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Abstract

Zedoary turmeric oil (ZTO) has been widely used in clinic. However, the

unpleasant induced dyspnoea inevitably impedes its clinical application. Thus,

it is urgent to elucidate the mechanism underlying the ZTO-induced dyspnoea.

In this study, network pharmacology was firstly performed to search the clue of

ZTO-induced dyspnoea. The key target genes of ZTO-induced dyspnoea were

analysed using GO enrichment analysis and KEGG pathway analysis. GO analy-

sis suggested that haem binding could be a key molecular function involved in

ZTO-induced dyspnoea. Hence, the haemoglobin (Hb) was focused for its

oxygen-carrying capacity with haem as its critical component binding to the

oxygen. Ultraviolet–visible absorption spectrum indicated that the ZTO injection

(ZTOI) perturbed the Soret band of Hb, suggesting an interaction between ZTO

and Hb. GC–MS analysis revealed that β-elemene, germacrone, curdione and

furanodiene were main components of ZTOI. Molecular docking was used to

illustrate the high affinity between representative sesquiterpenes and Hb, which

was finally confirmed by surface plasmon resonance, suggesting their potential

roles in dyspnoea by ZTO. Following a network pharmacology-driven strategy,

our study revealed an intervened Hb-based mechanism underlying the ZTO-

induced dyspnoea, providing a reference for elucidating mechanism underlying

adverse drug reactions of herbal medicines in clinic.
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1 | INTRODUCTION

Dyspnoea, defined as a subjective experience of breathing
discomfort that consists of qualitatively distinct sensations
that vary in intensity, is considered as a common, dis-
tressing and non-specific symptom of cardiopulmonary and

neuromuscular diseases. This complex symptom warns of a
considerable threat impairing life quality, which causes
attention worldwide due to the significant and frustrating
time and cost in the evaluation for both clinician and
patient.1,2 Not just the dyspnoea manifested in diseases, the
dyspnoea induced by medications has also been greatly
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concerned. For instance, increasing dyspnoea was charac-
terized in the pulmonary toxicity from taxanes in the che-
motherapy regimens for non-small-cell lung cancer. And
patients with lung cancer receiving epidermal growth factor
receptor-tyrosine kinase inhibitor therapy would present
with acute dyspnoea.3 Besides, it was described that a
patient developed dyspnoea after being treated with
quetiapine, an atypical antipsychotic.4 As a typical type of
adverse drug reaction, the drug-induced dyspnoea should
be paid close attention for its potential leading to mortality.

Zedoary turmeric oil (ZTO) is the volatile oil extracted
from the rhizome of Curcuma phaeocaulis V al., Curcuma
wenyujin Y. H. Chen et C. Ling or Curcuma kwangsiensis
S. G. Lee et C. F. Liang. It has been reported that ZTO
has multiple bioactivities, including antitumour, anti-
inflammation, antifungus and treatment of psoriasis.5–8

Clinically, ZTO has been widely used as an injection for
its antiviral effect to treat upper respiratory tract infec-
tion, children viral pneumonia, digestive tract ulcer, viral
hepatitis A and so on.9 Unfortunately, the occurrence of
adverse drug reaction during the application of ZTO has
been paid great attention. The common clinical manifes-
tations of ZTO-induced adverse drug reaction are dys-
pnoea, allergy, rash, nausea, vomiting, palpitation and so
on, with dyspnoea as the main symptom. Dyspnoea
induced by ZTO often occurs rapidly when ZTO is
administered, accompanied by chest distress, cyanosis
and even respiratory failure, which becomes a potential
life threat during the ZTO-based therapy. However, little
is currently known about the biological mechanism
underlying the ZTO-induced dyspnoea, which causes a
huge obstacle impeding the clinical application of ZTO.

Therefore, we tried to investigate the potential mech-
anisms underlying the ZTO-associated dyspnoea. As ZTO
contains various components with multiple targets, the
network pharmacology study which is a powerful
approach for dissecting mechanism of complex natural
medicine based on the integration of multidirectional
pharmacology, computational biology and network anal-
ysis was performed.10 It was indicated by gene ontology
(GO) enrichment analysis that the haem binding could
be the potential mechanism underlying ZTO-induced
dyspnoea. Given that the haem is a key component bind-
ing to the oxygen carried by haemoglobin (Hb), Hb was
resultantly targeted to further study. Associated with clin-
ical application of ZTO, the ZTO injection (ZTOI) was
further used to validate whether ZTO interacted with
Hb. Ultraviolet (UV)–visible absorption spectrum mea-
surement was applied, and it was observed that both nor-
mal ZTOI and abnormal ZTOI (recalled ZTOI which
induced dyspnoea in clinic) decreased the peak intensity
of Soret band of Hb, suggesting an interaction between
ZTO and Hb. The GC–MS was applied to characterize the

chemical composition of ZTOI, and the several sesquiter-
penes were identified as the main components of ZTOI.
Furthermore, the binding affinity between main sesqui-
terpenes and Hb were illustrated using molecular dock-
ing and finally confirmed by surface plasmon resonance
(SPR). Our study suggested that the interaction between
ZTO and Hb, a key protein with carrying oxygen as its
major physiological function, might be the potential
mechanism underlying the dyspnoea induced by ZTO.
More importantly, this study provided a reference for elu-
cidating the mechanism underlying the adverse drug
reaction of herbal medical products occurred in clinic
and a potent foundation for quality control methodology
to better ensure the safety of clinical application.

2 | MATERIALS AND METHODS

The study was conducted in accordance with the Basic &
Clinical Pharmacology & Toxicology policy for experi-
mental and clinical studies.11

2.1 | Chemicals and reagents

Normal and abnormal ZTOI were provided by the
manufacturer. The standard compounds of β-elemene,
germacrone, curdione and furanodiene were purchased
from Shanghai Yuanye Bio-Technology Co., Ltd. Human
Hb and dimethyl sulphoxide (DMSO) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

2.2 | Chemical compounds of ZTO

The information on chemical components in ZTO was
obtained from Traditional Chinese Medicine Systems Phar-
macology Database and Analysis Platform (TCMSP, https://
old.tcmsp-e.com/tcmsp.php) and literature retrieved from
China National Knowledge Infrastructure (https://www.
cnki.net/) and PubMed (https://pubmed.ncbi.nlm.nih.gov/).

2.3 | Prediction of ZTO-related targets

TCMSP, Traditional Chinese Medicines Integrated Data-
base (TCMID, http://47.100.169.139/tcmid/) and
DrugBank (https://www.drugbank.com/) databases
were used to retrieve the ZTO-related targets by
uploading compound names. The SMILES information of
chemical components in ZTO was submitted to
SwissTargetPrediction (http://www.swisstargetprediction.
ch/) to predict potential targets of ZTO.
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2.4 | Potential dyspnoea-related target
genes

The target genes retrieved from Online Mendelian
Inheritance in Man (OMIM, https://omim.org/),
GeneCards (https://www.genecards.org/) and Compara-
tive Toxicogenomics Database (CTD, http://ctdbase.org/)
were merged. Standardization of the gene name and defi-
nition of the species as Homo sapiens was performed in
the UniProt (https://www.uniprot.org/) database. The
keyword used in the search was “dyspnoea.” The over-
lapping genes of ZTO and dyspnoea-related targets were
considered as the key potential target genes of ZTO-
induced dyspnoea.

2.5 | Construction of compound-target
network

The compound-target network was constructed for the
36 compounds and related gene targets associated with dys-
pnoea using Cytoscape 3.7.2 (http://www.cytoscape.org/).
Compounds and target genes were represented by nodes
and their interactions were indicated by edges. The network
was analysed to calculate values of degree, betweenness
centrality (BC) and closeness centrality (CC) which were
critical topological parameters suggesting the importance of
compounds or targets in the network.

2.6 | GO and KEGG enrichment analysis

Metascape (https://metascape.org/gp/index.html#/main/
step1) was applied for GO function enrichment analysis
and KEGG pathway enrichment analysis. The minimal
overlap was set as 3, the p value cut-off was 0.01, and
the minimal enrichment factor was 1.5. The p values
were calculated based on the accumulative hyper-
geometric distribution, and q values were calculated
using the Banjamini–Hochberg procedure to account for
multiple testing. The most statistically significant term
within a cluster was chosen to represent the cluster and
displayed.

2.7 | UV–visible absorption spectrum
measurement

Hb (0.1 mg/ml, dissolved in phosphate-buffered saline)
was treated with 1 mg/ml normal or abnormal ZTOI.
After incubation for 10 min at 25�C, the UV–visible
absorption spectra were recorded using a microplate
reader (SYNERGY H1, BioTek, USA).

2.8 | GC–MS analysis

GC–MS analysis was performed using an Agilent 7890A
GC System twinned with an Agilent 5975C inert MSD
with Triple-Axis Detector. The GC column configuration
used comprised an Agilent HP-5MS Ultra Inert
(30 m � 250 μm � 0.25 μm) column for chromatographic
separation. The injection port was set to 270�C without
split mode. Helium was used as carrier gas with constant
flow rate of 1.0 ml/min. The oven was initially held at
50�C for 1 min then ramped to 170�C at 10�C/min and to
230�C at 5�C/min. The auxiliary temperature was
programmed at 250�C. Liquid injections (1 μl) were
achieved using an Agilent 7693 Autosampler. The mass
spectrometer high-efficiency EI source was set to 230�C,
and quadrupole was set at 150�C. Mass spectra were
recorded in full-scan mode ranging from 45–600 amu in
positive ion mode after a solvent delay of 3 min. The
components of ZTOI were identified using library from
the National Institute of Standards and Technology 17.

2.9 | Molecular docking

The structure of β-elemene, curdione, germacrone and
furanodiene was downloaded from PubChem (https://
pubchem.ncbi.nlm.nih.gov/) and converted into pdb for-
mat using Open Babel 3.1.1. The structure of Hb was
downloaded from RCSB Protein Data Bank (PDB ID:
1BBB, https://www.rcsb.org/structure/1BBB) as pdb for-
mat. The docking was accomplished using AutoDock
Tools 1.5.7, in which water was deleted, non-polar hydro-
gen atoms were added, and electric charges were calcu-
lated. A grid box with size of 70 � 60 � 64 Å was set to
fix around the Hb. The docked conformations were tabu-
lated according to their binding free energies. The confor-
mation with the highest affinity or hydrogen bonds were
further analysed by Discovery Studio 4.5 Client
(Discovery Studio 4.5, Accelrys, Co. Ltd) and visualized
by PyMOL (version 2.5.2).

2.10 | SPR analysis

The interaction of representative sesquiterpenes in
ZTOI between Hb was detected using SPR (Biacore T200,
GE Healthcare). Hb was dissolved in HBS-N buffer
(0.01 M HEPES, pH 7.4, 0.15 M NaCl, GE Healthcare)
and diluted to 100 μg/ml with 10 mM acetate (pH 5.5).
The amine coupling kit (GE Healthcare) was used to
immobilize Hb on a CM5 sensor chip (Series S, Cytiva).
According to recommendation of manufacturer, 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide hydrochloride
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(EDC) and N-hydroxysuccinimide (NHS) were used to
activate the chip, and residual activated groups were
blocked by 1.0 M ethanolamine-HCl (pH 8.5). The

running buffer was 1.05� PBS-P containing 5% DMSO
(v/v) and 0.02% surfactant P20 (v/v). Each sesquiterpene
was accurately weighed and dissolved in DMSO to pre-
pare stock solutions. The sensorgrams were fitted by the
1:1 binding model to calculate equilibrium dissociation
constant (KD) in Biacore T200 Evaluation Software (ver-
sion 3.2, General Electric Company).

2.11 | Statistics

Data are presented as means � standard deviation. The
data distribution and homogeneity of variances were
firstly analysed by Shapiro–Wilk and Bartlett’s tests,
respectively. Means between groups were compared
using one-way analysis of variance (ANOVA) where
appropriate, and Tukey’s post hoc test was used. All ana-
lyses and graphical presentation were performed using
GraphPad Prism 8 software (GraphPad Software, La
Jolla, CA, USA). p < 0.05 was considered as statistically
significant.

3 | RESULTS

3.1 | Compound-target network

A total of 36 components in ZTO were finally included
for target prediction, many of which were mono-
terpenoids or sesquiterpenes (Table S1). And 242 gene
candidates related to ZTO bioactivity and 266 gene tar-
gets associated with dyspnoea were obtained from multi-
ple databases. The Venn diagram suggested that
31 common targets of both ZTO and dyspnoea were con-
sidered as critical potential targets of ZTO-related dys-
pnoea (Table 1 and Figure 1). Thus, these 31 target genes
were used for compound-target network construction
and further analysis. The compound-target network
included 67 nodes (36 compound nodes and 31 target
nodes) and 79 edges (Figure 1). Notably, the network
contained several compounds with higher values of
degree, BC and CC, which suggested their essential
roles in the network, for example, demethoxycurcumin,
ar-turmerone, reynosin, camphor, β-elemene and
furanodiene.

3.2 | GO and KEGG enrichment analysis

The Metascape was used to unveil the gene function
annotation of the selected 31 target genes. In total, 1038
entries of biological processes, 30 entries of cellular com-
ponents and 44 entries of molecular functions were

TAB L E 1 The target information of zedoary turmeric oil to

dyspnoea

Protein name
UniPort
ID

Gene
name

Sodium channel protein type 5
subunit α

Q14524 SCN5A

Prostaglandin G/H synthase 2 P35354 PTGS2

Tumour necrosis factor P01375 TNF

Interleukin-1β P01584 IL1B

Interleukin-6 P05231 IL6

Nitric oxide synthase, inducible
(by homology)

P35228 NOS2

Nitric oxide synthase, endothelial P29474 NOS3

β-2 Adrenergic receptor P07550 ADRB2

Glucocorticoid receptor P04150 NR3C1

Apoptosis regulator Bcl-2 P10415 BCL2

Cyclin-dependent kinase inhibitor
1

P38936 CDKN1A

Cellular tumour antigen p53 P04637 TP53

Cytochrome P450 2D6 P10635 CYP2D6

Cytochrome P450 3A4 P08684 CYP3A4

Cytochrome P450 1A2 P05177 CYP1A2

Cytochrome P450 1A1 P04798 CYP1A1

Poly [ADP-ribose] polymerase-1 P09874 PARP1

Haem oxygenase 1 (by homology) P09601 HMOX1

Caspase-3 P42574 CASP3

Mitogen-activated protein kinase
14

Q16539 MAPK14

Myeloperoxidase P05164 MPO

Peroxisome proliferator-activated
receptor gamma

P37231 PPARG

Pregnane X receptor O75469 NR1I2

Glycogen synthase kinase-3 β P49841 GSK3B

Epidermal growth factor receptor
erbB1

P00533 EGFR

MAP kinase ERK2 P28482 MAPK1

Tyrosine-protein kinase JAK2 O60674 JAK2

Arachidonate 5-lipoxygenase P09917 ALOX5

Nuclear factor erythroid 2-related
factor 2

Q16236 NFE2L2

Serine/threonine-protein kinase
AKT

P31749 AKT1

Signal transducer and activator of
transcription 3

P40763 STAT3

YANG ET AL. 609



F I GURE 1 The network pharmacology study of dyspnoea induced by zedoary turmeric oil (ZTO). (A) Venn diagram of the overlapping

targets in ZTO and dyspnoea. (B) Compound-target network diagram. The pink round rectangles represent the compounds in ZTO. The light

blue circles represent the common target genes of ZTO and dyspnoea. Node size was proportional to the value of degree. (C) Gene ontology

(GO) enrichment analysis. Bubble size represents the number of genes involved in the GO enrichment. Colour represents the adjusted p

value in log base 10. (D) KEGG pathway enrichment analysis. Bubble size represents the number of genes enriched in pathways. Colour

represents the adjusted p value in log base 10
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obtained. It was demonstrated in GO enrichment analysis
that the main biological processes involved in the
ZTO-induced dyspnoea were reactive oxygen species
metabolic process (GO:0072593), cellular response to
chemical stress (GO:0062197), response to xenobiotic
stimulus (GO:0009410), response to inorganic sub-
stance (GO:0010035), response to lipopolysaccharide
(GO:0032496), positive regulation of cell migration
(GO:0030335), cellular response to organonitrogen com-
pound (GO:0071417) and response to wounding
(GO:0009611). The enrichment of cellular components
indicated that these processes occurred mainly in the
membrane raft (GO:0045121), perinuclear region of cyto-
plasm (GO:0048471), vesicle lumen (GO:0031983),
nuclear envelope (GO:0005635), endocytic vesicle
(GO:0030139), glutamatergic synapse (GO:0098978), tran-
scription regulator complex (GO:0005667) and plasma
membrane protein complex (GO:0098797). The following
molecular functions were strongly connected with ZTO-
related dyspnoea, including haem binding (GO:0020037),
protein kinase binding (GO:0019901), DNA-binding tran-
scription factor binding (GO:0140297), phosphatase bind-
ing (GO:0019902), protein domain specific binding
(GO:0019904), cytokine receptor binding (GO:0005126),
protease binding (GO:0002020) and calmodulin binding
(GO:0005516) (Figure 1). The relationship between target
genes and important pathways was elucidated by KEGG
pathway enrichment analysis. It was discovered that
31 target genes were enriched in 118 signalling pathways,
mainly involving AGE-RAGE signalling pathway in dia-
betic complications (hsa04933), pathways in cancer
(hsa05200), hepatitis B (hsa05161), HIF-1 signalling path-
way (hsa04066), fluid shear stress and atherosclerosis
(hsa05418), measles (hsa05162), small-cell lung cancer
(hsa05222), NF-kappa B signalling pathway (hsa04064),
serotonergic synapse (hsa04726) and thyroid cancer
(hsa05216) (Figure 1).

3.3 | ZTOI decreased the peak intensity
of Soret band of Hb

As indicated by the GO enrichment analysis that the
haem binding was strongly involved in the ZTO-related
dyspnoea, we decided to investigate the interaction
between ZTO and Hb which is a key protein mainly
responsible for carrying oxygen, with haem as the key
component binding to the oxygen. Notably, it has been
reported that the disturbed Hb could be strongly associ-
ated with the occurrence of dyspnoea in clinic, which
provides a potential clue to understand the mechanisms
underlying the ZTO-induced dyspnoea.12 And UV–visible
absorption measurement is an effective approach to

investigate the structure change of protein and to under-
stand the ligand-protein complex formation. It is well
known that Hb has several characteristic absorption
peaks. The strong absorption peak at 406 nm corresponds
to porphyrin-Soret band generated from haem.13,14 The
change of UV–visible absorption spectrum of Hb pro-
vided important information for conformation change of
protein and ligand-protein interaction. To be associated
with clinical practice, ZTOI, the pharmaceutical products
in clinic of ZTO, was used to investigate the interactions
between ZTO and Hb. It was shown that compared with
the Hb, the addition of normal or abnormal ZTOI caused
a decreased peak intensity of Soret band, respectively,
among which the abnormal ZTOI exhibited more
remarkable effect. And the shape of peak was prone to
change into a non-Gaussian shape with the treatment of
abnormal ZTOI (Figure 2). Consistently, the optical den-
sity (OD) values at 406 nm (the wavelength in which
Soret band reached the highest peak intensity in our
study) of Hb treated with normal or abnormal ZTOI were
apparently lower than that of Hb alone (Figure 2).
Besides, the characteristic band of Hb is also located at
280 nm due to the phenyl group of tryptophan and tyro-
sine residues. Further, it was observed that the bands of
Hb treated with normal or abnormal ZTOI at around
280 nm were affected, which was suggestive of the pres-
ence of effective interactions between the aromatic resi-
dues and the ZTOI. Therefore, our study suggested that
the dyspnoea induced by ZTO in clinic might be associ-
ated with interaction between Hb and ZTO.

3.4 | Chemical composition
identification of ZTOI by GC–MS

We moved on to investigate the compounds in the ZTOI
that might interact with Hb. Thus, GC–MS was firstly
applied to analyse the chemical compositions of ZTOI.
Several monoterpenes were firstly separated and identi-
fied in ZTOI, including eucalyptol, linalool and (�)-cam-
phor. More importantly, it was then discovered that
β-elemene, curzerene, β-elemenone, germacrone and cur-
dione were identified with more abundant contents
(Figure 3 and Table 2). Although the curzerene had the
highest peak area suggested by GC–MS analysis, it was
reported that the curzerene could be transformed from
furanodiene during GC–MS analysis, in which high tem-
perature was required for the gasification of analytes.15

Besides, furanodiene was highlighted in our compound-
target network, and it is also the key indicator used in
the content determination of ZTO using high-
performance liquid chromatography according to the
Chinese pharmacopoeia.16 More importantly, it has been
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reported that furanodiene inhibits breast cancer cell
growth via altering mitochondrial function in an AMP-
activated protein kinase-dependent manner.17 Thus,
furanodiene was proceeded to further study instead of
curzerene. β-Elemene, a well-known sesquiterpene, is
known for its inhibitory effect on multiple carcinomas.18

Germacrone and curdione are also paid close attention
for their therapeutic effects on different types of cancers,
like prostate cancer, oesophageal squamous cell carci-
noma and uterine leiomyosarcoma.19–21 Besides,
germacrone and curdione are also detected in the phar-
macokinetic study of ZTO.22,23 Therefore, β-elemene,
furanodiene, germacrone and curdione were considered
as the representative components in ZTOI and selected to
further study. β-Elemenone was abolished due to the
unavailability of standard compound.

3.5 | Molecular docking

The interactions between representative sesquiterpenes
in ZTOI and Hb were firstly explored by virtual molecu-
lar docking using AutoDock Vina. β-Elemene interacted
with Hb by forming alkyl or π-alkyl hydrophobic interac-
tions with Tyr35, Pro36, Trp37, Pro95, Lys127, Ala130
and Lys139, with an estimated Gibb’s free energy of
�6.3 kcal/mol. Furanodiene bound strongly with Hb by
generating one conventional hydrogen bond between
oxygen atom on its furan ring and Lys139 of Hb. It also
formed five alkyl or π-alkyl hydrophobic interactions
with Val33, Pro36, Pro51, Val 54 and Ala123. The Gibb’s
free energy of furanodiene–Hb interaction was predicted
to be �6.9 kcal/mol. The carbonyl group of germacrone
formed one conventional hydrogen bond with Arg104 of
Hb, and the complex was stabilized by other four
alkyl or π-alkyl hydrophobic interactions with Phe36,
Leu100, Ala135 and Tyr145. The Gibb’s free energy of
germacrone–Hb interaction was estimated to be
�7.0 kcal/mol. The curdione–Hb complex was generated
by forming two conventional hydrogen bonds among the
carbonyl group at C-4 of curdione and Val1 or Ser138 of
Hb and stabilized by four alkyl or π-alkyl hydrophobic
interactions with Trp37, Pro95, Lys127 and Ala130, with
predicted free energy of �6.9 kcal/mol (Figure 4).

3.6 | The validation of binding of
representative sesquiterpenes in ZTOI to
Hb by SPR

The interactions between representative sesquiterpenes
in ZTOI and Hb were further validated by SPR, one of
the most prominent optical biosensor technologies in
analysing real-time biomolecular interaction.24 The ace-
tate buffer at pH 5.5 was used, because it generated the
highest response of Hb (Figure S1). The binding reaction
was characterized by injections of sesquiterpenes at

F I GURE 2 Ultraviolet–visible absorption
spectrum determination. (A) The ultraviolet–
visible absorption spectrum of haemoglobin

(Hb) treated with normal or abnormal zedoary

turmeric oil injection (ZTOI, 1 mg/ml). OD,

optical density. (B) The absorbance at 406 nm of

Hb treated with normal or abnormal ZTOI.
***p < 0.001

F I GURE 3 Total ion chromatography of zedoary turmeric oil

injection by GC–MS. Partial monoterpenes and sesquiterpenes were

identified, including (1) eucalyptol, (2) linalool, (3) (�)-camphor,

(4) isoborneol, (5) (+)-α-terpineol, (6) δ-elemene, (7) β-elemene,

(8) caryophyllene, (9) γ-elemene, (10) humulene, (11) curzerene,

(12) germacrene B, (13) β-elemenone, (14) neocurdione,

(15) germacrone, (16) curdione and (17) curcumenone
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different concentrations over the Hb immobilized on the
biosensor chip surface. In total, 9138.1 response unit
of Hb was immobilized (Figure S2). Germacrone,
furanodiene, curdione and β-elemene all exhibited
kinetic binding characteristics when interacting with
Hb. Fitted by 1:1 binding model, the KD values of
germacrone and furanodiene were 7.540 � 10�5 M and
1.825 � 10�5 M, respectively. Furthermore, curdione and
β-elemene showed higher affinity to Hb, with their KD
values to be 3.795 � 10�6 M and 2.272 � 10�6 M, respec-
tively (Figure 5). Thus, these representative sesquiter-
penes in ZTOI showed high binding affinity to Hb, which
might be the potential substances in ZTO inducing
dyspnoea.

4 | DISCUSSION

Dyspnoea, considered as a subjective experience of
breathing discomfort that consists of qualitatively distinct
sensations of varying intensity, is also a common type of
adverse drug reaction causing an unpleasant clinical out-
come.25 Due to the excellent antiviral bioactivity, the
application of ZTO in clinic has been paid close attention,
which, however, is impeded by the frustrating induced
dyspnoea. Therefore, it is of great importance to under-
stand the potential biological process behind the ZTO-
induced dyspnoea, which would be helpful for safer
usage of ZTO in clinic.

Network pharmacology is an interdisciplinary
approach based on artificial intelligence and big data,
characterized by its systematic nature, relevance and pre-
dictability, which was firstly performed to explore the
clue of ZTO-induced dyspnoea in our study.26 The
compound-target network revealed some key compo-
nents in ZTO strongly involved in dyspnoea with
higher values of degree, BC and CC, including
demethoxycurcumin, ar-turmerone, reynosin, camphor,
β-elemene and furanodiene. Among them, β-elemene, a
typical sesquiterpene in ZTO, has aroused interest
worldwide by exhibiting potent therapeutic effects
on treatment of multiple carcinomas, including
hepatocarcinoma, glioblastoma, non-small-cell lung can-
cer and cervical cancer.27 However, dyspnoea and cyano-
sis induced by β-elemene, the similar adverse drug
reactions to ZTO, are observed when β-elemene was
administered in clinic. For example, the intrapleural
injection of elemene to the patients suffering from malig-
nant pleural effusion induced dyspnoea, accompanied
with cyanosis, severe chest pain and wheezing. Apart
from dyspnoea, it was reported that fever, phlebitis and
liver dysfunction also occurred when β-elemene was
administered as well as some gastric abnormalities.28

Camphor is a cyclic monoterpene originally discovered in
the wood of the camphor laurel (Cinnamomum cam-
phora) which is famous for its local anaesthetic effect.
Nevertheless, it is concerned for its neurotoxicity and
hepatoxicity due to the degenerative and necrotic

TAB L E 2 The identification of compounds in zedoary turmeric oil injection

Peak No. Compounds Formula Molecular weight tR (min) Ion information (m/z)

1 Eucalyptol C10H18O 154.25 6.914 111.1798, 108.1894, 84.1720, 81.1999, 71.1693

2 Linalool C10H18O 154.25 7.904 93.1877, 71.1999, 69.1508, 55.1493

3 (�)-Camphor C10H16O 152.23 8.677 108.1420, 95.1999, 81.1620, 69.1290

4 Isoborneol C10H18O 154.25 8.851 121.1140, 110.0161, 95.1999, 93.1187

5 (+)-α-Terpineol C10H18O 154.25 9.315 136.1744, 121.1827, 93.1892, 81.1528, 59.1999

6 δ-Elemene C15H24 204.35 11.396 136.1605, 121.1999, 93.1656, 91.1276

7 β-Elemene C15H24 204.35 12.138 107.1682, 93.1999, 81.1872, 67.1573

8 Caryophyllene C15H24 204.35 12.556 133.1901, 93.1999, 91.1800, 79.0630, 69.1629

9 γ-Elemene C15H24 204.35 12.669 121.1999, 107.1436, 93.1607

10 Humulene C15H24 204.35 12.991 121.1299, 93.1999, 92.1185, 80.1335

11 Curzerene C15H20O 216.32 13.527 148.1407, 108.1999, 91.1149, 79.1143

12 Germacrene B C15H24 204.35 14.365 121.1999, 119.1439, 107.1532, 105.1578, 93.1664

13 β-Elemenone C15H22O 218.33 14.958 135.1875, 121.1800, 107.1999, 93.1392, 91.1329, 67.1332

14 Neocurdione C15H24O2 236.35 16.225 180.1999, 167.1943, 109.1549, 69.0541, 68.1259, 55.1259

15 Germacrone C15H22O 218.33 16.376 136.1605, 135.1798, 107.1999, 67.1421

16 Curdione C15H24O2 236.35 16.685 180.1999, 167.1840, 109.1824, 69.1816, 55.1438

17 Curcumenone C15H22O2 234.34 18.488 176.1999, 161.1710, 149.1702, 68.1672, 67.1512
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changes in the central nervous system and massive hepa-
tocellular damage after chronic oral exposure to cam-
phor.29 And the relationship among neurodevelopmental
disorders, liver disease and hypoxia or hypoxia inducible
factor signalling pathway which is enriched by KEGG
pathway analysis in our study has been extensively dis-
cussed, leading to a potential clue of ZTO compound-
related tissue hypoxia.30,31 Hence, β-elemene or camphor
should be focused for their potential roles in ZTO-

induced dyspnoea and considered in the quality control
methodology for ZTO. Apart from some key compounds,
some potential targets were also highlighted by network
pharmacology study. The compound-target network
suggested that PTGS2 had a high value of Degree,
suggesting its potential role in ZTO-induced dyspnoea. It
has been reported that the expression of prostaglandin H
synthase 2 in cytotrophoblasts isolated from term pla-
centas was up-regulated in the hypoxic atmosphere and

F I GURE 4 Molecular docking of different compounds with haemoglobin. (A) β-Elemene, (B) furanodiene, (C) germacrone and

(D) curdione
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its enzyme activity, indicated by increased prostaglandin
E2 and thromboxane release.32 Besides, the reactive oxy-
gen species metabolism was highlighted in the GO
enrichment analysis as a key biological process. It was
demonstrated that the elevated reactive oxygen species
could cause diaphragm muscle weakness, which might
deteriorate breathing abnormalities, exercise intolerance
and dyspnoea.33 It was also revealed that the reactive
oxygen species evoked by mitochondrial dysfunction cau-
sed nociceptor hyperexcitability, which is associated with
airway sensory nerve excitability, a key determinant of
respiratory disease-associated reflexes and sensations
such as cough and dyspnoea.34 These potential relation-
ships expand the idea in exploring the mechanism under-
lying ZTO or other drug-induced dyspnoea. Therefore,
importantly, the advantage of network pharmacology-
driven strategy could be emphasized for the rapid screen-
ing of candidate components which might be the risk fac-
tor inducing adverse drug action to enhance the
pertinence of quality control for the safer clinical
drug use.

As indicated by the GO enrichment analysis, the
haem binding might be a critical molecular function
strongly involved in ZTO-related dyspnoea. Therefore,
Hb was targeted for further analysis. It is well known that
Hb is a tetramer consisting of two α-subunits and two
β-subunits, and each subunit has a binding pocket for
haem which consists of a ferrous ion in the centre of por-
phyrin and coordinated by the four nitrogen atoms of
porphyrin ring. The ferrous ion is covalently anchored to
Hb at the haem pocket by an imidazole of the histidine
residue, which allows the ferrous ion to bind to the oxy-
gen, giving Hb the function of carrying oxygen.35,36 It is
discovered that the strong Soret band at about 406 nm in

the UV–visible absorption spectrum of Hb originates
from the haem group, of which shape, position and
intensity can provide critical information about the possi-
ble interactions. It was demonstrated in our study that
the treatment of either normal or abnormal ZTOI
decreased the peak intensity of Soret band and a trend of
peak shape changing into a non-Gaussian shape was
observed with the treatment of ZTOI by using UV–visible
absorption spectrum measurement, suggesting an inter-
action between ZTOI and oxygen binding domain of
Hb. Notably, it was reported that the transition to non-
Gaussian shape of the Soret band indicated the location
move of the iron atom from the in-plane toward the out-
of-haem plane, which generates a conformational hetero-
geneity.13 Thus, our study suggested a potential perturba-
tion on the structure of haem by ZTOI. Importantly, it
was noticed that the patients with structural mutation in
Hb were suffering from a decreased oxygen affinity, with
clinical manifestation as dyspnoea, lower oxygen satura-
tion, cyanosis and tissue hypoxia.12,37,38 Thus, a disturbed
Hb-based mechanism was proposed to elucidate the
ZTO-induced dyspnoea. Additionally, there are other
cases of drug-induced dyspnoea which are related to the
perturbed Hb. For instance, a patient with nephrotic syn-
drome presented with shortness of breath after adminis-
tration of dapsone which was considered as the cause of
methaemoglobinaemia by oxidating Fe2+.39 Therefore, it
is speculated that Hb would be a critical target strongly
associated with the drug-induced dyspnoea.

Moreover, our study focuses on the main compounds
in ZTO. However, as a medical product applied in clinic,
the potential role of excipients in ZTOI in inducing dys-
pnoea should be also considered. In the production of
ZTOI, Tween 80 is largely used as the excipient to improve

F I GURE 5 Surface plasmon

resonance sensorgrams of different

compounds with haemoglobin. (A) β-
Elemene, (B) furanodiene,

(C) germacrone and (D) curdione
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the solubility of ZTO. In our study, the effect of ZTO on
the Hb was designed using both normal and abnormal
ZTOI which had the same concentration of Tween 80.
Although the main sesquiterpenes in the ZTOI, including
β-elemene, furanodiene, germacrone and curdione, were
highlighted with responsibilities to the dyspnoea induced
by ZTO, the potential role of Tween 80 in inducing
adverse drug reactions cannot be ignored. Notably, it has
been reported that Tween 80 plays a critical role in the
onset of dyspnoea or other adverse drug reactions, like
anaphylactoid reaction, suggesting its role as a risk factor
inducing adverse drug reaction.40,41 Unfortunately, the
content of Tween 80 is less concerned in the quality con-
trol of ZTOI. Therefore, it is critical that the quality control
of ZTOI should be optimized with the consideration of
suitable content of Tween 80, and it is meaningful to clar-
ify the potential role of Tween 80 in the pathogenesis of
dyspnoea or other adverse drug reactions.

In our study, the interaction between ZTO and Hb
was tested in vitro. Thus, an in vivo study is encouraged
for the in-depth elucidation of the relationships among
ZTO, Hb and dyspnoea. For example, the dose-toxic
effect of ZTO should be further investigated, which might
be helpful for avoiding the onset of ZTO adverse drug
reactions. Generally, our study revealed an intervened
Hb-based mechanism, which might be helpful for under-
standing biological processes of dyspnoea induced by
other medical products. Meanwhile, this proposed mech-
anism would also be a useful basis for quality control
methodology to better ensure the clinical safety of herbal
medical products.
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