Interdisciplinary Sciences: Computational Life Sciences (2022) 14:15-21
https://doi.org/10.1007/512539-021-00487-8

REVIEW q

Check for
updates

Machine Learning Applications in Drug Repurposing
Fan Yang'2® . Qi Zhang? - Xiaokang Ji'? - Yanchun Zhang?* - Wentao Li® - Shaoliang Peng>®’ . Fuzhong Xue'*

Received: 17 June 2021/ Revised: 23 September 2021 / Accepted: 13 October 2021 / Published online: 23 January 2022
© International Association of Scientists in the Interdisciplinary Areas 2021

Abstract

The coronavirus disease (COVID-19) has led to an rush to repurpose existing drugs, although the underlying evidence base
is of variable quality. Drug repurposing is a technique by taking advantage of existing known drugs or drug combinations to
be explored in an unexpected medical scenario. Drug repurposing, hence, plays a vital role in accelerating the pre-clinical
process of designing novel drugs by saving time and cost compared to the traditional de novo drug discovery processes. Since
drug repurposing depends on massive observed data from existing drugs and diseases, the tremendous growth of publicly
available large-scale machine learning methods supplies the state-of-the-art application of data science to signaling disease,
medicine, therapeutics, and identifying targets with the least error. In this article, we introduce guidelines on strategies and
options of utilizing machine learning approaches for accelerating drug repurposing. We discuss how to employ machine
learning methods in studying precision medicine, and as an instance, how machine learning approaches can accelerate
COVID-19 drug repurposing by developing Chinese traditional medicine therapy. This article provides a strong reasonable-
ness for employing machine learning methods for drug repurposing, including during fighting for COVID-19 pandemic.
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1 Introduction

As of January 27, the aggregate number of patients infected
with SARS-CoV-2 in the world has exceeded 100 million,
and the total number of deaths has reached 2 million.! There
are still 30 million confirmed patients but without receiving
specific drugs for treatment. There are two main strategies to
find effective treatment drugs for SARS-CoV-2 quickly and
effectively. One is the de novo drug design, and the other is
the drug repurposing. In which, de novo drug design is the
process of signaling new drugs or drug combinations with
starting from studying the structure of the receptor protein.
Drug repurposing is the process of signaling new effects of
drugs or drug combinations based on existing drugs. The
details of employing machine learning to assisting the drug
discovery and drug repurposing are shown in the follow-
ing sections, as well as the details describing the progress
of discovering therapeutic drug combinations for fighting
against COVID-19.

2 De Novo Drug Design

The current development of de novo drug discovery faces
grand challenges, such as long research and development
cycles, high cost, and limited experimental success rate.
In recent years, the timeliness of drug research and devel-
opment in the pharmaceutical industry is delaying yearly.
However, employing machine learning methods to mining
the properties and activities of compounds can be saving the
time and costs in an efficient way. The characteristics of drug
compounds can be represented by the molecular fingerprints
of compounds. The molecular fingerprints include static fin-
gerprints and dynamically generated fingerprints, which can
be automatically inferred in the training process by employ-
ing machine learning approaches. Specifically, representa-
tion learning employs neural network-based approaches to
training the embedding of compound features directly.
Lusci et al. [1] employed UG-RNN (update gate recur-
rent neural network) model to train the vector of the same
growth degree with molecular structure. UG-RNN model
conveyed the vector of molecular structure to the fully con-
nected neural network. Duvenaud et al. [2] trained molecular
structure into molecular fingerprints via the GCN (graph
convolution network) model. An algorithm that is mostly
used for generating new compounds is variational autoen-
coders (VAE) [3], through which the compounds’ feature
space can be mapped to a latent space using the encoder,

! https://www.medicaleconomics.com/view/coronavirus-case-numbe
rs-in-the-united-states-january-27-202 1 -update
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and decoded into a representation of the characteristics of
the original compounds through a decoder.

The strategy of combining VAE and GAN (generative
adversarial network) gained rising attention in studying
generating the new compounds. Comparing to VAE, RNN
(Recurrent neural network) is another achievable way to
design compounds. The model of RNN benefits in better to
learn the probability distribution of feature space. Jin et al.
proposed the model of GCPN [4] to construct the molecular
graph structure by employing graph convolutional neural
network along with the reinforcement learning framework.
In addition, GCPN integrated GAN to minimize the bias
between the generated distribution and the original distri-
bution. GraphAF [5] is a compound generation model that
combines the auto-regressive model with flow-based gen-
eration. The experimental results showed that GraphAF
can generate 68% of chemically valid molecules without
any priori chemical knowledge. Moflow model [6] is a
flow-based model, which can generate molecule graphs in
a certain validity guarantee by linking two probability dis-
tributions of the adjacency matrix. Jin et al. [7] proposed a
generative model and borrowed the molecular pair approach
to generate set of molecular rationales (molecular substruc-
tures). And a neural network-based approach was employed
to combine molecular rationales to design the molecule that
simultaneously conform to multiple objectives. Bung et al.
[8] proposed a generative model as the pre-training model
to learn the distribution of physical and chemical character-
istics of the compound. And the model can be used to signal
and identify SARS-CoV-2 3CLpro chemical frameworks.
Zhavoronkov et al. [9] employed deep learning-based meth-
ods consisting of autoencoders (AE), GAN, and reinforce-
ment learning to identifying small molecules that can inhibit
SARS-CoV-2 3CL protein.

Computational method-assisted drug design is mainly by
employing approaches of molecular docking and network
pharmacology. To date, there have a considerable volume of
works focused on developing methods of network pharma-
cology and molecular docking based on traditional Chinese
medicine (TCM) to fight against COVID-19 [10, 11]. The
results indicate that TCM compounds can play an indirect
therapeutic effect by directly acting on the new coronavi-
rus or by anti-inflammatory and immune regulation. Ren
et al. [12] employed data-driven approaches to obtain TCM
prescriptions as the potential treatment for pestilence from
analyzing classical prescriptions. In this study, they targeted
Mpro (3CL hydrolase) and ACE2 (angiotensin-converting
enzyme 2) as the vital docking ingredients. And they also
analyzed that Gancao (Licorice), HuangQin (Scutellaria),
Dahuang (rhubarb), and Chaihu (Bupleurum) contain
more potential target treating compounds. Yan et al. [13]
employed the network pharmacology and molecular docking
technology to explored the potential targets, signal pathways,
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Fig.1 The workflow of computational drug repurposing studies

and biological functions of Lianhua treating for COVID-19.
And this research is based on combined six mostly used
medicine databases.

3 Drug Repurposing

The effect of employing the strategy of de novo on drug
discovering is significant enrichment as mentioned above,
though the cost and timeliness of drug design is usually
unaffordable. By contrast, drugs with known mechanism of
action and pharmacokinetics can be considered as the priori
knowledge of specific domain. When discovered the poten-
tial effects of the known drug, which is more effective and
safe to be used and without having to start from scratch. In
such case, the time and economic cost are much smaller of
developing “old drugs for a new use”. Drug repurposing is
a plausible strategy and highly promising technique that has
attracted growing attention from governments and pharma-
ceutical companies for its outstanding performance in saving
time and cost. Al technology assisted drug relocation further
on reducing time and economic costs. The workflow of the
drug repurposing is described in Fig. 1.

Drug repurposing can benefit from new computational
methods in detecting relationships among various types of
biological entities such as genes, portions, diseases, and
drugs. This study has the advantage in identifying alterna-
tive therapeutic indications for existing drugs.

Since the outbreak of the COVID-19 epidemic, drug
repurposing has become the most used methods to signal-
ing therapeutic drugs or potential drug combinations due
to the long cycle of de novo drug design. Several drugs,
such as chloroquine, phosphoate, and radecivir, have been
used to evaluate the therapeutic effect for COVID-19. Drug
repurposing can win in high efficiency and low cost compar-
ing with the traditional drug discovery strategy. Besides, it
has more advantages in treating pandemic, like COVID-19.

Evaluation for
reposntlomng approaches

Experiment validation
and clinical trials

» Experimental validation

+ Cross validation

+ Case analysis

« Evaluation metrics
> AUC \
> AUPR
» Top-n predicted results

« Clinical trials

Baritinib is a drug to treat theumatoid arthritis. After out-
break of COVID-19, Benevolent Al Company discovered
that AAK1 is a regulatory factor in the process of SARS-
CoC-2 infection by generating a drug-knowledge-graph.
However, Baritinib can inhibit the activity of AAK1 without
obvious side effects. Guney et al. [14] quantified the thera-
peutic effects of drugs and predicted new drug-disease asso-
ciations by utilizing biological information to measuring the
quantified interplay between drug targets and diseases. Zeng
et al. [15] proposed an integrative deep network to generate
a large network containing multiple relationships, collect-
ing a large volume of expectations from PubMed and Drug-
Bank database to embedding the entity as the vector repre-
sentation. The results showed that 41 repurposable drugs
were predicted (including dexamethasone, indomethacin,
niclosamide, and toremifene) to be considered as potential
therapeutic drugs for treating SARS-CoV-2. The big picture
of utilizing machine learning methods to developing drug
repurposing is shown in Fig. 2.

By constructing a large computational biology network
consisting of drugs, genes, and diseases to measure the
interaction between target and biomolecule, Chen et al. [16]
treated drug combination as another form of drug repur-
posing. Beck [17] developed the model MT-DTI (molecule
transformer—drug target interaction) based on the pre-trained
drug—target interactions. MT—DTI can be used to signal the
affinity of the compounds and target protein to identify com-
mercially available drugs that could act on viral proteins
of SARS-CoV-2. The results showed that atazanavir can
be used to treat and prevent the human immunodeficiency
virus (HIV). Kim et al. [18] identified potential associations
between drugs and diseases by employing several machine
learning methods (logistic regression, random forest, and
SVM) by taking into account self-defined similarity metrics
(drug—drug similarities and disease—disease similarities).
Hooshmand et al. [19] mined possible therapeutic drugs to
treat SARS-CoV-2 by analyzing the chemical structures of
small-molecule drugs.
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Fig.2 The schema of employing machine learning approaches in studying drug repurposing

DeepPurpose [20] is a deep learning toolkit for drug—tar-
get interaction (DTI) integrating encoding-based approaches
of drug molecules and protein amino acid sequences. Bely-
aeva et al. [21] proposed a causal framework using multiple

@ Springer

data patterns to generate a causal network consisting of
nodes represented by COVID-19 and aging. The method
integrated transcriptomics, proteomics, and other omics data
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Table 1 Summary of computational methods in studying drug repurposing

Publication Year Method Research area Type of drugs

Luscietal. [1] 2013 UG-RNN de novo drug design General drug

Duvenaud et al. [2] 2015 GCN de novo drug design General drug

Duvenaud et al. [3] 2018 VAE de novo drug design General drug

Jin [4] 2019 Junction tree encoder—decoder, VAE de novo drug design General drug

Shi et al. [5] 2020 Flow-based auto-regressive model de novo drug design General drug

Zang et al. [6] 2020 Flow-based graph generative model de novo drug design General drug

Jin et al. [7] 2020 Graph generative models. de novo drug design General drug

Bung et al. [8] 2021 Transfer learning, Reinforcement learning de novo drug design Drug for SARS-CoV-2
Zhavoronkov et al. [9] 2021 Autoencoder, GAN, Reinforcement learning de novo drug design Drug for SARS-CoV-2
Guney et al. [14] 2016 Network-based Drug repurposing General drug

Zeng et al. [15] 2020 DGL-KE, RotatE Drug repurposing Drug for SARS-CoV-2

Wu et al. [16] 2013 Network-based Drug repurposing General drug

Beck etal. [17] 2020 MT-DTI, Molecule Transformer Drug repurposing Drug for SARS-CoV-2

Kim et al. [18] 2019 logistic regression, Random forest, SVM Drug repurposing Traditional Chinese medicine
Hooshmand et al. [19] 2020 MM-RBM Drug repurposing Drug for SARS-CoV-2
Huang et al. [20] 2020 Reinforcement learning Drug repurposing General drug

Belyaeva et al. [21] 2021 Causal network models Drug repurposing Drug for SARS-CoV-2

Liu et al. [22] 2021 Causal inference, LSTM Drug repurposing General drug

Wang et al. [24] 2021 ANN Drug repurposing Traditional drug

Liao et al. [25] 2018 CNN Drug repurposing Traditional Chinese medicine
Guo et al. [26] 2019 Unsupervised clustering Drug repurposing Traditional Chinese medicine
Ruan et al. [28] 2019 Graph embedding based framework Drug repurposing Traditional Chinese medicine
Wang et al. [29] 2019 SVM, DT, KNN Drug repurposing Traditional Chinese medicine
Liu et al. [30] 2019 Attention, LSTM Drug repurposing Traditional Chinese medicine

to identify a target located in the pathway of COVID-19
infection.

3.1 Drug Repurposing with Real-World Data

Researches based on the real world can take advantage
of massive data to reflect the actual process of diagnosis,
treatment, and the health status of patients in the real
situation. Since traditional statistical methods limited in
handling the large volume of data, deep learning can be
employed to signaling and mining treasures from mas-
sive real-world data owing to its outstanding power. Liu
et al. [22] generated a framework for drug repurposing
to estimating the effect of one single drug by taking into
account the feature space of existing known drugs. After
given a cohort of patients, potential drugs were extracted,
and each drug can be categorized to the intervention
group and a control group. Confounders and disease pro-
gression in the two cohorts were estimated, and LSTM
combined with the attention mechanism was used to cor-
rect the bias, and finally, a drug with therapeutic effect
was obtained.

4 Drug Repurposing of Traditional Chinese
Medicine

Comparing the aforementioned studying in mining small-
molecule repurposing drugs, there are a few of studies on
using machine learning to find TCM treatment for COVID-
19 [23]. Wang et al. [24] used an ontology-based side-
effect prediction framework (OSPF) integrating the neural
network-based methods to evaluate the TCM prescriptions
officially recommended by China Health Ministry as the
treatment of COVID-19. The results showed that QFPD-
T, HSBD-F, PMSP, GCT-CJ, SF-ZSY, and HSYF-F can be
regarded as the potential therapeutic treatments. Liao et al.
[25] used deep learning approaches to mine the relation-
ship between patients’ facial and prescriptions and propose
to construct convolutional neural networks that generate
TCM prescriptions according to the patient’s face image.
Guo et al. [26] conducted hierarchical clustering of TCM
using unsupervised methods to classify the compounds into
several modules with similar therapeutic functions. And
the method is to investigate the polypharmacology effect of
TCM, benefit to clarifying the mechanism of action of TCM,
and providing new possibilities for disease treatment. Weng
et al. [27] proposed a framework for automated medical
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knowledge graph construction based on semantic analysis,
which automatically extracted semantic reasoning through
the graph. The computed TCM prescription can be intro-
duced to diagnosis based on clinical symptoms.

Table 1 describes an overview of computational drug
repurposing studies, consisting of the adopted strategies,
computational approaches, and main techniques.

5 Summary of Machine Learning
Applications in Drug Repurposing

Machine learning methods play a vital role in studying drug
repurposing; in which traditional machine learning mainly
include, such as Logistic Regression, Random Forest, Sup-
port Vector machine, KNN and RotatE, etc. [15, 18, 29],
which are mainly used in the early stage. During the past
decades, deep learning methods own the more significant
power in signaling and discovering repurposable drugs, such
as RNN [1], GCN [2], CNN [25], GNN [7, 28], LSTM [22,
30], VAE [4], and Transformer methods [17]. In addition,
deep learning approaches can extract more informative fea-
tures with respect to molecules and mapping these molecule
structures to potential spaces. Since, flow-based models can
switch the distribution of features, which have been got more
attention [5, 6].

6 Conclusion

Machine learning plays an important role in studying drug
repurposing, especially since the occurrence of COVID-19,
scientists around the world used machine learning-based
approaches to signal effective drugs. At present, there are
still some problems, such as the black box problem of deep
learning to signaling repurposable drugs causing hard
to explain the rationality of the results. It is necessary to
develop interpretable deep learning and causal learning
along with the traditional drug discovery experiments. Fur-
thermore, it is the fusion problem of the general field of
machine learning in drug development, how to better char-
acterize molecules and their conformational changes, to bet-
ter extract the characteristics of molecules. By developing
machine learning methods, we can accelerate drug discovery
and improve human health in a way that has never been pos-
sible before.

Acknowledgements This work was supported by the China Post-
doctoral Science Foundation (2019M662373) and the National Key
Research and Development Program of China (2020YFC2003500,
2017YFB0202602, 2018YFC0910405, 2017YFC1311003,
2016YFC1302500, 2016 YFB0200400, and 2017YFB0202104).

@ Springer

Declarations

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

References

1. Lusci A, Pollastri G, Baldi P (2013) Deep architectures and deep
learning in chemoinformatics: the prediction of aqueous solubility
for drug-like molecules. J] Chem Inform Model 53(7):1563-1575.
https://doi.org/10.1021/ci400187y

2. Duvenaud D, Maclaurin D, Aguilera-Iparraguirre J, Gémez-Bom-
barelli R, Hirzel T, Aspuru-Guzik A, Adams RP (2015) Convo-
lutional networks on graphs for learning molecular fingerprints.
arXiv preprint arXiv:1509.09292

3. Go6mez-Bombarelli R, Wei JN, Duvenaud D, Hernandez-Lobato
IM, Séanchez-Lengeling B, Sheberla D, Aguilera-Iparraguirre J,
Hirzel TD, Adams RP, Aspuru-Guzik A (2018) Automatic chemi-
cal design using a data-driven continuous representation of mol-
ecules. ACS Central Sci 4(2):268-276. https://doi.org/10.1021/
acscentsci.7b00572

4. Jin W, Yang K, Barzilay R, Jaakkola T (2018) Learning mul-
timodal graph-to-graph translation for molecular optimization.
arXiv preprint arXiv:1812.01070

5. ShiC, Xu M, Zhu Z, Zhang W, Zhang M, Tang J (2020) Graphaf:
a flow-based autoregressive model for molecular graph generation.
arXiv preprint arXiv:2001.09382

6. Zang C, Wang F (2020) Moflow: an invertible flow model for gen-
erating molecular graphs. In: Proceedings of the 26th ACM SIG-
KDD International Conference on Knowledge Discovery and Data
Mining, pp. 617-626. https://doi.org/10.1145/3394486.3403104

7. Jin W, Barzilay R, Jaakkola T (2020) Multi-objective molecule
generation using interpretable substructures. In: International
Conference on Machine Learning. PMLR, pp. 4849-4859. http://
proceedings.mlr.press/v119/jin20b.html

8. Bung N, Krishnan SR, Bulusu G, Roy A (2021) De novo design
of new chemical entities for sars-cov-2 using artificial intelli-
gence. Fut Med Chem 13(06):575-585. https://doi.org/10.4155/
fmc-2020-0262

9. Zhavoronkov A, Zagribelnyy B, Zhebrak A, Aladinskiy V, Teren-
tiev V, Vanhaelen Q, Bezrukov DS, Polykovskiy D, Shayakhmetov
R, Filimonov A, Bishop M (2020) Potential non-covalent SARS-
CoV-2 3C-like protease inhibitors designed using generative deep
learning approaches and reviewed by human medicinal chemist in
virtual reality. https://doi.org/10.26434/chemrxiv.12301457.v1

10. Cai Y, Zeng M, Chen YZ (2021) The pharmacological mecha-
nism of huashi baidu formula for the treatment of covid-19 by
combined network pharmacology and molecular docking. Ann
Palliat Med. https://doi.org/10.21037/apm-20-1759

11. Xia QD, Xun Y, LuJL, Lu YC, Yang YY, Zhou P, Hu J, Li C,
Wang SG (2020) Network pharmacology and molecular docking
analyses on lianhua qingwen capsule indicate aktl is a potential
target to treat and prevent covid-19. Cell Proliferat 53(12):12949.
https://doi.org/10.1111/cpr.12949

12. Ren X, Shao XX, Li XX, Jia XH, Song T, Zhou WY, Wang P, Li
Y, Wang XL, Cui QH et al (2020) Identifying potential treatments
of covid-19 from traditional chinese medicine (tcm) by using a
data-driven approach. J Ethnopharmacol 258:112932. https://doi.
org/10.1016/j.jep.2020.112932

13. Yan H, Zou C (2021) Mechanism and material basis of lianhua
gingwen capsule for improving clinical cure rate of covid-19: a
study based on network pharmacology and molecular docking


https://doi.org/10.1021/ci400187y
http://arxiv.org/abs/1509.09292
https://doi.org/10.1021/acscentsci.7b00572
https://doi.org/10.1021/acscentsci.7b00572
http://arxiv.org/abs/1812.01070
http://arxiv.org/abs/2001.09382
https://doi.org/10.1145/3394486.3403104
http://proceedings.mlr.press/v119/jin20b.html
http://proceedings.mlr.press/v119/jin20b.html
https://doi.org/10.4155/fmc-2020-0262
https://doi.org/10.4155/fmc-2020-0262
https://doi.org/10.26434/chemrxiv.12301457.v1
https://doi.org/10.21037/apm-20-1759
https://doi.org/10.1111/cpr.12949
https://doi.org/10.1016/j.jep.2020.112932
https://doi.org/10.1016/j.jep.2020.112932

Interdisciplinary Sciences: Computational Life Sciences (2022) 14:15-21

21

15.

16.

17.

18.

19.

20.

21.

22.

technology. J South Med Univ 41(1):20-30. https://doi.org/10.
12122/j.issn.1673-4254.2021.01.03

Guney E, Menche J, Vidal M, Barabasi AL (2016) Network-based
in silico drug efficacy screening. Nat Commun 7(1):1-13. https://
doi.org/10.1038/ncomms 10331

Zeng X, Song X, Ma T, Pan X, Zhou Y, Hou Y, Zhang Z, Li
K, Karypis G, Cheng F (2020) Repurpose open data to discover
therapeutics for covid-19 using deep learning. J Proteome Res
19(11):4624-4636. https://doi.org/10.1021/acs.jproteome.0c003
16

Wu Z, Wang Y, Chen L (2013) Network-based drug reposi-
tioning. Mol BioSyst 9(6):1268-1281. https://doi.org/10.1007/
978-1-4939-8955-3_6

Beck BR, Shin B, Choi Y, Park S, Kang K (2020) Predicting
commercially available antiviral drugs that may act on the novel
coronavirus (sars-cov-2) through a drug-target interaction deep
learning model. Comput Struct Biotechnol J 18:784—790. https://
doi.org/10.1016/j.csbj.2020.03.025

Kim E, Choi AS, Nam H (2019) Drug repositioning of herbal
compounds via a machine-learning approach. BMC Bioinform
20(10):33—-43. https://doi.org/10.1186/s12859-019-2811-8
Hooshmand SA, Ghobadi MZ, Hooshmand SE, Jamalkandi SA,
Alavi SM, Masoudi-Nejad AA (2020) A multimodal deep learn-
ing-based drug repurposing approach for treatment of covid-19.
Mol Diver 1-14. https://doi.org/10.1007/s11030-020-10144-9
Huang K, Fu T, Xiao C, Glass L, Sun J (2020) Deeppurpose:
a deep learning based drug repurposing toolkit. arXiv preprint
arXiv:2004.08919

Belyaeva A, Cammarata L, Radhakrishnan A, Squires C, Dai Yang
K, Shivashankar G, Uhler C (2021) Causal network models of
sars-cov-2 expression and aging to identify candidates for drug
repurposing. Nat Commun 12(1):1-13. https://doi.org/10.1038/
$41467-021-21056-z

Liu R, Wei L, Zhang P (2021) A deep learning framework for
drug repurposing via emulating clinical trials on real-world
patient data. Nat Mach Intell 3(1):68-75. https://doi.org/10.1038/
$42256-020-00276-w

23.

24.

25.

26.

217.

28.

29.

30.

Capodice JL, Chubak BM (2021) Traditional Chinese herbal
medicine-potential therapeutic application for the treatment
of covid-19. Chin Med 16(1):1-6. https://doi.org/10.1186/
$13020-020-00419-6

Wang Z, Li L, Song M, Yan J, ShiJ, Yao Y (2021) Evaluating
the traditional Chinese medicine (tcm) officially recommended
in china for covid-19 using ontology-based side-effect predic-
tion framework (ospf) and deep learning. J Ethnopharmacol
272:113957. https://doi.org/10.1016/j.jep.2021.113957

Liao H, Wen G, Hu Y, Wang C (2019) Convolutional herbal pre-
scription building method from multi-scale facial features. Mul-
timed Tools Appl 78(24):35665-35688. https://doi.org/10.1007/
$11042-019-08118-7

Guo F, Tang X, Zhang W, Wei J, Tang S, Wu H, Yang H (2020)
Exploration of the mechanism of traditional Chinese medicine
by ai approach using unsupervised machine learning for cellular
functional similarity of compounds in heterogeneous networks,
xiaoerfupi granules as an example. Pharmacol Res 160:105077.
https://doi.org/10.1007/s11042-019-08118-7

Weng H, Liu Z, Yan S, Fan M, Ou A, Chen D, Hao TA (2017)
Framework for automated knowledge graph construction towards
traditional Chinese medicine. In: International Conference on
Health Information Science. Springer, pp. 170-181. https://doi.
org/10.1007/978-3-319-69182-4_18

Ruan C, Mal, Wang Y, Zhang Y, Yang Y, Kraus S (2019) Discov-
ering regularities from traditional Chinese medicine prescriptions
via bipartite embedding model. In: IICAI, pp. 3346-3352. https://
doi.org/10.24963/ijcai.2019/464

Wang Y, Jafari M, Tang Y, Tang J (2019) Predicting meridian in
Chinese traditional medicine using machine learning approaches.
PLoS Comput Biol 15(11):e1007249. https://doi.org/10.1371/
journal.pcbi. 1007249

Liu Z, Zheng Z, Guo X, Qi L, Gui J, Fu D, Yao Q, Jin L (2019)
Attentiveherb: a novel method for traditional medicine prescrip-
tion generation. IEEE Access 7:139069—-139085. https://doi.org/
10.1109/ACCESS.2019.2941503

@ Springer


https://doi.org/10.12122/j.issn.1673-4254.2021.01.03
https://doi.org/10.12122/j.issn.1673-4254.2021.01.03
https://doi.org/10.1038/ncomms10331
https://doi.org/10.1038/ncomms10331
https://doi.org/10.1021/acs.jproteome.0c00316
https://doi.org/10.1021/acs.jproteome.0c00316
https://doi.org/10.1007/978-1-4939-8955-3_6
https://doi.org/10.1007/978-1-4939-8955-3_6
https://doi.org/10.1016/j.csbj.2020.03.025
https://doi.org/10.1016/j.csbj.2020.03.025
https://doi.org/10.1186/s12859-019-2811-8
https://doi.org/10.1007/s11030-020-10144-9
http://arxiv.org/abs/2004.08919
https://doi.org/10.1038/s41467-021-21056-z
https://doi.org/10.1038/s41467-021-21056-z
https://doi.org/10.1038/s42256-020-00276-w
https://doi.org/10.1038/s42256-020-00276-w
https://doi.org/10.1186/s13020-020-00419-6
https://doi.org/10.1186/s13020-020-00419-6
https://doi.org/10.1016/j.jep.2021.113957
https://doi.org/10.1007/s11042-019-08118-7
https://doi.org/10.1007/s11042-019-08118-7
https://doi.org/10.1007/s11042-019-08118-7
https://doi.org/10.1007/978-3-319-69182-4_18
https://doi.org/10.1007/978-3-319-69182-4_18
https://doi.org/10.24963/ijcai.2019/464
https://doi.org/10.24963/ijcai.2019/464
https://doi.org/10.1371/journal.pcbi.1007249
https://doi.org/10.1371/journal.pcbi.1007249
https://doi.org/10.1109/ACCESS.2019.2941503
https://doi.org/10.1109/ACCESS.2019.2941503

	Machine Learning Applications in Drug Repurposing
	Abstract
	1 Introduction
	2 De Novo Drug Design
	3 Drug Repurposing
	3.1 Drug Repurposing with Real-World Data

	4 Drug Repurposing of Traditional Chinese Medicine
	5 Summary of Machine Learning Applications in Drug Repurposing
	6 Conclusion
	Acknowledgements 
	References




