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Within the global health landscape, tuberculosis (TB) presents an ongoing

challenge, demanding innovative strategies for its control. This review spotlights

the intersection of TB with diabetes mellitus (DM), recognized by the World

Health Organization as a key risk factor in the TB epidemic. Particularly prevalent

in low and middle-income nations, the TB-DM comorbidity drives up TB rates

through a nexus of chronic inflammation. By delving into the epidemiological,

clinical, and inflammatory dimensions, we elucidate the impact of TB-DM on

patient prognosis and the multifaceted complications it introduces to disease

transmission, diagnosis, and treatment protocols. Our synthesis aims to o�er a

fresh lens on TB-DM, fostering a nuanced understanding that could inform future

healthcare policies and interventions.
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1 Introduction

In the contemporary global health landscape, tuberculosis (TB), a persistent challenge,

intersects intricately with another widespread condition, diabetes mellitus (DM) (1, 2).

Recognized by the World Health Organization (WHO) as a crucial risk factor in the TB

epidemic, TB-DM comorbidity emerges as a significant concern, especially in low and

middle-income countries (1). The coexistence of TB-DM presents a unique challenge

in global health, demanding a nuanced understanding of their interplay, that affects TB

disease progression and individual outcomes. An integrated approach, incorporating both

traditional epidemiological methods and advanced molecular techniques, is essential to

fully comprehend and effectively address the TB-DM comorbidity.

TB remains one of the major causes of death by a single pathogen worldwide, leading

to a global health concern, with the disease affecting around 10 million people each year

(1). The interplay between the Mycobacterium tuberculosis (Mtb) and the host, mediated

by the inflammatory responses, determines a wide spectrum of clinical presentations.

The challenge of reducing the disease burden arises from different factors, including the
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influence of different comorbidities, mainly those that affect the

quality of inflammatory responses, such as HIV (3), malnutrition

(4) and DM.

DM is a chronic metabolic disorder that represents a

dramatically high burden to healthcare systems worldwide. It has

been reported that around half a billion people live with this disease

(2), mainly in low- and middle-income countries. Additionally,

DM is a significant contributor to global morbidity and mortality,

leading to an array of severe complications, including kidney

failure, stroke, and heart disease, and is directly responsible for

a substantial number of deaths annually (2). DM affects the

metabolism through multiple mechanisms, many of them related

to the activation of poorly controlled pro-inflammatory pathways

(5, 6), that influence disease progression and susceptibility to

infectious diseases, such as COVID-19 (7) and TB (8).

In this context, the TB-DM comorbidity has garnered

significant attention in the last years. Interestingly, some studies

revealed regional disparities in the immune profile resulting

from this interaction and emphasized the influence of socio-

demographic and clinical factors on both diseases (9, 10). This

article delves into the multifaceted relationship between TB and

DM, exploring how this interplay exacerbates TB incidence. Our

review compiles recent findings on the epidemiological, clinical,

and inflammatory aspects of this nexus, highlighting its profound

implications on patient outcomes and the broader challenges

it poses in disease management. By scrutinizing the TB-DM

interconnection, we aim to provide a comprehensive multiplatform

perspective that not only sheds light on the complexities of this

comorbidity but also suggests pathways for innovative healthcare

strategies and policy formulations.

References for this review were identified through searches of

PubMed for articles published from January, 1924, to January, 2024,

by use of the terms “tuberculosis,” “diabetes,” “hyperglycemia,”

“epidemiology,” “immune profile,” “treatment outcomes,” “clinical

presentation,” and “omics.” Articles resulting from these searches

and relevant references cited in those articles were reviewed,

and the most relevant and recent papers published in English

were included.

2 Epidemiological trends of DM
among TB patients

The intersection of DM and TB poses a global health challenge,

as DM is recognized by the WHO as a primary risk factor for

new TB cases. Interestingly, many of the top 10 countries with the

highest DM rates are also significant contributors to the global TB

burden. Additionally, in these low and middle-income countries

the prevalence of DM is increasing, creating a dual challenge that

has serious public health implications (11). In a modeling study,

conducted in 13 high endemic TB countries, the authors used

dynamic tuberculosis transmission models to examine the impact

of DM on TB epidemiology (12). The previous prevalence of DM

in each of the 13 countries was accessed to simulate the future DM

prevalence and a country-specific model calibrated to estimate the

trend of TB incidence (12). Results show that lowering or stopping

the rise of DM can avoid 6million TB incident cases and 1.1 million

deaths due to TB in the 13 countries for 20 years (12). Therefore,

understand the epidemiological and clinical patterns of DM in TB

patients is vital for delivering patient-centered care and managing

these diseases to reduce the global TB impact (1).

The global prevalence of DM in TB cases exceeds 15%,

surpassing the prevalence in the general adult population by over

50% in 2021 (13, 14). A recent metanalysis, including 2.3 million

TB patients, identified that this trend is notably higher in North

America (19.7%), Western Pacific (19.4%), Southeast Asia (19.0%),

and Middle East and North Africa (17.5%) (13). While these

variations in DM prevalence among TB patients appear to correlate

with the general DM prevalence in each region, disparities within

the same regions suggest more intricate underlying factors. Of note,

these factors could be associated with the clinical management

of the patients, that could vary according to the region. India

and Sri Lanka, for example, possess a significantly higher burden

of TB-DM than the other countries in the South Asia region

(13, 15). This may be a reflection of the high coverage of

DM screening in TB clinics, as well as points to the potential

influence of regional epidemiological patterns, consumption habits,

environmental factors, and genetic predispositions, now being

explored through multiplatform studies, indicating a complex

interplay of epidemiological elements in TB-DM comorbidity.

Despite well established relationships between the diseases, it

is important to note that TB, as an infectious disease, could lead

to hyperglycemia. Therefore, the use of screening algorithms for

transient hyperglycemia displays pivotal role. In a case-control

study conducted in Tanzania between July 2012 and June 2014,

TB patients before treatment were paired with volunteers by sex

and age. All participants underwent DM tests, as fasting capillary

glucose, 2-h capillary glucose and HbA1c levels at enrollment (16).

TB patients were submitted again to the tests after the therapy, and

the authors found a significant decrease in DM prevalence (16),

highlighting the relevance of DM confirmation after TB treatment

to avoid an overestimation of the dual burden of diseases.

The prevention of progression from infection to disease is

crucial to control the TB diseases burden worldwide (1). Currently,

the identification of people infected with Mtb can be performed

with tuberculin skin test (TST) or interferon-γ release assay

(IGRA). Both tests are based on the host immune response against

the bacilli, and could be affected by secondary morbidities that

affect the inflammatory responses, such as DM. Some reports have

associated DM with increases in the indeterminate IGRA results

(17). However, the association has been controversial in other

studies, where DM was not associated with indeterminate results

(18). A Brazilian study performed with 553 participants from a

high endemic area, highlight the QuantiFERON-TB Gold as a

good tool to screening TB infection in DM (19), a susceptible

population to TB infection and diseases. Of note, data suggests

also a higher incidence of DM among those with TB infection

(20). A retrospective cohort performed in the USA among US

Veterans included patients who received TST or IGRA during 2000

to 2015. Patients with previous DM diagnosis were excluded, and

the participants followed from TST/IGRA test date until date of

DM diagnosis, death or 2015 (20). The results revealed a higher

DM incidence among LTBI, when compared with those without

positive TST/IGRA, 1.012 vs. 744; HR 1.4 [95% CI 1.3–1.4] (20).
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Therefore, the investigation of TB infection in DM patients, as well

as dysglycemia in TB infected people, is crucial as a cost-effective

public health strategy to mitigate the impact of the epidemics.

The epidemiological factors associated with the TB-DM

dynamicity have been the focus of several studies. Among the

known risk factors, advanced age was consistently identified as a

prominent risk factor for TB-DM comorbidity (21, 22). Lifestyle

habits, such as sedentarism (23, 24) behavior, along with socio-

demographic factors like urban living and high-income status

(25, 26) have also been recognized as elements that increase the

TB-DM prevalence. Clinical variables such as a family history

of DM (24, 27, 28) further, contribute to an increase in the

risk of TB-DM. However, the relationship between Body Mass

Index (BMI) and TB-DM is unclear, with both low and high

BMI values, as well as obesity and malnutrition, having been

separately associated with TB-DM (24, 29). Furthermore, genetic

factors at the population level may significantly influence the

occurrence of TB-DM comorbidity. A study on Indian TB-DM

individuals and their household contacts (HHC) observed that

HHCs who developed TB, had a specific genetic pattern called the

“GG genotype” of the interleukin(IL)-6−174G>C gene, indicating

a genetic component in TB susceptibility (30). IL-6 is a cytokine

essential for initiating and regulating the immune response to

Mtb. Genetic variants affecting IL-6 can influence the immune

system’s ability to combat TB, impacting who may develop the

disease after exposure (30). The insights from epidemiological

and molecular studies on TB-DM comorbidity have significant

implications for future healthcare policies and interventions. The

relationship between clinical, lifestyle and genetic factors, such

as the IL-6 GG encourage the design of molecular epidemiology

projects to identify specific SNPs associated with increased disease

risk, explain varied disease burdens across populations and inform

tailored public health strategies, potentially reducing the incidence

and improving the management of TB-DM comorbidity.

3 Dissecting the clinical interplay and
implications of TB-DM comorbidity

The relationship between TB-DM represents a complex,

bidirectional nexus significantly impacting clinical presentation,

and disease dynamics and outcomes. DM is not only associated

with the prevalence of TB but also exacerbates its progression (31,

32). By 2050, projections suggest that one-third of TB incidence and

mortality within the Asia-Pacific region and similar environments,

will be attributable to DM (33). This alarming trend underscores

the need for integrated health strategies that address both TB and

DM, particularly in regions with high prevalence rates.

Clinically, DM complicates TB management. In recent

research spearheaded by our team, we uncovered a positive

association between DM and increased mycobacterial loads, as

well heightened Acid-Fast Bacilli (AFB) positivity, at diagnosis

in TB-DM participants if compared with those without DM (32,

34). Furthermore, DM has been implicated in the presence of

distinct lung lesions in chest radiographs of TB-DM patients in

our Brazilian cohort (35). The presence of DM also influences

the clinical presentation of TB, increasing the occurrence of TB

symptoms such as hemoptysis, night sweats, and weight loss,

as well as elevates the clinical severity (34–38). In contrast,

TB-DM patients exhibited lower fever, reduced cough, and less

sputum production, leading to delays in diagnosis and initiating

appropriate treatment (39). The changes in clinical presentations

and the consequences of a late diagnosis and start of TB treatment

emerge as a clinical challenge in TB management and disease

burden control.

In addition, the available evidence suggests that the prevalence

of DM is higher among Drug Resistant (DR)-TB and Multidrug

Resistant (MDR)-TB patients compared to the general population.

A meta-analysis conducted in 2017 with 13 studies and 9,289

individuals shown a significant association between DM andMDR-

TB (OR 1.7 [95% CI = 1.32–2.22]) (40). A more recent meta-

analysis performed with 30 studies and including 225.812 patients

also demonstrated a risk of MDR-TB among DM (HR 0.81 [95%

CI: 0.60–0.96]) (41).

It is important to emphasize that DM also impacts anti-TB

treatment, being associated with unfavorable outcomes, such as

death, treatment failure and relapse cases (15, 42). Specifically,

mortality and anti-TB treatment failure have been consistently

linked with DM and higher glycated hemoglobin (HbA1c) levels

(15, 43–46). Of note, treatment failure is more pronounced in TB-

DM comorbidity within low- and middle-income countries (47),

where DM conferred a 3.9 times increased risk of treatment failure

in contrast with TB-only patients (48, 49). A pooled metanalysis

also showed that TB relapse risk increases in TB-DM individuals

(15, 50). Furthermore, DM was associated with poor outcomes in

DTR-TB, with a risk of 1.56 times increased risk for unsuccessful

outcomes (51). Following treatment completion, patients with TB-

DM frequently require more extensive long-term care due to

their challenges with managing blood sugar levels, elevated risk of

cardiovascular disease, and potential for kidney damage (1).

DM also affects another important nexus to TB control: the

transmission cascade. The key factors are the increased bacterial

load, delayed diagnosis and unfavorable treatment outcomes in TB-

DM patients, as abovementioned, which directly contributes to a

higher transmission of Mtb. In a study from our group, conducted

with a longitudinal multicenter cohort, it was observed that TB-

DM patients shown an increased risk of Mtb transmission to their

close contacts, if compared to TB-only patients (52). These factors

interact in ways that enhance the transmission potential among TB-

DM patients, thereby underscoring the need for timely diagnosis

and targeted interventions to control the spread of TB in this

vulnerable population.

On the other hand, antitubercular therapy also affects DM

management. Due to drug interaction with rifampicin, a pivotal

drug in TB treatment, and changes in food consumption and

metabolic demand, with decreasing in systemic inflammation and

consequently increasing in appetite, the targeted HbA1c level

could be difficult to achieve in TB-DM (53). Additionally, despite

metformin is not metabolized by P450 enzymes (53), the drug is

a substrate for human transporters. Rifampicin could affect the

expression of organic cation transporter (OCT1) leading to hepatic

uptake of metformin, that could interfere in glucose levels in health

participants (54). However, a pharmacodynamic study in TB-DM

patients showed that rifampicin leads to changes in plasmatic
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concentration of metformin, but do not lead to changes in glucose

levels (55). Side effects in metformin use with rifampicin include

gastrointestinal effects and rarely lactic acidosis (56). These effects

could contribute to poor adhesion of both treatments, leading to a

cascade of complications, highlighting the relevance of TB-DM to

public health.

The challenges of TB-DM regarding clinical manifestations

and, consequently, outcomes play pivotal role in the future

direction of TB management. First, is necessary to expand the

glycemic tests among TB patients, identifying and treating DM

with better glucose control. On the other hand, among those DM

patients, an active search for TB is fundamental to early diagnosis

and treatment. In addition, it is important to focus on screening

close contacts of TB-DM individuals, given the higher risk of TB

infection. Finally, improving the understanding of the molecular

mechanisms associated with the worse clinical presentation and

unfavorable outcomes could help to tailoring effective and patient-

centered interventions, improving treatment, and contributing

with the burden control.

4 Cellular and molecular mechanisms
underlying TB-DM comorbidity

The varying global incidences of TB-DM and the notable

impact of DM on the clinical presentation, outcomes, and

transmission of TB underscore a complex and intricate synergy

between these conditions. In this landscape, multi-platform

approaches are essential for dissecting the intricate cellular and

molecular interactions in TB-DM comorbidity and provide a

comprehensive view of the inflammatory processes involved.

Such advancements have the potential to significantly enhance

prognosis, follow-up, and contribute to a reduction in the burden

of TB. In this context, several multimolecular biomarkers have

been explored with the goal of enhancing diagnosis and clinical

management of TB-DM patients.

4.1 Cellular immunology aspects

It becomes evident that the interplay between TB and DM

significantly alters immune cell function and response. However,

the mechanisms by which immune responses are impaired in

individuals with TBM-DM are not fully understood, being complex

andmultifactorial. In TB infection, the effector functions of alveolar

macrophages are crucial to containing the infection within the

lungs (57). However, in DM patients, the functionality of these

cells is decreased due to metabolic alterations associated with

hyperglycemia (58, 59). DM impairs the functional activity of

neutrophils (60) and reduces macrophage migration to sites of

infection (57). Animal studies with diabetic mice have shown

a delay in innate immune response initiation, which includes

a compromise of nitric oxide production and phagocytic cell

functionality, notwithstanding cytokine stimulation (57). In this

same model, alveolar macrophages exhibited increased expression

of CCR2, which potentially hampers the migration of monocytes

to the lungs. Therefore, this may result in a compromised

capability to kill intracellular Mtb, thus further contributing to both

infection susceptibility and increased bacterial load (57, 61, 62). In

addition, high blood glucose levels negatively impact the antigen

presentation capabilities, which are vital for initiating adaptive

immune responses against Mtb (63).

Similarly, the T cell response is notably affected, with DM

patients often displaying dysregulated T cell responses. This

dysregulation is hallmarked by imbalance in T helper (Th) cell

subsets, with decreased Th1 responses and increased Th2 and Th17

responses. Such an imbalance can significantly alter the host ability

to mount an effective response against TB. In a study comparing

euglycemic and diabetic mice, it was observed that at the onset

of infection diabetic mice exhibited a delayed activation of the

adaptive immune system. This delay was indicated by decreased

production of IFN-γ and fewer Mtb antigen (ESAT-6) presence

compared to euglycemic mice (64, 65). Studies have shown that

the frequencies of T cells producing type 1 and type 17 cytokines

are significantly reduced in TB-DM patients compared to those

without DM. This suggests a compromised ability to mount an

effective immune response against Mtb due to altered cytokine

signaling (66).

The interplay between TB-DM leads to significant impairments

in both innate and adaptive immune responses. This results from

a combination of altered cytokine production, diminished T cell

functionality, innate immune cell dysfunction, phenotypic changes

in immune cell populations, and metabolic influences due to

hyperglycemia. These cellular alterations contribute to a weakened

immune defense against TB in diabetic individuals, underlining

the importance of targeted interventions that address these specific

cellular immune challenges in TB-DM comorbidity.

4.2 Genomics

Multi-omics research has delved deeper into the layers

of complexity in TB-DM comorbidity. Genomics, proteomics,

and transcriptomics, each provide unique insights into the

pathophysiological mechanisms in TB-DM. Genomic studies,

for instance, have identified genetic variants that predispose

individuals to TB-DM, revealing potential targets for personalized

medicine approaches. Polymorphisms on IL-6 and IL-18 genes

were associated with TB-DM comorbidity and the occurrence of

TB in close contacts (30). Another study analyzed the interferon-

gamma gene variants and found that the TACCCAGA haplotype

was negatively associated with TB-DM. The frequency of this

haplotype was high in healthy controls compared to TB-DM

patients, ehich may denote the importance of genetic variation in

TB-DM predisposition, as well as facilitate the identification of

individuals at risk.

Currently, new approaches have been applied to better

understand genetic variations and predispositions to TB in DM

population. Using Mendelian randomization, a recent study

selected 152 independent single-nucleotide polymorphisms (SNPs)

as instrumental variables to evaluate genetic causality between

type 2 DM and TB (67). Results reveal an increased risk of PTB

among type 2 DM in the East Asian population (67). Evaluating the

causal relationship between type 1 DM and TB, a Chinese group

assessed SNPs of type 1 DM and PTB (68). Additionally, data from
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Genome-Wide Association Study (GWAS) were utilized to explore

clinical traits of DM, such as glycemic traits, lipids and obesity (68).

Using inverse variance weighting method (IVW), weighted median

method, andMendelian randomization-Egger regression were used

to evaluate the causal relationship, the group identified that type 1

DM and HDL-C were risk factors to PTB (68).

These findings collectively deepen our understanding of the

genetic interplay between TB and DM, emphasizing the need

for integrative approaches that consider genetic, metabolic, and

environmental factors in addressing TB-DM comorbidity.

4.3 Transcriptomics

In the realm of transcriptomics, investigations in samples from

TB-DM patients have illuminated the molecular pathways that

may be dysregulated in this comorbidity. The superposition of

TB-DM is marked by chronic inflammation, alongside qualitative

and quantitative changes in immune activation characterized by

distinct gene expression patterns. In a recent multi-center cohort

study involving TB-DM individuals (69), pathway enrichment

analysis had shown a notable trend toward heightened neutrophil

and innate immune pathway activation in TB-DM participants

even after anti-TB treatment commencement (69), that might

reflect persistent inflammation. The findings of this same study

unveiled that the genetic and immune responses may vary across

different geographical regions (69), as discussed in the sections

above. Additionally, the study dissect the correlations between the

HbA1c levels and some biological pathways, highlighting positive

correlation between HbA1c levels and pathways associated with

insulin resistance, metabolic dysfunction, diabetic complications,

and chromosomal instability (69). These correlations may play a

pivotal role in the pathophysiology of TB-DM, contributing to a

more severe clinical presentation and unfavorable outcomes.

Another multicentric study has found that DM amplifies the

expression levels of genes related to the innate inflammatory

response and reduces genes related to the adaptative immune

response in TB individuals (70). A decreased type I interferon

(IFN) response was identified in TB-DM participants if compared

to TB-only patients. Despite IFN-γ be the most important IFN

type against Mtb, with direct effect in macrophage activation,

previous studies have identified an up-regulation in type I IFN in

TB only patients when compared to controls (71–74). Therefore,

type I IFN has also been associated with TB pathophysiology

(74, 75). Although the excessive IFN responses in TB only has

been associated with a deleterious activity (70). Additionally, a

Chinese study revealed 952 differentially expressed genes (DEGs)

in TB-DM, enriched in pathways associated with the cell cycle,

homeostasis, and immunological processes, highlighting changes

in several biological pathways induced by DM in TB patients

(76). Expanding the scope of transcriptomic studies in TB-DM

in a Brazilian cohort, the long non coding (lnc)RNA expression

analysis led to the identification of a distinct lncRNA signature,

which effectively distinguishes TB-DM from TB-only cases with

an accuracy of 90%−94%. Notably, the lncRNAs included in the

signature (LINCO2009, LINCO2471, ADM-DT, and GK-AS1) hold

a critical role in the pathways related to inflammatory activation

against Mtb (77). These studies demonstrate that transcriptomics

has shed light on the field of TB-DM, revealing that there are

consistently altered pathways in TB-DM patients.

4.4 Proteomics

Proteomic analyses, through the quantification of cytokines,

chemokines, and other immune-related proteins, have significantly

advanced in the understanding of immune responses in TB-

DM. This approach has been essential in revealing how

hyperglycemia-induced metabolic alterations in DM patients

impair the functionality of the innate and adaptive immune

responses in TB-DM. Proteomic data in TB-DM also has the

potential to reveal key alterations in protein expression and point

toward potential novel biomarkers. These insights are crucial in

delineating the complex dynamics of immune dysfunction in TB

susceptibility, transmission, and treatment outcomes (57, 64, 65,

78–81).

In TB-DM patients, proteomic data indicates an increase in

proteins involved in the complement and coagulation cascade,

as well as in cholesterol metabolism. This elevation suggests a

potential link between lipid metabolism dysregulation and the

heightened inflammatory state observed in TB-DM comorbidity

(82). In another study, 18 differentially expressed protein spots were

identified in TB-DM patients. These alterations were associated

with potential metabolic complications specific to TB-DM and

shifts in proteins governing cell cycle and growth regulation hint

at disrupted processes like cell proliferation and apoptosis (83).

A recent mice study evaluates the changes induced by

TBDM in tissue level. Specifically in liver, a set composed of 60

proteins shows deregulation in TBDM when compared to TB only

mice. These proteins have been associated with small molecule

catabolic process, retinol metabolism, polyol biosynthetic process,

cysteine, and methionine metabolism (84). Functional analysis

reveals perturbations in 20 functional modules, that include

monocarboxylic acid metabolism, amino acids biosynthesis,

cysteine and methionine metabolism, retinol metabolism,

monocarboxylic acid metabolic process, polyol biosynthetic

process, steroid hormone biosynthesis, small molecule catabolic,

and biosynthetic process (84). Of note, cysteine and methionine

are associated with glutathione metabolism, and consequently

contributing with the balance of the oxidative stress. Is know that

the imbalance in reactive oxygen species contributing with tissue

damage in TB (85). Therefore, the study reveals that the alterations

in livre proteomic induced in TBDM leads to progression of

liver diseases (84). These findings not only provide a deeper

understanding of TB-DM pathophysiology but also open avenues

for new diagnostic, monitoring, and treatment strategies.

DM patients also present an altered cytokine milieu that favors

immune dysregulation. In several studies, with TB and TB-DM

individuals, it was observed that DM participants experienced

higher levels of inflammatory activation than those without

DM (81, 86). Patients with TB-DM have higher levels of pro-

inflammatory cytokines such as IFN-γ, IL-1β, and IL-17, as well

as lower levels of anti-inflammatory cytokines such as IL-10,

compared to patients without DM. Additionally, throughout the
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anti-TB treatment, these markers remained elevated for a longer

period in TB-DM patients compared to non-DM individuals,

which characterized persistent hyperinflammation in this group

of individuals (86). In summary, the comorbidity of TB-DM is

hallmarked by chronic and unbalanced inflammation, reflected

in abnormal levels of proteins, and the superposition of these

disorders leads to qualitative and quantitative changes in immune

activation (69).

4.5 Lipidomic

Lipidomic changes have been studied in the context of TB-

DM, and it is known that the association TBDM leads to an

altered lipidomic (87). Some studies suggest that these altered lipids

levels are associated with the increased TB risk in DM patients.

In this context, glycerophospholipids were studied (88). The

study identified 14 glycerophospholipids differentially regulated

between TB and TB-DM, emerging as potentially biomarkers in

the field (88). Using lipidomic approaches to identify persistent

hyperinflammation by evaluating urinary lipid mediator profiles

of participants with TB and TB-dysglycemia, it was observed

that levels of a urinary metabolite of prostaglandin 2 (PGE-M)

and leukotriene 4 (LTE4) were consistently higher during anti-TB

treatment in the DM group compared to the normoglycemic group.

These lipid mediators play a crucial role in modulating the immune

response (89). Interestingly, in an adjustedmultivariable model TB-

DM was independently associated with increased concentrations

of PGD-M, PGI-M, and LTE4 at baseline (89). This profile of

higher metabolites expression in TB-DM patients if compared

to TB-only patients helps explain why these individuals present

severe symptoms and more enduring lung damage more often

(86), which can be associated with unfavorable outcomes and

Mtb dissemination.

4.6 Metabolomics

Metabolomics, by analyzing the small molecule metabolites

present in TB-DM patients, offers insights into the metabolic

disruptions caused by the interplay of TB and DM. In studies

exploring metabolomics, specific metabolic changes induced by

TB-DM were delineated (90). Plasma amine and acylcarnitine

levels were measured in TB and TB-DM patients, with partial

least squares discrimination analysis showing robust group

discrimination (90). Notably, TB-DM exhibited lower levels of

choline, glycine, serine, threonine, and homoserine compared to

TB-only patients. Of note, the levels of these metabolites did

not normalize during treatment (90). In a recent Korean study,

plasma metabolic profiles of TB and TB-DM were investigated

using metabolomics and lipidomics (87). TB-DM participants

presented higher concentrations of bile acids and molecules related

to carbohydrate metabolism, as well as the depletion of glutamine,

retinol, lysophosphatidylcholine, and phosphatidylcholine (87).

Arachidonic acid metabolism, crucial for eicosanoid production,

emerged as a key factor in TB-DM pathophysiology (87).

Eicosanoids, extensively studied in TB and TB-DM (89, 91),

emerges as potential markers for diseases severity (80).

4.7 Integrative analysis

Multi-omics investigations have significantly advanced our

comprehension of the complex interplay between these two

diseases. By integrating data from various omics layers such

as genomics, transcriptomics, proteomics, metabolomics, and

epigenomics, it is possible to achieve a holistic understanding

of the biological processes involved in TB-DM interaction

and consequently prognosis. Funding multi-omic studies is

fundamental to better understanding the pathophysiology of TB-

DM and its impact on anti-TB treatment outcomes as well as in the

identification of new targets to host directed therapies.

Using whole blood gene expression and plasma analytes (81),

a groundbreaking study identified that DM in comorbidity with

TB intensifies the neutrophilic inflammatory response, possibly

indicative of a higher bacterial load or a distinct disruption

in immune function. This heightened response was marked by

increased plasma levels of cytokines and growth factors, as well

as differentially expressed genes, that differentiate individuals with

TB-DM from the majority of those with only TB or DM (81).

Intriguingly, the expression patterns of TB-DM-exclusive genes

were linked to critical biological processes and therapeutic targets.

They were associated with endoplasmic reticulum stress, a vital

cell stress response, and showed connections to the mechanisms of

action of the antibiotic doxycycline and anti-cancer drugs such as

5-fluorouracil and semaxanib (81).

In another study, using a multi-platform approach to integrate

clinical, transcriptomic, lipidomic, and proteomic data from a

Brazilian TB-DM cohort, were identified several multimolecular

baseline markers—MMP-28, LTE-4, 11-dTxB2, PGDM, FBXO6,

SECTM1, and LINCO2009—that effectively differentiate between

TB-DM, TB-only, DM-only, and healthy control groups (92). After

anti-TB treatment onset, a notable decrease in these markers

was observed, correlating with microbiological cure. Significantly,

markers such as 11-dTxB2, SECTM1, and LINCO2009 not only

emerged as indicators for new host-directed TB treatments but also

as potential predictors of treatment outcomes (92). Furthermore,

this integrated molecular signature demonstrated high accuracy

in distinguishing TB-DM cases from TB-only, DM-only, and

healthy control (without TB and DM) groups in Brazil and

was validated in three external cohorts, outperforming signatures

derived solely from transcriptomic data (69, 92). Crucially, these

findings highlight that multimolecular signatures can be more

predictive and impactful for precision medicine compared to

single-omic approaches, underscoring the enhanced potential

of multi-omic platforms in advancing our understanding of

inflammatory and infectious diseases, as well in finding markers

that can be implemented in the clinical practice.

5 Paving the path for future
breakthroughs

The studies included in this review provide substantial

evidence of the interplay between TB and DM and highlight

the need for advanced research methodologies. Current evidence

in epidemiology demonstrates a global prevalence of DM in TB

cases, emphasizing age, lifestyle, socio-economic factors, family

history, and hypertension as key risk factors. However, there
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exists a knowledge gap that needs addressing to understand

the regional disparities in TB-DM comorbidity. Investment in

molecular epidemiology studies is crucial for this understanding

and is pivotal for developing targeted public health strategies. This

approach would not only elucidate regional differences but also aid

in formulating more effective, region-specific interventions.

The clinical nexus of TB-DM presents a bidirectional impact,

with DM complicating TB management and exacerbating disease

progression. Research shows a positive association between DM

and increased mycobacterial loads and distinct lung lesions,

underscoring the need for integrated health strategies addressing

both diseases. The next step in addressing TB-DM comorbidity

in the clinical point of view would involve developing more

targeted public health policies for individuals with both conditions.

This could include enhanced TB screening in DM patients

and the other way around, as well as expanding research into

contacts of these patients to assess transmission dynamics. It is

also important to highlight that further studies are needed to

evaluate how DM multimorbidity (such as chronic kidney disease,

fatty liver, and cardiovascular problems) affect the inflammatory

profile of the TB-DM patients, making complex the potential

identification of biomarkers or treatment targets. These strategies

would improve individual patient care and contribute to broader

public health efforts in managing and preventing the spread of

TB-DM comorbidity.

It is also known that DM impacts immune cell function and

response in TB, with specific genetic variations associated with

TB susceptibility. This points to the potential of using advanced

technologies like single-cell analysis to uncover new therapeutic

targets and biomarkers. This review provides several cellular

and molecular insights associated with TB-DM comorbidity. We

discussed the altered immune cell function in DM patients

which are crucial in containing TB infection, as well as the

influence of genetic factors, such as polymorphisms, and the role

of multi-omics in understanding molecular pathways disrupted

in TB-DM. Building on this, the use of multi-platforms, as

well as the addition cutting-edge technologies such as single-cell

analysis could be instrumental. This technology can allow for

a more granular understanding of cellular responses in TB-DM

comorbidity at an individual cell level, potentially uncovering new

pathways and therapeutic targets. In addition, the development,

validation, and implementation of point-of-care testing for specific

biomarkers already identified through these advanced methods

could revolutionize early detection and monitoring of TB-DM

comorbidity. This approach aligns with the development of

predictive scores, integrating genetic, molecular, and clinical data

to accurately assess disease progression and treatment outcomes.

Additionally, considering the immune dis-function, a targeted TB

vaccine could play crucial role in diseases prevention. Some TB

vaccines has been developed, but anyone directed to population

with impaired inflammatory responses. A better understanding

of the nuances of immune activation and impairment in TB-DM

could help the development of a new TB vaccine focused on

DM patients.

Moreover, the creation and improvement of comprehensive

risk scores, incorporating socio-demographic, lifestyle, and

clinical variables, could greatly enhance the precision of public

health interventions. These scores, derived from multi-omic and

epidemiological data, could be tailored to specific populations,

considering regional variations in TB-DM comorbidity. Figure 1

encapsulates the current state of knowledge and future directions

in TB-DM comorbidity research. In essence, leveraging these

innovative technologies and approaches could bridge the gap

between current knowledge and the untapped potential in

managing TB-DM comorbidity, leading to more effective,

personalized treatment, and prevention strategies.

The intricate relationship between TB-DM is a worldwide

health threat, impacting treatment outcomes and mortality rates.

The synthesis of epidemiological, clinical, genomic, transcriptomic,

proteomic, and lipidomic studies is vital for understanding the

complexities of TB-DM comorbidity. The study of multi-omic

platforms emerges as an opportunity to gain insights into

disease pathogenesis, given that it simultaneously explores

several components of immune responses through multiple

assay platforms. The identification of precise biomarkers for

diagnosis and individualized treatment, along with public health

FIGURE 1

Overview of the interplay between Tuberculosis (TB) and Diabetes Mellitus (DM) and future directions. Upper: Current epidemiological, clinical, and

cellular/molecular knowledge concerning TB-DM co-morbidity. Down: Prospective actions for advancing research and healthcare strategies.
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strategies informed by molecular and epidemiological findings,

is crucial. This area of research holds the promise of significant

advancements, offering enhanced management of TB-DM

comorbidity and contributing to global public health outcomes.
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