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ARTICLE INFO ABSTRACT

Keywords: Objective: To investigate the effect of 6-gingerol, active component of Zingiber officinale (Shengjiang), on sepsis-

Sepsis induced inflammation, oxidative injury, and organ damage in vivo.

Gingerol Methods: 6-gingerol was extracted from ginger, and its identity was confirmed with 'H NMR, '3C NMR, and TLC.

:gg::if:le;r:t:latory agents Sepsis was induced via cecal ligation and puncture (CLP) in all groups except for sham. Thirty male Wistar rats

Liver were randomly divided into sham, CLP alone, 6-gingerol, ginger extract, hydrocortisone, and solvent. Treatments

Heart were administered intraperitoneally with a dose of 25 mg/kg. Biomarkers for inflammation, oxidative injury, and
organ damage were assessed. Furthermore, heart and liver organs were stained with hematoxylin-eosin to
determine the extent of sepsis-induced organ damage.
Results: 6-gingerol with 98.9 % purity was extracted. Compared with CLP-alone, biomarker analyses indicated
that 6-gingerol significantly attenuated sepsis-induced inflammation by decreasing the levels of tumor necrosis
factor-a, interleukin-6, and nuclear factor-kB. Furthermore, this bioactive constituent markedly reduced oxida-
tive stress during sepsis by replenishing the levels of glutathione, increasing catalase, and decreasing malon-
dialdehyde and superoxide. Moreover, organ damage assays showed that 6-gingerol substantially reduced the
levels of cardiac troponin I, alanine aminotransaminase, aspartate aminotransferase, and lactate dehydrogenase,
showing protective effects against cardiac and hepatic dysfunction. Similarly, rats treated with 6-gingerol had
normal hepatic lobules, fewer Kupffer cells in minor regions of the liver, and lower necrosis and apoptosis in the
myocardium.
Discussion: 6-gingerol protects both heart and liver organs through its anti-inflammatory and antioxidant effects
in septic rats.

Introduction

Sepsis (classified with code 1G40 in WHO International Classifica-
tion of Diseases version 11) is a life-threatening medical condition due to
the dysregulated inflammatory response to an infection with some de-
gree of organ dysfunction, which contributes to 48.9 million incident
cases and 11 million deaths worldwide in 2017 [1,2]. Sepsis is associ-
ated with inflammatory and oxidative stress, and these pathological
pathways may lead to various degrees of organ dysfunction. After
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immune system stimulation in sepsis, early cytokines, including tumor
necrosis factor (TNF)-a and interleukin (IL)—1f initiate a cytokine
cascade, which results in the production of IL-6, that in turn has a
modulatory effect on TNF-a and IL-1p. Nuclear transcriptional factor
(NF)-kB plays a critical role in activating and regulating this cascade.
NF-xB activates in response to elevation of TNF-a and IL-1f, which in-
duces the transcription of several cytokines, namely TNF-a, IL-16, IL-6,
and IL-8, leading to excessive inflammatory response [3]. In addition,
sepsis may induce oxidative stress. In the process of lipid peroxidation,
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reactive oxygen metabolites are generated, which may lead to
sepsis-induced tissue damage and multiple organ dysfunction. Malon-
dialdehyde (MDA), a major end product of lipid peroxidation, is an in-
dicator of oxidative stress, and studies suggest that MDA is significantly
elevated in hepatic tissue in response to sepsis, as well as in the heart. [4,
5]. On the contrary, glutathione (GSH), the main endogenous thiol
antioxidant and an anti-inflammatory agent, has a protecting role
against oxidative damage caused by sepsis, and evidence show that this
condition also decreases GSH concentration in the heart [6,7]. Super-
oxide dismutase (SOD) is an antioxidant enzyme that catalyzes the
dismutation of the oxygen radical species to hydrogen peroxide and
oxygen, and catalase (CAT) rapidly cleaves hydrogen peroxide to water
and oxygen, which plays a critical role in protecting cells against
oxidative damage. SOD/CAT ratio is increased in lethal sepsis, which in
turn results in the accumulation of hydrogen peroxide in cells and
oxidative damage [8]. Sepsis can induce myocardial dysfunction and
changes in circulating volume and vessel tone. The serum level of car-
diac troponin I (cTnl) has the highest specificity and sensitivity to di-
agnose myocardial injury, and the elevation of this biomarker in septic
patients is correlated with higher rates of mortality [9,10]. Furthermore,
hepatic dysfunction may be another manifestation of sepsis. This organ
failure may be manifested as elevation of certain liver enzymes, namely
alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
[11]. Moreover, lactate dehydrogenase (LDH) serum levels are elevated
in response to sepsis, making it a helpful biomarker in assessing the
degree of tissue damage and cell injury [12].

Zingiber officinale Roscoe, a member of the Zingiberaceae family, is a
well-known plant commonly referred to as ginger. It has been suggested
to possess a range of psychophysiological and clinical properties. The
use of ginger as a medicinal herb and spice dates back to prehistoric
times, and by the second century, it was traded from China to Rome via
the Silk Road. The consumption of ginger is believed to confer protection
against chronic diseases in adults, and its popularity is expected to rise in
the future [13]. Evidence suggest that ginger may reduce nausea, diar-
rhea, subjective experience of pain, and, when added to non-steroidal
anti-inflammatory medicines, it may help with migraine headaches
[14-16]. Ginger, showcasing its anti-inflammatory and antioxidant
properties that position ginger as a valuable component in addressing a
spectrum of health issues such as nausea, arthritis, and menstrual
discomfort. In addition, ginger has shown antioxidant and
anti-inflammatory effects, which are attributed to its active phenolic
compounds, including gingerol, paradol, and shogaol. 6-Gingerol is a
major constituent of ginger, and it encompasses the capacity to inhibit
the production of inflammatory cytokines, as well as reduce the burden
of oxidative damage [17]. Additionally, 6-gingerol has shown to
improve the quality of life and effectively preventing
chemotherapy-induced nausea and vomiting in cancer patients who
received adjuvant chemotherapy [18].

Considering the strong historic evidence behind the medical use of
ginger and the association of organ dysfunction induced by sepsis with
inflammation and oxidative stress, we aimed to investigate the 6-gin-
gerol effects on sepsis-induced cardiac and hepatic injury in a male rat
model.

Material and methods

All experiments in this study were performed in line with the
guidelines outlined in the United States National Institutes of Health
Guide for the Care and Use of Laboratory Animals [19]. In addition, this
study is reported in accordance with the Animal Research: Reporting In
Vivo Experiments guidelines (ARRIVE) 2.0 [20], and its experimental
procedures were approved by the Animal Ethics Committee of Tehran
University of Medical Sciences (Codes: IR.TUMS.MEDICINE.
REC.1400.038 and IR.TUMS.MEDICINE.REC.1400.039).
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Animals

Thirty 8-week-old healthy adult male albino Wistar rats (Rattus
norvegicus) weighing 250 to 300 g that did not go under any previous
procedures were received from the animal house of the Faculty of
Pharmacy, Tehran University of Medical Sciences. The animals were
housed in a temperature-controlled environment (25 + 3°C) ona 12 h
light-12 h dark cycle and were provided with a standard diet and had
free access to water and food. The acclimatization period for the subjects
was 7 days before the initiation of the procedure. In addition, rats were
kept in the same environmental condition until the end of the
experiment.

In vivo sepsis model

Sepsis was induced in rats through cecal ligation and puncture (CLP)
following the protocol introduced by Wichterman et al. [21] with minor
modifications. The animals were anesthetized using intraperitoneal
administration of ketamine 10 % (80 mg/kg, Alfasan, Germany) and
xylazine 2 % (10 mg/kg, Alfasan, Germany), followed by shaving and
disinfecting the abdomen of the rats. Cecal exposure was performed by a
2-cm midline laparotomy on the anterior abdomen. The cecum was
tightly ligated below the ileocecal valve with a 3.0 silk suture (Supasil,
Iran) and perforated twice with a 20-gauge needle (Shenzhou, China).
Then cecum was gently squeezed to extrude feces from the perforation
sites and then was returned to the abdominal cavity. The peritoneum
and skin were sutured, respectively. All groups received 1 mL of
injectable saline solution (0.9% W/V) subcutaneously into the neck to
ensure adequate fluid therapy after surgery. The sham group was sub-
jected to surgery without cecal ligation and puncture procedures. All
animals were sacrificed 48 h after induction of CLP, and whole blood
was collected by cardiac puncture. Heart and liver tissues were excised
and washed with cold phosphate-buffered saline (PBS, 0.1 M) to remove
blood residues. A part of each tissue was fixed in formalin buffer 10 %
for histopathological examination.

Study design

Rats were randomly divided into six groups (5 rats per group) using a
random number generator, four of which received medications. The
treated groups comprised CLP + 6-gingerol, CLP + ginger extract, CLP +
hydrocortisone, and CLP + solvent, which received 6-gingerol, hydro-
alcoholic ginger extract, hydrocortisone (Afa Chemi Company, Iran),
and solvent (2% V/V Tween 80, Merck; 20% V/V ethanol 96 %, Merck;
and 78% V/V distilled water for injection) by intraperitoneal injection,
respectively. The solvent was used to dissolve 6-gingerol and ginger
extract. All agents of interest were administered at a dose of 25 mg/kg, 2
h prior to surgery, and then again at 12 h and 24 h after surgery [22].
This approach allowed the agents to act both as a preventive and a
curative treatment. The sham and CLP alone groups received no treat-
ment and solvent, and while the sham group went under surgery, sepsis
was not induced. Rats with spontaneous vestibular syndrome were
excluded from the study. Age, gender, weight range, and environmental
conditions were the same across all treatment groups. Those responsible
for surgical procedures, administrating the treatments, extracting serum
and tissue samples, and analyzing histopathology slides were blinded
during the experiment.

Extraction and isolation of 6-gingerol

6-Gingerol was extracted from the rhizomes of Zingiber officinale
Rosc. that were purchased from a local market in Tehran, Iran. Fresh
rhizomes (10 kg) were grated and macerated in methanol (3 x 10 L) at
room temperature. The obtained extract was concentrated and frac-
tionated successively with n-hexane and chloroform. The chloroform
fraction (2.1 g) was moved on a silica gel (mesh 230-400) column and
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eluted using a gradient mixture of n-hexane: ethyl acetate (9:1 to 7:3) to
get 6-gingerol. The identity of 6-gingerol was confirmed by proton nu-
clear magnetic resonance (*H NMR) and carbon-13 nuclear magnetic
resonance (13C NMR) spectral analysis (500 MHz, Varian Inova, Darm-
stadt, Germany), as well as thin-layer chromatography (TLC) on silica
gel 60 F254 size 20 x 20 cm (Merck, Darmstadt, Germany), and the
results were compared with data published in the literature [23,24]. The
purified 6-gingerol was stored at —20 °C until analysis.

Measurement of serum TNF-a level

The TNF-« levels were measured via an enzyme-linked immunosor-
bent assay (ELISA) kit (R&D Systems Quantikine, Minneapolis, MN,
USA) as per the manufacturer’s instructions. The kit’s microplate con-
tained monoclonal antibodies against TNF-a pre-coated in each well.
Firstly, 100 uL of serum sample was added to the wells, and the
microplate was allowed to incubate for 2 h at room temperature. After
that, the wells were emptied, and each well was washed four times with
400 uL of wash buffer. Then, 100 pL of antibody conjugated with
streptavidin-HRP B was added to the wells, and the microplate was
incubated for an additional 2 h at room temperature. The wash pro-
cedure was then repeated four times. Afterward, 100 pL of substrate
solution was added to each well, and the microplate was incubated for
30 min at room temperature, while being protected from the light.
Finally, an ELISA plate reader (BioTek, Winooski, VT, USA) was used to
measure the optical density of the wells at 450 nm. The serum level of
TNF-a was expressed as pg/mL.

Serum IL-6 assay

The concentration of IL-6 in rat serum was determined through the
use of IL-6 ELISA kits (R&D Systems Quantikine, Minneapolis, MN, USA)
in accordance with the manufacturer’s instructions. In brief, 50 uL of
diluting solution was added to a 96-well microplate followed by the
addition of 50 pL of serum sample to each well. The plate was then
incubated for 2 h at room temperature. The wells were emptied and
washed four times with 400 uL of a wash buffer. After that, 100 pL of
enzyme-linked polyclonal antibody specific for rat’s IL-6 was added to
the wells, and the plate was incubated for 2 h at room temperature. The
washing phase was then repeated. Following this, 100 uL of substrate
solution was added to the wells, and the microplate was incubated for 30
min at room temperature. Finally, the optical density was measured at
450 nm using the ELISA plate reader. The serum level of IL-6 was
expressed as pg/mL.

NF-kB concentrations assessment

The levels of NF-kB in the liver were determined using NF-kB ELISA
kits (Cusabio Technology LLC in Houston, TX, USA) as per the manu-
facturer’s instructions. The procedure involved adding 100 uL of liver
sample and standard to the wells of a microplate, followed by incubation
at 37 °C for 2 h. Next, the wells were emptied, a biotin-conjugated
antibody specific for NF-kB was added to each well, and the micro-
plate was incubated at 37 °C for 1 h. After emptying and washing them
with 200 uL of wash buffer three times, the wells were treated with a
biotinylated monoclonal antibody specific for NF-xB and avidin-HRP,
and the microplate was incubated at 37 °C for 1 h. The wells were
washed again, and then 90 L of 3,3',5,5' tetramethylbenzidine (TMB)-
substrate was added, followed by incubation at 37 °C for 30 min. Finally,
50 pL of stop solution was added to the microplate, and the optical
density was measured at 450 nm using the ELISA plate reader. The tissue
NF-kB was expressed as pg/mL.

Determination of GSH content

Cardiac GSH level was determined using Ellman’s method [25] with
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minor modifications. Briefly, 4 mg DTNB [5,5-dithiobis-(2-nitrobenzoic
acid), Sigma-Aldrich] was dissolved in 10 mL sodium citrate 10% V/V.
After centrifugation, 100 pL of the supernatant, i.e., the heart’s ho-
mogenized tissue, was transferred to a 96-well microplate. Next, 200 uL
of DTNB reagent was added to the wells. After that, the absorbance of
each well was measured at 412 nm using the ELISA plate reader. The
tissue GSH was expressed as nmol/mg.

Lipid peroxidation assay

The levels of MDA, one of the most valuable markers of oxidative
stress, in liver tissue were measured using a commercial assay kit
(Navand Salamat Inc., Urmia, West Azerbaijan, Iran) according to the
method by Buege and Aust [26] with minor modifications. Briefly, 200
uL of the sample, i.e., supernatant of the homogenized liver tissue, was
mixed with 800 pL of TBA-HCI-TCA reagent (0.375% W/V thio-
barbituric acid, 0.25 N hydrochloric acid, and 15% W/V trichloroacetic
acid). The mixture was then put into the water bath (95 °C) for 45 min.
After that, the mixture was cooled down for 10 min in water and ice.
Next, the mixture was centrifuged at 3000 rpm for 15 min. Subse-
quently, the supernatant was transferred to a dark 96-well microplate,
and the optical density was measured at 550 nm with the ELISA reader.
The tissue MDA was expressed as nmol/mg/mL.

SOD activity assessment

This experiment was done using a commercial assay kit (Navand
Salamat Inc., Urmia, West Azerbaijan, Iran) according to the pyrogallol
autoxidation method described by Marklund SL [27]. Briefly, 50 uL of
the sample, i.e., supernatant of the homogenized liver tissue after being
centrifuged at 12000 rpm for 5 min, was mixed with 200 pL of Tris-HCl
buffer 50 mM, pH 8.2, in a 96-well microplate. Then, 50 uL of pyrogallol
was added to this mixture. 50 uL deionized water with the same amount
of buffer and pyrogallol was used as a control. The mixtures were then
incubated for 5 min at room temperature. The optical density was then
measured at 405 nm using the ELISA plate reader. The tissue SOD was
expressed as U/mg/mL with the following formula:

OD test
Activity (U / mg protein) = (Wrﬁrol) * 200

CAT activity assessment

This procedure was conducted using a commercial assay kit (Navand
Salamat Inc., Urmia, West Azerbaijan, Iran) according to the methods
previously described [28,29] with some modifications. Firstly, 100 uL of
assay buffer (100 mM potassium phosphate, pH 7.0) with 30 uL of
methanol and 20 pL of the sample (homogenized liver) were added to a
96-well microplate. Following this, 20 uL of diluted hydrogen peroxide
0.882 M was added to the wells to initiate the reaction. The plate was
then incubated at room temperature for 20 min on a shaker. After in-
cubation, 30 L of potassium hydroxide 10 M was added to the wells to
terminate the reaction. Subsequently, 30 pL of purpald (4-amino-3--
hydrazino-5-mercapto-1,2,4-triazole), a chromogen, was added to each
well, and the microplate was incubated for 10 min at 18 °C. Finally, 10
uL of potassium periodate was added to the wells, and the optical density
was measured at 550 nm with the ELISA plate reader. The tissue MDA
was expressed as nmol/mg/min.

Serum cTnl concentration assessment

Serum cTnl levels were measured by an assay kit (Cusabio Tech-
nology LLC, Houston, USA) in accordance with the manufacturer’s in-
structions. To perform the assay, 100 uL of the samples were added to
the wells of a 96-well microplate and incubated for 2 h at 37 °C.
Following this, 100 pL of biotinylated monoclonal antibodies specific to
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cTnl were added to the wells. The microplate was then incubated for 1 h
at 37 °C. Afterward, the wells were washed three times with 200 pL of a
wash buffer, which was included in the kit. Then, 100 pL of avidin
conjugated Horseradish Peroxidase (HRP) was added to the sample
wells and the plate was again incubated for 1 h at 37 °C. Wash buffer was
applied three times to the wells before the plate was incubated for 30
min at 37 °C with 90 pL of substrate solution provided by the kit. Finally,
50 pL of the stop solution was added to the wells, and the optical density
of the wells was measured at 450 nm with the ELISA plate reader. The
concentration of CTnl in serum samples was expressed in pg/mL.

LDH activity quantification

LDH assays were performed by a commercial ELISA kit (Pars
Azmoon, Karaj, Alborz, Iran) in accordance with the method proposed
by the German Society for Clinical Chemistry and Laboratory Medicine
[30]. To perform the LDH assay, 240 pL of reagent 1 consisting of
phosphate buffer and pyruvate were added to the wells along with 3 pL
of serum sample. After 25 s, 60 pL of reagent 2 which contained Good’s
buffer and nicotinamide adenine dinucleotide hydrogen (NADH) were
added to the wells. The plate was then incubated for another 25 s,
following which the difference between absorption during 100 s was
measured at 340 nm using the ELISA reader. Finally, the level of LDH in
the serum was expressed as U/L using the given formula:

Activity (U /L) = (AA /min) = 11496

Serum AST and ALT assessment

Serum levels of ALT and AST, biomarkers of liver function, to assess
sepsis-induced liver damage, were measured using a commercial assay
kit (Pars Azmoon Inc., Karaj, Iran) in accordance with the IFCC methods
[31,32] without pyridoxal-5-phosphate and some minor modifications.
To determine the ALT levels, 200 uL reagent 1 (tris[hydroxymethyl]
aminomethane, l-alanine, and LDH) and 50 pL reagent 2 (2-oxoglutarate
and NADH) were added to the wells with 25 uL liver sample, 25 s apart.
After incubating for 50 s, the change in absorbance was measured in 50 s
at 340 nm using the ELISA plate reader. The same procedure was taken
to measure the AST levels except that reagent 1 (tristhydroxymethyl)
aminomethane, l-aspartate, LDH, and malate dehydrogenase) was
slightly different from the preceding method. The activity of ALT and
AST was determined using the following formula:

Activity (U/L) = (AA /min) = 1746

Histopathological examination

Samples were taken from the hearts and livers of rats and preserved
with 10% V/V buffered formaldehyde. Afterward, the samples were
embedded in paraffin wax and sectioned at 5 pM thickness on slides.
These slides were then stained with hematoxylin-eosin and examined
using a light microscope. The procedure includes deparaffinization and
rehydration of slides to distilled water. Then Staining slides in Mayers
Hematoxylin and washing until blue stops coming off slides. Decolor-
ization with acid alcohol and washig again. Counterstain in Alcoholic-
Eosin. Dehydrate through 3 changes of 95 % EtOH and 2 changes of
100 % EtOH.

Statistical analysis

Once the data was normalized, a one-way analysis of variance
(ANOVA) was conducted to compare the groups, followed by Tukey’s
post hoc test. The statistical significance level was set at p-values below
0.05. The statistical analysis was performed using GraphPad Prism 9 for
Windows (GraphPad Software, Inc., San Diego, CA, USA). All data from
randomized rats were included in the analysis. The data is presented in
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the form of mean + standard error of the mean (SEM) and comparisons
are made between different groups, with a focus on treatment groups
and the positive control values (i.e., CLP).

Results
Ginger methanol extract chemical composition

The identity of 6-gingerol was confirmed with 'H NMR, 1*C NMR,
and TLC (Fig. 1). The following were obtained after nuclear magnetic
resonance spectroscopy: 'H NMR (500 MHz, CDCI3): 5 6.82 (1H, d, J =
8.0 Hz, H-5)), 6.68 (1H, d, J = 1.6 Hz, H-2"), 6.53 (1H, dd, J = 8.0, 1.6 Hz,
H-6"), 5.58 (OH-5), 4.02 (1H, m, H-5), 3.86 (3H, s, OCH3), 2.84 (2H, t, J
=7.5,H-1),2.73 (2H, t,J = 7.5, H-2), 2.57 (2H, dd, J = 17.5, 2.1 Hz, H-
4a), 2.49 (2H, dd, J = 17.5, 9.0 Hz, H-4b), 1.2-1.5 (8H, overlapped
signals, H-6 to H-9), 0.88 (3H, t, J = 6.86, H-10); >C NMR (125 MHz,
CDCI3): §¢ 14.01 (C-10), 22.57 (C-9), 25.11 (C-8), 29.27 (C-7), 31.71 (C-
6), 36.42 (C-1), 45.42 (C-2), 49.34 (C-4), 55.90 (OCH3), 67.70 (C-5),
111.01 (C-2), 114.42 (C-5", 120.71 (C-6), 132.62 (C-1'), 143.96 (C-4),
146.44 (C-3), 212.43 (C-3). The purity of 6-gingerol extracted from
ginger rhizomes was determined to be 98.9 %.

6-Gingerol shows anti-inflammatory effects by reducing TNF-a, IL-6, and
Nf-xb

Compared with CLP alone, rats in the 6-gingerol group had signifi-
cantly lower levels of TNF-a (29.44 + 0.79 vs 10.71 + 1.01, p < 0.0001,
respectively). Similarly, treatment with hydrocortisone and ginger
extract resulted in a statistically significant reduction in TNF-a con-
centration in comparison with the CLP group (23.48 + 1.56, p < 0.05;
and 16.06 + 1.10, p < 0.0001, respectively). Furthermore, 6-gingerol
was more effective in reducing TNF-a levels than hydrocortisone (p <
0.0001), but there was no statistically significant difference between this
group and ginger extract (Fig. 2A). Moreover, serum levels of IL-6 were
significantly reduced in the 6-gingerol-treated group compared with the
CLP group (35.27 + 2.65 vs 61.72 + 3.07, p < 0.0001, respectively). In
addition, hydrocortisone and ginger extract significantly reduced IL-6
compared with the CLP group (72.27 + 1.98, p < 0.01 and 95.05 +
3.06, p < 0.0001, respectively). 6-Gingerol could further reduce the
level of IL-6 compared with hydrocortisone and ginger extract (p <
0.0001 and p < 0.01, respectively) (Fig. 2B). Furthermore, the 6-gin-
gerol group had significantly lower NF-kB values compared with the
CLP group (2.19 + 0.21 vs 6.34 + 0.61, p < 0.0001, respectively). Hy-
drocortisone and ginger extract also caused a significant reduction in
NF-xB levels compared with the CLP group (4.41 + 0.57, p < 0.05 and
2.80 + 0.12, p < 0.0001, respectively). A statistically significant dif-
ference was observed between 6-gingerol and hydrocortisone (p < 0.01);
however, no difference was seen between 6-gingerol and the ginger
extract treatment groups (Fig. 2C). Additionally, there were no signifi-
cant differences between the 6-gingerol group and the sham group
regarding the levels of anti-inflammatory markers mentioned above;
however, all other intervention groups exhibited statistically significant
differences compared with the sham groups (7.79 + 0.69, 32.27 + 2.92,
and 1.79 £ 0.16 for TNF-a, IL-6, and NF-kB, respectively).

6-Gingerol exhibits antioxidant potency via elevating GSH and CAT, and
reducing MDA, and SOD levels

Both 6-Gingerol and the ginger extract markedly (p < 0.0001)
increased GSH content (85.30 + 3.57 and 66.93 + 3.79, respectively)
compared with the CLP group (22.15 + 2.14); however, ginger extract
was not as effective as 6-gingerol. On the other hand, hydrocortisone did
not alter GSH depletion caused by sepsis (21.25 + 1.93) (Fig. 3A).
Additionally, the lipid peroxidation assay showed that MDA content in
rats that received 6-gingerol was similar to the sham group (4.08 + 0.25
vs 1.20 + 0.19, respectively) and was significantly (p < 0.0001) reduced
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Fig. 1. The chemical identity of 6-gingerol, extracted from Zingiber officinale Roscoe (Zingiberaceae), was determined using a combination of analytical techniques.
Proton nuclear magnetic resonance spectral analysis (A) and carbon-13 nuclear magnetic resonance (B) for 6-gingerol, the structure of which was determined af-
terward. Additionally, thin-layer chromatography revealed that 6-gingerol has an Rf value of approximately 0.24 (C).

compared with the CLP group (18.91 £ 1.01). Ginger extract was less
efficient in decreasing MDA levels compared with 6-gingerol (7.38 +
0.24 vs 4.08 + 0.25, respectively) and hydrocortisone groups (7.38 +
0.24 vs 3.58 + 0.31, respectively) (Fig. 3B). Furthermore, rats that
received 6-gingerol had the most significantly reduced levels of SOD
among other intervention groups compared with the CLP group (43.88
+ 4.35 vs 102.8 + 5.49, p < 0.0001, respectively). Additionally, hy-
drocortisone and ginger extract resulted in a significant (p < 0.001)
reduction of SOD activity (52.60 + 1.98, p < 0.001; 61.00 + 3.74,
respectively) in comparison with the CLP group (Fig. 3C). Although
there was no significant difference between the sham and CLP groups in
the levels of CAT (16.02 + 0.94 vs 18.35 + 1.36, respectively), the
intervention groups, including 6-gingerol, ginger extract, and hydro-
cortisone, had significantly increased levels of CAT compared with the
CLP group (58.85 + 0.83, p < 0.0001; 34.88 + 0.85, p < 0.01; and 34.41
+ 1.45, p < 0.01, respectively). In addition, the 6-gingerol group had
markedly increased levels of CAT compared with ginger extract and
hydrocortisone (both p < 0.01) (Fig. 3D).

6-Gingerol diminishes sepsis-associated tissue damage by
reducing the levels of ¢Tnl, LDH, AST, and ALT

Compared with the CLP group, 6-gingerol treatment significantly
prevented increased levels of c¢Tnl as a result of sepsis (592.6 + 22.72;
300.8 £ 16.76, p < 0.05, respectively), and no statistically significant
differences were seen between the sham, 6-gingerol-treated, and ginger
extract-treated groups (269.0 + 9.79; 300.8 + 16.76; 384.4 + 16.34,
respectively). Nevertheless, hydrocortisone administration resulted in a
non-significant reduction in cTnl levels compared with the CLP group
(481.5 + 9.63; 592.6 + 22.72, respectively) (Fig. 4A). Furthermore,
lipid peroxidation assays indicated that 6-gingerol significantly reduced
LDH serum levels compared with the CLP group (1553 + 18.48 vs 5218
+ 240.8, p < 0.0001, respectively), and ginger extract and hydrocorti-
sone also significantly decreased LDH levels (1575 + 67.6; 1770 + 54.4,
both p < 0.0001, respectively) compared with the CLP group, and there

was no statistically significant difference between the treatment groups
and the sham group (1255 + 51.96) (Fig. 4B). Moreover, 6-gingerol,
ginger extract, and hydrocortisone significantly reduced the levels of
ALT and AST in comparison with the CLP group (12.50 + 1.06; 18.15 +
0.60; 7.30 + 0.45; 29.25 + 1.06, all p < 0.0001, respectively for ALT;
and 10.50 + 1.63; 18.70 + 0.54; 4.57 + 0.63; 33.30 + 0.99, all p <
0.0001, respectively for AST). Nevertheless, 6-gingerol was superior to
ginger extract in decreasing ALT and AST levels (both p < 0.05), but the
hydrocortisone-treated group had the most reduction compared with
other interventions (Fig. 4C and 4D).

Histopathology
Heart

The histological analysis of the myocardial tissue revealed that the
sham group had a normal arrangement of myofibrils (Fig. 5A). In
contrast, the CLP and solvent groups exhibited necrotic areas, poor
morphology, and a high number of inflammatory and apoptotic cells,
which were abnormally aligned (Fig. 5B and 5C, respectively). However,
samples treated with 6-gingerol showed a significantly lower severity of
necrosis in the myocardium than the CLP group (Fig. 5D). Although the
heart of the extract group had apoptotic and necrotic cells, it was less
abundant compared to the CLP group. Additionally, the hearts of rats
treated with 6-gingerol had a more regular arrangement compared to
the extract group (Fig. 5E). On the other hand, the hydrocortisone group
exhibited no significant difference and was similar to the CLP group
(Fig. 5F).

Liver

The liver parenchyma of the sham group showed normal sinusoids
and hepatocytes, as observed in Fig. 6A. However, both the CLP and the
solvent groups exhibited sinusoidal dilation, Kupffer cell aggregation,
and deformation in hepatocytes’ morphology, including ballooning
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Fig. 2. The levels of inflammatory markers tumor necrosis factor (TNF)-a (A), interleukin (IL)—6 (B), and transcriptional factor (NF)-kB (C) in septic Wistar rats are
displayed. Sepsis was induced by cecal ligation and puncture (CLP), and subjects were randomly assigned (N = 5 per group) to receive treatment. From left to right,
the bars represent results for sham (negative control), CLP alone, CLP + 6-gingerol (CLP rats treated with 6-gingerol), CLP + ginger extract (CLP rats treated with
ginger extract), CLP + hydrocortisone (CLP rats treated with hydrocortisone), CLP + solvent (CLP rats treated with solvent) in 48 h after sepsis induction by CLP. The

data are presented as mean + SEM. The statistically significant difference from the CLP group is reported as *, **, and **** indicating p < 0.05, p < 0.01, and p <

0.0001, respectively.

(Fig. 6B and 6C, respectively). On the other hand, the hepatic lobules of
the 6-gingerol group appeared normal, with few Kupffer cells observed
in minor regions of the liver (Fig. 6D). Furthermore, sinusoids were
dilated in a few hepatic lobules, and several Kupffer cells were observed
in the ginger extract-treated group. In addition, a number of hepatocytes
exhibited abnormal morphology (Fig. 6E). Moreover, the hydrocorti-
sone group showed a similar histopathology exhibition, except that liver
damage was more pronounced (Fig. 6F).

Discussion

It has been reported that ginger extract may have a median lethal

dose of 2000 mg/kg, with a suggested no observed adverse effect level of
1000 mg/kg/day in rats [33]. While the toxicity level of 6-gingerol has
not been studied in rats, an investigation has shown that 50 uM and 100
uM doses of this bioactive compound can have toxic effects on sea urchin
(Paracentrotus lividus) [34]. However, a clinical trial found that a daily
dose of 2 g of ginger extract, which contains a Cy,ax of 0.85 pg/mL for
6-gingerol, was well-tolerated by participants [35]. It is worth noting
that no mortalities were observed in rats that received 6-gingerol.
During the course of this study, rats were treated with intraperitoneal
injections. Since patients with sepsis often face dysphagia either during
their hospitalization or after hospital discharge [36,37], oral adminis-
tration of pharmacologically active agents may be challenging.
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Fig. 3. The levels of oxidative stress markers glutathione (GSH) (A), malondialdehyde (MDA) (B), superoxide dismutase (SOD) (C), and catalase (CAT) (D) in Wistar
rats are shown. Sepsis was induced by cecal ligation and puncture (CLP), and subjects were randomly assigned (N = 5 per group) to receive treatment. From left to
right, the bars represent results for sham (negative control), CLP alone, CLP + 6-gingerol (CLP rats treated with 6-gingerol), CLP + ginger extract (CLP rats treated
with ginger extract), CLP + hydrocortisone (CLP rats treated with hydrocortisone), CLP + solvent (CLP rats treated with solvent) in 48 h after sepsis induction by CLP.
The data are presented as mean + SEM. The statistically significant difference from the CLP group is reported as *, **, and **** indicating p < 0.05, p < 0.01, andp <

0.0001, respectively, compared with the CLP group.

Moreover, hydrocortisone is typically administered intravenously to
septic patients due to the unpredictable absorption of steroids [38]. To
maintain consistency between the groups, we chose the intraperitoneal
route of administration for hydrocortisone, as well as other agents,
resulting in a stronger resemblance to the clinical setting. Overall, this
methodology allowed for a more robust study with greater clinical
relevance.

Our results showcase that 6-gingerol, with a dose of 25 mg/kg, has
the capacity to reduce inflammation, decrease oxidative stress injury,

attenuate organ damage, and act as a cardioprotective and hep-
atoprotective bioactive compound in a rat model of sepsis.

Several inflammatory biomarkers have established roles in the
pathogenesis of sepsis [3]. TNF-a is the prime mediator of the inflam-
matory response seen in sepsis and septic shock, and its elevation cor-
relates with mortality in septic patients. IL-6, a cytokine with a wide
range of biological activities, helps to control the induction of
acute-phase response and is a sensitive indicator of inflammation. NF-xB
plays a central role in regulating the transcription of several genes,
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Fig. 4. The levels of organ damage markers cardiac troponin I (cTnI) (A), lactate dehydrogenase (LDH) (B), alanine aminotransferase (ALT) (C), and aspartate
aminotransferase (AST) (D) in Wistar rats are demonstrated. Sepsis was induced by cecal ligation and puncture (CLP), and subjects were randomly assigned (N = 5
per group) to receive treatment. From left to right, the bars represent results for sham (negative control), CLP alone, CLP + 6-gingerol (CLP rats treated with 6-gin-
gerol), CLP + ginger extract (CLP rats treated with ginger extract), CLP + hydrocortisone (CLP rats treated with hydrocortisone), CLP + solvent (CLP rats treated with
solvent) in 48 h after sepsis induction by CLP. The data are presented as mean + SEM. The statistically significant difference from the CLP group is reported as *, **,

including the encoding of pro-inflammatory cytokines involved with
severe sepsis and septic shock. It has been suggested that 6-gingerol, as
well as ginger extract, inhibit the production of pro-inflammatory cy-
tokines mainly produced by macrophages through inhibition of the
NF-kB pathway [39]. Our findings indicate that sepsis-induced inflam-
mation is ameliorated by 6-gingerol, which is in line with other in-
vestigations [22,40,41]. Furthermore, our data indicate that 6-gingerol
is superior to hydrocortisone and ginger extract in reducing TNF-a, IL-6,
and NF-kB levels.

Oxidative stress is another mechanism that is presumed to be
responsible for organ dysfunction in sepsis. As one of the major first-line
antioxidants, GSH levels in the host with sepsis are depleted, and
consequently, the synthesis rate of this antioxidant molecule is increased
in the heart, liver, and other organs [42,43]. Moreover, serum levels of
MDA, a marker for lipid peroxidation, are suggested to be elevated in
patients with sepsis, making it an important biomarker in oxidative
stress and sepsis pathophysiology [44]. Furthermore, the imbalance of
SOD and CAT in sepsis has been attributed to oxidative stress [45]. In
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Fig. 5. The images presented here showcase the histopathology of the heart organ in five groups of Wistar rats with cecal ligation and puncture (CLP)-induced sepsis,
and the sham group. In the sham group, the myocardial cells and myofibrils arrangement appear normal (A). However, in the CLP group, necrotic areas (indicated by
yellow arrows) and apoptotic cells (indicated by blue arrows) are observed (B). The solvent group also shows necrosis and apoptosis, which is not significantly
different from the CLP group (C). In the group treated with 6-gingerol, myocardial cells exhibit minor necrosis (D). The group treated with ginger extract shows the
presence of necrotic and apoptotic cells, but not as much as the CLP group (E). Finally, in the group treated with hydrocortisone, myocardial cells exhibit necrosis and
apoptosis similar to the CLP group (F). The myocardial tissue slides were stained with hematoxylin-eosin, and pictures were taken with x40 magnification. The bar

size was indicated under each picture for reference.

this study, rats were sacrificed during the acute phase of sepsis, and
those that were treated with 6-gingerol had increased levels of GSH
compared with other groups, implying that this agent has promising
antioxidant capacity in vivo. Of note, 6-gingerol performed better than
ginger extract in this experiment. Furthermore, our findings show that
6-gingerol can prevent lipid peroxidation by decreasing MDA levels in
the liver of rats with sepsis, and it performed better than ginger extract
in this assay. Additionally, our results suggest that elevated levels of
SOD, which may be markedly increased in severe sepsis [46], can be
attenuated by the administration of 6-gingerol, and, on the other hand,
this biochemical constitute has the capacity to increase CAT levels.
These results are in accordance with other studies that showed ginger
can attenuate oxidative stress in the lung and kidney tissues of rat
models of sepsis [22,47]. Although SOD acts as the first line of defense
against oxidative stress, the higher levels of this enzyme are associated
with increased mortality in sepsis, which questions the role of SOD in
this condition [48-51]. In our study, rats that had undergone CLP and
did not receive any interventions had the highest levels of SOD
compared with those that received treatments. Furthermore, an inter-
esting finding of our study was that the sham group, rats that did not go
under CLP, and the CLP group had similar levels of CAT. This may be due
to the fact that the active site of CAT may be oxidized and inactivated by
either excessive amounts of superoxide caused by sepsis or increased
levels of hydrogen peroxide in response to SOD activity. Following that,
oxidative stress as a result of SOD/CAT imbalance occurs [45]. Our

results show that the administration of 6-gingerol effectively corrected
this imbalance, further decreasing the oxidative stress burden on rats
with sepsis. Overall, 6-gingerol displayed promising antioxidant efficacy
in various assays conducted in this study, and it performed better than
ginger extract.

The release of inflammatory markers and oxidants is responsible for
organ dysfunction in sepsis, and ¢Tnl, ALT, AST, and LDH are bio-
markers that are elevated in this medical condition, each of which
represents tissue damage [11,52-54]. Our findings show that 6-gingerol
treatment can alleviate myocardial injury and reduce the levels of c¢Tnl
in vivo, which may be related to the anti-inflammatory and antioxidant
activity of this bioactive compound [55]. Additionally, the results of this
study demonstrate that ALT and AST levels were significantly reduced in
rats treated with 6-gingerol, indicating the hepatoprotective effect of
this pharmacologically active component of ginger against sepsis. This
outcome may be related to the Nrf2 pathway, which also has a major
regulatory role in sepsis-induced inflammation and oxidative stress [40]
(reviwer2.response4). Furthermore, rats that received 6-gingerol had
significantly lower levels of LDH, indicating less damage to and
destruction of cells. This was also seen in other studies that had inves-
tigated the role of gingerol and its analog in bacterial infection and
sepsis [22,56]. On the other hand, according to our histopathological
analyses, 6-gingerol treatment demonstrated a significant protective
effect against sepsis-induced heart damage. In addition, it is noteworthy
that 6-gingerol not only prevented hepatotoxicity caused by the solvent



H. Keivanpour et al.

Pharmacological Research - Modern Chinese Medicine 12 (2024) 100470

Fig. 6. These images depict the histopathology of the liver organ from five groups of Wistar rats with sepsis induced through cecal ligation and puncture (CLP), and a
sham group. The sham group appears to have normal sinusoids and hepatocytes with regular morphology (A). On the other hand, the sepsis (CLP) group shows signs
of sinusoidal duct dilation (black arrow), hepatocyte ballooning (blue arrow), and stimulated Kupffer cells (green arrow) (B). The sepsis group that received solvent
exhibits hepatocytes and Kupffer cells similar to the CLP group (C). Meanwhile, the sepsis group that was treated with 6-gingerol shows normal hepatic lobules and
minor Kupffer cells (D). The sepsis group treated with ginger extract displays dilated sinusoids, a few abnormal hepatocytes, and several Kupffer cells (E). Finally, in
the sepsis group treated with hydrocortisone, hepatic tissue damage is not significantly different from the sepsis group (F). The hepatic parenchyma slides were
stained with hematoxylin-eosin, and pictures were taken with x40 magnification, and the bar size was indicated under the pictures.

(ethanol), but it also protected the liver against damage caused by
CLP-induced sepsis. In short, due to its anti-inflammatory and antioxi-
dant effect, 6-gingerol successfully prevented cardiac and hepatic
dysfunction, and this bioactive constituent performed better than ginger
extract in these assays.

Our study yields highly promising results, clearly indicating that the
isolated fraction of ginger, 6-gingerol, offers significant and robust
cardioprotective and hepatoprotective effects against CLP-induced
sepsis in rats. This bioactive compound works by effectively compen-
sating the damage induced by inflammation and oxidative stress,
thereby providing a strong foundation for further research and explo-
ration. These findings raise genuine hopes for 6-gingerol as a potential
clinical therapeutic intervention for patients with sepsis in clinical trial
settings.

Limitations

This study has some limitations. Dose-response relationship and
toxicity study is important and valuable, but we had to prioritize our
objectives and make sure compromises in order to successfully complete
the project. Therefore, we used the 6-gingerol dose from an investigation
that employed the same route of administration. Limitations in the
available budget prevented us from fully exploring the specific molec-
ular pathways and mechanisms; additional research with greater
financial support would be valuable. However, there are investigations
that have conducted for these purposes which guide us to achieve

10

meaningful result.
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