significantly higher
than their low dose (p < 0.05 to p < 0.001) (Figures 5 and 6).

Treatment with Pio-5+Z-200 mg/kg/day was signifi-
cantly higher effects on IL-10, IL-17, TNF-q, and INF-y levels
compared to low doses of the extract and pioglitazone alone
(p<0.05to p <0.001) (Figures 5 and 6).

4. Discussion

Total and all differential WBC were significantly increased
due to inhaled PQ in the current study which are supported
by the previous animal and human studies [18-21].
Treatment with Z. multiflora extract and pioglitazone
decreased total and differential WBC counts in rats exposed
to inhaled PQ in a concentration-dependent manner which
was higher in the treated group with Pio-5+Z-200 mg/kg/day
than low-dose pioglitazone or extract alone which showed a
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TasLE 1: Total and differential WBC counts in the blood of control group (Ctrl), group exposed to paraquat aerosol at doses of 54 mg/m? (PQ-
54), groups exposed to PQ-54mg/m® and treated with 5 and 10 mg/kg/day pioglitazone, 200 and 800 mg/kg/day Zataria multiflora,
0.03 mg/kg/day dexamethasone, and 5 mg/kg/day pioglitazone + 200 mg/kg/day Zataria multiflora (Pio-5, Pio-1, Z-200, Z-800, Dexa 0.03,
and Pio-5 + Z-200, respectively).

White blood cells (WBC) Total WBC Neutrophil Lymphocyte Monocyte Eosinophil

Ctrl 4300 + 620.48 11142 +138.6 3069.4 +410.17 50.4 + 16.027 20.6£3.9
PQ-54 12440 + 679.4™**  7665.8 +585.22***  4315.4+595.14**"  388.6+57.8"*" 241.2 £57.06*"*
Z-200 11438.3 +784.28"  6533.91 +656.46""  3873.18 + 192.06"F 23571 + 59" 212,18 +23.49""
Z-800 8303.3+650""%  5239.08 +679.16"H"*  3055.66+309.11  144.91 +19.96*H" 149.08 + 17.96+HH##¥Y
Pio-5 9080 + 492.3"" 5430.4 + 357.670* 3321.2+243.2 265.4+38.64"F  114.8 + 14.8270¥
Pio-10 7110 + 1131.277"%  3219.5£672.5"""%%% 2580 +400.03"°  201.6 +40.56™ 25.6+ 5,678
Pio-5 + Z-200 7946.66 + 1415.4"  4614.76 + 8732 2367.2+464.4""  201.86 + 35.66" " 20.55 +9.43"*
Dexa 0.03 8860 + 1449.3" 2323.4 +264.477F 3826.2 +597.15 82.8 +38.88""" 33.2+ 15,53

The results are expressed as the mean+ SEM (n=6 in each group). ***p < 0.01 compared to the control group. “p < 0.05, **p<0.01, and *""p < 0.001
compared to the PQ group; *p < 0.05 and ***p < 0.001 compared to dexamethasone. *p < 0.05 and ***p < 0.001 compared to low dose of Zataria multiflora
and pioglitazone groups. *p < 0.05 compared to Pio-5mg/kg + Z-200 mg/kg group. Comparisons between different groups were made using one-way

ANOVA followed by Tukey’s multiple comparison test.
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FIGURE 3: Serum levels of malondialdehyde (MDA) (a) and nitrite (NO,) (b) of control group (Ctrl), group exposed to paraquat aerosol at
doses of 54mg/m’ (PQ-54), and groups exposed to PQ-54mg/m’ and treated with 5 and 10 mg/kg/day pioglitazone, 200 and
800 mg/kg/day Zataria multiflora, 0.03 mg/kg/day dexamethasone, and 5 mg/kg/day pioglitazone + 200 mg/kg/day Zataria multiflora (Pio-
5, Pio-10, Z-200, Z-800, Dexa 0.03, and Pio-5 + Z-200, respectively). The results are expressed as the mean + SEM (n =6 in each group).
***p < 0.001 compared to the control group. “p < 0.05, **p < 0.01, and ***p <0.001 compared to the PQ group; “p < 0.05, *p < 0.01, and
#%p <0.001 compared to treatment with other treated groups; *p < 0.05 and **p < 0.01 compared to low dose of Zataria multiflora and
pioglitazone groups; ***p < 0.001 compared to the Pio-5 mg/kg + Z-200 mg/kg group. Comparisons between different groups were made

using one-way ANOVA followed by Tukey’s multiple comparison test.
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FIGURE 4: Serum levels of catalase (CAT) (a), superoxide dismutase (SOD) (b) activities, and thiol concentration (c) of the control group
(Ctrl), group exposed to paraquat aerosol at doses of 54 mg/m> (PQ-54), and groups exposed to PQ-54 mg/m’ and treated with 5 and
10 mg/kg/day pioglitazone, 200 and 800 mg/kg/day Zataria multiflora, 0.03 mg/kg/day dexamethasone, and 5 mg/kg/day pioglitazone + 200
mg/kg/day Zataria multiflora (Pio-5, Pio-10, Z-200, Z-800, Dexa 0.03, and Pio-5 + Z-200, respectively). The results are expressed as the
mean + SEM (n =6 in each group). ***p < 0.001 compared to the control group. *p < 0.05, **p <0.01, and ***p <0.001 compared to the

PQ group. “p < 0.05, “p < 0.01, and **p < 0.001 compared treatment with other dexamethasone-treated groups. *p < 0.05, **p < 0.01, and

%95 <0.001 compared to low dose of Zataria multiflora and pioglitazone groups. *p < 0.05, *¥*p < 0.01, and ¥¥p < 0.001 compared to the
Pio-5mg/kg + Z-200 mg/kg group. Comparisons between different groups were made using one-way ANOVA followed by Tukey’s

multiple comparison test.

synergistic effect for these two agents. This synergistic effect Reductions of total and differential WBC in both the
may indicate the effect of Z. multiflora extract on PPAR-y  blood and the BALF in animal models of asthma and COPD
receptors. The activated PPAR-y receptors and inhibited [23] and in subjects exposed to sulfur mustard [8] were
COX-2, by carvacrol, the main constituent of Z. multiflora, ~ shown by the extract of Z. multiflora as well as by pioglita-
support the potential effect of Z. multiflora on PPAR-y recep-  zone treatment in patients with metabolic syndrome [24,
tors [22]. 25] which support the results of the current study.
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FIGURE 5: Values of interferon gama (INF-y) (a) and interleukin-10 (IL-10) (b) in the serum of control group (Ctrl), group exposed to
paraquat aerosol at doses of 54 mg/m® (PQ-54), and groups exposed to PQ-54 mg/m® and treated with 5 and 10 mg/kg/day pioglitazone,
200 and 800 mg/kg/day Zataria multiflora, 0.03 mg/kg/day dexamethasone, and 5 mg/kg/day pioglitazone + 200 mg/kg/day Zataria multif]
ora (Pio-5, Pio-10, Z-200, Z-800, Dexa 0.03, and Pio-5 + Z-200, respectively). The results are expressed as the mean + SEM (n =6 in each
group). ***p <0.001 compared to the control group. “p <0.05, **p <0.01, and ***p < 0.001 compared to the PQ group. “p <0.01 and

*p <0.001 compared dexamethasone treatment with other treated groups. *p < 0.05 and **p < 0.01 compared to low dose of Zataria

multiflora and pioglitazone groups. ***p < 0.001 comparison between Pio-5 mg/kg + Z-200 mg/kg with low dose of Zataria multiflora and

pioglitazone groups. *p < 0.05 and ¥*¥p <0.001 compared to Pio-5mg/kg + Z-200 mg/kg group. Comparisons between different groups

were made using one-way ANOVA followed by Tukey’s multiple comparison test.

The serum levels of NO, and MDA were significantly
increased, but SOD, CAT, and thiol were decreased in t
PQ-exposed rats. Previous studies also showed reduction
of SOD and CAT activity in animal models of PQ poi-
soning [26, 27], the role of free radical generation in
PQ-induced injuries [28], and decreased SOD and CAT
activities in animal lung tissues due to PQ administration
[29]. A positive correlation between enhanced levels of
oxidants and inflammatory mediators with administered
PQ doses [30], increased oxidant, and decreased antioxi-
dant markers in the hippocampus due to PQ poisoning
were shown [6, 31], which support the findings of the
present study.

Treatment with Z. multiflora extract and pioglitazone
improved oxidative stress markers in an animal exposed to
PQ which was supported by the previous studies indicating
the effects of Z. multiflora extract on oxidative stress markers
[8,23, 32, 33]. Treatment with pioglitazone also reduced oxi-

dant markers and increased antioxidants in animal exposed
to inhaled PQ. Previous studies showed reduction of inflam-
mation and oxidative stress by pioglitazone and rosiglitazone
[34-36] which was consistent with the results of the present
study. However, treatment of PQ-exposed animals by the
combination of low-dose pioglitazone + Z.multif lora extract
showed higher improvement effects on oxidant and antioxi-
dant biomarkers compared to low-dose pioglitazone or Z.
multiflora extract alone.

Increased serum levels of IL-17 and TNF-a and
decreased levels of IL-10 and INF-y were observed in
PQ-exposed rats. Increased serum level of TNF-a in
patients with acute PQ poisoning [37], increased IL-1 S8
and TNF-a nuclear factor kappa (NF-xB) activity nuclear
factor kappa (NF-xB) activity, reduced IL-10 in the lung
due to PQ administration in rats [35], increased inflam-
matory cytokines in PQ-poisoned individuals [37],
decreased serum levels of anti-inflammatory cytokines
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control group. **p <0.01 and ***p < 0.001 compared to the PQ group. "p < 0.05, *p < 0.01, and ***p < 0.001 compared dexamethasone
treatment with other treated groups. *p < 0.05, **p <0.01, and ***p < 0.001 compared to low dose of Zataria multiflora and pioglitazone
groups. *p <0.05 and ¥¥p <0.001 compared to Pio-5mg/kg + Z-200 mg/kg group. Comparisons between different groups were made

using one-way ANOVA followed by Tukey’s multiple comparison test.

[31], and enhanced gene expression for IL-4, TGF-f, IL-
17, and TNF-« after PQ challenge were reported [38], sup-
porting the results of this study.

Treatment of PQ-exposed animals with Z. multiflora
extract and pioglitazone decreased serum levels of IL-17
and TNF-a but increased IL-10 and INF-y. The immuno-
modulatory effects of Z. multiflora extract were compre-
hensively reviewed previously [31], and the effects of the
plant on various cytokine levels in animal models of
asthma and COPD [23], on gene expression of various
cytokine in a mouse model of asthma [39], and on differ-
ent cytokines in patients with lung disorders due to sulfur
mustard exposure also [8] were shown supporting the
results of the present study. Two doses of the extract were
chosen according to our previous studies [12, 20, 21, 36]
which showed its minimum and maximum effects. Pioglit-
azone treatment also affects intestinal TNF-a [40];
increased IL-4 but decreased IFN-y, TNF-a, and IL-6
[41]; decreased lung adenoma [42]; decreased NO, TNF-
a, IL-1f3, IL-6, and IL-8; increased IL-4 and IL-10 levels
in LPS-stimulated astrocytes [43]; and decreased degranu-
lation and adhesion of neutrophils in LPS-induced lung

injury [44]. The effects of Z. multiflora extract and pioglit-
azone on cytokine levels in PQ-exposed rats were sup-
ported by the above studies. The protective effect of
carvacrol, one of the main constituents of this plant on
lung inflammation induced by inhaled PQ, was also
reported [45].

Higher effects of the combination of low-dose Z.multif]
ora extract + pioglitazone on serum cytokine levels com-
pared to the effects of each one alone indicated a synergistic
effect of the two agents suggesting the PPAR-y receptor-
mediated effect of Z. multiflora extract, which is supported
by the effect of carvacrol on PPAR-y receptors [22]. How-
ever, further studies examining the effect of Z. multiflora
extract and PPAR-y receptors antagonist are needed to con-
firm this suggestion.

Dexamethasone, a known anti-inflammatory used in this
study as positive control drug, showed a similar effect as Z.
multiflora extract and pioglitazone on measured variables
in PQ-exposed rats. These results support the anti-
inflammatory effects of Z. multiflora extract and pioglitazone
and their combination on systemic inflammation induced by
inhaled PQ.
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In a previous preliminary study, the effects of the Z. mul-
tiflora and its constituents carvacrol on only MDA, NO2, IL-
6, and IFN-y and the ratio of the two cytokine [13] and, in
another study, the effects of low dose of pioglitazone, the
extract and combination of low dose pioglitazone and Z mul-
tiflora, and low dose of pioglitazone on CAT, NO2, and
MDA as well as the serum levels of IL-6 and INF-y and the
ratio of the two cytokine on PQ-induced systemic inflamma-
tion were examined [46]. However, in the present study, the
effect of two doses of Z multiflora, two doses of pioglitazone,
and the combination of low dose of the extract and pioglita-
zone on systemic inflammation and oxidative stress induced
by inhaled PQ was examined more precisely and in more var-
iables in different animals. In fact, in the published paper, a
definite conclusion regarding the synergistic effect of the
extract and pioglitazone and the interaction of the extract
on PPAR-y receptors could not be suggested while in the
present study this goal was achieved.

A preventive effect for Z. multiflora extract and pioglita-
zone, a PPAR-y agonist on systemic inflammation and oxi-
dative stress induced by inhaled PQ in rats similar to the
effects of dexamethasone, was indicated. The synergistic
effects of low-dose extract + pioglitazone also suggested that
Z. multiflora effects could be mediated by PPAR-y receptors,
but this suggestion requires further investigations using
PPAR-y antagonists.
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Background and Purpose. Previous studies showed that Maresinl (MaR1), one of the metabolites from docosahexaenoic acid
(DHA), could alleviate acute inflammation and prompt inflammation resolution. Also, it attenuated pancreatic injury in
caerulein-induced acute pancreatitis (AP) in mice. However, the mechanisms underlying this suppression of inflammation and
AP remain unknown. Method. Repeated caerulein injection was used to induce AP and chronic pancreatitis (CP) models in
mice. The histopathological and serological changes were examined for evaluating the severity of the AP model, and flow
cytometry was used for detecting macrophage phagocytosis and phenotype. Meanwhile, clodronate liposomes were used for
macrophage depletion in mice. Finally, the CP model was adopted to further observe the protective effect of MaR1. Result.
MaR1 administration manifested the improved histopathological changes and the lower serum levels of amylase and lipase.
However, MaR1 played no protective role in the pancreatic acinar cell line in vitro. It obviously reduced the macrophage
infiltration in the injured pancreas, especially M1-type macrophages. After macrophage clearance, MaR1 showed no further
protection in vivo. This study also demonstrated that MaR1 could alleviate fibrosis to limit AP progression in the CP model.
Conclusion. Our data suggests that MaR1 was a therapeutic and preventive target for AP in mice, likely operating through its
effects on decreased macrophage infiltration and phenotype switch.

1. Introduction

Acute pancreatitis (AP) is one of the common acute abdom-
inal fatal diseases. Severe AP (SAP) accounts for about 15%-
20% of patients with AP and develops approximately 30%
mortality [1, 2]. Activated innate immune cells increase the
severity of AP. The prognosis of AP is related to an excessive
inflammatory response. In this process, deregulated immune
cells mediate the inflammatory cascade, leading to systemic

inflammatory response syndrome and multiple organ failure
[3]. However, no cure is available for AP, especially SAP
patients with persistent organ failure.

Omega-3 polyunsaturated fatty acids (w-3 FAs) mainly
include docosahexaenoic acid (DHA) and eicosapentaenoic
acid. w-3 FA/DHA plays an indisputable role in hyperlipid-
emia and cardiovascular diseases [4, 5]. Studies involving
humans as participants indicated that the use of enteral
nutrition enriched with w-3 FAs for treating AP might be
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beneficial to the time of jejunal feeding and hospital stay [6].
A meta-analysis revealed that administering w-3 FAs might
be beneficial for decreasing mortality, infection-related com-
plications, and length of hospital stay in AP, especially when
used parenterally [7]. Previous clinical data indicated that
w-3 FA-supplemented parenteral nutrition could decrease
hyperinflammatory response and improve immune function
of patients with SAP [8, 9].

Inflammation can be divided into three phases: inflam-
mation, resolution, and post-resolution [10]. Specialized pro-
resolving mediators (SPMs), including resolvins, protectins,
lipoxins, and maresins, play a key role in resolution and post-
resolution [11, 12]. Inflammation is a protective response in
maintaining homeostasis. However, excessive inflammation
may lead to injury in normal tissues and finally develop into
chronic diseases [2, 13]. SPMs provide a new avenue for
inflammation; they prevent inflammation from spreading
and halt the transition from acute to chronic [14, 15].

Maresins are newly described macrophage-derived
mediators of inflammation resolution; they are one of the
metabolites from -3 FAs and biosynthesized via 12-
lipoxygenase [14, 16, 17]. Maresinl (7,14-dihydroxyd-
ocosa-47, 87,10,12,16Z,19Z-hexaenoic acid, MaR1) has been
shown to be a potent mediator to inhibit neutrophil infiltra-
tion, promote macrophage efferocytosis, and enhance tissue
regeneration in acute inflammation [18-20]. MaR1 exerts
protective effects in murine models of colitis and sepsis
[21, 22]. Recently, it has been reported that MaR1 protected
mice from nonalcoholic fatty liver disease in a RORa-depen-
dent manner [23]. Several studies reported the protective
effects of MaR1 on AP without clarifying its specific target
cells [24, 25].

Compared with other SPMs, the effect of MaR1 on AP
remains unknown. The purpose of this study was to verify
the hypothesis of whether MaR1 could protect against AP,
as well as exploring the possible underlying mechanism.

2. Materials and Methods

2.1. Animals and Reagents. ICR male mice (aged 8 weeks),
weighing 28-30 g, were purchased from the Yangzhou Uni-
versity Model Animal Center (Yangzhou, China). Green
fluorescent protein transgenic (GFP tg) mice were obtained
from Prof. B] Wu. All mice were housed under specific
pathogen-free (SPF) conditions in an air-conditioned animal
facility at 24°C on a 12 hours light/dark cycle. The Principles
of Laboratory Animal Care (NIH publication no. 85Y23,
revised 1996) were followed, and all experimental protocols
were approved by the experimental animal ethics committee
of Jinling Hospital affiliated to Medical School of Nanjing
University (No. 20160905).

The murine pancreatic acinar 266-6 cell line was obtained
from the American Type Culture Collection (ATCC, VA,
USA). MaR1 was purchased from Cayman Chemical Com-
pany (MI, USA). Caerulein was obtained from AnaSpec
Inc. (CA, USA). Cholecystokinin fragment 30-33 amide
(CCK) and lipopolysaccharide (LPS) were purchased from
Sigma-Aldrich (MO, USA); clodronate liposomes (CLs, from
Vrije Universiteit Amsterdam) were purchased from Yeasen

Mediators of Inflammation

Biotech Co., Ltd. (Shanghai, China). The lipase kits were
purchased from Nanjing Jiancheng Corp. (Nanjing, China),
and the amylase kits were purchased from BioSino Bio-
Technology & Science Inc. (Beijing, China). Macrophage-
stimulating factor (M-CSF) was purchased from MedChe-
nExpress LLC. (Nanjing, USA). Anti-F4/80, anti-phospho-
mixed lineage kinase domain like protein (p-MLKL), goat
anti-rabbit, and rabbit anti-mouse secondary antibodies were
purchased from Abcam (Cambridge, UK). Anti-receptor-
interacting protein 3 (RIP3) antibody was purchased from
Santa Cruz Biotechnology (CA, USA). All antibodies for flow
cytometry were purchased from BioLegend (CA, USA). Dul-
becco’s modified Eagle’s medium (DMEM), fetal bovine
serum, penicillin, and streptomycin were obtained from
Gibco (Thermo Fisher Scientific, MA, USA).

2.2. Induction of Experimental Pancreatitis. The mice were
randomly assigned to five groups: control, caerulein, caeru-
lein+0.2 ng/mice MaRl, caerulein+2ng/mice MaR1, and
caerulein+10 ng/mice MaR1. The AP model was induced by
intraperitoneal (i.p.) injection of 50 ug/kg caerulein every
hour for 10 hours. Normal saline (NS, 0.9% NaCl) was given
instead of caerulein in the control group. MaR1 or vehicle
(0.9% NaCl) was injected intraperitoneally at 0 hour after
the first caerulein injection. The mice were sacrificed 12
hours after the final injection.

Pancreatic macrophage depletion was in accordance with
the instructions. Briefly, the mice were intraperitoneally
administered 200 uL of CLs on days 1 and 3. The control
mice received the same volume of empty liposomes (phos-
phate-buffered saline, PBS). On the fifth day, the AP model
was induced.

Chronic pancreatitis (CP) was induced by injecting of
50 pg/kg caerulein once daily for a continued cycle of 5 days
on and 2 days off, for a total of 4 weeks [23]. Seven days fol-
lowing the start of the caerulein injection, the mice were
given either NS or MaR1 (2 ng/mice, 100 yL daily for 5 days
per week x 4 weeks) until sacrificed 5 weeks later.

2.3. Sample Collection and Analysis of Plasma Parameters.
Blood samples were obtained from the tail veins of
isoflurane-anesthetized mice 0, 6, and 12 hours after the first
caerulein injection. The mice were anesthetized with sodium
pentobarbital (50 mg/kg, i.p.) and sacrificed. Pancreatic tis-
sues were taken and fixed with 4% paraformaldehyde in
PBS (pH = 7.4) and embedded in paraffin.

The serum amylase and lipase activities were determined
using amylase and lipase kits following the manufacturer’s
protocol.

2.4. Histological Examination. The paraffin sections of the
pancreas and lung tissue were stained with hematoxylin
and eosin (HE). Two investigators who were blinded to the
experimental grouping scored the degree of pancreatic injury
using light microscopy and evaluated the severity of edema,
inflammation, and necrosis, as described previously [26].

2.5. Immunohistochemical Examination. The slices from
paraffin-embedded pancreatic tissues were subjected to
immunohistochemical (IHC) staining for RIP3, p-MLKL,
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and F4/80 detection. The slides were incubated overnight at
4°C in a humid chamber with an antibody against RIP3,
p-MLKL and F4/80 (1:200 dilution) and then incubated with
goat anti-rabbit secondary antibody (1:500 dilution) for 60
minutes as described previously [24]. The images were
acquired using a microscope (IX73, Olympus, Tokyo, Japan).

2.6. Cell Cultures and Treatment. 266-6 cells were cultured
in DMEM supplemented with 10% fetal bovine serum,
100U/mL penicillin, and 100ug/mL streptomycin in a
humidified 5% CO, incubator. Cholecystokinin analog CCK
(8000 M) was applied to induce AP with or without MaR1
(250 nM, 500 nM, and 1000 nM). The cells were collected after
12 hours for further investigation.

2.7. Isolation of Pancreatic Leukocytes. MaR1 or vehicle was
injected to treat the AP model. After 24 hours, the mice were
killed, and the pancreas was removed carefully by trimming
fat and mesentery. As mentioned in the literature [27], the
pancreas was minced with scissors and then washed twice
with buffer A (Hank’s balanced salt solution +10% fetal calf
serum). The tissue was resuspended in buffer A containing
2mg/mL collagenase type IV and incubated in a shaker at
37°C for 15 minutes. The suspension was then vortexed at
low speed for 20 seconds and centrifuged, and the cell pellet
was resuspended in red blood cell lysis buffer for 5 minutes.
The cells were spun down, washed three times with buffer
A and used for marker staining.

2.8. Isolation of Primary Pancreatic Acinar Cells (PACs). GFP
tg mice emit green fluorescence spontaneously in the pan-
creas. PACs were isolated from GFP tg mice by collagenase
digestion and then incubated in DMEM containing 10% fetal
bovine serum at 37°C [28]. Bone marrow-derived macro-
phages (BMDMs) were coincubated with PACs, caerulein
(5uM), and MaR1 (250nM, 500 nM, and 1000 nM) for 6-
8 hours.

2.9. Isolation of BMDMs and Cell Induction. Briefly, both
ends of the femur and tibia were cut and flushed with a
syringe filled with complete Roswell Park Memorial Institute
(RPMI) 1640 containing 10% fetal bovine serum, 100 U/mL
penicillin, 100 pg/mL streptomycin, 1% N-2-hydroxyethylpi-
perazine-N-2-ethane sulfonic acid (HEPES, 1 M), and 0.05%
B-hydroxy-1-ethanethiol to extrude BM cells into a sterile
Petri dish. After gentle resuspension and centrifugation,
BM cells were cultured using 20 ng/mL M-CSF in complete
RPMIL On days 2, 4, and 6, the medium was half-replaced
with a fresh batch containing the CSF-conditioned medium
as earlier. The cells were ready for use on day 7 [28].

BMDMs were coincubated with caerulein-stimulated
acini for 6 hours. After removing acini, BMDMs were col-
lected and stained with fluorochrome-conjugated antibody:
PE/Cy7-F4/80 for flow cytometry.

2.10. Flow Cytometry. Pyridine iodide (PI, 1umol/L) was
used to detect plasma membrane rupture characteristic of
necrosis. After loading, 266-6 cells were washed and resus-
pended in Ca®*-free buffer.

For surface staining, pancreatic leukocytes were stained
with the following fluorochrome-conjugated antibodies:
FITC-CD86, PE/Cy7-CD45.2, APC/Cy7-CD11b, and
Percp/Cy5.5-F4/80. For intracellular tumor necrosis factor
o (TNF-a) staining, the cells were cultured in DMEM com-
plete medium and stimulated with LPS (100 ng/mL) and
brefeldin A (10 ug/mL) for 4 hours at 37°C. The cells were
washed and stained with surface markers. The cells were
then fixed and permeabilized. PE-TNF-« and APC-CD206
(1:200) were used for intracellular staining. Flow cytometry
data were collected on NovoCyte and analyzed using
NovoExpress software (ACEA Biosciences, Inc., CA, USA).

2.11. Sirius Red and Masson Staining for Fibrosis. Paraffin
sections (4 ym) were stained with Picro-Sirius red (1% Sirius
red in saturated picric acid solution) for 1 hour at room tem-
perature to analyze collagen synthesis and deposition. The
sections were then washed twice with 0.5% acetic acid. The
water was physically removed from the slides by vigorous
shaking. After dehydration using 100% ethanol three times,
the sections were cleaned with xylene and mounted in a res-
inous medium. Image-Pro Plus 6.1 software (Media Cyber-
netics, MD, USA) was used to calculate the Sirius red-
positive staining proportion.

For Masson staining, pancreatic tissue slices were rou-
tinely dewaxed, hydrated, and incubated in Wiegert’s solu-
tion for 5-10 minutes. They were then differentiated in
acidic ethanol for 5-15 seconds, slightly washed with water,
and blued in Masson bluing buffer for 3-5 minutes. After
washing with water, the slices were incubated in Ponceau-
Fuchsin solution for 5-10 minutes, washed with a weak acid
solution for 1 minute, and washed with phosphomolybdic
acid solution for 1-2 minutes. The slices were subsequently
stained in aniline blue solution for 1-2 minutes. They were
then washed with weak acid solution, dehydrated in absolute
ethanol, made transparent with dimethylbenzene, and
mounted with neutral resin.

2.12. Statistical Analysis. The unpaired-sample Student ¢-test
was used to determine statistical significance, and a P value
less than 0.05 indicated a statistically significant difference.
One-way ANOVA plus Tukey post hoc test was used to
determine the difference among multiple groups, and a P
value less than 0.05 indicated a statistically significant differ-
ence. Values were expressed as mean + standard error of
mean (SPSS statistical software, version 22.0, IBM Analytics,
NY, USA). Unless indicated, the results were from at least 3
independent experiments.

3. Results

3.1. MaR1 Ameliorated the Histopathological Alterations of
the Pancreas in Mice with AP. Our group previously reported
that DHA exerted a protective effect on AP. This study inves-
tigated the effect of MaR1 (metabolite of DHA) to partly
explain its clinical benefit. In animal experiments, three doses
of 0.2, 2, and 10ng/mice were adopted. As expected, the
caerulein group exhibited the classical edematous pancrea-
titis manifestations, including edema, inflammatory cell
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infiltration, and spotty acinar cell necrosis. Based on the
pathological results, 2 ng/mice MaR1 was chosen in subse-
quent experiments to examine its obvious protective effect
(Figure 1(a)). Pancreatic injury scores were assessed in paral-
lel with pathohistological changes. In addition, MaR1-treated
mice also exhibited a significant reduction of serum amylase
and lipase levels (Figure 1(b)).

A few observations suggested that necroptosis mediated
AP development. RIP kinases play a central role in regulating
necroptosis [29]. RIP3 and MLKL are important proteins to
assemble the necrosome. IHC examinations were used for
detecting RIP3 and p-MLKL expressions in pancreatic tis-
sues. As shown in Figure 2(a), the positive staining areas of
RIP3 and p-MLKL showed a robust increase after PAC
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damage. MaR1 could decrease the number of RIP3- and p-
MLKL-positive cells, indicating that MaR1 mitigated the
severity of PAC necroptosis in the AP model.

3.2. MaR1 Showed No Direct Effects on Pancreatic Acinar Cell
Necrosis. Based on the results of in vivo experiments, we first
considered whether MaR1 had a direct protective effect on
PAC injury. The 266-6 cell line is widely used in the pancre-
atitis model for its exocrine function [30, 31]. Accordingly,
266-6 cells were used to explore the effect of MaR1, and
CCK was used to induce an acute injury model in vitro. After
different doses (250 nM, 500nM, and 1000nM) of MaRl1
treatment, PI staining demonstrated that the percent of
necrotic cells in the CCK group was approximately 15.24%,
while the MaR1 group showed no significant differences

(Figure 2(b)). Further, the concentration gradient difference
of MaR1 (50nM, 100nM, 250 nM, 500 nM, 750 nM, 1 uM,
5uM, and 10 uM) was expanded, and still no sign of protec-
tion was observed (data not shown). The results confirmed
that the protective effect of MaR1 on AP might not anchor
in PACs.

3.3. MaR1 Inhibited the Infiltration of Macrophages in the
Pancreatic Tissue. Since MaR1 was not beneficial to 266-6
cells directly, we focused on immune cells in pancreatic
tissues. Macrophages play an important role in AP [32].
The THC examination for F4/80 demonstrated that MaR1
significantly reduced macrophage infiltration in pancreatic
tissues (Figure 3(a)). Primary immune cells were extracted
from the pancreatic tissues of mice with AP to determine
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the polarization of macrophages. Flow cytometry was used to
detect TNF-a and CD206 levels for M1- and M2-associated
biomarkers, respectively. Compared to AP group, the mean
fluorescence intensity (MFI) of TNF-« in the MaR1 group sig-
nificantly reduced, while the MFI of CD206 increased slightly
with no statistically significant difference (Figures 3(d)-3(f)).
In addition, the total number of macrophages significantly
reduced after MaR1 treatment, which was consistent with
IHC staining results (Figures 3(b) and 3(c)).

MaR1 can enhance macrophage phagocytosis of dead
cells and debris. We want to verify its effect in the AP model.
PACs from GFP tg mice were extracted because their excita-
tion by 488 nm light led to a fluorescence emission maxi-
mum around 530nm. After coincubation with caerulein-
stimulated PACs, BMDMs were collected for flow cytome-
try. The basic phagocytosis of PBS-stimulated PACs was
around 4.01%. The caerulein group showed an obvious rise
to 7.32%, while the MaR1 treatment group showed no
change. MaR1 might not enhance BMDM phagocytosis of
damaged PACs (Figures 3(g) and 3(h)). Collectively, these
results indicated that MaR1 might protect against AP in
mice by reducing macrophage infiltration, mainly proin-
flammatory M1 phenotype.

3.4. MaRl Did Not Further Protect against AP after
Pancreatic Macrophage Clearance. The pancreatic macro-
phages were depleted using CLs before caerulein exposure.
CLs could effectively clear macrophages and protect against
AP in mice (Figure 4(a)). Furthermore, MaR1 could not fur-

ther alleviate the severity of experimental AP, irrespective of
pathological scores or serological tests (Figures 4(b) and
4(c)). The results from both animal and cell experiments sug-
gested that MaR1 might improve the AP severity of mice
depending on pancreatic macrophages.

3.5. MaR1 Alleviated Macrophage Infiltration and Fibrosis of
Pancreatic Tissues in the CP Model. In mice, the hyperstimu-
lation of the pancreas with caerulein led to AP. Continuous
acute injury to the pancreas caused recurrent AP and finally
CP, which was consistent with the pathophysiological pro-
cess of human pancreatitis. The CP model was established
in a repetitive manner to further examine the effect of
MaR1 in vivo. The mice undergoing repetitive caerulein
injection revealed macrophage infiltration, pancreatic fibro-
sis, and acinar cell loss. Based on previous results, 2 ng/mice
MaR1 was chosen, which obviously alleviated the severity
of pancreatic damage (Figure 5(a)). The Sirius red and Mas-
son staining showed that the fibrosis in the pancreas was
obviously reduced (Figure 5(c)). In addition, the MaR1 group
showed less macrophage infiltration (F4/80 staining) in pan-
creatic tissues compared with the CP group (Figure 5(b)).

4. Discussion

Macrophages are responsible for host defense, acute inflam-
matory response, and its timely resolution [33]. They can
be simply divided into two extreme phenotypes: classically
activated macrophages (M1) and alternatively activated
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macrophages (M2). Briefly, M1 macrophages exhibit proin-
flammation and immunologic defense properties, while M2
macrophages exhibit opposite properties. The switch from
M1 to M2 phenotype can alleviate the severity of acute
inflammation [34].

Since no specific treatment exists that targets pancreatic
parenchyma cells, more researchers focus on local immune
cells especially macrophages. Macrophages sense acinar cell
death and activate pancreatic inflammation and determine
the severity of AP [35]. Macrophages engulfing damaged
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acinar cells can also be the focus of AP in conjunction with
damaged acinar cells [28]. In this study, we found that
MaR1 protected AP not by acting directly on PACs but
through macrophages. In accordance with Wu et al., we
found that macrophage quantification in the pancreatic tis-
sue significantly increased after AP onset (1 day) [36]. After
MaRl1 treatment, the percentage of macrophage population
declined markedly. Furthermore, the number of M1 macro-
phages decreased and the number of M2 macrophages
slightly increased in pancreatic tissues. Macrophages may
demonstrate the plasticity and pluripotency in response to
local microenvironment signals in a specific time and space.
M2 macrophages may be further subdivided into M2a,
M2b, M2c, and M2d, of which the surface markers are very
different [37]. CD206 may not be the best choice for tracking
the changes of M2. Another problem is the timing of admin-
istration of MaR1 in mice. In the tibial fracture injury model,
MaR1 treatment at the time of injury is ineffective in decreas-
ing the number of proinflammatory macrophages, different
from the treatment results after injury [38]. Macrophages
exhibit dynamic transitions in phenotype and function as
AP progresses. The number of M2 or M2-like macrophages
increases after the acute inflammation stage [36]. Delayed
administration for MaR1 may provide some hints about its
effect on M2 macrophages. Further, like our results, some
studies reported that MaR1 markedly decreased the number
of proinflammatory macrophages, but not that of anti-
inflammatory macrophages in inflammation models [38,
39]. In addition, MaR1 can enhance macrophage phagocy-
tosis of neutrophils during inflammation. However, no
reports mentioned the effect of MaRl on macrophage
phagocytosis of damaged acinar cells in AP. In our study,
no enhancement effect of MaR1l on the phagocytosis of
injured acinar cells was observed. The results indicated that
MaR1 mainly regulated macrophage phenotype to mitigate
inflammation. Moreover, the findings indicated that MaR1
indeed had no further protective effect on AP after macro-
phage clearance in the animal model. However, keeping
macrophage polarization in balance is an attractive thera-
peutic option for AP, considering the heterogeneous func-
tion of macrophages in different stages of diseases, besides
directly eliminating macrophages.

The recurrence of AP is a challenge in clinical treatment.
The incidence of recurrent AP can reach 21%, and CP
develops in 36% of patients [40]. Further, effective preventive
and therapeutic strategies for CP treatment are still lacking.
Macrophage infiltration and activation play an important
role in pancreatic injury and later fibrosis. Therefore, the
CP model was used in this study to explore the pharmacolog-
ical action of MaR1. MaR1 obviously attenuated macrophage
infiltration, fibrosis, and pancreatic damage in the CP model.
These results showed that MaR1 might serve as an immune
resolvent for the clinical prevention of CP.

In conclusion, our study showed that MaR1 could
decrease the severity of AP via reducing macrophage infiltra-
tion, especially M1 macrophages in pancreatic tissues. This
provided evidence for the protective effect of DHA against
AP. Hence, MaR1 may serve as a promising clinical thera-
peutic drug for treating AP in the future.
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Licorice extract is a Chinese herbal medication most often used as a demulcent or elixir. The extract usually consists of many
components but the key ingredients are glycyrrhizic (GL) and glycyrrhetinic acid (GA). GL and GA function as potent
antioxidants, anti-inflammatory, antiviral, antitumor agents, and immuneregulators. GL and GA have potent activities against
hepatitis A, B, and C viruses, human immunodeficiency virus type 1, vesicular stomatitis virus, herpes simplex virus, influenza
A, severe acute respiratory syndrome-related coronavirus, respiratory syncytial virus, vaccinia virus, and arboviruses. Also, GA
was observed to be of therapeutic valve in human enterovirus 71, which was recognized as the utmost regular virus responsible
for hand, foot, and mouth disease. The anti-inflammatory mechanism of GL and GA is realized via cytokines like interferon-y,
tumor necrotizing factor-a, interleukin- (IL-) 14, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, and IL-17. They also modulate anti-
inflammatory mechanisms like intercellular cell adhesion molecule 1 and P-selectin, enzymes like inducible nitric oxide synthase
(iNOS), and transcription factors such as nuclear factor-kappa B, signal transducer and activator of transcription- (STAT-) 3,
and STAT-6. Furthermore, DCs treated with GL were capable of influencing T-cell differentiation toward Th1 subset. Moreover,
GA is capable of blocking prostaglandin-E2 synthesis via blockade of cyclooxygenase- (COX-) 2 resulting in concurrent
augmentation nitric oxide production through the enhancement of iNOS2 mRNA secretion in Leishmania-infected

macrophages. GA is capable of inhibiting toll-like receptors as well as high-mobility group box 1.

1. Introduction

Licorice extract is a Chinese herbal medication most often
used as a demulcent or elixir [1]. Glycyrrhizin (GL) is one
of the principally effective and efficient ingredients of licorice
extract [1-3]. GL is a triterpene saponin which has aglycone
component known as glycyrrhetinic acid (GA) [1]. GA is a
pentacyclic triterpenoid of oleanene type with a hydroxyl
group at C-3, a carboxyl moiety at C-30 as well as a ketone
functional group at C-11 [2]. GL and GA have been demon-
strated to possess antioxidant properties as well as robust
anti-inflammatory, antiviral, antitumor, and immuneregula-
tory properties [4-6]. GL was capable of triggering the
blockade of receptor-mediated endocytosis resulting in the
inhibition of viral infiltration into the cells [5, 7].

GL triggers biological activities at the cellular level via
novel gbPs, which are responsible for anti-inflammatory
and antiviral effects [5, 8]. GL was capable of triggering the

production of interferons (IFNs), accelerated the activities
of natural killer (NK) cells as well as regulated the growth
response of lymphocytes via the acceleration of interleukins-
(IL-) 2 production [1, 8, 9]. Furthermore, GL has the ability
to modulate the immune response at the initial stage of the
disease process via the dendritic cells (DCs) [10]. GA inhib-
ited anti-FAS antibody-triggered mouse liver injury but did
not facilitate the upregulation of tumor necrotizing factor-«
(TNF-a) messenger RNA (mRNA) secretion in the liver [11].

This review explores the fundamental immune and
inflammatory players regulated by GL and GA. The “boolean
logic” was utilized to search for the article on the subject mat-
ter. Most of the articles were indexed in PubMed with strict
inclusion criteria being in vitro and in vivo up or downregu-
lation of these immune and inflammatory biomarkers in
diverse disease conditions. Inflammation, DCs, cyclooxygen-
ase, and prostaglandins, cytokines like ILs, IFNs, TNF-q,
nuclear factor-«B (NF-«B), mitogen-activated protein kinase
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(MAPK), Toll-like receptors (TLRs), high-mobility group
box 1 (HMGBI1), and chemokines like CCL11 as known as
eotaxin 1 as well as enzymes like nitric oxide were explored.

2. Uses

Glycyrrhizin (GL) obtained from the dried roots of the lico-
rice shrub is very sweet tasting and has been utilized as fla-
vors in diverse food products and treatment of diseases for
over 4000 years [12]. Currently, GL is used to flavor consum-
able products like chocolate, chewing gum, some alcoholic
beverages, and cigarettes [12, 13]. Carbenoxolone (GC), the
derivative of glycyrrhetinic acid (33-11-oxoolean-12-en-30-
oic acid 3-hemisuccinate), was used to treat peptic ulcer
disease, allergic diseases, tumors or cancers, divers’ viral dis-
eases, and premenstrual syndromes [4-6]. They possess anti-
inflammatory, antioxidant, antihyperglycemic, antilipidemic,
and hepatoprotective properties [4-6]. Their key therapeutic
usage of GC is for the treatment of viral diseases [14].
Chronic hepatitis C is the current target for use of GC in
modern medicine [12, 15].

Several in vivo and in vitro studies showed that GL and
GA have potent activities against hepatitis A, B, and C
viruses, human immunodeficiency virus (HIV) type 1,
vesicular stomatitis virus, herpes simplex virus, influenza
A, severe acute respiratory syndrome- (SARS-) related
coronavirus, respiratory syncytial virus, vaccinia virus, and
arboviruses [2, 7, 16-20]. Also, GA was observed to be of
therapeutic valve in human enterovirus 71, which was recog-
nized as the utmost regular virus responsible for the hand,
foot, and mouth diseases [2]. GL and GA demonstrated to
have antibacterial actions against gram-positive bacteria like
Bacillus subtilis and Staphylococcus aureus as well as gram-
negative bacteria like Escherichia coli and Pseudomonas
aeruginosa [2, 21, 22]. Furthermore, GA was capable of
blocking the survival of methicillin-resistant S. aureus via
the attenuation of its virulence gene expression [2, 23]. Also,
GA has demonstrated to have antiparasitic potentials and its
efficacy as an anti-malarial as well as antileishmanial has
been elaborated in experimental studies [2, 24, 25].

3. Pharmacokinetics

GA is rapidly absorbed after oral administration, and its
kinetics exhibited a biphasic association with a distribution
phase preceded by a slower elimination phase [12, 26]. The
medication is usually in a capsule form containing 500 mg
of pure GA per capsule [26]. It was established that neither
absorption nor elimination of GA was dose-dependent [26].
Several studies detected GA in both rats as well as human
plasma [12]. On the other hand, GL is metabolized presyste-
mically via commercial bacteria into GA and totally absorbed
into the blood stream after oral intake [12, 27].

Studies have shown that the hydrolysis of GL to GA was
carried out by bacteria strains like Eubacterium sp. (strain
GHL), Ruminococcus sp. (PO1-3), and Clostridium inno-
cuum (ES2406). These commercial bacteria were isolated
from human feces and demonstrated enough hydrolyzing
activity for GL [12, 28, 29]. The bacteria strains capable of
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hydrolyzing GL into GA possess a specific $-glucuronidase,
because common pS-glucuronidases like Escherichia coli
were unable to hydrolyze GL [12, 28]. After hydrolysis of
GL into GA, intestinal bacteria convert GA partially into
3-a-183-GA, through a metabolic intermediary 3-oxo-18§-
GA [12, 27].

Also, the plasma clearance of GL after an intravenous
bolus dose to rats exhibited a biphasic pattern, in which the
distribution phase was preceded by a slower elimination
phase [30, 31]. However, realistic plasma levels of GA were
observed to be approximately 100 mg/ml after intravenous
administration [30, 31]. Also, the distribution of GA to the
body tissues was negligible because tissue-to-blood partition
coeflicients were observed to <1 for all body tissues of rats
[12, 32]. Interestingly, the uptake of GL into rat hepatocytes
was competitively blocked by GA (46). This means that the
plasma to liver transport of GA is facilitated by the same
uptake carrier [31].

Studies have demonstrated that habitual usage of GA in
consumable products may lead to adverse effects [12, 33]. It
was established that capacity-regulated activities facilitate
the metabolism, sinusoidal, and canalicular transport of GL
[12]. Furthermore, GL was hydrolyzed by glucuronidases
into 18-B-GA monoglucuronide in lysozymes of both
rodents and humans [12]. This process may ultimately lead
to edema, hypertension, and symptoms associated with
electrolyte imbalances [12, 34].

4. Inflammation

The fundamental processes involved in the eradication of
threats posed to the host to organisms like bacterial and viral
infections are the triggering of an acute inflammatory
response [35]. Studies have shown that GL was capable of
binding directly to lipoxygenase resulting in the generation
of inflammatory mediators [36-38]. Also, GL selectively
blocked the triggering of phosphorylation of these inflamma-
tory mediators, which are mainly enzymes [36-38]. Specifi-
cally, GL as well as its derivatives was capable of blocking
the generation of inflammatory chemokines like IL-8 and
eotaxin 1, which are both powerful chemo-attractants to
leukocytes during inflammation (Figure 1) [36, 39]. GL as
well as its derivatives was also capable of neutralizing the
secretion of these proinflammatory chemokines [36, 39].
On the other hand, GA was capable of decreasing the
secretion of vascular endothelial growth factor (VEGF), inter-
cellular cell adhesion molecule 1 (ICAM-1), granulocyte-
macrophage colony-stimulating factor (GM-CSF), and human
growth-regulated oncogene/keratinocyte chemoattractant
(GRO/KC) in alcoholic hepatitis rats’ models (Figure 1 and
Table 1) [40]. GA was also capable of inhibiting phospholi-
pase A2/arachidonic acid (PLA2/ARA) (Table 1) pathway
metabolites, like prostaglandin-E 2 (PGE2) or prostacyclin
2, thromboxane 2 (TXA,), and leukotriene B4 (LTB4)
(Figure 1) [41, 42]. It was stipulated that the anti-
inflammatory response to GL and GA was a result of direct
binding the molecules to cell membrane constituents like
lipocortin I (LC-1) or to enzymes such as PLA2 (Table 1),
which is the prime enzyme in the arachidonic acid metabolic
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FIGURE 1: Shows a comprehensive down and upregulatory pathways via which GL and GA elicits anti-inflammation.

pathway (Figure 1) [36]. GA ominously decreased the con-
centration of ICAM-1 as well as matrix metalloproteinase-9
(MMP-9) (Figure 1) [41, 43]. Furthermore, it augmented
the actions of Superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px), as well as the secretion of p-Akt and
p-ERK (Figure 1) [41, 44].

GL and GA efficiently blocked the generation of free rad-
icals in LPS-treated Raw264.7 macrophage models [41]. They
also decreased the configuration of the LPS-TLR-4/MD-2
complexes, leading to the blockade of homodimerization of
TLR-4 (Figure 1) [45, 46]. Thus, GA was able to regulate
the TLR-4/MD-2 complex at the receptor level, resulting in
the inhibition of LPS-induced triggering of signaling cascades
as well as cytokine generation [45]. This signifies that GA
blocked inflammatory responses as well as regulated innate
immune responses [45, 47].

Furthermore, GA inhibited the stimulation of signal
transducers and activators of transcription-3 (STAT-3),
decreased the upregulation of ICAM-1 as well as P-
selectin secretion, decreased the configuration of poly-
adenosine diphosphate-ribose (pADR) and nitrotyrosine
(NTS), and decreased polymorphonuclear neutrophil infil-
tration (PMN) (Figure 1 and Table 1) [45-47]. Moreover,
GA elicited broad anti-inflammatory actions via its interac-
tion with the lipid bilayer resulting in the decrease of
receptor-mediated signaling [45, 46]. GA was capable of
blocking the lytic pathway of the complement system as well
as averted tissue injury triggered by membrane attack
complexes [45].

5. Dendritic Cells

Dendritic cells (DCs) are a group of bone-marrow-derived
cells found in blood, tissues, and lymphoid organs [48-50].
These cells initiate and control immune responses that are
affected by numerous factors like origin, phenotype, and

maturation status [48-50]. Their prime function is to bridge
the innate as well as adaptive immune systems [48-50]. DCs
were able to accelerate allogeneic T-cell proliferation in vitro
[4]. A study revealed that only a minute quantity of DCs was
enough to trigger an allogeneic mixed lymphocyte reaction
(MLR) [4, 48]. Studies have demonstrated that DCs are the
most crucial antigen-presenting cells (APCs) associated with
the uptake, processing, transport, and presentation of
antigens to CD4" and CD8" T-cells [4, 49, 51].

Also, DC subsets are capable of triggering or inhibiting
immune responses via the secretion of different costimula-
tory molecules and cytokines [4, 52]. DCs were able to trigger
as well as target naive T-cells to differentiate into T-helper
(Th)1 or T-helper (Th)2 cells [4, 53]. Thus, DCs have
potential immunomodulatory therapeutic targets for some
pharmacological compounds [4, 10]. Bordbar et al. demon-
strated that DCs treated with GL were capable of influencing
T-cell differentiation toward Th1 subset (Figure 2) (Table 1)
[4]. Abe et al. also observed the upregulation of IL-10 expres-
sion by liver DCs [54]. Hua et al. established that GL was
capable of augmenting IL-10 production in DC2.4 cell line
(Figure 2) [55]. A current study demonstrated that GL was
capable of augmenting IL-10 production along with IFN-y
in MLR [4]. On the other hand, Bhattacharjee et al. exhibited
that GA was capable of blocking the expression of the Th2,
IL-10, and TGF-B from the splenocytes of infected mice
(Figure 2) [25].

6. Nuclear Factor-«B

The nuclear factor-«B (NF-xB) family is made up of five
groups such as NF-xB1, which comprise of p50/p105 with
p50 as the precursor, NF-«B2 which comprise of p52/p100
with p52 as the precursor, Rel A with p65 as the precursor,
Rel B with p68 as the precursor, and c-Rel with p75 as the
precursor [56, 57]. Almost all the groupings are capable of
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TaBLE 1: Shows the explicit effect of GL or GA on various immune/inflammatory factors.

Immune/inflammatory factors Type Effect of GL/GA Citations
Inflammation VEGF Inhibitory [40]
ICAM-1 Inhibitory [40]
GM-CSF Inhibitory [40]
GRO/KC Inhibitory [40]
PLA2/ARA Inhibitory [36, 41, 42]
MMP-9 Inhibitory [41, 43]
STAT-3 Inhibitory [45-47]
STAT-6 Inhibitory [45-47]
pADR Inhibitory [45-47]
NTS Inhibitory [45-47]
PMN Inhibitory [45-47]
SOD Facilitatory [41, 44]
GSH-Px Facilitatory [41, 44]
TGF-8 Facilitatory [25]
Dendritic cells (DCs) T-cell Facilitatory [4]
Thi Facilitatory [4]
Th2 Facilitatory [25]
Nuclear factor-xB — Inhibitory [6, 20, 62-65]
IKK Inhibitory [56]
Chemokines CXCL10 Inhibitory [20, 30, 70, 71]
CCL5 Inhibitory [20, 30, 70, 71]
CCL11 Inhibitory [39, 76-78]
Interferons IFN-y Facilitatory [85-89]
Cyclooxygenase COX-1 — —
COX-2 Inhibitory [25, 65, 98]
Interleukins IL-1 Inhibitory (8, 104-106]
1L-2 Facilitatory [4, 9, 106]
IL-3 Inhibitory [8, 104-106]
IL-4 Inhibitory [8, 104-106]
IL-5 Inhibitory [8, 104-106]
IL-6 Inhibitory [8, 104-106]
IL-10 Inhibitory [8, 104-106]
1L-12 Inhibitory [4, 8, 104-106]
IL-13 Inhibitory [8, 104-106]
IL-18 Inhibitory 8, 104-106, 111]
xgt(’egiﬁr’l;l.a::sveated — Inhibitory [6, 115, 116, 141]
p38MAPK Inhibitory [6, 115, 116]
ERK Inhibitory [45]
JNK Inhibitory
Nitric oxide iNOS Inhibitory [45]
eNOS — —
nNOS — —
Toll-like receptors TLR-3 Inhibitory [131-134]
TLR-4 Inhibitory [131-134, 141]
TLR-7 Inhibitory [131-134]
TLR-9 Inhibitory [131-134]
TLR-10 Inhibitory [131-134]

High-mobility group box 1 — Inhibitory [141, 142]
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Facilitatory pathways

FIGURE 2: Shows the inhibitory and facilitatory pathways via which GL and GA ameliorate disease.

preserving homodimeric as well as heterodimeric complexes
[56]. Nevertheless, the most predominant-stimulated form of
NF-«B is the heterodimer p50-p65, which has the transactiv-
ity territory obligatory for gene modification [58-60]. In
most cells, NF-«B exists as a latent, inactive, IxB bound com-
plex in the cytoplasm [56]. Nevertheless, upon stimulation by
extracellular stimuli, NF-«¥B promptly translocates to the
nucleus and triggers gene release [56, 61].

IxB kinase (IKK) is a large multisubunit protein kinase
active via numerous signal pathways [56]. The IKK complex
when triggered results in the phosphorylation or degradation
of IxBa leading to the expression of NF-«B [56]. NF-«B then
translocates to the nucleus and triggers the transcription of
numerous xB-dependent genes, such as iNOS as well as
Thl cytokines [56]. Thus, some pathogens are capable of
blocking the action of NF-«B via the inhibition of the degra-
dation of IxB during infection [56]. Also, in macrophages, the
MAPK cascade and the NF-«B pathway are the key pathways
via which modulation of inflammation as well as host defense
occurs [56].

Ukil et al. demonstrated that the kinase properties of
IKK were triggered in cells that were stimulated with GA
via a mechanism that most probably involves upregulatory
signaling pathways [56]. They however did not observe any
influence of GA on IKK activity when GA was added
directly to the assay mixture containing IKK immunopreci-
pitated from normal macrophages (Table 1) [56]. An earlier
study revealed that GA influenced the inhibitory interaction
between NF-«B, which is a fundamental modifier to IKKf
and IKKy (Figure 2) [62]. Another study indicated that
GA inhibited one of the essential upregulatory kinases like

NF-«B-inducing kinase, PI3K, or MAPK in the signaling
pathway (Figure 2) [63].

GL was capable of treating coxsackievirus B3- (CVB3-)
triggered myocarditis via the blockade of CVB3-triggered
NF-«B activity via the inhibition of NF-xB inhibitor IxB
(Table 1) [20, 64]. Wang and Du revealed that pretreatment
with GL substantially inhibited the facilitation of NF-«B p65
protein secretion, in methotrexate-stimulated enteritis
(Table 1) [6]. Cherng et al. showed that GL blocked NF-«B
secretion, averted DNA damage, and accelerated DNA
repair (Table 1) [65]. Feng et al. demonstrated that GA safe-
guards advanced glycation end-product- (AGE-) stimulated
endothelial dysfunction via blockade of the receptor for
AGE/NF-«B signaling pathway (Figure 2 and Table 1) [66].

7. Chemokines

Chemokines are a family of molecules associated with the
trafficking of leukocytes in normal immune surveillance and
recruitment of inflammatory cells in host defense [67-69].
They are made up of over 40 groups, which are classified into
four classes founded on the sites of essential cysteine residues
like C, CC, CXC, and CX3C [67]. GL was capable of subduing
the H5N1-triggered generation of CXCL10, and CCL5 resulting
in the blockade of H5N1-triggered apoptosis [20, 70]. Michaelis
et al. demonstrated that 100 mg/ml of GA drastically blocked
secretion of CXCL10, and CCL5 at the mRNA and the protein
levels (Table 1) [30]. Augmented CXCL10 levels were observed
in patients with H5N1, and the elevated levels of CXCL10 were
associated with poor prognosis (Table 1) [30, 71].



CCL11 known as eotaxin 1 was primarily detected as the
prime eosinophil chemoattractant in the lung lavage fluid
after allergic exposure in guinea pigs [39]. Subsequently, it
was cloned for further studies [39, 72, 73]. Several studies
have demonstrated that numerous types of cells, such as lung
or dermal fibroblasts, as well as lung or bronchial epithelial
cells are capable of producing eotaxin 1 [39, 74, 75]. Studies
further revealed that the production of eotaxin 1 was
triggered by IL-4 and inhibited by IFN-y [39, 74, 75]. It was
also observed that eotaxin 1 facilitated the infiltration of
eosinophils into allergic inflammatory sites [39, 74, 75].

Matsui et al. indicated that GL may be capable of mod-
ulating chemokine generation via the posttranscriptional
level such as protein expression or mortification [39]. They
demonstrated that GL derivatives had inhibitory effects on
eotaxin 1 generation via TNF-«a as well as IL-4 induction
in lung fibroblasts (Figure 2) [39]. Studies have shown that
induction of IL-4 and TNF-«a in combination synergisti-
cally accelerated the generation of eotaxin 1 via the trigger-
ing of transcriptional factors like STAT-6 and NF-«B
(Figure 2) [76-78]. GL and its derivatives thus blocked
eotaxin 1 production at protein or mRNA secretary levels
(Table 1) [39, 76].

8. Interferons

Interferons (IFNs) are a family of broad-spectrum antiviral
glycoproteins expressed by cells upon attack by viruses. They
are often involved in numerous immune responses as trig-
gers, modulators, and effectors of both innate as well as adap-
tive immune systems during viral infections [79, 80]. They
have the ability of blocking viral replication and are often
the most prominent cytokines produced during viral infec-
tions [79, 80]. IFN-y, which is expressed by lymphocytes,
has been implicated in the secretion of histocompatibility
antigen as well as immune modifications [6, 81]. Studies have
demonstrated that IFN-y was capable of facilitating the
endotoxin-stimulated generation of NO in murine macro-
phages [79, 80].

Studies have shown that IFN with or without adenine
arabinoside was capable of curing hepatitis B patients [1,
82, 83]. IFNs were capable of reducing the level of either
DNA polymerase or hepatitis B surface antigen in hepatitis
patients [1, 84]. Furthermore, GL was capable of facilitating
IFN-y production in human T-lymphocytes [85, 86]. Also,
GL was capable of inducing the production of IFN in mice,
which was preceded by stimulation of macrophages as well
as the increase of NK activity [87, 88]. Bhattacharjee et al.
demonstrated that splenic expression of IFN-y, TNF-a, and
IL-12 elevated after GA treatment. Wu et al. also demon-
strated that GL drastically decreased inflammatory via IFN-
y (Figure 2) [89]. They concluded that blockade of the IFN-
y signaling pathway may be linked to anti-inflammatory
effects of GL in enteritis [89].

9. Cyclooxygenase and Prostaglandins

COX-1 and COX-2 are the main cyclooxygenase (COX) iso-
enzymes, which catalyze the formation of prostaglandins,
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thromboxane, and levuloglandins [90]. Prostaglandins are
autocoid facilitators that influence practically all recognized
physiological as well as pathological activities via their
reversible communication with G-protein attached mem-
brane receptors [90]. Amongst the COX isoenzymes, COX-
2 was more inducible with low secretory levels in most
tissues under normal circumstances [6, 91]. It was estab-
lished that numerous cell types such as vascular smooth
muscle cells, endothelial cells, mononuclear macrophages,
and fibroblasts were capable of secreting COX-2 up to about
8-10-fold the normal level when stimulated by proinflam-
matory cytokines [6, 92].

It was further observed that augmentation of COX-2
levels resulted in the generation as well as buildup of prosta-
glandin inflammatory factors, facilitating inflammatory
responses as well as tissue damage [6, 91]. Studies have
shown that oversecretion of COX-2 facilitated cell prolifera-
tion, blocked apoptosis, and blocked immune responses,
resulting in abnormal modulation of the balance between
proliferation and apoptosis [6, 91, 92]. Bhattacharjee et al.
demonstrated that a robust antileishmanial protection was
observed via the modulation of macrophage-secreted COX-
2-determined PGE2 levels [25]. Also, Leishmania organisms
were capable of using immune modulators like TGF-f3, IL-
4, and arachidonic acid metabolites to inhibit macrophage
functions and facilitated the organism’s survival within the
host [93].

PGE2 biosynthesis comprises two successive enzymatic
reactions [25]. The first one is a rate-limiting step involving
the COX enzyme, while the second is a precise PGE synthesis
step [25]. In pathophysiological processes, the inducible iso-
form of COX-2 was capable of modulating PGE2 production
while COX-1 was principally copied [25, 94, 95]. Studies have
shown that augmented level PGE2 was capable of modulat-
ing several immune responses via mechanisms involving
the blockade of Thl cytokines like IL-2, IL-12, and IFN-y,
as well as inhibition of phagocytosis and lymphocyte prolifer-
ation [25, 96, 97]. Thus, PGE2 ability to modulated immune
response is champion by Thl- or Th2-associated lympho-
kines [25, 96].

It was established that GA was capable of blocking PGE2
synthesis via blockade of COX-2 resulting in concurrent aug-
mentation NO production through enhancement of iNOS2
mRNA secretion in Leishmania-infected macrophages
(Figure 2 and (Table 1) [25]. Wang and Du demonstrated
that pretreatment with GL significantly blocked the facilita-
tion of COX-2 activity in methotrexate-triggered enteritis
[6]. Cherng et al. also demonstrated that GL was able to block
COX-2 secretion, inhibited DNA damage, and promoted
DNA repair (Table 1) [65]. Ni et al. observed an upsurge in
COX-2 secretion in lung tissues after introducing LPS in their
experiment, which was subsequently decreased in a dose-
dependent manner after GL pretreatment (Figure 2 and
Table 1) [98].

10. Interleukins

Interleukin belongs to a group of cytokines, which are
perhaps the most essential messenger molecules generated
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by leukocytes to modulate the biological activities of target
cells via autocrine or paracrine means [99]. Several groupings
of ILs have been identified [99]. Notable amongst them are
IL-1, IL-2, IL-3, IL-5, IL-6, IL-10, IL-12, IL-13, and so many
others [3, 8,99-101]. Although most of the ILs are influenced
by GL and GA, IL-12 is the most influential. IL-12 is a hetero-
dimeric cytokine produced primarily by macrophages and
monocytes [8]. Its key function is the modulation of cyto-
kines as well as T-cell subsets [8]. A study revealed that a
deficiency in endogenous IL-12 production influenced the
progression of immunodeficiency in HIV-infected patients
[8, 102]. Studies have proven that IL-12 salvaged numerous
activities of cells infected with HIV [8, 103].

Several studies have demonstrated that IL-12 was capable
of influencing T-cells and natural NK cells resulting in cell
proliferation, cytolytic activities, and triggering of IFN-y [8,
104]. Studies further revealed that the polarization of the T
helper response to a Th1-dominant form via IL-12 was accel-
erated by IFN-y resulting in the blockade of IL-4 production
[8, 100, 101]. GA was capable of blocking IL-1p, IL-3, IL-5,
IL-6, IL-10, IL-12 subtypes, IL-13 (Figure 2), eotaxin, and
TNF-a expression (Table 1) [8, 104-106]. GL was also capa-
ble of accelerating the proliferation of lymphocytes and acted
as a facilitator of the late signal transduction of T lympho-
cytes for IL-2 generation (Table 1) [4, 106].

Zhang et al. also indicated that GL facilitated TCR-
mediated T-cell proliferation by selectively influencing the
late signal transduction for IL-2 generation as well as IL-2R
secretion [9]. They further indicated that GL exhibited two
separate activities on immature thymocytes resulting in the
facilitation of IL-2 generation on one hand and blocked
growth response on the other [9, 107]. A hepatitis study
revealed that IL-4 was capable of stimulating STAT6, which
in turn stimulated eotaxin secretion as well as triggered IL-
5 secretion [40, 108]. Wang and Du established that GA
was capable of relieving methotrexate-stimulated upsurge of
TNEF-a, IL-1f3, and IL-6 levels, as well as elevated IL-10 levels,
in rats with enteritis (Table 1) [6]. GL was able to facilitate the
IL-10 production by hepatic dendritic cells in mice with
hepatitis (Table 1) [76].

Studies have proven that IL-10 is a well-known anti-
inflammatory cytokine [40, 109, 110]. It was capable of mod-
ulating STAT3 in hepatocytes as well as macrophages/Kupf-
fer cells [40, 109, 110]. A study revealed that GA was capable
of accelerating LPS-triggered IL-12 generation by peritoneal
macrophages (Table 1) [4, 8]. Its optimal effect on IL-12 gene
secretion was linked to an upsurge in NF-«B modulation [4,
8]. Dai et al. demonstrated that GL accelerated both IL-12
mRNA buildup as well as protein expression by peritoneal
macrophages in response to LPS [8]. They indicated that
the priming influence of GL on IL-12 generation did not
depend on IFN-y or GM-CSF [8]. Thus, they also affirmed
that the facilitation of IL-12 p40 mRNA secretion by GL
may be via the modulation of NF-«B [8].

Yoshida et al. demonstrated that GL was able to block the
upsurge in serum levels of IL-18 in LPS/D-galactosamine-
induced liver injury (Figure 2 and Table 1) [111]. Thus, GL
blocked the generation of IL-18 in this model [111]. They
also observed fewer IL-18-positive infiltrating cells after the

introduction of GL [111]. Also, GL was capable of blocking
the infiltration of neutrophils and macrophages in liver
injury [111]. Furthermore, GL-stimulated decrease in immu-
noreactive IL-18 was probably due to blockade of cell infiltra-
tion in the liver [111]. GL was able to inhibit an upsurge in
alanine aminotransferase activity when exogenous IL-18
was administered in mice treated with LPS/D-galactosamine
[111]. Thus, GL blocked IL-18-mediated inflammatory
response in the pathogenesis of liver injury [111]. Nakanishi
et al. demonstrated that IL-18 was capable of triggering gene
secretion as well as the synthesis of TNF-q, IL-1, FAS ligand,
and many chemokines [112].

11. Mitogen-Activated Protein Kinase

Mitogen-activated protein kinase (MAPK) signal transduc-
tion pathways are linked with cell proliferation, differentia-
tion, apoptosis, and angiogenesis [6]. Specifically, the p38
mitogen-activated protein kinase (p38MAPK) signal trans-
duction pathway modulates stress responses, like inflamma-
tion as well as apoptosis [6, 113]. Studies have shown that
LPS as well as other factors is capable of triggering the MAPK
pathways resulting in the secretion of many inflammatory
mediators via complex signal conduction pathways, which
facilitates inflammation [6]. Furthermore, the modulation
of p38MAPK was observed in various transduction path-
ways, which in turn stimulated many transcription factors
as well as mediated a variety of biological activities [6, 114].

Wang and Du demonstrated that pretreatment with GA
remarkably inhibited the facilitation of p38MAPK in
methotrexate-stimulated enteritis (Table 1) [6]. They
concluded that the anti-inflammatory actions of GA were
probably linked to p38MAPK signaling (Figure 2) [6]. Also,
studies have shown that GA lessens glycative stress in the
kidneys of diabetic mice via the blockade of p-p38MAPK
[115, 116]. It was further established that GA was capable
of blocking the modulation of JNK, p38 protein, and ERK
(Figure 2 and Table 1) in bone marrow-derived macrophages
(BMMs) [45].

12. Nitric Oxide

Nitric oxide (NO) is a radical messenger molecule generated
by the enzyme nitric oxide synthase (NOS) [117-119]. So far,
only three isoforms of NOS have been identified. Amongst
the three, only two of them, NOS in neurons (nNOS) and
in the endothelial cells of blood vessels (eNOS), are intensely
secreted [117-120]. These two are capable of producing only
minute quantities of NO, which is sufficient to trigger cellular
signaling in stress conditions.

Studies have shown that NO in an inflammatory media-
tor is capable of modulating innate immunity as well as path-
ophysiology of many infectious diseases [117, 121, 122]. The
third kind of NOS is the inducible nitric oxide synthase
(iNOS) [117, 119].

Studies have further proven that iNOS generates NO in
hepatocytes as well as macrophages [117, 119, 121, 122].
The stimulation of iNOS is modulated via a posttranscrip-
tional mechanism that is mediated by antisense transcripts



(asRNAs) [117, 122]. Several studies have shown that the
asRNAs are transcribed from the iNOS gene and interact
with iNOS mRNA to stabilize the same iNOS mRNA [122,
123]. Studies have demonstrated that the iNOS is triggered
by cytokines like IFN-y and TNF-a, which in turn produce
large quantities of NO [117, 119, 121, 123]. It is well proven
that NO generated by iNOS was capable of triggering an
inflammatory liver damage [117, 124].

Studies have demonstrated that concanavalin A (Con A)
was capable of triggering the stimulating the T-cells in mice
and induced the secretion of proinflammatory cytokines
associated with the progression of hepatitis (Figure 2) [119,
125]. Furthermore, GL was capable of inhibiting Con A-
stimulated mouse liver damage without influencing the
generation of IFN-y and TNF-« [119, 126]. Tsuruoka et al.
demonstrated that GL blockade of liver damage was via the
inhibition of iNOS mRNA as well as its protein secretion
(Table 1) [119]. Thus, GL inhibited iNOS mRNA and protein
in Con A-stimulated hepatitis [119]. Also, GL was capable of
blocking the secretion of iNOS mRNA stimulated by carbon
tetrachloride in hepatic tissue (Table 1) [119, 127].

13. Toll-Like Receptors

Toll-like receptors (TLRs) are sensors for pathogen-associated
molecular patterns (PAMPs) [128]. TLRs are capable of mod-
ulating several immune responses, especially during the infec-
tious process [128]. Several studies have shown that the
secretion of TLR-3, TLR-4, TLR-7, TLR-9, and TLR-10 genes
from hepatic tissue was upregulated in some viral infection
models [129, 130], and GA or GL is capable of inhibiting these
receptors (Table 1) [131-134]. It was established that the TLR-
4 pathway comprises of two dissimilar signaling pathways
such as the myeloid differentiating primary response gene
88- (MyD88-) dependent as well as the MyD88-independent
pathway [135, 136]. It was further revealed that stimulation
of the MyD88-dependent pathway led to the generation of
proinflammatory cytokines via triggering of NF-«B, while
the stimulation MyD88-independent pathway led to the gen-
eration of type 1 IFNs [135, 136].

A study revealed that TLR-4 was the fundamental recep-
tor of the innate immune signaling responses to influenza
virus as well as other respiratory viruses [137]. Several studies
have shown that the TLR-4 was more associated with respira-
tory syncytial virus and human papillomavirus infections
[129, 138, 139]. Shi et al. revealed that TLR-4 gene deficiency
was not associated with the downregulation of virus titer in
the liver during MHV-A59 infection [129]. They observed
that in MHV-A59 infection, the HMGB1-TLR-4 axis utilizes
proinflammatory activities without directly influencing virus
replication [129].

A study demonstrated that GA was not capable of
influencing TLR-4 gene secretion during viral infection
[129]. Nevertheless, the secretion of the TLR-4 gene facili-
tated MHV-stimulated hepatic inflammation injury as well
as determined HMGBI1 secretory levels in the serum
(Figure 2) [129]. Several studies have proven that pretreat-
ment with a TLR-4 inhibition agent reduced the HMGBI
levels from virus-infected cells via the TLR4-NF-xB path-

Mediators of Inflammation

way (Figure 2) [129, 139, 140]. Studies further revealed that
the inactivation of NF-«xB led to a reduced expression of
different proinflammatory cytokines like IL-1, IL-6, TNF-
o, and HMGBL1 (Figure 2) [129, 139, 140]. GL was capable
of blocking porcine epidemic diarrhea virus infection, as
well as reduced proinflammatory cytokine expression via
the HMGBI1/TLR4-p38MAPK pathway (Figure 2 and
Table 1) [141].

14. High-Mobility Group Box 1

High-mobility group box 1 (HMGBI1) protein is a nuclear
protein that functions as an architectural chromatin-
binding factor [142, 143]. HMGBI is the prime signal during
tissue damage usually involving necrotic and apoptotic cells
[142]. Furthermore, HMGBI1 performs dual functions in
the nucleus and the cytoplasm [142]. Also, extracellular
HMGBI facilitates both local as well as systemic responses
in the organism [142]. These responses often include inflam-
mation, modulation of innate as well as adaptive immunity
[142, 143]. Several studies have demonstrated that HMGB1
is secreted by monocytes, macrophages, neutrophils, plate-
lets, and dendritic and NK cells [142, 144].

Several studies have shown that HMGB1 induces macro-
phages, monocytes, and neutrophils to secrete proinflamma-
tory cytokines like TNF-a, IL-1, IL-6, IL-8, and MIP-1 via
p38- and JNK MAPK-dependent pathways (Figure 2) [145,
146]. It was established that HMGB1 was passively secreted
by damage alveolar endothelial cells or macrophages during
virus-mediated cytolysis [145]. Once expressed, extracellular
HMGBI1 was capable of mediating injurious pulmonary
inflammatory response like neutrophil infiltration, derange-
ment of epithelial barrier, lung edema, and lung injury [145,
147]. These injurious pulmonary inflammatory responses sub-
sequently result in respiratory failure as well as death [147].

Also, human microvascular endothelial cells are capable of
secreting ICAM-1, vascular adhesion molecule-1 (VCAM-1),
proinflammatory cytokines like TNFa, IL-8, and chemokines
in response to HMGBI activation (Figure 2) [145, 148]. This
means that HMGBI was capable of disseminating inflamma-
tory response in the endothelium during infection or injury
[145]. Chemotactic as well as mitogenic actions of HMGBI1
depends on its association with the receptor of advanced gly-
cation end products (RAGE) [142, 149]. GL was capable of
blocking the chemoattractant as well as mitogenic activities
of HMGBI (Table 1) [142].

GL was capable of binding to both HMG boxes of
HMGBI in both NMR and fluorescence studies without
altering their secondary structure, which was observed as
an absence of changes in CD spectra [142]. It was further
established that amino acids interacting with GL clusters at
the junction of both arms of the classical L-shape fold of both
HMG boxes in chemical-shift perturbation experiments
[142]. Furthermore, the binding sites for GL on the HMG
boxes partly overlap with the DNA binding sites, shielding
residues like R23, which is recognized to be crucial for
DNA binding [142, 150]. Nevertheless, the RAGE-binding
surface on HMGBI was characterized with the stretch of
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basic amino acids between box B and the acidic tail and did
not match with the binding surfaces of GL [142, 149].

Influenza type A, B, and C viruses are responsible for
influenza infection (“flu”) [145]. This infection is often
depicted with massive virus replication as well as excessive
inflammation [145]. Studies have shown that influenza
viruses are capable of infecting monocytes and macrophages
resulting in the stimulation of proinflammatory cytokines
like TNF-«, IL-1, IL-6, IL-8, IFN-a, and chemokines in
infected areas (Figure 2) [145, 151]. Moisy et al. demon-
strated that HMGBL1 binds to the nucleoprotein section of
influenza ribonucleoproteins (vRNPs) freely in the company
of viral RNA in vitro and interacts with the viral nucleopro-
tein VCAM-1 in infected cells [152]. They revealed that
HMGB1 was capable of facilitating viral growth as well as
augmented the transcription or replication activity of the
viral polymerase in HMGBI1-depleted cells [152]. Thus,
HMGBI binding to DNA was a prerequisite for the augmen-
tation of influenza virus replication [152]. Therefore, GA and
GL may be capable of treating influenza viral infection via the
HMGBI-TNF-a pathway (Figure 2). Further studies should
focus on this pathway.

HMGBL1 was able to trigger necrotic cell death resulting in
abundant budding of West Nile (WN) progeny virus particles
at higher infectious doses [145, 153]. Furthermore, HMGB1
mediated in injurious inflammatory response resulting in the
pathogenesis of WN encephalitis [145, 153, 154]. Besides
WN viruses, other viruses like the salmon anemia virus were
capable of triggering necrotic cell death of infected cells,
leading to simultaneous HMGBI1 expression [145, 154]. GL
and GA may be potential treatment options for WN viral via
HMGBI. Further studies are warranted in this direction.

Studies have shown that an increase in proinflammatory
cytokines like IL-1, IL-6, TNF-a, and IFN-y may trigger the
expression of HMGBI from innate immune cells in SARS
patients (Figure 2) [145, 155]. Thus, further studies on
GL/GA-HMGBI axis are needed to elucidate their potential
role in the treatment for patients with coronavirus disease-
19 in the current SARS-coronavirus pandemic. Acute viral
hepatitis is caused by hepatitis A, B, C, and D viruses. Their
pathogenesis is often depicted with acute necrosis of hepato-
cytes, inflammation, and followed by fibrosis as well as cir-
rhosis [145, 156]. HMGBI, passively secreted by necrotic
hepatocytes, may stimulate tissue macrophages especially
Kupffer cells to express proinflammatory cytokines during
an acute infection [145]. Thus, HMGBI1 alone or in combi-
nation with other proinflammatory cytokines may cause
chronic liver damage in hepatitis patients [145]. GL and
GA are potential treatment options for chronic viral hepati-
tis. Further studies are warranted on HMGBI1 and/or
GL/GA axis.

15. Conclusion

GL and GA are able to block the secretion of IL-1, IL-3, IL-
4, IL-5, IL-6, IL-10, IL-12, IL-13, eotaxin, and TNF-« expres-
sion. This means that GL and GA are capable of inhibiting
cytokine storms elicited during various infectious diseases
most especially viral diseases. GL and GA drastically decreased

inflammation via IFN-y, which means that GL and GA have
very crucial antiviral properties. Also, GA decreased the secre-
tion of VEGF, MCP-1, GM-CSF, and GRO/KC in alcoholic
hepatitis rats’ models. GA was capable of blocking the modu-
lation of JNK, p38 protein, and ERK in BMMs. Further studies
on GL/GA-HMGBI axis are needed to elucidate their poten-
tial role in the treatment for patients with coronavirus
disease-19 in the current SARS-coronavirus pandemic.
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