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Abstract 

Background  Ferroptosis is closely associated with the pathophysiological processes of many diseases, such as infec-
tion, and is characterized by the accumulation of excess lipid peroxides on the cell membranes. However, studies 
on the ferroptosis-related diagnostic markers in tuberculosis (TB) is still lacking. Our study aimed to explore the role 
of ferroptosis-related biomarkers and molecular subtypes in TB.

Methods  GSE83456 dataset was applied to identify ferroptosis-related genes (FRGs) associated with TB, 
and GSE42826, GSE28623, and GSE34608 datasets for external validation of core biomarkers. Core FRGs were identi-
fied using weighted gene co-expression network analysis (WGCNA). Subsequently, two ferroptosis-related subtypes 
were constructed based on ferroptosis score, and differently expressed analysis, GSEA, GSEA, immune cell infiltration 
analysis between the two subtypes were performed.

Results  A total of 22 FRGs were identified, of which three genes (CHMP5, SAT1, ZFP36) were identified as diagnostic 
biomarkers that were enriched in pathways related to immune-inflammatory response. In addition, TB patients were 
divided into high- and low-ferroptosis subtypes (HF and LF) based on ferroptosis score. HF patients had activated 
immune- and inflammation-related pathways and higher immune cell infiltration levels than LF patients.

Conclusion  Three potential diagnostic biomarkers and two ferroptosis-related subtypes were identified in TB 
patients, which would help to understand the pathogenesis of TB.
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Introduction
Tuberculosis (TB) is a chronic infectious disease that 
poses a serious threat to human health and is consid-
ered one of the world’s three major infectious diseases, 
along with malaria and acquired immunodeficiency syn-
drome [1]. According to the World Health Organization, 
China had the third highest number of new cases of TB 
in the world with about 833,000 cases in 2019 [2]. TB is 
mainly caused by infection with Mycobacterium tubercu-
losis (M.tb). It is currently one of the ten leading causes 
of death worldwide and the leading cause of death from 
a single infectious disease [3, 4]. M.tb can cause infec-
tion in almost any part of the body, and the spectrum of 
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clinical disease following M.tb infection is diverse, rang-
ing from asymptomatic to life-threatening acute infec-
tious disease [5, 6]. Although the utilization of various 
methods for diagnosing TB, the process remains chal-
lenging, especially in the absence of a clear focus of infec-
tion [7–9]. Therefore, developing new biomarkers to help 
diagnose active TB is urgently needed.

Ferroptosis is a non-apoptotic form of cell death, char-
acterized by the accumulation of iron-dependent lipid 
peroxides to the point of cell death [10, 11]. In several 
diseases, including sepsis, neurodegenerative disease, 
diabetes, and cancer, ferroptosis has been implicated in 
a variety of physiological and pathological processes [12, 
13]. In addition, ferroptosis has also been shown to play 
an important role in the pathogenesis of pulmonary dis-
ease including lung cancer, pulmonary fibrosis, chronic 
obstructive pulmonary disease, and pneumonia [14–16]. 
A recent study revealed that inhibition of ferroptosis sup-
pressed M.tb-induced bacterial load and tissue necrosis 
[17]. Additionally, the exploration of ferroptosis inhibi-
tors that target the interaction between M.tb PtpA and 
Ran-GDP could be pursued as a potential treatment for 
TB [18, 19]. Thus, ferroptosis may have a vital role in the 
pathogenesis of TB and that the ferroptosis-related genes 
(FRGs) may be involved in the occurrence of TB.

In recent years, some researchers have combined tran-
scriptome sequencing with bioinformatics analysis to 
identify differentially expressed genes (DEGs) and func-
tional pathways involved in the pathological process of 
pulmonary disease [20, 21]. In the present research, gene 
expression profiles of TB patients from the Gene Expres-
sion Omnibus (GEO) database were comprehensively 
analysed using bioinformatics. We aimed to gain insight 
into the potential pathological mechanisms of TB and to 
identify ferroptosis-related targets and biomarkers for 
the early diagnosis of TB.

Methods and materials
Collection of datasets
A total of four TB-related gene expression microar-
rays (GSE83456, GSE42826, GSE28623, and GSE34608) 
downloaded from the GEO database of the National 

Center for Biotechnology Information (NCBI, https://​
www.​ncbi.​nlm.​nih.​gov/). The information of the GEO 
datasets was presented in Table 1. The selection criteria 
for the datasets are as follows: the experimental design 
of the gene expression profiling dataset must be a whole 
blood study of active TB patients and healthy controls 
(HC); the number of samples of both types of whole 
blood involved in each gene expression profiling dataset 
must be greater than 5; the samples for the gene expres-
sion profiling study must be RNA expressed at the level 
of the whole human genome. The GEOquery function of 
the R language Bioconductor package was used to down-
load gene expression profile data. FerrDb, the first data-
base of experimentally validated ferroptosis regulators 
and markers and ferroptosis-disease associations. Anno-
tations were generated from currently available ferrop-
tosis articles in PubMed [22]. From the FerrDb database 
(http://​www.​zhoun​an.​org/​ferrdb), a total of 259 ferropto-
sis-related genes (FRGs) were downloaded.

Identification of FRGs
Limma, which is an R software package, offers a compre-
hensive solution for the analysis of gene expression data. 
It has gained significant popularity as a preferred tool 
for gene discovery through the examination of differen-
tial expression in microarray [23]. The “limma” package 
of R was used to screen the DEGs in the different groups 
based on the set cutoff criteria of p.adjust < 0.05 and | log 
fold change (FC)|≥ 1. The “ggplot2” was used to map the 
volcano plot and boxplot. Metascape is an online analy-
sis platform that offered biologists with a comprehensive 
annotation and analysis resource [24]. Functional enrich-
ment analyses were performed using Metascape to inves-
tigate the biological functions and pathways of the DEGs.

Gene set enrichment analysis (GSEA)
GSEA is a method employed to detect gene sets that 
exhibit differential expression and are enriched with 
known biological functions [25]. For GSEA, the Clus-
terProfiler package was applied. The “h.all.v7.4.symbols.
gmt” subset was downloaded from the Molecular 

Table 1  The GEO datasets information

GEO ID Platform Healthy control 
(HC)

Active pulmonary 
tuberculosis (TB)

Latent pulmonary 
tuberculosis (LTB)

Source Application

GSE83456 GPL10558 61 45 0 Blood Analysis

GSE42826 GPL10558 52 11 0 Blood Validation

GSE28623 GPL4133 37 46 25 Blood Validation

GSE34608 GPL6480 18 8 0 Blood Validation

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://www.zhounan.org/ferrdb
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Signatures Database for evaluation of the associ-
ated pathways. Statistical significance was defined as p 
value < 0.05.

Weighed gene co‑expression network analysis (WGCNA)
WGCNA can be used for the discovery of highly relevant 
gene modules, which can be used for the identification 
of therapeutic targets or candidate markers [26]. Based 
on the gene expression profile data, the median absolute 
deviation (MAD) was calculated for each gene separately. 
Then, the top 50% of genes with the lowest MAD were 
removed. Subsequently, goodSamplesGenes method of 
WGCNA package was used to remove abnormal genes 
and samples, and WGCNA was used to construct co-
expression network. Hub genes were screened based on 
the cut-off criteria Module membership > 0.8 and Gene 
significance > 0.3.

Immune microenvironment analysis
xCell is a powerful computational technique that trans-
forms gene expression profiles into enrichment scores 
for immune and stroma cell types across various samples 
[27]. The xCell algorithm was used to calculate the dif-
ference in the proportion of different infiltrating immune 
cells in the immune microenvironment between the TB 
and HC, and results were shown in a box plot. In addi-
tion, the correlation between the core FRGs expression 
and immune cell infiltration was performed using the 
“ggplot2” package, and the results were shown in lollipop 
chart.

Gene set variation analysis (GSVA)
The GSVA technique is characterized by its non-para-
metric and unsupervised nature, which eliminates the 
need to explicitly model phenotypes in the enrichment 
scoring algorithm. This approach enhances the ability to 
identify even subtle variations in pathway activity across 
different individuals [28]. In our study, the ferroptosis 
score was calculated using the GSVA algorithm based on 
the gene expression profile of FRGs. The score matrix of 
the ferroptosis was obtained and result was visualized by 
box plot.

Identification of ferroptosis‑related subtypes
TB patients were divided into the low ferroptosis score 
(LF) and high ferroptosis (HF) score subgroups based on 
the median value of the ferroptosis score. Subsequently, 
differential expression, GSEA, GSVA and immuno-infil-
tration analyses were performed between the two sub-
groups using the corresponding R software.

Validation of core genes by qRT‑PCR
Blood samples from 8 HC and 8 TB patients were col-
lected from the First Affiliated Hospital of Guang-
zhou Medical University. The study obtained 
written informed consent from all participants and 
was approved by the Ethics Committee of The First 
Affiliated Hospital of Guangzhou Medical University. 
Blood samples were subjected to RNA extraction using 
the TRIzol reagent (Invitrogen) following the manu-
facturer’s protocol. The total RNA obtained was then 
reverse transcribed into complementary DNA (cDNA) 
using the cDNA Synthesis Kit (Takara, China). qRT-
PCR was carried out with Taq Universal SYBR green 
Supermix (Bio-Rad, USA). The 2−ΔΔCt method was 
used to calculate gene expression relative to GAPDH 
expression. Primers used were presented in Additional 
file 2: Table S1.

Results
Expression landscape of FRGs in TB
The analysis flow for this study is shown in Fig. 1. A differ-
ential study comparing samples from HC and TB revealed 
1007 DEGs. Of these, 390 were found to be upregulated 
while 617 were downregulated (Additional file  1 Figure 
S1A, Additional file 2: Table S1). Functional enrichment 
analysis was performed using Metascape. The results, as 
shown in Additional file 1: Figures S1B–C, indicated that 
these DEGs were primarily enriched in immune-related 
pathways, such as response to virus, cytokine signaling in 
immune system, interferon signaling, adaptive immune 
system, alpha–beta T cell activation, etc. Additionally, 
according to the GSEA enrichment results, there was a 
significant enrichment of ferroptosis in the TB group (as 
shown in Fig.  2A, NES = 2.06, p.adj < 0.001). The results 
implied that ferroptosis plays an important role in TB 
development.

In this study, we examined the expression patterns of 
259 FRGs (Additional file  2: Table  S2) in both TB and 
HC samples. Our findings indicated that some of FRGs 
were significantly upregulated in TB samples compared 
to HC samples, including GCH1, CYBB, SOCS1, DUSP1, 
CHMP5, SLC40A1, SAT1, NFE2L2, ACSL3, TNFAIP3, 
WIPI1, ZFP36, ANO6, ACSL4, and HIF1A, while 
PEBP1, SNX4, ELAVL1, BNIP3, TUBE1, and OTUB1 
were expressed at low levels in TB group (Figs.  2B, D). 
To investigate the interactions of differentially expressed 
FRGs, a correlation analysis was conducted. The find-
ings revealed a significant correlation among these genes 
(Fig. 2C).
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Identification of core FRGs by WGCNA
We used WGCNA to identify 18 gene modules (Fig. 3A). 
Among these, the royalblue and brown modules showed 

a significant correlation with TB (r = 0.55, p = 4.2e−12 
and r = 0.41, p = 1.6e−76, respectively) as depicted in 
Additional file  1: Figure S2. To further investigate, we 

Fig. 1  Flow chart of the data analysis process. The GSE83456 dataset was used to find FRGs associated with TB. The core FRGs were identified using 
WGCNA, and validated using the GSE42826, GSE28623, GSE34608 datasets and qRT-PCR analysis. Two subtypes related to ferroptosis were then 
created based on the ferroptosis score. Differential expression analysis, GSEA, and immune cell infiltration analysis were performed between the two 
subtypes

Fig. 2  Expression profile of FRGs in TB. A The GSEA results suggested that ferroptosis is important in the pathogenesis of TB. B Volcano plot 
of the FRGs (the green dots represented the down-regulated FRGs and red dots represented the up-regulated FRGs). C The correlation plot 
represented the degree of correlation of the 22 FRGs. D Box plots depicted the differentially expressed FRGs between the HC and TB groups. 
*p < 0.05, **p < 0.01, ***p < 0.001
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identified 308 hub genes within these modules (Addi-
tional file 2: Table S3).

Our study identified three FRGs (CHMP5, SAT1 and 
ZFP36) from core modules based on the Venn result 
(Fig.  3B), which were found to be significantly up-regu-
lated in the TB group (p < 0.05). Additionally, the diag-
nostic AUC values of CHMP5, SAT1, and ZFP36 genes 
were found to be 0.896, 0.907, and 0.808, respectively as 
depicted in Fig. 3C.

To validate these genes expression, multiple microar-
ray datasets (GSE42826, GSE28623, and GSE34608 data-
sets) were utilized. The TB group exhibited a significantly 
higher expression level of CHMP5 and SAT1 genes as 
compared to the HC group (p < 0.01) (Fig.  4A–C). The 
expression of the ZFP36 gene was significantly up-regu-
lated in the GSE42826 and GSE28623 datasets (p < 0.05). 
However, no significant difference was observed in 
ZFP36 gene expression between the normal and disease 
groups (Fig. 4C). ROC analysis was used to confirm the 
diagnostic value of core genes. In the GSE42826 cohort, 
the AUC values for CHMP5, SAT1, and ZFP36 genes 

were 0.956, 0.995 and 0.82, respectively (Fig. 4D); in the 
GSE28623 cohort, the AUC values for CHMP5, SAT1, 
and ZFP36 genes were 0.711, 0.804 and 0.682, respec-
tively (Fig. 4E); in the GSE34608 cohort, the AUC values 
for CHMP5, SAT1, and ZFP36 genes were 0.979, 0.986 
and 0.688, respectively (Fig. 4F).

Investigating potential biological functions of core FRGs
We conducted a single gene GSEA to investigate the 
potential biological functions of core FRGs. Our find-
ings revealed that toll like receptor signaling pathway, 
chemokine signaling pathway, leukocyte transendothelial 
migration, natural killer cell mediated cytotoxicity, B cell 
receptor signaling pathway, JAK-STAT signaling path-
way, and cytokine-cytokine receptor interaction were 
enriched in the CHMP5 high-expressed phenotype, as 
depicted in Fig. 5A; toll like receptor signaling pathway, 
chemokine signaling pathway, leukocyte transendothelial 
migration, natural killer cell mediated cytotoxicity, B cell 
receptor signaling pathway, JAK-STAT signaling pathway, 
and MAPK signaling pathway were enriched in the SAT1 

Fig. 3  Identification of core FRGs by WGCNA. A Key modules identified by WGCNA. B The Venn diagram represented the genes that are shared 
between the FRGs and the WGCNA. C The ROC curves of CHMP5, SAT1, and ZFP36 genes in the GSE83456 dataset
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high-expressed phenotype, as depicted in Fig. 5B; endo-
cytosis, leishmania infection, leukocyte transendothelial 
migration, natural killer cell mediated cytotoxicity, B cell 
receptor signaling pathway, lysosome, and acute myeloid 
leukemia were enriched in the ZFP36 high-expressed 
phenotype, as depicted in Fig. 5C. The results suggested 
that the three FRGs may play a crucial role in regulating 
immune response.

Differences in immune characteristics between the HC 
and TB groups
The xCell analysis revealed significant differences in 
immune status between the HC and TB groups. The TB 
patients had significantly higher proportions of aDC, 
basophils, macrophages, macrophages M1, macrophages 
M2, monocytes, neutrophils, NKT, and plasma cells 
compared to the HC. However, the TB patients had sig-
nificantly lower proportions of B cells, CD4 + memory 
T cells, CD4 + naive T cells, CD4 + T cells, CD4 + Tcm, 
CD4 + Tem, CD8 + T cells, CD8 + Tcm, CD8 + Tem, cDC, 
class-switched memory B cells, iDC, mast cells, memory 
B cells, naive B cells, NK cells, pro B cells, and Th1 cells 
compared to the HC (Fig.  6A). Our study also explored 
the correlation between core FRGs expression and immu-
nological characteristics. The results depicted in Fig. 6B 
indicated that there was a negative correlation between 
CHMP5 expression and iDC, CD8 + T cells, CD4 + naive 
T cells, CD4 + T cells, CD8 + Tcm, CD4 + Tcm, pro B 

cells, CD4 + T cells, NK cells, CD8 + Tem, CD4 + Tem, 
while there was a positive correlation between CHMP5 
expression and neutrophils, monocytes, macrophages, 
macrophages M1, macrophages M2, plasma cells; there 
was a negative correlation between SAT1 expression 
and iDC, CD8 + T cells, CD4 + naive T cells, CD4 + T 
cells, CD8 + Tcm, CD4 + Tcm, pro B cells, CD4 + T cells, 
NK cells, CD8 + Tem, CD4 + Tem, while there was a 
positive correlation between SAT1 expression and neu-
trophils, monocytes, macrophages, macrophages M1, 
macrophages M2, plasma cells, NKT (Fig.  6C); there 
was a negative correlation between ZFP36 expression 
and iDC, pro B cells, CD8 + T cells, CD4 + naive T cells, 
CD4 + T cells, CD8 + Tcm, CD4 + Tcm, CD4 + T cells, 
NK cells, mast cells, CD8 + Tem, CD4 + Tem, while there 
was a positive correlation between ZFP36 expression and 
neutrophils, monocytes, macrophages, macrophages M1, 
macrophages M2 (Fig. 6D).

Identification of ferroptosis‑related subtypes
The GSVA algorithm was used to calculate the ferropto-
sis score, revealing that the TB group had a significantly 
higher score than the HC group (p < 0.05) (Fig. 7A). The 
patients with TB were separated into two subgroups: 
those with a low ferroptosis score (LF) and those with a 
high ferroptosis score (HF). The median value of the fer-
roptosis score was used to divide the patients into these 
subgroups. A differential study comparing samples from 

Fig. 4  Validation of core FRGs using independent datasets. The gene expression levels A–C and ROC curves D–F of CHMP5, SAT1, and ZFP36 genes 
in the GSE42826, GSE28623, and GSE34608 datasets. *p < 0.05, **p < 0.01, ***p < 0.001
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LF and HF revealed 7786 DEGs. Of these, 7406 were 
found to be upregulated while 380 were downregulated 
(Fig. 7B).

Enrichment analysis between subtypes
GSEA results indicated that these DEGs were primar-
ily enriched in immune-inflammatory pathways, such 
as immune response to tuberculosis, interferon alpha 

Fig. 5  The core FRGs were analyzed using GSEA, which revealed potential signaling pathways. The immune-inflammatory pathways are 
significantly enriched in high expression of CHMP5 A, SAT1 B, and ZFP36 C 
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beta signaling, interleukin 15 signaling, diseases of 
immune system, pyroptosis, interferon gamma signal-
ing, IL6 siganling pathway, neutrophil degranulation, 
interleukin 10 signaling, toll like receptor cascades, 
TNF signaling, interleukin 1 family signaling, apopto-
sis, JAK-STAT singaling pathway, chemokine signaling 
pathway, IL18 signaling pathway, etc. (Fig. 7C).

Additionally, we utilized GSVA to investigate the vari-
ations in participating potential pathways between the 
two subtypes. Our findings revealed that HF subtype 
exhibited a greater number of immune response rele-
vant pathways than LF subtype, such as immune system 
development, leukocyte differentiation, T cell activation, 
leukocyte cell–cell adhesion, regulation of leukocyte dif-
ferentiation, T cell proliferation, B cell homeostasis, etc. 
(Fig. 8).

Immunological characteristics of both subtypes
Due to the intricate nature of the immune microenvi-
ronment, it is possible for two different immune sub-
types to emerge. In order to gain a better understanding 
of the biological behavior between these two subtypes, 
we utilized the xCell algorithm to analyze the propor-
tion of immune cells present in the immune infiltrative 
microenvironment in TB. As shown in Fig.  9A–B, the 

LF subtype had significantly higher proportions of baso-
phils, CD8 + naive T cells, DC, eosinophils, iDC, NKT, 
pro B cells, and Th2 cells compared to the HF subtype. 
However, the LF subtype had significantly lower pro-
portions of CD4 + memory T cells, CD4 + naive T cells, 
CD4 + T cells, CD8 + T cells, CD8 + Tem, macrophages, 
macrophages M1, mast cells, monocytes, neutrophils, 
NK cells, Tgd cells, and Th1 cells compared to the HF 
subtype.

Validation of core genes by clinical blood samples
Clinical blood samples were collected to verify the 
expression levels of key genes using qRT-PCR tech-
niques. As shown in Fig. 10, the TB group exhibited a sig-
nificantly higher expression level of CHMP5, SAT1, and 
ZFP36 genes as compared to the HC group (p < 0.01 or 
p < 0.001).

Discussion
TB, caused by M.tb, is an infectious disease that can 
affect various organs and tissues in the body. Currently, 
apart from HIV/AIDS, TB continues to be the leading 
cause of death in the world [4]. The diagnostic criterion 
for TB is a positive sputum smear. Unfortunately, the low 
rate of positive sputum smears results in a significant 

Fig. 6  Differences in immune characteristics between the HC and TB groups. A Box plots depicted the landscape of immune cells infiltration 
between the HC and TB groups. *p < 0.05, **p < 0.01, ***p < 0.001. B–D Correlation between three core FRGs and immune cell infiltration levels. 
*p < 0.05, **p < 0.01, ***p < 0.001
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number of patients with underlying TB being undiag-
nosed, leading to delays in treatment [7, 29, 30]. The 
molecular mechanisms underlying the pathologies of TB 
are difficult to elucidate. T cell-mediated adaptive immu-
nity is essential to combat M.tb infection in people [31]. 
The natural and trained innate immune system has an 
important role to play in the fight against Mycobacte-
rium TB [32]. Recent studies revealed that an imbalance 
in ferroptotic cell death can contribute to various physi-
ological and pathophysiological processes, which are fur-
ther exacerbated by an impaired immune response [33]. 
The discovery of the crucial role of ferroptosis in infec-
tious diseases has brought attention to its potential as 

a therapeutic target. Therefore, it is widely anticipated 
that it will be developed as a new therapeutic strategy for 
infectious diseases [34]. A recent study suggested that 
ferroptosis is an important necrotic mechanism in Mtb 
infection and a target for host-targeted treatment of TB 
[17]. Thus, identifying ferroptosis-related markers in TB 
patients is clinically important for developing new targets 
for diagnosis, treatment and prognosis.

High-throughput technique and microarray technology 
have become essential tools for studying gene expression 
levels and identifying the underlying molecular mecha-
nisms associated with complex diseases [35, 36]. In the 
present study, a total of 22 FRGs showed differential 

Fig. 7  Identification of ferroptosis-related subtypes. A Box plots depicted the ferroptosis score between the HC and TB groups. *p < 0.05. B Volcano 
plot exhibited the DEGs between the LF and HF subgroups. C GSEA was performed to explore the potential pathways between the two subgroups
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expression between the TB and HC groups using bioin-
formatics techniques to analyse the GSE83456 dataset. 
According to the WGCNA results, three of these FRGs 
were identified as core diagnostic biomarkers involved 
in regulating the immune and inflammatory response in 
TB. The CHMP5, SAT1, and ZFP36 genes were all closely 
correlated with immune cell infiltrations. Charged mul-
tivesicular body protein 5 (CHMP5) is an anti-apoptotic 
protein that is thought to play a role in leukaemogenesis 
[37, 38]. The protein CHMP5 plays a role in regulating 
NF-κB signaling after RANK activation in osteoclasts 
[39]. CHMP5 deficiency is likely to activate programmed 
cell death pathways [40]. Spermidine/Spermine 
N1-acetyltransferase 1 (SAT1) is a crucial enzyme in the 
global regulation of polyamine catabolism. Its primary 
function is to catalyze the acetylation of spermine and 
spermidine, resulting in the formation of N1-acetylsper-
mine and N1-acetylspermidine, respectively [41]. A pre-
vious study uncovered a metabolic target of p53, SAT1, 
which plays a role in the p53-mediated response to reac-
tive oxygen species and ferroptosis [42]. SAT1 expression 
significantly correlated with infiltrating macrophages and 

CD8 + T cells in low-grade glioma [43]. The knockout of 
the zinc finger protein 36 (ZFP36) gene demonstrated the 
essential function of tristetraprolin in regulating inflam-
mation [44]. A recent research has uncovered that mem-
bers of ZFP36 contribute to the inflammatory features of 
dermal fibroblasts [45]. Previous studies have revealed 
the significant role of ZFP36 RNA-binding proteins 
in controlling T cell expansion and effector functions. 
Consequently, inhibiting ZFP36 could be a promising 
approach to improve immune-based therapies [46]. In 
the present study, the results of GSEA and immune cell 
infiltration suggested that these genes may play a crucial 
role in regulating the immune response in TB.

In our study, we extracted the expression matrix of 22 
FRGs and calculated ferroptosis score for TB patients 
using the GSVA method to identify heterogeneity among 
TB patients. The patients with TB were separated into 
two ferroptosis-related subgroups (HF and LF). Based on 
the GSVA results, it was observed that the HF subgroup 
exhibited activation of immune and inflammation-related 
pathways, including immune system development and 
TNFA signaling via NFKB. To gain a better understanding 

Fig. 8  GSVA was carried out to investigate the potential pathways between the two subgroups
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Fig. 9  Differences in immune characteristics between the two subgroups. Heatmap A and box B plots depicted the landscape of immune cells 
infiltration between the LF and HF groups. *p < 0.05, **p < 0.01, ***p < 0.001

Fig. 10  Validation of core genes by qRT-PCR. The gene expression levels of CHMP5 A, SAT1 B, and ZFP36 C genes in the clinical blood samples. 
**p < 0.01, ***p < 0.001
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of the relationship between TB subgroups and immu-
nity, the immune landscape between subgroups was 
further investigated. We observed the CD4 + memory T 
cells, CD4 + naive T cells, CD4 + T cells, CD8 + T cells, 
CD8 + Tem, macrophages, macrophages M1, mast cells, 
monocytes, neutrophils, NK cells, Tgd cells, and Th1 cells 
were significantly up-regulated in the HF subgroup com-
pared with the LF subgroup. Macrophages are the pri-
mary host cells for Mycobacterium tuberculosis during 
its intracellular survival in the human body [47]. Numer-
ous studies have demonstrated that the phenotype of 
macrophages involved in the early stages of TB infection 
and granuloma formation plays a crucial role in disease 
progression and infection outcome [48–50]. The activity 
of mast cells is involved in the maintenance of a healthy 
lung and helps to defend against a wide range of respira-
tory pathogens, including Mycobacterium tuberculosis 
[51]. Neutrophils have been identified as a potential early 
indicator of TB severity, making them a promising tar-
get for host-directed therapy in TB [52]. Th1 cells have 
been demonstrated to aid in the protection against TB by 
producing IFN-γ and stimulating the antimycobacterial 
response in macrophages [53]. In humans, the control of 
Mycobacterium TB infection relies heavily on the adap-
tive immune response facilitated by T cells [31]. These 
phenomena suggested that inflammation and immunity 
may be involved in contributing to ferroptosis in TB 
patients.

Conclusion
Our research emphasized the significant impact of fer-
roptosis in the development of TB. We have identi-
fied three FRGs that may act as potential biomarkers 
and treatment targets for TB patients. Additionally, 
two molecular subtypes of TB were identified based on 
FRGs. Further analysis showed that dysregulation of 
the immune microenvironment may induce ferroptosis, 
thereby accelerating the progression of TB. These find-
ings have the potential to improve diagnosis and treat-
ment outcomes for individuals suffering from TB.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40001-​023-​01371-5.

Additional file 1: Figure S1. Differential expressed and functional 
enrichment analyses between HC and TB groups. A Volcano plot exhibited 
the differentially expressed genes (DEGs) between HC and TB groups. 
B Functional enrichment analysis of DEGs based on Metascape Online. 
Figure S2. Scatter plot exhibiting the correlation between HC phenotype 
and genes in royalblue module A and brown module B.

Additional file 2: Table S1. Sequences of primers used quantitative 
real-time PCR (qRT-PCR). Table S2. Identification of DEGs in TB patients. 
Table S3. Ferroptosis-related genes. Table S4. Identification hub modules 
by WGCNA.

Acknowledgements
Not applicable.

Author contributions
DW wrote the manuscript. YYL and HA analyzed the data and produced the 
figures. JZ reviewed and edited the manuscript.

Funding
Not applicable.

Availability of data and materials
All data used in the present study were available from the GEO database 
(https://​www.​ncbi.​nlm.​nih.​gov/​geo/).

Declarations

Ethics approval and consent to participate
This study was approved by the Ethics Committee of The First Affiliated Hospi-
tal of Guangzhou Medical University.

Consent for publication
Not applicable.

Competing interests
All authors declared that there was no competing interests.

Received: 17 April 2023   Accepted: 13 September 2023

References
	1.	 Furin J, Cox H, Pai M. Tuberculosis. Lancet. 2019;393:1642–56.
	2.	 Harding E. WHO global progress report on tuberculosis elimination. 

Lancet Respir Med. 2020;8:19.
	3.	 Torres-Juarez F, Trejo-Martínez LA, Layseca-Espinosa E, Leon-Contreras 

JC, Enciso-Moreno JA, Hernandez-Pando R, Rivas-Santiago B. Platelets 
immune response against Mycobacterium tuberculosis infection. Microb 
Pathog. 2021;153: 104768.

	4.	 Natarajan A, Beena PM, Devnikar AV, Mali S. A systemic review on tuber-
culosis. Indian J Tuberc. 2020;67:295–311.

	5.	 Young DB, Gideon HP, Wilkinson RJ. Eliminating latent tuberculosis. 
Trends Microbiol. 2009;17:183–8.

	6.	 Barry CE 3rd, Boshoff HI, Dartois V, Dick T, Ehrt S, Flynn J, Schnappinger D, 
Wilkinson RJ, Young D. The spectrum of latent tuberculosis: rethinking the 
biology and intervention strategies. Nat Rev Microbiol. 2009;7:845–55.

	7.	 Suárez I, Fünger SM, Kröger S, Rademacher J, Fätkenheuer G, Rybniker J. 
The diagnosis and treatment of tuberculosis. Deutsches Arzteblatt Int. 
2019;116:729–35.

	8.	 S.Y. Rodriguez-Takeuchi, M.E. Renjifo, and FJ. Medina. 2019. Extrapulmo-
nary Tuberculosis Pathophysiology and Imaging Findings. Radiographics 
a review publication of the Radiological Society of North America Inc 39 
2023

	9.	 Machado D, Couto I, Viveiros M. Advances in the molecular diagnosis of 
tuberculosis: from probes to genomes. Infect Genet evol J Mol Epidemiol 
Evol Gene Infect Dis. 2019;72:93–112.

	10.	 Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon 
SJ, Fulda S, Gascón S, Hatzios SK, Kagan VE, Noel K, Jiang X, Linkermann 
A, Murphy ME, Overholtzer M, Oyagi A, Pagnussat GC, Park J, Ran Q, 
Rosenfeld CS, Salnikow K, Tang D, Torti FM, Torti SV, Toyokuni S, Woerpel 
KA, Zhang DD. A regulated cell death nexus linking metabolism, redox 
biology, and disease. Cell. 2017;171:273–85.

	11.	 Hirschhorn T, Stockwell BR. The development of the concept of ferropto-
sis. Free Radical Biol Med. 2019;133:130–43.

	12.	 Stockwell BR, Jiang X, Gu W. Emerging mechanisms and disease rel-
evance of ferroptosis. Trends Cell Biol. 2020;30:478–90.

	13.	 Yan HF, Zou T, Tuo QZ, Xu S, Li H, Belaidi AA, Lei P. Ferroptosis: mecha-
nisms and links with diseases. Signal Transduct Target Ther. 2021;6:49.

https://doi.org/10.1186/s40001-023-01371-5
https://doi.org/10.1186/s40001-023-01371-5
https://www.ncbi.nlm.nih.gov/geo/


Page 13 of 13Wufuer et al. European Journal of Medical Research          (2023) 28:445 	

•
 
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.	 Wu S, Zhu C, Tang D, Dou QP, Shen J, Chen X. The role of ferroptosis in 
lung cancer. Biomarker Res. 2021;9:82.

	15.	 Yu S, Jia J, Zheng J, Zhou Y, Jia D, Wang J. Recent progress of ferroptosis in 
lung diseases. Front Cell Develop Biol. 2021;9: 789517.

	16.	 Chen Y, Xu Y, Zhang K, Shen L, Deng M. Ferroptosis in COVID-19-related 
liver injury: a potential mechanism and therapeutic target. Front Cell 
Infect Microbiol. 2022;12: 922511.

	17.	 Amaral EP, Costa DL, Namasivayam S, Riteau N, Kamenyeva O, Mittereder 
L, Mayer-Barber KD, Andrade BB, Sher A. A major role for ferroptosis in 
Mycobacterium tuberculosis-induced cell death and tissue necrosis. J Exp 
Med. 2019;216:556–70.

	18.	 Gan B. Ferroptosis hijacking by Mycobacterium tuberculosis. Nat Commun. 
2023;14:1431.

	19.	 Meunier E, Neyrolles O. Die another way: Ferroptosis drives tuberculosis 
pathology. J Exp Med. 2019;216:471–3.

	20.	 Zhang T, Huang C, Luo H, Li J, Huang H, Liu X, Zhan S. Identification of 
key genes and immune profile in limited cutaneous systemic sclerosis-
associated pulmonary arterial hypertension by bioinformatics analysis. 
Life Sci. 2021;271: 119151.

	21.	 Zhang J, Liu J, Xu S, Yu X, Zhang Y, Li X, Zhang L, Yang J, Xing X. Bioin-
formatics analyses of the pathogenesis and new biomarkers of chronic 
obstructive pulmonary disease. Medicine. 2021;100: e27737.

	22.	 Zhou N, Bao J. FerrDb: a manually curated resource for regulators and 
markers of ferroptosis and ferroptosis-disease associations database. J 
Biol Database Curation. 2020. https://​doi.​org/​10.​1093/​datab​ase/​baaa0​21.

	23.	 Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK. limma pow-
ers differential expression analyses for RNA-sequencing and microarray 
studies. Nucleic Acids Res. 2015;43: e47.

	24.	 Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, 
Benner C, Chanda SK. Metascape provides a biologist-oriented resource 
for the analysis of systems-level datasets. Nat Commun. 2019;10:1523.

	25.	 Innis SE, Reinaltt K, Civelek M, Anderson WD. GSEAplot: a package for 
customizing gene set enrichment analysis in R. J Comput Biol J Comput 
Mol Cell Biol. 2021;28:629–31.

	26.	 Langfelder P, Horvath S. WGCNA: an R package for weighted correlation 
network analysis. BMC Bioinformatics. 2008;9:559.

	27.	 Aran D, Hu Z, Butte AJ. xCell: digitally portraying the tissue cellular hetero-
geneity landscape. Genome Biol. 2017;18:220.

	28.	 Ferreira MR, Santos GA, Biagi CA, Silva Junior WA, Zambuzzi WF. GSVA 
score reveals molecular signatures from transcriptomes for biomaterials 
comparison. J Biomed Mater Res Part A. 2021;109:1004–14.

	29.	 Ho J, Marks GB, Fox GJ. The impact of sputum quality on tuberculosis 
diagnosis: a systematic review. Int J Tubercul Lung Dis Off J Int Union 
Tubercul Lung Dis. 2015;19:537–44.

	30.	 Kunkel A, Abel P, RuvandhiNathavitharana R, FlorianMarx M, HelenJenkins 
E, Cohen T. Smear positivity in paediatric and adult tuberculosis: system-
atic review and meta-analysis. BMC Infect Dis. 2016;16:282.

	31.	 Jasenosky LD, Scriba TJ, Hanekom WA, Goldfeld AE. T cells and adaptive 
immunity to Mycobacterium tuberculosis in humans. Immunol Rev. 
2015;264:74–87.

	32.	 Ferluga J, Yasmin H, Al-Ahdal MN, Bhakta S, Kishore U. Natural and trained 
innate immunity against Mycobacterium tuberculosis. Immunobiology. 
2020;225: 151951.

	33.	 Chen X, Kang R, Kroemer G, Tang D. Ferroptosis in infection, inflamma-
tion, and immunity. J Experim Med. 2021. https://​doi.​org/​10.​1084/​jem.​
20210​518.

	34.	 Xiao L, Huang H, Fan S, Zheng B, Wu J, Zhang J, Pi J, Xu JF. Ferroptosis: a 
mixed blessing for infectious diseases. Front Pharmacol. 2022;13: 992734.

	35.	 Zhang Y, Chen F, Chandrashekar DS, Varambally S, Creighton CJ. 
Proteogenomic characterization of 2002 human cancers reveals pan-
cancer molecular subtypes and associated pathways. Nat Commun. 
2022;13:2669.

	36.	 Gong T, Liu Y, Tian Z, Zhang M, Gao H, Peng Z, Yin S, Cheung CW, Liu Y. 
Identification of immune-related endoplasmic reticulum stress genes 
in sepsis using bioinformatics and machine learning. Front Immunol. 
2022;13: 995974.

	37.	 Wang HR, Gu CH, Zhu JY, Han JY, Zhong H, Chen FY, Ouyang RR. PNAS-2: 
a novel gene probably participating in leukemogenesis. Oncology. 
2006;71:423–9.

	38.	 Shahmoradgoli M, Mannherz O, Engel F, Heck S, Krämer A, Seiffert M, 
Pscherer A, Lichter P. Antiapoptotic function of charged multivesicular 

body protein 5: a potentially relevant gene in acute myeloid leukemia. Int 
J Cancer. 2011;128:2865–71.

	39.	 Greenblatt MB, Park KH, Oh H, Kim JM, Shin DY, Lee JM, Lee JW, Singh A, 
Lee KY, Hu D, Xiao C, Charles JF, Penninger JM, Lotinun S, Baron R, Ghosh 
S, Shim JH. CHMP5 controls bone turnover rates by dampening NF-κB 
activity in osteoclasts. J Exp Med. 2015;212:1283–301.

	40.	 Wang H, Liu J, Wang F, Chen M, Xiao Z, Ouyang R, Fei A, Shen Y, Pan S. The 
role of charged multivesicular body protein 5 in programmed cell death 
in leukemic cells. Acta Biochim Biophys Sin. 2013;45:383–90.

	41.	 Bae DH, Lane DJR, Jansson PJ, Richardson DR. The old and new biochem-
istry of polyamines. Biochim Biophys Acta. 1862;2018:2053–68.

	42.	 Ou Y, Wang SJ, Li D, Chu B, Gu W. Activation of SAT1 engages polyamine 
metabolism with p53-mediated ferroptotic responses. Proc Natl Acad Sci 
USA. 2016;113:E6806-e6812.

	43.	 Mou Y, Zhang L, Liu Z, Song X. Abundant expression of ferroptosis-related 
SAT1 is related to unfavorable outcome and immune cell infiltration in 
low-grade glioma. BMC Cancer. 2022;22:215.

	44.	 Clark AR, Dean JL. The control of inflammation via the phosphorylation 
and dephosphorylation of tristetraprolin: a tale of two phosphatases. 
Biochem Soc Trans. 2016;44:1321–37.

	45.	 Angiolilli C, Leijten EFA, Bekker CPJ, Eeftink E, Giovannone B, Nordkamp 
MO, van der Wal M, Thijs JL, Vastert SJ, van Wijk F, Radstake T, van Loos-
dregt J. ZFP36 family members regulate the proinflammatory features of 
psoriatic dermal fibroblasts. J Invest Dermatol. 2022;142:402–13.

	46.	 Moore MJ, Blachere NE, Fak JJ, Park CY, Sawicka K, Parveen S, Zucker-
Scharff I, Moltedo B, Rudensky AY, Darnell RB. ZFP36 RNA-binding pro-
teins restrain T cell activation and anti-viral immunity. eLife. 2018. https://​
doi.​org/​10.​7554/​eLife.​33057.

	47.	 Khan A, Singh VK, Hunter RL, Jagannath C. Macrophage heterogeneity 
and plasticity in tuberculosis. J Leukoc Biol. 2019;106:275–82.

	48.	 Guirado E, Schlesinger LS, Kaplan G. Macrophages in tuberculosis: friend 
or foe. Seminars Immunopathol. 2013;35:563–83.

	49.	 Lavin Y, Winter D, Blecher-Gonen R, David E, Keren-Shaul H, Merad M, 
Jung S, Amit I. Tissue-resident macrophage enhancer landscapes are 
shaped by the local microenvironment. Cell. 2014;159:1312–26.

	50.	 Huang L, Nazarova EV, Tan S, Liu Y, Russell DG. Growth of Mycobacterium 
tuberculosis in vivo segregates with host macrophage metabolism and 
ontogeny. J Exp Med. 2018;215:1135–52.

	51.	 Trivedi NH, Guentzel MN, Rodriguez AR, Yu JJ, Forsthuber TG, Arulanan-
dam BP. Mast cells: multitalented facilitators of protection against bacte-
rial pathogens. Expert Rev Clin Immunol. 2013;9:129–38.

	52.	 Nwongbouwoh Muefong C, Owolabi O, Donkor S, Charalambous S, 
Bakuli A, Rachow A, Geldmacher C, J.S. Sutherland, neutrophils contribute 
to severity of tuberculosis pathology and recovery from lung dam-
age pre- and posttreatment. Clin infect Dis Off publ Infect Dis Soc Am. 
2022;74:1757–66.

	53.	 Lyadova IV, Panteleev AV. Th1 and Th17 Cells in tuberculosis: protection, 
pathology, and biomarkers. Mediators Inflamm. 2015;2015: 854507.

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

https://doi.org/10.1093/database/baaa021
https://doi.org/10.1084/jem.20210518
https://doi.org/10.1084/jem.20210518
https://doi.org/10.7554/eLife.33057
https://doi.org/10.7554/eLife.33057

	Bioinformatics-led discovery of ferroptosis-associated diagnostic biomarkers and molecule subtypes for tuberculosis patients
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods and materials
	Collection of datasets
	Identification of FRGs
	Gene set enrichment analysis (GSEA)
	Weighed gene co-expression network analysis (WGCNA)
	Immune microenvironment analysis
	Gene set variation analysis (GSVA)
	Identification of ferroptosis-related subtypes
	Validation of core genes by qRT-PCR

	Results
	Expression landscape of FRGs in TB
	Identification of core FRGs by WGCNA
	Investigating potential biological functions of core FRGs
	Differences in immune characteristics between the HC and TB groups
	Identification of ferroptosis-related subtypes
	Enrichment analysis between subtypes
	Immunological characteristics of both subtypes
	Validation of core genes by clinical blood samples

	Discussion
	Conclusion
	Anchor 28
	Acknowledgements
	References


