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Abstract 

Background:  In biological systems, metabolomics can not only contribute to the discovery of metabolic signatures 
for disease diagnosis, but is very helpful to illustrate the underlying molecular disease-causing mechanism. Therefore, 
identification of disease-related metabolites is of great significance for comprehensively understanding the patho-
genesis of diseases and improving clinical medicine.

Results:  In the paper, we propose a disease and literature driven metabolism prediction model (DLMPM) to identify 
the potential associations between metabolites and diseases based on latent factor model. We build the disease glos-
sary with disease terms from different databases and an association matrix based on the mapping between diseases 
and metabolites. The similarity of diseases and metabolites is used to complete the association matrix. Finally, we 
predict potential associations between metabolites and diseases based on the matrix decomposition method. In 
total, 1,406 direct associations between diseases and metabolites are found. There are 119,206 unknown associations 
between diseases and metabolites predicted with a coverage rate of 80.88%. Subsequently, we extract training sets 
and testing sets based on data increment from the database of disease-related metabolites and assess the perfor-
mance of DLMPM on 19 diseases. As a result, DLMPM is proven to be successful in predicting potential metabolic 
signatures for human diseases with an average AUC value of 82.33%.

Conclusion:  In this paper, a computational model is proposed for exploring metabolite-disease pairs and has good 
performance in predicting potential metabolites related to diseases through adequate validation. The results show 
that DLMPM has a better performance in prioritizing candidate diseases-related metabolites compared with the previ-
ous methods and would be helpful for researchers to reveal more information about human diseases.

Keywords:  Metabolite, Disease similarity, Disease diagnosis, Matrix decomposition

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
It is an important challenge to reveal the relationship 
between disease phenotype and potential cell dysfunc-
tion in the biomedicine field [1–3]. In the past decades, 
people have been working on gene-based methods to 
identify specific genetic defects. However, most cell 
components perform their functions through complex 
networks involving gene regulation, metabolism and pro-
tein–protein interaction. Although these methods have 
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made great progress in disease treatment, it is still far 
from enough [2, 4, 5]. In clinical practice, metabolites are 
often used as biological indicators for disease diagnosis 
[6]. For example, people have been using small amounts 
of metabolites to assess individual health, such as glucose, 
cholesterol, creatinine, urea and so on. A large number 
of metabolites are also used as biomarkers for the diag-
nosis and treatment of congenital metabolic defects [7]. 
However, in the face of diseases caused by multiple fac-
tors such as type 2 diabetes, metabolic syndrome or neu-
rodegenerative disease, clinical diagnosis and treatment 
urgently need more types of biomarkers [6].

Metabonomics, an important part of system biology, 
is a way to analyze metabolites quantitatively and iden-
tify the relationship between metabolites and physi-
ological and pathological changes. The emergence of 
metabonomics has improved our understanding of 
intracellular metabolites [8]. In addition, in all omics, it 
is considered to be closer to the biological phenotypes, 
so metabonomics is an effective approach to study them 
[9, 10]. For example, metabonomics can be used as a 
powerful tool for human precision medicine [11]. Some 
researchers have selected 80 healthy volunteers for meta-
bonomics research. The results show that the changes of 
metabolites are individual specific and related to genetic 
changes, which can be used for disease risk assessment 
[12]. Therefore, studying the interaction between metab-
olites and disease phenotypes can help people under-
stand more about the regulatory networks in organisms.

In a metabolic network, a metabolite is not only associ-
ated with a sole disease, but also with a variety of diseases 
[13]. Therefore, the adjacent metabolites with functional 
associations are more likely to be related to the same or 
similar diseases [2]. This suggests that functional asso-
ciations between metabolites can be measured by dis-
ease similarity. This paper aims to identify more potential 
disease-related metabolites by analyzing metabolites 
and disease data, and propose a disease-related metabo-
lite prediction method integrating disease and literature 
based on latent factor model.

The contribution of this paper is mainly shown in the 
following aspects:

a)	 A disease vocabulary is built, by which can further 
expand the application of the disease ontology.

b)	 The metabolite-related disease similarity and the lit-
erature associations of metabolites are concurrently 
considered. It can better reflect the relationship 
between metabolites and diseases.

c)	 Using the disease and metabolite similarity to 
identify the unknown association between them 
can effectively avoid the problem of data sparsity 
and improve the prediction accuracy of disease-

related metabolites combining with the matrix 
decomposition method.

Results
In the paper, we propose a disease and literature driven 
metabolism prediction model (DLMPM) to identify the 
potential associations between metabolites and diseases 
based on latent factor model. The workflow of the com-
putational model is shown in Fig. 1.

The disease and literature driven metabolism predic-
tion model (DLMPM) is proposed to predict the asso-
ciation between diseases and metabolites by using the 
known disease similarity and the related metabolite 
literature correlation scores. Firstly, the disease terms 
are extracted from the experimental data that is pre-
processed. A disease vocabulary is constructed by the 
synonym mapping between the disease terms. Then, 
according to the disease vocabulary and the associations 
between known diseases and metabolites, the mapping 
between disease ontology items and metabolites is estab-
lished; Based on the mapping, the unknown associa-
tions between diseases and metabolites are identified by 
using the disease similarity and the literature association 
score of metabolites, and a predictive association matrix 
of diseases and metabolites is constructed. Finally, the 
metabolites related to diseases are classified by matrix 
decomposition method and the metabolites potentially 
associated with disease are predicted.

Metabolites and diseases
A total of 8,704 DO terms are integrated and a dis-
ease vocabulary containing 68,838 terms is built. Then, 
1,406 associations between metabolites and diseases are 
found by using the disease vocabulary and the mappings 
between metabolites and diseases provided, including 
248 disease terms and 600 metabolites.

The literature association scores between metabolites 
from STITCH are extracted and taken as the metabolite 
similarities. Finally, 27,558 associations of 492 metabo-
lites are obtained from STITCH. Meanwhile, a total of 
37,846 associations between 229 diseases are obtained 
when the disease similarities are calculated.

In total, there are 1,406 direct associations between 
diseases and metabolites. On this basis, the similarity 
calculation of diseases and metabolites is used to pre-
dict the unknown associations between diseases and 
metabolites in the relational matrix. There are 119,206 
unknown associations between diseases and metabolites 
predicted with a coverage rate of 80.88%. The distribution 
of the predicted associations based on disease similarity 
and metabolite similarity is shown in Fig.  2. When the 
unknown associations in the matrix are predicted, the 
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number of predicted associations based on both disease 
and metabolite similarity is 25,408. It is 88,175 when the 
associations predicted by the disease similarity and the 
number when the metabolite similarity used is 5,623.

Performance
In the previous study [14], we designed a validation 
scheme to extract test sets based on data increment from 
the database of disease-related metabolites. Data incre-
ment means that the volume and quality of the data in the 
disease-related metabolite database continue to expand 
and improve because the data is updated regularly. So the 
differences between the versions of the databases can be 

used to collect test data. Here the formal definition of the 
test set is given as follows:

Definition 3 Existing a bipartite graph MDG = (M, D, 
MAP), where M is the collection of metabolites and D is 
the collection of diseases, Map: MD is the collection of 
associations between diseases and metabolites. Given 
MDG1 and MDG2, for ∀d ∈ D1, if ∃m ∈ M1 ∩ M2, satisfy-
ing (m → d) ∈ Map1 and (m → d) ∈ Map2, then metabo-
lite m is one of detection targets for disease d. For ∀ 
m* ∈ M1 ∩ M2, satisfying (m* → d) ∈ Map2, then metabolite 
m* is a positive example in the test set of disease d.

The associations between metabolites and diseases 
can be seen as a bipartite graph. According to Defi-
nition 3, test data can be extracted to validate the 

Fig. 1  Schematic of metabolite prediction based on disease and literature association
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prediction model. Specifically, the prediction method 
is firstly performed by using the data in the version 
2017 of HMDB and then the test data can be extracted 
based on the version 2018. The validation process is 
shown in Fig.  3.  By comparing the different versions 
of the data, 19 diseases meet the conditions for vali-
dation. The 19 diseases and their related metabolites 

are used to assess the performance of predicting dis-
ease-associated metabolites. The average AUC value 
of DLMPM reaches 82.33%, indicating that the model 
for predicting potential disease-related metabolites 
proposed in this paper have a good performance to 
identify potential associations between diseases and 
metabolites.

Fig. 2  Distribution of the predictive associations between diseases and metabolites

Fig. 3  The validation scheme of DLMPM
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In addition, Leave One Out Cross Validation (LOOCV) 
is used to further validate the generalization ability of 
DLMPM for predicting disease-related metabolites. 
Specifically, after removing any association between 
a disease and a metabolite, DLMPM is built based on 
the other known associations and then validated with 
the removed one. We performed LOOCV for each pair 
of a disease and a metabolite and the average AUC of 
DLMPM can reach 86.83%, as shown in Fig.  4. It indi-
cates that DLMPM has a good generalization ability for 
exploring potential disease related metabolites.

Discussion
DLMPM uses the similarity of diseases and metabolites 
to complete the association matrix for the disease-related 
metabolite prediction, so an experiment is designed to 
verify the necessity of introducing disease and metabolite 
similarity. We build DLMPM_init based on direct asso-
ciations between diseases and metabolites, DLMPM_D 
based on the disease similarity, DLMPM_M based on 
the metabolite similarity. Then the test set from these 19 
diseases is used to validate these prediction models as 
shown in Fig. 5. DLMPM_init can effectively predict the 
potential association between metabolites and diseases 
with an average AUC value of 66.04%. The performance 
of DLMPM_M is better than DLMPM_init and reaches 
68.12%. Based on the disease similarity, DLMPM_D has 
an average AUC value of 73.08%. Compared with these 
methods, the prediction ability of DLMPM is greatly 
improved and its average AUC reaches 82.33%.

In addition, we compare the differences of prediction 
results with different matrix decomposition methods. 

Here we implement SVD-based recommendation algo-
rithm and LFM_NR method. SVD-based method uses 
matrix decomposition to obtain feature vectors and 
predicts the associations between diseases and metabo-
lites based on dimensionality reduction data. LFM_NR 
is similar to LFM in principle, except that there is no 
regularization in the optimization function. Then the 
test scheme based on data increment is used to validate 
these prediction models as shown in Fig. 6. SVD method 
can effectively predict the potential association between 
metabolites and diseases with an average AUC value of 
69.69%. The performance of LFM_NR is better than SVD 
and reaches 77.91%. It is clear that the predictive power 
of DLMPM is outstanding compared with these methods.

We compare DLMPM with the existing method 
FLDMN [14] that has proposed to predict potential 
disease-related metabolites. In FLDMN, a spatial vec-
tor with disease as the dimension was used to calcu-
late the similarity of metabolites and a model-based 
collaborative filtering algorithm was used to predict 
disease-related metabolites. We use the two prediction 
models to predicting potential metabolites associated 
with these 19 diseases. As shown in Fig. 7, DLMPM has 
a better performance than FLDMN in identifying dis-
ease-related metabolites. The predictive power for 13 
of these diseases is improved significantly. For example, 
for disease “Fanconi syndrome” (DOID:1062), the aver-
age AUC of FLDMN is 69.58% while DLMPM has an 
average AUC of 94.72%. In addition, the average AUC 
of the DLMPM-based prediction model for 16 diseases 
is more than 70% and more than 90% for 7 diseases. 
By comparison, the performance of FLDMN for 13 

Fig. 4  Performance of DLMPM with LOOCV
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diseases is more than 70% and more than 90% for 3 dis-
eases. In general, the average AUC of FLDMN is 76.03% 
and the AUC of DLMPM can reach 82.33%, which has a 
better performance in predicting potential associations 
between diseases and metabolites.

We found that DLMPM has outstanding ability to predict 
metabolites associated with certain diseases. For example, 

the average AUC reaches 99.32% based on DLMPM for 
disease “aromatic L-amino acid decarboxylase deficiency” 
(DOID:0,090,123). Similarly, the AUC value for disease 
“methylmalonic acidemia” (DOID:14,749) is also more than 
99%. But the experimental results show that DLMPM is 
not capable of predicting certain disease. For disease “type 
2 diabetes mellitus” (DOID:0,090,123), the AUC values of 

Fig. 5  Average AUC of the metabolite prediction models

Fig. 6  Average AUC of prediction models based on different matrix decomposition methods
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DLMPM and FLDMN are less than 60%. The lack of rec-
ognition ability for this disease is related to the known 
associations between diseases and metabolites collected 
in the process of building the prediction model. The pre-
vious study has shown that metabolites associated with 
“type 2 diabetes mellitus” are different in different versions 
of HMDB. The difference is that the number of candidate 
metabolites to be identified is 1, but the number of disease-
related metabolites in different versions of HMDB is the 
same. The detailed data can be found in table 1 of the lit-
erature [14]. Therefore, it can be seen as a correction for 
disease-related metabolites and the prediction based on 
incorrect information may affect the result.

Case study
We use several diseases as examples to predict potential 
associations between them and candidate metabolites by 
DLMPM based on the latest data from HMDB. Alzhei-
mer’s disease (DOID:10,652) is a neurodegenerative dis-
ease characterized by memory impairment, aphasia and 
executive dysfunction. The etiology of Alzheimer’s dis-
ease is still unknown. In the list of predicted metabolites 
for Alzheimer’s disease, nine of the top ten metabolites 
are highly associated with Alzheimer’s disease accord-
ing to the literature, but they have not been included in 
HMDB. The specific information can be seen in Table 1. 
For example, the study [15] has discussed the role of 

Fig. 7  Performances of the metabolite prediction models based on 19 diseases
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hydrogen peroxide (HMDB0003125) in the aetiology of 
Alzheimer’s disease. The toxicity of the H2O2 molecule 
may be closely linked with the role of heavy metals in 
Alzheimer’s disease pathology.

We also use DLMPM to predict candidate metabo-
lites for type 1 diabetes mellitus (DOID:9744) and 
breast cancer (DOID:1612) respectively. L-Arginine 
(HMDB0000517) and Ethanol (HMDB0000108) are 
ranked in the top five of candidate metabolites for type 
1 diabetes mellitus. Their associations with type 1 dia-
betes mellitus have been documented [28, 29]. In the 
list of candidate metabolites for breast cancer, L-Argi-
nine (HMDB0000517), Glycine (HMDB0000123) and 
L-Lysine (HMDB0000182) are in the top five, while there 
have been several studies on their roles in breast cancer 
research [24–27]. For examples, researchers have found 
that L-arginine can stimulate host defenses in patients 
with breast cancer.

Conclusions
Metabolite, as the link between genotypes and pheno-
types, can be used to explain the underlying molecular 
disease-causing mechanisms. Therefore, we propose a 
novel prediction method DLMPM to identify candidate 
metabolites related to diseases based on latent factor 
model. We first build the disease glossary with disease 
ontology and MeSH and establish the mapping between 
diseases and metabolites. The unknown elements in the 
association matrix of diseases and metabolites are filled 
with the similarity of diseases and metabolites. Finally, 
we predict potential associations between metabolites 
and diseases based on the matrix decomposition method. 
The result shows that DLMPM is proved successful in 

predicting novel metabolic signatures with an aver-
age AUC value of 82.33%. Compared with the previous 
method, DLMPM has been greatly improved and would 
be helpful for researchers in metabolomics.

Methods
Data integration
Human Metabolome Database(HMDB) is a standard 
metabolomic resource containing detailed informa-
tion about small molecule metabolites found in the 
human body [30]. The disease information related to 
human metabolites can be extracted from the XML 
file provided by HMDB. However, there is no uni-
form representation of disease names in the extracted 
information. It hinders the establishment of mappings 
between diseases and metabolites because the cor-
respondence among different disease names cannot 
be determined. Therefore, it is necessary to establish 
a glossary rich in disease vocabulary and then anno-
tate the disease terms with it. In this study, there are 
two disease data sources for the disease term integra-
tion: Disease Ontology(DO) [31] and MEDIC [32]. 
DO, as a standardized human disease ontology, pro-
vides a unified description of disease terminology for 
biomedicine, including human disease terminology, 
phenotypic characteristics and disease-related medi-
cal concepts. By cross-mapping with MeSH [33], ICD 
[34], NCI Thesaurus [35], SNOMED [36] and OMIM 
[37], DO integrates a large number of diseases and 
medical vocabulary semantically. MEDIC is a disease 
vocabulary maintained by CTD [38]. It contains more 
than 9,700 diseases and more than 67,000 disease terms 
and synonymous descriptions. Although MEDIC is not 

Table 1  Prediction of potential related metabolites with complex diseases

Disease Metabolite Term HMDB ID Ranking Evidence

Alzheimer’s disease Adenosine triphosphate HMDB0000538 1 Ref [16]

Ethanol HMDB0000108 2 Ref [17]

L-methionine HMDB0000696 3 Ref [18]

Ammonia HMDB0000051 4 Ref [19]

Hydrogen peroxide HMDB0003125 5 Ref [15]

Sucrose HMDB0000258 6 Ref [20]

Uric acid HMDB0000289 8 Ref [21]

Norepinephrine HMDB0000216 9 Ref [22]

Guanosine triphosphate HMDB0001273 10 Ref [23]

Breast cancer L-Arginine HMDB0000517 3 Ref [24]

Glycine HMDB0000123 4 Ref [25, 26]

L-Lysine HMDB0000182 5 Ref [27]

Type 1 diabetes mellitus L-Arginine HMDB0000517 3 Ref [28]

Ethanol HMDB0000108 4 Ref [29]
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a medical ontology, it plays a huge role in establishing 
links of diseases and toxicological genomics. MEDIC 
integrates the disease terms from OMIM in accordance 
with the disease hierarchy of MeSH.

Because both DO and MEDIC contain a large num-
ber of disease words with the same meaning, disease 
synonyms can be extracted from DO and MEDIC 
respectively. Based on the mapping of diseases in DO 
and MeSH provided by DO, disease synonyms are used 
to annotate disease terms in DO. In this way, the dis-
ease vocabulary can be expanded, as shown in Fig. 8.

Finally, 82,921 terms in MEDIC were annotated into DO 
and the vocabulary of DO is expanded by 45,495 items 
based on the mapping of diseases in DO and MeSH. Then, 
the integrated disease glossary is used to annotate the 
metabolite-related diseases in HMDB. The associations 
between metabolites and diseases are established while DO 
serves as a unified representation of the disease in this study. 
Due to the expansion of the disease vocabulary, the naming 
characteristics of various diseases can be recognized in the 
process of disease name matching. The naming characteris-
tics can be roughly divided into the following 5 cases.

•	 Singular, plural and possessive nouns in disease 
terms. The disease names may be singular or plural, 
but they all refer to the same disease term. For exam-
ple, “Leukemia, Myelocytic” and “Leukemias, Myelo-
cytic” represent the same disease term (DOID:8692); 
“Disease, Hodgkin’s” and “Disease, Hodgkin” repre-
sent the disease term (DOID:8692).

•	 Special symbols in disease terms. There may be 
some semantic irrelevant cases such as "-" or blank 
space in the disease terms. For example, “chicken-
pox” (DOID:8659) in DO is named as “Chicken Pox” 
(MESH:D002644) in MEDIC.

•	 Abbreviations in disease terms. Some disease names 
are abbreviated in the disease vocabulary. For exam-

ple, both “Anorexia Nervosas and “AN” represent the 
same disease term (DOID:8689)

•	 Order of words in disease terms. In some disease 
names, the word order is reversed. For example, “type 
1 diabetes mellitus” and “Diabetes Mellitus, Type 1” 
represent the same disease term (DOID:9744); “Neo-
plasm, Orbital” represents the same disease term 
(DOID:4143) as “Orbital Neoplasm”.

•	 Synonyms in disease terms. Some disease terms have 
synonyms. For example, “malignant tumor of lingual 
tonsil” and “malignant neoplasm of lingual tonsil” 
have the same meaning (DOID:8649).

The disease terms can be annotated to the maximum 
with the integrated disease glossary. A total of 1,406 asso-
ciations between diseases and metabolites are obtained 
by matching the disease terms, including 600 human 
metabolites and 248 diseases.

Disease‑metabolite association matrix construction
As one of the most successful technologies for recom-
mender systems [39], collaborative filtering has been 
developed and improved over the past decade. In this 
study, we define associations between metabolites and 
diseases based on Collaborative Filtering and build the 
association matrix. The process of constructing the 
association matrix between diseases and metabolites 
is shown in Fig. 9. Firstly, the initial association matrix 
of diseases and metabolites is constructed based on 
the known associations between diseases and metabo-
lites. Because it is a 0–1 matrix and its data is sparse, 
the unknown associations between metabolites and 
diseases can be calculated with disease similarities and 
metabolite similarities. As a result, we can get an asso-
ciation matrix of diseases and metabolites.

We firstly define the association matrix of diseases 
and metabolites as follows:

Definition 1 Matrix MDR = [mdr(m,d)]|M||D| is the asso-
ciation matrix of diseases and metabolites, where |M| 

Fig. 8  Schematic of expanding disease terms
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represents the number of disease-related metabolites and 
|D| is the number of metabolite-related diseases; mdr(m, 
d) is the association degree of metabolite m and disease d.

Based on the known mapping between diseases and 
metabolites, we can get the initial association matrix 
MDRinit, the initial association degree mdrinit(m, d) of 
metabolite m and disease d can be defined as follows:

where Dm represents the set of diseases related to 
metabolite m. If there exists any association between 
metabolite m and disease d, the association degree is 1; 
otherwise, it is 0.

It can be seen from Definition 1 that the number of 
diseases |D| is 248, the number of metabolites |M| is 
600. But |M| ×|D| is much larger than the number of 
associations between diseases and metabolites. In other 
words, the initial association matrix is very sparse.

In order to solve the problem of data sparsity in the 
matrix, the disease similarities and metabolite similari-
ties are used to complete the unknown associations in 
the matrix. In this paper, FNSemSim [40], which we 
previously developed, is used to calculate disease simi-
larities. This method calculates disease similarities by a 

(1)mdrinit(m, d) =

{

1

0

d ∈ Dm

otherwise

fused gene functional network composed of HumanNet 
[41] and FunCoup [42]. The results show that FNSem-
Sim has a good performance for calculating similarities 
between diseases. Now, given the disease d1 and disease 
d2, if d1 ∈ D and d2 ∈ D, where D is the set of disease terms 
related to metabolites, then the similarity between dis-
ease d1 and disease d2 can be calculated by FNSemSim, 
denoted as FNSim(d1, d2).

We extract the text mining scores from STITCH [43] 
as the similarities of metabolites in this study. In the 
compound network of STITCH, the text association 
between compounds is quantified as a statistical score 
through corpus collection, word segmentation, name 
recognition, entity relationship integration. Here we 
extract these text scores between compounds. Based 
on the mapping between compounds and metabolites 
from HMDB, the text score between metabolite m1 
and metabolite m2 can be denoted as ST(m1, m2). So 
the literature similarity between metabolite m1 and 
metabolite m2 is defined as follows:

where STmax and STmin represent the maximum and 
minimum scores among all metabolites respectively. 

(2)MSim(m1,m2) =
STmax − ST (m1,m2)

STmax − STmin

Fig. 9  Schematic of the predictive associated matrix for diseases and metabolites
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The standardized score is considered as the similar-
ity between metabolites. After obtaining similarities 
between diseases and metabolites, we complete the 
unknown associations in the initial matrix MDRinit.

There are some diseases not associated with metab-
olite m in the matrix, but some connections between 
them and diseases associated with metabolite m can be 
built based on the disease similarities. So for ∀m ∈ M, 
d ∈ D, the association between metabolite m and dis-
ease d based on disease similarity is defined by For-
mula (3):

where Dm is the set of diseases related to metabolite 
m, and Dm ⊆ D, 1 ≤ i ≤|Dm|. Disease di represents any 
disease in Dm.

In the same way, the metabolite similarities are used 
to build connections between disease d and those 
metabolites not related to disease d in the matrix. So 
for ∀d ∈ D, m ∈ M, the association between metabo-
lite m and disease d based on metabolite similarity is 
defined by Formula (4):

where Md is the set of metabolites related to disease 
d, and Md ⊆ M, 1 ≤ j ≤|Md|. Disease mj represents any 
disease in Md, which satisfies mdrinit(mj, d) = 1.

Because DF and MF are independent of each other, 
the associations between diseases and metabolites in 
the matrix MDR can be defined as follows:

where DFd,m and MFd,m can be taken as the prob-
ability that disease d and metabolite m are related, so 
mdr(m, d) is regarded as the probability that at least 
one of the associations calculated based on different 
similarities exists. Finally, we can obtain an association 
matrix MDR about diseases and metabolites.

Disease‑related metabolite prediction
According to Definition 1, the matrix MDR contains the 
associations between diseases and metabolites. There-
fore, disease-related metabolites can be classified based 
on the Latent Factor Model (LFM), and the connections 
between diseases and metabolites can be built by latent 
features.

In the matrix composed of diseases and metabolites, 
metabolites can be labeled according to the associations 
between diseases and metabolites. The potential associ-
ations between diseases and metabolites are determined 

(3)DFd,m =

{

mdrinit (m, d)

MAX(FNSim(d, di))

d ∈ Dm

di ∈ Dm, d ∉ Dm

(4)

MFd,m =

{

mdrinit (m, d)

MAX(MSim(m,mj))

m ∈ Md

mj ∈ Md ,m ∉ Md

(5)mdr(m, d) = 1− (1− DFd,m)(1−MFd,m)

by these labels. Therefore, the task of predicting poten-
tial associations between diseases and metabolites is to 
find the matrixes composed of diseases, disease-related 
metabolites and latent factors, and then complete this 
matrix of diseases and metabolites by reducing dimen-
sions. The matrixes composed of diseases, disease-
related metabolites and latent factors are defined as 
follows:

Definition 2 Given the set of latent factors F, 
DLF = [dlf(d, f )]|D||F| is the association matrix of diseases 
and latent factors, MLF = [mlf(m, f )]|M||F| is the associa-
tion matrix of latent factors and metabolites, where D 
is the set of diseases and M is the set of disease-related 
metabolites, m ∈ M, d ∈ D, f ∈ F.

Matrix DLF and MLF can be seen as the representa-
tions of diseases and metabolites in the space of latent 
factors with |F| dimensions, respectively. So the matrixes 
defined in Definition 2 can be used to approximate the 
association matrix between diseases and metabolites. 
The approximate representation is defined as follows:

The purpose of figuring out the matrix MDR* is to use 
the representation of diseases and metabolites in the 
latent factor space to maximize the approximation to the 
original association matrix MDR. Thus, the associations 
between diseases and metabolites can be predicted. In 
Formula (6), the predicted values of associations between 
disease d and metabolite m can be calculated as follows:

where F is the set of latent factors. For disease d and 
metabolite m, in order to approximate the predicted 
value MDR*

m,d to the actual value MDRm,d, the cost func-
tion can be defined as follows:

where DFd and MFm are respectively the vectors of 
disease d and metabolite m in the association matrix 
MF and DF with latent factors as dimensions. If the 
predicted value is closer to the actual one, the cost 
function L will be smaller; otherwise, it will be larger. 
To prevent overfitting, L2 regularization is performed 
on the cost function L. λ is the regularization param-
eter, which is used to weigh the regularization effect.

Here the stochastic gradient descent method is used 
to optimize the cost function. After the cost function 
expanded, the direction of the fastest descent is deter-
mined by calculating the partial derivatives of DLFd,f 

(6)MDR∗ = DLF ∗MLFT

(7)MDR∗
m,d =

∑F

f ∈F
DLFd,f MLFm,f

(8)
L =

�

m∈M,d∈D
(MDRm,d −MDR

∗

m,d
)
2
+

�

2
(‖DFd‖

2
+ ‖MFm‖

2
)
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and MLFm,f. Their gradient formulas are expressed as 
follows:

Then, the values in the matrix MF and DF are trained 
based on the stochastic gradient descent method. The 
recursive formulas are defined as follows:

where α is the learning rate. The parameters are con-
stantly optimized through iterative calculation until the 
approximate matrix converges. So for ∀d ∈ D, m ∈ M, 
the association degree between disease d and metabo-
lite m is defined as follows:

where MDR*
m,d is the potential association between 

disease d and metabolite m.

Abbreviations
AUC​: Area under the receiver operating characteristic curve; LOOCV: Leave 
One Out Cross Validation; SVD: Singular Value Decomposition; DO: Disease 
Ontology; HMDB: Human Metabolome Database; STITCH: Search tool for 
interactions of chemicals; MeSH: Medical Subject Headings; MEDIC: Merged 
Disease Vocabulary; CTD: Comparative Toxicogenomics Database.

Acknowledgements
Yongtian Wang, Tianyi Zang and Yadong Wang are the corresponding authors. 
We thank them for their guidance. Thank Ling Wang, Rui Ma, Yanshuo Chu, 
Zhenxing Wang for their valuable suggestions on our work. Thanks to Zhihai 
for his inspiration in code design.

About this supplement
This article has been published as part of BMC Genomics Volume 23 Supple-
ment 1, 2022: The 20th International Conference on Bioinformatics (InCoB 
2021): genomics. The full contents of the supplement are available online at 
https://​bmcge​nomics.​biome​dcent​ral.​com/​artic​les/​suppl​ements/​volume-​23-​
suppl​ement-1.

Authors’ contributions
LRJ collected experimental data and YTW did data preprocessing. With 
the guidance of TYZ and YDW, YTW finished the algorithm design and 
validation. YTW, TW and JJP were the major contributors in writing the 
manuscript. All authors have given approval to the final version of the 
manuscript.

Funding
Publication costs are funded by National Natural Science Foundation of China 
(No. 62072376, 62076082, 62072142). The funders had no influence on design 

(9)
�L

�DLFd,f

= −2(MDRm,d −MDR
∗

m,d
)MLFm,f + �DLFd,f

(10)
�L

�MLFm,f

= −2(MDRm,d −MDR
∗

m,d
)DLFd,f + �MLFm,f

(11)DLFd,f = DLFd,f + α
∂L

∂DLFd,f

(12)MLFm,f = MLFm,f + α
∂L

∂MLFm,f

(13)MDRm,d =

{

1

MDR∗
m,d

ifmdrinit(m, d) = 1

otherwise

of the software or design, collection, analysis and interpretation of data or 
writing the manuscript.

Availability of data and materials
DLMPM is implemented using a combination of Java and scala, and it is freely 
available with all data sets by https://​github.​com/​wyt-​nwpu/​DLMPM.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 School of Computer Science, Northwestern Polytechnical University, Xi’an, 
China. 2 Key Laboratory of Big Data Storage and Management Ministry 
of Industry and Information Technology, Northwestern Polytechnical Uni-
versity, Xi’an, China. 3 School of Life Science and Technology, Harbin Institute 
of Technology, Harbin, China. 4 School of Computer Science and Technology, 
Harbin Institute of Technology, Harbin, China. 

Received: 24 March 2022   Accepted: 25 March 2022

References
	1.	 Loscalzo J, Kohane I, Barabasi AL. Human disease classification in the 

postgenomic era: a complex systems approach to human pathobiology. 
Mol Syst Biol. 2007;3(1):124.

	2.	 Lee D-S, Park J, Kay K, Christakis NA, Oltvai ZN, Barabási A-L. The implica-
tions of human metabolic network topology for disease comorbidity. 
Proc Natl Acad Sci. 2008;105(29):9880–5.

	3.	 Peng J, Xue H, Wei Z, Tuncali I, Hao J, Shang X. Integrating multi-network 
topology for gene function prediction using deep neural networks. Brief 
Bioinform. 2020;22(2):2096–105.

	4.	 Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quanti-
fying mammalian transcriptomes by RNA-Seq. Nat Methods. 2008;5(7):621–8.

	5.	 Pickrell JK, Marioni JC, Pai AA, Degner JF, Engelhardt BE, Nkadori E, Vey-
rieras J-B, Stephens M, Gilad Y, Pritchard JK. Understanding mechanisms 
underlying human gene expression variation with RNA sequencing. 
Nature. 2010;464(7289):768–72.

	6.	 Ramautar R, Berger R, van der Greef J, Hankemeier T. Human metabo-
lomics: strategies to understand biology. Curr Opin Chem Biol. 
2013;17(5):841–6.

	7.	 Wikoff WR, Gangoiti JA, Barshop BA. SIuzDAK G: Metabolomics identifies 
perturbations in human disorders of propionate metabolism. Clin Chem. 
2007;53(12):2169–76.

	8.	 Yan M, Xu G. Current and future perspectives of functional metabolomics 
in disease studies–A review. Anal Chim Acta. 2018;1037:41–54.

	9.	 Fiehn O. Metabolomics - the link between genotypes and phenotypes. 
Plant Mol Biol. 2002;48(1–2):155–71.

	10.	 Nicholson JK, Lindon JC, Holmes E. “Metabonomics”: understanding the 
metabolic responses of living systems to pathophysiological stimuli via 
multivariate statistical analysis of biological NMR spectroscopic data. 
Xenobiotica. 1999;29(11):1181–9.

	11.	 Clish CB. Metabolomics: an emerging but powerful tool for precision 
medicine. Mol Case Stud. 2015;1(1):a000588.

	12.	 Guo L, Milburn MV, Ryals JA, Lonergan SC, Mitchell MW, Wulff JE, Alexan-
der DC, Evans AM, Bridgewater B, Miller L. Plasma metabolomic profiles 
enhance precision medicine for volunteers of normal health. Proc Natl 
Acad Sci. 2015;112(35):E4901–10.

	13.	 Yao Q, Xu Y, Yang H, Shang D, Zhang C, Zhang Y, Sun Z, Shi X, Feng L, Han 
J. Global prioritization of disease candidate metabolites based on a multi-
omics composite network. Sci Rep. 2015;5(1):1–14.

2022, 23(Suppl 1):269



Page 13 of 13Wang et al. BMC Genomics 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	14.	 Wang Y, Juan L, Peng J, Zang T, Wang Y. Prioritizing candidate diseases-
related metabolites based on literature and functional similarity. BMC 
Bioinformatics. 2019;20(18):1–11.

	15.	 Milton NG. Role of hydrogen peroxide in the aetiology of Alzheimer’s 
disease. Drugs Aging. 2004;21(2):81–100.

	16.	 Vacirca D, Delunardo F, Matarrese P, Colasanti T, Margutti P, Siracusano 
A, Pontecorvo S, Capozzi A, Sorice M, Francia A. Autoantibodies to the 
adenosine triphosphate synthase play a pathogenetic role in Alzheimer’s 
disease. Neurobiol Aging. 2012;33(4):753–66.

	17.	 Huang D, Yu M, Yang S, Lou D, Zhou W, Zheng L, Wang Z, Cai F, Zhou W, 
Li T. Ethanol alters APP processing and aggravates Alzheimer-associated 
phenotypes. Mol Neurobiol. 2018;55(6):5006–18.

	18.	 Tapia-Rojas C, Lindsay CB, Montecinos-Oliva C, Arrazola MS, Retamales 
RM, Bunout D, Hirsch S, Inestrosa NC. Is L-methionine a trigger factor for 
Alzheimer’s-like neurodegeneration?: changes in Aβ oligomers, tau phos-
phorylation, synaptic proteins, Wnt signaling and behavioral impairment 
in wild-type mice. Mol Neurodegener. 2015;10(1):1–17.

	19.	 Hoyer S, Nitsch R, Oesterreich K. Ammonia is endogenously generated 
in the brain in the presence of presumed and verified dementia of Alzhei-
mer type. Neurosci Lett. 1990;117(3):358–62.

	20.	 Orr ME, Salinas A, Buffenstein R, Oddo S. Mammalian target of rapamycin 
hyperactivity mediates the detrimental effects of a high sucrose diet on 
Alzheimer’s disease pathology. Neurobiol Aging. 2014;35(6):1233–42.

	21.	 Du N, Xu D, Hou X, Song X, Liu C, Chen Y, Wang Y, Li X. Inverse association 
between serum uric acid levels and Alzheimer’s disease risk. Mol Neuro-
biol. 2016;53(4):2594–9.

	22.	 Peskind ER, Wingerson D, Murray S, Pascualy M, Dobie DJ, Le Corre P, Le 
Verge R, Veith RC, Raskind MA. Effects of Alzheimer’s disease and normal 
aging on cerebrospinal fluid norepinephrine responses to yohimbine and 
clonidine. Arch Gen Psychiatry. 1995;52(9):774–82.

	23.	 Khatoon S, Campbell SR, Haley BE, Slevin JT. Aberrant guanosine triphos-
phate–beta-tubulin interaction in Alzheimer’s disease. Ann Neurol: J Am 
Neurol Assoc Child Neurol Soc. 1989;26(2):210–5.

	24.	 Brittenden J, Park K, Heys S, Ross C, Ashby J, Ah-See A, Eremin O. L-argi-
nine stimulates host defenses in patients with breast cancer. Surgery. 
1994;115(2):205–12.

	25.	 Kim SK, Jung WH, Koo JS. Differential expression of enzymes associated 
with serine/glycine metabolism in different breast cancer subtypes. PloS 
one. 2014;9(6):e101004.

	26.	 Noh S, Jung WH, Koo JS. Expression levels of serine/glycine metabolism-
related proteins in triple negative breast cancer tissues. Tumor Biology. 
2014;35(5):4457–68.

	27.	 Nosrati H, Salehiabar M, Davaran S, Danafar H, Manjili HK. Methotrex-
ate-conjugated L-lysine coated iron oxide magnetic nanoparticles 
for inhibition of MCF-7 breast cancer cells. Drug Dev Ind Pharm. 
2018;44(6):886–94.

	28.	 Neubauer-Geryk J, Kozera GM, Wolnik B, Szczyrba S, Nyka WM, Bieniasze-
wski L. Decreased reactivity of skin microcirculation in response to 
L-arginine in later-onset type 1 diabetes. Diabetes Care. 2013;36(4):950–6.

	29.	 Sameni HR, Ramhormozi P, Bandegi AR, Taherian AA, Mirmohammad-
khani M, Safari M. Effects of ethanol extract of propolis on histopathologi-
cal changes and anti-oxidant defense of kidney in a rat model for type 1 
diabetes mellitus. Journal of diabetes investigation. 2016;7(4):506–13.

	30.	 Wishart DS, Feunang YD, Marcu A, Guo AC, Liang K, Vázquez-Fresno R, 
Sajed T, Johnson D, Li C, Karu N. HMDB 4.0: the human metabolome 
database for 2018. Nucleic Acids Res. 2018;46(D1):D608–17.

	31.	 Schriml LM, Mitraka E, Munro J, Tauber B, Schor M, Nickle L, Felix V, 
Jeng L, Bearer C, Lichenstein R. Human Disease Ontology 2018 update: 
classification, content and workflow expansion. Nucleic Acids Res. 
2019;47(D1):D955–62.

	32.	 Davis AP, Wiegers TC, Rosenstein MC, Mattingly CJ. MEDIC: a practical 
disease vocabulary used at the Comparative Toxicogenomics Database. 
Database. 2012;2012:bar065.

	33.	 Lipscomb CE. Medical subject headings (MeSH). Bull Med Libr Assoc. 
2000;88(3):265.

	34.	 Outland B, Newman MM, William MJ. Health policy basics: implementa-
tion of the international classification of disease, 10th revision. Ann Intern 
Med. 2015;163(7):554-+.

	35.	 Grever MR, Schepartz SA, Chabner BA. The National Cancer Institute: 
cancer drug discovery and development program. In: Seminars oncol. 
1992;19:622–38.

	36.	 Donnelly K. SNOMED-CT: The advanced terminology and coding system 
for eHealth. Stud Health Technol Inform. 2006;121:279.

	37.	 Hamosh A, Scott AF, Amberger JS, Bocchini CA, McKusick VA. Online Men-
delian Inheritance in Man (OMIM), a knowledgebase of human genes 
and genetic disorders. Nucleic acids research. 2005;33(suppl_1):D514–7.

	38.	 Davis AP, Grondin CJ, Johnson RJ, Sciaky D, King BL, McMorran R, Wiegers 
J, Wiegers TC, Mattingly CJ. The comparative toxicogenomics database: 
update 2017. Nucleic Acids Res. 2017;45(D1):D972–8.

	39.	 Herlocker JL, Konstan JA, Terveen LG, Riedl JT. Evaluating collaborative fil-
tering recommender systems. ACM Transactions on Information Systems 
(TOIS). 2004;22(1):5–53.

	40.	 Wang Y, Juan L, Chu Y, Wang R, Zang T, Wang Y: FNSemSim: an improved 
disease similarity method based on network fusion. In: 2017 IEEE Interna-
tional Conference on Bioinformatics and Biomedicine (BIBM): 2017: IEEE; 
2017: 630–633.

	41.	 Lee I, Blom UM, Wang PI, Shim JE, Marcotte EM. Prioritizing candidate 
disease genes by network-based boosting of genome-wide association 
data. Genome Res. 2011;21(7):1109–21.

	42.	 Schmitt T, Ogris C, Sonnhammer EL. FunCoup 3.0: database of 
genome-wide functional coupling networks. Nucleic Acids Res. 
2014;42(D1):D380–8.

	43.	 Szklarczyk D, Santos A, Von Mering C, Jensen LJ, Bork P, Kuhn M. STITCH 
5: augmenting protein–chemical interaction networks with tissue and 
affinity data. Nucleic Acids Res. 2016;44(D1):D380–4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

2022, 23(Suppl 1):269


	Explore potential disease related metabolites based on latent factor model
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Metabolites and diseases
	Performance

	Discussion
	Case study

	Conclusions
	Methods
	Data integration
	Disease-metabolite association matrix construction
	Disease-related metabolite prediction

	Acknowledgements
	References


