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a b s t r a c t

Penispirolactam (1) and penipyrroloindole (2), two highly modified paspaline-type indole diterpenoids

(IDTs), along with three new (3–5) and two known (6 and 7) paspaline-type IDTs were obtained from the

endophytic fungus Penicillium janthinellum H-6 guided by liquid chromatography-mass spectrometry (LC-

MS)-based molecular network. Architecturally, penispirolactam (1) possesses a unique octacyclic skeleton

(6/5/6/6/5/6/6/6) with a spiro core formed by the integration of a C6–C2 unit with the indole moiety,

and penipyrroloindole (2) represents a rearranged octacyclic skeleton (6/5/6/5/5/6/6/6) with a pyrrolo[1,2-

a]indole core fragment. Their structures, including absolute configurations, were established by detailed

spectroscopic analysis, gauge-independent atomic orbital (GIAO) 1D nuclear magnetic resonance (NMR)

(DP4+) calculation protocol, and electronic circular dichroism (ECD) calculation method. The plausible

biosynthetic pathway of compounds 1 and 2 was also speculated. Additionally, the anti-hepatic fibrosis

activity of all compounds was explored, and it was found that 1 could exert its effects by inhibiting the

transforming growth factor-β (TGF-β)/Smad signaling pathway without cytotoxicity.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Natural products with distinctive structural frameworks have

long served as a cornerstone of groundbreaking drug discovery

[1,2]. Indole diterpenoids (IDTs) from fungi represent a growing

class of structurally complex special natural products with remark-

able biological properties [3–7], including insecticidal, antibacte-

rial, antiviral, cholesterol-lowering, and blood glucose-regulating

activities. Among numerous IDTs, the paspaline-type IDTs are char-

acteristic of a unique six ring core framework (6/5/5/6/6/6) con-

structed from an indole ring and a cyclic diterpene moiety. Their

structural variability mainly derived from the prenylation of in-

dole ring and further modifications of isopentenyl groups such as

oxidation and cyclization, as well as various modifications of the

diterpenoid moiety. To date, more than 150 compounds within

this class have been reported [8], and their fascinating struc-

tures and diverse bioactivities have made this class a hot topic

in relevant scientific communities [9,10]. Recently, a series of new

paspaline-type and its derived novel skeleton IDTs such as jan-
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thinellumines A–I [5], penpaxilloids A–E [7], and schipenindolenes

A–H [6] with different biological activities were reported. Among

them, schipenindolene A was found to be a potent HMG-CoA re-

ductase degrader for lowering cholesterol, which was constructed

by a concise and viable biomimetic semisynthesis [6]. In 2022,

the Tong group reported the first asymmetric total syntheses of

three paspaline-type IDTs paspalicine, paspalinine and paspalinine-

13-ene, which provided a new synthetic strategy for the synthesis

of other paspaline-type IDTs and would facilitate further investiga-

tion on these active IDTs [11].

Liver fibrosis was a pathological process induced by various

chronic liver diseases, characterized by the excessive deposition

and remodeling of the extracellular matrix (ECM) within the liver.

This progressive condition not only disrupted the liver’s structural

integrity and impaired its function but can also advance to liver

cirrhosis, liver failure, and even hepatocellular carcinoma, posing a

significant threat to patient health [12,13]. As a major global public

health concern, liver fibrosis affected millions of individuals world-

wide. However, there are no drugs specifically approved for the

treatment of liver fibrosis on the market. Thus, the development

of novel, low-toxicity, and highly effective antifibrotic agents is ur-

gently needed.

https://doi.org/10.1016/j.cclet.2025.111161

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. LC-MS-based molecular networking of the EtOAc extract of fungus P. janthinellum H-6.

In our continuing search for Euphorbiaceae diterpenoids to treat

liver fibrosis [14,15], the diverse structures and promising activi-

ties exhibited by IDTs produced by fungi had captured our atten-

tion. Therefore, uncovering its novel biological functions such as

anti-hepatic fibrosis has become a paramount objective of our re-

search. Guided by liquid chromatography-mass spectrometry (LC-

MS)/MS-GNPS (Global Natural Product Social Molecular Network-

ing) data, we analyzed the secondary metabolites produced by

fungi and found the endophytic fungus Penicillium janthinellum H-6

isolated from the perennial herbaceous plant Euphorbia dracuncu-

loides, which was a rich source of paspaline-type IDTs. As shown

in Fig. 1, the results of screening against GNPS spectral database

displayed two nodes with parent ions at m/z 585.35 and 480.181,

which were identified as two paspaline-type IDTs, JBIR-137 and

paxilline, respectively. Subsequently, further in-depth investigation

of the rice fermentation of P. janthinellum H-6 led to the discov-

ery of two unprecedented paspaline-derived IDTs (1 and 2) and

their related biosynthetic precursors (3–7) (Fig. 2). Penispirolac-

tam (1) represents a unique octacyclic skeleton (6/5/6/6/5/6/6/6)

with a spiro core formed by the integration of a C6–C2 unit with

the indole moiety, and penipyrroloindole (2) is a rearranged oc-

tacyclic skeleton (6/5/6/5/5/6/6/6) with a pyrrolo[1,2-a]indole core

fragment. Herein, we reported the isolation, structural elucidation,

putative biosynthetic pathways, and anti-liver fibrosis activation of

1–7.

Penispirolactam (1), a white amorphous powder, possessed a

molecular formula of C45H51NO8 as deduced by high-resolution

electrospray ionization mass spectrometry (HRESIMS) at m/z

734.3684 for [M+H]+ (calcd. 734.3688) and at m/z 756.3507 for

Fig. 2. Chemical structures of compounds 1–7.

[M+Na]+ (calcd. 756.3507), corresponding to 21 degrees of unsat-

uration. The infrared spectroscopy (IR) spectrum showed the pres-

ence of hydroxyl groups (3346 cm-1) and amide group (1659 cm-1).

The 1H nuclear magnetic resonance (NMR) data of 1 (Table S1.1

in Supporting information) exhibited signals indicative of seven

methyls [δH 1.00, 1.44, 1.44, 1.46, 1.495, 1.504, and 1.75 (each 3H,

s)], five olefinic protons [δH 4.86 (1H, s), 5.07 (1H, s), 5.76 (1H, d,

J=6.0Hz), 6.48 (1H, d, J=1.6Hz), and 6.92 (1H, d, J=1.6Hz)], three

oxygenated methines [δH 3.77 (1H, s), 3.90 (1H, d, J=6.0Hz), and

4.53 (1H, overlapped)], a 1,3,4-trisubstitued phenyl [δH 6.34 (1H, d,

J=2.8Hz), 6.46 (1H, dd, J=8.6, 2.8Hz), and 6.60 (1H, d, J=8.6Hz)],

a 1,2,4,5-tetrasubstituted phenyl [δH 6.82 and 7.31 (each 1H, s)],

and several aliphatic protons. The 13C NMR (Table S1.1) and DEPT

spectra showed 45 carbon resonances, including a ketocarbonyl (δC
214.6), an amide carbonyl (δC 170.4), two benzene rings, a terminal

double bond, three trisubstituted double bonds, seven methyls, five

sp3 methylenes, five sp3 methines (three oxygenated ones), and six

quaternary carbons (three oxygenated ones). As 14 of 21 degrees

of unsaturation were ascribed to two phenyls, two carbonyls, and

four double bonds, the remaining seven degrees of unsaturation

suggested that 1 possessed a nine-rings system. Compared to the

co-isolated known IDT, paxilline (7) [16], the aforementioned data

shared most similarities with it, except for the additional signals

for a C6-C2 unit, which suggested that 1 was a highly modified

paspaline-type IDTs.

The planar structure of 1 was accomplished by 2D NMR data

analysis (Fig. 3). The 1H–1H correlation spectroscopy (1H–1H COSY)

correlations of H2-8/H2-9/H-10, H-12/H-13/H-14, and H2-17/H2-

18/H-19/H2-20 indicated the presence of three fragments (C-8–C-

9–C-10, C-12–C-13–C-14, and C-17–C-18–C-19–C-20), which con-

Fig. 3. Key 1H–1H COSY and HMBC correlations of 1 and 2.
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nected with other groups were further determined by the interpre-

tation of the key heteronuclear multiple bond correlation (HMBC)

correlations. The HMBC correlations from H-12 and H-14 to C-10

and from H-13 to C-15 formed a partially hydrogenated pyran ring

(A-ring). The HMBC correlations from H3-36 and H2-37 to C-12,

along with H3-36 to C-37, indicated that an isopropenyl group was

attached to C-12 of A-ring. The HMBC correlations from H2-8, H-

14, and H2-18 to C-16, H3-34 to C-6, C-7, C-8, and C-16, and H3-

33 to C-6, C-7, and C-19 connected these two fragments (C-8–C-9–

C-10 and C-17–C-18–C-19–C-20) with the corresponding functional

groups and the A ring to form a fused 6/6/6 tricyclic system. The

structural feature of this tricyclic system in the right part of 1 was

consistent with that of JBTR-137 (6) [17]. And in the left part of 1,

by analyzing its NMR data (including the HMBC correlation shown

in Fig. 3), it was determined that this part had the same 6/5/6 tri-

cyclic structural fragment as 7. The middle part of compound 1

could be determined by combining HMBC correlations and degrees

of unsaturation analysis. The HMBC correlations from H-3 to the

C-27, C-28, and C-32 of the trisubstituted benzene ring and the

HMBC correlations from H-32 to C-3 and H-3 to the amide car-

bonyl (C-2) supported the presence of the additional C6-C2 unit.

The remaining one degree of unsaturation and the HMBC correla-

tions from H-3 to C-5 and C-21, H2-20 to C-3, C-5, and C-21, H3-33

to C-5, and H-22 to C-4 confirmed the middle part of 1 was a spi-

ral characteristic fragment formed by a δ-lactam and a cyclopen-

tanone via the spiral carbon (C-4). Thus, the planar structure of 1

with an unprecedented spiro skeleton ring system constructed by

the integration of a C6–C2 unit with the indole moiety was deter-

mined.

The relative stereochemistry of 1 was elucidated based on inter-

pretation of nuclear overhauser effect spectroscopy (NOESY) inter-

actions and 1H–1H coupling constants. The NOE cross-peaks of H-

10/H-8α, H-10/H-9α, H-8α/H-9α, and H-9β/H3-34 as well as H3-

34/H-19 and H-18/H3-33/H-8α indicated that both rings B and C

were in a chair conformation and trans-fused (Fig. 4). Thus, the

relative configurations of H-10, 16-OH, and CH3-33 were arbitrar-

ily assigned α-orientations, while CH3-34 and H-19 were taking

the β-orientations. The NOE correlations of H-10 with H-12 sug-

gested H-12 was defined to be the α-orientation. The small cou-

pling constant between H-12 and H-13 indicated these two pro-

tons was a cis-configuration. The relative configuration of the spi-

ral carbon (C-4) could be determined as 4R∗ by the observed

NOE correlations of H-22/H3-33, H3-33/H-20α, H-20α/H-22, H-

19/H-3, and H-3/H-20β . Although H-3 showed a strong NOE cor-

relation with H-20β and H-19, this information alone was insuf-

ficient to determine the relative configuration of C-3 (Fig. S1.1

in Supporting information). Therefore, two possible stereoisomers

Fig. 4. Key NOE correlations of 1 and 2.

have been proposed: (3S∗,4R∗,6S∗,7R∗,10S∗,12R∗,13R∗,16S∗,19S∗)-1a
and (3R∗,4R∗,6S∗,7R∗,10S∗,12R∗,13R∗,16S∗,19S∗)-1b (Fig. S1.2 in Sup-

porting information). Subsequently, 1D NMR calculations based

on gauge-independent atomic orbital (GIAO) theory were per-

formed for both 1a and 1b scenarios, in combination with

the experimental NMR shifts, were analyzed using the im-

proved DP4+ probability methods. The final DP4+ score of

(3S∗,4R∗,6S∗,7R∗,10S∗,12R∗,13R∗,16S∗,19S∗)-1a (100.00%) afforded an

absolute advantage over that of its counterpart (0.00%), allow-

ing assignment of the 3S∗ of the C-3 (Fig. S1.2). Finally, the ab-

solute configuration of 1 was determined by quantum-chemical

calculations methods. Two possible conformational scenarios,

(3S,4R,6S,7R,10S,12R,13R,16S,19S)-1a and its enantiomer, were sub-

jected to theoretical electronic circular dichroism (ECD) calcula-

tions based on time-dependent density functional theory (TDDFT).

As shown in Fig. 5A, the experimental ECD curve matches well

with the calculated ECD curve of 1a, exhibiting the same first neg-

ative, second positive, and third negative Cotton effects around 227,

280, and 325nm, respectively. Thus, the structure of compound 1

was unambiguously determined.

Penipyrroloindole (2) exhibited a molecular formular of

C37H45NO7 with 16 degrees of unsaturation based on the HRES-

IMS data (m/z 638.3087 [M+Na]+, calcd. 638.3089). The 1H NMR

data (Table S1.2 in Supporting information) indicated the presence

of seven methyls [δH 0.89, 1.30, 1.32, 1.44, 1.44, 1.78, and 1.98

(each 3H, s)], three olefinic protons [δH 5.03 (1H, s), 5.18 (1H, s),

and 5.80 (1H, d, J=6.0Hz)], three oxygenated methines [δH 3.85

(1H, d, br s), 3.95 (1H, d, J=5.6Hz), and 4.53 (1H, dd, J=10.4,

8.8Hz)], a 1,2,4,5-tetrasubstituted benzene ring [δH 7.57 and 7.66

(each 1H, s)], and a series of aliphatic protons. The 13C NMR (Table

S1.3 in Supporting information) and DEPT spectra indicated 37 car-

bon resonances, which were classed as a conjugated ketocarbonyl

(δC 197.7), an amide carbonyl (δC 179.4), a tetrasubstituted ben-

zene ring, a terminal double bond, a trisubstituted double bond,

a hydrogen-free double bond, seven methyls, six sp3 methylenes,

four sp3 methines (three oxygenated), and six quaternary carbons

including four oxygenated ones. The aforementioned information

implied the existence of an octacyclic ring system in 2.

By analyzing the 1H–1H COSY and HMBC correlations of 2

(Fig. 3), it could be determined that its left and right parts were

Fig. 5. Experimental and calculated ECD spectra of 1 (A) and 2 (B).
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similar or identical to the left and right parts of 1, respectively.

The similar left moiety was elucidated to be a 6/5/6 tricyclic sys-

tem with a double bond at C-31 and C-36 by the presence of two

isolated methylenes and one tetrasubstituted double bond instead

of two conjugated double bonds as well as the HMBC correlations

shown in Fig. 3. Subsequently, by combining the HMBC correla-

tions and degrees of unsaturation analysis, it could be determined

how the remaining three groups (the ketocarbonyl, amide, and

oxygenated quaternary carbon) in the middle connect the left and

right parts. The HMBC correlation from H-20 to the ketocarbonyl

confirmed the conjugation of the ketocarbonyl group (C-18) with

the benzene ring. The HMBC correlations from 17-OH to C-17 and

C-16 (observed in DMSO–d6) and H-16 to C-17 and C-18 confirmed

the connection of C-18 and C-16 via the oxygenated quaternary

carbon (C-17). The amide group was linked to C-3 supported by the

HMBC correlation from H3-25 to the amide carbonyl (C-2). Since 14

of the 16 degrees of unsaturation were consumed by six rings (in-

cluding one benzene ring), three double bonds, one ketocarbonyl

group, and an amide carbonyl, the remaining two degrees of unsat-

uration implied that the N atom of the amide group (CONH2) must

be connected to C-17 and C-24 to form two additional rings. Thus,

the planar structure of 2 was defined to be a novel 6/5/6/5/5/6/6/6

octacyclic skeleton with a distinctive pyrrolo[1,2-a]indole moiety.

The relative configuration of 2 was determined by the NOESY

data recorded in CDCl3 and DMSO–d6. As shown in Fig. 4, the ob-

served NOE correlations of H-9/H-7, H-7/H-5α, H-5α/H3-25, H3-

25/H-15α, H-7/H-6α and H-6β/H3-26, H3-26/H-16, H3-26/H-14β
in CDCl3 together with the small coupling constant of H-9 and H-

10 suggested that the relative configurations of C-3, C-4, C-7, C-9,

C-10, C-13, and C-16 were consistent with 6. Moreover, the signif-

icant NOE correlation of 17-OH/H3-25/13-OH observed in DMSO–

d6 undoubtedly confirmed the α-orientation of 17-OH and 13-OH

in 2. The absolute configuration of 2 was assigned by comparison

ECD spectrum with those calculated for two presumable isomers,

(3S,4R,7S,9R,10R,13S,16R,17S)-2 and (3R,4S,7R,9S,10S,13R,16S,17R)-2.

Based on the agreement between the experimental and calculated

ECD curves (Fig. 5B), the stereochemistry of 2 was thereby assigned

to be 3S,4R,7S,9R,10R,13S,16R,17S.

Penijanidine A (3) presented the molecular formular C37H47NO6

with 15 degrees of unsaturation, by HRESIMS ([M+H]+, m/z

602.3470, calcd. 602.3476). The 1H and 13C NMR data of 3 (Tables

S1.2 and S1.3) resembled those of the known paspaline-type IDTs,

shearinie P [18]. The main differences were the carbonyl group at

C-10 and the 2-hydroxyisopropyl group at C-9 in compound 3 had

been converted to a hydroxyl group and an isopropenyl group, re-

spectively. These changes were further confirmed by the 1H–1H

COSY correlations of H-9/H-10/H-11 and the HMBC correlations

from H3-28 and H2-29 to C-9 and C-27 (Fig. S1.3 in Supporting

information). The cis-relationship of H-9 and H-10 were supported

by its small coupling constant. The relative configuration of 3 was

consistent with that of shearinine P according to comparable ob-

servations in the 1D NMR and NOESY experiments (Fig. S1.4 in

Supporting information).

Penijanidine B (4) possessed the molecular formula of

C37H47NO4 as established from the ion peak at m/z 570.3578

[M+H]+ (calcd. 570.3578) in its HRESIMS spectrum. The 1D NMR

of 4 (Tables S1.2 and S1.3) closely resembled those of 6, except

for the appearance of a tetrasubstituted double bond and two iso-

lated methylenes in 4 replacing two conjugated trisubstituted dou-

ble bonds in 6. This inferred that the 6/5 bicyclic ring formed by

the diprenyl modification at C-21 and C-22 of the indole ring had

different oxidation states. As shown in Fig. S1.3, the HMBC correla-

tions from H3-37/38 to C-31, H3-39/40 to C-35, H-20 to C-30, and

H2-35 and H-23 to C-36 supported that the tetrasubstituted dou-

ble bond was located at C-31 and C-36 as well as the two isolated

methylenes was placed at C-30 and C-35, respectively. Therefore,

the structure of 4 was elucidated as shown.

Penijanidine C (5) displayed a sodium adduct HRESIMS ion ob-

served at m/z 578.3612 (calcd. for C37H49NO3Na
+, 578.3605), indi-

cating the molecular formula C37H49NO3 with 14 degrees of un-

Scheme 1. Plausible biosynthetic pathways for compounds 1–7.
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saturation. Comparison of the 1D (Tables S1.2 and S1.3) and 2D

NMR data (Fig. S1.3) revealed that 5 had the same paspaline skele-

ton as 6, with the only difference being that the two isopentenyl

groups on its indole ring had not been oxidatively cyclized into a

6/5 bicyclic ring. The two independent prenyls at C-21 and C-22

could also confirmed by the 1H–1H COSY and HMBC correlations

as shown in Fig. S1.3, as well as by analyses of the degrees of un-

saturation. Thus, the structure of 5 was determined as shown.

Two known paspaline-type IDTs, JBIR-137 (6) [17] and paxilline

(7) [16], were identified based on NMR data reported in the litera-

ture. Meanwhile, the structure of 7 was first confirmed by single-

crystal X-ray diffraction (Fig. S1.5 in Supporting information).

The structural diversity of the reported paspaline-type IDTs

mainly lied in the structural modifications caused by prenyla-

tion on the indole ring and subsequent oxidation and cycliza-

tion of isopentenyl groups. And the obtained compounds 1 and 2

were two novel types of skeletons formed by ring opening, oxi-

dation, rearrangement, and fusion of other fragments at the site

where indole ring and diterpene were connected. To better under-

stand these structures, the putative biosynthetic pathways for com-

pounds 1 and 2 were proposed in Scheme 1. This proposal was de-

veloped on the basis of the co-isolation of compounds 3–7, which

could be considered as the potential biosynthetic precursors or key

intermediates. Initially, the ketocarbonyl (C-10) and the 27-OH of

paxilline (7) underwent reduction and elimination reactions, re-

spectively, to generate penijanthine A, and followed by the preny-

lation of penijanthine A at C-21 and C-22 to produce the key in-

termediate penijanidine C (5). Subsequently, the oxidative cycliza-

tion of the two isopentenyls of 5 could form the key intermediate

i (Scheme S1.1 in Supporting information) [9], which underwent

hydroxylation followed by dehydration or double bond migration

to obtain JBIR-137 (6) and penijanidine B (4), respectively. Utilizing

these two compounds as intermediates, new skeleton types of IDTs

penispirolactam (1) and penipyrroloindole (2) might be formed

through different pathways. The first pathway involved a nucle-

ophilic substitution reaction between compound 6 at C-18 position

and the natural product 2,5-dihydroxymandelic acid to realize the

integration of the C6–C2 fragment for generation of the key inter-

mediate ii. Furthermore, hydrolysis of the imine bond in interme-

diate ii generated the intermediate iii, and followed by intramolec-

ular amidation to form 1. For another pathway, by oxidative cleav-

age of the �2,18 double bond of 4, new compound penijanidine A

(3) were generated, which was then oxidized and underwent in-

tramolecular nucleophilic addition reaction to ultimately form the

novel skeleton IDT, penipyrroloindole (2).

The anti-liver fibrosis activity of compounds 1–7 was evaluated

by Western blot (WB) analysis in transforming growth factor-β1

(TGF-β1)-stimulated LX-2 cells (hepatic stellate cells), a widely uti-

lized cellular model for liver fibrosis research [19]. By analyzing the

inhibitory effect of compounds on fibrosis-related biomarkers such

as fibronectin, collagen I, and α-smooth muscle actin (α-SMA), po-

tential active compounds for anti-liver fibrosis can be quickly iden-

tified [20]. And the TGF-β signaling inhibitor, SB431542 (SB), was

used as the positive drug [21,22]. As shown in Fig. 6A, TGF-β1

stimulation significantly increased the production of fibronectin,

collagen I, and α-SMA in cells, which could be reversed by treat-

ment with compound 1 at 10 μmol/L. Overall, compound 1 exhib-

ited the most outstanding inhibitory efficiency. The anti-liver fi-

brosis activity of compound 1 was further substantiated through

immunofluorescence staining and concentration-dependent assays

(Figs. 6B and C). Additionally, no significant cytotoxicity of all com-

pounds was observed at the effective concentrations (Fig. S1.6 in

Supporting information). Therefore, the active compound 1 was se-

lected for further mechanism research.

It is well known that the TGF-β/Smad signaling pathway is a

well-established fibrosis-related signaling pathway. This pathway

Fig. 6. Identification of 1 as a potent antifibrotic compound in TGF-β1-stimulated

LX-2 cells. (A) The effects of 1–7 on fibronectin, collagen I, and α-SMA. WB analy-

sis was carried out in cells treated with vehicle or 10 μmol/L compounds for 48h

(n=3 per group). (B) Immunostaining of fibronectin (green) in LX-2 cells. TGF-β1-

activated LX-2 cells were treated with vehicle or 10 μmol/L compound 1 for 48h.

Scale bar: 20 μm. (C) Compound 1 suppressed the protein levels of fibronectin, col-

lagen I, and α-SMA in a dose-dependent manner in TGF-β1-stimulated LX-2 cells.

Cells were treated with vehicle or indicated concentrations of 1 for 48h (n=3 per

group). (D) Influence of 1 on expressions of Smad2, Smad3, p-Smad2, and p-Smad3

in TGF-β1-stimulated LX-2 cells treated with indicated concentrations of 1 or SB for

48h. CTL, cells treated with TGF-β1; UND, cells treated with vehicle; SB, SB431542.

GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Data are presented as means

± SEM (A, C, D). ##P<0.01, ###P<0.001 vs. UND group; ∗P<0.05, ∗∗P<0.01 vs. CTL

group.

primarily involves the phosphorylation of Smad2 and Smad3, fol-

lowed by the formation of complexes and translocate into the nu-

cleus to promote the expression of extracellular matrix proteins,

thereby driving fibrosis progression [23,24]. Subsequently, the im-

pact of the active compound on the levels of p-Smad2 and p-

Smad3 as well as Smad2 and Smad3 were analyzed on this model.

As illustrated in Fig. 6D, stimulation with TGF-β1 markedly in-

creased the phosphorylation levels of Smad2 and Smad3. While

compound 1 dose-dependently reduced the levels of p-Smad2 and

p-Smad3 without affecting the total protein levels of Smad2 and

Smad3. These findings suggested that compound 1 exerted its anti-

fibrotic effects by inhibiting the TGF-β/Smad signaling pathway

(Fig. S1.7 in Supporting information).

In conclusion, five new IDTs, penispirolactam (1), penipyrroloin-

dole (2), and penijanidines A–C (3–5), together with two known

ones, JBIR-137 (6) and paxilline (7), were obtained from the endo-

phytic fungus P. janthinellum H-6 guided by LC-MS-based molec-
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ular network. The two novel skeleton types of IDTs, penispirolac-

tam and penipyrroloindole, could be regarded as derived from the

co-isolated paspaline-type IDTs, 3–7, through different pathways.

Moreover, the investigation on the anti-hepatic fibrosis functions

of IDTs was carried out to further expand their pharmaceutical ap-

plication. The activity assays indicated that compound 1 could ex-

ert its anti-hepatic fibrosis effects by inhibiting the TGF-β/Smad

signaling pathway without cytotoxicity. Therefore, IDTs with novel

skeletons were expected to develop into new chemical entities for

low toxicity and high efficiency anti liver fibrosis drugs.
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