Journal of Natural Medicines (2024) 78:53-67

()

N
https://doi.org/10.1007/s11418-023-01745-3 X7
ORIGINAL PAPER q
Check for
updates

Allicin ameliorates sepsis-induced acute kidney injury through Nrf2/
HO-1 signaling pathway

Xiao-Jun Li' - Ting Liu? - Yuan Wang'

Received: 5 May 2023 / Accepted: 17 August 2023 / Published online: 5 September 2023
© The Author(s) 2023

Abstract

Acute kidney injury (AKI) is a complication that can be induced by different factors. Allicin is a class of organic sulfur
compounds with anticancer and antibacterial effects, and has not been reported in sepsis-induced AKI (S-AKI). S-AKI was
induced in ¢57BL/6 mice by cecal ligation puncture. In response to the treatment of allicin, the survival rate of mice with
S-AKI was increased. Reduced levels of serum creatinine, blood urea nitrogen, UALB, KIM-1 and NGAL indicated an
improvement in renal function of S-AKI mice. Allicin inhibited the inflammation and cell apoptosis, which evidenced by
decreased levels of inflammatory cytokines and apoptosis-related proteins. Oxidative stress was evaluated by the levels of
oxidative stress biomarkers, and suppressed by allicin. In addition, allicin-alleviated mitochondrial dysfunction was charac-
terized by decreased JC-1 green monomer. These effects of allicin were also evidenced in HK?2 cells primed with lipopoly-
saccharide (LPS). Both in vivo and in vitro experiments showed that the nuclear translocation of Nrf2 and the expression
of HO-1 increased after allicin treatment, which was confirmed by ML385 and CDDO-Me. In summary, this study revealed
the alleviating effect of allicin on S-AKI and demonstrated the promotive effect of allicin on nuclear translocation of Nrf2
for the first time. It was inferred that allicin inhibited the progression of S-AKI through Nrf2/HO-1 signaling pathway. This
study makes contributions to the understanding of the roles of allicin in S-AKI.
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Introduction

Sepsis is a systemic inflammatory response syndrome
caused by dysregulated host response to infection. It is a
major cause of multiple organ failure, septic shock and death
[1]. The in-hospital mortality rate of sepsis is 20-30% [2,
3]. Acute kidney injury (AKI) is one of the most common
organ failure symptoms caused by sepsis. More than three-
fifths of patients with sepsis developed AKI [4], and the
mortality of patients with sepsis-induced AKI (S-AKI) is
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very high [5]. Increased serum creatinine (Scr) levels and/
or decreased urine production are clinical manifestations of
AKI [6]. Researches on S-AKI are extensive, but the path-
ogenic mechanism of S-AKI is still not completely clear.
Based on the current research background, the pathological
mechanism of S-AKI may be related to microcirculation dys-
function, inflammation and adaptive response of renal tubu-
lar epithelial cells to harmful signals [7]. Current treatments
of S-AKI are mainly the use of antibiotics and drainage for
source control and organ support [8]. Therefore, the devel-
opment and innovation of therapeutic means and drugs to
effectively alleviate S-AKI still need more research support.

Allicin (Diallyl thiosulfinate) is an organic sulfur com-
pound extracted from garlic (Allium sativum), which is one
of the most important economic plants and ranks second
with onions among the most widely used Allium species in
the world [9]. Allicin was first extracted by Cavallito and
Bailey in 1944 and has been extensively studied since then
[10]. It possesses antibacterial, anticancer and anti-inflam-
matory activities [11]. The antimicrobial effects of allicin
against Helicobacter pylori, Bacillus aureus, Staphylococcus
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aureus and Candida albicans have been reported in several
studies [12]. In terms of anticancer, allicin has important
implications for digestive system cancers, including gas-
tric, colorectal, liver, bile duct, and pancreatic cancers [13].
Allicin has been found to play a positive role in numerous
inflammatory diseases, such as ankylosing spondylitis [14],
osteoarthritis [15] and ulcerative colitis [16]. In addition,
allicin attenuates acute lung injury caused by sepsis [17,
18] and acute hepatitis [19]. However, the role of allicin in
S-AKI remains unclear. Studies found that allicin delayed
the progression of diabetic nephropathy by inhibiting oxi-
dative stress and inflammation [20-22]. Allicin exerted
nephroprotective effects by inhibiting apoptosis in trauma/
hemorrhagic shock [23]. We speculate that allicin may also
have renoprotective effects on S-AKI.

Nuclear factor erythroid 2-related factor 2 (Nrf2), an
important transcription factor regulating heme oxygenase- 1
(HO-1), is degraded by Kelch-like ECH-associated protein
(Keap1) under normal circumstances. In the event of injury,
Nrf2 is released from Nrf2-Keapl complex, then translo-
cated to the nucleus [24]. Activation of the Nrf2/HO-1 path-
way is known to reduce tissue inflammation, oxidative stress,
and apoptosis, thereby alleviating sepsis-induced failure of
multiple organs, including lung, kidney, and liver [25, 26].
Therefore, we speculate that allicin may exert anti-inflamma-
tory, anti-oxidative stress and anti-apoptotic effects in S-AKI
by regulating the Nrf2/HO-1 pathway. This paper intends to
carry out animal and cell experiments to explore the role and
mechanism of allicin in S-AKI.

Materials and methods
Animal and treatment

Cecal ligation puncture (CLP) was used to induce sepsis
in mice [17, 27]. C57BL/6 male mice aged 8 weeks were
randomly divided into 5 groups: Sham, CLP, CLP+LA,
CLP +MA and CLP+HA. Considering the 3R principle of
animal research, and the lack of suitable positive control
drugs of the disease, we gave up the more perfect exper-
imental scheme of setting a positive control group and a
normal group. Following anesthesia, the abdomen of the
mice was shaved and sterilized. A scalpel was used to make
a 1.5-2 cm longitudinal incision along the midline of the
skin. The cecum was isolated and ligated at half the distance
between distal pole and the base of cecum without disrupt-
ing or damaging the mesenteric vessels. The cecum was
punctured with needle and then expressed a small amount
of fecal material with a gentle squeeze. After the cecum was
returned to the abdominal cavity, the peritoneum and muscle
were closed in separate layers, and the skin was sutured at
last. In Sham group, cecal ligation and perforation were not
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performed, but other operations were consistent with CLP
group. Mice in the treatment group were intraperitoneally
injected with different doses of allicin (Sigma, MO, USA)
at 1 h after operation. CLP+ LA group: 5 mg/kg allicin
(Yuanye, Shanghai, China) every 12 h, CLP+MA group:
10 mg/kg allicin every 12 h, CLP+HA group: 20 mg/kg alli-
cin every 12 h. The Sham group and CLP group were given
the same volume of normal saline in the same way. After
24 h, some mice were killed, and renal cortex, urine and
serum samples were collected for subsequent experiments.
The remaining mice were monitored for survival analysis.

Cell culture

HK?2 cell line was purchased from Procell Life Science &
Technology (Wuhan, China), and it was cultured in MEM
(Solarbio, Beijing, China) supplemented with 10% fetal
bovine serum (Tianhang, Zhejiang, China) in an incuba-
tor at 37 °C with 5% CO,. To explore the effect of allicin
on LPS-induced injury, cells were treated with 20 pg/mL
allicin and 1 pg/mL LPS (Solarbio) for 24 h. To verify the
effect of allicin on Nrf2/HO-1 signal pathway, some cells
were treated with allicin (20 pg/mL) and LPS (1 pg/mL) and
ML385 (Yuanye) (10 pm) for 24 h, and others were treated
with allicin (20 pg/mL) and LPS (1 pg/mL) and CDDO-Me
(4 umol/L) for 24 h.

Assessment of kidney function and analysis
of oxidative stress markers

Scr and blood urea nitrogen (BUN) levels were measured to
assess kidney function. Creatinine assay kit uses enzymatic
assay to detect Scr. Urea assay kit was used to determine
BUN. Detection of oxidative stress markers in renal cortex
and HK?2 cells: Reactive oxygen species (ROS) level was
measured by chemifluorescence using a ROS assay Kkit.
Glutathione peroxidase (GSH-Px) was detected by GSH-
Px assay kit according to the manufacturer’s instructions.
Malondialdehyde (MDA) and superoxide dismutase (SOD)
were examined by MDA assay kit and SOD assay kit, respec-
tively. All kits were purchased from Nanjing Jiancheng Bio-
engineering Institute (Nanjing, China).

Enzyme-linked immunosorbent assay (ELISA)

Following centrifugation of urine for 20 min, the superna-
tant was collected for ELISA assay. Mouse Urinary Albu-
min (UALB) ELISA Kit was used to measure the UALB.
Urine neutrophil gelatinase-associated lipocalin (NGAL)
was detected by Mouse NGAL ELISA Kit. We performed
the detection of urinary kidney injury molecule 1 (KIM-1)
using mouse KIM-1 ELISA Kit. The three ELISA kits were
purchased from Wuhan Fine Biotech (Wuhan, China).
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The levels of interleukin-6 (IL-6), IL-1f, tumor necrosis
factor alpha (TNF-a) and monocyte chemoattractant pro-
tein-1 (MCP-1) in renal cortex and HK?2 cells were detected
according to ELISA kit instructions. The kits used in this
part were purchased from MULTI SCIENCES (Zhejiang,
China) and they included Mouse IL-6 ELISA kit, Human
IL-6 ELISA kit, mouse IL-1f ELISA kit, human IL-1p
ELISA kit, mouse TNF-a ELISA kit, human TNF-o ELISA
kit, mouse MCP-1 ELISA kit and Human MCP-1 ELISA
Kit.

CCK-8

HK2 cells were seeded in a 96-well culture plate with 4 x 10>
cells per well for 12 h culture. Cells were treated with dif-
ferent doses of allicin (0, 5, 10, 20, 40 and 80 pg/mL) for
24 h and evaluated using the CCK-8 (Beyotime, Shanghai,
China). Cells treated with allicin at various concentrations
(0, 5, 10, 20, 40 and 80 pg/mL) and 1 pg/mL LPS for 24 h
were measured by CCK-8 assay. Cells in each well were
treated with 10 pl CCK-8 and then cultured in 5% CO, at
37 °C for 2 h, followed by detection of the absorbance value
(OD) at 450 nm.

TUNEL staining

In Situ Cell Death Detection Kit, TMP red (Roche, Swit-
zerland) was used for TUNEL staining to evaluate the renal
cortical cell apoptosis. DAPI staining was performed to
distinguish the non-apoptotic cells. Stained sections were
observed under a BX53 microscope (Olympus, Tokyo,
Japan) and photographed using DP73 camera (Olympus).

Hematoxylin—eosin (HE) staining

HE staining was performed to observe the histopathologi-
cal changes in kidney tissues. The dehydrated renal cortical
tissue was embedded in paraffin and cut into 5 pm sections,
which were stained with hematoxylin and eosin. The stain-
ing was observed under a BX53 microscope.

Immunohistochemistry (IHC)

IHC staining for cleaved caspase-3 was used to evaluate
apoptosis of renal cortical cells. The kidney sections of
mice were deparaffinized and rehydrated, followed by an
antigen retrieval procedure. Slides were incubated with 3%
hydrogen peroxide for 15 min to eliminate endogenous per-
oxidase activity and then blocked with 1% BSA (Sangon,
Shanghai, China). Primary antibody against to cleaved cas-
pase-3 (AF7022, Affinity, Jiangsu, China) was diluted in
PBS at 1:100. Secondary antibody HRP-labeled goat anti-
rabbit IgG (31460, Thermo Fisher, PA, USA) was diluted

in PBS at 1:500. The sections were incubated with primary
antibody overnight at 4 °C and secondary antibody for 1 h
at 37 °C. After staining with DAB and hematoxylin, the sec-
tions were observed under a microscope and representative
pictures were selected.

Immunofluorescence (IF)

Cells were fixed with 4% paraformaldehyde for 15 min.
Next, Triton X-100 (0.1%) was used to incubate cells for
30 min. Cell block was conducted with 1% BSA for 15 min.
All these operations were performed at room temperature.
Primary antibody incubation was performed with Nrf2 anti-
body (1:100 diluted in PBS) (AF0639, Affinity) overnight
at 4 °C. After washing three times with PBS, cells were
incubated with Cy3-conjugated goat anti-rabbit IgG (1:200
diluted in PBS) (ab6939, Abcam, UK) for 1 h at room tem-
perature in a dark environment. Finally, nuclei were stained
with DAPI. Staining was observed under a BX53 micro-
scope (Olympus).

Western blot (WB)

RIPA lysate buffer (Solarbio) was used to extract total pro-
tein from kidney tissue and HK2 cells. Mitochondrial pro-
tein was extracted using mitochondrial protein extraction kit
(Nanjing Jiancheng). Nuclear protein extraction kit (Solar-
bio) was used to separate nuclear and plasma proteins. The
protein concentration was determined using the BCA protein
concentration assay kit (Solarbio). Samples containing equal
amounts of proteins were separated by SDS-PAGE and the
separated proteins were transferred to PVDF membranes
which were re-wetted with 100% methanol. Subsequently,
the membranes were blocked with 5% skim milk and incu-
bated with the corresponding antibodies overnight at 4 °C.
The primary antibodies were as follows: HO-1 antibody
(1:1000 dilution) (AF5393, Affinity), Nrf2 antibody (1:1000
dilution) (AF0639, Affinity), cytochrome ¢ antibody (1:1000
dilution) (A0225, ABclonal, Shanghai, China), Bcl-2 anti-
body (1:500 dilution) (A0208, ABclonal), Bax antibody
(1:500 dilution) (A19684, ABclonal), cleaved caspase-9
antibody (1:1000 dilution) (AF5240, Affinity), cleaved cas-
pase-3 antibody (1:1000 dilution) (AF7022, Affinity), His-
tone H3 antibody (1:5000 dilution) (GTX122148, Gene Tex,
TX, USA), COX IV antibody (1:1000 dilution) (GTX49132,
Gene Tex), B-actin antibody (1:10000 dilution) (66009—-1-Ig,
Proteintech, IL, USA). The samples incubated with COX IV
and B-actin antibody were incubated with goat anti-mouse
IgG-HRP (SE131, Solarbio). Samples incubated with other
antibodies were incubated with goat anti-rabbit [gG-HRP
(SE134, Solarbio) at 37 °C for 1 h. The secondary antibod-
ies were diluted at 1:3000. Finally, the target protein was
detected by enhanced chemiluminescent detective system.
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Flow cytometry

HK2 cells (5 x 10°) were seeded in 6-well plate and treated
with reagents (see section: Cell culture). Centrifugation
at 150 g for 5 min was conducted to collect the cells of
each group. After washing twice with PBS, cells were re-
suspended with 500 pl binding buffer and stained with 5 pl
AnnexinV-FITC and 5 pl Propidiumlodide (KeyGen, Nan-
jing, China) for 10 min at room temperature in the dark,
followed by detection using a flow cytometer (NovoCyte,
ACEA, CA, USA). To detect mitochondrial membrane
potential, cells were stained with JC-1 (KeyGen) for 20 min
in an incubator at 37 °C with 5% CO,, then washed twice
with incubation buffer (1 X). The cell pellets were re-sus-
pended with 500 pl incubation buffer (1 X). The mitochon-
drial membrane potential of the cells was detected by flow
cytometry.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism
8.0.2 software (USA). TUNEL and IHC staining signals
were quantified by Image J software. Survival curves of
mice were generated by Kaplan—-Meier method and survival
difference was determined by log-rank (Mantel-Cox) test.
Ordinary one-way ANOVA and unpaired t test were used
to compare the means in different groups. Differences were
considered significant at p <0.05.

Results

Allicin relieved S-AKl induced by CLP

The mice were induced with sepsis by CLP. Kaplan—Meier
survival analysis was conducted to evaluate the 10-day
survival rates of mice in the five groups (Fig. la). Alli-
cin-treated mice had an increased survival rate compared
with mice treated with CLP. Mice treated with 20 mg/kg
allicin showed the highest survival rate (Fig. 1b). Serum
Scr and BUN levels in mice were increased after CLP, but
significantly decreased after allicin (20 mg/kg) injection
(Fig. Ic). To further evaluate renal injury, the protein levels
of albumin, KIM-1 and NGAL in the urine were detected by
ELISA, it showed that allicin at a dose of 20 mg/kg inhibited
the expression of albumin, KIM-1 and allicin at a dose of
10 mg/kg decreased NGAL level (Fig. 1d). The renal injury
was observed by HE staining. According to the scoring crite-
ria of kidney injury reported by previous literatures [28], we
assessed kidney injury and presented the results in Fig. le.
Histological scoring was done by two trained investigators
in a blind fashion. It was found that the kidney tissue in
the operation group had obvious glomerular atrophy and
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diffuse expansion of renal tubules. Symptoms of kidney tis-
sue were alleviated after allicin treatment (Fig. 1f). These
results proved the successful establishment of the septic
mouse model. In conclusion, allicin at a dose of 20 mg/kg
effectively relieved CLP-induced S-AKI.

Allicin suppressed inflammatory responses
and oxidative stress, and ameliorated mitochondrial
dysfunction in AKI

The protein levels of IL-6, IL-1, TNF-a, and MCP-1 in the
renal cortex of allicin-treated mice were decreased compared
with those in the CLP group (Fig. 2a), which demonstrated
that allicin suppressed inflammation. Oxidative stress mark-
ers detected in this study include ROS, SOD, GSH-Px, and
MDA. Among them, the levels of ROS and MDA increased
in the CLP group and decreased after allicin treatment. The
activities of SOD and GSH-Px were enhanced in the group
with allicin treatment (Fig. 2b). Cells from kidney cortex
were dyed with JC-1 to determine the mitochondrial mem-
brane potential. Mitochondria with high membrane poten-
tial accumulates JC-1, which emits red fluorescence. As the
allicin concentration increased, the numbers of cells with
red fluorescence increased (Fig. 2c and d). The release of
cytochrome C from mitochondria to the cytoplasm reduced
by allicin (Fig. 2e), it turned out that allicin increased the
mitochondrial membrane potential and ameliorated mito-
chondrial dysfunction.

Allicin ameliorated renal injury through Nrf2/HO-1
signaling pathway

TUNEL staining showed that allicin reduced the number
of apoptotic cells in renal cortex (Fig. 3a and c). Repre-
sentative images of IHC staining for cleaved caspase-3 in
renal cortex showed that positive staining was reduced in
the administration group compared with the operation group
(Fig. 3b and d). The protein levels of cleaved caspase-3,
cleaved caspase-9, and Bax were decreased in the renal cor-
tex after allicin treatment. The level of anti-apoptotic pro-
tein Bcl-2 was increased compared with the operation group
(Fig. 3e). It proved that allicin inhibited apoptosis in AKI.
WB found that the protein level of Nrf2 was decreased in
the cytoplasm and increased in the nucleus in the allicin-
treated group (Fig. 4). It demonstrated that allicin promoted
the nuclear translocation of Nrf2. There was an elevation
of HO-1 level of in cells treated with allicin (Fig. 4). Nrf2/
HO-1 pathway plays important roles in anti-oxidation and
anti-inflammation. Combined with the results of the first two
parts, it further showed that allicin is likely to promote the
Nrf2/HO-1 signaling pathway to suppress AKI.
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Fig.1 Allicin relieved acute kidney injury (AKI) induced by cecal
ligation puncture (CLP). a Schematic diagram of the experimental
protocol for the CLP-induced mouse model of sepsis. b Survival of
mice treated with allicin after CLP, n=10. ¢ Levels of serum creati-
nine (Scr) and blood urea nitrogen (BUN) in mice with treatments of
CLP and allicin. d Levels of urine albumin (UALB), kidney injury
molecule 1 (Kim-1) and neutrophil gelatinase-associated lipocalin

Allicin inhibited the inflammatory response
and oxidative stress, and restored mitochondrial
function in HK2 cells primed with LPS

To determine the effect of allicin on the viability of HK2
cells, HK2 cells were treated with gradient concentrations of
allicin. It was found that the viability of HK2 cells with the

CLP+MA CLP+HA

(NGAL) in allicin-treated mice of CLP-induced sepsis. e Renal dam-
age score based on HE staining. f HE staining of kidney cortex tissue
in experimental mice, black arrows represent glomerular atrophy, and
triangles represent diffuse dilation of renal tubules, bar =100 pm. All
data were expressed as mean+ SD. “ns”: no significance, * p <0.05,
** p<0.01, and *** p<0.001, n=06 in each group, and the number of
technical replicates is 3

treatment of allicin at a dose between 5 mg/kg and 40 mg/
kg had no significant difference compared with the control
group (Fig. 5a). HK2 cells primed with LPS were treated
with a gradient concentration of allicin. The results showed
that 10, 20 and 40 mg/kg allicin increased the viability of
cells and the cell viability was strongest at a dose of 20 mg/
kg allicin (Fig. 5b). Therefore, allicin at a concentration
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Fig.2 Allicin suppressed inflammatory responses and oxidative
stress, and ameliorated mitochondrial dysfunction in AKI. a Levels
of cytokines interleukin-6 (IL-6), IL-1p, tumor necrosis factor alpha
(TNF-a) and monocyte chemoattractant protein-1 (MCP-1) in the
kidneys from experimental mice. b Levels of reactive oxygen spe-
cies (ROS) and malondialdehyde (MDA), as well as activities of
glutathione peroxidase (GSH-Px) and superoxide dismutase (SOD)
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in kidney of mice treated with allicin after CLP. ¢ Analysis of JC-
1-labeled mitochondrial membrane potential changes by flow cytom-
etry in kidney cortex. d Analysis of JC-1 green monomer of Fig. 2c.
e Protein levels of cytochrome ¢ in mitochondria and cytoplasm of
renal cortical cells. All data were expressed as mean=+SD. “ns”: no
significance, * p<0.05, ** p<0.01, and *** p<0.001, n=6 in each
group, and the number of technical replicates is 3
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Fig.3 Allicin ameliorated renal injury through Nrf2/HO-1 signaling
pathway. a TUNEL staining of kidney cortex tissue, bar=50 pm. b
THC staining of cleaved caspase-3 in kidney tissue of mice with alli-
cin and CLP treatment, bar=50 pm. ¢ The percentage of TUNEL-
positive (dead) cells. d Cleaved caspase-3 positive area (%) in IHC

of 20 mg/kg was used to evaluate its effect on HK2 cells.
ELISA showed that the protein levels of IL-6, IL-1p, TNF-a
and MCP-1 were decreased in allicin group compared with

staining. e Protein levels of cleaved caspase-3, cleaved caspase-9,
Bax, and Bcl-2 in kidney cortex tissue of experimental mice. All data
were expressed as mean=+SD. “ns”: no significance, * p<0.05, **
p<0.01, and *** p<0.001, n=6 in each group, and the number of
technical replicates is 3

LPS group (Fig. 5¢). The levels of ROS and MDA were
decreased in cells with allicin treatment, while the activities
of GSH-Px and SOD were enhanced (Fig. 5d). It indicated
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Fig.4 Protein levels of Nrf2 and HO-1. Protein levels of nuclear fac-
tor erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-
1) in renal cortical cells of the mice. All data were expressed as

that allicin at 20 mg/kg inhibited LPS-induced inflamma-
tory response and oxidative stress. After allicin treatment,
the release of mitochondrial cytochrome c into the cyto-
plasm was reduced (Fig. 5e). Analysis of JC-1-labeled mito-
chondrial membrane potential found that allicin-alleviated
LPS-induced mitochondrial depolarization (Fig. 5f). In addi-
tion, LPS-induced cell apoptosis was inhibited by allicin

(Fig. 5g).

Allicin inhibited the cytotoxicity of LPS in HK2 cells
by promoting the Nrf2/HO-1 signaling pathway

Intracellular cleaved caspase-3, cleaved caspase-9, and Bax
levels were inhibited by allicin, but Bcl-2 protein levels were
increased (Fig. 6a). Allicin inhibited LPS-induced apop-
tosis. In addition, allicin treatment increased the nuclear
translocation of Nrf2 and the expression of HO-1 in HK2
cells (Fig. 6b). We directly observed the accumulation of
Nrf2 in the nucleus of the allicin group by immunofluores-
cence (Fig. 6¢). ML385, an inhibitor of Nrf2, can inhibit the
expression of Nrf2 downstream genes. To verify the pro-
moting effect of allicin on Nrf2/HO-1 signaling pathway,
HK2 cells were treated with ML385 and allicin. We found
that the protein levels of inflammatory cytokines IL-6 and
TNF-a and the level of ROS were increased after treatment
with ML385, while the activity of GSH-Px was inhibited
by ML385 (Fig. 7a). This demonstrated that the inhibitory
effects of allicin on inflammation and oxidative stress were
reversed by ML385. The treatment of ML385 promoted the
mitochondrial depolarization (Fig. 7b). ML385 also pro-
moted cell apoptosis of HK2 cells under the treatments of
LPS and allicin (Fig. 7c). CDDO-Me, an agonist of Nrf2,
was also used to verify the effect of allicin on Nrf2/HO-1
signal pathway (Supplementary figure). After treatment
with 4 pmol/L CDDO-Me, the levels of TNF-a, IL-1f and
ROS were decreased compared with LPS + allicin group
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mean+SD. “ns”: no significance, * p<0.05 and *** p<0.001, n=6
in each group, and the number of technical replicates is 3

(Supplementary figure a), in contrast, the level of GSH-PX
was increased. Results of mitochondrial function analysis
and cell apoptosis analysis were opposite to the results pre-
sented by ML385 treatment (Supplementary figure b and
¢). All above showed that CDDO-Me and allicin exhibited
a synergistic effect on LPS-induced injury. Therefore, it was
verified that allicin inhibited the cytotoxicity of LPS in HK2
cells by promoting the Nrf2/HO-1 signaling pathway.

Discussion

AKI can be induced by a variety of factors. In addition to
sepsis, others such as ischemia—-reperfusion, rhabdomyoly-
sis, SARS-CoV-2 (COVID19), food additives, serious scald
injury, cancer therapy reagents and heavy metals can induce
AKI [29-31]. The management of AKI is a major challenge.
Plant extracts have been widely studied in the treatment of
diseases because of their pharmacological activity and low
side effects. In the research for therapeutic drugs for AKI,
a variety of active molecules derived from plants have been
reported, including ginkgetin aglycone [32], neferine [33],
astragaloside IV [34], geniposide [35]. They have a signifi-
cantly positive effect on reducing AKI. In this study, alli-
cin from Allium plants was found to inhibit the progression
of AKI. Although the above studies, including the present
study, have validated the inhibitory activities of these plant
extracts in AKI at the animal and cellular levels, there is a
lack of clinical trials to further demonstrate their practical
feasibility. This study only explored the inhibitory effect of
allicin in S-AKI, whether it has a different effect in AKI
induced by other incentives is still unknown, and it requires
more research to clarify.

AKI is characterized by inflammation, increased oxida-
tive stress, and mitochondrial dysfunction. In the search
for potential drugs for AKI, the inhibitory effects on these
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Fig.5 Allicin inhibited the inflammatory response and oxidative
stress, and restored mitochondrial function in HK2 cells primed with
lipopolysaccharide (LPS). a CCK-8 analysis of the viability of HK2
cells treated with allicin. b CCK-8 analysis of the viability of HK2
cells with LPS and allicin treatments. ¢ Protein levels of IL-6, IL-1f,
TNF-a and MCP-1 in HK2 cells with LPS and allicin treatments. d
Levels of ROS and MDA, as well as activities of SOD and GSH-Px in
LPS-primed HK2 cells after allicin treatment. e Levels of cytochrome

¢ in the mitochondria and cytoplasm of HK2 cells treated with LPS
and allicin. f Analysis of JC-1-labeled mitochondrial membrane poten-
tial changes by flow cytometry in HK?2 cells, and statistical analysis of
JC-1 green monomer. g Detection of cell apoptosis by flow cytometry
in HK2 cells with LPS and allicin treatment. All data were expressed
as mean+SD. “ns”: no significance, ** p<0.01, and *** p<0.001,
n=3 in each group, and the number of technical replicates is 3
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Fig.7 Validation of the promotive effect of allicin on Nrf2/HO-1
signaling pathway. a Levels of TNF-a, IL-1p and ROS as well as the
activity of GSH-Px in HK?2 cells with allicin and ML385 treatment. b
Analysis of JC-1-labeled mitochondrial membrane potential by flow
cytometry in LPS and allicin and ML385 treated HK2 cells. ¢ Evalu-

responses need to be verified. Nrf2 is known to regulate
genes related to antioxidant responses, inflammation and
autophagy [36-38]. Related reports have confirmed that reg-
ulating Nrf2 and its downstream genes in the kidney reduced
the release of inflammatory factors, inhibited oxidative stress
and maintained cell viability [39]. HO-1 is a downstream
target of Nrf2 with strong antioxidant, anti-inflammatory
and anti-apoptotic properties [40, 41]. Many studies have
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ation of cell apoptosis by flow cytometry in HK2 cells with LPS and
allicin and ML385 treatments. All data were expressed as mean + SD.
* p<0.05, ** p<0.01, and *** p<0.001, it was compared with
LPS + allicin-20 group, n=3 in each group, and the number of tech-
nical replicates is 3

used different models to verify that HO-1 mediated cytopro-
tection in AKI by regulating oxidative stress, inflammation
and apoptosis [42]. Above studies demonstrate that Nrf2/
HO-1 signaling pathway plays an inhibitory role in AKI.
Macrophages are the main contributors of the inflammatory
response of AKI and play an important role in the damage
and repair process of AKI [43, 44]. Studies related to kidney
diseases have shown that increased macrophage infiltration

@ Springer



64

Journal of Natural Medicines (2024) 78:53-67

Fig.8 Mechanism diagram

of allicin inhibiting oxidative
stress, inflammation and apop-
tosis. Allicin promoted nuclear
translocation of Nrf2 and the
expression of HO-1, followed
by reducing the levels of IL-1p,
IL-6, TNF-a, MCP-1, ROS

and MDA. Allicin inhibited the
release of cytochrome C from
mitochondria to cytoplasm and
restored mitochondrial dysfunc-
tion. Allicin also inhibited cell
apoptosis. In conclusion, allicin
inhibits inflammation, oxidative
stress and cell apoptosis through
Nrf2/HO-1 signaling pathway in
sepsis-induced AKI

|

— promotion

promoted kidney inflammation [45] and decreased mac-
rophage polarization protected kidney function [46—48].
Interestingly, Nrf2/HO-1 signaling pathway has been shown
to regulate the polarization and infiltration of macrophages
[49]. These results again demonstrate the importance of
Nrf2/HO-1 pathway in AKI.

Our study found that allicin could diminish the release
of inflammatory factors, suppress oxidative stress and the
release of cytochrome ¢ from mitochondria to cytoplasm
and apoptosis in renal injury induced by CLP and in HK2
cells treated with LPS. Furthermore, it found that allicin
promoted the nuclear translocation of Nrf2, and the protein
expression of downstream HO-1 was increased. Whether
allicin targets Nrf2 and exerts the above-mentioned inhibi-
tory effect by promoting Nrf2/HO-1 signaling pathway was
confirmed by elimination of the inhibitory effect of allicin
through ML385 and the synergistic effects of CDDO-Me
and allicin. Therefore, we concluded that allicin relieved
S-AKI through Nrf2/HO-1 signaling pathway. Allicin has
been reported to activate nuclear translocation of Nrf2 in
colon cancer studies [50], we found that allicin promoted
the nuclear translocation of Nrf2 for the first time in S-AKI,
however, the specific mechanism for regulation of Nrf2 by
allicin has not been clearly reported.
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Allicin has a variety of pharmacological activities as
described in introduction, and several studies have reported
its positive effects in anti-inflammatory, antiparasitic, immu-
nomodulatory and renal protection [51]. The specific mecha-
nism of allicin exerting these effects is closely related to its
structure. Allicin is a kind of reactive sulfur species with
oxidative activity [52]. Because of their hydrophobic prop-
erties, they easily cross cell membranes and subsequently
oxidize mercaptans, such as cysteine residues in proteins and
glutathione in cells, then change the protein structure, affect
its function, and ultimately change the cell activity [11, 53].
Reversible oxidation and reduction of protein—mercaptan is
central to the regulation of many cellular processes [54]. The
nuclear translocation of Nrf2 involves the modification or
oxidation of Keapl to release Nrf2 from the complex. Keapl
contains a large number of cysteine residues in both humans
and mice. At the same time, the changes of the three cysteine
residues among them directly affect its conformation [55,
56]. Whether allicin oxidizes the cysteine residue of Keapl
has not been verified in this study. No studies have directly
clarified whether allicin oxidizes Keapl. However, based on
their structure and existing reports, allicin may interact with
Keapl and oxidize Keap1 to change its conformation, thus
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activating the nuclear translocation of Nrf2. This speculation
is specifically raised here to encourage more researches on it.

The alleviating effects of allicin on S-AKI were revealed
for the first time in this study. We demonstrated the anti-
oxidant and anti-inflammatory activity of allicin, as well as
its ability to restore mitochondrial dysfunction and inhibit
apoptosis both in vivo and in vitro. This study verified that
allicin promoted nuclear translocation of Nrf2 and found
that the inhibitory effect of allicin on inflammation, oxida-
tive stress and cell apoptosis was reversed by ML385. These
results showed that allicin inhibited S-AKI through Nrf2/
HO-1 pathway (Fig. 8). The above findings provide a new
reference drug for the treatment of S-AKI, and lay more
experimental foundations for the pharmacological activity
of allicin.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11418-023-01745-3.
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