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Abstract: The genus Aspergillus  is a ubiquitous and significant fungus with an increasingly pervasive role in both daily life
and  the  food  industry.  This  article  presents  a  comprehensive  overview  of  the  245  novel  alkaloids  identified  within  the
Aspergillus  genus  since  2019.  It  offers  a  detailed  introduction  to  the  diverse  biological  activities  and  functional
characteristics exhibited by these compounds, including antibacterial, antiviral, anti-inflammatory, and cytotoxic activity, as
well  as enzyme inhibition. Additionally,  the article provides a detailed analysis of the structural features, publications, and
countries of discovery for these alkaloids. It offers strategic guidance for the development of secondary metabolites derived
from Aspergillus alkaloids, stimulating innovation in this field.
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 1    Introduction

Aspergillus,  a  widely  distributed  member  of  the  fungal  genus
that  shares  its  name,  occupies  a  prominent  ecological  niche  due
to  its  distinctive  filamentous  morphology.  There  are  more  than
340 species in the genus Aspergillus,  including Aspergillus terreus,
Aspergillus  niger, Aspergillus  fumigatus, Aspergillus  flavus and  so
on[1, 2].  It  is  recognized as one of the most diverse and extensively
distributed  fungi,  thriving  in  various  extreme environments  such
as water, soil, air, and even moldy food and clothing. This robust
environmental  adaptability  arises  from  its  minimal  growth
requirements.  Equally  notable  is Aspergillus’ metabolic  capability.
The Aspergillus Secondary  Metabolite  Database  (A2MDB)  is  a
compilation  of  selected  information  on Aspergillus and  its
secondary  metabolites.  Back  in  2017,  the  A2MDB  included  807
unique  and  non-redundant  secondary  metabolites  from  675
species  of Aspergillus[3].  The  compound  NPI-2350,  isolated  from
Aspergillus sp.  CNC-139,  was  chemically  synthesized  to  yield  a
selective tumor vascular blocker, plinabulin (NPI-2358). The drug
inhibits  microtubulin  polymerization  by  interacting  with  the
colchicine  binding site,  thereby blocking the  cell  cycle  in  mitosis.
Phase  I  clinical  trials  were  completed  in  2010,  and  phase  III
clinical trials for the treatment of non-small cell lung cancer were
conducted  in  2015[4].  Among  the  secondary  metabolites  of
Aspergillus,  alkaloids,  with their  unique nitrogen-containing basic
cyclic structures, exhibit rich chemical diversity and possess a wide
range of biological activities, including antiviral, antibacterial, anti-
inflammatory,  and  antitumor  pharmacological  effects,  making
them a hot topic in the field of medicine and food homology[5, 6].

Due to the above-mentioned activities of Aspergillus secondary
metabolites,  there  is  no  doubt  that  they  can  be  used  in  food
products.  The  concept  of “medicine  and  food  homology”
emphasizes  the  complex  interrelationship  between  food  and
medicine,  whereby  a  multitude  of  natural  products  serve  dual
functions  as  nutritional  supplements  in  foodstuffs  and  as
therapeutic agents. Aspergillus is also an important fungal genus in
the  fermentation  and  food  processing  industries,  with  nearly  60
species being utilized mainly for brewing, vinegar production, and
other purposes. Citric acid and fructose syrup can often be found
on  the  ingredient  lists  of  food  and  beverages,  and  both  of  them
have  the  contribution  of Aspergillus  niger in  their  manufacturing
process.  Some  filamentous  fungi  of Aspergillus sp.,  synthesizing
both GlcCer and GalCer, would be an amenable source to exploit
glycosylceramides that widely added in cosmetics as moisturizing
ingredients or health food as dietary supplements[7]. Besides, Wen
et  al.[8] explored  the  optimal  conditions  for  quenching  of
Aspergillus  oryzae strains,  and  at  the  same  time  investigated  the
sizes  of  saccharase  and  neutral  protease  viability  produced  by
them, which provided a guarantee of pre-enzymatic quenching for
the development of concentrated, high-color sweet noodle sauces.
These properties  are  of  significant  importance for  applications in
the fields of medicine, food science, and even dermatology.

This  article  focused  on  the  most  recent  developments  in  the
scientific  study  of  alkaloids  derived  from Aspergillus.  The  article
provides  a  comprehensive  and  meticulous  compilation  and
categorization  of  the  new  alkaloids  isolated  from  various
Aspergillus species  since  2019,  organized  according  to  their
biological  activities.  These  findings  not  only  enhance  our
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comprehension of Aspergillus’ natural  products  but  also pave the
way  for  novel  developments  in  the  fields  of  medicine  and  food
homology.

 2    The  structure  of  new  alkaloids  from
Aspergillus (2019-2024)  and  their  biological
activities

 2.1    Antibacterial activity
Song et  al.[9] investigated  the  antibacterial  activity  of  the  crude

extract  from  a  marine-derived Aspergillus  fumigatus MF029
against Bacillus subtilis, Staphylococcus aureus, methicillin-resistant
Staphylococcus  aureus (MRSA),  and  other  bacterial  strains.  The
results  showed  that  the  crude  extract  possessed  moderate
bioactivity.  Through further  isolation and purification,  two novel
compounds 1-2 were  identified.  Lv et  al.[10] obtained  two  new
indoledione  piperazines (3-4) from  the  fermentation  cultures  of
the  deep-sea  fungus Aspergillus  chevalieri MCCC  M23426.
Notably,  compound 3 exhibited  significant  inhibitory  effects  on
the growth of Staphylococcus  aureus.  Li et  al.[11] isolated two new
indole alkaloids (5-6) from the chemical  constituents of  the cigar
endophytic fungus Aspergillus oryzae, both of which showed good
activity against MRSA with IZD of 22.4 ± 2.4 and 24.6 ± 2.2 mm,
respectively.  The Aspergillus  amoenus  Roberg  strain UP197  was
proven  to  produce  antibacterial  alkaloids,  and  Nord et  al.[12]

characterized  two  new  compounds 7-8 from  this  strain.  Liu et
al.[13],  through  the  study  of  the  chemical  constituents  of  the
seawater fungus Aspergillus sydowii SW9, isolated and identified a
new  quinazoline  alkaloid (9),  which  showed  selective  inhibitory
activity against human pathogens including Staphylococcus aureus
and Escherichia  coli.  Liu et  al.[14] isolated  and  characterized  an
unusual  N-phenylmethyl  malonate  trimer (10) from  the  coral-
derived  fungus Aspergillus  terreus.  Although  the  NMR  signals
posed  challenges  for  structural  identification,  recrystallization
ultimately  provided  suitable  crystals  for  X-ray  single-crystal
diffraction  experiments,  confirming  the  structure.  Compound 10
exhibited significant antibacterial activity against seven pathogenic
microorganisms  with  MIC  values  of  2−64  µg/mL.  Dong et  al.[15]

isolated  and  characterized  two  new  quinazolinedione  piperazine
alkaloids (11-12) from  the  deep-sea  coral  endophytic  fungus
Aspergillus versicolor AS-212. Among them, compound 12 showed
inhibitory  effects  against Vibrio  harveyi and Vibrio
parahaemolyticus with MIC values of  9.0−18.1 μM. Yang et  al.[16]

isolated  six  new prenylated  indoledione  piperazine  alkaloids (13-
18) from  the  marine  endophytic Aspergillus sp.  YJ191021.
Compound 18 exhibited  moderate  antibacterial  activity  against
Vibrio anguillarum and Xanthomonas oryzae pv. oryzae. Wang et
al.[17] isolated  three  new  indole  alkaloids (19-21) from  an
endophytic  fungus, Aspergillus  lentulus.  Compounds 19 and 20
showed moderate antibacterial effects against Xanthomonas oryzae
pv. oryzae and Xanthomonas  oryzae pv. oryzicola.  Wang et  al.[18]

isolated  three  new indoledione  piperazine  alkaloids (22-24) from
the  solid  cultures  of  an  endophytic  fungus, Aspergillus  cristatus.
Among  them,  compound 22 exhibited  moderate  antibacterial
activity  against Bacillus  subtilis and Staphylococcus  aureus with
MIC50 of  8.5  and  32.2  μg/mL,  respectively.  Yan et  al.[19] isolated
and  identified  five  new  metabolites (25-29) from  the  deep-sea
sediment-derived  fungus Aspergillus  fumigatus SD-406.
Compounds 25-29 all  exhibited  inhibitory  activity  against
pathogenic bacteria and plant pathogenic fungi,  with MIC values
ranging  from  4  to  64  μg/mL.  Yan et  al.[20] discovered  five  novel

antibacterial  indoledione  piperazine  alkaloids (30-34) from  the
deep-sea cold seep fungus Aspergillus chevalieri strain, and all five
compounds showed inhibitory activity  against  several  pathogenic
bacteria.  Abdel-Wahab et  al.[21] isolated a  new aflaquinolone (35)
from  the  co-culture  of  the  sponge-associated  fungus Aspergillus
versicolor and Bacillus subtilis (Fig. 1).

Lv et  al.[22] isolated  and  identified  three  new  emestrin-type
thiodiketopiperazines (36-38) from  the  culture  extract  of  the
fungus Aspergillus  nidulans SD-531,  which  was  extracted  from  a
deep-sea  cold  seep  sediment  sample  from  the  South  China  Sea.
Compound 38 displayed antimicrobial activity against some tested
strains.  Kong et  al.[23] isolated  two  new  indole  alkaloids (39-40)
from  the  endophytic  fungus Aspergillus  felis derived  from  cigar
tobacco.  Compounds 39 and 40 exhibited  potential  antifungal
activity  with  inhibition  rates  of  72.6  ±  5.2%  and  61.7  ±  5.0%,
respectively,  at  a  concentration  of  250  μg/mL,  although  the
inhibition  rates  were  lower  than  that  of  the  positive  control
93.2  ±  5.5%.  Yang et  al.[24] isolated  three  new  compounds 41-43
from Aspergillus sp. 0338 and evaluated their anti-MRSA activity.
The  results  indicated  that  compounds 41-43 showed  good
inhibitory  effects  with  IZD  values  of  15.2  ±  1.8,  14.6  ±  2.0,  and
13.4 ± 2.2 mm, respectively. Zhao et al.[25] isolated two pairs of new
dimeric  diketopiperazine  alkaloids,  (±)-dibrevianamides  Q1  and
Q2 (44-47) from the marine fungus Aspergillus sp. Among them,
Compounds 44 and 47 displayed  anti-H1N1  virus  activity  with
IC50 values of 12.6 and 19.5 μM. Compound 44 showed significant
activity  against Mycobacterium  tuberculosis (MIC,  10.2  μg/mL).
Kong et  al.[26] obtained  seven  new  alkaloids (48-54) from  the
marine fungus Aspergillus sp. HNMF114. Compounds 53 and 54
showed  quorum  sensing  inhibitory  activity  against
Chromobacterium  violaceum CV026  with  MIC  values  of  32  and
32 μg/well, respectively. Guo et al.[27] isolated a zinc complex dimer
(55) from  the  sponge-derived  fungus Aspergillus
ochraceopetaliformis SCSIO  41018,  which  exhibited  significant
antibacterial  and  cytotoxic  activities.  Wu et  al.[28] obtained  a  new
sulfur-containing metabolite (56) from the mangrove endophytic
fungus Aspergillus sp.  GXNU-MA,  which  showed  mediated
activity  against Staphylococcus  aureus and Enterobacter  aerogenes
with an MIC of 12.5 μg/mL (Fig. 2).

A total of 56 compounds with antimicrobial activity have been
identified,  the  majority  of  which are  indole  alkaloids,  comprising
35  distinct  structures,  including  7  quinazoline-containing  indole
alkaloids  and  15  indole  diketopiperazine  alkaloids.  A  limited
number of other classes of alkaloids, such as quinazoline alkaloids,
quinolones,  and piperazine alkaloids,  have also been identified.  It
can therefore be surmised that indole alkaloids may represent one
of  the  principal  active  components  of  the  antimicrobial  action of
Aspergillus secondary metabolites. With regard to conformational
relationships,  the  presence  of  quaternary  ammonium  ions  in  the
structure  may  be  a  pivotal  group  for  the  antimicrobial  action,  as
evidenced  by  compounds 13, 14, 15, 16,  and  so  on.  This  bears
resemblance  to  the  outcomes  observed  with  the  plant-derived
spectroscopic antimicrobial drug berberine[29].

 2.2    Antiviral activity
Wu et  al.[30] isolated  two  novel  alkaloids (57-58) from  the

endophytic  fungus Aspergillus  lentulus in  cigar  tobacco  leaves.
Compound 58 exhibited high anti-Tobacco Mosaic Virus (TMV)
activity,  while  compound 57 showed  weaker  anti-TMV  activity.
Wang et  al.[31] obtained  two  new CPA-type  indole  alkaloids (59-
60) from Aspergillus  versicolor,  both of  which possessed potential
anti-TMV  activity  with  inhibition  rates  of  33.6%  and  29.4%,
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respectively,  at  a  concentration  of  20  μM,  close  to  that  of  the
positive  control.  Yang et  al.[32] discovered  five  new  tricyclic  or
tetracyclic  indole  alkaloids (61-65) from  tobacco-derived
Aspergillus  versicolor YNCA0363,  and  some  of  these  compounds

exhibited significant anti-TMV activity. Zhao et al.[25] isolated two
pairs of novel dimeric diketopiperazine alkaloids (44-47) from the
marine  fungus Aspergillus sp. Among  them,  compounds 44 and
47 displayed  anti-H1N1  virus  activity  with  IC50 of  12.6  and
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19.5 μM, respectively. Cha et al.[33] separated two new β-carboline
alkaloids (66-67) from  the  endophytic  fungus Aspergillus sp.  in
cigar  tobacco.  Anti-TMV  activity  tests  revealed  that  both
compounds  showed  potential  anti-TMV  activity  with  inhibition
rates  of  31.8%  and  35.5%,  respectively.  Ma et  al.[34] isolated  two
novel indole alkaloids (68-69) from the fermentation products of
the endophytic fungus Aspergillus fumigatus in cigar tobacco, both
of  which  exhibited  potential  anti-TMV  activity  with  inhibition
rates of 26.5% and 28.8%, respectively (Fig. 3).

Of  the  17  compounds  with  antiviral  activity  previously
mentioned,  9  have  been  specifically  classified  as  indole  alkaloids.
Furthermore,  the  investigation  of  the  diverse  activities  of  indole
alkaloid derivatives has revealed that tricyclic indole alkaloids and

the  substituent  at  the  N-1  hydroxyl  position  are  crucial  for  their
anti-TMV efficacy[32].

 2.3    Anti-inflammatory activity

Anh et  al.[35] purified  two  novel  nitrogen-containing
compounds 70-71 from the EtOAc extract of the deep-sea fungus
Aspergillus  unguis IV17-109.  Compound 70 exhibited  moderate
anti-inflammatory activity with an IC50 of 20.0 µM. Yang et al.[16]

isolated six new prenylated indole diketopiperazine alkaloids (13-
18) from the marine endophytic Aspergillus sp. YJ191021. Among
them, compound 13 showed significant anti-inflammatory activity
in Propionibacterium acnes-induced  human  monocyte-like  cell
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line  (THP-1)  with  an  IC50 of  1.46  ±  0.21  μM.  In  tracking  the
in  vitro anti-inflammatory  activity  of  the  organic  extract  of  the
sponge-derived  fungus Aspergillus  tamarii MCCF102,
Niveditha et  al.[36] discovered  two  new  dipyrrolylbenzoquinone
compounds 72-73. In vitro tests on lipopolysaccharide-stimulated
RAW 264.7 mouse macrophages revealed that compounds 72 and
73 inhibited  nitric  oxide  (NO)  production  in  a  concentration-
dependent  manner  (IC50 <  1  µM),  thereby  exhibiting  anti-
inflammatory  activity,  without  any  observed  cytotoxicity  at  the
same concentrations.  Huang et  al.[37] conducted a  chemical  study
on  the  fermentation  extract  of  the  mangrove  endophytic  fungus
Aspergillus sp.  GXNU-A1  and  discovered  a  pair  of  new
enantiomers (74-75) that  showed  significant  inhibitory  activity
against  NO  production  in  activated  macrophages.  Li et  al.[38]

isolated  and  identified  six  new  cytochalasins (76-81) from  the
endophytic fungus Aspergillus sp.  of the medicinal plant Lonicera
japonica.  Compounds 76, 78, 80,  and 81 all  exhibited  inhibitory

activity  against  NO  production,  with  IC50 all  less  than  40  μM.
Shan et al.[39] isolated three new alkaloids (82-84) from Aspergillus
ruber WH4-1.  Compound 84 showed  weak  inhibitory  activity
against  NO  production  in  lipopolysaccharide  (LPS)-stimulated
RAW264.7 cells,  with an inhibition rate of 53.2 ± 3.8% at 30 μM
(Fig. 4).

As previously stated, a total of 21 alkaloids have been subjected
to  rigorous  scientific  testing  and  have  been  demonstrated  to
possess  potent  anti-inflammatory  properties.  Hu et  al.  postulated
that  indole  alkaloids  containing  aziridine  may  serve  as  crucial
determinants  of  anti-inflammatory  activity.  The  anti-
inflammatory efficacy of these compounds is primarily attributed
to their ability to inhibit the production of nitric oxide (NO)[40].

 2.4    Cytotoxic activity
Niu et al.[41] isolated a novel acremolin-type alkaloid (85) from

the deep-sea fungus Aspergillus sydowii MCCC 3A00324 through
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chemical  investigation.  This  compound  exhibited  inhibitory
effects on the proliferation of A549, HelaS3, HepG2, and K562 cell
lines  at  a  concentration  of  20  µM.  Wu et  al.[42] separated  a  new
paraherquamide (86) from  the  EtOAc  extract  of Aspergillus
aculeatinus WHF0198  culture  medium,  which  displayed
cytotoxicity  against  Bel-7402  cells  with  an  IC50 of  3.3  μM.
Wang et  al.[43] isolated  heterocyclic  fused  cytochalasin
homodimers (87-88) from  the  endophytic  fungus Aspergillus
flavipes.  Compound 87 exhibited  cytotoxic  activity  against  five
cancer  cell  lines  (HL-60,  SMMC-7721,  A549,  MCF-7,  and
SW-480) with IC50 of 4.45−22.99 μM. Compounds 89-93 are five
novel  cytochalasin  heterotrimers  isolated  from Aspergillus
micronesiensis.  Among them, compounds 89-93 exhibited potent
cytotoxic activity against six human cancer cell  lines, with IC50 of
4.36−5.69 μM against HL-60[44]. Wang et al.[17] obtained three new
indole  alkaloids (19-21) from  the  endophytic  fungus Aspergillus
lentulus.  Compounds 20 and 21 showed  moderate  cytotoxicity
against the A549 cell line. Xu et al.[45] targeted the marine deep-sea
fungus Aspergillus  flavipes DS720  and  isolated  two  new  indole
alkaloids (94-95) through  activity-guided  fractionation.
Compound 94 demonstrated broad-spectrum cytotoxicity against
HeLa,  5637,  CAL62,  PTU8988T,  A375,  and  A673  cell  lines.
Fan et al.[46] separated four new conjugate dimers (96-99) from the
fermentation  broth  of  the  coral-associated  fungus Aspergillus
ochraceus LCJ11-102.  Compound 96 exhibited  cytotoxic  activity
against ten human cancer cell  lines,  while compounds 97 and 99
selectively  inhibited  U251,  and  compound 98 was  active  against
A673 and U87. Compounds 100-102 are three novel cytochalasin
heterotrimers  isolated  from Aspergillus  micronesiensis PG-1.
Compounds 100 and 101 possessed  an  unprecedented
5/6/11/5/5/6/6/5/11/6/5 eleven-membered ring skeleton, while 102
contains a twelve-membered furan ring. In addition, 100 and 101
exhibited  potent  cytotoxic  activities  through  apoptosis  induction
mediated  by  caspase-3  activation  and  PARP  degradation,  and
their  IC50 against  HL-60  cells  were  1.71  and  3.74  μM,
respectively[47].  Wei et  al.[48] isolated  three  new
indoledionepiperazine  alkaloids (103-105) from  the  soft  coral-
associated  fungus Aspergillus sp.  EGF  15-0-3  and  preliminarily
evaluated  the  cytotoxic  activity  of  all  isolated  compounds  against
the gefitinib-resistant cell line NCI-H1975 (NCI-H1975/GR) using
the  MTT  method.  Li et  al.[49] isolated  four  emestrin  hybrid
polymers (106-109) from  the  fungus Aspergillus  nidulans.
Compound 107 showed moderate cytotoxicity against cancer cell
lines (SU-DHL-2, HepG2, and HL-60). Gu et al.[50] isolated a novel
asymmetric  diketopiperazine  dimer (110) from  the  fungus
Aspergillus  versicolor 16F-11.  Compound 110 exhibited moderate
cytotoxicity  against  A375  with  an  IC50 of  10.29  ±  2.37  μM.
Orfali et  al. obtained a novel  cytochalasin (111) from the marine
fungus Aspergillus  oryzae derived from sediments  of  the  Red Sea
near  Jeddah,  Saudi  Arabia.  Compound 111 possessed  an
unprecedented  6/6/11  tricyclic  skeleton  and  exhibited  moderate
antiproliferative  activity  against  three  human  cancer  cell  lines,
including A549, HepG2, and MCF-7, without toxicity to zebrafish
embryos[51] (Fig. 5).

Wei et al.[52] isolated a new 5/7/8 tricyclic heterocyclic skeleton,
a  new  diketomorpholine  (DKM),  two  new  diketomorpholine
derivatives,  a  new  indole  isoquinoline  alkaloid,  and  three  new
indole alkaloids from the culture of the fungus Aspergillus terreus
CXX-158-20,  numbered  as  compounds (112-119).  Compound
119 had a  cytotoxicity  of  3.96  μM against  the  A549 cell  line  and
exhibited cytotoxic  activity  against  Namalwa and U266 with IC50
of 12.36 μM and 12.48 μM, respectively. Luo et al.[53] characterized

ten  new  diketopiperazine  alkaloids (120-129) from  the  marine
sponge-derived  fungus Aspergillus  versicolor SCSIO  41016,  and
some  of  these  compounds  exhibited  weak  cytotoxic  activity
against  ACHN,  OS-RC-2,  and  786-O  cells.  Compound 125
showed  a  synergistic  effect  with  adriamycin  against  MCF-7  cells.
Li et  al.[54] isolated  five  new  alkaloids (130-134) from  the
endophytic  fungus Aspergillus  versicolor F210,  which  showed
moderate cytotoxicity against HL-60 cells with IC50 of 5.6 μM. El-
Kashef et al.[55] isolated a novel prenylated indole diketopiperazine
alkaloid (135) from  the  fermentation  culture  of  the  marine
sediment-derived  fungus Aspergillus  chevalieri collected  from  15
meters  deep  near  the  Dahab  lighthouse  in  the  Red  Sea,  Egypt.
Compound 135 exhibited cytotoxic activity against PANC-1 with
an  IC50 of  25.8  µM.  Chen et  al.[56] isolated  a  new
bicyclo[2.2.2]diazaooctane  ring  prenylated  indole  alkaloid (136)
from  the  endophytic  fungus Aspergillus  taichungensis 299  of  the
marine  red  alga Gelidium  amansii. In  vitro cytotoxicity  assays
showed that compound 136 had selective cytotoxic activity against
five human tumor cell lines (A549, HeLa, HepG2, HCT-116, and
AGS)  with  IC50 of  1.7−48.5  μM.  Compound 136 reduced  the
viability  of  AGS cells  in  a  concentration-dependent  manner  with
an IC50 of 1.7 μM. Further studies indicated that 136 might induce
programmed  cell  death  in  AGS  cells  through  the  apoptotic
pathway.  Huang et  al.[57] isolated  three  new compounds 137-139
from the culture of the deep-sea fungus Aspergillus terreus MCCC
M28183.  The  activity  results  showed  that  compound 137 had
moderate inhibitory activity against the human gastric cancer cell
MKN28. Al-Khdhairawi et al. isolated four previously undescribed
alkaloids (140-143) from  the  PDA  culture  of Aspergillus sp.
HAB10R12. Compounds 140-143 did not exhibit antiproliferative
activity against HepG2 and A549 cancer cell lines[58].  Guo et al.[59]

isolated  six  new  alkaloid  compounds 144-149 from  the  marine
gorgonian-derived  fungus Aspergillus  sclerotiorum LZDX-33-4
through  activity-guided  isolation  combined  with  LC-MS  and
NMR detection. Among them, compound 144 induced apoptosis
in HeLa cells by blocking cell  cycle activation of ROS production
and regulating  apoptosis-related  proteins  in  the  MAPK signaling
pathway (Fig. 6).

Li et  al.[60] isolated  two  previously  unreported  prenylated
quinolinone  alkaloids (150-151) and  three  novel  prenylated
isoindolinone alkaloids (152-154) from Aspergillus nidulans. They
evaluated the cytotoxicity of these compounds against five human
cancer cell lines and found that compounds 152 and 154 exhibited
strong inhibitory activity against A549 and SW-480 cells, with IC50
of  3.50  and  4.77  μM,  respectively.  Zhang et  al.[61] isolated  three
novel  cytochalasin  heterotetramers (155-157),  one  unusual
cytochalasin  monomer (158),  and  four  additional  novel
cytochalasin monomers (159-162) from the fermentation cultures
of the fungus Aspergillus micronesiensis. Compounds 155-157 and
159-162 demonstrated moderate cytotoxicity against four human
cancer cell lines, while compound 158 induced apoptosis in HL-60
cells.  Bo et  al.[62] obtained  a  novel  benzoquinone (163) from  the
mangrove-derived  fungus Aspergillus sp.  GXNU  QG1a,  which
displayed  significant  cytotoxicity  against  selected  tumor  cells.
Kang et  al.[63] isolated  three  new  alkaloids (164-166) from
Aspergillus  iizukae cultures,  with  compound 164 exhibiting
cytotoxicity against HL-60 and A549 cell lines, with IC50 of 3.8 and
7.2  μM,  respectively.  Wang et  al.[64] separated  three  structurally
complex  diketopiperazine  derivatives (167-169) from Aspergillus
sp.  FM242.  Compounds 167 and 169 showed  antiproliferative
activity  with  IC50 ranging  from  0.56  to  1.86  μM.  Kwon et  al.
isolated  six  novel  spiroindole  alkaloids (170-175) from  the  ethyl
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acetate extract of Aspergillus duricaulis. The inhibitory activities of
all  isolated  compounds  against β-amyloid  (Aβ)  aggregation-
induced  PC12  cytotoxicity  and  Aβ aggregation  were  evaluated.
Compounds 174 and 175 showed  moderate  inhibition  of  Aβ
aggregation  but  failed  to  protect  cells  from  Aβ aggregation-
induced  toxicity[65].  Compound 176,  the  first  reported
indolediketopiperazine  alkaloid  with  a  tricyclic  5/6/5  skeleton
isolated from the fungus Aspergillus fumigatus, exhibited moderate
cytotoxicity  with  an  IC50 of  14.6  μM[66].  Wang et  al.[67] separated

three  novel  cytochalasin  homodimers (177-179) from  the
endophytic  fungus Aspergillus  flavipes.  Among  them,  compound
179 inhibited human T-cells proliferation with an IC50 of 15.8 μM
while maintaining low cytotoxicity to T-cells. Wu et al.[68] isolated
eight  undescribed aspochalains (180-187) from the solid  cultures
of Aspergillus  micronesiensis.  Compounds 181 and 182 possessed
an  aschachalasin  with  a  5/6/6/8  tetracyclic  skeleton,  while
compounds 183 and 184 were  diastereomers  of  aschachalasins  I
and  J,  respectively.  Compounds 185 and 186 were  the  first
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cytochalasins  with  a  long-chain  open  structure.  Additionally,  the
cytotoxicity  and  antibacterial  effects  of  all  compounds  were
evaluated,  revealing  that  compounds 183 and 184 had  moderate
cytotoxicity (Fig. 7).

Of  the  103  compounds  with  cytotoxic  activity,  31  are  indole
alkaloids, 15 are piperazine alkaloids, and the remainder are other
alkaloids,  including  quinolone.  As  evidenced  by  the  findings
presented  in  this  paper,  the  majority  of  the  compounds  under
review  demonstrate  notable  cytotoxic  activity,  suggesting  that
Aspergillus-derived  alkaloids  represent  a  crucial  element  in  the
development  of  antitumor  pharmaceuticals.  With  regard  to  the
issue of cytotoxic activity, it has been established that the presence
of amide groups in the compounds in question serves to enhance
the antitumor activity of the target compounds. Furthermore, the

presence of disulfide bonds markedly enhances the cytotoxicity of
the compounds[69, 70].

 2.5    Enzyme inhibitory activity
Huo et  al.[71] obtained  six  novel  azaphenanthrene  compounds

188-193 from  the  solid  cultures  of  the  wild  fungus Aspergillus
deflectus NCC0415.  All  six  compounds  exhibited  strong  or
moderate  inhibitory  effects  on  SHP2  and  PTP1B.  He et  al.[72]

identified  three  new  alkaloids (194-196) from  the  diversity-
enhanced  extract  of  the  endophytic  fungus Aspergillus  flavus
GZWMJZ-288  isolated  from  bamboo  shoots,  where  compound
194 showed α-glucosidase  inhibitory  activity  with  an  IC50 of
41.97 ± 0.97 μM. Wang et al.[73] isolated two novel spiro alkaloids
(197-198) from the marine fungus Aspergillus ruber TX-M4-1, of
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Figure 6    Structure of compounds 113-149.
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which 197 inhibited thioredoxin reductase (TrxR) activity with an
IC50 of  6.2  µmol/L.  Ye et  al.[74] obtained  six  new  alkaloids (199-
204) from  the  mangrove-derived  endophytic  fungus Aspergillus
sp.  16-5c.  Compound 201 demonstrated  moderate α-glucosidase
inhibitory  activity,  while  compounds 199-204 did  not  exhibit
significant PTP1B enzyme inhibitory activity. Ohte et al.[75] isolated
a  novel  compound 205 from  the  crude  extract  of  the  marine
fungus Aspergillus sp.,  which  inhibited  bone  morphogenetic
protein (BMP)-induced alkaline phosphatase activity with an IC50
of  4.7  μM.  Among  the  five  novel  tricyclic  or  tetracyclic  indole
alkaloids (61-65) discovered  by  Yang et  al.[32] from  the  tobacco-
derived Aspergillus  versicolor YNCA0363,  some  compounds  also
exhibited  enhanced  activities  of  two  reactive  oxygen  species-

scavenging  enzymes:  peroxidase  and  superoxide  dismutase.
Li et al.[76] isolated three new diketopiperazine alkaloids (206-208)
from  the  marine  red  alga-derived  fungus Aspergillus  creber EN-
602.  Compounds 206 and 207 showed inhibitory activity  against
angiotensin-converting  enzyme  (ACE)  with  IC50 of  11.2  and
16.0  μM,  respectively.  Fukuda et  al.[77] separated  a  pair  of  novel
piperazine  derivatives (209-210),  enantiomers,  from  the  culture
broth of Aspergillus  nidulans BF-0142.  In  Chinese  hamster  ovary
(CHO) cells expressing SOAT1 and SOAT2, compounds 209 and
210 showed some inhibitory effects on both SOAT1 and SOAT2
(Fig. 8).

A  total  of  28  compounds  have  been  identified  with  enzyme
inhibitory  activity.  These  compounds  contain  4  cyclic  peptide
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Figure 7    Structure of compounds 150-187.
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alkaloids,  in  addition  to  a  number  of  other  alkaloids.  The  three
novel compounds extracted from Aspergillus flavus GZWMJZ-288
associated  with Garcinia  multiflora mentioned  in  this  paper,
compounds 194 with  a  rare  1,3,4,5-tetrahydro-1-
azaacenaphtho[3,4-c]pyrrolizidine skeleton,  showed α-glucosidase
inhibitory activity, indicating that the 5R-configuration of CPAs is
good  for α-glucosidase  inhibition  and  the  diversity-oriented
synthesis was an effective approach for obtaining bioactive natural
product-like  compounds.  This  finding  supports  the  notion  that
diversity-oriented synthesis represents an efficacious approach for
the synthesis of bioactive natural product analogues[72].

 2.6    Other activities
Hu et  al.[78] isolated  two  novel  alkaloid  compounds (211-212)

from Aspergillus  ochraceus,  both  exhibiting  potential  anti-
Parkinson’s disease activity with EC50 values of 2.30 and 2.45 μM,
respectively.  Ding et  al.[79] obtained  four  novel
indoledionepiperazine  compounds  and  two  novel
diketopiperazine compounds, numbered (213-218), from the solid
cultures of the marine crab-derived endophytic fungus Aspergillus
versicolor.  All  isolated compounds were virtually screened against
the  coronavirus  3-chymotrypsin-like  protease  (Mpro)  of  severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), among
which  compounds 213, 214, 217,  and 218 scored  the  highest  in
docking,  potentially  contributing  to  COVID-19  treatment  upon
further  research.  He et  al.[80] isolated  two  new  indole

dimethylpiperazines (219-220) from  the  solid  cultures  of
Aspergillus sp.  GZWMJZ-258,  which  selectively  inhibited  the
human  FLT3-ITD  mutant  acute  myeloid  leukemia  MV4-11  cell
line  with  IC50 of  7.2  and  10.0  μM,  respectively.  Bai et  al.[81]

discovered  a  new  piperazine  diketone  derivative (221) from  the
mangrove-derived  fungus Aspergillus  niger JX-5.  Compound 221
exhibited inhibitory activity against Helicoverpa armigera with an
IC50 of  200  µg/mL.  Cai et  al.[82] isolated  a  pair  of  novel
enantiomeric  alkaloid  dimers (222-223) from  mangrove-derived
endophytic Aspergillus sp.  These  enantiomeric  dimers  were
separated  by  chiral  HPLC  columns,  and  compound 222 showed
antifouling  activity  against  the  barnacle Balanus  reticulatus.
Yan et al. obtained two indoledionepiperazine alkaloids (224-225)
from the fermentation products of the deep-sea cold seep fungus
Aspergillus chevalieri CS-122. Compounds 224 and 225 exhibited
significant  angiogenesis-promoting  activity  in  transgenic
zebrafish[83].  Li et  al.[84] through  chemical  investigation  of  the
secondary  metabolites  of  the  marine-derived  fungus Aspergillus
austroafricanus Y32-2, isolated two new prenylated indole alkaloid
homodimers (226-227) and  a  novel  pteridine  alkaloid
asperpteridinate  A (228).  Among  them,  compound 227
demonstrated  concentration-dependent  angiogenesis-promoting
activity  in  a  PTK787-induced  vascular  injury  zebrafish  model.
Wang et  al.[85] isolated  a  novel  oxygenated  tricyclic  CPA-type
alkaloid (229) from  coral-associated Aspergillus  flavus GXIMD
02503, which strongly inhibited lipopolysaccharide (LPS)-induced
NF-κB. Wang et al.[86] purified two new alkaloids (230-231) from
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the  fungal  strain Aspergillus  felis FM324  isolated  from  Hawaiian
beach soil  samples,  with compound 240 inhibiting nuclear factor
NF-κB  with  an  IC50 of  30.9  μM.  Hu et  al.[87] purified  two  novel
indoledionepiperazine  alkaloids (232-233) from  the  soft  coral-
associated  endophytic  fungus Aspergillus  versicolor CGF  9-1-2.
Molecular  docking  results  indicated  that  both  compounds
exhibited  good  binding  affinities  towards  TDP1,  TDP2,  TOP1,
TOP2,  Ache,  NLRP3,  EGFR,  EGFR  L858R,  EGFR  T790M,  and
EGFR  T790/L858.  Liang et  al.[88] obtained  eight  new
diketopiperazine  alkaloids (234-241) from  the  fermentation
products of the deep-sea fungus Aspergillus puniceus SCSIO z021,

including four  oxetane-containing  diketopiperazine  alkaloids  and
four  4-quinazoline  alkaloids.  Compounds 234-241 demonstrated
significant  transcriptional  activation  of  liver  X  receptor  alpha
(LXRα) with EC50 of 1.7−50 μM, with 240 and 241 being the most
potent agonists.  Hong et  al.[89] isolated four new diketopiperazine
alkaloids from the extract of the marine-derived fungus Aspergillus
pingiceus FAHY0085,  including  one  oxepin-containing
diketopiperazine  alkaloid (242) and  three  4-quinazolinone
alkaloids (243-245).  Compound 244 showed  notable
transcriptional activation of LXRα with an EC50 value of 2−50 μM
(Fig. 9).
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 3    Summaries and classifications
This  review  comprehensively  delved  into  the  recent

advancements  in  the  realm  of  natural  alkaloid  products  sourced
from Aspergillus species,  encompassing  discoveries  made  since
2019.  It  meticulously  summarized  a  comprehensive  list  of  245
novel  compounds,  with  an  impressive  69.3%  (170  compounds)
having  biological  activities  confirmed,  while  the  remainder  await
further exploration. The structural diversity of these compounds is
striking,  with  indole  alkaloids  dominating  at  34.7%,  closely
followed  by  piperazine  alkaloids  at  18.4%,  and  notable  mentions
including  quinoline  alkaloids  (4.9%),  cyclic  peptide  alkaloids
(1.6%),  pyranone  and  pyrrolidine  alkaloids  (each  at  0.8%),
cytochalasins (12.2%), and a diverse assortment of other alkaloids
accounting  for  26.5%  (Fig. 10A).  Among  the  compounds  with
verified  activities,  a  diverse  array  of  biological  effects  emerges:  69

(40.8%)  demonstrated  cytotoxic  activity,  35  (20.7%)  displayed
antibacterial  activity,  14  (8.3%)  inhibited  enzyme  function,  11
(6.5%)  possessed  anti-inflammatory  capabilities,  7  (4.1%)
exhibited multiple biological activities, 9 (5.3%) exhibited antiviral
properties, and 24 (14.2%) possessed other, less common types of
activity  (Fig. 10B).  Additionally,  the  review  offered  an  insightful
overview  of  the  publication  landscape,  highlighting  the  journals
that have significantly contributed to this field. Notably, Journal of
Nature  Products, Organic  Letters, Phytochemistry, Chemistry  of
Natural Compounds, Natural Product Research and Marine Drugs
stand out, accounting for 6.6%, 7.9%, 7.9%, 7.9%, 9.2%, and 14.5%
of  the  total  publications  (Fig. 10C).  Furthermore,  it  underscored
the  substantial  contribution  of  Chinese  scholars  to  the  realm  of
marine  microbial  natural  products,  who  have  authored  an
impressive  89.5%  of  the  academic  papers  in  this  domain  since
2019 (Fig. 10D).

 
 

Figure 10    Classification of new alkaloids from secondary metabolites of Aspergillus. (A) Structural classification, (B) Activity classification, (C) reporting journal and
(D) Country of discovery.
 

 4    Conclusion and prospect
This article presents a comprehensive overview of the 245 novel

alkaloids  identified  within  the Aspergillus genus  since  2019.
Furthermore,  a  summary  of  their  structure,  activity,  journal  of
publication,  and  the  nationality  of  the  discoverer  is  provided.
Aspergillus-derived alkaloids, which possess intricate activities and
unique  structures,  including  antibacterial,  antiviral,  anti-
inflammatory,  anthelmintic,  and  enzyme  inhibitory  properties,
have  broad  application  prospects  in  the  fields  of  food,  disease
treatment,  insecticide,  and  skincare[7, 90].  In  the  food  industry,
modified  alkaloids  have  the  potential  to  serve  as  natural
preservatives,  thereby  enhancing  shelf  life  and  food  safety,  or  as
flavor  enhancers  for  the  development  of  healthier  food products.
In  the  field  of  medicine,  the  exploitation  of  their  bioactivity
facilitates  the  creation of  innovative  therapeutic  agents,  including
anticancer  drugs,  anti-infectives,  and  neuroprotectants.  For
example,  Liu et  al.[91] summarized  the  potential  roles  of  several
common  alkaloids  in  the  prevention  and  treatment  of  HCC  by
revising  the  preclinical  studies,  highlighting  the  potential
applications  of  alkaloids  when  they  function  as  a  therapeutic
choice  for  HCC  treatment,  and  integrating  them  into  clinical
practices.  Some  alkaloids,  such  as  berberine,  have  been

demonstrated to possess notable antimicrobial activity, capable of
inhibiting the growth of a diverse array of bacteria and fungi.

In  conclusion,  the  investigation  of  the  conformational
relationship  of  alkaloids  is  of  paramount  importance  in
elucidating  the  mechanism  of  their  biological  activities  and
directing the development of  novel  drugs.  In the future,  with the
ongoing  advancement  and deepening  of  research  technology,  we
anticipate  the  discovery  of  additional  alkaloids  and  their
derivatives  with  potential  medicinal  value,  thereby  making
significant contributions to human health.
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