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Abstract: Secoemestrin C is an epitetrathiodioxopiperazine isolated from Aspergillus nidulans, which has only been 
reported in terms of inhibiting tumor cell proliferation. Here, we determined the immunomodulatory and hepatopro-
tective effects of secoemestrin C in a mouse model of acute autoimmune hepatitis. In an in vitro assay, purified he-
patic mononuclear cells (MNCs) from C57BL/6J mice were stimulated with concanavalin A (Con A) in the presence 
of secoemestrin C, and cell proliferation and cytokine production were measured. In an in vivo assay, mice with or 
without secoemestrin C pretreatment were injected with Con A to induce acute hepatitis. The secoemestrin C treat-
ment dose-dependently suppressed cell proliferation and proinflammatory cytokine secretion in Con A-stimulated 
hepatic MNCs in vitro. In Con A-challenged mice, pre-injection with secoemestrin C significantly decreased the 
generation of proinflammatory cytokines and ameliorated liver injury. Furthermore, pretreatment with secoemestrin 
C significantly inhibited the Con A-induced activation of NKT and conventional T cells, and decreased IFN-γ produc-
tion by these two cell populations. We conclude that secoemestrin C has an immunosuppressive effect on NKT and 
conventional T cells and has hepatoprotective activity in mouse autoimmune hepatitis. These findings provide new 
insights into the use of fungus-derived natural products for the treatment of autoimmune diseases.
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Introduction

Autoimmune hepatitis (AIH) is a chronic self-
perpetuating liver inflammatory disease that 
affects all ages, both genders, and all ethnici-
ties [1]. AIH may start with an episode of acute 
hepatitis and eventually lead to liver cirrhosis, 
liver cancer, the need for liver transplantation, 
or death [2]. The precise etiology of AIH is 
unknown, but it is been widely believed that 
natural killer T (NKT) cells and conventional T 
cells contribute to AIH-induced liver damage [3, 
4]. The prominent features of these two cell 
populations during AIH include an accumula-
tion in the liver, aberrant activation, and imbal-

anced Th1/Th2 responses [5, 6]. Once a T cell-
mediated autoimmune response is initiated, 
hepatocytes can potentially be destroyed di- 
rectly through Fas/Fas ligand (FasL) interac-
tions and/or the action of TNF-α and perforins/
granzyme B, or indirectly through the release of 
Th1-biased IFN-γ [3]. Therefore, T cells are 
expected to be the therapeutic targets in the 
treatment of AIH.

The mainstay of treatment for AIH is immuno-
suppression [7]. Concanavalin A (Con A)-induc- 
ed acute hepatitis in mice is considered to be  
a well-characterized model for studying the 
pathogenesis of AIH and screening immunosup-
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pressive agents [8]. Con A primarily stimulates 
the recruitment and activation of NKT and con-
ventional T cells, coinciding with the generation 
of large amounts of proinflammatory Th1 cyto-
kines [9]. In recent years, based on the admin-
istration of Con A to model animals, many new 
therapeutic drugs, antibodies, and proteins 
have been developed to attenuate liver injury 
by inhibiting NKT/T cell activation and skewing 
[10].

Fungus-derived natural products and their 
derivatives, such as cyclosporine and mycophe-
nolate mofetil, are widely used in the treatment 
of autoimmune diseases [11, 12]. Preparations 
of fungi and their metabolites have a low syn-
thetic cost, high practical value, and broad 
application in medicine, thanks to their wide 
availability and high biological activity [13]. In a 
previous screening of anti-inflammatory agents, 
we found that secoemestrin C (Figure 1A), iso-
lated from Aspergillus nidulans, had a potent 
inhibitory effect on Con A-induced splenocyte 
proliferation, suggesting potential immunosup-
pressive and anti-inflammatory activity. In the 

present study, we sought to investigate wheth-
er secoemestrin C could protect against Con 
A-induced autoimmune hepatitis in mice and to 
explore potential mechanisms for such an 
effect.

Materials and methods

Experimental animals

Specific pathogen-free C57BL/6J (6-8 weeks, 
18-23 g) female mice were purchased from 
Charles River Laboratories (Beijing, China)  
and maintained in controlled conditions (22°C, 
50% humidity, 12 h light/dark cycle, with lig- 
hts on at 7:00 AM). The mouse care and ex- 
perimental protocols conducted in this study 
were approved by the Huazhong University of 
Science and Technology Animal Care and Use 
Committee.

Isolation and identification of secoemestrin C

The fungus Aspergillus nidulans was growing 
on rice culture medium (40 kg) at room tem-
perature for 21 days. The fermented medium 

Figure 1. Secoemestrin C inhibits Con A-stimulated splenocyte proliferation and elevates SOCS proteins mRNA ex-
pression. (A) Chemical structure of secoemestrin C (SC) isolated from Aspergillus nidulans. (B, C) Splenocytes from 
C57BL/6J mice were stained with CFSE and stimulated with Con A (2 μg·mL-1) in the presence of secoemestrin C 
(SC) at the indicated concentration, and the cells were cultured for 72 h. Splenocyte proliferation was detected by 
flow cytometry. A representative histogram (B) and summary bar graph (C) are shown. (D) Splenocytes isolated from 
C57BL/6J mice were stimulated with Con A (2 μg·mL-1) in the presence of secoemestrin C (128 nM), and the cells 
were cultured for 24 h. The mRNA levels of SOCS1, SOCS2 and SOCS3 were measured by real-time PCR. Data are 
shown as means ± SEM (n=5 per group). *P<0.05, **P<0.01 and ***P<0.001 vs. the control group; ##P<0.01 and 
###P<0.001 vs. the Con A-treated group.
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was then extracted with 95% ethanol, and the 
extract was suspended in water and further 
treated with ethyl acetate (AcOEt) to obtain a 
dark brown extract (300 g). The AcOEt extract 
was chromatographed using silica gel (100-
200 mesh) and eluted with petroleum ether/

AcOEt (50:1-0:100) to give six fractions (Fr1-
Fr6). Secoemestrin C (5.2 g) was isolated from 
Fraction 4, and the purity (≥ 99.0%) was deter-
mined via HPLC with a UV detector. The struc-
ture of secoemestrin C was elucidated based 
on NMR and HRESIMS (Table 1; Figures 1A and 
2) and found to be identical to that reported 
previously [14].

Reagents and antibodies

Carboxy-fluorescein diacetate succinimidyl es- 
ter (CFSE) was purchased from Invitrogen (Th- 
ermoFisher Scientific). Concanavalin A type IV 
from Canavalia ensiformis (C2010) was ob- 
tained from Sigma-Aldrich. Alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), 
and lactate dehydrogenase (LDH) were mea-
sured with an automated biochemical analyzer 
BS-200 (Mindray, China). GolgiStop brefeldin A 
solution and Fix/Perm Buffer Set were obtained 
from Biolegend. Flow cytometry antibodies: 
antibodies against mouse TCRβ (H57-597), 
NK1.1 (PK136), CD4 (GK1.5), CD8 (53-6.7), 
CD69 (H1.2F3), and IFN-γ (XMG1.2) were pur-
chased from BD Biosciences and Biolegend, 
with fluorescence conjugation. Cytokines in 
serum or in culture supernatants were deter-
mined by using a cytometric bead array-based 
mouse Th1/Th2/Th17 Cytokine Kit (BD 
Biosciences).

Isolation of hepatic mononuclear cells and 
splenocytes

Hepatic mononuclear cells (MNCs) and spleno-
cytes were isolated as previously described 
[15]. In brief, each mouse liver was perfused 
with phosphate buffer saline to eliminate blood, 
and the liver tissue was removed and pressed 
through a 70-μm cell strainer (BD Biosciences). 
The liver cell suspension was then collected. 
Hepatic MNCs were purified by density gradient 
centrifugation in a 38% Percoll solution (GE 
Healthcare). Purified splenocytes were pre-
pared by homogenizing with a syringe, followed 
by passage through a 0.1-mm sterile nylon 
mesh and erythrocyte depletion.

Real-time PCR

To determine mRNA levels of the suppres- 
sors of cytokine signaling (SOCS) family of pro-
teins, total RNA was extracted from liver tis-
sues using RNAfast200 (Fastagen, Shanghai, 

Table 1. 1H (400 MHz) and 13C (100 MHz) 
nuclear magnetic resonance (NMR) data of 
secoemestrin C (CDCl3, δ in ppm, J in Hz)

NO. δH (J in Hz) δC DEPT

1 167.2 C
3 5.20 s 67.6 CH
4 163.8 C
5a 5.46 dd (8.4, 2.4) 60.0 CH
6 5.31 dt (9.2, 2.7) 72.0 CH
7 4.87 dd (8.4, 1.9) 107.6 CH
8 6.30 dd (8.4, 2.4) 139.3 CH
10 6.85 d (2.4) 142.9 CH
10a 110.4 C
11 4.89 s 78.1 CH
11a 80.0 C
1’ 123.1 C
2’ 8.09 d (2.0) 124.0 CH
3’ 144.3 C
4’ 155.3 C
5’ 7.07 d (8.6) 112.1 CH
6’ 8.06 dd (8.6, 2.0) 129.3 CH
7’ 165.3 C
1” 145.8 C
2” 153.4 C
3” 7.13 d (8.3) 116.3 CH
4” 7.54 dd (8.3, 2.0) 129.1 CH
5” 129.9 C
6” 7.56 d (2.0) 118.1 CH
7” 9.77 s 190.9 CH
2-NMe 3.02 s 32.6 CH3

4’-OMe 3.92 s 56.3 CH3
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China) according to the manufacturer’s instruc-
tions; RNA was reverse-transcribed with a 
PrimeScript RT Reagent Kit (Takara) to gener-
ate cDNA. The PCR reaction mixture was pre-
pared using a SYBR Green Premix Ex Taq II Kit 
(Takara) with the primers as follows: SOCS1 
(forward: 5’-CTGCGGCTTCTATTGGGGAC-3’; re- 
verse: 5’-AAAAGGCAGTCGAAGGTCTCG-3’); SO- 
CS2 (forward: 5’-AGTTCGCATTCAGACTACCTA- 
CT-3’; reverse: 5’-TGGTACTCAATCCGCAGGTT- 
AG-3’); SOCS3 (forward: 5’-ATGGTCACCCACA- 
GCAAGTTT-3’; reverse: 5’-TCCAGTAGAATCCGC- 
TCTCCT-3’); and HPRT1 (forward: 5’-AGTACAG- 
CCCCAAAATGGTTA-3’; reverse: 5’-CTTAGGCT- 
TTGTATTTGGCTT-3’).

Hepatitis induction and treatment

C67BL/6J mice in the Con A-challenged and 
secoemestrin C-treated groups were injected 
intravenously with a single dose of Con A (12 
mg·kg-1) to simulate autoimmune hepatitis. In 
the case of the secoemestrin C-treated group, 
secoemestrin C (1 mg·kg-1 or 10 mg·kg-1) was 
intraperitoneally injected for 3 days, and then 
the mice were injected with Con A 1 h after the 
last secoemestrin C injection.

Blood samples were collected from the orbit- 
al venous plexus under mild pentobarbital 
anesthesia 8 h after the Con A injection, and 
the serum was separated by centrifugation. 
Later, mice were sacrificed by cervical disloca-

Flow cytometry data were acquired on a BD 
FACSCelesta and analyzed with FlowJo soft-
ware (TreeStar).

Histological examination

Liver samples were fixed in 4% formaldehyde 
and dehydrated with xylene, absolute ethyl 
alcohol, and 75% alcohol, then embedded in 
paraffin wax. Four micron-thick sections were 
cut and stained with hematoxylin-eosin (H&E) 
and observed by three pathologists in a blinded 
manner. The extent of the pathology was scored 
from 0 (no pathology) to 3 (severe pathology) as 
previously described [16].

Immunohistochemistry and immunofluores-
cent staining

Liver sections were stained with primary anti-
body (anti-Fas or anti-cleaved caspase-3) 
according to a standard protocol (Servicebio, 
China). Apoptotic cells were evaluated using a 
TUNEL assay kit (Roche Applied Science) ac- 
cording to the manufacturer’s instructions.

Statistical analysis

Graphs were generated and analyzed by Gra- 
phPad Prism 6.0 (GraphPad Software). Data 
were analyzed by Student’s t-test for compari-
sons of groups with normal distribution and by 
equal variance or Mann-Whitney U test for non-
normally distributed variables among groups. 

Figure 2. High resolution electrospray ionization mass spectroscopy 
(HRESIMS) spectrum of secoemestrin C. The compound was dissolved in 
methanol. Data were acquired by using a Bruker microTOF II spectrometer.

tion under mild pentobarbital 
anesthesia, and livers were 
harvested.

Cytokine assay

The levels of IL-2, IL-4, IL-6, 
IL-10, IL-17, IFN-γ, and TNF-α 
in the serum 8 h after Con A 
challenge or in culture super-
natants 72 h after Con A stim-
ulation were measured with a 
CBA kit for mouse Th1/Th2/
Th17 cytokines.

Flow cytometry

Procedures for surface stain-
ing, intracellular cytokine sta- 
ining, and CBA kit use were 
performed according to the 
manufacturer’s instructions. 
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Figure 3. Inhibitory effect of secoemestrin C on the proliferation and cytokine production of Con A-stimulated liver mononuclear cells (MNCs). Liver MNCs from 
C57BL/6J mice were stimulated with 2 μg·mL-1 Con A in the presence of secoemestrin C (SC) at the indicated concentrations. After 72 h of culture, hepatic MNC pro-
liferation was determined by CFSE-dilution assay. Cytokine concentrations in culture supernatants were quantified by cytometric bead array kits. (A) The gating strat-
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Data are presented as means ± standard error 
of the mean (SEM). P<0.05 was considered 
significant.

Results

Secoemestrin C suppresses the proliferation 
of Con A-stimulated splenocytes

A total of 5.2 g of secoemestrin C was isolated 
from Aspergillus nidulans, which had been 
growing on rice culture medium (40 kg). The 
structure of the compound was elucidated by 
NMR and HR-ESI-MS (Figures 1A and 2; Table 
1). The purity of the secoemestrin C was ≥ 
99.0%, as determined via high performance liq-
uid chromatography with a UV detector. To 
investigate whether secoemestrin C has the 
potential to suppress immunological reac- 
tions, a Con A-induced splenocyte proliferation 
assay was carried out in the presence of se- 
coemestrin C. Mouse splenocytes strongly  
proliferated in response to the Con A stimula-
tion in vitro (Figure 1B, 1C). However, seco-
emestrin C treatment potently inhibited this 
Con A-stimulated splenocyte proliferation 
(Figure 1B, 1C). Considering the important role 
of SOCS proteins in the regulation of autoim-
munity [17, 18], we further detected the mRNA 
expression of SOCS1, SOCS2 and SOCS3 in 
splenocytes. Secoemestrin C treatment direct-
ly induced significant up-regulated expres- 
sion of these SOCS proteins in splenocytes. 
Compared with untreated control splenocytes, 
the mRNA expression of SOCS1, SOCS2 and 
SOCS3 in Con A-stimulated splenocytes was 
significantly decreased, while secoemestrin C 
treatment could significantly up-regulate the 
expression of these SOCS proteins in Con 
A-stimulated splenocytes (Figure 1D).

Secoemestrin C inhibits the proliferation of 
liver mononuclear cells (MNCs) and the pro-
duction of cytokines induced by Con A in vitro

Tissue-resident immune cells play a key role in 
local and systemic immune responses. To 
determine whether secoemestrin C can also 
inhibit the activation of liver-resident lympho-

cytes, liver MNCs were isolated from normal 
mice and stimulated by Con A in vitro. FACS 
analysis showed that the isolated hepatic 
MNCs included 30.74 ± 4.08% natural killer T 
(NKT) cells and 23.78 ± 1.18% conventional T 
cells (Figure 3A, 3B). In response to Con A stim-
ulation, hepatic MNCs strongly proliferated and 
released large amounts of cytokines, includ- 
ing IFN-γ, IL-2, IL-6, IL-17, TNF-α, and IL-4 (Figure 
3C-J). Interestingly, secoemestrin C treatment 
significantly attenuated Con A-stimulated liver 
MNC proliferation and cytokine production in a 
dose-dependent manner (Figure 3C-H, 3J). 
Above all, secoemestrin C was able to restrain 
hepatic lymphocyte proliferation and cytokine 
production in vitro, which may enable it to exert 
an in vivo protective effect on Con A-induced 
and T cell-mediated autoimmune hepatitis in 
mice.

Secoemestrin C ameliorates liver injury in Con 
A-challenged mice

Next, we evaluated the effects of secoemes- 
trin C on Con A-induced hepatitis in vivo. A 
severe liver injury was observed in mice 8 h 
after Con A administration, which manifested 
itself as a significant elevation in serum levels 
of alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and lactate dehydro-
genase (LDH) when compared to the normal 
(control) mice (Figure 4A-C). In contrast, pre-
treatment with secoemestrin C at a higher dose 
(10 mg·kg-1) almost completely inhibited the 
increase in the serum levels of ALT, AST, and 
LDH induced by the Con A challenge (Figure 
4A-C).

To further confirm the hepatoprotective effect 
of secoemestrin C, hematoxylin-eosin (H&E)-
stained liver tissue sections were evaluated for 
histopathology. In the Con A-treated group, 
massive bridging coagulative necrosis of hepa-
tocytes was visualized by light microscopy 
(Figure 4D). However, the hepatic pathological 
changes induced by Con A were dramatically 
reduced in the mice treated with high-dose sec-
oemestrin C (Figure 4D, 4E).

egy for hepatic NKT and conventional T cells is displayed. (B) Bar graphs depict the percentages of TCRβ+NK1.1+ 
NKT cells (NKT) and TCRβ+NK1.1- conventional T cells (conT) in liver MNCs. (C, D) A representative histogram (C) and 
summary bar graph (D) depict the percentages of proliferated cells. (E-J) Levels of IFN-γ (E), IL-2 (F), IL-6 (G), IL-17 (H), 
TNF-α (I), and IL-4 (J) for the various groups are shown in the bar graphS. Bar graphs indicate means ± SEM (n=5). 
**P<0.01 and ***P<0.001 vs. the control (NC) group. #P<0.05 and ##P<0.01 vs. the Con A-treated group.
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The apoptotic response plays an important  
role in Con A-induced liver injury. To investigate 
the pathway of secoemestrin C involved in the 
regulation of hepatocyte apoptosis, we used 
TUNEL staining as well as Fas and cleaved cas-
pase-3 staining to analyze hepatocyte apopto-
sis in the livers of the mice. The area of apop-
totic cells in the Con A group was significantly 
larger than that in the normal control group 
(Figure 4F, 4G). Mice pretreated with a high 
dose of secoemestrin C showed a much small-
er apoptotic area in the liver (Figure 4F, 4G). 
Furthermore, the expression of two apoptosis-
related proteins, Fas and cleaved caspase-3, 
was markedly elevated in Con A-challenged 
mice, whereas expression of the two proteins 

was almost completely suppressed in the mice 
who received the high-dose secoemestrin C 
treatment (Figure 5). Together, these results 
indicate that pretreatment with secoemestrin C 
provides significant protection against Con 
A-induced hepatic damage.

Secoemestrin C reduces serum levels of 
proinflammatory cytokines in mice with Con 
A-induced hepatitis

A balance between proinflammatory and anti-
inflammatory factors is essential for maintain-
ing liver homeostasis. Proinflammatory cyto-
kines play a critical role in the initiation and 
propagation of the autoimmune response. To 
investigate the effect of secoemestrin C treat-

Figure 4. Protective effect of secoemestrin C in Con A-induced liver injury. Secoemestrin C (SC) was dissolved in 
DMSO and further diluted with normal saline. Female C57BL/6J mice were pretreated by intraperitoneal injection 
with SC at 10 mg·kg-1 (SC10) or 1 mg·kg-1 on days-2, -1, and 1 h before i.v. injection with Con A (12 mg/kg). Mice 
without Con A injection served as controls (NC). (A-C) Serum levels of alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and lactate dehydrogenase (LDH) were measured 8 h after Con A injection. Data shown 
represent means ± SEM (n=6 per group). (D) Liver sections were stained with hematoxylin and eosin (H&E). The ar-
row indicates hepatic ecchymosis; the star indicates infiltrated leukocytes, and the triangle shows an area of necro-
sis (magnification: ×200). (E) Histopathologic scores were evaluated, and the results are presented as the means ± 
SEM for three mice per group. (F and G) Liver sections were stained with TUNEL staining. Representative images (F) 
and a bar graph of apoptotic area (G) are shown (magnification: ×200). Data represent the mean ± SEM. **P<0.01 
and ***P<0.001 vs. the control (NC) group; ##P<0.01 and ##P<0.001 vs. the Con A-treated group.
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ment on the generation of inflammatory cyto-
kines in mice with Con A-induced liver injury, we 
examined the serum levels of IFN-γ, TNF-α, IL-2, 
IL-4, IL-6, and IL-17 using a cytometric bead 
array kit. In the Con A-challenged group, we 
found that the levels of IFN-γ, IL-2, TNF-α, IL-17, 
and IL-6 were dramatically increased when 
compared to those in the normal control mice. 
However, pretreatment with secoemestrin C 
significantly suppressed the production of 
these cytokines induced by Con A (Figure 6A-E). 
There were no significant differences in the 
serum level of IL-4 among the groups (Figure 
6F).

Secoemestrin C inhibits Con A-induced activa-
tion of NKT cells and conventional T cells in 
liver

The recruitment and activation of NKT cells and 
conventional T cells contribute remarkably to 
the development and progression of Con 
A-induced hepatic inflammation. To investigate 
whether secoemestrin C has any effect on lym-
phocyte subsets, we analyzed liver MNCs 8 h 
after Con A injection. As compared to the nor-
mal control group, the percentage of hepatic 
NKT cells in Con A-challenged mice was signifi-
cantly decreased, whereas the percentages of 

Figure 5. Secoemestrin C reduces hepatic Fas and cleaved caspase-3 expression in Con A induced liver injury. 
Secoemestrin C (SC) was dissolved in DMSO and further diluted with normal saline. Female C57BL/6J mice were 
intraperitoneally pretreated with SC 10 mg·kg-1 (SC10) or vehicle (normal control, NC) on days-2, -1, and 1 h before 
i.v. injection with Con A (12 mg·kg-1). (A and B) Liver tissue sections were stained with Fas. Representitive images (A) 
and bar graph (B) of Fas positive area percentage are shown (magnification: ×200). (C and D) Cleaved caspase-3 
was stained and the ratio of apoptotic nuclei to total nuclei (the apoptosis rate) was caculated. Representitive im-
ages (C) and bar graph (D) of cleaved caspase 3 positive cells per 103 cells for each group are shown (magnification: 
×400). Data are presented with mean ± SEM (three mice per group). **P<0.01 and ***P<0.001 vs. control group; 
##P<0.01 and ###P<0.001 vs. Con A group.
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conventional CD4+ and CD8+ T 
cells in the liver were relative-
ly stable (Figure 7). Notably, 
secoemestrin C treatment 
largely rescued hepatic NKT 
cell depletion, as evidenced 
by a significantly increased 
ratio of hepatic NKT cells to 
liver MNCs in the treatment 
group when compared to that 
of the Con A-challenged group 
(Figure 7A).

To determine whether seco-
emestrin C can suppress the 

Figure 6. Secoemestrin C treatment inhibits the production of serum proinflammatory cytokines in Con A-challenged 
mice. Serum was prepared from blood collected 8 h after Con A injection. Serum levels of IFN-γ (A), IL-2 (B), IL-6 (C), 
IL-17 (D), TNF-α (E), and IL-4 (F) were quantified by cytometric bead array kit. Bar graphs depict the concentrations 
of the indicated cytokines from the various groups. Values are presented as means ± SEM (six mice per group). 
**P<0.01 vs. the control (NC) group. #P<0.05 and ##P<0.01 vs. the Con A-treated group.

Figure 7. Secoemestrin C rescues hepatic NKT decrease in Con A-challenged 
mice. C57BL/6J mice were sacrificed 8 h after being injected with Con A, 
and liver mononuclear cells (MNCs) were collected. The cells were stained 
with mAbs against TCRβ, CD4, CD8, or NK1.1, then analyzed by flow cytom-

etry. A. Bar graphs depict the 
percentages of TCRβ+NK1.1+ 
NKT cells (NKT) vs. MNCs and of 
TCRβ+NK1.1- conventional T cells 
(conT) vs. MNCs. B. Summary bar 
graphs display conventional CD4+ 
and CD8+ T cell (CD4+ conT and 
CD8+ conT) proportions in con-
ventional T cells. Values shown 
are means ± SEM (five mice per 
group). ***P<0.001 vs normal the 
control (NC) group. ##P<0.01 vs. 
the Con A-treated group.
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activation of hepatic NKT cells and convention-
al T cells in vivo, we measured the expression 
of CD69 and IFN-γ by FACS analysis. Se- 
coemestrin C treatment significantly inhibited 
the increase in CD69 expression on hepatic 
NKT cells and conventional CD4+ and CD8+ T 

cells that was seen in the Con A-challenged 
group (Figure 8A, 8C). In addition, treatment 
with secoemestrin C also down-regulated the 
elevated expression of IFN-γ in hepatic NKT 
and conventional CD4+ T cells after Con A chal-
lenge in vivo (Figure 8B, 8D).

Figure 8. Inhibitory effects of secoemestrin C on hepatic NKT cell and conventional T cell activation and proinflam-
matory cytokine secretion in Con A-challenged mice. Mice were sacrificed 8 h after Con A injection, and hepatic 
MNCs were prepared. (A, B) NKT cells as well as CD4+ and CD8+ conventional T cells were analyzed by flow cytometry 
for CD69 expression. Histogram with numbers (A) shows the mean fluorescence intensity (MFI) of CD69 on every 
subset of the normal control (NC), Con A-treated, and Con A+SC10-treated groups. A summary bar graph (B) displays 
the CD69 levels on NKT cells as well as CD4+ and CD8+ conventional T cells. (C, D) Liver MNCs were cultured in 
medium with GolgiStop for a further 4 h, and intracellular staining for IFN-γ was performed. Representative dot plots 
(C) show IFN-γ expression by NKT cells (left panel), CD4+ conventional T cells (CD4+ conT, middle panel), and CD8+ 
conventional T cells (CD8+ conT, right panel). Bar graphs (D) depict the percentages of IFN-γ-producing cells in the 
corresponding liver MNC subsets. Data are shown as means ± SEM (five mice per group). *P<0.05, **P<0.01, and 
***P<0.001 vs. the normal control (NC) group. #P<0.05 and ##P<0.01 vs, the Con A-treated group.
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Discussion

Fungi are widely distributed across the globe 
and have been identified as a rich source of 
new pharmacologically active ingredients.  
The members of the Aspergillus genus are 
already an important source of novel pharma-
cological metabolites such as alkaloids, mero-
terpenoids, and lignans. Secoemestrin C is  
an epitetrathiodioxopiperazine extracted from 
Aspergillus nidulans. The biological activity  
of secoemestrin C and its analog has only  
been reported in terms of inhibiting tumor cell 
proliferation [19]. Here, we first present  
evidence to show that secoemestrin C can 
inhibit Con A-induced mouse splenocyte prolif-
eration as well as hepatic MNC activation and 
proliferation in vitro, and then we demonstrate 
that this molecule has a protective effect in 
vivo on Con A-induced autoimmune hepatitis in 
mice.

Accumulating evidence suggests that CD4+ T 
cells [10, 20], CD8+ T cells [21], and NKT cells 
[22, 23] are critical components of Con 
A-induced liver damage. After Con A challenge, 
NKT cells and conventional T cells are activated 
and either directly participate in perforin/gran-
zyme- and/or Fas/Fas ligand-mediated cytotox-
icity or indirectly release large amounts of pro-
inflammatory cytokines, thus leading to hepato-
cyte death. Therefore, agents that can inhibit 
the activation of T cells and/or NKT cells are 
most likely capable of alleviating hepatitis 
induced by Con A. In our in vitro experiments, 
we found that secoemestrin C can potently sup-
press the proliferation of splenocytes and acti-
vation of hepatic MNCs induced by Con A, indi-
cating that it may have a significant protective 
effect on Con A-induced liver damage. As pre-
dicted, pretreatment with secoemestrin C 
markedly protected against liver injury in Con 
A-challenged mice, as evidenced by decreased 
serum levels of liver enzymes and proinflamma-
tory cytokines, attenuated bridging coagula- 
tive necrosis of hepatocytes, and a lessened 
apoptotic response in the livers. In addition,  
the levels of serum transaminase and hepato-
cyte apoptosis in secoemestrin C-treated mice 
were similar to those in normal control mice, 
indicating that secoemestrin C has limited 
hepatic toxicity. Thus, secoemestrin C appears 
to be a good prospect for clinical application in 
immunosuppression.

In addition to aggravating inflammation and 
liver injury, activation of NKT cells also leads to 
Fas/FasL-mediated apoptotic elimination of 
NKT cells during Con A challenge [24]. Our 
results have confirmed the rapid disappear-
ance of activated NKT cells in Con A-challenged 
livers. Although we did not detect any expres-
sion of FasL on NKT cells, our observation of a 
lowered CD69 expression level, together with a 
restored NKT cell ratio, suggest that the activa-
tion-induced cell death (AICD) of NKT cells is 
largely abolished in the secoemestrin C-treated 
mice.

Given that the depletion of NKT cells begins as 
early as 4 h after Con A administration [24], it 
appears that an NKT cell-derived proinflamma-
tory cytokine response, rather than NKT cell-
mediated cytotoxicity, plays a particularly 
important role in the latter phase of inflamma-
tion induced by Con A. In the treatment of auto-
immune disease, targeting the production of 
proinflammatory cytokines has been approved 
as a potential therapy [25, 26]. It has been 
reported that SOCS3 suppresses IFN-γ produc-
tion from NKT and T cells, thereby protecting 
against Con A-induced liver injury [27]. Our 
results show that secoemestrin C can down-
regulate IFN-γ production by NKT and conven-
tional T cells after Con A challenge. In addi- 
tion, we have found that secoemestrin C is able 
to suppress cytokine production by Con A-sti- 
mulated hepatic MNCs. Suppressors of cyto-
kine signaling (SOCS) proteins, especially SO- 
CS1, SOCS2 and SOCS3 have been reported to 
play essential roles in inflammation and auto-
immunity [17, 18]. In the present study, pre-
treatment of secoemestrin C was found to sig-
nificantly elevate the mRNA expression of 
SOCS1, SOCS2 and SOCS3 in splenocytes with 
or without Con A stimulation, suggesting that 
secoemestrin C may have the capability to neg-
atively regulate the cytokine-JAK-STAT pathway 
by facilitating the production of SOCS proteins. 
The regulatory mechanism(s) by which seco-
emestrin C inhibits proinflammatory cytokine 
production remain to be further explored.

Overall, we have demonstrated for the first  
time that secoemestrin C can inhibit NKT- and 
conventional T-cell activation stimulated by 
Con A and thus can protect against Con 
A-induced autoimmune hepatitis in mice. Our 
results provide evidence for the immunosup-
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pressive activity of secoemestrin C and offer 
novel insights regarding the development of 
fungi-derived metabolites for the treatment of T 
cell-dependent autoimmune diseases.
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