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Abstract Triptolide (TP) exhibits therapeutic poten-
tial against multiple diseases. However, its applica-
tion in clinics is limited by TP-induced hepatoxicity. 
TP can activate invariant natural killer T (iNKT) cells 
in the liver, shifting Th1 cytokine bias to Th2 cytokine 
bias. The damaging role of iNKT cells in TP-induced 
hepatoxicity has been established, and iNKT cell defi-
ciency can mitigate hepatotoxicity. However, the activa-
tion of iNKT cells in vitro by TP requires the presence 

of antigen-presenting cells. Therefore, we hypothesized 
that TP could induce dendritic cells (DCs) to activate 
iNKT cells, thereby leading to hepatotoxicity. The 
hepatic conventional DCs (cDCs) exhibited immuno-
genic activities after TP administration, upregulating 
the expression of CD1d, co-stimulatory molecules, and 
IL-12. Neutralization with IL-12p40 antibody extenu-
ated TP-induced hepatotoxicity and reduced iNKT cell 
activation, suggesting that IL-12 could cause liver injury 
by activating iNKT cells. TP triggered the activation and 
upregulation of STING signaling pathway and increased 
endoplasmic reticulum (ER) stress. Downregulation of 
STING reduced cDC immunogenicity, inhibiting the 
activation of iNKT cells and hepatic damage. These 
indicated the regulatory effects of STING pathway on 
cDCs and iNKT cells, and the important roles it plays 
in hepatoxicity. ER stress inhibitor, 4-phenylbutyrate 
(4-PBA), also suppressed iNKT cell activation and liver 
injury, which might be regulated by the STING sign-
aling pathway. Our results demonstrated the possible 
mechanisms underlying TP-induced hepatoxicity, where 
the activation of cDCs and iNKT cells was stimulated by 
upregulated STING signaling and increased ER stress as 
a result of TP administration.
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ALT  Alanine transaminase
ALP  Alkaline phosphatase
APAP  Acetaminophen
α-SMA  Alpha-smooth muscle actin
AST  Aspartate transaminase
ATF4  Activating transcription factor 4
ATF6  Activating transcription factor 6
APC  Antigen-presenting cells
BDL  Bile duct ligation
cDC  Conventional dendritic cell
CHOP  C/EBP homologous protein
Con A  Concanavalin A
DC  Dendritic cell
ER  Endoplasmic reticulum
eIF2α  Eukaryotic translation initiation factor 2 

alpha
FasL  Fas ligand
GRP78  Glucose-regulated protein 78
H&E  Hematoxylin and eosin
HFD  High-fat diet
HSC  Hepatic stellate cell
iNKT cell  Invariant natural killer T cell
IRE1α  Inositol-requiring enzyme 1α
IRF3  IFN regulatory factor 3
LSEC  Liver sinusoidal endothelial cell
NAFLD  Nonalcoholic fatty liver disease
NASH  Nonalcoholic steatohepatitis
NPC  Nonparenchymal cell
NK cell  Natural killer cell
4-PBA  4-Phenylbutyrate
pDC  Plasmacytoid DC
PERK  PKR-like ER kinase
PRR  Pattern recognition receptor
sXBP1  Spliced X-box-binding protein
TBK1  TANK-binding kinase 1
TC  Total cholesterol
TG  Triglyceride
TGF-β1  Transforming growth factor beta-1
TP  Triptolide
TUNEL  Terminal dUTP nick-end labeling
UPR  The unfolded protein response
WT  Wild type

Introduction

Triptolide (TP) is a powerful and promising com-
pound that originated from the Traditional Chinese 
Medicines Trypterygium wilfordii Hook F. It shows 

excellent anti-cancer, anti-fertility, and immunoregu-
latory efficacies. However, the clinical application of 
TP is hindered by its disadvantages, such as multi-
organ toxicity, narrow therapeutic window, and lim-
ited water solubility (Hou et al. 2019). Hepatotoxicity 
is one of the most prominent side effects of TP, which 
is associated with its immunomodulatory effects. 
Multiple immunocytes participate in hepatotoxicity 
caused by TP. Following TP administration, hepatic 
neutrophils and macrophages infiltrate and become 
activated (Wang et al. 2018a, Wang et al. 2018c). In 
addition, hepatic Th17 cell expansion and Treg cell 
reduction contribute to Th17/Treg disequilibrium 
(Wang et  al. 2014). Our previous study has found 
that TP activates invariant natural killer T (iNKT) 
cells in the liver. Both NKT cell depletion and iNKT 
cell deficiency attenuate TP-induced hepatotoxicity 
(Wang et al. 2018b, Zou et al. 2020). NKT cells are 
predominantly enriched in liver and play an impor-
tant role in liver diseases via rapid abundant produc-
tion of cytokines (Caballano-Infantes et  al. 2021). 
However, our in  vitro results showed that the pres-
ence of antigen-presenting cells (APCs) was required 
for TP-induced iNKT cell activation. Therefore, we 
hypothesized that dendritic cells (DCs) could acti-
vate iNKT cells, thereby participating in TP-induced 
hepatotoxicity.

DCs are APCs that efficiently activate NKT 
cells. DCs constitutively expressing CD1d can pre-
sent the iNKT cell-specific ligand αGalCer and 
directly activate iNKT cells. DCs can also trans-
duce innate immune signals and secret IL-12 for 
indirect iNKT cell activation. Upon activation, 
iNKT cells in turn induce the maturation and 
activation of DCs, cascading the initial immune 
response (Keller et al. 2017). DCs are the sentinels 
of the hepatic local immune system. The liver DCs 
have the dual properties of maintaining immune 
homeostasis by inducing immune tolerance and 
rapidly responding to liver injury by inducing 
immune response (Castellaneta et  al. 2009). In 
the liver, DCs can be classified into conventional 
DCs (cDCs) and plasmacytoid DCs (pDCs). cDCs 
can capture, process, and present antigens and are 
highly immunogenic. In contrast, pDCs contain 
lower levels of major histocompatibility complex 
class II and co-stimulatory molecules, thus, mostly 
related to tolerance (Liu et  al. 2021). In murine 
model of nonalcoholic steatohepatitis (NASH), 
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DCs expand, mature, and activate in the liver. 
They can suppress Kupffer cells and neutrophils, 
therefore protecting against NASH. Depletion of 
DC notably aggravates fibro-inflammation (Hen-
ning et  al. 2013). Conversely, in thioacetamide-
induced chronic liver fibrosis, DCs trigger inflam-
mation by inducing the proliferation of hepatic 
stellate cells (HSCs), NK cells, and T cells. In 
this case, DC depletion dramatically extenuates 
the local inflammatory milieu in fibrotic livers 
(Connolly et  al. 2009). Therefore, the role of DC 
remains to be elucidated.

STING, an endoplasmic reticulum (ER) membrane 
protein, is highly expressed in non-parenchymal cells 
(NPCs) of the liver, and DCs are the main functional 
site of STING. Activation of STING promotes DC 
maturation and induces the expression of co-stimu-
latory molecules including CD80, CD86, and CD40, 
and the upregulation of inflammatory factors includ-
ing type I IFNs (Chen et  al. 2021, Takashima et  al. 
2018). After detecting exogenous/endogenous abnor-
mal nucleic acids, STING migrates from the ER 
to the Golgi apparatus and recruits TANK-binding 
kinase 1 (TBK1). TBK1 traffics phosphorylated IFN 
regulatory factor 3 (IRF3) to the nucleus, enhancing 
type I IFN transcription. STING can also promote the 
release of inflammatory cytokines through NF-κB 
(Zhang et  al. 2019). High-fat diet (HFD)-induced 
activation of STING in liver NPCs triggers the proin-
flammatory activation status of macrophages, hepatic 
lipid deposition, and HSC activation. Lacking STING 
prevents apoptosis, metabolic dysfunction, and 
nonalcoholic fatty liver disease (NAFLD)/NASH-
related fibro-inflammation in mice (Luo et  al. 2018, 
Qiao et  al. 2018, Yu et  al. 2019). ER-stressed DCs 
enhance iNKT cell activation in  vitro and in  vivo. 
The PKR-like ER kinase (PERK) pathway increases 
CD1d-mediated antigen presentation. ER stress alters 
the cell surface distribution of CD1d (Bedard et  al. 
2019). In alcohol-related liver disease (ALD), bile 
duct ligation (BDL), and  CCl4-induced cirrhosis, ER 
stress leads to increased expression of C/EBP homol-
ogous protein (CHOP) in hepatocytes (Campos et al. 
2014, Liu et al. 2018, Tamaki et al. 2008). Cholestatic 
cirrhosis in CHOP-deficient mice is notably amelio-
rated due to reduced hepatocyte death and inhibition 
of α-SMA and TGF-β1 expression (Liu et  al. 2018; 
Tamaki et  al. 2008). In  CCl4-induced liver fibrosis, 

STING-IRF3 links ER stress to apoptotic signaling in 
hepatocytes (Iracheta-Vellve et al. 2016). STING and 
IRF3 are significant in the development of ALD and 
link ER stress to the mitochondrial pathway of cell 
death (Petrasek et al. 2013).

In this study, our results showed that TP induced 
ER stress and the activation of STING signaling 
pathway, which resulted in the activation of cDCs 
and iNKT cells and thereby causing hepatotoxicity. 
The hepatic cDCs exhibited immunogenic pheno-
types with upregulation of co-stimulatory molecules 
and IL-12 production, both of which had an impact 
on iNKT cell activation and could be pathogenic in 
TP-induced liver injury. STING could alter cDC phe-
notype and function, mediate iNKT cell activation, 
and thus affect the progression of liver injury. ER 
stress also had an impact on iNKT cell activation and 
hepatic damage, which might form a crosstalk with 
STING signaling pathway in the liver.

Material and methods

Reagents

TP (CAS: 38748–32-2, batch number: 130401, con-
tents > 98%) was purchased from Sanleng Biotech 
Co., Ltd., (Guilin, China) and was reconstituted in 1, 
3-propylene glycol and stored at − 20  °C. Then, TP 
was freshly diluted to the appropriate concentrations 
with a 0.5% carboxymethylcellulose solution before 
the experiments. 4-phenylbutyrate (4-PBA, CAS: 
1821–12-1, Sigma, USA) was dissolved in NaOH of 
equal molar mass (final pH7.2–7.4). α-GalCer (KRN 
7000, CAS: 158021–47-7, Cayman) was dissolved 
with DMSO to prepare a 1 mg/mL stock solution and 
was freshly diluted with medium to 1 μg/mL for use. 
Anti-CD16/32 antibody (clone: 2.4G2) for unspecific 
antigen blocking, anti-CD3e-FITC antibody (clone: 
145-2C11), anti-CD69-PE antibody (clone: H1.2F3), 
anti-IFN-γ-PE antibody (clone: XMG1.2), anti-IL-
4-PE antibody (clone: 11B11), anti-IL-17-PE antibody 
(clone: TC11-18H10), anti-CD11c-FITC antibody 
(clone: HL3), and anti-IL-12(p40/p70)-PE antibody 
(clone: C15.6) were obtained from Becton Dickin-
son (San Diego, CA, USA). Anti-CD45R (B220)-
APC antibody (clone: RA3-6B2) and anti-CD86 
(B7-2)-PE antibody (clone: GL1) were purchased from 
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eBioscience (Pittsburgh, PA, USA). Anti-CD40-PE 
antibody (clone: 3/23) was purchased from BioLeg-
end (San Diego, CA, USA). Mouse Th1/Th2 Cytokine 
Kit (CBA,  Cat: 551,287) and Leukocyte Activation 
Cocktail with BD GolgiPlug™ (Cat: 550,583) were 
purchased from BD Pharmingen. Mouse CD1d-
PBS-57 tetramer-APC was kindly provided by the 
NIH Tetramer Core Facility. PMA was purchased from 
Beyotime (Nanjing, China). Ionomycin calcium salt 
and brefeldin A were purchased from FcMACS (Nan-
Jing, China). InVivoPlus anti-mouse IL-12 p40 (clone: 
C17.8) and InVivoPlus rat IgG2a isotype control anti-
trinitrophenol (clone: 2A3) were obtained from BioX-
Cell (West Lebanon, NH, USA). AAV8-control and 
AAV8-STING  (1012 vg/mouse, i.v.) were prepared 
by Vigene (Jinan, China). cGAS (31,659), STING 
(50,494), TBK1 (3504), Phospho-IRF3 (29,047), IRF3 
(4302), GRP78 (3183  s), Phospho-eIF2α (9721  s), 
eIF2α (9722  s), ATF4 (11815  s), CHOP (2895  s), 
cleaved caspase-3 (9661), and COX IV (11967S) 
were purchased from Cell Signaling Technology (MA, 
USA). GAPDH (60,004–1-Ig) and cytochrome c 
(66,264–1-Ig) were purchased from Proteintech Group 
(Rosemont, IL, USA). TMEM173/STING (19,851–1-
AP) was purchased from Proteintech Group (Rose-
mont, IL, USA). GM130/GOLGA2 (NBP2-53,420) 
was purchased from Novus Biologicals (Centen-
nial, CO, USA). Cytochrome C (GB11080), COX IV 
(GB11250), and DAPI (G1012) were purchased from 
Servicebio (Wuhan, China).

Animal treatment

Female C57BL/6  J mice (aged 6–8  weeks, weighed 
18–20 g) were purchased from Shanghai SLAC Labo-
ratory Animal Co.,Ltd (Shanghai, China). iNKT cell-
deficient Jα18−/− mice on a C57BL/6 background (aged 
6 to 10 weeks) were generously provided by Dr. Li Bai 
(University of Science and Technology of China). All 
mice were grouped as follows: (1) control group — 
sodium carboxymethylcellulose (CMC-Na) solution 
(0.5%, w/v, i.g.) was administered; (2) TP group — TP 
(600 μg/kg/d) was intragastric administered for 1, 3, 5, 
or 7 days; (3) anti-IL-12p40 and TP co-administration 
group — TP along with anti-IL-12p40 antibody or 
isotype (500  μg/mouse, i.p. 24  h before TP adminis-
tration); (4) AAV-siSTING and TP co-administration 
group — TP was administered along with transfection 

of AAV-siSTING or AAV-NC  (1012 vg/mouse, 
4  weeks before TP administration); (5) 4-PBA and 
TP co-administration group — TP along with 4-PBA 
(100 mg/kg, i.p. 30 min before TP administration) was 
administered. There were 6 mice in each group. Dose 
selection was based on the results of an acute toxic-
ity study showing an  LD50 value of 1280 μg/kg for TP 
administration by gavage to C57BL6 mice (Wang et al. 
2008). All the mice were maintained and bred under 
specific pathogen-free conditions at an ambient temper-
ature of 22 ± 2 °C with a 12:12-h cycle. The mice were 
given ad  libitum access to water and laboratory mice 
maintenance diets. The animals were housed in the lab-
oratory for 1 week prior to experiments for acclimation.

NPC isolation and labeling

The NPCs were isolated as described before (Zou 
et  al. 2020). After being stimulated with leukocyte 
activation cocktail for 4–5  h (BD Pharmingen), the 
NPCs were blocked with anti-CD16/32 and then 
surface-labeled by fluorescently bound anti-mouse 
CD3e, CD1d, CD69, CD11c, B220, CD40, and CD86 
antibody staining. NPCs were fixed and permeabi-
lized using Cytoperm/Cytofix (Becton Dickinson), 
and intracellular staining was performed by IFN-γ, 
IL-4, IL-17, or IL-12 antibody incubation. Cells were 
examined using a BD FACS Calibur flow cytometer. 
The results were processed using FlowJo version 10 
software (FlowJo, Ashland, OR, USA). A total of 
50,000 events were collected per tube.

Serum biochemical assays

Anticoagulant-free serum was collected, and then 
the levels of alanine transaminase (ALT), aspartate 
transaminase (AST), and alkaline phosphatase (ALP) 
were assessed using the ALT, AST, and ALP quanti-
fication kit (Whitman Biotech, Nanjing, China). Total 
cholesterol (TC) and triglyceride (TG) were measured 
using TC and TG quantification kit (Jiancheng Bioen-
gineering Institute, Nanjing, China).

Hematoxylin and eosin (H&E) staining and 
immunohistochemistry

Liver paraffin-embedded sections were stained with 
H&E for histopathological examination. To detect 
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apoptosis, other paraffin-embedded sections were 
immunostained using a terminal dUTP nick-end labe-
ling (TUNEL) detection kit (KeyGEN BioTECH, 
Nanjing, China) or with cleaved caspase-3. Frozen 
liver sections were assessed for lipid accumulation 
by oil red staining performed by Servicebio (Wuhan, 
China).

Cell culture and cell viability assay

The mouse iNKT cell hybridoma line DN32.D3 and 
rat RBL-CD1d cells were kindly provided by Dr. 
Li Bai. TP was dissolved with DMSO to prepare a 
10-mM stock solution, and was freshly diluted with 
medium to the indicated concentrations for use. RBL-
CD1d cells were cultured in 96-well plates with a 
concentration of 4.5 ×  104 cells/mL/well or in 6-well 
plates with a concentration of 4.5 ×  105 cells/mL/well 
and cultured for 12 h (at 6 h, 0.625 mM 4-PBA and 
DN32.D3 cells were seeded in 96-well plates with a 
concentration of 2.5 ×  104 cells/mL/well or in 6-well 
plates with a concentration of 2.5 ×  105 cells/mL/
well). Then, the medium was removed, and the cells 

were washed with 37  °C preheated 1 × PBS twice, 
following by adding TP. After 16 h, cells or superna-
tant were collected for subsequent experiments. Cell 
viability of exponentially growing cells was detected 
using CCK8 in the 96-well plates. At the indicated 
time, replaced the previous media with FBS-free 
media and different concentrations of drugs followed 
by CCK8 assay.

Flow cytometry analysis and CBA in vitro

In the co-culture system, cells were stimulated with 
either leukocyte activation cocktail or PMA and ion 
for 4–5  h (BD Pharmingen) before harvest. After 
cocktail stimulation, DN32.D3 cells were obtained 
by aspiration of the cell suspension from the co-
culture system and stained with fluorescently bound 
anti-mouse CD69, IFN-γ, IL-4, or IL-17 antibody 
as described before. After PMA and ion stimulation, 
cell supernatant was obtained for CBA assay accord-
ing to the instructions. The cells or supernatants were 
examined using a BD FACS Calibur flow cytometer. 
The results were processed using FlowJo version 10 

Table 1  The primer sequences used for qPCR assay in vivo and in vitro

Gene Forward (5′ to 3′) Reserve (5′ to 3′)

18S TAG AGG GAC AAG TGG CGT TC CGC TGA GCC AGT CAG TGT 
Atf4 AAC CTC ATG GGT TCT CCA GCGA CTC CAA CAT CCA ATC TGT CCCG 
Atf6 GTC CAA AGC GAA GAG CTG TCTG AGA GAT GCC TCC TCT GAT TGGC 
Cd11b CGG TAG CAT CAA CAA CAT GCA TCA AAG AGA ACA AGG T
Cd68 GCC CGA GTA CAG TCT ACC TGG AGA GAT GAA TTC TGC GCC AT
Cgas AGA AGG ACT ACC TAT TCA AGGCT GGG TAC GAG ATA AAA CGG CTC 
Chop GGA GGT CCT GTC CTC AGA TGAA GCT CCT CTG TCA GCC AAG CTAG 
COX I GCC CCA GAT ATA GCA TTC CC GTT CAT CCT GTT CCT GCT CC
Cytochrome c AGG CAA GCA TAA GAC TGG ACC TCT CCC CAG GTG ATG CCT TTG 
F4/80 CTT TGG CTA TGG GCT TCC AGTC GGC AAG GAG GAC AGA GTT TAT CGT G
Gapdh AGG TCG GTG TGA ACG GAT TTG GGG GTC GTT GAT GGC AAC A
Ifnα GTG AGG AAA TAC TTC CAC AGG ATC AC TCT CCA GAC TTC TGC TCT GACCA 
Ifnβ CTC ACC TAC AGG GCG GAC T GGC AAA GGC AGT GTA ACT CTT 
Il2 CCT GAA ACT CCC CAG GAT GC ATG TGT TGT CAG AGC CCT TTAGT 
Il6 CTG CAA GAG ACT TCC ATC CAG AGT GGT ATA GAC AGG TCT GTTGG 
Il10 GCT GGA CAA CAT ACT GCT AACC ATT TCC GAT AAG GCT TGG CAA 
Il13 CCT GGC TCT TGC TTG CCT T GGT CTT GTG TGA TGT TGC TCA 
Irf3 GCG GGA CTT CGT ACA TCT GG TTC GGT AGG TTT TCC TGG GAG 
Sting CTA CAT TGG GTA CTT GCG GTT GCA CCA CTG AGC ATG TTG TTATG 
Tbk1 GGA GCC GTC CAA TGC GTA T GCC GTT CTC TCG GAG ATG ATTC 
Tnfα CAG GCG GTG CCT ATG TCT C CGA TCA CCC CGA AGT TCA GTAG 
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software (FlowJo, Ashland, OR, USA). A total of 
30,000 events were collected per tube.

Real-time PCR

RNA was extracted from liver sections with TRIzol 
and cDNA was synthesized using a reverse tran-
scription kit according to the instructions (R123-01, 
Vazyme Biotech, Nanjing, China). A 20-μL real-
time PCR system and thermal cycling were set up 
according to the kit instructions (Q111-02, Vazyme 
Biotech). The mRNA levels of the target genes were 
normalized by the mRNA levels of the housekeeping 
gene Gapdh. The primer sequences used in this study 
are shown in Table1.

Western blot analysis

After the proteins were extracted, their concentrations 
were determined by the BCA method (Beyotime Bio-
technology). Proteins were separated by SDS-PAGE 
and transferred to PVDF membrane. The membranes 
were blocked with 5% bovine serum albumin (BSA) 
and incubated with the corresponding primary anti-
bodies, including cGAS (62  kDa, 1:1000), STING 
(33, 35 kDa, 1:1000), TBK1 (84 kDa, 1:1000), Phos-
pho-IRF3 (45–55  kDa, 1:1000), IRF3 (45–55  kDa, 
1:1000), GRP78 (78  kDa, 1:1000), Phospho-eIF2α 
(38  kDa, 1:1000), eIF2α (38  kDa, 1:1000), ATF4 
(49  kDa, 1:100), CHOP (27  kDa, 1:1000), and 
GAPDH (36  kDa, 1:10,000). The mitochondria and 
cytosol fraction were isolated using Mitochondria 
Isolation Kit (Bioss, C5032). After the same proce-
dures above, the membranes were incubated with 

cytochrome C (12  kDa, 1:20,000) and COX IV 
(17 kDa, 1:1500). After incubation with appropriate 
secondary antibodies, the blots were detected with an 
enhanced chemiluminescence kit.

Immunofluorescence

Paraffin-embedded sections were stained to observe 
the migration of STING from ER to Golgi apparatus 
using TMEM173/STING polyclonal antibody (green, 
1:500), GM130/GOLGA2 antibody (red, 1:1000), 
and DAPI (blue, 2 μg/mL). Other paraffin-embedded 
sections were stained to observe the translocation of 
cytochrome c from mitochondrion to cytoplasm using 
cytochrome C polyclonal antibody (green, 1:2000), 
COX IV polyclonal antibody (red, 1:200), and DAPI 
(blue, 2 μg/mL). The staining procedure, microscopy 
detection, and images collection were performed by 
Servicebio (Wuhan, China).

Statistical analysis

The data are expressed as mean ± SEM. Significant 
differences were assessed between the two groups 
using Student’s t-test and among different groups 
using one-way analysis of variance (ANOVA) and 
Dunnet’s t-test. P-values < 0.05 were considered sta-
tistically significant.

Results

TP activated hepatic iNKT cells, resulting in a Th1 to 
Th2 cytokine bias and hepatic damage

The dynamic changes in iNKT cell activation 
and their cytokine secretion after TP adminis-
tration were observed using the specific marker 
 CD3intCD1d-PBS-57  tetramer+. During TP-induced 
hepatotoxicity, the percentage of iNKT cells revealed a 
mild expansion on 3 days after TP treatment (Fig. 1A). 
The expression of early activation marker CD69 on 
iNKT cells began to increase on 1  day and a 20 to 
30-fold increase was observed on 5 and 7 days, indi-
cating a highly activated status of iNKT cells induced 
by TP (Fig.  1B). Among the cytokines produced by 

Fig. 1  TP activates hepatic iNKT cells, resulting in a Th1 
to Th2 cytokine bias and hepatic damage. A The percent-
age and analysis of iNKT cells; B the percentage and analy-
sis of  CD69+ iNKT cells; C the analysis of IFN-γ+ iNKT 
cells; IL-4+ iNKT cells; IL-17+ iNKT cells; D the ratio 
of Th1/Th2 cytokine and Th1/Th17 cytokine produced by 
iNKT cells; E the mRNA levels of Th1 type cytokines Tnfα, 
Il2 and Th2 type cytokines Il6, Il10, and Il13. In C57BL/6  J 
mice and Jα18−/− mice, F the levels of ALT, AST, and ALP 
in the serum; G images of liver sections stained with H&E 
(400 × , scale bar = 20  μm). Data are mean ± SEM, n = 4–6; 
*P < 0.05, **P < 0.01, and ***P < 0.001 vs. control. #P < 0.05, 
##P < 0.01, and ###P < 0.001 vs. WT group

◂
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iNKT cells, an elevation of IFN-γ level was seen on 
3  days, and a substantial increase in IL-4 level was 
observed on 5 and 7 days. In addition, IL-17 level also 
increased mildly on 7  days (Fig.  1C). The Th1/Th2 
cytokine ratio of iNKT cells rose on 1 and 3 days and 
diminished on 5 and 7  days; the Th1/Th17 cytokine 
ratio of iNKT cells increased on 1 and 3 days and did 
not significantly alter on 5 and 7 days (Fig. 1D). Fur-
thermore, the expressions of genes encoding Th1-type 
cytokines (Tnfα and Il2) showed no significant change 
after the administration of TP, while the expressions 
of Th2-type cytokine genes Il6, Il10, Il13 increased 
constantly from 3 to 7  days (Fig.  1E). The results 
above demonstrated that the hepatic cytokine shifted 
to Th2 bias on 5 and 7  days. In the meantime, TP-
induced liver injury significantly increased (Fig. 1F). 
To elucidate the effects of iNKT cells on TP-induced 
hepatotoxicity, same treatment was applied to iNKT 
cell-deficient Jα18−/− mice. The results showed that 
TP caused serum levels of ALT and AST to increase 
on 5 and 7  days. In comparison to wild type (WT) 
group, iNKT cell-deficient mice showed lower blood 
biochemistry after TP treatment (Fig.  1F). Hepatic 
sections showed infiltration of inflammatory cells and 
proliferation of the pseudocholangiolar duct and cel-
lular degenerative edema using H&E staining. Pathol-
ogy was obviously ameliorated in Jα18−/− mice, indi-
cating that iNKT cell-deficiency protected mice from 
TP-induced liver damage (Fig.  1G). Overall, these 
findings indicated that TP stimulated iNKT cell acti-
vation, resulting in an alteration of hepatic cytokines 
from Th1 to Th2 bias and leading to liver injury.

TP-induced iNKT cell activation required the 
presence of DCs

An in  vitro co-culture system was established using 
the mouse iNKT cell hybridoma line DN32.D3 and 

rat RBL-CD1d cells under nontoxic concentrations to 
examine the effects of TP (Fig.  2A  and B). TP was 
unable to cause the activation of DN32.D3 cells alone 
(Fig. 2C). In the co-culture system, TP triggered the 
in  vitro activation of iNKT cell line with upregu-
lated surface CD69 expression and increased IFN-γ 
and IL-4 secretion, while IL-17 secretion remained 
insignificant (Fig. 2D). CBA results showed that TP 
induced the increased IL-2 and IL-4 production in 
the supernatant (Fig. 2E). IL-2 is a marker of DN32.
D3 cell activation. Other cytokines were below the 
detection threshold and were not shown in the figure. 
These results showed that the activation of DN32.D3 
cells induced by TP required the presence of RBL-
CD1d cells and highlighted that TP-induced iNKT 
cell activation was dependent on its effects on APCs. 
Interestingly, activation of DN32.D3 cells by TP did 
not require α-GalCer, indicating that TP-triggered 
iNKT cell activation might involve an indirect activa-
tion process that is independent of CD1d.

In the present study, DCs were hypothesized to be 
the major APCs that activate iNKT cells and partici-
pate in the pathology. During TP-induced hepatotoxic-
ity, the hepatic percentage of cDCs (lower right) aug-
mented on 1  day and decreased on 7  days while the 
percentage of pDCs (upper right) increased on 7 days 
(Fig. 3A and B), indicating a transformation from cDCs 
to pDCs. Results showed that the expression levels of 
CD1d, CD40, and CD86 on cDCs and the release of 
IL-12 by cDCs increased from 5 days (Fig. 3C and D), 
representing the increasing immunogenicity of cDCs. 
The expressions of CD40 on the surface of pDCs and 
the production of IL-12 by pDCs were significantly 
decreased, suggesting that pDCs exhibited a tolero-
genic phenotype (Fig. 3E). Anti-IL-12p40 was applied 
to evaluate the role of IL-12p40 in iNKT cell activation 
and TP-induced hepatotoxicity (Fig. 3F). Compared to 
the isotype and TP co-administration group, the blood 
biochemistry and pathology images showed that after 
the co-administration of TP and anti-IL-12p40 not only 
was liver damage mitigated (Fig.  3G and H) but the 
secretion of IFN-γ and IL-4 by iNKT cells also declined 
(Fig. 3I), suggesting that anti-IL-12p40 inhibited iNKT 
cell activation. Therefore, the process whereby cDCs 
activate iNKT cells could be mediated by IL-12.

TP induced upregulation and activation of the 
STING signaling pathway, while inhibition of STING 
reduced liver injury and inhibited the activation of 
cDCs and iNKT cells.

Fig. 2  TP induces the activation of iNKT cells in vitro requir-
ing the existence of antigen presenting cells. A The establish-
ment of DN32.D3 cells and RBL-CD1d cells in vitro co-cul-
ture system and the administration method of TP. B The  IC50 
values of DN32.D3 cells  and RBL-CD1d cells treated with 
TP. In DN32.D3 cells alone, C the expression of CD69 and 
production of IFN-γ, IL-4, and IL-17 by DN32.D3 cells after 
TP treatment. In the co-culture system, D the levels of CD69 
and IFN-γ, IL-4, and IL-17 production of DN32.D3 cells, E 
the production of IL-2 and IL-4 in the supernatant that were 
measured by CBA. Data are mean ± SEM, n = 3–6. *P < 0.05, 
**P < 0.01, and ***P < 0.001 vs. control
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In vivo, TP significantly induced the hepatic 
upregulation of cGAS-STING signaling path-
way at the gene and protein level and promoted the 
expression of type I IFN, including IFNα and IFNβ 
(Fig. 4A and B). Immunofluorescence results showed 
that TP promoted the translocation of STING (green) 
to Golgi apparatus (red), indicating that TP induced 
the activation of STING in murine liver (Fig. 4C). In 
the in vitro co-culture system, the mRNA expressions 
of STING signaling pathway, the phosphorylation 

of IRF3, and the protein expression of TBK1 and 
IRF3 increased after TP administration (Fig. 4D and 
E). The differences in RBL-CD1d cells alone were 
not significant (data not shown). The results above 
indicated that TP induced the activation of STING-
TBK1-IRF3 signaling pathway in vitro.

To reveal the effects of STING in liver injury 
caused by TP, AAV-siSTING was administered to 
the mice 4 weeks before TP administration (Fig. 4F). 
Compared with co-administration of AAV-NC and 

Fig. 3  TP causes the upregulation of CD1d, CD40, IL-12, 
and CD86 of cDCs, which contributes to the activation of 
iNKT cells and liver injury. A The percentage and B analysis 
of cDCs (lower right) and pDCs (upper right); C the CD1d 
expression on cDCs and the IL-12 production of cDCs; D the 
CD1d, CD40, and CD86 expressions on cDCs and IL-12 pro-
duction by cDCs; E the CD1d, CD40, and CD86 expressions 
on pDCs and IL-12 production by pDCs. F The co-administra-

tion method of TP and anti-IL-12p40 antibody. G The serum 
levels of ALT, AST, and ALP. H Images of liver sections 
stained with H&E (400 × , scale bar = 20  μm). I The analysis 
and comparison of hepatic IFN-γ+ iNKT cells and IL-4+ iNKT 
cells. Data are mean ± SEM, n = 4–6; *P < 0.05, **P < 0.01, 
and ***P < 0.001 vs. control. #P < 0.05, ##P < 0.01, and 
###P < 0.001 vs. TP + isotype group
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TP, serum levels of ALT, AST, and ALP decreased, 
and liver pathology notably ameliorated after co-
administration of AAV-siSTING and TP (Fig. 4G and 
H), indicating the pathogenic role of STING in TP-
induced hepatic damage. The expression levels of 
CD1d and CD40 on cDCs and the IL-12 release by 
cDCs were both efficiently restrained after downregu-
lating the expression of STING (Fig. 4I), suggesting 
that the immunogenicity of cDCs and their capa-
bilities for iNKT cell activation declined. The CD69 
expression on iNKT cells and the secretion of IL-4 
by iNKT cells were also diminished after STING 
expression downregulation (Fig. 4J), possibly due to 
a reduction in CD1d and IL-12 expression. Moreo-
ver, TP and AAV-NC co-administration inhibited the 
mRNA levels of F4/80 and Cd68 and increased the 
mRNA level of Cd11b. On the other hand, inhibiting 
STING expression increased the levels of F4/80 and 
Cd68 (Fig. 4K). The results above indicated that TP 
suppressed liver-resident macrophages and induced 
the monocyte-derived macrophage infiltration. Inhib-
iting STING expression eliminated the suppression of 
TP to Kupffer cells.

TP stimulated ER stress, and suppression of ER stress 
reduced hepatotoxicity and iNKT cell activation

The expression levels of glucose-regulated protein 
78 (GRP78), phosphorylated eukaryotic translation 
initiation factor 2α (eIF2α), ATF4, and CHOP were 
significantly elevated in the WT group (Fig. 5A and 
B). The results indicated that TP triggered ER stress 
via eIF2α-ATP4-CHOP in the liver. In contrast, the 
increased expression levels of the abovementioned 
signaling pathways were obviously downregulated 
in iNKT cell-deletion mice (Fig. 5A and B), indicat-
ing that TP-induced ER stress was associated with 
iNKT cells. Moreover, severe and persistent ER stress 
triggers apoptotic signaling pathway, leading to cell 
death (Fu et al. 2021). TP could induce pro-apoptotic 
activation in WT mice, as demonstrated by increased 
TUNEL-stained cells and elevated expression of 
cleaved caspase 3 (Fig. 5C and D). The control group 
showed that cytochrome c staining (green) was co-
localized with mitochondria (red). After TP treatment, 
cytochrome c showed a translocation from mitochon-
dria to cytosol (Fig. 5E, left). The protein expression 
of cytochrome c in mitochondria decreased, while its 
expression in cytosol increased (Fig. 5E, right). The 

release of cytochrome c from mitochondria to cytosol 
could act as a trigger for caspase activation. In iNKT 
cell-deficient mice, changes in TUNEL staining and 
expression of cleaved caspase 3 were insignificant 
following TP administration (Fig.  5C  and D). The 
localization and protein expression of cytochrome 
c in mitochondria increased, while its expression in 
cytosol decreased (Fig. 5E). These results suggested 
that iNKT cell deficiency attenuated liver apoptosis. 
In the co-culture system, TP also induced the upregu-
lation of ATF4 and CHOP at 1.25 nM (Fig. 5J and K). 
4-PBA, an inhibitor of ER stress, reduced the serum 
levels of ALT, AST, TC, and TG, and mitigated liver 
pathology and lipid deposition (Fig, 5G–I), suggest-
ing that ER stress was involved in TP-induced hepa-
totoxicity. In the co-culture system, 4-PBA not only 
inhibited ATF4 and CHOP expression but also inhib-
ited the IL-2 release by iNKT cell line compared 
with TP administration alone (Fig.  5J–L). IL-2 is 
a marker of iNKT cell line activation. These results 
revealed that TP-stimulated ER stress was associated 
with iNKT cells. In addition, suppression of ER stress 
ameliorated TP-induced hepatotoxicity and restrained 
TP-triggered iNKT cell activation. STING activa-
tion can stimulate ER stress, causing cell apoptosis 
(Cui et  al. 2016). Downregulating STING lowered 
the mRNA level of Atf6 and Chop, and reduced the 
protein levels of GRP78, ATF6, ATF4, and CHOP 
(Fig. 6), suggesting the potential regulatory effects of 
STING on ER stress. The results above revealed that 
TP promoted the expression of eIF2α-ATF4-CHOP 
signaling pathways. ER stress contributed to iNKT 
cell activation and liver damage, the process of which 
could be modulated by STING.

Discussion

TP is an active compound that has fascinated count-
less researchers. Research in this field has been 
active, with more than one hundred publications in 
2021 alone. TP endows multiple pharmacological 
activities and efficacies, whereas hepatotoxicity is 
the primary hinder for TP entering clinics. Therefore, 
this paper investigated the cellular and molecular 
mechanisms of TP-induced hepatotoxicity to explore 
potential targets of preventive intervention strategies. 
After TP administration, we observed liver iNKT 
cell activation and the dynamic changes in iNKT cell 
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cytokine secretion, shifting from Th1-type to Th2-
type cytokine bias. In vitro, TP-induced activation of 
iNKT cell line required the presence of APCs. The 
phenotypes and functions of hepatic DCs were there-
fore evaluated. cDCs exhibited an immunogenic phe-
notype and produced IL-12. The immunogenic cDCs 
played a detrimental role in TP-induced hepatic dam-
age and promoted the activation of iNKT cells. pDCs 
presented a tolerogenic phenotype. TP activated 
STING signaling pathway while STING suppression 
affected the immunogenicity of cDCs, iNKT cell acti-
vation, and liver injury. TP also triggered ER stress 
and apoptosis. Inhibition of ER stress influenced the 
activation of iNKT cells and hepatic damage, which 
might be regulated by STING.

iNKT cells can secret IFN-γ, IL-4, and IL-17, 
namely Th1, Th2, and Th17 type cytokines. The 
pleiotropic effects of iNKT cells are based on their 
cytokine production. The roles of different cytokines 
produced by iNKT cells in liver disease remain to be 
elucidated. IFN-γ has been considered to be cytotoxic 
and pro-inflammatory while IL-4 is protective and 
anti-inflammatory. However, intravenous injection of 
α-GalCer rapidly induces iNKT cells to produce IL-4, 
bringing about neutrophil accumulation and inflam-
mation in liver and aggravating liver injury, while 
IFN-γ is released later, eliciting neutrophil apop-
tosis and mitigating hepatitis (Wang et  al. 2013). In 
concanavalin A (Con A)-induced liver injury, IL-4 
produced by iNKT cell is detrimental as it could 

upregulate the expression of granzyme B and Fas 
ligand (FasL) and enhance cytotoxicity (Kaneko et al. 
2000). Elevated IL-17 levels are thought to induce 
liver inflammation and liver injury. Overexpression 
of IL-17 by hepatic  CD4+T and NKT cells results 
in massive hepatocyte necrosis in Con A-induced 
hepatotoxicity murine model (Yan et al. 2012). NKT 
cells are a novel origin of IL-17. In αGalCer-induced 
NKT cell-driven hepatitis model, IL-17 is predomi-
nantly derived from NKT cells rather than  CD4+ T 
cells. However, IL-17 produced by NKT cells attenu-
ate inflammation (Wondimu et al. 2010). Our results 
showed that hepatic iNKT cells were activated with 
upregulated surface CD69 expression and production 
of IFN-γ, IL-4, and IL-17 after TP administration. 
Among three cytokines, IFN-γ and IL-17 secretion 
was increased mildly on 1 and 7  days, respectively. 
IL-4 secretion was massively increased on 5 and 
7 days (Fig.  1C), which was parallel to the elevated 
serum ALT and AST levels (Fig.  1F). Th1(IFN-γ)/
Th2(IL-4) ratios were also profoundly decreased on 5 
and 7 days (Fig. 1D), indicating that IL-4 made a pre-
dominant contribution to the liver immune microen-
vironment. Moreover, the hepatic expression of Th1-
type cytokine genes Tnfα and Il2 showed insignificant 
changes, while that of Th2-type cytokine genes Il6, 
Il10, and Il13 increased (Fig. 1E), further suggesting 
that the liver immune microenvironment was skewed 
to Th2 bias. iNKT cell deletion efficiently alleviated 
liver damage (Fig. 1F and G), suggesting that IL-4+ 
iNKT cells may have harmful effects on TP-induced 
hepatotoxicity. The in vitro results suggested that the 
activation of iNKT cell line required the presence of 
APCs. The primary cytokines released by iNKT cell 
line DN32.D3 after TP treatment were IL-2 and IL-4 
(Fig. 2C–E). IL-2 is the activation marker of DN32.
D3 cells and the increase in IL-4 further verified that 
IL-4 might be the main effector cytokine induced by 
TP.

To further investigate the possible hepatic APCs 
that activate iNKT cells, the phenotype and cytokine 
production of hepatic DCs were investigated. DCs 
can efficiently activate NKT cells. DCs can potently 
present αGalCer to directly activate iNKT cells and 
can also secret IL-12 to indirectly activate iNKT 
cells. Upon activation, iNKT cells in turn induce the 
maturation and activation of DCs, forming a bidirec-
tional crosstalk (Keller et  al. 2017). Although CD1d 
is crucial for iNKT cell activation, declined CD1d 

Fig. 4  TP activates STING signaling pathway, and inhibi-
tion of STING reduces liver injury and suppresses the activa-
tion of cDCs and iNKT cells. In murine liver, A the mRNA 
levels of STING signaling pathway; B the protein expressions 
of STING signaling pathway and the intensity of bands were 
normalized by GAPDH. C The expression and translocation 
of STING in liver sections. (200 × , scale bar = 50 μm) stained 
with STING (green), Golgi-specific marker (GM130, red), 
and nuclei (DAPI, blue). In the in  vitro co-culture system, D 
the mRNA levels of STING signaling pathway. E The protein 
levels of STING signaling pathway and the intensity of bands 
were normalized by GAPDH. F The co-administration method 
of TP with AAV-NC or AAV-siSTING. G The serum levels of 
ALT, AST, and ALP. H Images of liver sections stained with 
H&E (400 × , scale bar = 20 μm). I The analysis and compari-
son of the CD1d, CD40, and CD86 expressions on cDCs and 
the IL-12 production by cDCs.  J The analysis and compari-
son of hepatic  CD69+ iNKT cells, IFN-γ+ iNKT cells, IL-4+ 
iNKT cells, and IL-17+ iNKT cells. K Hepatic mRNA levels 
of F4/80, Cd11b, and Cd68.  Data are mean ± SEM, n = 4–6. 
*P < 0.05, **P < 0.01, and ***P < 0.001 vs. control. #P < 0.05, 
##P < 0.01, and ###P < 0.001 vs. TP + AAV-NC group
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level on DCs is ineffective to affect the activation of 
iNKT cells, highlighting the importance of indirect 
activation (Li et  al. 2019). IL-12 can work as potent 
as glycolipid antigens to indirectly activate iNKT 
cells (Brennan et al. 2013, Nagarajan and Kronenberg 
2007). The IFN-γ secretion by iNKT cells requires 
CD40-CD40L interaction, and the IL-4 secretion 
by iNKT cells depends on IL-12 release and CD80/
CD86-CD28 interaction (Keller et  al. 2017). Among 
the hepatic APCs, only the surface of DCs expresses 
CD40 and the CD40-CD40L ligation stimulates 
IL-12 secretion by DCs (Keller et  al. 2017). Our 
results indicated that after TP administration, hepatic 
cDCs exhibited immunogenicity with upregulated 
expressions of CD1d, CD40, and CD86 along with 
the pro-inflammatory IL-12 release (Fig. 3C and D), 
which contributed to both the direct and the indirect 
activation of iNKT cells and the IFN-γ/IL-4 produc-
tion. Hepatic pDCs acted as tolerogenic DCs with 
suppressed levels of co-stimulatory molecules CD40 
and IL-12 (Fig. 3E). Liver  B220+  CD11cint subset are 
identified as pDCs, and pDCs appear to be immature 
and tolerogenic upon stimulation (Jomantaite et  al. 
2004). The augmentation of cDCs on 1  day could 
play an early pathogenic role and the expansion of 
pDCs on 7 days might elicit a late protective function 
(Fig. 3A and B). In ConA-induced hepatitis, depletion 
of cDCs profoundly extenuated hepatic damage while 
the subsequent administration of IL-12 reinduces the 

liver injury, indicating hepatic cDCs exerts harm-
ful effects via IL-12 release. Intriguingly, IL-12 pro-
duced by DCs only influences the activation of NKT 
cells but not that of  CD4+T cells, which is possibly 
due to the different threshold of stimuli (Wang et al. 
2017). Anti-IL-12 lowers serum IFN-γ and ALT lev-
els in liver damage model of ConA (Nicoletti et  al. 
2000, Wang et al. 2017). IL-12 promotes IL-4 release 
by iNKT cells and affects the severity of autoimmune 
hepatitis in a murine model (Zhu et al. 2007). In the 
present study, neutralization with anti-IL-12p40 anti-
body prevented the liver damage triggered by TP 
and diminished IFN-γ and IL-4 secretion by iNKT 
cells (Fig.  3G–I). These results suggested that IL-12 
induced iNKT cell activation, which leaded to TP-
induced hepatotoxicity.

STING is a kind of pattern recognition receptor 
(PRR) which recognizes abnormal nuclear acids and 
modulates the initiation of innate immune response in 
multiple pathologies. Activation of STING stimulates 
the IRF3 and NF-κB signaling pathways, triggering 
the production of type I IFNs and diverse pro-inflam-
matory cytokines (Barber 2015). cGAS-STING sign-
aling pathway contributes to acute and chronic liver 
diseases, including ionizing radiation-induced liver 
injury (Du et  al. 2021), NAFLD, HFD-induced meta-
bolic dysfunction (Bai et al. 2017, Luo et al. 2018), and 
ischemia–reperfusion liver injury (Zhong et  al. 2020). 
The results indicated that TP administration promoted 
the translocation of STING from ER to Golgi appa-
ratus and the expression of type I IFNs in the mouse 
liver (Fig. 4A–C). In the in vitro co-culture system, TP 
induced the phosphorylation of IRF3 and upregula-
tion of type I IFNs (Fig. 4D and E), indicating that TP 
promoted the activation of STING signaling pathway 
in  vivo and in  vitro. DCs are one of the main func-
tional sites of STING. Activation of STING induces 
DC maturation, upregulation of CD80/CD86, CD40, 
and release of type I IFNs together with other inflam-
matory cytokines (Chen et  al. 2021; Takashima et  al. 
2018). Therefore, the activation of STING signaling 
pathway may be related to the immunogenicity of cDCs. 
AAV-mediated downregulation of STING decreased the 
CD1d, CD40 surface expression, and IL-12 production 
of cDCs. STING downregulation also reduced the CD69 
expression and IL-4 secretion of iNKT cells (Fig. 4I and 
J). Moreover, STING is also expressed in hepatic NPCs, 
including innate immune cells Kupffer cells (Wang et al. 
2021), HSC, liver sinusoidal endothelial cell (LSEC), 

Fig. 5  TP triggers hepatic ER stress, and suppressing ER 
stress ameliorates TP-induced hepatotoxicity and inhibits 
iNKT cell activation. In C57BL/6J mice and Jα18−/− mice, 
A the mRNA levels of Grp78, Atf4, and Chop. B The pro-
tein expressions of GRP78, phosphorylated eIF2α, eIF2α, 
ATF4, CHOP, and GAPDH and the intensity of bands 
were normalized by GAPDH. C TUNEL staining (200 × , 
scale bar = 50  μm). D Immunohistochemistry of cleaved 
caspase-3 (400 × , scale bar = 20  μm). E Immunofluores-
cence of cytochrome c (200 × , scale bar = 100  μm) stained 
with cytochrome c (green), mitochondria marker (COX 
IV, red), and nuclei (DAPI, blue) and the protein expres-
sion of cytochrome c whose intensity was normalized by 
GAPDH or COX IV. F The co-administration method of TP 
with 4-PBA. G The levels of ALT, AST, TC, and TG in the 
serum; H images of liver sections stained with H&E (400 × , 
scale bar = 20 μm) and I oil red (100 × , scale bar = 20 μm). In 
the in vitro co-culture system, J the mRNA levels of ERS. K 
The protein levels of ERS pathway and the intensity of bands 
were normalized by GAPDH. L The analysis and comparisons 
of IL-2 secretion of DN32.D3 cells. Data are mean ± SEM, 
n = 3–6. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control. 
#P < 0.05, ##P < 0.01, and ###P < 0.001 vs. WT or TP group
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and adaptive immune cells (Couillin and Riteau 2021). 
TP and AAV-NC co-administration inhibited the 
mRNA expression of F4/80 and Cd68 and increased the 
mRNA level of Cd11b, while inhibiting STING expres-
sion increased the mRNA expression of F4/80 and 
Cd68 (Fig. 4K). Hepatic macrophages (F4/80+) can be 
divided into Kupffer cells  (CD68+) and macrophages 
from circulation  (CD11b+) (Wang et  al. 2018a). The 
results above indicated that TP could suppress liver-
resident macrophages and induce the monocyte-derived 
macrophage infiltration. Our previous research has 
shown that TP induces the recruitment of macrophages 
(F4/80+CD11b+) and that the percentage of hepatic 
infiltrating macrophages, which is dependent on NKT 
cells, can be significantly lowered by anti-NK1.1 anti-
body. The present study revealed that inhibiting STING 
expression eliminated the TP-induced suppression of 
Kupffer cells. STING deficiency relieves obesity-related 
inflammation and insulin resistance (Mao et  al. 2017). 
STING deletion in macrophages mitigates NAFLD-
related fibro-inflammation (Luo et  al. 2018). Emodin 
ameliorates acetaminophen-induced inflammation and 
hepatocyte apoptosis through suppressing the expression 
levels of cGA-STING signaling pathway, indicating that 
inhibition of STING can elicit hepatoprotective effects 
(Shen et al. 2021). Our results showed that suppression 

of STING ameliorated TP-induced hepatotoxicity 
(Fig. 4G and H). The results above revealed that STING 
downregulation suppressed the immunogenicity of 
cDCs and their abilities to activate iNKT cells. STING 
downregulation also inhibited the activation of iNKT 
cells and reduced TP-induced liver injury.

ER-stressed APCs can enhance iNKT cell acti-
vation in  vitro and in  vivo. The enhancement is 
promoted by the synthesis and presentation of 
CD1d-presenting endogenous lipid and by the 
redistribution of CD1d on the cell surface. ER 
stress within APCs appears to be CD1d-depend-
ent. Moreover, ER stressed APCs produce very 
few cytokines without iNKT cells, indicating that 
the ER stress forms an important link between 
DCs and iNKT cells (Govindarajan et  al. 2020). 
Our results showed that TP stimulated hepatic 
ER stress with the enhanced expression levels of 
GRP78, phosphorylated eIF2α, ATF4, and CHOP. 
iNKT cell deficiency suppressed ER stress in the 
liver (Fig.  5A  and B), particularly lowering the 
expression of CHOP, indicating that iNKT cells 
also affected ER stress. GRP78 is an ER chaperone 
that physiologically binds to the unfolded protein 
response (UPR) sensor, PERK, inositol-requiring 
enzyme 1 (IRE1), and activating transcription 

Fig. 6  Downregulation of STING inhibits the upregu-
lated expressions of ER stress signaling pathway. A and B 
The mRNA, protein levels of ERS signaling pathway in the 
livers of co-administration of TP with AAV-NC or AAV-

siSTING and the intensity of bands were normalized by 
GAPDH. Data are mean ± SEM, n = 6. *P < 0.05, **P < 0.01, 
and ***P < 0.001 vs. control. #P < 0.05, ##P < 0.01, and 
###P < 0.001 vs. TP + AAV-NC group
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factor 6 (ATF6). When misfolded protein accu-
mulates within ER, GRP78 binds to it and simul-
taneously releases PERK, IRE1, and ATF6. Then, 
ATF6 either interacts directly with ATF4 or acts 
on it indirectly via spliced X-box-binding protein 
(sXBP1) to activate the apoptotic signaling cas-
cade of CHOP. PERK-ATF4-CHOP is also a com-
mon pathway for cell apoptosis. The released PERK 
then phosphorylates eIF2α, which upregulates the 
synthesis of ATF4. The ATF4 then interacts with 
CHOP to initiate apoptosis (Walter and Ron 2011). 
If ER stress is insufficiently resolved, the cells will 
inevitably undergo apoptosis (Fu et  al. 2021). The 
TUNEL staining, cleaved caspase-3 upregulation, 
and migration of cytochrome c from mitochondria 
to cytoplasm revealed the pro-apoptotic activa-
tion induced by TP, while iNKT cell-deficient mice 

showed alleviated liver apoptosis induced by TP 
(Fig.  5C–E). Persistent ER stress causes liver dis-
eases by inducing steatosis and cell death (Malhi 
and Kaufman 2011). In the present study, using ER 
stress inhibitor extenuated TP-induced liver damage 
and lipid deposition by suppressing the activation 
of iNKT cells (Fig.  5G–L). ER stress is indispen-
sable for the mRNA stability of cytokines produced 
by iNKT cells. IRE1α ablation in iNKT cells dimin-
ishes the cytokine release and prevents the murine 
colitis (Govindarajan et al. 2018). In the early phase 
of ALD, ethanol causes ER stress and activates 
IRF3 with STING, which induces the subsequent 
cell apoptosis. STING deficiency suppresses IRF3 
phosphorylation by ethanol or ER stress (Petrasek 
et al. 2013). In acute fibrosis induced by  CCl4, ER 
stress and apoptosis are regulated by STING-IRF3 

Fig. 7  Graphical abstract
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(Iracheta-Vellve et al. 2016). These studies demon-
strate that STING signaling pathway and ER stress 
crosstalk and participate in cell death, steatosis, and 
the development of liver injury. Our results revealed 
that downregulating STING expression suppressed 
hepatic ER stress (Fig.  6A  and B), indicating that 
STING may regulate ER stress.

Conclusion

In summary, we investigated the dynamic alterations 
of hepatic iNKT cell activation and cDC activation 
during TP-induced hepatic damage. After TP adminis-
tration, IL-4 secretion by iNKT cells was significantly 
increased, in parallel to the liver injury. In the in vitro 
co-culture system, TP-induced iNKT cell line acti-
vation required the presence of APCs. The activated 
iNKT cells mainly secreted IL-4. cDCs exerted immu-
nogenic effects via an upregulation of CD1d, CD40, 
CD86, and IL-12 production. These were detrimen-
tal in TP-induced liver damage and affected both the 
direct and the indirect activation of iNKT cells. pDCs, 
on the other hand, were shown to be tolerogenic. 
STING affected iNKT cell activation and TP-induced 
hepatotoxicity, possibly via altering the phenotype 
of cDCs and their ability to activate iNKT cells. ER 
stress influenced iNKT cell activation and TP-induced 
hepatic damage, which might form a crosstalk with 
STING (Fig.  7). These results shed lights on the 
mechanisms of TP-induced hepatotoxicity and poten-
tial therapeutic targets to prevent hepatotoxicity.
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