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Purpose: This study aimed to investigate the improvement effect of Sini Decoction plus Ginseng Soup (SNRS) on the LPS/D-GalN- 
induced acute liver failure (ALF) mouse model and the molecular mechanism of the SNRS effect.
Methods: To study the protective effect of SNRS on ALF mice, the ICR mice were firstly divided into 4 groups: Control group 
(vehicle-treated), Model group (LPS/D-GalN), SNRS group (LPS/D-GalN+SNRS), and Silymarin group (LPS/D-GalN+Silymarin), 
the therapeutic drug was administered by gavage 48h, 24h before, and 10 min after LPS/D-GalN injection. On this basis, the 
peroxisome proliferator-activated receptor (PPAR) α agonist (WY14643) and inhibitor (GW6471) were added to verify whether the 
therapeutic mechanism of SNRS is related to its promoting effect on PPARα. The animals are grouped as follows: Control group 
(vehicle-treated), Model group (LPS/D-GalN+DMSO), SNRS group (LPS/D-GalN+SNRS+DMSO), Inhibitor group (LPS/D-GalN 
+GW6471), Agonist group (LPS/D-GalN+WY14643), and Inhibitor+SNRS group (LPS/D-GalN+GW6471+SNRS).
Results: The protective effect of SNRS on the ALF model is mainly reflected in the reduction of serum alanine aminotransaminase 
(ALT) and aspartate aminotransaminase (AST) as well as the ameliorated pathology of the liver tissue. The survival rate of ALF mice 
treated with SNRS was significantly increased. Further mechanism studies showed that SNRS significantly promoted the protein 
expression of PPARα and decreased the expression of necroptosis proteins (RIP3, MLKL, p-MLKL) in ALF mice. Reduced 
necroptosis resulted in decreased HMGB1 release, which in turn inhibited the activation of TLR4-JNK and NLRP3 inflammasome 
signaling pathways and the expression of NF-κB protein induced by LPS/D-GalN. The expression of CPT1A, a key enzyme involved 
in fatty acid β-oxidation, was found to be significantly up-regulated in the SNRS treated group, accompanied by an increased 
adenosine-triphosphate (ATP) level, which may be the relevant mechanism by which SNRS reduces necroptosis.
Conclusion: The potential therapeutic effect of SNRS on ALF may be through promoting the expression of PPARα and increasing the 
level of ATP in liver tissue, thereby inhibiting necroptosis of hepatocytes, reducing hepatocyte damage, and improving liver function.
Keywords: acute liver failure, Sini Decoction plus Ginseng Soup, PPARα, necroptosis, damage-associated molecular patterns, 
proinflammatory

Introduction
The concept of fulminant hepatitis and fulminant liver failure was introduced by Roger Williams et al in 1993 and is often used 
as a related surrogate term for ALF. ALF is defined as the rapid loss of liver function caused by severe acute liver injury in the 
absence of known underlying chronic liver disease. The main clinical manifestations of ALF are jaundice and coagulopathy 
(international normalized ratio ≥1.5), which rapidly progresses to hepatic encephalopathy.1 Hepatotropic viruses infection and 
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drug-induced liver injury contribute to the majority of ALF cases.2 Clinical treatment of ALF mainly includes internal medical 
treatment, artificial liver support therapy, stem cell transplantation, etc. Despite the progress in treatment methods, ALF 
mortality has not been significantly improved for a long time, and studies have shown that ALF mortality without liver 
transplantation is still close to 90%.3 Scarcity of liver donors, concurrent systemic inflammatory response syndrome (SIRS), 
and sepsis often lead to premature death of ALF patients before liver transplantation.4 In the future, if a novel therapy can 
effectively reduce the hepatocyte damage and reduce the local and systemic inflammatory response of the liver, it will greatly 
reduce the fatality rate of ALF and buy time for liver transplantation.

Hepatocyte necrosis plays an important role in the progression of ALF. Necroptosis, one of the many types of 
regulated necroptotic cell death, is upregulated in various inflammation-related diseases, including ALF.5 Under the 
attack of pathogenic factors, a large number of hepatocytes die, resulting in massive hepatic necrosis (MHN), which is 
the core histological feature and the most serious lesion of ALF.6,7 The destruction of plasma membrane integrity is 
a feature of all necrotic cell death modes, which is significantly different from other non-necrotic cell death modes, such 
as apoptosis and autophagy. Membrane rupture results in the release of damage-associated molecular patterns (DAMPs), 
a group of molecules with strong immunogenicity, into the extracellular region. Therefore, necrosis itself is a highly 
immunogenic event.8 As a representative product of DAMPs, a high acetylation level of HMGB-1 has been confirmed to 
be associated with poor prognosis in ALF patients.9 HMGB-1 can synergize with other pro-inflammatory cytokines, such 
as IL-1β, interferon-γ, and TNF-α to further amplify the inflammatory cascade reaction.10 Amplifying inflammatory 
cascade reactions mediate SIRS with concomitant multiple organ dysfunction syndromes (MODS) and recurrent 
infections, which are often the ultimate causes of death in patients with ALF. Therefore, to improve the hyperactivated 
pro-inflammatory response in ALF, the focus should be shifted from how to reduce hepatocyte death to how to reduce the 
necrotic death mode of hepatocytes (such as necroptosis) and thus reduce the release of DAMPs, since apoptosis and 
autophagy have little contribution to inflammation compared with hepatocyte necrosis.

PPARα belongs to the PPARs family, which is known for regulating the expression of genes involved in mitochon-
drial β-oxidation and reducing inflammation.11,12 Down-regulation of PPARα protein has been repeatedly demonstrated 
in ALF, and lack of PPARα aggravates LPS-induced hepatotoxicity and increases oxidative/nitrosative stress in liver 
tissue.13 In the LPS/D-GalN-induced ALF mouse model, activation of PPARα can reduce inflammation and protect the 
liver from an acute injury.14 Necrosis is thought to be a consequence of metabolic disruption and ATP depletion. In some 
cases, necroptosis is considered to be transformed from apoptosis. The deprivation of energy supply in cells during the 
process of apoptosis can induce apoptosis to necroptosis, while restoration of ATP supply or delay ATP depletion, 
apoptotic signaling may persist.15 The liver consumes about 24% of the body’s energy, and when ALF occurs, the liver’s 
energy expenditure further increases by up to 30%.16 ALF is usually accompanied by mitochondrial dysfunction,17 which 
means the balance between liver energy consumption and supply will be further broken. Studies have shown that sepsis 
suppresses mitochondrial β-oxidation, which leads to an increase in the accumulation of fatty acids (FAs) attached to 
carnitine molecules in the blood, with a concomitant decrease in energy production. This notion is supported by the blood 
accumulation of fatty acylcarnitines found in ACLF.18

The down-regulated PPARα may be involved in the impaired mitochondrial β-oxidation in ALF, which leads to the 
reduction of the energy supply of liver tissue, thus inducing necroptosis in hepatocytes, and finally mediating the 
excessive immune-inflammatory reactions. Activation of PPARα may improve hepatocyte energy depletion and reduce 
hepatocyte necroptosis by increasing mitochondrial β-oxidation. In an animal model of sepsis-induced cardiac dysfunc-
tion constructed by cecal ligation and puncture, the use of an activator of the PPAR family gene PPAR-γ was shown to 
inhibit necroptosis by inhibiting RIP1, RIP3, and MLKL.19 However, the regulatory role of PPARα in ALF necroptosis is 
still unknown, and further experiments are needed to confirm it.

SNRS is from “Treatise on Febrile Diseases” written by Zhong-jing Zhang, which consists of four herbs: Fu Zi 
(aconite lateral root), Gan Jiang (dried ginger), Zhi Gan Cao (licorice), and Ren Shen (ginseng). The main function of 
SNRS is to restore Yang for solid doff and promote fluid production, and it is the classical formulae of TCM to rescue 
emergency and severe cases including MODS, which has been used continuously for more than 1000 years. Studies have 
shown20 that Gan Jiang Fu Zi Decoction can reduce ischemia-reperfusion-induced apoptosis, alleviate oxidative damage, 
reduce mitochondrial mPTP opening, and increase ATPase activity. Our previous study also confirmed that Modified Sini 
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Decoction can reduce D-GalN-induced liver necrosis and prolong survival time in ALF rats by reducing the mRNA 
expression of HMGB1, TLR4, and NF-κB.21 Our further study confirmed that aconitum aqueous extract can alleviate 
D-GalN-induced liver injury in the ALF rat model by inhibiting apoptosis and promoting liver tissue regeneration.22 

Aconite is proposed to enhance the activity of Na+-K+-ATPase in myocardial tissue, reduce the level of MDA in liver 
tissue, and improve the membrane fluidity of hepatocytes.23 Ginsenoside Rg1 (G-Rg1), the main component of ginseng, 
can effectively inhibit carbon tetrachloride (CCl4)-induced inflammatory response in ALF by reducing hepatocyte 
apoptosis and necrosis.24

Taken together, whether it is a multi-herbal formula of SNRS or a single herbal medicine, or even an active 
ingredient, can participate in the metabolism of ALF energy and the regulation of cell necrosis at multiple targets, 
thereby producing a therapeutic effect on ALF. Therefore, we believe that SNRS may increase hepatocyte energy supply 
by activating PPARα, thereby reducing cell necroptosis, inhibiting tissue inflammation, and rescuing impaired hepato-
cytes. To test this hypothesis, we will construct an ALF mouse model by intraperitoneal (i.p.) injection of LPS/D-GalN, 
observe the therapeutic effect of SNRS on ALF, and explore the molecular mechanism by which SNRS affects the 
biomarkers of necroptosis.

Method
Preparation of Formula SNRS
SNRS consists of 4 herbs (Table 1), all of which were from Cheng Du Ji An Kang Pharmaceutical Co., Ltd. (Chuan 
20160177). For the modern dosage of Chinese herbal medicine, refer to Tong Xiaolin’s textual criticism of the dosage of 
prescriptions in the Eastern Han Dynasty and the relevant results of the National 973 Program25 “Relative basic research 
of classical famous formulas based on quantity-effect relationship”. One tael in the Han Dynasty is equivalent to 
contemporary 15.625 g, 1 liter is equivalent to 200mL of contemporary, and one aconite is equivalent to contemporary 
12 g aconite. Therefore, we converted the dosage of SNRS according to the original document of “Treatise on Febrile 
Diseases” into the modern dosage: baked licorice 31g, aconite 12g, dried ginger 23g, and ginseng 16 g. A total of 82g of 
raw herbs of SNRS was added to 600mL distilled water and soaked for 2h. The soaked herbs were heated to boil and 
continued to be decocted for 1h. Among them, aconite needs to be boiled for 1h in advance as required. The herb residue 
was filtered using multi-layer gauze, and a freeze dryer was used to freeze-dry the obtained decoctions to obtain solid 
extracts of SNRS.26 The dosage per kilogram of body weight of mouse was calculated based on 9.01 times the dosage for 
adults (70Kg).27 The required SNRS freeze-dried powder was calculated according to the daily bodyweight of the mouse 
and was fully dissolved with saline, then administered intragastrically at 20mL/kg.

Reagents
LPS (L2880-10MG) and D-GalN (G0500-5g) were purchased from Sigma-Aldrich. GW6471 (HY-15372) and WY14643 
(HY-16995) were purchased from MedChemExpress. Legalon Silymarin Capsules (H20181067) were purchased from 
MADAUS GMBH. Sheep Anti-ASC antibody (ab175449), rabbit Anti-Casp1 antibody (A18646), rabbit Anti-JNK anti-
body (ab179461), mouse Anti-MLKL antibody (ab243142), mouse Anti-P38 MAPK antibody (ab31828), rabbit Anti- 
p-JNK antibody (ab124956), rabbit Anti-p-MLKL antibody (ab196436), rabbit Anti-PPARα antibody (ab126285), rabbit 
Anti-RIP3 antibody (ab62344), rabbit Anti-TLR4 antibody (ab13556), goat anti-mouse IgG (H+L) (ab6789), and rabbit 
anti-goat IgG (H+L) (ab97105) were purchased from Abcam. Rabbit Anti-β-actin antibody (AC026) purchased from 
Abclonal. Goat anti-rabbit IgG (H+L) (s0001) was purchased from Affinity. Mouse CPT1A ELISA KIT (ZC-54506), 

Table 1 Contents of SNRS

Chinese Name English Name Scientific Name Parts Used Species Family

Fu Zi Aconite Radix Aconiti Lateralis Preparata Lateral roots Aconitum carmichaeli Debx. Ranunculaceae

Gan Jiang Dried ginger Zingiber officinale Rosc. Roots Zingiber Zingiberaceae
Ren Shen Ginseng Panax Ginseng C. A. Mey. Roots Panax ginseng Meyer Araliaceae

Gan Cao Licorice Glycyrrhiza uralensis Fisch. Roots Glycyrrhiza Leguminosae
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Mouse HMGB-1 ELISA KIT (ZC-38180), Mouse TNF-α ELISA KIT (ZC-39024), Mouse IL-1β ELISA KIT (ZC-37974), 
Mouse NLRP3 ELISA KIT (ZC-38967), Mouse IL-6 ELISA KIT (ZC-37988), and Mouse IL-10 ELISA KIT (ZC-37962) 
were purchased from Shanghai Zhuocai Biotechnology Co., Ltd. Mouse ATP ELISA KIT (ml981017) and Mouse ADP 
ELISA KIT (ml063251) were purchased from Shanghai Enzyme-linked Biotechnology Co., Ltd. Total protein (TP) 
determination kit (A045-2-2), total superoxide dismutase (T-SOD) determination kit (A001-1-2), Malondialdehyde 
(MDA) determination kit (A003-2-2), and reduced glutathione (GSH) determination kit (A006-2-1) were purchased 
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Animals and Group Administration
Specific-pathogen-free (SPF) grade, 8–10-week-old, weighing about 25 ± 2 g, and male ICR mouse were purchased from 
Chengdu Da Shuo Experimental Animal Co., Ltd. (SCXK (Chuan) 2020–030, Chengdu, China). Adaptive feeding for 5– 
7 days in a barrier SPF environment with a temperature of 22°C, the humidity of 65%, and 12 h light/12 h dark cycle. We 
first divided the animals into 4 groups according to a random number table: Control group (vehicle-treated), Model group 
(LPS/D-GalN), SNRS group (LPS/D-GalN+SNRS), and Silymarin group (LPS/D-GalN+Silymarin), (n=25 each group, 
among them, 15 were used for survival observation and 10 for specimen acquisition). SNRS and Silymarin (100mg/kg) 
were given by gavage (0.2mL/kg) 48h, and 24h before LPS/D-GalN injection and 10 min after injection,28 respectively. 
The other groups were administered an equal volume of saline for control. The animals were fasted 12 hours before the 
experiment, and the drinking water was not restricted. The animals were euthanized 8 hours after the injection of LPS/ 
D-GalN, and the blood and liver samples of the mouse were collected. On this basis, the further study added PPARα 
agonist (WY14643) and inhibitor (GW6471) to verify whether the mechanism of SNRS’s efficacy is related to its 
promoting effect on PPARα. We took another 60 mice and randomly divided them into 6 groups: Control group (vehicle- 
treated), Model group (LPS/D-GalN+DMSO), SNRS group (LPS/D-GalN+SNRS+DMSO), Inhibitor group (LPS/ 
D-GalN+GW6471), Agonist group (LPS/D-GalN+WY14643), and Inhibitor+SNRS group (LPS/D-GalN+GW6471 
+SNRS) (n=10 each group). WY14643 (10mg/kg) and GW6471 (10mg/kg) were dissolved in DMSO solution (10% 
DMSO and 90% NS),29–31 and administered (i.p.) 2 h before the injection of LPS/D-GalN, respectively, and the other 
groups were injected with an equal volume of DMSO. The rest of the groups were treated in the same way as before. 
Grouping information from animal experiments is shown in Figure 1.

Figure 1 Animal grouping.
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Liver Injury Markers Test
Blood was collected and centrifuged for 15 minutes at 3000 rpm and separated the serum for the automatic blood 
biochemical analyzer to test the AST and ALT.

Pathological Examination
The fresh left lobe liver tissue was immersed in 10% formalin solution for fixation, embedded in paraffin, and cut into 5 
μm-thick sections. The sections were subjected to hematoxylin/eosin staining (H&E) to evaluate the pathological changes 
in the liver. Lesion severity was graded and scored on a scale from 0 to 4 based on observations of liver tissue sections, 
with 0 being normal or minimal (<1%), 2 being mild (1–25%), and 3 being moderate (26–50%), 4 is moderate/severe 
(>50%).32

Survival Analysis
After administration of LPS/D-GalN, the death of mice in each group was observed and recorded every 1 h for 24 hours, 
and the mouse that did not die after the observation was euthanized. Survival rate was calculated according to the 
Kaplan–Meier method and compared by the Log rank test.

Ultrastructural Hepatocytes
Liver tissue samples were fixed with 3% glutaraldehyde and 1% osmium tetroxide successively, dehydrated by acetone 
and embedded, then cut into 60–70 nm thick ultra-thin sections, stained with uranium acetate for 10–15 min, and then 
with lead citrate for 1–2 min. Transmission electron microscopy (JEM-1400Flash, JEOL, Tokyo, Japan) was used to 
collect images from the copper mesh. Each copper mesh was observed 6000 times before, and the region to be observed 
was selected to collect images, which were further magnified to 20,000 times to observe specific lesions.

Real-Time Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR)
An appropriate amount of mouse liver tissue was taken, and 1mL of pre-cooled Trizol was added, then ground at high 
speed and low temperature, stood for 5–15 min, centrifuged at 12000 rpm, and 2–8 °C for 10 min. Each 1mL supernatant 
with 0.2mL chloroform was added and centrifuged after standing (parameters were the same as before). The supernatant 
was continued to be collected, an equal amount of isopropanol was added, and after centrifugation again, the RNA 
precipitate at the bottom of the tube was retained and the supernatant was discarded. The RNA precipitate was washed 
and air-dried, dissolved in DEPC water, and placed at 4°C for later use. The RNA is then reverse transcribed into cDNA. 
The RT-PCR reaction parameters were set as 95°C denaturations for the 30s, followed by 40 cycles of denaturation at 95  
°C for 5s, 55 °C annealing for 30s, and extension at 72 °C for 30s. The relative expression level of the gene to be tested 
was expressed by 2−ΔΔCT. PCR primers are shown in Table 2.

Western Blotting
A 100mg liver tissue sample was weighed and added with RIPA lysis solution (G2002-100mL, Servicebio) for high- 
speed and low-temperature grinding and lysis. After grinding, the sample was centrifuged at 12,000 rpm for 10 min at 
4°C, and the supernatant was collected. The BCA kit (P0009, beyotime) was used to determine the protein concentration 

Table 2 Primer Design

Primer Upstream Primer Downstream Primer

βactin 5’ -CTACCTCATGAAGATCCTGACC-3’ 5’ -CACAGCTTCTCTTTGATGTCAC-3’

JNK2 5’ -GCAGGTGGCGGACTCAACTTTC-3’ 5’ -AAAGCAGCACAAACAATTCCTTGGG-3’

PPARα 5’ -GAGCTGCAAGATTCAGAAGAAG-3’ 5’ -GAATCTTTCAGGTCGTGTTCAC-3’

TLR4 5’ -GCCATCATTATGAGTGCCAATT 5’ -AGGGATAAGAACACTGAGAATT-3’

CPT1A 5’ -CTACATCACCCCAACCCATATT-3’ 5’ -GATCCCAGAAGACGAATAGGTT-3’
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of the samples. The 32 μg sample was added to the well with a pipette gun, powered on, maintained at 100V voltage for 
15 min, isolated in 10% SDS-PAGE gel, and then transferred to PVDF membrane (ISEQ00010, SigmaAldrich). The 
PVDF membrane was placed into the primary antibody, incubated at 4 °C overnight, and washed by TBST 3 times. Then 
the PVDF membrane was placed into the secondary antibody, incubated at room temperature for 2–3 hours, and washed 
with TBST 3 times. The PVDF membrane was tiled onto the exposure plate, and an equal volume of reagent A and B of 
an ECL luminescent kit was mixed and dropped uniformly onto the PVDF membrane to react for 1 minute. Then put the 
exposure plate with the film into the darkroom of chemiluminescence gel imager 5200 (Tanon Technology Co., Ltd., 
Shanghai, China), and adjust the exposure time appropriately according to the strength of the signal to expose (The 
exposure time was labeled on the original Western blot image). Tanon GIS software version 2.0 (Tanon, Shanghai, 
China) was used to scan the bands, and the results were normalized to β-actin. The raw data were generated with 
Photoshop software (Adobe Creative Suite 5). Photoshop software was used to process the original completely 
uncropped whole membranes to merge the ladder and protein bands without any modification or cutting.

Immunohistochemistry Analysis
Paraffin-embedded liver tissue sections were first dewaxed to water, then immersed in citrate buffer (PH 6.0) (ZLI-9065, 
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) for antigen repair, and then the sections were 
put in 3% hydrogen peroxide, incubate for 10 min at room temperature, and wash 3 times with PBS to block endogenous 
peroxidase. Sections were incubated with blocking solution (10% goat serum, 1% RIA-BSA, 0.3% Triton™ X-100 in 
PBS) for 20 min at room temperature, incubated with primary antibody (mouse Anti-NF-κB p65 antibody [E379], 
ab32536, Abcam) overnight at 4°C, and washed 3 times with PBS for 5 min each. Then, a secondary antibody (SP9001, 
Beijing Zhongshan Golden Bridge Biological Co., Ltd.) was added and incubated at 37°C for 30 min. DAB kit (ZLI- 
9018, Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) was used for section color develop-
ment. The sections were washed with distilled water to stop color development, counterstained with hematoxylin for 3 
min, washed with water again, and finally sealed with neutral resin. The nuclei stained with hematoxylin are blue, and the 
positive expression of DAB is brown. A trinocular camera microscope (BA400Digital, McAudi Industrial Co., Ltd., 
Xiamen, China) was used for image acquisition. All tissues were observed at 100x magnification, and then three 
microscopic images were acquired at 400x magnification. The Halo data analysis system (Halo 101-WL-HALO-1, 
Indica labs) was used to calculate the percentage of positive area of each image (% DAB Positive Tissue), and the final 
result was displayed as the mean of three images.

Enzyme-Linked Immunosorbent Assay (ELISA)
ELISA was used to detect serum HMGB-1 and liver tissue NLRP3, IL-1β, IL-6, IL-10, TNF-α, CPT1A, ADP, and ATP 
levels. We weighed appropriate liver tissue sample, removed residual blood, added PBS at a mass-to-volume ratio of 1:9, 
and put it into a high throughput tissue lapping instrument (KZ-III-F, Wuhan Saiwell Biotechnology Co., Ltd., China) for 
tissue homogenization. Samples were centrifuged at 5000 × g for 10 min and supernatant was collected. According to the 
instructions of the ELISA kit, carry out the operation steps of sample addition, washing, color development, and 
termination, and finally, measure the absorbance (OD value) of each hole at the wavelength of 450 nm in sequence.

Bio-Indicators of Oxidative Stress in Liver Tissue
Liver tissue T-SOD, MDA, and GSH activities were detected using the T-SOD assay kit, MDA assay kit, and GSH assay 
kit, respectively, according to the manufacturer’s protocol.

Statistical Analysis
Statistical analysis was performed using IBM SPSS statistics software (SPSS 25.0. IBM Corp., Armonk, NY, USA) and 
graphs were drawn by GraphPad Prism (GraphPad Prism 5, Pugh computers, UK). Measurement data were expressed as 
mean±SD. One-way analysis of variance (ANOVA) was used to examine differences between multiple groups, and 
pairwise comparisons between groups were performed with LSD or Dunnett’s T3 test. P<0.05 considered the difference 
to be statistically significant.
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Animal Ethics
This experimental protocol was approved by the Experimental Animal Ethics Committee of the Affiliated Hospital of 
Chengdu University of Traditional Chinese Medicine (2021DL-019). The animal experiments were following humane 
animal care standards, and all experimental procedures were strictly performed by the requirements of the “Guide for the 
Care and Use of Laboratory Animals” published by the National Institutes of Health, USA.

Results
SNRS Attenuates Hepatocyte Injury Induced by LPS/D-GalN Attack in Mice
To evaluate the protective effect of SNRS on ALF mice, silymarin was selected as a positive control in this study. Silymarin, 
a natural product extracted from Milk thistle (Silybum marianum), has anti-inflammatory and antioxidant properties.33 In 
the past, several studies have used silymarin as a positive control to compare the efficacy of experimental drugs.34 In the 
liver failure of all causes, the majority of patients received medical therapy with silymarin or silibinin.35 Silibinin prevents 
D-GalN/LPS-induced liver injury.36 Compared with the blank control group, all LPS/D-GalN treated mice showed 
increased ALF and AST to varying degrees. SNRS and Silymarin can effectively reduce ALT and AST levels in the 
serum of ALF mice, and SNRS is more effective in reducing liver injury markers than Silymarin (Figure 2A and B).

Survival analysis of mouse within 24h after LPS/D-GalN injection showed that in the absence of other intervention, 
the mouse began to die at 8h after LPS/D-GalN attack, with a survival rate of 20% at 24h. Silymarin treatment can 
improve the 24-hour survival rate of the mouse (33.3%), but it cannot delay the time when mice start to die. The onset of 
death of SNRS-treated mice was delayed to 10h after LPS/D-GalN injection, and the survival rate increased to 80% 
(Figure 2C).

We further evaluated the ameliorating effect of SNRS on liver histopathology. After LPS/D-GalN treatment, the liver 
of the mouse was enlarged and purple. In the liver tissue of ALF mouse, the hepatic lobule structure disorder, 
hemorrhagic sheet necrosis of hepatocytes, hepatic sinusoidal congestion, and inflammatory cell infiltration in the 
necrotic area were observed under light microscopy. Silymarin and SNRS can alleviate the above pathological manifes-
tations to varying degrees, and SNRS has significantly better improvement on liver histopathology than Silymarin 
(Figure 2D). After SNRS treatment, the appearance of the liver was not significantly different from that of the normal 
liver, the necrosis of hepatocytes was alleviated, and the pathological score was lower than that of the model group 
(Figure 2E).

Figure 2F shows the microscopic changes of mouse hepatocytes in different groups: The morphological structure of 
mitochondria in mice was severely damaged by LPS/D-GalN attack, resulting in swelling and deformation, and the 
disappearance of internal ridge structure, and destruction of mitochondrial membrane integrity. In addition, cells were 
also necrotic under LPS/D-GalN attack, showing loss of continuity of cell membrane structure and extravasation of 
cytoplasmic contents. Our research shows that SNRS can effectively improve the destruction of the mouse hepatocyte 
structure caused by LPS/D-GalN, SNRS was significantly better than silymarin group in improving survival rate, liver 
enzyme changes, and histopathology in mice.

SNRS Regulates PPARα Expression and Reduces Necroptosis of ALF Hepatocytes
The transcription and protein expression levels of PPARα in mouse liver tissue were significantly decreased after the 
LPS/D-GalN attack, and SNRS treatment reversed these trends and promoted the expression of PPARα (Figure 3A and 
B). The final execution of necroptosis is inseparable from the further activation of mixed lineage kinase domain-like 
protein (MLKL) by phosphorylated RIP3. Phosphorylated MLKL (p-MLKL) translocates to the plasma membrane, 
leading to membrane rupture, thus p-MLKL, as the final executor of necroptosis, can be used as a specific molecular 
marker to characterize necroptosis.37 We found that necroptosis-related proteins (RIP3, MLKL, and P-MLKL) were up- 
regulated in the liver of ALF mice, and the expressions of RIP3 and MLKL were significantly decreased in the SNRS- 
treated group. After SNRS treatment, the expression of p-MLKL showed a certain downward trend, however, this 
difference did not meet statistical significance (Figure 3C). The p-MLKL is the final effector molecule of necroptosis, 
and its phosphorylated structure can better characterize necroptosis than MLKL. In the present study, we observed a trend 
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of inhibition of p-MLKL by SNRS, but since there was no statistical difference, it is too early to conclude that SNRS can 
inhibit necroptosis. In the following experiments, we will continue to observe the regulatory effect of SNRS on p-MLKL 
to clarify the effect of SNRS on necroptosis.

SNRS Reduces the Release of HMGB-1 and the Level of Inflammatory Cytokines in 
Liver Tissue
Plasma membrane rupture caused by necroptosis usually triggers the release of a large number of immunogenic DAMPs, 
and HMGB1 is one of the most well-studied components of DAMPs. We measured the serum HMGB1 level of an 

Figure 2 Protective effect of SNRS on LPS/D-GalN-induced ALF. Mouse serum was collected at 8 h after LPS/D-GalN injection, and the levels of ALF markers AST (A) and 
ALT (B) were assessed. (C) Effects of distinct treatments on the 24-hour survival rate of ALF mouse. (D) Hematoxylin and eosin (H & E) staining of mouse liver tissue in 
different treatment groups, the specimens were examined under microscope (×100 and ×400). (E) The severity of liver tissue sections was graded and scored from 0 to 4. 
(F) Microscopic changes of LPS/D-GalN attacked hepatocytes (blue arrow: normal mitochondrial structure, clearly visible internal ridge structure, intact mitochondrial 
membrane; red arrow: mitochondrial swelling and deformation, membrane continuity disruption, ridge disappearance; green arrow: intracellular cytoplasmic loss; purple 
arrow: discontinuous cell membrane structure; yellow arrow: autophagosome). #Model group compared with control group, #P<0.05, ##P<0.01, ###P<0.001. *Compared to 
model group, *P<0.05, **P<0.01, ***P<0.01. ΔSNRS group compared with silymarin group, ΔΔP<0.05, ΔΔΔP<0.05.

https://doi.org/10.2147/JIR.S373903                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2022:15 4770

He et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


SNRS-treated mouse, and the results showed that LPS/D-GalN attack on liver cells resulted in increased HMGB1 
release, and SNRS could improve the changing trend of HMGB1 (Figure 4A). HMGB1 is a biomarker and inflammatory 
mediator in numerous infectious and non-infectious injuries, and its release further promotes the release of inflammatory 
cytokines.38 We detected inflammatory cytokine levels in mouse liver tissue by ELISA. The results showed that the 
secretion of pro-inflammatory cytokines like TNF-α, TNF-β, IL-6, and IL-1β was significantly increased after LPS/ 
D-GalN treatment (Figure 4B–E), while the secretion of IL-10, which has been proved to play an anti-inflammatory role 
in various inflammatory diseases, was decreased39 (Figure 4F). SNRS treatment reduced the secretion of TNF-α, TNF-β, 
IL-6, and IL-1β and promoted the secretion of IL-10, suggesting that SNRS has significant anti-inflammatory activity.

SNRS Inhibited LPS/D-GalN-activated TLR4-JNK and NLRP3 Inflammasome Signaling 
Pathways and NF-κB Protein Expression
Toll-like receptor 4 (TLR4), as a pattern recognition receptor, can be activated by ligands of pathogen-associated 
molecular patterns (PAMPs) and DAMPs.40 Activated TLR4 further mediates the activation of MAPK and NF-κB 

Figure 3 The effect of SNRS on PPARα and necroptosis protein (A) The expression of PPARα mRNA was detected by RT-PCR. (B) The effect of SNRS on PPARα protein 
expression was measured by Western blotting. (C) Changes in necroptosis-related protein RIP3, MLKL, and p-MLKL with SNRS treatment were measured by Western 
blotting. #Model group compared with control group, ##P<0.01, ###P<0.001. *SNRS group compared with model group, *P<0.05, **P<0.01.
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signaling pathways, which normally act as pro-inflammatory signals to promote the production of inflammatory 
cytokines in response to LPS/D-GalN attack. SNRS treatment suppressed transcript levels of TLR4 and JNK, which 
were upregulated in ALF (Figure 5A and B). TLR4 protein expression was significantly up-regulated by LPS/D-GalN, 
and SNRS could inhibit this up-regulation trend of TLR4 (Figure 5C). There was no significant difference in the 
expression of P38 and JNK proteins between the treatment groups (Figure 5D–F), indicating that the mechanism of LPS/ 
D-GalN and SNRS production was less related to the protein expression of these two molecules. Further studies showed 
that LPS/D-GalN treatment significantly increased the phosphorylation level of JNK (Figure 5G). Protein phosphoryla-
tion is one of the most common post-translational modifications (PTM), and SNRS can reduce the phosphorylation level 
of JKN, thereby inhibiting JNK activation. These results suggest that SNRS regulation of the JNK pathway may be 
related to the PTM of molecules in the pathway. NLRP3 inflammasome is composed of NLRP3, ASC, and pre-caspase-1, 
and can be activated by various membrane damaging agents and PAMPs,41 which can promote Casp1 maturation and 
further activate the cytokine IL-1β.42 NLRP3 was significantly upregulated after LPS/D-GalN treatment, and the other 
components of NLRP3 inflammasome, ASC and Casp1, were also upregulated. SNRS treatment significantly reduced the 
expression levels of NLRP3 and ASC in liver tissues but had little effect on Casp1 protein expression (Figure 5H–K). 
MAPK can be used as the upstream of NF-κB to activate and maintain NF-κB activity. Immunohistochemistry confirmed 

Figure 4 The effect of SNRS on cytokines in the liver tissue of ALF mouse. (A) Mouse serum was collected to detect the cell damage marker HMGB1 by ELISA. Mouse liver 
tissue was collected, and ELISA was used to evaluate the secretion of cytokines TNF-α (B), TNF-β (C), IL-6 (D), IL-1β (E), and IL-10 (F) in liver tissue. #Model group 
compared with control group, #P<0.05, ##P<0.01, ###P<0.001. *SNRS group compared with model group, *P<0.05, **P<0.01.
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that NF-κB was significantly upregulated in ALF liver tissue, while SNRS inhibited the expression of NF-κB 
(Figure 5L). Activation of MAPK and NF-κB, known pro-inflammatory signaling pathways, usually implies increased 
secretion of inflammatory cytokines. These results suggest that SNRS inhibits inflammation by inhibiting the 

Figure 5 Effects of SNRS on inflammatory signaling pathways. Transcript levels of JNK (A) and TLR4 (B) were detected by RT-PCR. (C) Protein expression of TLR4; (D) 
Protein expression of p38; (E) Western blotting protein bands of TLR4, P38, JNK2, and P-JNK; (F) Protein expression of JNK2; (G) Protein expression of p-JNK2; (H) 
NLRP3 levels of liver tissue were determined by ELISA; (I) Protein expression of Casp1; (J) Western blotting protein bands of Casp1 and ASC; (K) Protein expression of 
ASC; (L) immunohistochemical detection of protein expression of NF-κB. #Model group compared with control group, #P<0.05, ##P<0.01, ###P<0.001. *SNRS group 
compared with model group, *P<0.05, **P<0.01.
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phosphorylation of key proteins in the TLR4-JNK pathway and NF-κB protein expression, as well as further inhibiting 
the NLRP3 and ASC protein expression in NLRP3 inflammasome.

SNRS Protected ALF Mouse from LPS/D-GalN Attack by Regulating PPARα
PPARα has been proven to have protective effects on a variety of acute and chronic liver diseases including liver failure 
and drug-induced liver injury.43,44 In previous experimental steps, we confirmed that SNRS can promote the expression 
of PPARα, which was down-regulated by LPS/D-GalN (Figure 3A and B). Therefore, we believe that SNRS may 
improve the pathological damage of ALF by promoting the expression of PPARα. We pretreated the mouse with an 
agonist (WY14643) and inhibitor (GW6471) of PPARα to confirm our point. WY14643 can effectively promote the 
expression of PPARα in liver tissue of ALF mouse, while GW6471 has the opposite effect. Based on GW6471 treatment, 
superimposing SNRS can reverse the inhibitory effect of GW6471 on PPARα, which confirms that SNRS has 
a significant promoting effect on PPARα (Figure 6A). Subsequently, we confirmed that both SNRS and WY14643 
treatments could effectively reduce the levels of serum liver injury markers (ALT and AST) in ALF mice, while the 
inhibition of PPARα (GW6471) increased the serum levels of ALT and AST to a certain extent, and SNRS reversed this 
effect (Figure 6B and C). Liver histopathological examination also suggested the protective effect of PPARα on ALF, 
promoting the expression of PPARα improved liver histopathology, while inhibiting the expression of PPARα aggravated 
the damage degree of liver cells. SNRS reversed the negative effect of PPARα inhibitors on the ALF mouse (Figure 6D). 
These results suggest that SNRS can protect hepatocytes from LPS/D-GalN attack by promoting PPARα.

SNRS Increases the Energy Supply of Hepatocytes in ALF Mice by Regulating PPARα
PPAR is best known for its role in regulating cellular lipid metabolism. Studies have shown that almost all downstream target 
genes of PPAR are involved in fatty acid metabolism and energy homeostasis in some way,45 and PPARα is believed to 

Figure 6 SNRS ameliorates liver injury by promoting the expression of PPARα. (A) The expression of PPARα protein in liver tissue of different treatment groups. (B) The 
serum level of AST. (C) The serum level of ALT. (D) Gross morphology and HE-stained histological section of the liver. #Model group compared with control group, 
##P<0.01, ###P<0.001. *Compared to model group, *P<0.05, **P<0.01, ***P<0.001. ΔGW6471 group compared with GW6471+SNRS group, ΔΔΔP<0.05. @SNRS group 
compared with WY14643 group, @@P<0.01.
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improve mitochondrial β-oxidation.46 Carnitine palmitoyltransferase (CPT) is a downstream target gene of PPARα.47 CPT1 is 
a key rate-limiting enzyme regulating β-oxidation of fatty acids, and CPT1A is a subtype of CPT1 that mainly regulates the 
transmembrane transport of acylcarnitines in mitochondria.48 SNRS can up-regulate the reduced CPT1A level in liver tissue 
under LPS/D-GalN attack (Figure 7A and B), and this effect may be related to the promotion of PPARα by SNRS (Figure 7C). 
The severe inflammatory response of the liver caused by ALF consumes a large amount of ATP, and the sharp decrease in ATP 
leads to more apoptosis transforming into necroptosis. The FAs β-oxidation is involved in the acute injury of liver tissue, and 
the energy generated by the complete decomposition of FAs through β-oxidation is several times that of ATP generated by 
carbohydrate metabolism. SNRS promotes the expression of the CPT1A upstream gene PPARα, which indirectly participates 
in the regulation of hepatocyte β-oxidation in ALF. We further studied the effect of SNRS on ATP, and the results showed that 
different treatments had little influence on the level of ADP in mouse liver tissue (Figure 7D), which mainly focused on the 
regulation of ATP. The ATP level in the liver tissue of mice treated with LPS/D-GalN was significantly decreased, and the 
inhibition of PPARα aggravated the decreasing trend of ATP. The use of SNRS reversed the down-regulation trend of ATP 
induced by PPARα inhibitor, and the use of PPARα agonists significantly upregulated the level of ATP in liver tissue of ALF 

Figure 7 The effect of SNRS on energy metabolism in liver cells of ALF mice. (A) CPT1A mRNA expression; (B) Liver tissue CPT1A in 3 groups was detected by ELISA; (C) 
Liver tissue CPT1A in 6 groups was detected by ELISA; (D) ADP level in the liver of mice; (E) ATP level in the liver of mice; (F) ADP/ATP ratio in the liver of mice. #Model 
group compared with control group, #P<0.05, ##P<0.01, ###P<0.001. *Compared to model group, *P<0.05, **P<0.01, ***P<0.001. ΔGW6471 group compared with GW6471 
+SNRS group, ΔP<0.05.
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mice (Figure 7E). At the same time, SNRS can also reduce the increased ADP/ATP ratio after LPS/D-GalN treatment by 
promoting PPARα (Figure 7F).

SNRS Inhibits Hepatocyte Necroptosis in ALF Mice by Regulating PPARα
We compared the changes in necroptosis after the addition of PPARα agonists and inhibitors. The results showed that for 
the expression of p-MLKL, the final effector protein of necroptosis, both PPARα agonists and SNRS significantly 
reduced its expression, while GW6471 had an insignificant effect on it. Based on GW6471 treatment, the add of SNRS 
can significantly reduce the expression of p-MLKL in liver tissue of ALF mice (Figure 8). The above results indicate that 
the regulation of PPARα can indirectly affect the necroptosis of ALF hepatocytes, and SNRS can reduce the necroptosis 
by promoting the expression of PPARα.

SNRS Attenuates Oxidative Stress and Inflammation in Liver Tissue by Regulating 
PPARα
DAMPs released by hepatocyte necroptosis can induce a severe pro-inflammatory response. Up-regulated levels of 
inflammation and oxidative stress in liver tissue are characteristic pathological changes of ALF and can further 

Figure 8 SNRS inhibits hepatocyte necroptosis by promoting PPARα. #Model group compared with control group, #P<0.05, ##P<0.01. *Compared to model group, *P<0.05. 
ΔGW6471 group compared with GW6471+SNRS group, ΔΔΔP<0. 001.
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exacerbate hepatocyte damage.49 We investigated whether SNRS could reduce the level of inflammation and 
oxidative stress upregulated in LPS/D-GalN-induced ALF by activating PPARα. The results showed that after 
inhibiting PPARα, the levels of pro-inflammatory cytokines (TNF-α, TNF-β, IL-1β, and IL-6) in liver tissue of 
ALF mouse were further increased compared with the model group. SNRS reversed the effect of GW6471, 
effectively reducing the levels of pro-inflammatory cytokines in ALF mouse liver tissue (Figure 9A–D), at the 
same time, SNRS also promoted the level of anti-inflammatory cytokine IL-10 (Figure 9E). MDA is the product of 
reactive oxygen species (ROS) lipid peroxidation, which leads to the lipid-free radical chain reaction to further 
damage the membrane structure organelles of cells.50 Both SOD and GSH are important antioxidant components of 
cells, which can neutralize the by-product ROS of oxidative phosphorylation. LPS/D-GalN treatment increased the 
production of MDA and decreased the levels of antioxidant SOD and GSH in cells. The use of PPARα agonists and 
SNRS can both reduce MDA and increase the levels of SOD and GSH in liver tissue. The effects of PPARα 
inhibitors on MDA, SOD, and GSH tended to be opposite to those of PPARα agonists, and SNRS could reverse the 
effects of PPARα inhibitors (Figure 9F–H). It indicated that SNRS could reduce the level of inflammation and 
oxidative stress in the liver tissue of ALF mice by promoting the expression of PPARα.

Discussion
ALF is a rare but fatal severe liver disease with a consistently high mortality rate compared to its low incidence. Immune 
inflammatory responses are involved in the key mechanisms that promote the progression of ALF. Various immune cells, 
including Kupffer cells, dendritic cells, and natural killers, are activated in ALF, and a large number of pro-inflammatory 

Figure 9 SNRS attenuates oxidative stress and inflammation in liver tissue. Changes in cytokines TNF-α (A), TNF-β (B), IL-1β (C), IL-6 (D), and IL-10 (E) in liver tissue with 
different drug treatments. Changes in oxidative stress-related indexes MDA (F), SOD (G), and GSH (H) in liver tissue with different drug treatments. #Model group 
compared with control group, ###P<0.001. *Compared to model group, *P<0.05, **P<0.01, ***P<0.001. ΔGW6471 group compared with GW6471+SNRS group, ΔP<0.05, 
ΔΔP<0.01.
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cytokines such as TNF-α, IL-1, and IFN-γ are generated subsequently.51 The pathological feature of ALF is massive liver cell 
death in a short period. For some cases of ALF, it is even difficult to find residual liver cells in liver tissues.56 The necrotic 
hepatocytes are not the perfect innocent victims. Instead, the damaged liver cells transform themselves from victim to perpetrator 
by releasing DAMPs to promote a more severe pro-inflammatory response. The MHN in ALF releases large amounts of DAMPs 
with pro-inflammatory effects, leading to SIRS and concomitant multi-organ failure. Therefore, finding a therapeutic method that 
can effectively reduce the necroptosis of hepatocytes is the key to improving the excessive immune response of ALF. In this 
study, we confirmed that SNRS can reduce the mortality of ALF mice and protect some liver cells from LPS/D-GalN attack. 
Further studies have found that SNRS can significantly reduce hepatocyte necroptosis by promoting the expression of PPARα, 
thus reducing the release of DAMPs, which may be the key mechanism of SNRS in the treatment of ALF.

The necrosomes formed by RIPK1 and RIPK3 mediate the phosphorylation of RIPK3 by RIPK1,52 and the 
phosphorylated RIPK3 further phosphorylates MLKL, resulting in the oligomerization of MLKL protein and its 
translocation to the membrane, which ultimately leads to the rupture of the plasma membrane and release the pro- 
inflammatory cell contents into the extracellular space.53 HMGB1, one of the most classical DAMPs, was used to 
characterize the release of cellular contents from necrotic hepatocytes in this experiment. HMGB-1 was identified as an 
alarm molecule involved in the pathogenesis of acute and chronic liver injury.54 A recent study showed that inhibition of 
the TNF-α/HMGB1 pathway reduced pyroptosis and tissue macrophage infiltration in LPS/D-GalN-induced mouse 
models of ALF and AKI.55 The use of SNRS reduced hepatocyte necroptosis (Figure 3C and Figure 8), decreased 
HMGB1 release, and decreased liver tissue proinflammatory cytokine levels. This may be an important mechanism for 
SNRS to reduce hepatocyte injury and play a therapeutic role in ALF.

Studies have shown that the inhibition of TLR4 signaling can significantly improve disease prognosis and reduce 
organ damage.56 PAMPs and DAMPs can act as ligands of TLR4 to activate TLR4 signaling pathways.40 The HMGB1- 
TLR4 pathway may induce inflammation through multiple mechanisms and is involved in the progression of diseases 
characterized by cell death and damage, such as ALF.57 The LPS-TLR4 axis has been shown to play an important role in 
liver failure, where it is involved in inflammatory processes leading to tissue damage.58 The LPS signaling cascade- 
induced cytokine production is thought to depend on the activation of mitogen-activated protein kinase (MAPK) family 
members, including p38, extracellular signal-regulated kinase (ERK), and JNK.59 The p38 MAPK can regulate the 
production of proinflammatory cytokines in response to environmental stress and has been implicated in the pathogenesis 
of many inflammation-driven conditions.60 TLR4 recognizes extracellular LPS and leads to the activation of myeloid 
differentiation primary response 88 (MyD88), which then activates NF-κB directly or indirectly by phosphorylating IκBα 
or by activating the MAPK pathway.61 NF-κB is a nuclear transcription factor that can regulate the expression of 
cytokines associated with inflammation, such as inducing the synthesis of IL-6, IL-1β, and TNF-a to mediate 
inflammation.62 Recognition of LPS and HMGB1 by TLR4 on the surface of macrophages leads to an increase in the 
release of TNF-α, which in turn maintains NF-κB activity by activating MAPK.60 Thus, MAPK and NF-κB play a huge 
role in cytokine production. In addition, cytokines that depend on MAPK and NF-κB production usually require further 
processing and maturation. The maturation and release of The pro-IL-1β and pro-IL-18 depend on the activation of the 
inflammatory complex. ASCs act as adaptor proteins to inflammasome sensor molecules, such as NLRP3 and AIM2, and 
then act on pro-caspase1 to mature, which in turn induces the processing and maturation of IL-18 and IL-1β.63 In this 
study, we confirmed that SNRS can inhibit the phosphorylation level of JNK in the TLR4-JNK pathway, thereby 
inhibiting the signaling of this pathway. At the same time, ALF mice treated with SNRS were observed to down- 
regulate the expression of NF-κB, These may be important mechanisms by which SNRS exerts its inhibition on the 
production of pro-inflammatory cytokines. SNRS also inhibited the NLRP3 inflammasome signaling pathway involved in 
cytokine maturation and release. It can be seen that SNRS can play a multi-channel and multi-target anti-inflammatory 
effect in the treatment of ALF.

After SNRS treatment, the expression of PPARα and CPT1A in liver tissue was up-regulated, and a marked increase in ATP 
levels in liver tissue was also observed. Manipulation of intracellular ATP levels can regulate the death mode of cells exposed to 
injury, and the classical apoptosis pathway can be converted to necroptosis when ATP level is reduced.64 As mentioned above, 
the intense inflammatory response in ALF is considered to be an energy-intensive biological process. The apparent ATP 
impairment observed in ALF suggests that the imbalance between ATP supply and demand is an important pathological link 
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in ALF. Therefore, as we derive the mechanisms that influence cell death patterns upward, we turned our attention to the 
hepatocyte β-oxidation energy supply system. We believe that mitochondrial β oxidation, which is damaged in ALF, leads to the 
reduction of energy supply, which then leads to hepatocyte apoptosis turning to necroptosis.

PPARα is usually highly expressed in tissues with high fatty acid oxidation (FAO) rates such as liver and adipose 
tissue and is well known to function as a transcriptional regulator of genes related to FAs β-oxidation.65,66 In addition, 
pretreatment with PPARα can reduce the secretion of TNF, IL-1, and IL-6 induced by LPS to a certain extent.67 This 
study also observed that activation of PPARα could significantly inhibit the release of pro-inflammatory cytokines, 
thereby improving the pathological changes in ALF mice.

There are various explanations for why PPARα can exert anti-inflammatory effects, such as PPARα may mediate the up- 
regulation of certain anti-inflammatory genes.68 At the same time, PPARα was confirmed to have negative effects on the 
nuclear signaling pathways such as AP1 and NF-κB.69 PPARα can inhibit NF-κB-induced genes, such as VCAM-1, COX-2, 
and IL-6,70,71 thereby inhibiting the inflammatory responses mediated by the NF-κB pathway. This effect is consistent with 
our findings that downregulation of NF-κB was found in the PPARα agonist group. As mentioned above, PPARα activated by 
SNRS promotes FAs β-oxidation and reduces necroptosis by increasing ATP supply and reducing the immune inflammatory 
response of liver tissue. Of course, this is only one of the anti-inflammatory effects of PPARα.

The relationship between metabolism and inflammation is inseparable. Given the important role of PPARα in nutrient 
metabolism, it is reasonable to suspect that part of the anti-inflammatory effect of PPARα may be involved in the immunome-
tabolism, which is also a key link in the anti-inflammatory effect of PPARα. The components of the immune system can play 
a vital role in regulating metabolism. Meanwhile, metabolism not only provides energy but also regulates the phenotype and 
function of macrophages, thus adversely affecting immunity.72,73 Adipose tissue, which plays an important role in metabolic 
diseases, has long been regarded as an active endocrine organ. Adipokines secreted by adipocytes include a variety of active 
substances related to immune inflammatory responses, such as leptin, TNFα, and IL-6.74 Therefore fat metabolism obstacle is 
usually associated with chronic low-level inflammation. PPARα plays an important role in hepatic FAs catabolism and clearance, 
and PPARα can reduce chronic liver inflammation caused by obesity. PPARα activation reduces hepatic triglyceride levels and 
alleviates steatohepatitis,43,75 while PPARα downregulation leads to hepatic triglyceride accumulation.45,76

Of course, the above content mainly reflects the contribution of PPARα-mediated fat metabolism in chronic persistent 
inflammation. For ALF, we pay more attention to the relationship between lipid metabolism and immune response. 
Infection and inflammation induce multiple alterations in lipid metabolism, usually manifested as lipolysis, increased de 
novo hepatic fatty acid synthesis, and suppression of fatty acid oxidation.77 Accumulation of lipid metabolites is 
associated with systemic inflammation.77,78 During acute inflammation, severe systemic inflammation inhibits mitochon-
drial β-oxidation, resulting in increased blood fatty acylcarnitine levels 60. Macrophages activated via the LPS/TLR4 
pathway exhibited increased accumulation of succinate, leading to the induction of IL-1β.79 Increased levels of IL-1β in 
liver tissue of ALF mice were also observed in our study.

Mitochondrial dysfunction in ALF is an important factor leading to the reduction of β-oxidation levels. In this study, we 
characterized the damage of ALF to the mitochondrial morphological structure of hepatocytes by transmission electron 
microscopy, which resulted in the reduction of ATP levels (Figure 2). It has been suggested that inhibition of mitochondrial 
β-oxidation in ACLF may lead to a reduction in FAs-derived energy supply in peripheral organs.18 It has been reported in 
the past that impaired mitochondrial β -oxidation and ATP depletion lead to hepatocyte necrosis and ALF.80

LPS and cytokines are abundantly produced in ALF, which induces lipolysis by reducing the expression of acyl-CoA 
synthase (ACS) in adipose tissue.81 Mitochondrial ACS converts FAs to fatty acyl-CoA, and CPT1A catalyzes the transfer of 
acyl groups of long-chain FAs to carnitine to form acyl-carnitines, which is a key step in the entry of long-chain fatty acids into 
mitochondria.82 As a downstream target gene of PPARα, CPT1A has been confirmed to be down-regulated in the ALF mouse 
model in this study, while SNRS can significantly up-regulate the expression of CPT1A.

Severe inflammation-induced reduction in mitochondrial ACS prevents FAs from entering mitochondria for oxidation.77 

This process is accompanied by downregulation of PPARα and decreased expression of CPT1A. FAs metabolism disorder will 
lead to increased production of free FAs (FFAs), which can induce ROS generation and endoplasmic reticulum stress by 
activating the unfolded protein response signaling pathway in adipocytes, thereby leading to aggravation of inflammation.83,84 

In this study, we observed that the secretion of a large number of pro-inflammatory cytokines was inhibited by SNRS and 
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WY14643. The mechanism may be partially explained by the regulation of immunometabolism after activation of PPARα. In 
the present study, we confirmed the exact regulatory effect of SNRS on PPARα (Figure 3) and confirmed that the use of SNRS 
can significantly increase ALF liver tissue ATP levels (Figure 7).

The regulation of PPARα by the constituent drug pairs in SNRS or a single herb has been reported for a long time. The 
combined application of aconite and dried ginger can significantly up-regulate the gene transcription and protein expression 
levels of PPARα, and improve ventricular muscle function.85 Ginsenoside Rg1, an important component of ginseng, can 
promote the expression of PPARα and CPT1A, thereby regulating lipid metabolism and effectively inhibiting liver damage 
caused by the release of IL-6 and TNF-α.86 The results of this study were largely consistent with the effects of SNRS on ALF 
that we observed (Figure 4). Nanoparticle conjugation of ginsenoside Rb3 can reshape cardiac energy metabolism by targeting 
the PPARα pathway to protect energy metabolism and mitochondrial function.87 6-gingerol, the active ingredient of ginger, 
can increase β-oxidation by activating PPARα and CPT1A. In addition, 6-gingerol can inhibit the decrease of ATP, alleviate 
the damage caused by ROS, and synergistically enhance mitochondrial function.88 The glycyrrhizic acid extracted from 
licorice can increase lipid metabolism by inducing the expression of PPARα and CPT1A, thereby exerting a protective effect 
on nonalcoholic steatohepatitis in mice.89 In conclusion, various active components in SNRS can increase mitochondrial 
function and reshape energy metabolism by promoting PPARα to regulate lipid metabolism.

However, it may be too early to conclude that PPARα can improve tissue ATP supply by regulating FAs β-oxidation 
and saving hepatocytes from inflammation, and a more rigorous and logical experimental design is still needed to 
confirm. In any case, we confirmed that SNRS can effectively promote the expression of PPARα, inhibiting the 
necroptosis of hepatocytes, reducing the level of oxidative stress and inflammation in liver tissue, thereby reducing the 
mortality of ALF mice and saving some hepatocyte immune cells from LPS/D-GalN attack.

Conclusion
SNRS can alleviate inflammation and oxidative stress injury by increasing hepatic ATP supply, reducing hepatocyte 
necroptosis, reducing DAMPs release, reducing TLR4-JNK and NLRP3 inflammasome pathway signal transduction, and 
inhibiting NF-κB protein expression. The mechanism may be related to the activation of PPARα by SNRS (Figure 10). 
This study involves part of the research on CPT1A, a key molecule of FAs β-oxidation, but further experiments are 
needed to confirm the regulatory effect of SNRS on FAs β-oxidation. Regardless, this study confirms the important 

Figure 10 Possible mechanisms of SNRS in the treatment of ALF.
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potential of SNRS in the treatment of ALF, which will provide new insights into the application of traditional Chinese 
medicine in the field of liver disease.
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