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Introduction: Major depressive disorder (MDD) is partially inheritable while its

mechanism is still uncertain.

Methods: This cross-sectional study focused on gene pathways as a whole rather

than polymorphisms of single genes. Deep sequencing and gene enrichment analysis

based on pathways in Reactome database were obtained to reveal gene mutations.

Results: A total of 117 patients with MDD and 78 healthy controls were enrolled.

The Digestion and Dietary Carbohydrate pathway (Carbohydrate pathway) was

determined to contain 100% mutations in patients with MDD and 0 mutation in

matched healthy controls.

Discussion: Findings revealed in the current study enable a better understanding

of gene pathways mutations status in MDD patients, indicating a possible genetic

mechanism of MDD development and a potential diagnostic or therapeutic target.
KEYWORDS

major depressive disorder, carbohydrate pathway, deep sequencing, reactome,
gene mutation
1 Introduction

Major depressive order (MDD) is a psychiatric disorder with high incidence and

prevalence. MDD could overwhelmingly compromise patients’ mood, cognitive,

occupational and social functions (1). As second leading cause of disability worldwide

(2), MDD leads to heavy sociopsychological, physical and economic burdens. The World
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Health Organization has ranked MDD as the third cause of disease

burden by 2008 and the first cause by 2030 (3). Notably, MDD itself

induces only less than 40% of total costs, leaving the rest and the

largest growing economic burden attributing to comorbid

conditions and function restoring (4, 5).

The diagnosis and treatment of MDD has always been

challenging in clinical practice (3). One of the most important

attributing factors is the lack of thorough understanding of MDD’s

mechanisms, somehow making identification and management of

this diseases difficult. Even though multiple hypotheses have been

proposed to explain MDD pathogenesis, none of them could cover

every aspect of MDD (1). Gene/genome analysis has been a major

breakthrough point during the past few decades, and an estimated

35% of heritability was reported (1). Polymorphism of single genes,

including SLC6A4 (6–8), IKBKE (9), FKBP5 (10), FokI (11), PAWR

(12), etc., has been investigated by multiple studies. However, despite

that these single genes somehow or to some extent are involved in

MDD development or progress, not a single gene was established to

be 100% associated with MDD. In the context of genetic research on

MDD, the conventional focus on single gene polymorphisms has

provided valuable insights into specific genetic contributions.

However, a shift towards investigating entire gene pathways offers a

more comprehensive understanding of the intricate biological

processes involved in MDD. This research strategy allows for the

exploration of coordinated gene expressions within pathways,

revealing potential synergistic effects that may be overlooked in the

study of individual genes. Despite significant strides in understanding

the neurobiological aspects and single gene mechanisms of MDD,

comprehensive investigations into gene pathways, particularly

through deep sequencing techniques, have been limited. This study

aims to bridge this gap by employing deep sequencing and gene

enrichment analysis based on pathways in the Reactome database.

On the contrary, instead of single gene which works relatively

simple and isolatedalone, gene pathways contain multiple genes of

which expressions could work in sequence to eventually accomplish

complicated and integrated biological activities. Investigations focused

on pathways have shed some light on potential roles of ‘pathway’

alterations on MDD development, however, most of them focused on

pathophysiological rather than gene pathways, and there seems to have

no previous in-depth studies targeting on gene pathways as a whole

using deep sequencing in MDD patients or experimental animals. In

order to better support genetic basic research and genome analysis,

there have been bioinformatics tools for visualization, interpretation

and analysis of gene pathways. REACTOME (13), together with

KEGG (14) and other tools, have shown a high performance and

have been widely used in gene pathway analysis and investigations.

Gene therapy refers to the introduction of exogenous normal

genes into target cells to correct or compensate for diseases caused by

defective and abnormal genes for therapeutic purposes. Gene therapy

for targeting a variety of brain diseases, ranging from brain tumors

and brain injury to dementia and motor neuron disease, has attracted

significant interest from researchers (15) The development of suitable

gene therapy regimens for specific genetic targets offers the possibility

of treating MDD. Unfortunately, effective and safe systemic delivery

of siRNA to the brain remains challenging due to biological barriers

such as enzymatic degradation, short circulating lifetime, blood-brain
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barrier (BBB), inadequate tissue permeation, cellular endocytosis

and cytoplasmic transport (16). With the rapid progression of

nanotechnology, the combination strategies of nanotechnology with

chemical and biological modification offer interesting potential to

address these challenges in brain delivery of DNA, siRNA, miRNA

and shRNA (17). Although there are currently few MDD therapeutic

strategies based on nanotechnology coupled with gene therapy. As

more MDD-related gene therapy targets emerge, MDD treatment

strategies based on nanotechnology coupled with gene therapy will

attract great interests.

Based on this knowledge, the current study was designed to

identify gene pathway mutations in MDD patients and to

investigate potential relationships between these pathway

mutations and MDD development. The current research adopts a

novel approach by focusing on the Digestion and Dietary

Carbohydrate pathway, revealing a 100% mutation rate in MDD

patients compared to matched healthy controls. This pathway’s

unique association with MDD suggests a potential genetic

mechanism contributing to the disorder’s development. By

exploring gene pathways rather than individual polymorphisms,

this study aims to provide a more holistic understanding of MDD,

offering valuable insights for future diagnostic and therapeutic

strategies. Novel drugs or novel drug delivery methods might

arise according to the mutation mediated biological mechanism,

such as the drug delivery platforms based on the mutated molecular

targets or specific receptors. That can facilitate the transformation

of the MDD gene screening results to the clinical application.
2 Materials and methods

2.1 Limitation and further investigation

Patients aged 18 ~ 60 years who were diagnosed as MDD using the

Structured Clinical Interview for DSM-IV Disorders (SCID) were

recruited consecutively at West China Hospital. Exclusion criteria

included any history of psychosis, significant neurological or medical

illness, currently receiving electroconvulsive therapy, and any history of

alcohol or substance abuse or dependence. No relations of enrolled

patients were included. This study was approved by the Clinical Trials

and Biomedical Ethics Committee of Sichuan University. Written

informed consents were obtained from all participants.

Healthy controls were recruited from the local area by

advertisements and demographic characteristics including age and

sex were matched with the depressed patients. All healthy control

subjects were interviewed by experienced psychiatrists to ensure

that no history of neuropsychiatric illness or brain injury and no

known family history of depression or serious mental illness in first

degree relatives existed.
2.2 Extra-deep whole genome sequencing
and data processing

Genomic DNA was extracted from peripheral blood with

TruSeq_DNA_SamplePrep kit (Illumina Inc., San Diego, CA,
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USA). Qubit 2.0 (Thermo Fisher Scientific Inc., Waltham, USA)

was used to precisely quantify DNA concentrations. DNA samples

with a content of 0.6mg or more were used and were fragmented to

an average size of 180~280 bp to create a DNA library following

established Illumina pairedend protocols (Illumina Inc.). The

Agilent SureSelect Human All ExonV6 Kit (Agilent Technologies,

Santa Clara, CA, USA) was used for exome capture. After the library

was constructed, Qubit 2.0 was used for preliminary quantification,

then Agilent 2100 (Agilent Technologies) was used to detect the

insert size of the library. Illumina Novaseq 6000 platform (Illumina

Inc.) was used for sequencing. The equations should be inserted in

editable format from the equation editor.
2.3 Bioinformatics analysis process

After sequencing, base-call file conversion and demultiplexing were

performed with the bcl2fastq software (Illumina). The resulting fastq

data were analyzed by in-house quality control software to remove low

quality reads, and were then aligned to the reference human genome

(hs37d5) using the Burrows-Wheeler Aligner (BWA) (18), and

duplicate readings were marked using Sambamba tools (19).

Single nucleotide variants (SNVs) and indels were called with

GATK (3) to generate a gVCF file. Mutation detected with the

recommended VQSR method to recalibrate and filter the quality

values of the variant loci. GATK bundled real project data from

omni,1000G,dbsnp,hapmap and mills were used for correction and

filtering (https://gatk.zendesk.com/hc/en-us/articles/360035890811).

The raw calls of SNVs and InDels were further filtered with the fol-

lowing inclusion thresholds: 1) a read depth > 4; 2) a root-mean-

square mapping quality of the covering reads > 30; 3) a variant

quality score > 20.

Annotation was performed using ANNOVAR (June 8 2017) (4).

Annotations included minor allele frequencies from the public

control data sets as well as deleteriousness and conservation

scores enabling further filtering and assessment of the likely

pathogenicity of the variants.

Filtering of rare variants was performed as follows: (1) variants

with an MAF less than 0.01 in 1000 genomic data (1000g_all) (5),

esp6500siv2_all (6), gnomAD data (gnomAD_ALL and

gnomAD_EAS) (7); (2) Only SNVs occurring in exons or splice

sites (splicing junction 10 bp) were further analysed because we

were interested in amino acid changes. (3) Synonymous SNVs that

were not relevant to the amino acid alterna-tions predicted by

dbscSNV were discarded; small fragment non-frameshift (<10 bp)

indels in the repeat regions defined by RepeatMasker were also

discarded. (4) Variations were screened according to their scores

using SIFT (8), Polyphen (9), MutationTaster (10) and CADD (11)

software programs. Potentially deleterious variations were retained

if the score from more than half of these four software programs

supported their potential harmfulness (12). Sites (> 2 bp) that did

not affect alternative splicing were removed.

After these filtering process, gene enrichment analysis was

adopted using Reactome database to identify the significant
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pathway covered by residual mutated genes in MDD and

control groups.
2.4 Statistical analysis

Statistical comparisons were performed under SPSS 19.0 (SPSS,

Inc., Chicago, USA). Age and gender were compared by Chi Square

test respectively.

Pathway significant enrichment analysis was based on pathways

in Reactome database (13), and a pathway would be considered

mutation enrichment positive if at least one gene in this pathway

turned out to be gene mutation enriched. Hypergeometric test was

used to find pathways with significant enrichment in different

expressed genes compared with the whole genomic background.

The calculation formula was as follows:

p = 1 − o
m−1

i=0

M

i

 !
N −M

n − i

 !

N

n

 !

N was the number of pathway-annotated genes in all genes;

n was the number of different expressed genes in N;

M was the number of genes annotated as a specific Pathway in

all genes;

m was the number of different expressed genes annotated as a

specific Path-way.

When p-value ≤ 0.05, differential genes were considered to be

significantly enriched in this Pathway.
3 Results

3.1 Demographic and
clinical characteristics

A total of 117 patients with MDD and 78 healthy controls were

enrolled in this study. Age and gender were not significantly

different between MDD patients and healthy controls.

Demographic and clinical information for matched groups was

pre-sented in Table 1.
3.2 Summary of sequencing

After the completion of sequencing, 78 healthy controls and 117

MDD patient groups underwent paired-end sequencing. Average

sequencing depth was 223x (Figure 1), and sequencing depth of 200

~ 225 contained the highest rate (38.00%). Average reads per

sample was 44.12 million. Exon capture coverage rate was 99.9%,

and average SNP number was 480,000. The data presented in the

current manuscript are deposited in the zenodo repository, https://

zenodo.org/, accession number is 7769978.
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3.3 Mutations in digestion of dietary
carbohydrate pathway

The Digestion of Dietary Carbohydrate pathway (Carbohydrate

pathway, Figure 2) was revealed by gene enrichment analysis to

contain 100% significant mutation gene enrichment (p-value<0.05)

in MDD patients, which defined as at least 1 mutation in the 6

protein or protein complexes encoding genes composing the

pathway, while 0 mutation gene enrichment happened in healthy

controls (Figure 3). Mutation rates of the 6 composing genes in this

pathway were 76.03% (amylase 1a), 76.86% (amylase 2a), 81.82%

(amylase 2b), 100.00% (SI), 100.00% (MGAM) and 100.00% (LCT).
4 Discussion

Gene-involved mechanisms have long been a hotspot of MDD

related investigations and it has been established that MDD is

somehow inheritable (1, 20). However, despite that multiple studies

have tried to identify specific candidate polymorphisms in single genes

underlyingMDDdevelopment, recent studies ofmultiple large samples

have demonstrated that, there was no support for historical candidate

gene to have any actual relationships with MDD development,

including the most thoroughly investigated gene SLC6A4 (8), and

common single-nucleotide polymorphisms (SNPs) account for only

less than 30% MDD risk variance (21). Furthermore, the relationship
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between SNPs and MDD could be ambiguous, leading to more

complicated interpretations of positive SNPs findings.

Deep/extra-deep sequencing has gradually become a mature

method and has been increasingly used in latest studies. It allows

better detections of rare or mixed mutations, when comparing to

conventional sequencing, by sequencing a genomic region

hundreds or even thousands of times (22, 23). Single gene

analysis, which was commonly employed in genome/exon studies

previously, does not consider the interaction between genes and

ignores the effect produced by the coordination between genes in

the biological process. On the contrary, gene enrichment analysis in

the biological process identifies mutated genes by determining

influences of mutations on a specific biological process or

function. When mutated genes are significantly concentrated in a

biological pathway, the mutant effects of these genes would have a

significant impact on that pathway. Therefore, gene enrichment

analysis could be used to reveal the effects of multiple gene

mutations as a whole. The adoption of both deep sequencing and

gene enrichment analysis together enables novel findings reported

in the current study.

For the very first time, our study demonstrated a pathway, the

Digestion and Dietary Carbohydrate pathway (Carbohydrate

pathway), which has established gene compositions and specific

genetic expressions with established functions, with a 100% gene

mutations enrichment in MDD patients vs. 0 mutation enrichment

in matched healthy controls.
FIGURE 1

Sample sequencing depth distribution. Mean sequencing depth was 223x. Sequencing depth of 200 ~ 225 contained the highest rate (38.00%).
TABLE 1 Demographic and clinical characteristics of MDD patients and healthy controls.

Characteristic
MDD HC

p value
Mean SD Mean SD

age, years 31.88 10.25 33.41 10.48 0.326

illness duration, months 6.62 6.48

HAMD score 25.84 5.28

Gender N % N % p value

Female 75 64.1 46 59
0.47

Male 42 35.9 32 41
MDD, major depressive disorder; HC, healthy control.
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4.1 Digestion of dietary
carbohydrate pathway

The Digestion of Dietary Carbohydrate pathway (Carbohydrate

pathway) contains genes encoding mediators from amylase
Frontiers in Psychiatry 05
enzymes in saliva and small intestine to sucrase-isomaltase (SI)

dimers, maltas-glucoamylase (MGAM) dimers and lactase (LCT)

dimers in small intestine, which all work as a whole to help

carbohydrate digestion in the digestive tract. Each of these

expressions is necessary and vital for one or several steps in the
FIGURE 2

The digestion of dietary carbohydrate pathway (Carbohydrate pathway) with mutation rates. The digestion of carbohydrates begins with the action of
amylase enzymes secreted in the saliva and small intestine, which convert it to maltotriose, maltose, limit dextrins, and some glucose. Digestion of
the limit dextrins and disaccharides, both dietary and starch-derived, to monosaccharides - glucose, galactose, and fructose - is accomplished by
enzymes located on the luminal surfaces of enterocytes lining the microvilli of the small intestine. AMY, amylase; SI, Sucrase-Isomaltase; MGAM,
malt-as-glucoamylase; LCT, lactase; Mal, maltose; IMal, Suc, sucros; Lac, lactose; Glu, glucose; Fru, fructose; Gal, galactose.
FIGURE 3

Exon mutations in digestion of dietary carbohydrate pathway. Mutations were found in all 6 gene exons in the pathway in the MDD patient group
and none in the control group. The ordinate represents the coordinate of the mutation site on the chromosome, and the abscissa represents the
frequency in the exon mutation of the sample. The AMY2B gene had fewer exon mutations than the AMY1A and AMY2A genes. Compared with SI,
MGAM and LCT mutation sites of the three amylase genes were more dispersed. SI gene has 3 high frequency mutations (ch3:164793758,
ch3:1647833165 and ch3:164725763), MGAM gene has 2 high-frequency mutations (ch7:141747658 and ch7:141727526), the LCT gene has 3 high
frequency mutations (ch2:136590746, ch2:136575534 and ch2:136555659). AMY, amylase; SI, Sucrase-Isomaltase; MGAM, maltas-glucoamylase;
LCT, lactase.
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specific series of reactions which brings carbohydrate to be

decomposed into glucose, galactose and fructose.

Association between sugar/carbohydrate intolerance, especially

lactose and fructose malabsorption, and depression has long been

recognized (24). Carbohydrate pathway contains genes encoding

products involved in disaccharidases and monosaccharide

metabolisms. Lactose is a kind of non-absorbable disaccharidases,

and LCT mutations/polymorphisms in Carbohydrate pathway

could result in incomplete hydrolysis of lactose into the

monosaccharides, glucose and galactose (25). SI and MGAM take

part in final steps of carbohydrate metabolism and SI is responsible

for almost all sucrose activity (26). Fructose, a monosaccharide,

demands SI dimers in this pathway to be generated from sucrose,

and fructose malabsorption has been proved to be associated with

depression (25), even though potential mechanism is unknown.

Our results showed a 100% gene mutations enrichment of both LCT

and SI dimers in MDD patients, which could render maldigested

and malabsorbed lactose and fructose, leaving extra lactose and

fructose retention in the small intestine. These abnormally retented

lactose and fructose could interfere with tryptophan absorption,

leading to an excessive formation of complexes of tryptophan, the

precursor of serotonin. The resultant decreased serotonin synthesis

compromises serotonergic neurotransmission, which is common in

the central nervous system in major depression (27).

Recognition of the interaction between commensal bacteria in

the colon, i.e. the gut microbiota, and central nervous system

through the gut-brain axis prompts investigations focusing on the

potential influence of gut microbiota on mental health, including

MDD development (28), and it has been established that gut

dysbiosis could somehow be associated with MDD (29, 30).

Rodent studies have revealed that mice harboring ‘depression

microbiota’ would come up with disturbances of gut microbiota

and host metabolites involved in carbohydrate metabolism, and it

was concluded that gut dysbiosis might somehow play a role in the

development of depressive-like behaviors through a metabolism-

mediated pathway (31). Congenital genetic mutations in

Carbohydrate pathway targeting SI dimers could primarily affect

digestive capacity of SI, while the maldigested carbohydrates could

somehow modulate the gut microbiota, and probably the intestinal

physiology (26), leading to a possible MDD attack.

One of the interesting findings in our study is the high mutation

rates of genes encoding a-amylases including salivary amylases and

intestinal amylases. Salivary a-amylase (sAA) activity was observed to

be significantly decreased in both adult and adolescent MDD patients

(32, 33). As sAA level changes in response to psychosocial stimulations

and presents positive correlations with cardiovascular responses (34),

it was frequently obtained as and only as an non-invasive indicator of

stress response systems such as the hypothalamic-pituitary-adrenal

(HPA) axis and sympathetic-adrenal-medullary (SAM) system, thus

to better evaluate associations among stress, especially early life stress

(ELS), HPA axis, SAM system and MDD (33–36). The high mutation

rates of sAA genes found in our current study revealed a novel

potential relationship between a-amylase on MDD development, that
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intestinal amylases and sAAmight work directly by mutation-induced

rather than HPA/SAM-induced alterations. This result might

somehow lead to a direction of investigations involving a-amylases

and MDD.

Another notable finding is that, multiple novel gene mutations

were found only in MDD patients. The absence of documentation of

these novel mutations in databases indicates that they have not been

revealed or investigated before. Considering these mutations were

established from actual clinical-diagnosed MDD patients, these

findings provide huge potential for further basic and clinical drug

R&D targets, which would help with MDD management greatly.

Based on the above relevant findings at the level of MDD gene

mutations, it may be valuable to explore the sAA-related pathway as

a target for MDD drug therapy and delivery. Recently, the

emergence of RNA-based drug delivery systems for gene therapy

has made treatment regarding established genetic targets possible.

In particular, non-viral delivery systems, such as polymer-based or

nanoliposome-based delivery systems, can bypass the limitations of

viral delivery vectors by manipulating intracellular gene expression

to produce therapeutic proteins or compensate for deficiencies due

to mutations (reference). It might be the key to future mutation

detection as well as gene therapy in MDD-related fields that

designing RNA drugs or developing sAA-based prodrugs based

on the above-mentioned mutant phenotypes or even individualized

diagnostics would somehow modulate sAA levels by targeting the

HPA axis, SAM axis and sAA-secreting gland cells, which are

associated with MDD development, thus to modulate the stress

response system to alleviate MDD symptoms.

Notably, not all genes in the Carbohydrate pathway showed a

100% mutation enrichment, e.g., Amylase 1a/1b mutations

presented only in about 3/4 MDD patients. Meanwhile, even

though LCT and SI mutations enrichment happened in 100%

patients with MDD, former study has shown that primary-adult

lactose malabsorption was not predictive for depressive symptoms

(25). These results might somehow indicate the existence of

influencing factors other than genetic abnormalities, which is

consistent with a MDD heredity less than 100%. These factors

might also play their roles together with mutated genes as well as

independently. For example, gut microbiome status and stress

development are clearly influenced by Carbohydrate pathway

mutations and resultant abnormal gene expression products as

mentioned above, they are also established to be under the reg-

ulation of environmental factors at the same time. It might be

reasonable to conclude that MDD development is the consequence

of genetic and other factors including environmental ones.

In conclusion, this investigation represents a significant step

toward unraveling the intricate genetic landscape of MDD,

emphasizing the importance of gene pathways in the context of

neurobiological perspectives. The identification of mutations within

the Digestion and Dietary Carbohydrate pathway underscores the

potential relevance of specific genetic mechanisms in MDD, paving

the way for targeted interventions and personalized treatment

approaches in the future.
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4.2 Limitation and further investigation

Findings revealed in the current study enable a better understanding

of gene pathwaysmutations status inMDDpatients, revealing a possible

genetic mechanism of MDD development and indicating a potential

diagnostic or therapeutic target. However, it is still left uncertain that

whether products of these mutated genes collaborate or work alone

through different mechanisms to induce MDD, and how and to what

extent that abnormal products by mutated gene expression could

interfere with central nerve system and induce MDD. Environmental

factors are also not included in this study. Further investigations are

warranted to illustrate temporal and casual relationships between these

pathways’ mutations and MDD and to develop related diagnosis or

treatment strategies.
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