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Abstract
Background Type 2 diabetes mellitus is a prevalent disease that contributes to the development of various health issues, 
including kidney failure and strokes. As a result, it poses a significant challenge to the worldwide healthcare system. 
Research into the gut microbiome has enabled the identification and description of various diseases, with bacterial path-
ways playing a critical role in this context. These pathways link individual bacteria based on their biological functions. 
This study deals with the classification of microbiome pathway profiles of type 2 diabetes mellitus patients.
Methods Pathway profiles were determined by next-generation sequencing of 16S rDNA from stool samples, which 
were subsequently assigned to bacteria. Then, the involved pathways were assigned by the identified gene families. The 
classification of type 2 diabetes mellitus is enabled by a constructed neural network. Furthermore, a feature importance 
analysis was performed via a game theoretic approach (SHapley Additive exPlanations). The study not only focuses on 
the classification using neural networks, but also on identifying crucial bacterial pathways.
Results It could be shown that a neural network classification of type 2 diabetes mellitus and a healthy comparison 
group is possible with an excellent prediction accuracy. It was possible to create a ranking to identify the pathways that 
have a high impact on the model prediction accuracy. In this way, new associations between the alteration of, e.g. a 
biosynthetic pathway and the presence of diabetes mellitus type 2 disease can also be discovered. The basis is formed 
by 946 microbiome pathway profiles from diabetes mellitus type 2 patients (272) and healthy comparison persons (674).
Conclusion With this study of the gut microbiome, we present an approach using a neural network to obtain a classifi-
cation of healthy and type 2 diabetes mellitus and to identify the critical features. Intestinal bacteria pathway profiles 
form the basis.

Keywords Type 2 diabetes mellitus · Gut · NGS · Artificial neural network · Machine learning · Explainable artificial 
intelligence (XAI)
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BMI   Body mass index
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T2D  Type 2 diabetes
WHO   World Health Organisation

1 Introduction

For a long time, type 2 diabetes mellitus was considered a disease of old age. However, risk factors such as diet, lack of 
exercise, and often associated obesity, are increasingly affecting younger people as well [1]. In recent years, this disease 
has become increasingly prevalent in children and young people. It is one of the most prevalent diseases in the world 
today. Thus, new challenges arise for the health care system. Often it comes in the consequence of a type 2 diabetes 
mellitus disease to the development of other diseases such as damage of kidneys and eyes, the diabetic foot, heart and 
vascular diseases, which can even lead to death [2]. Thus, diabetes mellitus was included by the World Health Organiza-
tion (WHO) in 2019 for the first time in the top 10 leading causes of death [3]. However, studies have shown that the 
disease can be completely eliminated or at least significantly reduced. To achieve this, a change in lifestyle and reduc-
tion of body weight is necessary [4]. A division is made in diabetes mellitus, a metabolic disease, with partial hereditary 
predisposition, into two main forms. In addition to type 2 diabetes mellitus, which is the most common form with over 
90%, there is also type 1 diabetes mellitus. In type 2 diabetes mellitus, the insulin processing of the cells is disturbed. 
The pancreas is still able to provide enough insulin, but it comes to an increasingly poor processing by the cell, this can 
even lead to a complete insulin resistance [5].

The human intestine is one of the most important organs and has an influence on many processes in the human body. 
It is not only responsible for digestion, but also controls inflammatory processes and supports the human immune system. 
The gut microbiome itself is influenced by a whole range of factors. Not only nutrition plays a role in its composition, 
but also many other factors such as the environment, age, gender and lifestyle. Depending on the influencing factors, 
the composition of the intestinal microbiota can vary greatly. The bacteria have the largest part in the human intestine, 
a total of about 100 trillion bacteria live there. Furthermore, this complex structure consists of fungi and animals. The 
diversity of bacteria in the human intestine is increased with a balanced diet. This is accompanied by a broad formation 
of a wide variety of metabolic products [6, 7].

These arise from a great diversity of bacterial pathways. The examination of the functional microbiome is becoming 
increasingly important. Especially, the alterations of biosynthesis pathways have characteristic impact on the profiling of 
type 2 diabetes mellitus. The altered occurrence of the biosythesis pathways of amino acids (e.g. L-tyrosine, L-phenylala-
nine and L-isoleucine), the thiazole biosynthesis pathway or the pyrimidine deoxyribonucleotides de novo biosynthesis 
pathway are significant for type 2 diabetes mellitus.

2  Materials and methods

2.1  Data

There were more than 29,000 samples available, with information on the microbiome (relative counts per taxonomic 
level) and individual lifestyle (age, BMI, diet, etc.). A huge number of parameters on the individual lifestyle was included, 
e.g. diet, diseases and medication intake. The microbiome profiles were determined using NGS. For this purpose, the 
bacterial 16 S ribosomal rDNA is sequenced. Information on normalized counts per relative level (kingdom to species) is 
provided. The project partner BIOMES NGS GmbH provided the data, based on a self-test for the analysis of the intestinal 
microbiome. Only data with patients consent for scientific use was used. The customers of BIOMES NGS GmbH performed 
the test independently at home and enter the data regarding their individual lifestyle. There is no final verification by a 
medical doctor.

We classified the costumers into the group of healthy controls and type 2 diabetes mellitus (T2D) patients. For both groups 
an age between 18 and 80 years was considered. In the healthy group, classification was based on the following parameters: 
Age between 18 and 80 years, BMI between 18.5 and 27.5, no diseases, gastrointestinal complaints, gluten intolerances and 
medication intake, and no intake of antibiotics and/or probiotics in the last 3 months. Also, they had not to consume daily 
alcohol, and the well-being score had to be reported greater than 4 (out of 10) and the health score greater than or equal to 
6 (out of 10). This resulted in 272 samples for the T2D group and 674 samples for the healthy group. A more even distribution 
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of the two groups would be desirable. However, further adjustment of the parameters or reduction of the healthy group 
would lead to an unacceptable sample size.

2.2  Methods

2.2.1  Sample preparation and sequencing

The submitted stool samples were stored and then prepared for lysis. After lysis has taken place, extraction was performed. 
This was followed by library preparation for sequencing using the Illumina MiSeq System followed by processing of the 
sequence reads.

2.2.2  Processing sequence reads

Subsequently, the determined paired-end reads were filtered. Using PANDAseq [8] the forward/reverse reads were merged. 
Then, an alignment was performed using BLASTn [9] against the SILVA rRNA database (version: 138.1) [10]. With CD-HIT [11, 
12] the sequences were clustered. Followed by a calculation of the biologically normalized abundance applying the PICRUSt2 
pipeline [13]. In parallel, the PICRUSt2 pipeline also determine the available pathways (MetaCyc [14]) for each sample. By 
Mapping the EC numbers of the gene families the abundances of the identified pathways were determined.

The steps of sample preparation and sequencing, as well as the processing of the sequence reads follow the description 
in a previous work [15].

Further analysis steps were performed with custom Python (3.7.7) scripts using the keras 2.3.1 [16], NumPy 1.18.1 [17], 
pandas 1.2.4 [18, 19], scikit-learn 0.22.1 [20], SciPy 1.4.1 [21], SHAP 0.40.0 [22] and tensorflow 2.1.0 [23] libraries.

2.2.3  Machine learning

A feedforward artificial neural network was used to assign a microbiome profile to the T2D group. The data were labeled for 
the classifier. A GridSearch was performed to optimize the hyperparameters and determine the most suitable architecture 
of the neural network. In Fig. 1 the used hyperparameters are listed with the tested settings. The hyperparameters optimized 
were activation function, optimizer, dense layer size, dropout, epochs and batch size. Between three (epochs) and up to seven 
(optimizer) different settings for the hyperparameters were tested. Furthermore, different numbers of layers were tested in 
the architecture of the neural network.

The chosen model (cf. Figure 2) consists of an input layer, six dense layers and a dropout layer. For all layers, the ReLU acti-
vation function was used except for the last layers, linear and sigmoid function was used there. Furthermore, the optimizer 
Adam [29] was applied. At the beginning 5% of the data set were taken out as test set. The neural network did not see this 
data in the training and validation phase. Training was done in 100 epochs. Evaluation of model performance was performed 
using repeated k-fold cross-validation. The size of k (number of splits) was set to 10 and the number of repetitions to 3. Accu-
racy was calculated as a measure to estimate the prediction accuracy. The validation data were then used to determine the 
accuracy of the model. Accuracy was calculated for each of the two groups (healthy and T2D) individually and for the entirety 
of the data. To determine which bacterial pathways have the greatest impact on prediction accuracy, feature importance 
was determined using SHAP [22]. The calculation of the classes of the top 50 pathways was done over several iterations. Only 
the first 50 pathways of each iteration were counted. In each iteration, the top 50 pathways were assigned a value between 
1 and 50, depending on their calculated position. The values were summed up after each iteration. Afterwards, the first 50 
pathways were used for the consideration of the classes.

3  Results

3.1  Classification with neural network

A neural network was trained to obtain a classification of healthy and T2D. For this purpose, the pathways for each 
sample were used as the basis.

The optimized network architecture (cf. Figure 2) contains one input layer, six dense layers, one dropout layer and 
one output layer. Adam was applied as optimizer and the ReLU function as the activation function, except in the last 
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two layers where the linear and the sigmoid function was used. The selected dropout was 0.2. 100 epochs were used 
for training. With this neural network we achieved an accuracy of 0.845. The precision for diabetes type 2 was 0.96, 
the recall (sensitivity) was 0.93 and the F1 score was 0.95. The specificity was 0.98. And for healthy the precision was 
0.97, the recall was 0.98 and die F1 score was 0.95. The values for accuracy, precision and recall are shown in Fig. 3 
for the T2D and the healthy group.

Other combinations of hyperparameters and layers achieved on average a prediction accuracy of 65% to 75%, 
and in some cases of about 80%.

3.2  Calculation of SHAP Feature Importance

To determine which bacterial pathways have the greatest influence on the model prediction accuracy, the feature 
importance was calculated using SHAP (Table 1).

The SHAP calculated top 10 pathways with the biggest impact on prediction accuracy were listed in Table 2. The 
table includes the BioCyc ID, the description and the occurrence in diabetes group.

The top 10 ranked pathways occurred in at least 97% of samples in both groups (healthy and T2D). For the 10 
pathways with the lowest impact on model accuracy, on the other hand, these pathways occurred in less than 4% 
of the samples in each of the two groups. The SHAP-calculated 10 pathways with the lowest impact on prediction 
accuracy are listed in Table 3. The table includes the BioCyc ID and the description.

In Fig. 4 the classes of the top 50 pathways with the greatest influence on the accuracy are shown in a sunburst 
plot. The inner circle represents the classes into which the Top 50 pathways are categorized. The outer circle shows 
the subclasses that occur most frequently in the Top 50 pathways.

Fig. 1  Hyperparameter optimization with GridSearch with the tested settings for the activation function, optimizer (SGD [24, 25], RMSprop 
[26], Adagrad [27], Adadelta [28], Adam [29], Adamax [29], Nadam [30]), dropout, epochs and batch size. Used parameter (yellow)

Fig. 2  Architecture of the chosen neural network with layers (dense layer size) and activation functions
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The top 50 pathways belong to 4 different classes (out of 12 different classes). The Biosynthesis class is the most 
represented, followed by Degradation/Utilization/Assimilation. In the Biosynthesis class, the Amino Acid Biosynthesis 
and Cofactor, Carrier, and Vitamin Biosynthesis subclasses occurred most frequently, and in the Degradation/Utilization/
Assimilation class, it was the Fermentation subclass. All other subclasses occurred not more than twice.

4  Discussion

Using a neural network, a classification of pathway microbiome profiles of individuals with diabetes mellitus type 
2 disease could be realized. It was possible to distinguish these profiles from healthy comparison samples with 
excellent predictive accuracy. Furthermore, it is possible to rank the impact of the pathway on the model prediction 
accuracy. The 10 pathways with the greatest influence were PWY-6891 (thiazole biosynthesis II (Bacillus)), PWY0–1415 
(superpathway of heme biosynthesis from uroporphyrinogen-III), PWY-1861 (formaldehyde assimilation II (RuMP 
Cycle)), PWY0–1479 (tRNA processing), PWY-6630 (superpathway of L-tyrosine biosynthesis), PWY-6545 (pyrimidine 

Fig. 3  Accuarcy and scores 
for precision and recall of 
the neural network of the 
diabetes type 2 (green) and 
the healthy (blue) group

Table 1  Distribution of the 
selected parameters age, sex, 
BMI and nutrition for the two 
groups Healthy and T2D

Parameter Healthy group (n=674) T2D group (n=272)

Age, years 42.55 ± 12,12 59.71 ± 12.27
Women/Men/Divers, n 340/318/1 143/127/0

BMI, kg∕m2 23.13 ± 2.24 31.05 ± 6.38

 Nutrition
 Omnivore 517 245
 Vegan 40 2
 Vegetarian 74 10
 Pescetarian 43 8

Table 2  Top 10 pathways 
(biggest impact) ranked by 
SHAP

 Pathway BioCyc ID, description and occurrence in diabetes group ( ⇑ - increases;⇓ - decreases)

BioCyc ID Pathways Occurrence in
Diabetes group

PWY-5101 L-isoleucine biosynthesis II ⇑

PWY-6628 Superpathway of L-phenylalanine biosynthesis ⇑

PWY-6630 Superpathway of L-tyrosine biosynthesis ⇑

PWY0–1479 tRNA processing ⇑

P341-PWY Glycolysis V (Pyrococcus) ⇓

PWY-1861 Formaldehyde assimilation II (RuMP Cycle) ⇓

PWY-6545 Pyrimidine deoxyribonucleotides de novo biosynthesis III ⇓

PWY-6749 CMP-legionaminate biosynthesis I ⇓

PWY-6891 Thiazole biosynthesis II (Bacillus) ⇓

PWY0–1415 Superpathway of heme biosynthesis from uroporphyrinogen-III ⇓
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deoxyribonucleotides de novo biosynthesis III), PWY-6749 (CMP-legionaminate biosynthesis I), PWY-6628 (superpath-
way of L-phenylalanine biosynthesis), P341-PWY (glycolysis V (Pyrococcus)), and PWY-5101 (L-isoleucine biosynthesis 
II).

The pathways PWY-6630, PWY-6628 and PWY-5101 have on average an increased occurrence in type 2 diabetes 
mellitus. These are biosynthesis pathways of amino acids. In the pathway PWY-6630 L-tyrosine, in PWY-6628 L-phe-
nylalanine and in PWY-5101, L-isoleucine is synthesized. The amino acids phenylalanine and isoleucine are essential 
amino acids. These are amino acids that are necessary for life, but which the human body cannot produce itself. Thus, 
the intake through food is essential for the human body. Tyrosine is produced from phenylalanine. If not enough 
phenylalanine is available, tyrosine also becomes essential for the human body. In this case, it is called semi or partially 
essential. Furthermore, isoleucine, along with valine and leucine, is one of the branched-chain amino acids. Among 
other things, muscle formation and wound healing are involved in metabolism. Due to their ring structure (benzole 
ring), phenylalanine and tyrosine belong to the aromatic amino acids. These play an important role for example in 
energy metabolism and the formation of adrenaline. A sufficient amount of branched-chain and aromatic amino 
acids is therefore important for the human body, but studies have shown that a significantly increased concentration 
of these amino acids is characteristic of type 2 diabetes [31–33]. This negatively affects insulin processing. Thus, the 
increased occurrence of the pathways PWY-6630, PWY-6628, and PWY-5101 is associated with type 2 diabetes and have 
an increased impact on model prediction accuracy. The PWY0–1479 pathway also occurs with increased occurrence 
in the diabetes mellitus type 2 group.

Table 3  10 Pathways with the 
lowest impact calculated by 
SHAP

Pathway BioCyc ID and description

BioCyc ID Pathways

PWY-6942 dTDP-D-desosamine biosynthesis
PWY-5266 p-cymene degradation
PWY-7015 Ribostamycin biosynthesis
PWY-6660 2-heptyl-3-hydroxy-4(1 H)-quinolone biosynthesis
PWY-7020 Superpathway of butirocin biosynthesis
PWY-7014 Paromamine biosynthesis I
PWY-5499 Vitamin B6 degradation
PWY-5519 D-arabinose degradation III
PWY-622 Starch biosynthesis
PWY-7401 Crotonate fermentation (to acetate and cyclohex-

ane carboxylate)

Fig. 4  Classes of the Top 50 
pathways with the greatest 
impact on model predic-
tion depending on the 
mean absolute SHAP value. 
Biosynthesis (blue), Degrada-
tion/Utilization/Assimilation 
(red), Generation of Precursor 
Metabolites and Energy (green) 
and Macromolecule Modifica-
tion (purple)



Vol.:(0123456789)

Discover Artificial Intelligence            (2023) 3:19  | https://doi.org/10.1007/s44163-023-00064-6 Research

1 3

All other pathways, of the 10 with the biggest impact have on average a reduced occurrence in type 2 diabetes 
patients.

PWY-6891 is a thiazole biosynthesis pathway. In this process, thiazole is synthesized. This is a moiety of thiamine 
consisting of sulfur and nitrogen. This moiety is one of the most important structures in the human body. For example, 
it is found in vitamin B1 (thiamine) and has an influence on a wide variety of functions. But thiazoles are also used 
in the production of pigments and pharmaceuticals. Thus, it is in various forms also a component in drugs for the 
treatment of type 2 diabetes [34, 35]. A lower occurrence of the thiazole biosynthesis pathway is therefore strongly 
associated with type 2 diabetes and has a strong impact on the model prediction accuracy of the classification of 
type 2 diabetes.

PWY-6545 (pyrimidine deoxyribonucleotides de novo biosynthesis III) is a nucleoside and nucleotide biosynthesis 
pathway. Through it, pyrimidine nucleoside triphosphates are synthesized. Pyrimidine nucleoside triphosphates, 
along with purine nucleoside triphosphates, are the activated precursors of DNA and RNA. The change in the occur-
rence of these pathways has been shown in other studies. However, the exact relationship between type 2 diabetes 
mellitus disease and the decreased nucleotide biosynthesis pathway is not clear yet [36, 37].

The 10 pathways with the lowest impact on model prediction accuracy were PWY-6942 (dTDP-D-desosamine 
biosynthesis), PWY-5266 (p-cymene degradation), PWY-7015 (ribostamycin biosynthesis), PWY-6660 (2-heptyl-3-hy-
droxy-4(1 H)-quinolone biosynthesis), PWY-7020 (superpathway of butirocin biosynthesis), PWY-7014 (paromamine 
biosynthesis I), PWY-5499 (vitamin B6 degradation), PWY-5519 (D-arabinose degradation III), PWY-622 (starch biosyn-
thesis), PWY-7401 (crotonate fermentation (to acetate and cyclohexane)). These pathways showed that the classifi-
cations with the chosen neural network, work for the type 2 diabetes. Thus, the pathway PWY-7401 had the lowest 
impact (determined by SHAP) on model prediction accuracy. The value determined by SHAP was 0. Therefore, no 
impact on classification was associated with this pathway. This was confirmed by the data basis, in both groups (T2D 
and healthy) this pathway did not occur. So, there could be no impact on the model prediction accuracy. The remain-
ing pathways show a similar result. These pathways are only present in very few samples (under 4%) and partly only 
in one group. Thus, no strong impact on the classification can be observed in this case as well. This shows that the 
classification by the selected neural network identifies the important factors of influence.
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