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Objective. Duchesnea indica has been reported for its anti-inflammatory properties. However, its efficacy in sepsis has yet to be
reported. In this study, we studied the ability of Duchesnea indica extract (DIE) to rescue mice from septic shock and sepsis.
Methods. In vitro studies included the measurement of secreted nitric oxide, cell viability, gene and protein expression via real-
time polymerase chain reaction and western blot, and confocal microscopy in RAW 264.7 cells. In vivo studies include a model of
septic shock and sepsis in BALB/c mice induced by a lethal and sub-lethal dose of lipopolysaccharide (LPS). Results. DIE
suppressed the expression of proinflammatory cytokines induced by LPS and prevented the translocation of NFκB into the
nucleus of RAW 264.7 cells. It also prevented reactive oxygen species damage induced by LPS in murine bone marrow-derived
macrophages. Models of sepsis and septic shock were established in BALB/c mice and DIE-rescued mice from septic shock. DIE
also reversed the increase in tumor necrosis factor-α and nitrite levels in the serum ofmice induced with sepsis. DIE also prevented
the translocation of NFκB from the cytosol into the nucleus in murine lungs. Histopathological damage induced by sepsis was
reversed in the testis, liver, and lungs of mice. Conclusion. In conclusion, DIE is a suitable candidate for development as a
therapeutic agent for sepsis.

1. Introduction

In the +ird International Consensus definition for Sepsis
and Septic Shock (Sepsis-3) in 2016, sepsis is defined as a life-
threatening disease that causes organ dysfunction because of
a dysregulated host response to infection. Septic shock has
been defined as a subset of sepsis in which underlying
circulatory, metabolic, and cellular abnormalities are suffi-
cient to cause death [1]. Antibiotics like ceftriaxone and
metronidazole were prescribed in combination to patients
with sepsis [2, 3], but a study has shown that ceftriaxone
induces an altered gut microbiota in mice [4]. Side effects of
consuming pharmaceutical drug is unavoidable. Natural

drugs contain active ingredients like polysaccharides, or-
ganic acids, flavonoids, and saponins that have been widely
reported to benefit and suppress various diseases [5].

Pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) are de-
tected by receptors such as the toll-like receptors (TLRs).
TLRs are known to activate the nuclear factor κB (NFκB)
and the mitogen-activated protein kinase (MAPK) pathway
[6]. LPS is a component of the outer membrane of Gram-
negative bacteria and is a ligand for TLR4 [7]. Hence, LPS
and TLR4 signaling are suitable targets for elucidating the
efficacy of herbal extracts against sepsis. NFκB is also known
to be associated with various inflammatory diseases [8, 9].
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+erefore, we targeted NFκB as a primary determinant in
this study.

Duchesnea indica, commonly known as false strawberry,
is normally found in east Asia, in particular, China and
Japan. It has been reported that the leaves and whole plant
exhibit anticancer [10, 11], antioxidant [12], and immune
modulatory activities [13]. +ere have been no studies
specifically evaluating the efficacy of Duchesnea indica ex-
tract (DIE) as a therapeutic agent for sepsis. However, the
whole plant extract has been reported to exhibit anti-in-
flammatory activities in RAW 264.7 cells [14]. Zhu et al.
(2014) have identified a total of 27 phenolic compounds
from Duchesnea indica ranging from ellagic acid glycosides,
ellagitannins, ellagic acid, hydroxybenzoic acid, flavonoids,
and hydroxycinnamic acid derivatives [15]. In another
study, compounds like kaempferol, apigenin, and arjunic
acid were also identified in the ethyl acetate fraction of
ethanol extracts of Duchesnea indica [16]. Flavanoids and
kaempferol were also well-known for their antioxidant ac-
tivity [17, 18], indicating the potential benefits of DIE. +is
shows that DIE may contain a variety of bioactive com-
pounds that are therapeutic against various diseases.

As sepsis represents a dysregulation of the host response
to infection and a flared inflammatory response, we hy-
pothesize that DIE may be an effective treatment for sepsis.
Reactive oxygen species (ROS) are produced by cells that are
involved in the host defense response [19] and are also
closely associated with hypoxia and cancer [20]. As DIE was
reported for its potent antioxidant properties, and sepsis is
also associated with the imbalance of oxidants and anti-
oxidants [21], it may indicate that DIE is capable of at-
tenuating sepsis. Our study shows that DIE has the potential
to be developed into a therapeutic agent for sepsis.

2. Materials and Methods

2.1. Reagents. Fetal Bovine Serum (FBS), Dulbecco’s Mod-
ified Eagle Medium (DMEM), Roswell Park Memorial In-
stitute (RPMI) 1640 Medium, streptomycin, and penicillin
were from Welgene (Daegu, Republic of Korea). +e oli-
gonucleotide primers used, shown in Table 1, were pur-
chased from Bioneer (Daejeon, Republic of Korea). +e
TRIzol reagent was purchased from Invitrogen (Carlsbad,
CA, USA). 2′, 7′–dichlorofluorescin diacetate (DCFDA),
lipopolysaccharide (LPS), Bay-11, N-acetyl-cysteine (NAC),
phorbol 12-myristate 13-acetate (PMA), and DAPI stain
were obtained from Sigma–Aldrich (St. Louis, MO, USA).
Antibodies for western blot analysis, inducible NO synthase
(iNOS; #2982), cyclooxygenase-2 (COX-2; #4842), p-TAK1
(phospho-transforming growth factor beta-activated kinase
1; #4531), p-IκBα (#2859), p-NFκB p65 (#3033), T-NFκB p65
(#8242), β-Actin (#4967), total-extracellular-signal-regulated
kinase (T-ERK; #9102), p-ERK (#9101), total-c-Jun N-ter-
minal kinase (T-JNK; #9252), p-JNK (#9251), T-p38 (#9212),
p-p38 (#9211), poly (ADP ribose) polymerase (PARP;
#9542), HRP-linked antibody (#7074), and ALexa Fluor 555®conjugated secondary antibody (#4413) were from Cell
Signaling Technology (Danvers, MA, USA).

2.2.PreparationofDIE. +ewhole plant ofDuchesnea indica
was crushed, weighed, and boiled with 70% ethanol at 80°C
for 2 h, concentrated via rotary evaporation, frozen, and
lyophilized. +e obtained powder was weighed and used in
subsequent experiments.

2.3. Cell Culture. RAW 264.7 murine macrophage cells
(TIB-71™) were from the American Type Cell Culture
(ATCC) (Rockville, MD, USA) and maintained in a water-
jacketed incubator supplied with 5% CO2 at 37°C.

2.4. UPLC-QToF-MS Analysis of DIE. A UPLC system
equipped with a binary solvent delivery system was sourced
from Waters Corp. (Milford, MA, USA), coupled with an
auto-sampler and a UV detector as previously reported [22].
+e quadrupole time-of-flight mass spectrometer (Q-Tof
Premier™, Waters Corp., Milford, MA, USA) was used. +e
lock mass used was a reference solution of leucine-en-
kephalin ([M−H]−m/z 554.2615) in the form of a spray.

2.5. GCMS Analysis of DIE. GCMS analysis of DIE was
carried out using an Agilent 7890A GC (Agilent Technol-
ogies, Santa Clara, CA, USA) as previously reported [22].
Mass spectrometry was acquired via electron ionization and
scan modes.

2.6. Nitric Oxide (NO) andCell Viability Assays in RAW264.7
Cells Treated with DIE. RAW 264.7 cells were cultured at a
density of 3×105 cells/mL in 24-well plates overnight. DIE

Table 1: Primer sequences used in this study.

RT-PCR

GAPDH F: 5′-CACTCACGGCAAATTCAACGGCAC-3′
R: 5′-GACTCCACGACATACTCAGCAC-3′

iNOS F: 5′-CCCTTCCGAAGTTTCTGGCAGCAGC-3′
R: 5′-GGCTGTCAGAGCCTCGTGGCTTTGG-3′

COX-2 F: 5′-CACTACATCCTGACCCACTT-3′
R: 5′-ATGCTCCTGCTTGAGTATGT-3′

TNF-α F: 5′-TTGACCTCAGCGCTGAGTTG-3′
R: 5′-CCTGTAGCCCACGTCGTAGC-3′

IL-1β F: 5′-CTGTGGAGAAGCTGTGGCAG-3′
R: 5′-GGGATCCACACTCTCCAGCT-3′

IL-6 F: 5′-GTACTCCAGAAGACCAGAGG-3′
R: 5′-TGCTGGTGACAACCACGGCC-3′

Real-time PCR

GAPDH F: 5′-CACTCACGGCAAATTCAACGGCAC-3′
R: 5′-GACTCCACGACATACTCAGCAC-3′

iNOS F: 5′-GGCAGCCTGTGAGACCTTTG-3′
R: 5′-GCATTGGAAGTGAAGCGTTTC-3′

COX-2 F: 5′-GGCAGCCTGTGAGACCTTTG-3′
R: 5′-GCATTGGAAGTGAAGCGTTTC-3′

TNF-α F: 5′-TGCCTATGTCTCAGCCTCTTC-3′
R: 5′-GAGGCCATTTGGGAACTTCT-3′

IL-1β F: 5′-CAACCAACAAGTGATATTCTCCATG-3′
R: 5′-GATCCACACTCTCCAGCTGCA-3′

IL-6 F: 5′-TCCAGTTGCCTTCTTGGGAC-3′
R: 5′-GTGTAATTAAGCCTCCGACTTG-3′
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was added at 12.5 μg/mL to 100 μg/mL for 30min followed
by the administration of 0.1 μg/mL LPS and incubated for
18 h before the supernatant was collected for NO assay using
the Griess Reagent. 3-(4,5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) was added to each well
and left to incubate for 3 h. Formazan crystals of MTT were
dissolved with DMSO and quantified using a plate reader
(VersaMax, Molecular Devices, San Jose, CA, USA). +e
wavelengths used for measuring NO and MTTwere 540 nm
and 560 nm, respectively. Lactate dehydrogenase (LDH)
activity was detected in RAW 264.7 cells with an LDH assay
kit (Cayman Chemicals, Ann Arbor, MI, United States).
Briefly, DIE was treated with RAW 264.7 cells as stated
above, with or without LPS. LDH activity was detected
according to the manufacturer’s instructions.

2.7.RNAExtraction inRAW264.7Cells,ReverseTranscription
Polymerase Chain Reaction (RT-PCR), and Real-Time Poly-
merase Chain Reaction (qRT-PCR). RAW 264.7 cells were
cultured in 6-well plates at a density of 5×105 cells/mL and
treated similarly as stated above. After 18 h, RNA extraction
was done as previously described [23]. Briefly, cells were
harvested using the TRIzol solution. RNA was reverse
transcribed according to the manufacturer’s instructions
(Bioneer, Daejeon, Republic of Korea). PCR and real-time
PCR were carried out as previously described [22]. Gene
expression (Ct) values were normalized relative to the
housekeeping gene, GAPDH. Sequences of primers used in
this study are shown in Table 1.

2.8. Western Blot Analysis of RAW 264.7 Cells and Murine
Lung Tissue. RAW 264.7 cells were cultured in 6-well plates
as described above. Protein was extracted using a PRO-PREP
solution (iNtRON, Daejeon, Republic of Korea). For in vivo
studies, lungs of mice were snap frozen directly after har-
vesting. Cytosolic and nuclear fractions were separated using
NE-PER nuclear and cytosolic reagents (+ermo Fisher
Scientific, Waltham, MA, USA). Proteins were separated on
10% SDS–PAGE gels, transferred to PVDF membranes
(Milipore, Burlington, MA, USA), blocked with 5% skim
milk, and incubated with target antibodies (1 :1,000) over-
night at 4°C. Secondary antibody was incubated at a 1 : 3,000
dilution the following day before developing (General
Electrics, Boston, MA, USA). Experiments were conducted
three times and blots were quantified using ImageJ software
(NIH, USA).

2.9. LPS-Induced ROS Damage in Murine BMDM. Bone
marrow cells were harvested from the femurs of male C57/
Bl6 mice, cultured in RPMI media supplemented with 15%
L929 conditioned media, and allowed to differentiate for 7
days into BMDM before treatment with DIE for 30min
followed by 0.1 μg/mL LPS. Cells were then incubated for an
additional 18 h, stained with DCFDA, and analyzed using
flow cytometry to detect LPS-induced ROS damage. NAC
(10 μM) was used as a reference drug.

2.10. Transient Transfection and Luciferase Assay of RAW
264.7 Cells. RAW 264.7 cells were transfected with NFκB or
AP-1 plasmid and TK-Renilla using Solfect™ (Biosolyx,
Daegu, Republic of Korea) according to the manufacturer’s
instructions. Cells were then plated in 24-well plates at a
density of 3×105 cells/mL. After 24 h, the cells were treated
with the DIE extract followed by 0.1 μg/mL LPS 30min later.
Cells were incubated for 5 h and the expression of NFκB and
AP-1 was measured using the Promega firefly luciferase
assay (Madison, WI, USA) according to the manufacturer’s
instructions. Luciferase activity was normalized to that of
TK-Renilla luciferase.

2.11. Confocal Microscopy of p-NFκB in RAW 264.7 Cells.
RAW 264.7 cells were seeded onto poly-L-lysine-coated
coverslips and treated with DIE and LPS as described above.
After 18 h of LPS treatment, cells were fixed, washed, and
incubated with 0.1% Triton-X followed by incubation with
ALexa Fluor™ 555-conjugated secondary antibody and
DAPI. Cells were then analyzed using Carl Zeiss LSM700
confocal laser scanning microscope (Carl Zeiss Microscopy
Ltd, Cambourne, CAM, UK).+e intensity of ALexa Fluor™
555 was quantified using Image J (NIH, USA) and the
corrected cell total fluorescence was calculated.

2.12. LPS-Induced Septic Shock Model in BALB/C Mice.
Six-week-old male BALB/c mice weighing between 20 and
22 g were purchased from Orient Bio (Gyeonggi-do, Re-
public of Korea). Animals were left to acclimatize for one
week in a pathogen-free animal facility maintained at a
temperature of 22°C± 2°C and a relative humidity of
50%± 10%, accommodated with a 12/12 h light/dark cycle.
Food and water were supplied ad libitum. All animal ex-
periments were conducted and approved by the Institutional
Animal Care Committee of Kyungpook National University
(KNU-2019-0040). Mice were randomly separated into 5
groups, with 10 mice for survival studies and 6 mice per
group for the chronic model (control, LPS, DIE 100mg/kg,
DIE 300mg/kg, and dexamethasone 10mg/kg). DIE and
dexamethasone were administered orally for 7 days. To
induce septic shock, mice were given an intraperitoneal
injection of 40mg/kg of LPS the next day and observed for a
period of 5 days. For a chronic model of sepsis, mice were
given an intraperitoneal injection of 15mg/kg of LPS the
following day. After 24 h of LPS administration, mice were
anesthetized using 1% isoflurane. Blood, liver, lungs, and
testis were harvested for further analysis.

2.13. TNF-α and NO Levels in the Serum as Measured by
ELISA. Serum was separated from the blood collected via
cardiac puncture and stored at −70°C until analysis. ELISA
kits (R&D Systems, Minneapolis, MN, USA) were used
according to the manufacturer’s instructions.

2.14. Hematoxylin and Eosin (H&E) Staining. Harvested
lungs, liver, and testis were directly fixed in 10% neutral
buffered formalin. Tissues were dehydrated and fixed in
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paraffin before sectioning into 6-μm sections and stained
with H&E according to a previously reported method [24].
Histological images were acquired using Aperio ImageScope
x64 software (Leica Biosystems, Buffalo Grove, IL, USA).

2.15. StatisticalAnalysis. Statistical analyses were done using
GraphPad Prism version 7.00 software (San Diego, CA,
USA) and one-way ANOVA was performed with Dunnett’s
posttest. Data are presented as mean± SD.

3. Results

3.1. Identification of Compounds in DIE. UPLC-QToF-MS
analysis revealed that the main component of DIE is ellagic
acid as shown in peak 1 (Figure 1). GCMS analysis revealed
that the major compounds detected were 2, 3-dihydro-3, 5-
dihydroxy-6-methyl-(4H)-pyran-4-one, hexadecanoic acid,
9, 12, 15-octadecatrienoic acid, gamma-sitosterol, octade-
canoic acid, and leoelaidic acid (Table 2).

3.2. NO Assay and Cell Viability Assay in RAW 264.7 Cells.
Treatment of RAW 264.7 cells with DIE at 12.5 μg/mL to
100 μg/mL suppressed LPS-induced secretion of NO in a
dose-dependent manner. A concentration of 100 μg/mL
suppressed 60% of NO induction by LPS (Figure 2(a)) and
was not cytotoxic to the RAW 264.7 cells (Figure 2(b)).
Cytotoxicity of DIE was also investigated using the LDH
assay kit. Based on our results, there was no increased LDH
release after treatment with DIE with LPS (Figure 2(c)) or
without LPS (Figure 2(d)). +is shows that DIE does not
exhibit any cytotoxicity in RAW 264.7 cells.

3.3. DIE Suppresses mRNA Expression of Proinflammatory
Mediators and Cytokines in RAW264.7 Cells. DIE effectively
suppressed iNOS, COX-2, IL-1β, and IL-6 as investigated by
RT-PCR (Figure 3(a)) and quantified using ImageJ software
(NIH, USA) in Figures 3(b) and 3(c). Real-time PCR
revealed that all proinflammatory mediators and cytokines
were significantly suppressed by DIE (Figures 3(d)–3(h)).

3.4. DIE Suppresses the Expression of Proteins of the NFκB and
MAPK Signaling Pathways. LPS is a ligand of TLR4, which
activates the NFκB and MAPK pathways. Our results in-
dicated that increasing the doses of DIE suppressed the
expression of phospho-TAK1, phospho-NFκB p65, p-IκBα,
iNOS, COX-2, and proteins in the MAPK pathway
(Figures 4(a) and 4(c)). Gel images were quantified using
ImageJ software (NIH, USA) (Figures 4(b) and 4(d)). +e
expression of the NFκB pathway proteins was measured
relative to the housekeeping gene, β-Actin, and phosphor-
ylated proteins in the MAPK pathway were normalized
against their total forms.

3.5. DIE Reduces LPS-Induced Oxidative Stress in Murine
BMDM and Suppresses the Expression of NFκB in RAW 264.7
Cells. +e analysis of ROS by flow cytometry revealed that
treatment with 50 and 100 μg/mL DIE significantly reduced

DCFDA-positive cells (Figure 5(a)). Using luciferase assay
following treatment with DIE, NFκB expression was de-
creased significantly but AP-1 was increased (Figures 5(b)
and 5(c)). Bay-11 was used as a reference drug. RAW 264.7
cells that were treated with or without LPS and DIE were
subjected to confocal microscopy to observe the translo-
cation of NFκB p65 into the nucleus. We observed an
increase in the expression of phospho-NFκB p65 in cells
treated with LPS. A merged image showed the expression
of phospho-NFκB p65 in the nucleus, indicating the
translocation of phospho-NFκB p65. Following treatment
with DIE, the expression of phospho-NFκB p65 appeared
to be weaker and its expression was lower in the nucleus
(Figure 5(e)). +e intensity of p-NFκB p65 was quantified
with ImageJ and the corrected total cell fluorescence in-
dicated that DIE reduced p-NFκB p65 significantly
(Figure 5(d)).

3.6.DIE IncreasesMortality in anAcuteModel of LPS-Induced
Septic Shock and Improves Markers in a Chronic Model of
Sepsis. Administration of DIE to mice reduced their mor-
tality induced with septic shock in a dose-dependent manner
(Figure 6(a)). In a separate model of sepsis, serum levels of
TNF-α and nitrite were significantly decreased in a dose-
dependent manner with increasing doses of DIE
(Figures 6(b) and 6(c)). +e expression of phospho-NFκB
was suppressed in the nucleus with DIE treatment, whereas
the total NFκB expression recovered in the cytosol in murine
lung tissue. +e expression of PARP was also not detected in
the cytosolic fraction (Figure 6(d)). Quantification of blots,
carried out using ImageJ software, indicated that DIE
treatment induced a significant decrease in phospho-NFκB
while significantly increasing total NFκB (Figures 6(e) and
6(f )).

3.7. DIE Improves Histopathological Damage Induced by LPS.
LPS induced the destruction of seminiferous tubule struc-
ture (as indicated by arrow) and the lack of sperm flagella in
the testis of mice, which has been reversed by DIE treatment
to a level similar to that of the reference drug, dexameth-
asone (Figure 7(a)). In the liver of LPS-induced mice, ac-
cumulation or red blood cells were visible, indicating
backflow congestion of draining pathways. +is was also
restored by DIE treatment (Figure 7(b)). Lungs in LPS-in-
duced mice had destroyed alveolar structure accompanied
with increased infiltration of neutrophils. Treatment with
DIE prevented the destruction of the alveolar structure and
reduced neutrophil infiltration, indicating a reduced in-
flammatory response (Figure 7(c)).

4. Discussion

In sepsis, neutrophils are activated and it secretes toxic
products that damage nearby cells. In septic patients, the
lifespan of neutrophils is extended due to delayed neutrophil
apoptosis caused by the prolonged activation of NFκB and
suppressed caspace 9 levels [25]. +e NFκB pathway is well-
known for its role in the inflammatory response and is
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Table 2: Compounds identified in DIE by GCMS analysis.
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Figure 2: DIE suppresses LPS-induced NO production without cytotoxicity in RAW 264.7 cells. RAW 264.7 cells were seeded into 24-well
plates and incubated for 24 h before treatment with DIE and LPS. Supernatants were collected after 18 h for NO analysis using the Griess
reagent (a). MTTwas added to the cells for 3 h and the crystals were dissolved with DMSO (b). Lactate dehydrogenase (LDH) activity was
detected in RAW 264.7 cells with an LDH assay kit with LPS (c) or without LPS (d). Experiments were repeated in triplicates. Data were
presented as the mean± SD. # was p< 0.05, ## indicates p< 0.01, and ### indicates p< 0.001 as compared with the control group, whereas ∗
was p< 0.05, ∗∗ indicates p< 0.01, and ∗∗∗ indicates p< 0.001 as compared with the LPS-treated group.
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associated with the activation of NFκB pathway with sepsis
[26–28]. In addition, reports show the relevance of the
MAPK pathway with sepsis [24, 29, 30]. +erefore, we
targeted the activation of the NFκB and MAPK pathways in
this study. Macrophages respond to inflammation by se-
creting proinflammatory cytokines like TNF-α, IL-1β, and

IL-6. +eir secretion activates the inflammatory cascade,
increases NO secretion, and consequently induces damage
to the surrounding tissues. Our in vitro studies confirmed
that DIE is a potential anti-inflammatory agent. DIE has the
ability to reduce LPS-induced NO secretion, suppress
mRNA expression of proinflammatory cytokines in RAW
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Figure 3: Proinflammatory mediators and cytokines in RAW 264.7 cells were suppressed by DIE. RNA was isolated from RAW 264.7 cells
using TRIzoL solution. RNA was separated by choloform extraction followed by purification with alcohol. +e concentration of RNA was
quantified using nanophotometer and reverse transcription was carried out to synthesize cDNA. PCR was done using the cDNA with gene-
specific primers.+e PCR products were run on ethidium bromide-stained agarose gels and viewed with a gel developer (a). PCRwas carried
out in triplicate and gels were quantified using ImageJ software (b, c). Relative real-time PCR expression was normalized to the
housekeeping gene, GAPDH (d–h). Full gel images were included in the additional information. Experiments were repeated in triplicates.
Data are presented as mean± SD. # was p< 0.05, ## indicates p< 0.01, and ### indicates p< 0.001 as compared with the control group,
whereas ∗ was p< 0.05, ∗∗ indicates p< 0.01, and ∗∗∗ indicates p< 0.001 as compared with the LPS-treated group.
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264.7 cells, and prevent ROS damage in murine BMDM.
ROS are the product of many cellular processes and can be
upregulated with increased cytokine and growth factor re-
ceptor activity. NFκB regulates ROS levels, and vice versa;
ROS can also regulate the expression of NFκB through
various cellular processes [31]. Our study shows that DIE is a
potent anti-inflammatory agent that targets ROS to inhibit
the NFκB activation. +is potential was also reported in
Panax ginseng, which potently targets oxidative stress and
the NFκB [32, 33].

Although a previous study has already reported that the
whole plant extract of Duchesnea indica exhibits anti-in-
flammatory effects in RAW 264.7 cells [14], its efficacy in
reversing sepsis has yet to be studied. DIE manages to rescue
mice with septic shock and prevents the translocation of
NFκB into the lungs of mice with sepsis. As sepsis is known
to cause organ failure, many reports have been focused on
sepsis-induced acute lung injury [34–36]. +erefore, we
investigated the expression of NFκB in the lungs of mice.
DIE has effectively prevented the translocation of p-NFκB
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Figure 4: DIE suppresses protein expression in the NFκB and MAPK pathways in RAW 264.7 cells. Proteins that were extracted from
RAW 264.7 cells were separated using 10% SDS–PAGE followed by a transfer onto PVDF membranes. Membranes were blocked with skim
milk and incubated with corresponding primary antibodies overnight. Membranes were then incubated with secondary antibody and de-
veloped. Representative gel images for the NFκB and MAPK pathways are shown (a, c). Western blot analysis was done in triplicate and
quantified using ImageJ software. Proteins in the NFκB pathway were quantified and normalized against the housekeeping gene, β-actin (b),
whereas proteins in the MAPK pathway were normalized against their total forms (d). Full blot images were included in the additional
information. Experiments were repeated in triplicate. Data are presented as mean± SD. # was p< 0.05, ## indicates p< 0.01, and ### indicates
p< 0.001 as compared with the control group, whereas ∗ was p< 0.05, ∗∗ indicates p< 0.01, and ∗∗∗ indicates p< 0.001 as compared with the
LPS-treated group.
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Figure 5: DIE attenuates oxidative damage and prevents the translocation of phospho-NFκB in RAW 264.7 cells. Bone marrow cells were
isolated and differentiated into BMDM. LPS was administered to induce oxidative stress and ROS was measured using DCFDA. Flow
cytometry was carried out for quantification (a). pNFκB-Luc and pAP-1-Luc were transfected into RAW 264.7 cells. Cells that were treated
with LPS were analyzed for the expression of phospho-NFκB and AP-1 by luciferase assay (b, c). Confocal microscopy was used to
investigate the translocation of phospho-NFκB p65 in RAW 264.7 cells. Fluorescence quantification was carried out with ImageJ software
and the corrected total cell fluorescence was calculated (d). Images of confocal microscopy where the scale bar represents 10 μm (e). Data are
presented as mean± SD. # was p< 0.05, ## indicates p< 0.01, and ### indicates p< 0.001 as compared with the control group, whereas ∗ was
p< 0.05, ∗∗ indicates p< 0.01, and ∗∗∗ indicates p< 0.001 as compared with the model group.
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into the nucleus in the lungs of mice in a model of sepsis. We
also observed the histopathological damage caused by LPS in
the lungs, testis, and liver of mice. Our findings revealed that
DIE has effectively prevented LPS-induced impairment in
them.

UPLC-QToF-MS analysis revealed that one of the main
compounds in DIE is ellagic acid. Ellagic acid is a polyphenol
that can be sourced from various sources [37–41] and has
been reported to exert a variety of beneficial effects including
anti-pigmentation [42], antioxidant effects [43], anti-in-
flammatory, and anti-coagulatory activities [44].

Furthermore, ellagic acid has also been reported to reverse
liver damage in rats by suppressing the NFκB signaling
pathway [45]. +is supports our findings and suggests that
ellagic acid may be the bioactive compound responsible for
rescuing mice from induced septic shock. We have also
conducted GCMS analysis to analyze non-polar compounds
in DIE. 4H-Pyran-4-one, 2, 3-dihydro-3, 5-dihydroxy-6-
methyl-4(H)-pyran-4-one was detected and reports have
shown that it effectively suppresses the proliferation of hu-
man colon cancer cells by inactivating NFκB [46]. Hex-
adecanoic acid, commonly known as palmitic acid, was also
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Figure 6: DIE rescues mice induced with septic shock and attenuates inflammatory markers in mice. Mice treated with DIE and
dexamethasone (Dexa) were administered a single dose of LPS i.p. after 7 days of oral treatment.+emortality of the mice was monitored (a)
(n� 10 per group). Serum TNF-α levels and nitrite concentration were determined using an ELISA assay (b, c). Lung tissues were harvested
after euthanization. +e expression of phospho-NFκB in the nucleus and total NFκB in the cytosol of lung tissue were investigated by
western blot analysis. +e cytosolic fraction was detected for PARP to ensure purity of the separated fractions (d). Blots were quantified
using ImageJ software and the expression in the nucleus was normalized against PARP and the expression in the cytosol was normalized
against β-Actin (e) and (f). Full blot images were included in the additional information. Data are presented as mean± SD. # indicates
p< 0.05, ## indicates p< 0.01, and ### indicates p< 0.001 as compared with the control group, whereas ∗ was p< 0.05, ∗∗ indicates p< 0.01,
and ∗∗∗ indicates p< 0.001 as compared with the LPS-treated group.
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identified in DIE and has reported to be an anti-inflam-
matory compound [47]. Another major molecule detected in
DIE was 9, 12, 15-octadecatrienoic acid, commonly known as
alpha-linoleic acid. It has been known to prevent inflam-
matory and lipid cardiovascular risk in hypercholesterolemic
patients [48]. +ese results support the conclusion that DIE
efficiently rescues mice from induced septic shock by po-
tently inhibiting NFκB signaling. Sepsis may induce a flared
or suppressed immune response which varies among pa-
tients. Although DIE has been reported for its immune
regulatory properties and anti-inflammatory properties in
murine alveolar macrophages [20, 49], further studies should
be conducted to investigate whether DIE has immune
stimulatory properties in a separate model of sepsis-induced
immunosuppression.

In conclusion, our study showed that DIE is a potential
therapeutic agent for the treatment of sepsis. DIE

effectively rescued mice induced with septic shock. It also
reduced the levels of inflammatory markers in the serum of
mice in a chronic model of sepsis by suppressing the
translocation of NFκB into the nucleus of lung cells. Po-
tential drugs can take a long time to develop. Natural al-
ternatives like DIE are widely consumed due to their
relatively lower toxicity. As sepsis involves a series of in-
flammatory cascades, DIE can also be used as a supple-
mentation to existing drugs used to treat sepsis due to its
potent anti-inflammatory properties. Future studies can
also be conducted to validate the efficacy of DIE in humans
as a potential agent to treat sepsis.

Data Availability

All data produced during the study are included in this
manuscript.

Testis (200×) Liver (100×) Lungs (100×)

(a) (b) (c)

100 μm 200 μm 200 μm

Control

LPS

100

300

Dexa

Figure 7: DIE prevents histopathological damage in mice induced in a chronic model of sepsis. After euthanization, the testis (a), liver (b),
and lungs (c) were directly fixed in 10% neutral buffered formalin and stained with H&E.+e respective magnification of the testis was 200x
and 100x for the lungs and the liver.+e scale bar for the testis group indicates 100 μm, whereas the scale bars for the liver and lungs indicate
200 μm.+e arrow indicates the destruction of the seminiferous tubular margin and diminished sperm flagella in the testis. Dexamethasone
was indicated as Dexa.
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