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Purpose: The purpose of this study was to investigate the potential pathogenic mechanisms 
of post-intracerebral hemorrhage depression.
Methods: Profiles of gene expression in brain tissue of patients with intracerebral hemor-
rhage (ICH) or depression were downloaded from the Gene Expression Omnibus (GEO) 
database. We analyzed differentially expressed genes (DEGs) for the two diseases separately. 
With these DEGs, we conducted an enrichment analysis based on Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) as well as cross-talk analysis, then we 
identified hub bridge genes using integrated bridge landscape analysis.
Results: We found 131 DEGs for interaction between ICH and depression. In the enrichment 
analysis, we found 55 GO terms and KEGG pathways involving interacting genes of ICH and 
depression, and 10 GO terms and 10 KEGG pathways most significantly related to cross-talk 
between ICH and depression. In the integrated bridge landscape analysis, we identified 20 hub 
bridge genes. In further analysis, we found that hub bridge genes HLA-A, HMOX1, and JUN 
related to endocytosis, cell adhesion, and phagosomes may exert their effects through the 
dopamine (DA) system and the serotonergic pathway post-ICH depression. HLA-A may play 
a role in the occurrence and development of ICH and depression through immune mediation 
and cell adhesion. HMOX1 and JUN may participate in the mechanism by interacting with 
HLA-A.
Conclusion: Through bioinformatics analysis, we identified potential hub bridge genes and 
pathways related to post-ICH depression. Our study provides references for further research 
on mechanisms on the pathogenesis of post-ICH depression.
Keywords: intracerebral hemorrhage, depression, differentially expressed genes, hub bridge 
genes

Introduction
The global population is aging, and the prevalence and mortality of stroke are on 
the rise. According to the Global Burden of Disease Study 2016, the highest age- 
standardized incidences of stroke are observed in eastern Asia, especially in China, 
where incidence is 354 cases [95% confidence interval (CI) 331–378] per 
100,000 person-years.1 In particular, ischemic stroke and hemorrhagic stroke 
accounted for about 70% and 28% of all stroke cases in China, respectively.2

Many survivors of stroke suffer from mental and cognitive disorders.3 Post- 
stroke depression (PSD), often occurring 3–6 months after stroke, is one of the most 
common mental disorders.4 PSD seriously affects the recovery of neurological 
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function in stroke patients and increases the incidence of 
disability and mortality.5,6 The incidence of PSD in stroke 
survivors is 33%7 and the pathogenesis of PSD is com-
plex. At present, research on the mechanisms of PSD has 
focused on depression after ischemic stroke and has 
neglected depression after hemorrhagic stroke.

Intracerebral hemorrhage (ICH) is a serious type of 
stroke, and it is associated with the highest mortality 
among all stroke types.8 According to the Framingham 
Heart Study in the USA, the incidence of ICH was 43 
cases per 100,000 person-years in the period 1948–2016. 
An age-stratified analysis indicated a continued increase in 
ICH incidence among patients 75 years and older, with 
incidence reaching 176 cases per 100,000 person-years in 
the period 2000–2016.9 The pathogenesis of ICH is not 
completely clear, although studies have implicated miR- 
126, cerebral cavernous malformation (CCM) proteins, 
Ang-1/Tie2, Smad4, Notch3, lipocalin-2, and 1q22.10–17

Post-ICH depression is common, affecting around 20% 
of ICH survivors, and it is associated with late exacerba-
tion of ICH.6,18 In addition, ICH is often accompanied by 
neurological dysfunction such as aphasia and related lan-
guage disorders, and cognitive difficulties. These compli-
cations often mask depressive symptoms, making it 
difficult for physicians to diagnose depression and pre-
scribe the appropriate treatment. Therefore, it is important 
to clarify the pathogenesis of post-ICH depression and find 
new prevention, diagnosis, and treatment methods. Studies 
have implicated inflammation, oxidative stress, apoptosis, 
and autophagy.19 However, the mechanisms of post-ICH 
depression are not fully understood.

There is a bi-directional relationship between stroke 
and depression, and some common mechanisms and risk 
genes between the two diseases have been identified.4 

However, we are unaware of comprehensive, unbiased, 
integrated bioinformatics analysis of the mechanisms link-
ing ICH and depression. In this study, we performed such 
an analysis to investigate the potential genes and mechan-
isms linking ICH and depression in order to provide a new 
theoretical basis for revealing the mechanisms behind the 
pathogenesis of post-ICH depression.

Materials and Methods
Data Collection and Processing
This study was based on Gene Expression Omnibus 
(GEO) datasets from post-mortem patients (www.ncbi. 
nlm.nih.gov/geo/). We included one dataset of ICH and 

seven datasets of depression: GSE24265 [11 brain speci-
mens of ICH, including 4 perihematomal (PH) areas, PH 
areas suspected to present edema identified by neurora-
diology images from 4 deceased patients who had 
a supratentorial intracerebral hemorrhage, 4 contralateral 
gray (CG) matter, and 3 contralateral white (CW) matter], 
GSE87610 [76 brain specimens of dorsolateral prefrontal 
cortex (DLPFC) from patients with depression], 
GSE92538 [76 brain samples of DLPFC from patients 
with depression], GSE54562 [10 brain samples of anterior 
cingulate cortex (ACC) from patients with depression], 
GSE54572 [12 brain samples of ACC from patients with 
depression], GSE54565 [16 brain samples of ACC from 
patients with depression], GSE54564 [21 brain samples of 
amygdala (AMY) from patients with depression], and 
GSE24095 [15 brain specimens of the hippocampus den-
tate gyrus (DG) and 15 brain specimens of the hippocam-
pus CA1 subregion from patients with depression]. The 
data are summarized in Table 1.

GSE54572 and GSE54565 datasets were based on the 
GPL570 Affymetrix Human Genome U133 Plus 2.0 Array 
platform (Affymetrix; Thermo Fisher Scientific, Waltham, 
MA, USA) and were combined to remove different 
batches. The GSE92538 dataset was based on the 
GPL10526 Affymetrix GeneChip Human Genome HG- 
U133 Plus 2 Array platform (Affymetrix; Thermo Fisher 
Scientific), and the GPL17027 dataset was based on the 
Affymetrix Human Genome U133A Array platform 
(Affymetrix; Thermo Fisher Scientific). These datasets 
were divided into batches. We used the 
“normalizeBetweenArrays” function of the limma 
package20 in R to standardize the data. If a gene had two 
or more expression values, we used the average as the 
gene expression value.

Principal Component Analysis and 
Screening for Differentially Expressed 
Genes
Principal component analysis (PCA) was performed using 
the FactoMineR (https://www.r-project.org/) and factoex-
tra (https://github.com/cran/factoextra) packages in R to 
evaluate the data in each dataset.

The data were preprocessed and then screened to iden-
tify differentially expressed genes (DEGs) using the 
unpaired t-test provided by the limma package in R. The 
threshold of significance was defined as P < 0.01 in the 
dataset of ICH. Gene expression patterns were compared 
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between PH and contralateral healthy tissue from the same 
individuals. To exclude inherent differences between white 
matter and grey matter not influenced by ICH, both white 
and grey matter from the contralateral hemisphere were 
independently compared against the PH tissue, then white 
and grey matter from the contralateral hemisphere were 
compared with each other. Therefore, three comparisons of 
gene expression were calculated per individual: PH vs CG, 
PH vs CW, and CW vs CG. DEGs in ICH were defined as 
intersection genes for the comparisons PH vs CG and PH 
vs CW that showed consistent expression, minus the 
DEGs from the comparison CG vs CW.

For the depression DEGs, we used the same tissue in 
the dataset and selected the DEGs that showed consistent 
up- or down-regulation and that fell within the top 100 Pi 
values, where [Pi = -lg (p)* |logFC|], p is p-value and FC 
is fold chang. Values for genes present in multiple datasets 
were defined as the sum of the values across the datasets. 
Two-way hierarchical clustering was performed on the 
DEG profiles of ICH based on Euclidean distance using 
pheatmap (https://github.com/cran/pheatmap).

Analysis of Functional Enrichment
We used the clusterProfiler21 package to examine DEGs of 
ICH and depression based on enrichment of Gene 
Ontology (GO) functions and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways. We screened 

biological process GO terms and KEGG pathways that 
might be related to ICH and depression using Gene Set 
Enrichment Analysis (GSEA) (GSEA2-2.2.4, Java 
version).22 The datasets c5.bp.v6.2.symbols.gmt and c2. 
cp.kegg.v6.2.symbols.gmt in the MsigDB V6.2 
database23 were used as reference gene sets, and GSEA 
was performed according to default parameters. We set 
nominal P < 0.05 as the threshold for significant 
enrichment.

Cross-Talk Analysis
DEGs of ICH and depression were divided into six modules: 
the ICH DEGs were one module, while the DEGs of the five 
tissues for depression were five modules. Based on the 
STRING database (version 11.0, https://string-db.org/)24, 
131 interactions of ICH and depression were extracted from 
the cross-talk analysis. In the STRING database, the com-
bined score was computed by combining the probabilities 
from the different evidence channels and corrected for the 
probability of randomly observing an interaction. The com-
bined score of human proteins ranked 150 to 999 in the 
database. Only the interactions with combined scores > 700 
were included in the present study. The Sankey (https:// 
github.com/cran/sankey) diagram was used to demonstrate 
the functions and pathways of the interacting genes involved 
in ICH and depression.

Integrated Bridge Landscape Network 
and Hub Bridge Genes
Based on the cross-talk analysis, the bridge genes and their 
interaction pairs were analyzed in Cytoscape.25 The inte-
grated bridge driving force was calculated as W = F * Pi 
*degree, where F is the driving force of bridge genes and 
degree represents the connectivity in the cross-talk net-
work. The top 20 genes with the highest W values were 
defined as hub bridge genes. The GOSemSim26 package 
was used to calculate the driving force F of the function of 
the bridge genes, and the expression of bridge genes was 
explored, where expression was defined as the log2 value 
of the standardized expression.

Results
Principal Component Analysis
The flowchart of this study is shown in Figure 1. The 
results of the PCA showed that the first and second prin-
cipal components (PCs) explained 13.2% (GSE87610)- 
67.4% (GSE24265) of the variance in different datasets 

Table 1 Data Collection

Condition Tissue GEO Datasets Number of Brain 
Samples

Depression DLPFC GSE87610 76

GSE92538- 

GPL10526

76

GSE92538- 

GPL17027

76

Depression ACC GSE54562 10

GSE54572 12
GSE54565 16

Depression AMY GSE54564 21

Depression CA1 GSE24095 15

Depression DG GSE24095 15

ICH PH GSE24265 4

Abbreviations: ACC, anterior cingulate cortex; AMY, amygdala; CA1, CA1 sub-
regions of hippocampus; DG, dentate gyrus of hippocampus; DLPFC, dorsolateral 
prefrontal cortex; ICH, intracerebral hemorrhage; PH, perihematomal.
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Figure 1 Study flowchart. 
Abbreviations: ACC, anterior cingulate cortex; AMY, amygdala; CA1, hippocampus CA1 subregion; DG, hippocampus dentate gyrus; DLPFC, dorsolateral prefrontal 
cortex; ICH, intracerebral hemorrhage.

Figure 2 Principal component analysis (PCA) of the Gene Expression Omnibus (GEO) datasets included in the study. 
Abbreviations: ACC, anterior cingulate cortex; AMY, amygdala; CW, contralateral white; CG, contralateral grey; DLPFC, dorsolateral prefrontal cortex; PH, perihema-
tomal tissue.
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(Figure 2). Although the variance explained by PC1-2 
depended on the dataset, the gene expression pattern was 
able to distinguish ICH and depression patients from nor-
mal control samples. Therefore, these datasets were used 
to analyze and identify links between ICH and depression. 
However, there was a greater degree of admixture in some 
PCs, which indicated the need to perform feature selection 
rather than use all genes.

DEGs in ICH and Depression
We identified DEGs for ICH and depression in comparison 
with healthy controls. For depression, we found 64 up- 
regulated and 19 down-regulated genes in DLPFC samples 
(from GSE87610, GSE92538-GPL10526, and GSE92538- 
GPL17027 datasets), 27 up-regulated and 73 down- 
regulated genes in ACC samples (GSE54562 and 
GSE54572-GSE54565 datasets), 51 up-regulated and 49 
down-regulated genes in AMY samples (GSE54564 data-
set), 23 up-regulated and 77 down-regulated genes in CA1 
subregions of the hippocampus (GSE24095 dataset), and 
40 up-regulated and 60 down-regulated genes in the DG of 
the hippocampus (GSE24095 dataset) (Figure 3A). The 
DEGs of ICH and depression are summarized in Table 2.

We identified 113 DEGs in the PH tissue of ICH patients in 
the GSE24265 dataset, of which 82 genes were up-regulated 
and 31 were down-regulated (Figure 3B). We explored DEGs 
with consistently up-regulated and down-regulated expression 
in ACC and DLPFC tissue samples from patients with depres-
sion (Figure 3C). Cluster analysis showed that the expression 
patterns of the 113 DEGs were able to distinguish ICH from 
healthy control samples (Figure 3D).

GO Terms and KEGG Pathways Related 
to Post-ICH Depression
GO and KEGG enrichment analysis of DEGs in ICH and 
depression suggested that mechanisms of depression may 
be related to extracellular matrix (ECM)-receptor interac-
tions and regulation of actin cytoskeleton (Figure 4A). 
ICH mechanisms appeared to be related to cell adhesion 
molecules (CAMs), endocytosis, and type 1 diabetes mel-
litus (Figure 4B). The enrichment analysis results were 
verified through GSEA. Figure 4C and Table S1 show 55 
GO terms and KEGG pathways involving interacting 
genes of ICH and depression. The 55 GO terms and 
KEGG pathways were mainly related to inflammation, 
immunity, stress, apoptosis, and autophagy. These GO 

terms and KEGG pathways may be involved in the patho-
genesis of post-ICH depression.

Cross-Talk Analysis
In order to find more genes involved in mechanistic links 
between ICH and depression, we divided the five parts of 
depressed brain tissues (DLPFC, ACC, AMY, CA1, DG) 
and ICH DEGs into six modules (one module for ICH, five 
modules for depression) and conducted cross-talk analysis. 
We identified 131 DEGs for the interaction (Figure 5A). 
DEGs for interaction in ICH and depression were consid-
ered to bridge the two conditions. DEGs for interaction 
corresponding to diseases and tissues were defined as 
bridge genes, and the interaction between molecules 
encoded by those genes was defined as a bridge 
interaction.

GO Terms and KEGG Pathways Related 
to Cross-Talk Genes
Figure 5B shows the most significant GO terms related to 
cross-talk genes between ICH and depression. These terms 
included response to hypoxia, response to nutrient levels, 
negative regulation of DNA binding, positive regulation of 
neurological system processes, neuronal death, synapse 
organization, autophagy, cellular iron ion homeostasis, 
intrinsic apoptotic signaling pathway, and regulation of 
apoptotic signaling pathways. The most significant 
KEGG pathways related to cross-talk genes between ICH 
and depression included CAMs, type I diabetes mellitus, 
cellular senescence, regulation of actin cytoskeleton, endo-
cytosis, ECM−receptor interaction, phagosome, neurotro-
phin signaling pathway, ferroptosis, and the Toll−like 
receptor signaling pathway (Figure 5C).

Supplementary tables show the GO terms (Tables S2– 
S4) and KEGG pathways (Table S5) related to cross-talk 
genes.

Integrated Bridge Landscape Network 
and Hub Bridge Genes
Using bridge genes, the pathways in which bridge genes are 
involved and other related genes in the pathway were used to 
build a network, which was considered the post-ICH depres-
sion-related gene regulatory network (Figure 5D). Any of 
these bridge genes may interact with other genes in the 
network to regulate relevant functional pathways, and thus, 
may play a role in the pathogenesis of post-ICH depression. 
We integrated the network to compute the function driving 
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force F (Figure 6) using the gene expression Pi value (taking 
the mean value across multiple datasets), defined as Pi=-lg 
(p)*|log2FC| (Figure 7A). The integrated bridge driving 

force W was W = F * Pi * degree (where “degree” means 
the degree of connectivity in the cross-talk network). The 
W values of bridge genes are reported in Table S6. The 

Figure 3 Analysis of differentially expressed genes (DEGs) and their clustering. (A) DEGs of intracerebral hemorrhage (ICH) and depression tissue samples. The genes with 
the most significant expression differences in each dataset are labeled. (B) DEGs of ICH. (C) DEGs of ACC and DLPFC tissues from patients with depression. (D) Cluster 
analysis heatmap showing how the expression patterns of these DEGs can distinguish ICH from normal control tissues. 
Abbreviations: ACC, anterior cingulate cortex; CG contralateral grey; CW, contralateral white; DLPFC, dorsolateral prefrontal cortex; PH, perihematomal tissue.
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larger the W value, the more critical the nodes in the net-
work. The top 20 gene nodes with the highest W values in 
the network, defined as hub bridge genes, were ACTL7A, 
RACGAP1, PRKAG1, CDH12, DYNLL2, VCAM1, SPHK1, 
GOLGA2, METRNL, KLRC1, JUN, ITGA2B, CDH5, 
TOLLIP, ANXA2, HLA-B, TAP2, ITGA5, HLA-A, and 
HMOX1 (Figure 7B and Table S6).

Discussion
Post-ICH depression is a common complication of ICH that 
significantly affects prognosis. Thus, it is crucial to clarify 
the mechanisms of post-ICH depression for its prevention 
and management. In this study, we aimed to investigate hub 
bridge genes and potential pathways of post-ICH depression 
based on the interaction network between ICH and depres-
sion. We identified hub bridge genes of post-ICH depression 
from the analysis of DEGs for interaction in ICH and 
depression. We found 55 GO terms and KEGG pathways 
involving interacting genes of ICH and depression. In the 
GO and KEGG enrichment analysis of ICH and depression 
DEGs, we identified GO terms and pathways the most sig-
nificant related to cross-talk. These hub bridge genes, func-
tions and pathways may be related to post-ICH depression.

Previous studies found that activation of microglia 
after ICH leads to the production of proinflammatory 

cytokines, neuronal death, and structural deterioration.27 

Activation of microglia and expression of proinflammatory 
cytokines are closely related to the pathogenesis of 
depression.28 Inflammatory cytokines such as hs-CRP, 
TNF-α, IL-1β, IL-6, IL-18, and IFN-γ reduce 5-hydroxy-
tryptamine (5-HT), dopamine (DA), and norepinephrine 
signaling.29 The increased expression of inflammatory 
factors over-activates the hypothalamic-pituitary-adrenal 
(HPA) axis.30 The development of depression is closely 
related to imbalance of the HPA axis as well as signaling 
by 5-HT, DA, and norepinephrine.31,32

In addition, after secondary brain injury in ICH, many 
signaling pathways are activated, such as those related to 
inflammation, oxidative stress, autophagy and apoptosis. 
In particular, inflammation is related mainly to Toll-like 
receptors and signaling pathways dependent on NF-kB or 
PPAR-γ. Oxidative stress is related to nuclear factor ery-
throid-2 related factor 2, as well as the PI3K/Akt and 
MAPK/p38 pathways. Autophagy is related to the mTOR 
signaling cascade and the NF-kB-mediated signaling path-
way, while apoptosis is related to the death receptor- 
mediated apoptosis pathway, caspase-independent path-
ways, and mitochondrial apoptosis pathway. Moreover, 
oxidative stress, neuroinflammation, apoptosis and autop-
hagy interact, and these pathways can serve as a bridge 
between ICH and depression.19 The 55 GO terms and 
KEGG pathways involving interacting genes of ICH and 
depression, which obtained in the analysis also involved 
immunity, apoptosis, stress, autophagy, and inflammation. 
These results align with previous studies.

In our work, we identified ACTL7A, RACGAP1, 
PRKAG1, CDH12, DYNLL2, VCAM1, SPHK1, GOLGA2, 
METRNL, KLRC1, JUN, ITGA2B, CDH5, TOLLIP, 
ANXA2, HLA-B, TAP2, ITGA5, HLA-A, and HMOX1 as 
hub bridge genes between ICH and depression. The pro-
teins encoded by these genes may be potential biomarkers 
for post-ICH depression.

Some of the hub bridge genes identified here have 
already been implicated in the pathophysiology of both 
ICH and depression. For example, AHNAK/p11/ANXA2 
controls L-type voltage-gated calcium channels on the cell 
surface, which regulate neuronal activity induced by cal-
cium signals and control depressive behaviors.33 In animal 
models, high levels of anti-ANXA2-antibodies can induce 
the accumulation of immunoglobulin G in the brain, which 
exerts an antidepressant effect.34 Polymorphisms of the 
ANXA2 gene are associated with stroke, and the encoded 
protein, annexin A2, is involved in the regulated 

Table 2 DEGs in ICH and Depression

Condition Tissue GEO 
Datasets

Number of DEGs

Up- 
Regulated

Down- 
Regulated

Depression DLPFC GSE87610, 
GSE92538- 

GPL10526, 

GSE92538- 
GPL17027

64 19

Depression ACC GSE54562, 
GSE54572, 

GSE54565

27 73

Depression AMY GSE54564 51 49

Depression CA1 GSE24095 23 77

Depression DG GSE24095 40 60

ICH PH GSE24265 82 31

Abbreviations: ACC, anterior cingulate cortex; AMY, amygdala; CA1, CA1 sub-
regions of hippocampus; DEGs, differentially expressed genes; DG, dentate gyrus of 
hippocampus; DLPFC, dorsolateral prefrontal cortex; ICH, intracerebral hemor-
rhage; PH, perihematomal.
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generation of plasmin, the primary fibrinolytic protease 
regulating hemostasis and thrombosis.35

Several HLA haplotypes (such as 
A*24~B*07~DRB1*11, A*01~B*52~DRB1*15, 
A*24~B*35~DRB1*11 and A*02~B*51~DRB1*11) 
have been associated with an increased risk of stroke, 
while others (such as A*26~B*38~DRB1*11 and 
A*03~B*35~DRB1*04) have shown protective effects 
against stroke. HLA-B * 35, b * 52 may affect stroke 
risk by changing the function of arterial endothelial 
cells.36 Meanwhile, the HLA system is related to the 
risk of bipolar manic-depressive illness: HLA-B*08:01 
may help protect against it,37 and antidepressant 

treatment has been associated with altered levels of 
HLA antigens A and B in patients with this disorder.38

Antidepressants such as imipramine and fluoxetine can 
induce the expression of genes related to neuroprotection, 
such as heme oxygenase-1 (HMOX1, HO-1).39 At the 
same time, heme-binding protein promotes the migration 
and differentiation of endothelial progenitor cells through 
the HMOX1 pathway, and promotes the formation of new 
blood vessels, thus protecting the integrity of the blood- 
brain barrier, synaptic plasticity, and neural function.40 In 
addition, the presence of hemoglobin at the focus of ICH 
aggravates brain injury. Binding globin binds to hemoglo-
bin, prevents its oxidation, and participates in 

Figure 4 Gene Set Enrichment Analysis (GSEA) and the GO terms and KEGG pathways involving interacting genes of ICH and depression. (A) Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways with the most significant enrichment in depression. (B) KEGG pathways with the most significant enrichment in ICH. (C) The GO terms 
and KEGG pathways involving interacting genes of ICH and depression.
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neurotoxicity. HMOX1 is involved in this process.41 In 
experimental models of spontaneous ICH, overexpression 
of HMOX1 in astrocytes after acute ICH mitigates the 
breakdown of the blood-brain barrier and short-term neu-
rological deficits, exerts a neuroprotective effect, and 
improves outcomes.42

C-Jun N-terminal kinase (JNK) is a key mitogen- 
activated protein kinase43 and an important regulator of 
inflammation and stress responses, and its expression is 
closely related to the development of central nervous sys-
tem diseases.44 In ICH, levels of phosphorylated JNK 3 
and C-Jun are up-regulated, and JNK contributes to neu-
ronal apoptosis.45 JNK also helps regulate the expression 
of pro-inflammatory cytokines, the phosphorylation of 
glucocorticoid receptors, and neuroinflammation-induced 
depression.44

Previous studies support the idea that our hub bridge 
genes may be involved in the physiological and patholo-
gical processes of both ICH and depression, making them 
likely drivers of post-ICH depression. In the cross-talk 
analysis, JUN, the hub bridge gene of depression, interacts 
with HLA-A and HMOX1, the hub bridge genes of ICH. 
Previous studies have shown that HMOX1, JUN, and HLA- 
A are involved in the pathological processes of both ICH 
and depression. In our analysis, we found that the three 
interacting genes HLA-A, HMOX1, and JUN may play 
a role in the mechanism of ICH and depression by regulat-
ing the pathways of cellular senescence, endocytosis, type 
I diabetes mellitus, CAMs, phagosome, ferroptosis, and 
neurotrophin signaling.

In further analysis, we found that HLA-A may interact 
with the other hub bridge genes, HLA-B, HLA-C, HLA-F, 

Figure 5 Cross-talk network, Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways related to cross-talk and the integrated bridge 
landscape network. (A) Network of genes involved in cross-talk between ICH and depression. Pink indicates ICH-associated genes, while the other colors indicate 
depression-associated genes in the ACC (purple), AMY (orange), CA1 (green), DG (blue), or DLPFC (yellow). TAP2 is the common gene of the hippocampal CA1 subregion 
and DG. (B) GO terms and (C) KEGG pathways most significantly related to the cross-talk. The enrichment increases from blue to red. The larger the circle, the more 
significant the proportion of module genes present among GO functional entry genes or KEGG pathway entry genes. (D) The integrated bridge landscape network, including 
bridge genes, bridge genes related pathways, and other related genes in the pathway. Dark red indicates the bridge genes associated with ICH; blue, the bridge genes 
associated with depression. Bluish violet indicates the KEGG pathway, while purple indicates the other genes associated with KEGG. 
Abbreviations: ACC, anterior cingulate cortex; CA1, hippocampus CA1 subregion; DG, hippocampus dentate gyrus; DLPFC, dorsolateral prefrontal cortex; ICH, 
intracerebral hemorrhage.
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and HLA-G. These genes are involved in the regulation of 
endocytosis, CAMs, and phagosome pathways. This, 
together with the abnormal expression of other hub bridge 
genes in the pathway, such as HLA-DPB1, CDH5, 
VCAM1, and CADM1, may play a role in immune media-
tion and cell adhesion, and therefore, in the occurrence and 
development of ICH and depression (Figure 8).

Lesions in the DA system play a key role in the pathophy-
siology of depression. Reduction in the number of DA neurons 
is associated with the severity of depression. Epothilone B can 
protect DA neurons by enhancing microtubule stability, miti-
gating damage to DA neurons and reducing the depressive 
behavior of post-ICH depressive patients. Protecting DA neu-
rons can help reduce risk of post-ICH depression.46 The migra-
tion of mesencephalic dopaminergic neurons from the 
subventricular zone to their final positions in the substantia 
nigra compacta, ventral tegmental area, and retrorubral field is 
controlled by signaling from neurotrophic factors, CAMs, and 
extracellular matrix molecules.47 Neural cell adhesion mole-
cule (NCAM) is involved in the regulation of neurotransmitter 
DA receptor D(2)R transport and receptor-mediated signal 
transduction and behavior.48 DA acting on D2 receptor may 
regulate the structural plasticity of neurons and inhibit neuro-
transmission by changing the polysialylated form of NCAM 
expression.49 Maturation and NCAM-driven plasticity in 

dopaminergic brain areas can be affected by early life stress 
at different stages of ontogenesis and in a sex-specific 
manner.50 NCAM can mediate the survival of DA neurons 
through signaling pathways induced by mitogen-activated pro-
tein and ERK kinase, fibroblast growth factor receptor, protein 
kinase A, and protein kinase C.51 In addition, the phagocytic 
inflammatory response of microglia leads to the complement- 
mediated loss of dopaminergic neurons, leading to 
neurodegeneration.52 The early endocytic and endocytosis 
pathways play an important role in supporting rapid dopami-
nergic neurotransmission.53 Heptahelical G protein-coupled 
receptors (GPCRs) comprise the largest superfamily of signal 
transduction receptors, including adrenergic and dopaminergic 
receptors. Endocytic membrane transporter receptors to lyso-
somes play an important role in promoting down-regulation of 
GPCRs in some nerve cell types. Different GPCR endocytosis 
pathways may operate in parallel in the same cell, internalizing 
structurally homologous GPCR subtypes to different extents.54 

Clarifying how GPCR signaling and membrane trafficking 
regulate specific subtypes of adrenergic and DA receptors 
could significantly advance the treatment of post-stroke 
depression. To summarize, DA system lesion plays a key role 
in the pathophysiology of post-ICH depression, and endocy-
tosis, CAMs, and phagosome signaling may play an important 
role in this mechanism.

Figure 6 Results of functional driving forces of the bridge genes. Histograms of the genes with the greatest functional drive in each tissue. The x-axis represents 
a standardized score of gene functional driving force.
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In addition, JUN, NCAM, and endocytosis play 
a role in 5-HT-related depression and antidepressant 
mechanisms. The human 5-HT(6) receptor [5-HT(6)R] 
interacts with Jun activation domain-binding protein-1 
(Jab1). Jab1 provides a novel signal transduction path-
way for 5-HT(6)R and may play an important role in 
5-HT(6)R-mediated changes in the brain, including 
changes associated with depression.55 The G-allele of 
rs6295 is known to be associated with aspects of major 
depression, and the rs6295 G-/C-allelic variant is 
located in the promoter region of the human HTR1a 
gene, which encodes the G-protein-coupled receptor for 
5-HT. C-Jun activates the rs6295 G-allelic variant.56 

NCAM L1 may serve as a biomarker of response to 
selective serotonin reuptake inhibitors (SSRIs). The 
close homolog of L1 (CHL1) is a CAM involved in 
the regulation of neuronal survival and growth. Down- 
regulation of CHL1 in immune cells and brain tissue 
may be related to the immune pathogenesis of 

depression.57 The 5-HT1A receptor, a common GPCR 
associated with neuropsychiatric disorders such as 
depression, is an important drug target. The 5-HT1A 
receptor undergoes endocytosis mainly through the cla-
thrin-mediated pathway and then circulates to the 
plasma membrane through the recycling endosome. 
The molecular mechanism of GPCR endocytosis may 
provide new insights into the potential mode of action 
of antidepressants acting through the serotonergic 
pathway.58

Although the present study provides new insights into 
the links between ICH and depression, it also contains 
several limitations. First, since brain specimens are very 
difficult to obtain, only 11 brain specimens of ICH were 
included in the present study. Second, we did not apply 
multiple testing correction in our statistical analyses. 
Third, our results are based on postmortem samples and 
so should be validated in vitro and in vivo, especially the 

Figure 7 The hub bridge gene expression and the integrated regulatory network of bridge genes interactions. (A) Expression values of hub bridge genes in patients and 
healthy controls in different datasets. The y-axis is the standardized value of gene expression, and the x-axis indicates the dataset. (B) The integrated regulatory network of 
bridge genes interactions. The size of the node reflects the integrated driving force for the bridge genes. The shade of color represents the significance of the difference from 
blue (low) to red (high).
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differential expression of hub bridge genes. Indeed, as our 
project was based purely on bioinformatics, its predictions 
of interactions between hub genes should be validated in 
molecular experiments.

Future research should explore the role of HLA-A, 
HMOX1, JUN, endocytosis, CAMs, and phagosome sig-
naling in models of post-ICH depression and in patients. 
Hopefully, this future work will clarify the underlying 
mechanism and highlight novel avenues for therapeutic 
intervention.r

Conclusion
We identified the hub bridge genes and signaling pathways 
related to post-ICH depression from a global, unbiased 

perspective, providing candidate molecules and functional 
pathways for further studies aimed at elucidating the 
pathogenesis of post-ICH depression.
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Figure 8 Proposed potential mechanisms of post-ICH depression. HLA-A, together with other hub bridge genes, regulates endocytosis, cell adhesion molecules, and 
phagosome pathways. The genes in the red and blue boxes are differentially expressed genes (DEGs): red indicates up-regulated genes; blue, down-regulated genes.
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