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Anti-Inflammatory, Antiallergic and COVID-19 Main
Protease (Mpro) Inhibitory Activities of Butenolides from a
Marine-Derived Fungus Aspergillus costaricaensis
Ibrahim S. Uras,[a, b] Michal Korinek,[c] Amgad Albohy,[d, e] Basma S. Abdulrazik,[d, e]

Wenhan Lin,[f] Sherif S. Ebada,*[g] and Belma Konuklugil*[a, h]

Amid the current COVID-19 pandemic, the emergence of
several variants in a relatively high mutation rate (twice per
month) strengthened the importance of finding out a chemical
entity that can be potential for developing an effective
medicine. In this study, we explored ethyl acetate (EtOAc)
extract of a marine-derived fungus Aspergillus cosatricaensis
afforded three butenolide derivatives, butyrolactones I, VI and
V (1–3), two naphtho-γ-pyrones, TMC-256 A1 (4) and rubrofu-
sarin B (5) and methyl p-hydroxyphenyl acetate (6). Structure

identification was unambiguously determined based on ex-
haustive spectral analyses including 1D/2DNMR and mass
spectrometry. The isolated compounds (1–6) were assessed for
their in vitro anti-inflammatory, antiallergic, elastase inhibitory
activities and in silico SARS-CoV-2 main protease (Mpro). Results
exhibited that only butenolides (1 and 2) revealed potent
activities similar to or more than reference drugs unlike
butyrolactone V (3) suggesting them as plausible chemical
entities for developing lead molecules.

Introduction

For about two years now, the entire world has been and is still
combating the Coronavirus Disease 2019 pandemic (COVID-19),
a viral infection of zoonotic origin initiated by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) first reported
in December 2019 at Wuhan, China.[1,2] Over the following two
years, researchers worldwide intensively collaborated in a race-
against-time to attain an efficient vaccine protecting and/or
preventing COVID-19 infections or complications. In December
2020, this task was first successfully accomplished when Pfizer-
BioNTech vaccine was granted the first Emergency Use Author-
ization (EUA) by the US Food and Drug Administration (FDA)[3]

and Oxford-AstraZeneca vaccine was also licensed the emer-
gency use to prevent COVID-19 infections in subjects 16 years
old or more in the United Kingdom.[4] From December 2019 to

October 2020, SARS-CoV-2 was found to monthly acquire two
mutations in the global population. Among these acquired
mutants, four variants have been recognized at widely spaced
localities and exhibited a noticeably higher spreadability
compared to the genuine COVID-19 virus. These four variants
were trivially named as alpha (B.1.1.7) first reported in the
United Kingdom, beta (B.1.351) in South Africa, gamma (P.1) in
Japan and Brazil along with delta (B.1.617.2) in India.[5,6] The
medical community is more concerned about alpha and delta
variants emerged in the United Kingdom and in India,
respectively, due to their considerable impact on severity and
death cases compared to the other variants. The emergence of
these new variants and their resulting uncontrolled human
transmissions urged several countries to return to strict
pandemic control measures including lockdown and social
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distancing.[5] Unexpectedly, fully vaccinated people were found
to be infected with alpha and delta variants that also
questioned the effectiveness of approved vaccines against
emerging variants. Therefore, much interest has been directed
toward discovering new or repurposing known pharmaceut-
icals that very recently succeeded in granting molnupiravir
(Lagevrio® by Merck) and ritonavir (Paxlovid® by Pfizer) the
Emergency Use Authorization (EUA) or on their ways to in UK
and USA, respectively.[7]

However, there are still many concerns about their
potential side effects that may occur based on their mecha-
nisms of action and long-term usage that are not yet
investigated.

Another strategy can be followed in combating the
pandemic is to find out treatment alternatives aiming at
ameliorating the complications of COVID-19 variants’ infections
in high-risk population particularly the intense respiratory
symptoms caused, among others, by the intracellular enzyme
neutrophil elastase (NE) stored in azurophilic granules of
polymorphonuclear neutrophils (PMNs).[8,9] More research inter-
ests have been directed toward exploring natural products for
their potential NE inhibitory activities. Despite that the main
function of NE is to degrade functional pathogenic proteins, it
also initiates pathologic effects on elastin-rich connective
tissue, such as in lungs, leading to acute respiratory distress
syndrome (ARDS), acute lung injury (ALI) or chronic obstructive
pulmonary disorder (COPD).[9,10]

To fulfill this task and in the course of our running research
aiming at exploring fungal secondary metabolites and their
potential bioactivities, in this study, we investigated those
isolated from a marine-associated fungus Aspergillus costar-
icaensis. All isolated compounds were tested in vitro for anti-

inflammatory and antiallergic properties. In addition, isolated
compounds were subjected to in silico molecular modelling
and molecular dynamics studies against NE and SARS-CoV-2
main protease (Mpro) as a plausible target for antiviral drug
design. In the present study, we purified and identified three
fungal butenolides, butyrolactones I, VI and V (1–3), together
with two naphtho-γ-pyrones (4 and 5) and methyl p-hydrox-
yphenyl acetate (6). In addition, we discuss the results of
in vitro bioactivity and in silico molecular modelling and
molecular dynamics simulation along with structure activity
relationships (SARs).

Results and Discussion

Purification and Identification of Secondary Metabolites in
Fungal Extract

A thorough chromatographic exploration of the fungal extract,
applying different separation procedures, yielded (Figure 1)
three butenolide derivatives, butyrolactones I,[11–13] VI[14] and
V[15,16] (1–3) along with two naphtho-γ-pyrones namely, TMC-
256A1 (4),[17–20] rubrofusarin B (5)[20–22] and methyl p-hydrox-
yphenyl acetate (6).[23,24] Chemical structures of isolated com-
pounds were determined based on mass spectrometry,
exhaustive 1D, 2DNMR analyses and by comparison with
reported literature (see Supporting Information).

Compounds (1–3) were obtained as amorphous colourless
solids whose UV spectra revealed almost similar two absorption
maxima at 220 and 310 nm indicating that these three
compounds are related derivatives and possibly sharing a
common chromophore. The molecular formulae of 1–3 were
established to be C24H24O7, C24H26O9 and C24H24O8 according to

Figure 1. Chemical structures of 1–6.
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their HRESIMS, respectively (see Supporting Information, Figur-
es S3, S10 and S17). The molecular formulae showed clear
differences between three compounds as two additional
hydroxyl groups in 3 and an oxygen atom in 2 compared to 1,
respectively. 1H and 13CNMR spectral data of 1–3 clearly
explained the differences noticed in molecular formulae (see
Supporting Information, Tables S1–S3). By comparing 1DNMR
spectra of compounds (1–3) along with their molecular
formulae and weights with the reported literature, they were
unambiguously determined to be butyrolactones I,[11–13] VI[14]

and V,[15,16] respectively. The stereochemistry of C-4 in com-
pounds (1–3) was determined to have R-configuration based
on their 1D/2DNMR spectral data including 1H, 13CNMR and
NOESY in addition to the comparison with reported
literature.[12,14–16] The stereochemistry of C-8” in 2 was not
possible to determine based on the available 2DNMR spectral
data including NOESY spectrum as also reported in literature.[15]

However, the stereochemistry of C-8” in 3 was depicted to be
S-configuration based on the close similarity between the
measured 1H/13CNMR spectral data and those reported in
literature.[14–16]

Compounds 4 and 5 exhibited quite similar UV spectra with
maximal absorption peaks (λmax) at 240, 275 and 330 nm that
suggested the similar chromophore group in their structures.
By comparing 1H and 13CNMR spectral data of 4 and 5 (see
Supporting Information, Tables S4 and S5), they displayed a
close similarity in both chemical shifts and coupling constant
values in 1HNMR and carbon resonances in 13CNMR spectra.
The main difference was the existence of two methoxy groups
in 5 instead of one methoxy group in 4. The second methoxy
group in 5 showed a singlet methyl resonance at δH 3.91 nm in
1HNMR spectrum that was correlated to a carbon peak at δC

56.0 as revealed by HMQC spectrum. Based on spectral data for
4 and 5, and by searching the reported literature, they were
determined to be naphtho-γ-pyrone derivatives namely, TMC-
256A1[17–20] and rubrofusarin B,[20–22] respectively.

Compound 6 was easily identified based on its 1H and
13CNMR spectral data (see Supporting Information Table S6)
that suggested the presence of 1,4-disubstituted aromatic ring
via the presence of two proton peaks each integrated for a pair
of magnetically equivalent protons at δH 6.72 and at δH 7.07

with a similar coupling constant (J value) of 8.4 Hz and were
correlated via HMQC spectrum to two carbon resonances at δC

116.3 and δC 131.3, respectively. In addition, a singlet meth-
ylene and a singlet-oxygenated methyl were also identified at
δH 3.53 and at δH 3.66 ppm, respectively. Based on the obtained
data and by comparing with the reported literature,[23,24]

compound 6 was found to be methyl p-hydroxyphenyl acetate.

Anti-Inflammatory Activity

Anti-inflammatory activity assay was conducted in human
neutrophils by determining fMLF/CB-induced elastase release
and the data of 2 and 4–6 were compared with literature 1 and
3 (Table 1).[25] The previous study revealed that butyrolactone I
(1) significantly and dose-dependently inhibited elastase
release with IC50 2.30 μM, while butyrolactone V (3) was
inactive.[25] The current results further demonstrated that
butyrolactone VI (2) was also active, but with lower potency of
IC50 5.25 μM. Compounds 4–6 were inactive. The data indicated
importance of prenyl group in 1 but also presence of vicinal
dihydroxy group in 2 for the activity, while the presence of
oxirane ring in 3 indicated inactivity. Compounds 3 and 6 did
not show significant effects. The cell viability was not affected
by neither 1,[25] 2 or 3[25] at 10 μM (Table 1).

Antiallergic Activity

The antiallergic activity of samples 2 and 4–6 was evaluated by
β-hexosaminidase release assay in RBL-2H3 cells using calcium
ionophore A23187 and antigen (DNP-BSA plus anti anti-DNP
IgE) as inducers (Table S7). The cells were first treated with
samples to find their non-toxic effects using MTT assay (over
90% viability at 100 μM). Compounds 2 and 4–6 didn’t show
significant effects (see Supporting Information, Table S7).
However, previous publication revealed significant and dose-
dependent activity of butyrolactone I (1) on both A23187
(IC50 =39.7 μM) and antigen-induced (IC50 41.6 μM) degranula-
tion, while butyrolactone V (3) was inactive.[25] Thus, the
presence of prenyl group may be an important factor for
antiallergic activity of butanolides.

Table 1. Effects of compounds (1–6) on elastase release, viability and elastase enzyme activity in vitro.

Compound Elastase Release,
Human Neutrophils[a]

Cell Viability,
Human Neutrophils[c]

Elastase Enzymatic Activity
(Cell-Free)[d]

IC50 (μM) [b] (% at 10 μM) IC50 (μM)[b]

Butyrolactone I (1) [f] 2.30�0.27[25] 94.13�2.31[25] 16.70�2.64[25]

Butyrolactone VI (2) 5.25�0.38 97.52�2.26 12.61�0.25[e]

Butyrolactone V (3) [f] >10[25] 98.25�1.77[25] >30[25]

TMC-256 A1 (4) >10 n.t. n.t.
Rubrofusarin B (5) >10 n.t. n.t.
Methyl p-hydroxyphenyl acetate (6) >10 n.t. n.t.

[a] Inhibition of fMLF/cytochalasin B (CB)-induced elastase release in human neutrophils. Values marked as “>10” are considered as inactive. Genistein
inhibited elastase release with an IC50 value 32.67�1.45[25] [b] Concentration required for 50% inhibition (IC50). The results are presented as mean�S.E.M.
(n=3). [c] Percentage of cell viability (%) at 10 μM. The results are based on the lactate dehydrogenase release and presented as mean�S.E.M. (n=3); n.t.:
not tested. [d] Sivelestat was used as a positive control and inhibited elastase enzyme with an IC50 value 17.92�4.66 nM;[25] n.t.: not tested. [e] Butyrolactone
VI (2) inhibited elastase by 69.65% at 30 μM. [f] Data shown in Molecules 2021, 26, 3354, 10.3390/molecules26113354[25]
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Molecular modelling studies

In this study, docking study was used to predict possible
binding poses of tested compounds with the human neutrophil
elastase (NE). We used the reported NE crystal structure (PDB:
1H1B) for our study.[26] The co-crystalized ligand, a pyrrolidine-
based inhibitor called GW475151, was found to form the crucial
hydrogen bond with SER 195 that is involved in the binding
and recognition.[27] We have reported earlier a docking
procedure validation in which we removed the co-crystalized
ligand and then redock it in the active site. AutoDock Vina was
able to predict the same crystal structure pose with RMSD of
1.317 and a docking score of � 6.9 kcal/mol.[26]

Here, we docked the tested compounds (1–6) in the pocket
of the human neutrophil elastase (PDB ID: 1H1B). Out of the
tested compounds, two butyrolactones have shown docking
scores superior or similar to GW475151, our control ligand
(Table 2). These compounds include butyrolactone I (1) and
butyrolactone VI (2). Both butyrolactones formed hydrogen
bonds with SER 195 as seen in GW475151. It is noticeable that
these two compounds, 1 and 2, were able to inhibit NE in
in vitro assay with IC50 of 2.30 and 5.25 μM, respectively. In
addition to SER 195, 1 and 2 were able to form additional
interactions with arginine residues in the active site including
ARG 147 and ARG 177. Figure 2 shows binding poses of both
compounds and their interaction with amino acids in the
pocket of the human neutrophil elastase.

The current COVID-19 pandemic has encouraged several
researchers to investigate potential roles of natural products to
compete SARS-CoV-2 targets. Based on that, we decided to
check if our isolated compounds could play a role against
SARS-CoV-2 main protease (Mpro) using docking. This target was
among the first targets investigated for this virus since the
emergence of the pandemic. For the purpose of this study, we
used the reported crystal structure of main protease (Mpro)
(PDB: 6LU7) which is co-crystalized with an inhibitor called
N3.[26,28] We have used the same crystal structure earlier to
investigate other natural products and reported docking
validation where the co-crystalized ligand showed docking

score of � 7.1 kcal/mol.[26] Docking results of the tested
compounds were interesting where all three butyrolactones
were found to show docking scores better than the co-
crystalized ligand.

Amongst three compounds, butyrolactone VI (2) exhibited
the best docking score (� 8.1 kcal/mol). All three butyrolactones
have shown several hydrogen bonds among which Gly143 and
Glu166 are common between the three butyrolactones and co-
crystalized ligand (see Table 2). The binding modes of three
butyrolactones are very similar and are overlapping with the
same positions taken by the co-crystallized ligand. Figure 3
shows the binding pose and interactions of the best butyr-
olactone VI (2). It also shows the overlapped pose with both N3
and other butyrolactones as predicted by docking. These
results suggest that butyrolactones isolated here might possess
promising inhibitory effects on SARS-CoV-2 main protease
(Mpro) and encourage for further investigations of this class of
compounds.

Molecular dynamic simulation

To better understand the potential interaction between our
isolated butyrolactones and SARS-CoV-2 main protease, we
decided to run a molecular dynamics (MD) simulation for four
different complexes for a duration of 100 ns production run.
These complexes are the apoprotein main protease (Mpro) and
the complexes with co-crystalized ligand, butyrolactone I (1)
and VI (2). For the purpose of our study, all complexes were
prepared based on the docking poses and were subjected to
canonical ensemble (NVT) followed by isothermal-isobaric
ensemble (NPT) equilibration.

This was followed by a production run of 100 ns. The
produced trajectories were then analyzed to investigate the
stability of the assessed complexes. Results of the trajectory
analysis are shown in Figure 4 and Table S8. Stable root mean
square deviation (RMSD) of the investigated protein indicate
stable dynamics run. Figure 4a shows that the RMSD of protein
of all the studied complexes is stable with minimal fluctuation.

Table 2. Predicted binding affinities (kcal/mol) of isolated tested natural products (1–6) with human neutrophil elastase and SARS-CoV-2 viral main protease
(Mpro). Important interacting residues are also shown. Data shown represents the least energy-binding mode (first binding pose) unless otherwise mentioned.

Isolated Natural
Product/Ligand

1H1B (Elastase) 6LU7 (Mpro)
Binding Affinity
(kcal/mol)

Interacting Residues Binding Affinity
(kcal/mol)

Interacting Residues

Butyrolactone I (1)[a][25] � 7.3 Ser195-Arg147 � 7.3 Gly143-Ser144-His163-Glu166
Butyrolactone VI (2) � 6.9 Ser195-Arg177 � 8.1 Thr26-Gly143-Ser144-Glu166
Butyrolactone V (3)[a][25] � 6.9

(2nd pose)
Ser195-Val216 � 7.2 His163-His164-Arg188-Gln189

TMC-256 A1 (4) � 6.4 Ser195-Phe41-Gly193 � 6.8 Gly143-Glu166-His41
Rubrofusarin B (5) � 6.4 Ser195-Phe41-Val216-Gly193 � 7.0 Leu141-Gly143-Glu166
Methyl p-hydroxyphenyl
acetate (6)

� 4.9 Ser195 � 4.8 Glu166

GW475151 � 6.9 Ser195 – –
N3 – – � 7.1 (3rd pose) Phe140, Gly143, His163, His164,

Glu166, Gln189, Thr190

[a] Data shown in Molecules 2021, 26, 3354, 10.3390/molecules26113354.[25]
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The standard deviation of RMSD was less than 0.6 Å in all the
studied complexes.

The fluctuation in case of butyrolactones was less than that
of the co-crystalized ligand as seen in Table S8. Radius of
gyration (Rg) is another parameter that reflects compactness of
the protein. Stable Rg indicate preferred ligand binding.
Figure 4b shows that the insertion of ligands did not affect Rg
indicating stable binding between tested ligands and the main
protease. Low RMSD of the ligands indicate tight binding
between that ligand and the protein. Figure 4c shows that the
fluctuation of butyrolactone VI (2) was the least among the
tested ligands. RMSD of butyrolactone VI was 0.358�0.076 nm
which is less than that of the co-crystalized ligand (0.445�
0.156 nm) and butyrolactone I (0.488�0.115 nm).

This suggests that butyrolactone VI might be a good
inhibitor of SARS-CoV-2 Mpro and requires further investigation.
This is also supported by the average number of hydrogen
bonds (Figure 4d and Table S8). The average number of hydro-
gen bonds between butyrolactone VI and the main protease
(Mpro) during the 100 ns production run was found to be 3.43
hydrogen bonds. This is higher than that of the co-crystalized
ligand (3.09 hydrogen bonds) and butyrolactone I (2.26 hydro-
gen bonds). All these results support plausible potential
inhibition of SARS-CoV-2 main protease (Mpro) by butyrolactone
VI and encourage its further investigation.

Elastase enzymatic activity

Human neutrophil elastase plays an important role in the
development of many inflammatory syndromes accompanying
several acute and chronic respiratory disorders. In the cell-free
system, butyrolactone I (1) previously revealed a dose-depend-
ent direct inhibitory effect on the enzymatic activity of
elastase.[25] According to current study, butyrolactone VI (2) also
inhibited elastase enzymatic activity (Figure 5) in the dose-
dependent manner (Table 1) with even more potent activity
(IC50 12.61 μM) in comparison to 1 (IC50 16.70 μM). The data are
in accordance to the in silico molecular binding data. Based on
these results, the anti-inflammatory effects of 2 were, at least
partly, attributed to its interaction with elastase enzyme, and
by comparing the potency with 1,[25] the proportion of elastase
enzyme inhibitory activity was higher in 2.

Protective effects against human coronavirus 229E infection

Human coronavirus 229E (HCoV-229E) is a strain of coronavirus
family viruses, that causes infection of upper respiratory tract
with symptoms of common cold.[29] The data of 1 and 3 were
previously reported.[25] We further assessed compound 2
in vitro protective effect against the human coronavirus 229E
(HCoV-229E) (see Supporting Information, Figure S2). None of

Figure 2. Docking of tested compounds against human NE. a. Hydrogen bond interactions of 1 (blue). b. Docking pose of 1 in target active site represented as
a surface colored according to electrostatic potential. c. Hydrogen bond interactions of 2 (yellow). d. Docking pose of 2 in target active site represented as a
surface colored according to electrostatic potential.
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the compounds exhibited a cellular protective effect against
HCoV-229E infection. It is important to note, that the cytopathic
effects may not be observed at lower doses used in both
studies (10 μM) and the differences between the strains should
be considered. Thus, the absence of in vitro cytoprotective
activity against viral infection does not necessarily contradict
the in silico SARS-CoV-2 main protease (Mpro) inhibitory activity
that implies in the final stage of assembly of the new viruses.

Over the past year, many researchers recognized SARS-CoV-
2 Mpro as a crucial target for new drug design and repurposing
to defend against COVID-19 pandemic. Secondary metabolites
from different chemical categories and/or sources have been
explored as a rich source of inhibitors with many positive
examples belonging to flavonoids, alkaloids, peptides, terpe-
noids, coumarins, and tannins.[30] Flavonoids presented many

hit compounds as Mpro inhibitors including flavonoids (querce-
tin, apigenin and luteolin with IC50 of 20–200 μM) and
bisflavonoids (amentoflavone with IC50 =8.3 μM).[31]

For more understanding of the Mpro inhibitory activity, in
silico molecular modelling and molecular dynamics, simulation
studies were performed.[26,32,33] In this study, our results
enriched the pipeline of potential Mpro inhibitors with addi-
tional examples supported by the obtained results regarding
their binding poses together with being proved in vitro as
inhibitors of human elastase release. In summary, the obtained
results also support the plausible efficiency of butyrolactones I
(1) and VI (2) in defending the respiratory distress symptoms
caused by SARS-CoV-2 infection inflammatory responses.

Figure 3. Docking of tested compounds with the main protease (Mpro) of SARS-CoV-2 (PDB ID: 6LU7). a. Interactions of butyrolactone VI (2) with residues in the
active site. b. Predicted binding pose of butyrolactone VI (2). c. Docking pose of 2 superimposed on the co-crystalized ligand N3 (blue). d. Predicted binding
pose of 2 overlapped with that of butyrolactone I (1, green) showing similar binding poses. e. Structure of the co-crystallized ligand (N3) in 6LU7 pdf file.
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Conclusion

Six different compounds including three butenolides, butyr-
olactones I, VI and V (1–3), two naphtho-γ-pyrones, TMC-
256 A1 (4) and rubrofusarin B (5), together with methyl p-
hydroxyphenyl acetate (6) were purified from EtOAc extract of
a marine-associated fungus Aspergillus costaricaensis. Amongst
the isolated compounds, only butyrolactones I (1) and VI (2)
revealed potent activities in the in vitro human neutrophil

elastase release and cell-free antielastase assays with IC50 values
ranging from 2.30 to 16.70 μM, sometimes exceeding those of
the used reference drugs (IC50 values of 32.67 and17.92 μM,
respectively). The inhibitory activities of 1 and 2 are of
particular importance for improving the debilitating effects of
SARS-CoV-2 infection on pulmonary system as elastin-rich
organ. In an attempt to understand these results, molecular
docking and molecular dynamics simulation studies were
carried out to determine the binding modes of butyrolactones
to target receptors and the possible inhibitory activity(ies) of 1–
3 against SARS-CoV-2 main protease, a crucial enzyme for
producing the viral functional proteins. Butyrolactone VI (2)
proved to be a promising candidate for further investigation to
develop a lead compound that might become a nucleus for a
new pharmaceutical against SARS-CoV-2.

Supporting Information Summary

Supplementary data associated with this article can be found in
the online version at doi: XXXXX A detailed description of the
applied experimental methods along with full spectroscopic
data of compounds (1–6; Figures S3-S38) are included in
Supporting Information File. Tables S1-S6 are describing com-
parisons of both measured 1H/13CNMR and those reported in
literature of compounds (1–6), respectively.
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