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[ABSTRACT] Four novel macrocyclic trichothecenes, termed mytoxins D−G (1−4), along with four known analogs (5−8), were isol-
ated from the ethyl acetate extract of fermented rice inoculated with the fungus Myrothecium verrucaria PA57. Each compound fea-
tures  a  tricyclic  12,13-epoxytrichothec-9-ene  (EPT)  core.  Notably,  mytoxin  G  (4) represents  the  first  instance  of  a  macrocyclic  tri-
chothecene  incorporating  a  glucosyl  unit  within  the  trichothecene  structure.  The  structures  of  the  newly  identified  compounds  were
elucidated  through  comprehensive  spectroscopic  analysis  combined  with  quantum  chemical  calculations.  All  isolated  compounds
demonstrated cytotoxic activity against the CAL27 and HCT116 cell lines, which are models for human oral squamous cell carcinoma
and colorectal cancer, respectively. Specifically, mytoxin D (1) and mytoxin F (3) exhibited pronounced cytotoxic effects against both
cancer  cell  lines,  with  IC50 values  ranging  from 3  to  6  nmol·L−1.  Moreover,  compounds 1 and 3 were  found to  induce  apoptosis  in
HCT116 cells by activating caspase-3.
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 Introduction

Trichothecenes,  which  are  sesquiterpenoid  mycotoxins
with  a  tricyclic  12,13-epoxytrichothec-9-ene  (EPT)  core [1],
are  produced  by  various  fungi,  including Fusarium [2],
Trichoderma [3], Trichothecium [4],  and Myrothecium [5, 6].  To
date, about 200 structurally distinct trichothecenes have been
identified [1], and these can be divided into two main groups:
macrocyclic  and  simple  trichothecenes [7]. Macrocyclic  tri-
chothecenes  are  distinguished  by  an  additional  ring  formed
through esterification of the hydroxy groups at C-4 and C-15
of the  EPT core,  while  simple  trichothecenes  lack  this  mac-

rolide ring. Moreover, macrocyclic trichothecenes can be fur-
ther  classified  into  roridins,  which  have  a  C29-skeleton,  and
verrucarins, which have a C27-skeleton [8]. Due to their unique
and complex  structures  with  multiple  chiral  centers,  tri-
chothecenes exhibit a broad spectrum of bioactivities, includ-
ing  antimicrobial [9-12],  antimalarial [13-16], and  cytotoxic  ef-
fects [17-19].  Recent  studies  have  focused  on  their  anticancer
properties, given their potent cytotoxicity [20-24]. For example,
roridin  E  has  shown  significant  cytotoxicity  against  breast
cancer cell lines, with IC50 values as low as 0.05 nmol·L−1 [17].
Consequently,  trichothecenes  are  considered  promising  lead
compounds for anticancer drug development. Further explor-
ation of trichothecenes with low toxicity and high specificity
in their biological activities is essential for advancing drug re-
search.

In our ongoing quest to discover structurally diverse and
biologically  valuable  compounds  from  soil  fungi [25, 26],  we
isolated a strain of Myrothecium verrucaria PA57 from a soil
sample  collected  at  Daweishan  Forest  Park  (28.427  10  °N,
114.089 85  °E).  Metabolic  profiling  of  the  fermentation  ex-
tract  from M.  verrucaria PA57,  conducted  using  LC/MS,
confirmed the  presence  of  trichothecenes.  To  obtain  suffi-
cient  quantities  of  the  metabolites,  large-scale  fermentations
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were subsequently performed, leading to the identification of
four  previously  undescribed  macrocyclic  trichothecenes
(1−4)  and  four  known  congeners  (5−8)  (Fig.  1). The  struc-
tures of  the novel  compounds were elucidated through com-
prehensive analysis  of  HR-ESI-MS  and  NMR  data,  supple-
mented  by  gauge-independent  atomic  orbital  (GIAO)  NMR
and electronic  circular  dichroism  (ECD)  calculations.  Addi-
tionally,  we  assessed  the in  vitro  cytotoxicity  of  all  isolates
against  human  oral  squamous  cell  carcinoma  (CAL27)  and
human colorectal cancer (HCT116) cell lines using the CCK-
8  assay,  with  5-fluorouracil  as  the  positive  control.  Herein,
we report  the  isolation,  structural  characterization,  and cyto-
toxic evaluation of these compounds.

 Results and Discussion

Compound 1 was  obtained  as  a  white  amorphous
powder.  Its  molecular  formula  was  determined  to  be
C29H36O10 based on HR-ESI-MS data, which showed a peak
at m/z 562.2687  [M  +  NH4]

+ (Calcd.  for  C29H40NO10,
562.2647), indicating twelve degrees of unsaturation. The 1H
NMR spectrum (Table  1)  revealed six  olefinic  protons at δH
7.59 (1H, t, J = 13.5 Hz, H-8'), 6.56 (1H, t, J = 11.3 Hz, H-
9'), 5.93 (1H, br d, J = 15.3 Hz, H-7'), 5.83 (1H, d, J = 11.3
Hz,  H-10'),  5.75 (1H, br  s,  H-2'),  and 5.52 (1H, br  s,  H-10),
eight  oxygenated  methines  at δH 5.56  (1H,  br  s,  H-4),  5.27
(1H, br d, J = 5.0 Hz, H-5'), 4.47 (1H, br d, J = 4.2 Hz, H-3),
4.09 (1H, m, H-6'), 4.01 (1H, br s, H-11), 3.84 (1H, brd, J =
5.0  Hz,  H-4'),  3.65  (1H,  H-2),  and  3.65  (1H,  H-13'),  four
methylenes including two oxygenated at δH 4.40 (1H, d, J =
12.6 Hz, H-15a), 4.06 (1H, d, J = 12.6 Hz, H-15b), 3.05 (1H,
br s, H-13a), 2.78 (1H, br s, H-13b), 2.02 (2H, m, H-8), and
1.90 (2H, m, H-7), and four methyl groups at δH 0.82 (3H, s,
H-14),  1.37  (3H,  br  s,  H-14'),  1.73  (3H,  s,  H-16),  and  2.26
(3H, s, H-12'). The 13C NMR spectrum (Table 2) displayed 29
carbons,  inclusive  of  two  ester  carbonyls  (δC 166.3,  166.0),
eight  olefinic  carbons  (δC 155.8,  143.4,  140.4,  135.0,  126.0,
119.7, 118.9, 118.4), indicative of the presence of four double
bonds,  eight  oxygenated sp3 methines  (δC 103.4,  82.5,  82.2,

79.7, 79.4, 76.6, 76.4, 68.8), three sp3 quaternary carbons in-
cluding  one  oxygenated  (δC 64.7, 49.5,  44.0),  four  methyl-
enes  including  two  oxygenated  (δC 63.4,  47.3,  27.7,  20.6),
and  four  methyl  groups  (δC 23.5,  16.1,  13.4,  7.4).  Detailed
analysis of 1D and 2D NMR data confirmed that compound 1
is a macrocyclic trichothecene analog of roridin J [27].

A further  examination of  the 1H−1H correlation spectro-
scopy  (COSY)  and  heteronuclear  multiple  bond  correlations
(HMBC) data for 1 (Fig. 2) revealed the presence of two dis-
tinct substructures: a trichothecene moiety and a macrocyclic
lactone  moiety.  The  trichothecene  moiety  was  confirmed
through 1H−1H  COSY  correlations  (H-2/H-3/H-4,  H-7/H-8,
and  H-10/H-11)  and  the  HMBC signals  from H-2 to  C-4/C-
5/C-11/C-13, from H-4 to C-5/C-6/C-12, from H-11 to C-7/C-
9/C-15, from CH3-14 to C-4/C-6/C-12, and from H-15 to C-
5/C-7/C-11. The trichothecene moiety in compound 1 differs
from that  in  roridin  J  by  the  presence  of  an  additional  hy-
droxy  group.  This  hydroxy  group  at  C-3  (δC 76.4, δH 4.47)
was  confirmed  based  on  the 1H−1H  COSY  correlations  (H-
2/H-3/H-4)  and  HMBCs  from  H-3  to  C-4.  The  macrocyclic
lactone  moiety,  which  is  identical  to  that  in  roridin  J,  was
confirmed  by 1H−1H  COSY  correlations  (H-4'/H-5',  and  H-
14'/H-13'/H-6'/H-7'/H-8'/H-9'/H-10')  and  the  HMBC  signals
from H-2' to C-1'/C-3'/C-4', from CH3-12' to C-1'/C-2'/C-3'/C-
4', from H-4' to C-2'/C-3'/C-5'/C-12', from H-6' to C-7'/C-8'/C-
13', from CH3-14' to C-6'/C-13', and from H-9' to C-7'/C-11'.
The connection between the two moieties was established by
the  presence  of  two  ester  bonds,  as  evidenced  by  HMBCs
from  H-4  to  C-11′ and  from  H-15  to  C-1′.  Therefore,  the
planar structure of compound 1 was determined.

The relative configuration of the trichothecene moiety in
compound 1 was elucidated based on nuclear Overhauser en-
hancement spectroscopy (NOESY) analysis and the common
biosynthetic pathways of trichothecene sesquiterpenes [1, 28, 29].
The  NOESY  spectrum  displayed  key  correlations,  including
H-11/H-4, H-11/H-15a, H-2/H-3, H-2/H-13b, CH3-14/H-13a,
and H-3/CH3-14 (Fig. 3). These correlations suggest that the
seven chiral centers in the trichothecene ring of compound 1
are configured as 2R,3R,4S,5S,6R,11R,  and 12S. In the mac-
rocyclic  lactone  moiety,  the  configurations  of  the  double
bonds at Δ2′, Δ7′, and Δ9′ were determined to be E, E and Z, re-
spectively, based on the NOESY correlations between H-2′/H-
4′,  as  well  as  the  coupling  constants  (3J7′,8' =  15.3  Hz,  and
3J9′,10' = 11.3 Hz). The NOESY correlations of H-5′/H-6′/CH3-
14' and H-4′/H-13′, indicated two possible configurations for
the  macrocyclic  lactone  moiety:  4'R,5'R,6'S,13'S and  4'S,5'S,
6'R,13'R.

To further  confirm  the  relative  configuration  of  com-
pound 1,  GIAO 13C NMR calculations with STS protocol [30]

were  performed  on  two  isomers, 1a (2R,3R,4S,5S,6R,11R,
12S,4'R,5'R,6'S,13'S)  and 1b (2R,3R,4S,5S,6R,11R,12S,4'S,
5'S,6'R,13'R), at the ωB97x-D/6-31G*//B3LYP-D3(BJ)/TZVP
level. The results showed that isomer 1a had the lowest mean
absolute  error  (MAE)  and  root  mean  square  (RMS)  values
compared  to  the  experimental  data  of  compound 1 (Fig.
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Fig. 1    Structures of compounds 1−8.
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S39). The absolute configuration of compound 1 was further
validated by comparing its experimental and calculated ECD
spectra.  Calculations  for  the  two possible  configurations  (1a
and 1b)  were  performed  using  Gaussian  16  at  the  ωB97x-
D/TZVP//B3LYP-D3(BJ)/TZVP level  of  theory.  The  calcu-

lated ECD spectrum of 1a exhibited a positive Cotton effect
at 218 nm (Δε +43.8) and a negative Cotton effect at 254 nm
(Δε −10.0),  closely  matching  the  experimental  ECD  spec-
trum of compound1 (Fig. 4). In contrast, the calculated ECD
curve  of 1b showed  a  positive  Cotton  effect  in  the  range  of

 

Table 1    The 1H NMR data (600 MHz) of compounds 1−4 in CDCl3 (J in Hz)
 

No. 1 2 3 4

2 3.65, overlapped 3.82, overlapped 3.84, br d (4.6) 3.86, overlapped

3 4.47, br d (4.2)
2.21, overlapped 2.20, m

4.37, br s
2.46, dd (16.2, 8.2) 2.47, dd (15.2, 8.0)

4 5.56, br s 5.88, m 5.88, m 5.64, br s

7 1.90, m
2.13, m

1.91, m 1.88, m
2.21, overlapped

8 2.02, m 5.19, br s 2.02, m 2.01, m

10 5.52, br s 5.69, br s 5.44, br s 5.53, br s

11 4.01, br s 3.73, br s 3.64, br s 4.05, br s

13
2.78, br s 2.83, br s 2.83, br s 2.78, br s

3.05, br s 3.10, br s 3.12, br s 3.05, br s

14 0.82, s 0.82, s 0.83, s 0.78, s

15
4.06, d (12.6)

4.40, q (12.2)
3.90, d (12.6) 3.91, d (12.7)

4.40, d (12.6) 4.60, overlapped 4.49, overlapped

16 1.73, s 1.75, s 1.71, s 1.72, s

18 1.92, s

2' 5.75, br s 5.71, br s 6.11, br s 5.75, br s

4' 3.84, br d (5.0) 3.82, overlapped 4.44, br s 2.48, m

5' 5.27, br d (5.0) 5.22, br d (7.1)
4.20, d (12.0) 4.11, m

4.60, overlapped 4.49, overlapped

6' 4.09, m 4.08, d (8.7)

7' 5.93, br d (15.3) 5.92, d (15.2) 6.02, d (15.7) 6.01, d (15.5)

8' 7.59, t (13.5) 7.62, t (12.0) 8.02, t (13.5) 7.93, dd (15.5, 11.5)

9' 6.56, t (11.3) 6.56, t (11.3) 6.61, t (11.3) 6.63, t, (11.5)

10' 5.83, d (11.3) 5.79, d (11.3) 6.09, d (11.3) 6.16, d (11.5)

12' 2.26, s 2.26, s 2.26, s 2.25, s

13' 3.65, overlapped 3.64, m

14' 1.37, br s 1.37, d (3.6)

1'' 5.05, s

2'' 3.58, overlapped

3'' 3.83, overlapped

4'' 3.58, overlapped

5'' 3.58, overlapped

6''
3.70, overlapped

3.83, overlapped
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Table 2    The 13C NMR data (150 MHz) of compounds 1−4 in CDCl3
 

No. 1 2 3 4

2 79.4, CH 79.9, CH 79.2, CH 77.1, CH

3 76.4, CH 34.7, CH2 34.9, CH2 81.2, CH

4 82.2, CH 73.5, CH 75.3, CH 81.5, CH

5 49.5, C 49.2, C 49.2, C 49.2, C

6 44.0, C 42.2, C 43.3, C 43.9, C

7 20.6, CH2 26.4, CH2 20.6, CH2 20.5, CH2

8 27.7, CH2 68.9, CH 27.8, CH2 27.6, CH2

9 140.4, C 136.6, C 140.7, C 140.4, C

10 118.4, CH 124.1, CH 118.8, CH 118.7, CH

11 68.8, CH 67.4, CH 67.7, CH 68.6, CH

12 64.7, C 65.5, C 65.6, C 64.1, C

13 47.3, CH2 48.0, CH2 48.1, CH2 47.1, CH2

14 7.4, CH3 7.4, CH3 7.4, CH3 7.1, CH3

15 63.4, CH2 65.0, CH2 63.4, CH2 63.1, CH2

16 23.5, CH3 20.7, CH3 23.4, CH3 23.3, CH3

17 171.1, C

18 21.1, CH3

1' 166.0, C 166.4, C 165.9, C 165.7, C

2' 119.7, CH 119.5, CH 115.2, CH 118.1, CH

3' 155.8, C 155.8, C 157.5, C 156.7, C

4' 79.7, CH 79.2, CH 73.6, CH 40.1, CH2

5' 103.4, CH 103.3, CH 64.9, CH2 60.4, CH2

6' 82.5, CH 82.4, CH 166.3, C 166.1, C

7' 135.0, CH 134.6, CH 127.6, CH 128.2, CH

8' 126.0, CH 126.1, CH 140.1, CH 138.5, CH

9' 143.4, CH 143.4, CH 139.2, CH 140.2, CH

10' 118.9, CH 118.5, CH 125.5, CH 124.9, CH

11' 166.3, C 165.6, C 165.7, C 165.5, C

12' 13.4, CH3 13.1, CH3 16.1, CH3 17.2, CH3

13' 76.6, CH 76.4, CH

14' 16.1, CH3 16.0, CH3

1'' 99.2, CH

2'' 71.8, CH

3'' 73.5, CH

4'' 69.4, CH

5'' 72.9, CH

6'' 60.9, CH2
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231−281  nm.  Analyzing  the  excitation  of  molecular  orbitals
in  structures 1a and 1b demonstrated that  the configurations
in the macrocyclic lactone moiety significantly influenced the
excitations to the second lowest unoccupied molecular orbit-
al (LUMO + 1), determining the signs of the Cotton effects in
this range (Fig. S42). This analysis further confirmed that the
structure of compound 1 is 1a. Thus, the absolute configura-
tion  of  compound 1 was  determined  to  be 2R,3R,4S,5S,6R,
11R,12S,4'R, 5'R,6'S,13'S, and it was named mytoxin D.

Compound 2 was obtained as a white amorphous powder
with a molecular formula of C31H38O11, as determined by HR-
ESI-MS  data  (m/z 604.2762  [M  +  NH4]

+,  Calcd.  for
C31H42NO11, 604.2752). A comparison of the NMR data of 2
with  those  of  roridin  J [27] indicated  that  both  compounds
share  the same core  skeleton,  with  compound 2 differing by
the presence of  an additional  acetyl  ester  group.  This  differ-
ence was evident  from the downfield shifts  of  C-8 (δC 68.9)
and H-8 (δH 5.19, 1H, br s) and the presence of the acetyl es-
ter group (δH 1.92, 3H, s; δC 171.1, 21.1). The assignment of
the acetyl  ester  group at  C-8 was further  confirmed by HM-
BCs from H-8 to C-6/C-9/C-10/C-17, from CH3-16 and H-7
to C-8,  and from CH3-18 to  C-17(Fig.  2).  A comprehensive
analysis of  the  2D  NMR  spectra  allowed  for  the  establish-
ment of the planar structure of compound 2.

The  relative  configuration  of  the  macrocyclic  lactone
moiety  was  determined  to  be  the  same  as  in  compound 1,
based  on  NOESY  analysis  (Fig.  3).  The  stereochemistry  of
the acetyl ester group at C-8 was assigned as α based on sev-
eral  lines  of  evidence.  In  the 13C  NMR  spectrum  of 2,  the
methyl  group  at  C-16  is  shifted  upfield  by  2.6,  and  C-15  is
shifted  downfield  by  1.8  compared  to  the  chemical  shifts  of
roridin H [31].  When the configuration at C-8 is β, the expec-
ted  upfield  shift  for  C-16 would  be  around 4−5,  while  C-15
would  show  little  to  no  shift [32].  Furthermore,  the  chemical
shifts  of  compound  2  at  C-8,  C-15,  and  C-16  are  similar  to
those  of  8α-acetoxyroridin  H,  whose  stereochemistry  was
confirmed through X-ray crystallographic analysis [33]. To fur-
ther confirm the relative configuration of compound 2, GIAO
13C  NMR  calculations  with  the  STS  protocol [30] were per-
formed  on  four  isomers:  (2R,4R,5S,6R,8R,11R,12S,4'R,5'R,
6'S,13'S)-2a,  (2R,4R,5S,6R,8S,11R,12S,4'R,5'R,6'S,13'S)-2b,

(2R,4R,5S,6R,8R,11R,12S,4'S,5'S,6'R,13'R)-2c, and (2R,4R,5S,
6R,8S,11R,12S,4'S,5'S,6'R,13'R)-2d at  the  ωB97x-D/6-31G*//
B3LYP-D3(BJ)/TZVP level.  The results  showed that  isomer
(8S,4'R,5'R,6'S,13'S)-2b had the  lowest  MAE  and  RMS  val-
ues compared to the experimental data of compound 2, with a
Prel probability of 99.22% (Fig. S40). Subsequently, the ECD
spectrum  of  isomer 2b was  calculated  at  the  ωB97x-
D/TZVP//B3LYP-D3(BJ)/TZVP  level  in  methanol  with  the
PCM model. As shown in Fig. 4, the calculated ECD curves
of  (2R,4R,5S,6R,8S,11R,12S,4'R,5'R,6'S,13'S)-2b matched
well with the experimental ECD curves. Therefore, the abso-
lute configuration of compound 2 was assigned as 2R,4R,5S,
6R,8S,11R,12S,4'R,5'R,6'S,13'S, and it was named mytoxin E.

Compound 3 was isolated as a white amorphous powder
with a molecular formula of C27H32O9, as determined by HR-
ESI-MS  (m/z 523.1946  [M  +  Na]+,  Calcd.  for  C27H33O9Na,
523.1939).  The 1H  NMR  data  (Table  1)  of 3 indicated  the
presence of six olefinic protons at δH 8.02 (1H, t, J = 13.5 Hz,
H-8'), 6.61 (1H, t, J = 11.3 Hz, H-9'), 6.11 (1H, br s, H-2'), 6.09 (1H, d,
J = 11.3 Hz, H-10'), 6.02 (1H, d, J = 15.7 Hz, H-7'), and 5.44
(1H,  br  s,  H-10)).  Additionally,  signals  for  four  oxygenated
methines  were  observed  at δH 5.88  (1H,  m,  H-4),  4.44  (1H,
brs, H-4'), 3.84 (1H, brd, J = 4.6 Hz, H-2), and 3.64 (1H, br s,
H-11).  Six  methylene  groups,  including  three  oxygenated
ones, appeared at δH 4.60 (1H, H-15a), 3.90 (1H, d, J = 12.6
Hz,  H-15b),  4.60  (1H,  H-5'a),  4.20  (1H,  d, J =  12.0  Hz,  H-
5'b), 3.12 (1H, brs, H-13a), 2.83 (1H, br s, H-13b), 2.02 (2H,
m,  H-8),  1.91  (2H,  m,  H-7),  2.20  (1H,  m,  H-3a),  and  2.47
(1H, dd, J = 15.2, 8.0 Hz, H-3b). Three methyl groups were
also  observed  at δH 0.83  (3H,  s,  H-14),  1.71  (3H,  s,  H-16),
and  2.26  (3H,  s,  H-12').  The 13C  NMR  spectrum  (Table  2)
displayed  27  carbon  signals,  including  three  ester  carbonyls
at δC 166.3,  165.9,  165.7;  eight  olefinic carbons at δC 157.5,
140.7, 140.1,  139.2,  127.6,  125.5,  118.8,  and 115.2,  indicat-
ive of four double bonds; four oxygenated sp3 methines at δC

79.2,  75.3,  73.6,  67.7,  three sp3 quaternary carbons,  includ-
ing one oxygenated at δC 65.6, 49.2, and 43.3; six methylene
groups,  including  three  oxygenated  ones,  at δC 64.9,  63.4,
48.1,  34.9,  27.8,  and 20.6,  and three  methyl  groups δC 23.4,
16.1, and 7.4. The 1H and 13C NMR data of compound 3 were
similar to those of verrucarin J [34], with the key difference be-
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ing  an  additional  hydroxy  group  at  C-4'  (δH 4.44, δC 73.6).
This difference was confirmed by 1H−1H COSY correlations
(H-4'/H-5')  and  HMBCs from H-2'  to  C-4',  CH3-12'  to  C-4',
and  H-5'  to  C4'  (Fig.  2). Thus,  the  planar  structure  of  com-
pound 3 was established.

The  relative  configuration  of  the  macrocyclic  lactone
moiety in compound 3 was determined to be the same as that
in  compound 1,  based  on  NOESY  analysis  (Fig.  3). To  de-
termine the absolute configuration of C-4', 13C NMR chemic-
al  shift  calculations  were  performed  for  two  isomers: (2R,
4R,5S,6R,11R,12S,4'R)-3a and  (2R,4R,5S,6R,11R,12S,4'S)-
3b, using the same computational method employed for com-
pound 2. The results demonstrated that the calculated data for
isomer 3b exhibited lower MAE and RMS values, indicating
higher  accuracy.  Additionally,  the  Pmean and  Prel parameters
further  supported the greater  rationality  of  the 3b configura-
tion (Fig. S41). The calculated ECD data also reinforced the

rationality of the 3b configuration (Fig. 4). Therefore, the ab-
solute  configuration  of  compound 3 was  determined  to  be
2R,4R,5S,6R,11R,12S,4'S, and it was named mytoxin F.

Compound 4 was isolated as a white amorphous powder.
The HR-ESI-MS data displayed an [M + Na]+ ion peak at m/z
685.2507, indicating a molecular formula of C33H42O14 (Cal-
cd. for C33H42O14Na, 685.2467). Based on the NMR and HR-
ESI-MS  data,  compound 4 was  identified  as  a  derivative  of
verrucarin  J [34] with  an  additional  glucosyl  unit.  The α-con-
figuration of the glucosyl moiety was confirmed by the coup-
ling  constant  of  the  anomeric  proton  (3.4  Hz;  Fig.  S29)  and
further  supported  its  D-configuration  (Fig.  S38),  which  was
determined  through  hydrolysis,  derivatization,  and  HPLC
analysis [35].  The  attachment  of  the α-glucopyranosyl  moiety
at C-3 was indicated by the downfield shifts of C-3 (δC 81.2)
and H-3 (δH 4.37), as well as HMBCs from H-3 to C-1'' (Fig.
2). Additionally, the α-configuration at C-3 was confirmed by
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NOESY correlations between H-3 and CH3-14 (Fig. 3). Con-
sequently,  the  structure  of  compound 4 was  established  and
named mytoxin G.

Four  known  compounds  were  identified  as  8α-acet-
oxyroridin H (5) [32], roridin J (6) [27], verrucarin J (7) [34], and
verrucarin  L  (8) [36] by  comparing  their  spectral  data  with
those reported in the literature.

Given  that  trichothecene  analogs  have  potent  cytotoxic
properties [17, 18],  all  isolated  compounds  were  evaluated  for
their in  vitro cytotoxicity  against  human  oral  squamous  cell
carcinoma  CAL27  cell  lines  and  human  colorectal  cancer
HCT116  cell  lines  using  the  CCK-8  assay,  with  5-fluor-
ouracil  as  the  positive  control.  As  shown in Table  3, exhib-
ited  significant  inhibitory  effects  against  both  CAL27  and
HCT116  cell  lines,  with  IC50 values  ranging  from  3  to  6
nmol·L−1, surpassing  the  efficacy  of  5-fluorouracil.  The  ef-
fects of compounds 1 and 3 on HCT116 cell  apoptosis were
evaluated  using  an  annexin  V-FITC  and  propidium  iodide
(PI) double staining flow cytometric  assay.  This  analysis  re-
vealed a marked increase in the rate of cell apoptosis (Fig. 5).
Caspase 3, the primary effector caspase in apoptosis [37], was
assessed via a  caspase-3  activity  assay  kit,  which  showed  a
noticeable  increase  in  caspase-3  activation  after  treatment
with compounds 1 and 3 (Fig. 5). Structure-activity relation-
ship (SAR)  analysis  revealed  that  cytotoxicity  was  signific-
antly reduced by the presence of an acetyl ester group at posi-
tion C-8, as demonstrated by the contrasting activity levels of
compounds 1 and 6 compared to compounds 2 and 5. Addi-
tionally, the  comparison  of  activity  levels  between  com-
pounds 3, 4, 7,  and 8 indicated that  the  inclusion  of  a  gluc-
osyl moiety at position C-3 also led to a decrease in cytotox-
icity.

 Conclusion

Soil  fungi  have  been  instrumental  in  the  discovery  of
structurally unique  and  biologically  potent  secondary  meta-
bolites. Recently, there has been growing interest in their po-
tential to  produce  pharmaceutically  significant  lead  com-
pounds. This study comprehensively isolated eight macrocyc-

lic  trichothecenes  from  the  soil  fungus Myrothecium  verru-
caria,  including  four  previously  unreported  compounds.
These compounds are characterized by an EPT core and can
be categorized as roridins with a C29 skeleton or verrucarins
with a C27 skeleton. Notably, compound 4 is the first macro-
cyclic trichothecene to feature a  glucosyl  unit  within the tri-
chothecene moiety.  The structures  of  these compounds were
elucidated through  extensive  spectroscopic  analysis,  suppor-
ted  by  biosynthetic  pathway  insights  and  quantum  chemical
calculations,  including 13C NMR and ECD calculations.  The
cytotoxicity assays yielded promising results, highlighting the
significant cytotoxic effects exhibited by the majority of these
compounds.  Furthermore,  SAR  analysis  revealed  that  the
presence of an acetyl ester group at C-8 or a glucosyl moiety
at C-3 significantly reduces cytotoxicity. This study not only
expands  the  structural  diversity  of  macrocyclic  trichothe-
cenes but  also  underscores  their  potential  as  potent  chemo-
therapeutic  agents  for  cancer  treatment.  Future  research
should focus on elucidating the precise mechanisms of action
and  optimizing  the  efficacy  and  toxicity  profiles  of  these
macrocyclic trichothecenes,  paving  the  way  for  their  poten-
tial application in clinical settings.

 Experimental

 General experimental procedures
UV spectra were recorded using a Cary 300 spectromet-

er  (Agilent  Technologies,  Santa  Clara,  CA,  USA).  Circular
Dichroism (CD) spectra were obtained on a Chirascan™-plus
Circular  Dichroism  spectrometer.  Optical  rotations  were
measured  with  a  Rudolph  Research  Analytical  Autopol  IV
automatic polarimeter.  IR  spectra  were  recorded  on  a  Shi-
madzu  Fourier  Transform  Infrared  Spectrometer  using  KBr
pellets. High-resolution electrospray ionization mass spectro-
metry  (HR-ESI-MS)  spectra  were  acquired  with  an  Agilent
6500 series  Q-TOF  mass  spectrometer  (Agilent  Technolo-
gies, Singapore). NMR spectra were recorded at 600 MHz for
1H  and  150  MHz  for 13C  on  Bruker  spectrometers  (Bruker
BioSpin,  Rheinstetten,  Germany).  Column  chromatography
(CC)  was  performed  using  macroporous  adsorbent  resin
D101  (Tianjin  Haoju  Resin  Technology  Co.,  Ltd.,  Tianjin,
China), silica gel (200−300 mesh, Qingdao Marine Chemical,
Qingdao,  China),  and  Sephadex  LH-20  (GE  Healthcare,
Uppsala,  Sweden).  HPLC  separations  were  conducted  using
an  Agilent  1260  system,  which  included  an  automatic
sampler,  a  pump,  and  a  wavelength  absorbance  detector,
along with an Agilent semipreparative column (9.4 mm × 150
mm,  C18,  5  μm)  (Agilent  Technologies).  Additionally,  an
EClassical P3500  prep-HPLC  system  equipped  with  a  Su-
persil ODS-2 column (Elite, 5 μm, 10 mm × 250 mm) and a
DAD detector (EClassical P3500, Dalian Elite Analytical In-
struments  Co.,  Ltd.,  Dalian,  China)  was  used.  Thin-layer
chromatography (TLC)  separations  were  performed  on  pre-
coated  silica  gel  GF254 plates  (Qingdao  Marine  Chemical),
with spots visualized under UV light  (254 or 356 nm) or by
spraying with 10% H2SO4 in ethanol followed by heating.

 

Table 3    The  cytotoxic  activities  of  compounds 1−8 (IC50,
nmol·L−1, mean ± SD, n = 3)
 

Compound Cal27 cell lines HCT116 cell lines

1 5.63 ± 0.46 3.12 ± 1.59

2 107.35 ± 11.78 44.43 ± 7.39

3 3.53 ± 0.10 5.80 ± 0.20

4 1584.33 ± 102.77 1782.33 ± 67.05

5 174.30 ± 5.53 87.28 ± 3.21

6 8.50 ± 0.27 8.50 ± 0.88

7 10.07 ± 0.83 12.71 ± 0.71

8 13.13 ± 1.26 9.72 ± 0.38

5-Fluorouracil 5723.00 ± 648.88 2844.67 ± 208.21
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 Fungal material
The fungal  strain PA57 was isolated from a soil  sample

collected  from  Daweishan  Forest  Park,  Hunan  Province,
China,  in  2020.  This  strain  was  identified  as Myrothecium
verrucaria based on ITS sequencing, with a percentage iden-
tity of 99.09% to M. verrucaria KR708633.1 for ITS4 (Table
S15).  The  fungal  specimen  is  deposited  at  the  Xiangya
School of Pharmaceutical Sciences, Central South University,
Changsha, China.
 Fermentation and isolation

The fungal  strain  was  initially  cultivated on potato  dex-
trose agar for 8 days at 25 °C. The mycelia were then cut in-
to pieces and cultured on a cooked rice medium, prepared by
mixing 100 g of rice with 80 mL of water in 500 mL Erlen-
meyer flasks. The total weight of the rice used was 5 kg. The
rice cultures were maintained at 25 °C for 30 d. After the in-
cubation period, the rice was cut into small pieces and extrac-
ted with 20 L of ethyl acetate at room temperature over five
extraction cycles. The solvent was then evaporated under va-
cuum to yield 105 g of crude extract.  The crude extract  was
adsorbed  onto  D101  macroporous  resin  and  eluted  stepwise
with  water,  80% methanol,  and  100% methanol.  The  80%
methanol  fraction  was  subjected  to  silica  gel  CC and  eluted
with  a  gradient  of  petroleum  ether/ethyl  acetate  (1∶0  to
1∶1)  to  yield  25  fractions  (Fr.  1−Fr.  25). Fraction  11  was
purified by preparative HPLC using a methanol/water  gradi-
ent (30∶70 to 70∶30, 30 min, 2.0 mL·min−1, C18 column) to
yield  compound  4  (10.0  mg, tR 30.0  min).  Fraction  18  was

separated by Sephadex LH-20 chromatography (methanol) to
afford  five  subfractions  (Fr.  18.1−Fr.  18.5).  Subfraction  Fr.
18.2 was further purified by preparative HPLC using an acet-
onitrile/water  gradient  (40∶60  to  87∶13,  30  min,  3.0
mL·min−1, Supersil ODS-2 column) to yield compound 5 (5.3
mg, tR 24.5  min)  and  compound 7 (3.7  mg, tR 23.0
min). Fraction 20 was purified by preparative HPLC using a
methanol/water mixture (68∶32, 35 min, 3.0 mL·min−1, Su-
persil  ODS-2 column) to yield compound 6 (3.0 mg, tR 16.4
min). Fraction 21 was separated by Sephadex LH-20 chroma-
tography  (methanol)  to  afford  six  subfractions  (Fr.  21.1−
Fr. 21.6). Subfraction Fr. 21.3 was further purified by prepar-
ative  HPLC  using  a  methanol/water  gradient  (48∶52  to
68∶32,  35  min,  2.0  mL·min−1,  C18 column) to  obtain  com-
pound 1 (3.2 mg, tR 17.6 min), compound 2 (2.5 mg, tR 27.2
min),  compound 3 (2.0  mg, tR 22.1  min),  and  compound 8
(4.5 mg, tR 19.9 min).

[α]25
DMytoxin  D  (1):  white  amorphous  powder;  22.1  (c

0.71, MeOH); UV (MeOH−H2O) λmax (log ε) 225 (2.50), 260
(1.80)  nm;  IR  (KBr) νmax 3678,  1717,  1519,  1286,  1168,
818cm−1; 1H  NMR  (600  MHz,  CDCl3)  and 13C  NMR  (150
MHz,  CDCl3)  (Tables  1 and 2);  HR-ESI-MS  (positive) m/z
562.2687 [M + NH4]

+ (Calcd. for C29H40NO10, 562.2647).
[α]25

DMytoxin  E  (2):  white  amorphous  powder;  28.5  (c
0.20, MeOH); UV (MeOH−H2O) λmax (log ε) 225 (4.50), 260
(4.57)  nm;  IR  (KBr) νmax 3679,  3572,  3416,  1711,  1639,
1437,  1240,  1187,  1079,  1032,  971,  820,  613cm−1; 1H NMR
(600  MHz,  CDCl3)  and 13C  NMR  (150  MHz,  CDCl3),  see
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Fig. 5    Compounds 1 and 3 induce cell apoptosis and activate the caspase-3 in HCT116 cells. (A) Flow cytometry to determine
apoptosis rates of HCT116 cells after treatment with concentration at 3 nmol·L−1 of compound 1 for 24 h, followed by staining
with annexin V-FITC/PI. The column shows apoptosis rates of HCT116 cells. Apoptosis rates were calculated by the sum of early
and late apoptotic cells. (B) Caspase-3 activity assay on HCT116 cells after treatment with compound 1 for 24 h. (C) Flow cyto-
metry to determine apoptosis rates of HCT116 cells after treatment with concentration at 2 nmol·L−1 of compound 3 for 24 h, fol-
lowed by staining with annexin V-FITC/PI. The column shows apoptosis rates of HCT116 cells. Apoptosis rates were calculated
by the sum of early and late apoptotic cells. (D) Caspase-3 activity assay on HCT116 cells after treatment with compound 3 for 24
h. The data are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.001, ****P < 0.0001 vs control group.
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Tables  1 and 2)  HR-ESI-MS  (positive) m/z 604.2762  [M  +
NH4]

+ (Calcd. for C31H42NO11, 604.2752).
[α]25

DMytoxin  F  (3):  white  amorphous  powder;  7.9  (c
0.44, MeOH); UV (MeOH−H2O) λmax (log ε) 225 (1.15), 265
(1.10)  nm;  IR  (KBr) νmax 3715,  3423,  2920,  2852,  1716,
1656, 1436, 1275, 1216, 1182, 1150, 1082, 1037, 1000, 968,
880,  820,  646cm−1; 1H  NMR  (600  MHz,  CDCl3)  and 13C
NMR (150 MHz, CDCl3) (Tables 1 and 2); HR-ESI-MS (pos-
itive) m/z 523.1946  [M  +  Na]+ (Calcd.  for  C27H33O9Na,
523.1939).

[α]25
DMytoxin  G  (4):  white  amorphous  powder;  52.9  (c

2.48, MeOH); UV (MeOH−H2O) λmax (log ε) 230 (3.25), 265
(3.20)  nm;  IR  (KBr) νmax 3692,  3406,  2922,  1717,  1444,
1356, 1277, 1227, 1171, 1076, 1044, 966, 883, 824, 700, 625
cm−1; 1H NMR (600 MHz, CDCl3) and 13C NMR (150 MHz,
CDCl3) (Tables 1 and 2) HR-ESI-MS (positive) m/z 685.2507
[M + Na]+ (Calcd. for C33H42O14Na, 685.2467).
 Quantum chemical calculations

GIAO 13C  NMR  and  ECD  calculations  for  compounds
1−3 were performed as previously described [25].
 Absolute configuration determination of sugar moiety

The absolute  configuration  of  the  sugar  moiety  in  com-
pound 4 was determined using a modified version of a previ-
ously described method [36].  Compound 4 (2 mg) was hydro-
lyzed with 5 mL of 2 mol·L−1 HCl for 6 h at 85 °C. The res-
ulting mixture was evaporated to dryness under vacuum, and
the residue was dissolved in water and extracted with chloro-
form.  The  aqueous  layer  was  then  dried  under  vacuum,  and
the  residue  was  dissolved  in  5  mL  of  pyridine  containing  4
mg  of  L-cysteine  methyl  ester  and  heated  at  60  °C  for  1  h.
Subsequently, 20 μL of o-tolyl isothiocyanate was added, and
the mixture was heated at  60 °C for  an additional  hour.  The
reaction  mixture  was  directly  analyzed  using  an  EClassical
P3100 analytical HPLC with a Supersil ODS-2 column (Elite,
5 μm, 4.6 mm × 250 mm) at 25 °C, employing isocratic elu-
tion  with  a  mixture  of  acetonitrile  and  water  (25∶75, V/V)
for 30 min at a flow rate of 1.0 mL·min−1. Detection was per-
formed  using  a  UV detector  at  250  nm.  The  retention  times
(tR)  of  the  D-  and  L-glucose  derivatives,  prepared  similarly,
were 19.7 and 17.9 min,  respectively.  D-glucose was identi-
fied in compound 4 based on the peak at 19.7 min.
 Cytotoxicity assay against CAL27 and HCT116 cell lines

All isolated compounds were evaluated for their cytotox-
icity  against  human  oral  squamous  cell  carcinoma  CAL27
cell lines and human colorectal cancer HCT116 cell lines us-
ing the CCK-8 assay, with 5-fluorouracil as the positive con-
trol.  Cells  were  cultured  in  DMEM  medium  supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin
and incubated in a humidified atmosphere at  37 °C with 5%
CO2. Cell lines were seeded into 96-well plates at a density of
10 000 cells per well and incubated for 24 h at 37 °C with 5%
CO2.  After  incubation,  the  cells  were  treated  with  the  test
compounds prepared in culture media at six different concen-
trations for 48 h. Blank controls (wells with CCK-8, without
cells)  and  negative  controls  (wells  with  solution,  without

samples) were included. Finally, 10 μL of CCK-8 was added
to each well and incubated for 1−4 h, after which absorbance
was measured at 450 nm using a microplate reader (Feyond-
A300,  Allsheng,  Hangzhou,  China).  The  IC50 values  were
calculated using GraphPad Prism 9.5.1 software.
 Apoptosis and Caspase-3 activity determination

The  apoptosis  of  HCT116  cells  was  assessed  using  the
Annexin V-FITC/PI  double-staining  method  with  a  kit  ob-
tained  from  Vazyme  Biotech  Co.,  Ltd.  (Nanjing,  China).
HCT116  cells  were  treated  with  compounds  1  (3  nmol·L−1)
and  3  (2  nmol·L−1)  for  24  h,  harvested,  and  washed  twice
with PBS. The cells were then resuspended in 100 μL of 1×
binding buffer, followed by the addition of 5 μL each of An-
nexin V-FITC and PI staining solution. After a 10-min incub-
ation,  400 μL of  1× binding buffer  was added,  and the cells
were analyzed by flow cytometry to determine the ratio of ap-
optotic cells.  Caspase-3  activity  was  measured  using  a  cas-
pase-3 activity  assay  kit  (Beyotime  Institute  of  Biotechno-
logy,  Shanghai,  China)  according  to  the  manufacturer’s in-
structions.  Following  treatment  with  the  compounds,  cells
were  incubated  in  a  fresh  culture  medium  containing  5
μmol·L−1 substrate  for  30  min  at  room  temperature  in  the
dark. The samples were then analyzed at 405 nm using a plate
reader.

 Supplementary Information

The 1D (1H, 13C, and DEPT 90°, 135° NMR), 2D NMR
(1H−1H  COSY,  HSQC,  HMBC,  and  NOESY),  UV,  IR,  and
HR-ESI-MS spectra,  as  well  as  quantum  chemical  calcula-
tion data and ITS sequence data, are available in the Supple-
mentary Information. These can be requested by emailing the
corresponding authors.
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