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Immune-endocrine network in
diabetes-tuberculosis nexus:
does latent tuberculosis infection
confer protection against meta-
inflammation and
insulin resistance?
Vivekanandhan Aravindhan* and Srinivasan Yuvaraj

Department of Genetics, Dr Arcot Lakshmanasamy Mudaliyar Post Graduate Institute of Basic Medical
Sciences (Dr ALM PG IBMS), University of Madras, Chennai, India
Tuberculosis patients with diabetes, have higher sputum bacillary load, delayed

sputum conversion, higher rates of drug resistance, higher lung cavitary

involvement and extra-pulmonary TB infection, which is called as “Diabetes-

Tuberculosis Nexus”. However, recently we have shown a reciprocal relationship

between latent tuberculosis infection and insulin resistance, which has not been

reported before. In this review, we would first discuss about the immune-

endocrine network, which operates during pre-diabetes and incipient diabetes

and how it confers protection against LTBI. The ability of IR to augment anti-TB

immunity and the immunomodulatory effect of LTBI to quench IR were

discussed, under IR-LTB antagonism. The ability of diabetes to impair anti-TB

immunity and ability of active TB to worsen glycemic control, were discussed

under “Diabetes-Tuberculosis Synergy”. The concept of “Fighter Genes” and how

they confer protection against TB but susceptibility to IR was elaborated. Finally,

we conclude with an evolutionary perspective about how IR and LTBI co-evolved

in endemic zones, and have explained the molecular basis of “IR-LTB”

Antagonism” and “DM-TB Synergy”, from an evolutionary perspective.
KEYWORDS

latent tuberculosis, insulin resistance, diabetes, tuberculosis, cytokines, hormones,
synergy, antagonism
Introduction

Worldwide epidemiological studies have clearly shown increased susceptibility of

diabetic patients to tuberculosis (TB), which is often called as “Diabetes-Tuberculosis

Synergy” (1, 2) (Figure 1). TB patients with diabetes, have higher sputum bacillary load,

delayed sputum conversion, and higher rates of drug resistance (1, 2). They also show
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fendo.2024.1303338/full
https://www.frontiersin.org/articles/10.3389/fendo.2024.1303338/full
https://www.frontiersin.org/articles/10.3389/fendo.2024.1303338/full
https://www.frontiersin.org/articles/10.3389/fendo.2024.1303338/full
https://www.frontiersin.org/articles/10.3389/fendo.2024.1303338/full
https://www.frontiersin.org/articles/10.3389/fendo.2024.1303338/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2024.1303338&domain=pdf&date_stamp=2024-01-24
mailto:cvaravindhan@gmail.com
mailto:cvaravindhan@unom.co.in
https://doi.org/10.3389/fendo.2024.1303338
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2024.1303338
https://www.frontiersin.org/journals/endocrinology


Aravindhan and Yuvaraj 10.3389/fendo.2024.1303338
higher lung cavitary involvement and extra-pulmonary TB

infection, which is difficult to treat (1, 2). These results imply

that, patients with TB and diabetes, may be more seriously ill, and

may pose higher risk for spread, in the community (1, 2). Recent

epidemiological surveys have clearly shown the possibility of

diabetes-tuberculosis (DM-TB) nexus in near future, which needs

immediate attention (1, 2). Chronic inflammation has long been

identified as a major risk-factor for diabetes (3, 4), which is low-

grade, systemic and non-antigen specific, in nature (3, 4) and is

often called as meta-inflammation (5). Most importantly, meta-

inflammation impairs immunity and makes diabetic subjects more

prone for TB infection (3, 4). Diabetic patients also have increased

redox stress, which fuels meta-inflammation, and impairs

immunity (6). Diabetes in Asian Indians is characterized by

younger age of onset, lower body mass index, propensity for

central obesity, increased fat/muscle ratio (sarcopenic obesity)

and increased insulin resistance (compared to other ethnic

populations), which has been described as the “Asian-Indian
Frontiers in Endocrinology 02
Phenotype” (7). Whether the Asian-Indian phenotype (which is

not fully characterized), is also a major risk factor for TB is

not known.

The substantial increase in diabetes, is taking place in the world,

where approximately one-third of the population is latently infected

with Mycobacterium tuberculosis (latent tuberculosis infection-

LTBI) (8). TB remains a leading cause of morbidity and mortality

due to infection, worldwide (9). Despite years of research, no

vaccine is currently available which can confer protection against

pulmonary TB, in adults (10). Further, latency, the hallmark of TB

infection remains poorly understood (11). In vast majority of

infected people, an effective adaptive immune response develops

which controls the replication of the bacteria but is not sufficient to

eliminate it, leading to persistence or dormancy, with no disease

symptoms (12). Only a small fraction (about 10-15%) of LTBI

positive individuals will re-activate to active disease, often several

decades after initial exposure (13). Latency could have evolved as a

strategy for the pathogen to ensure transmission and avoid
B
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FIGURE 1

What is known, unknown and debatable in diabetes-tuberculosis synergy and prediabetes-latent tuberculosis antagonism is illustrated. (A) Diabetes
patients have increased risk of developing TB due to impaired immunity. (B) TB patients have increased risk of developing diabetes both due to
infection and treatment. This phenomenon is called as DM-TB synergy and is known. (C) Prediabetes subjects have increased resistance to TB
infection due to insulin resistance. (D) LTB subjects have increased resistance to diabetes due to TB mediated immunomodulation. This
phenomenon is called as PDM-LTB antagonism and is unknown. (E) Whether PDM infected with LTB can convert to DM-TB needs exploration.
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extinction, in small host populations (14). Supporting this view, M.

tb has evolved several mechanisms to survive during latency (15).

Mathematical models suggest that optimal levels of persistence in

human populations would be achieved with a latency period which

is currently observed, suggesting that the human immune system

keeps the latency and reactivation, under their evolutionary

optimum (16). Thus, latency is neither a unique property of the

host, nor that of the pathogen, but due to the interaction between

both (17).
Antagonistic relationship between IR
and LTBI

Compared to active TB, LTBI in diabetes is poorly studied.

Further, with respect to diabetes, most studies have been carried out

only in chronic diabetes subjects, and what happens during the pre-

and incipient of diabetes, is still an enigma (4, 18). Recently, we

carried out LTBI screening, among individuals with various grades

of increasing glucose intolerance (19). We found a decreased
Frontiers in Endocrinology 03
prevalence of LTB among pre-diabetes (23%) and newly

diagnosed diabetes patients (23%), compared to healthy controls

(33%) and chronic diabetes patients (33%) (19). It is important to

note that gender plays an important role in disease susceptibility

towards both diabetes as well as LTB. Male gender was a significant

risk factor for both diabetes as well as LTBI (19). The exact reason

for the decreased prevalence of LTBI among pre-diabetes subjects is

not known.

Pre-diabetes is characterized by IR, which is the inability of the

body to respond to insulin (20) (Figure 1). It is a clinical condition,

characterized by hyperglycemia and hyperinsulinemia. Meta-

inflammation during pre-diabetes induces IR, and to meet up

with the increased insulin demand, pancreatic beta cells are

coaxed to produce excess insulin. It is characterized by a unique

cytokine profile, which includes both innate and adaptive immune

cytokines (21, 22) (Table 1). Increased circulating levels of innate

immune markers including: Type-I interferon (Interferon-b), pro-
inflammatory cytokines (TNF-a, IL-1b and IL-6) and anti-

inflammatory cytokines (IL-10, IL-1Ra and TGF-b) (19, 23, 24).

TNF-a, IL-1b and IL-6 are known to activate macrophages and
TABLE 1 Circulating levels of Immune Mediators in PDM, NDM and KDM.

Classification Biomarkers PDM NDM KDM

Type-1 Interferon IFN-b

Pro-inflammatory cytokines

TNF-a

IL-6

IL-1b

IL-15

Anti-inflammatory cytokines

IL-1Ra

IL-10

TGF-b

IL-27

IL-38

Adaptive immune cytokines

IL-12

IFN-g

IL-2

IL-33

IL-4

IL-23

IL-17

IL-9

(Continued)
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restrict mycobacterial growth (25). This in turn can either enable

intracellular bacterial elimination or prevent LTB activation (25).

IL-27 and IL-38 are recently discovered novel anti-inflammatory

cytokines which belong to the IL-12 (26) and IL-1 (27) families,

respectively. While IL-27 levels are increased, IL-38 are significantly

reduced in pre-diabetes (19, 23, 24). With respect to adaptive

immune cytokines, increased IL-17 and decreased IL-9 levels were

noted, with no much changes in Th1 and Th2 cytokine levels (19,

23, 24). In contrast to pro-inflammatory cytokines, the main target

cells for IL-17 are the neutrophils (28). Neutrophils dominate the

first wave of innate immune response to M. tb infection (29). IL-17

activates neutrophils and promotes M. tb phagocytosis and

expression of defensins (needed for intracellular killing) (30). It

also induces IL-8 secretion which promotes neutrophil recruitment,

to the lungs (30). Neutrophils possess two primary mechanisms of

pathogen clearance: phagocytosis followed by intracellular killing

and degranulation followed by extracellular killing; both have been

implicated in protective immunity against M. tb (31). Neutrophils

utilize NADPH oxidase to produce reactive oxygen intermediates

(ROI) inside their phagosome, for pathogen killing, as well as

extracellular ROI, in response to soluble agonists (32). Compared

to IL-17, the literature available on the role of IL-9 inM. tb infection

is scant (33, 34). While IL-9 levels are lower in pre-diabetes, LTBI

infection increases the level of this cytokine under conditions of co-

morbidity (19, 23, 24). Augmentation of IL-9 during pre-diabetes

might indicates better mucosal immune response against M. tb

infection, and this interesting hypothesis needs further validation.

M. tb infected macrophages are known to constitutively secrete high

levels of IL-10 (35), which is known to reduce IR. LTBI during pre-

diabetes, augments IL-10, IL-38, IL-9 and IL-12 and reduces TNF-a
and IL-23 (19, 23, 24). These changes can either dampen meta-

inflammation or augment anti TB immunity.

LTBI is known to upregulate adiponectin, leptin and FGF-21 in

pre-diabetes individuals (19, 23, 24). While infiltration of M. tb

infected macrophages into adipose tissue is the most likely

possibility, direct infection of adipocytes with M. tb cannot be

ruled out. In fact, direct adipocyte infection with M. tb is

documented and this leads to the secretion of leptin, adiponectin

and FGF-21 (36, 37). Adiponectin is a protective hormone against
Frontiers in Endocrinology 04
diabetes, since it promotes insulin sensitivity and also protects

endothelium from redox damage (38). Interestingly, adiponectin

is known to induce the secretion of IL-10 from macrophages (39,

40). The high levels of leptin seen during pre-diabetes could be due

to the action of TNF-a (41) and IL-6 (42), on adipocytes. Leptin is

known to act on macrophages and induce anti-mycobacterial

immunity (43). FGF-21 is a recently discovered hormone which

normalizes lipid metabolism and this can confer protection against

both IR (44) and LTBI (45). Recently, IL-10 secreting macrophages

were found to promote gastric epithelial healing and augment

incretin secretion (46). Incretins are gut peptides, which at one

end, can augment insulin sensitivity, and at the other end, protect

against pancreatic beta-cell loss (47). This is indicated by high levels

of incretins seen in TB patients (48). While circulating levels of

these biomarkers (serum cytokine profile) can give interesting

insights about the reciprocal relationship, deeper insights can be

obtained only from cellular and molecular studies. Thus, a complex

immune-endocrine network acts during the pre-diabetes stages

which confers significant protection against LTBI. Alternatively,

LTBI can orchestrate this immune-endocrine network conferring

protection against IR.
Macrophages as mediators of inverse
relationship between LTBI and IR

Macrophages seem to play a pivotal role, in mediating the

inverse relationship between IR and LTBI (Figure 2). TNF-a, IL-6
and IL-1b which are abundantly secreted by adipocytes during IR,

polarizes the adipose resident macrophages to a pro-inflammatory

phenotype, which can have dual effect: They can restrict M. tb

growth (or even eliminate the bacilli) when infected, but on the

other end, in-flame meta-inflammation, worsening IR, in the

adipose and liver (49). Alveolar macrophages, which are the first

immune cells to get infected with M. tb, constitutively secrete high

amounts of IL-10, which can have a dual effect: These cells can

infiltrate adipose tissue and can dampen meta-inflammation, but on

the other hand act as conducive reservoirs for LTBI (50).

Alternatively M. tb infected macrophages can act as Trojan
TABLE 1 Continued

Classification Biomarkers PDM NDM KDM

Chemokines

MCP-1

RANTES

IL-8

IP-10

SDF-1

Defensins a-Defensin
↑- Indicates higher levels compared to healthy controls.
↓- Indicates lower levels compared to healthy controls.
= Indicates no difference in the levels compared to healthy controls.
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horses, transporting M. tb to adipose depots, were they can directly

infect the adipocytes, inducing adiponectin secretion (50). IR

facilitates trained immunity in macrophages conferring protection

against TB (51, 52). However, the beneficial effects of IR on

macrophages are lost during chronic diabetes condition (53). In

an elegant study, conducted in the Mexican population, both

monocytes and monocyte derived macrophages from diabetic

patients, showed decreased expression of HLA-DR, CD86 and

CD163 and increased expression of PD-L1 (54, 55). Further,

upon infection with virulent M. tb strains, MDMs from diabetes

patients showed changes in the expression of PD-L1. The secretion

of cytokines (e.g., IL-6, IL-1b, IL-10, and IL-12) and chemokines

(e.g., MCP-1, MIG, and RANTES) from these MDMs were also

altered (55). In response to the more virulentM. tb strains, the levels

of association and bacterial clearance were diminished in MDMs

derived from diabetes patients (54).

Several in vitro experiments to demonstrate altered macrophage

function under diabetic condition have largely yielded negative
Frontiers in Endocrinology 05
results since apart from hyperglycemia, several yet to be identified

factors play a vital role in altering macrophage function under

diabetic condition (56). For example, macrophage differentiated

under hyperglycemic conditions were associated with marginal

increase in cytokine production upon stimulation with M. tb

lysate, with no differences in phagocytosis or intracellular killing

M. tb (56).
Inverse relationship between LTBI and
incipient diabetes

In contrast to pre-diabetes, diabetes is characterized by

hyperglycemia, insulin deficiency and IR (20) (Figure 1). It is

interesting to note that, most immune biomarkers do not follow

the parabolic curve, like that of blood glucose, with increasing

glucose intolerance. Incipient diabetes, like pre-diabetes is

characterized by increased circulating levels of innate immune
B

C

D

A

FIGURE 2

Insulin Resistance and Latent tuberculosis (IR-LTB) antagonism: In those who have IR, meta-inflammation in the adipose tissue leads to the
polarization of pro-inflammatory macrophages, which constitutively secrete high levels of pro-inflammatory cytokines (TNF-a, IL-6 and IL-1b) and
chemokine (MCP-1). This is mediated by leptin secreted by the adipocytes (A). These macrophages enter the circulation, navigate into alveolar
parenchyma, and restrict the growth of Mycobacterium tuberculosis (M. tb) (B). In those who are LTBI, infection of alveolar macrophages with M. tb,
brings about the polarization of anti-inflammatory macrophages which, constitutively secretes, high levels of IL-10 (C). These AAMs enter the
circulation, navigate to adipose tissue and attenuate meta-inflammation, there by conferring protection against IR. Alternatively these macrophages
can act as Trojan horses transporting the M. tb into adipose tissue were in they can directly augment the secretion of adiponectin. Adiponectin can
aid in the maintenance of the polarized state of these macrophages. Thus, macrophages serve as major mediators of IR-LTB antagonism (D).
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markers which includes: Type-I interferon (Interferon-b), pro-
inflammatory cytokines (TNF-a, IL-1b and IL-6) and anti-

inflammatory cytokines (IL-10, IL-1Ra, TGF-b and IL-27), while

IL-38 remain lower, like that of pre-diabetes (19, 23, 24). TGF-b, IL-
1Ra and IL-15 levels drop abruptly while a-Defensin-1 peaks

during pre-diabetes to diabetes transition (19, 23, 24) (Table 1).

The increased levels of pro-inflammatory cytokines and decreased

levels of anti-inflammatory cytokines, mark the transition between

pre-diabetes to diabetes (19, 23, 24). With respect to adaptive

immune cytokines, the increased levels of IL-17, seen during pre-

diabetes, declines abruptly along with IL-2, IL-4, IFN-g, while the

IL-9 levels remain low (19, 23, 24). The acute deficiency of many of

the adaptive immune cytokines marks the pre-diabetes to diabetes

transition. The increased levels of defensins and decreased levels of

adaptive immune cytokines are unique to pre-diabetes to diabetes

transition (19, 23, 24). However, with respect to anti-TB immunity

there is no much change between pre-diabetes and incipient

diabetes (19, 23, 24). The prevalence of LTBI was identical under

both conditions (19). The pro-inflammatory macrophages which

are generated in the adipose tissue, can enter circulation and can

confer significant protection against LTBI, while the anti-

inflammatory IL-10 secreting alveolar macrophages, generated

due to M. tb infection, can move to adipose tissue, and quench IR

(49, 50).

Synergistic interaction between
chronic diabetes and tuberculosis
(DM-TB synergy)

In contrast to incipient diabetes, chronic diabetes has a more

complex cytokine profile (Table 1). Most of the pro- and anti-

inflammatory cytokines including TNF-a, IL-6 and IL-1b decline

and reach normal levels, with glycemic control and anti-diabetic

treatment (19, 23, 24). However, with respect to anti-inflammatory

cytokines, IL-10 reaches normal level, but TGF-b and IL-1Ra

increases (19, 23, 24). Interferon-b and a-defensin-1 remain

higher, while IL-15, IL-27, IL-38 levels are lower in chronic

diabetes (19, 23, 24). With respect to adaptive immune cytokines,

while IFN-g levels are significantly increased, IL-9 levels which

remain low during incipient diabetes increased and reaches normal

values (19, 23, 24). However, IL-2, IL-4, IL-17, IL-12 and IL-23 are

significantly lower in these patients (19, 23, 24). Out of all these

cytokines, LTBI specifically downregulates IFN-b, IL-15, IL-1Ra,
TGF-b, IL-12, IL-2, IL-33, IL-4, IL-9 and a-defensin-1 and

upregulates IL-10, IL-27, IFN-g, IL-17 and CRP (19, 23, 24). The

significant downregulation of IL-12 and upregulation of IFN-g
indicates that other cytokines can augment Th1 polarization, in

LTB+ chronic diabetes subjects (57). The low levels of both IL-33

and IL-4 indicate downregulation of Th2 response. Downregulation

of IFN-b and a-defensin-1 indicates impaired anti-TB

immunity (22).

The prevalence of LTBI among chronic diabetes cases doesn’t

seem to be significantly higher, compared to that of control
Frontiers in Endocrinology 06
subjects (19). This is in striking contrast to the higher prevalence

of active TB cases, among chronic diabetes (18). This apparent

disparity between LTBI and TB seen among chronic diabetes

patients, could be due to higher rate of reactivation of LTBI due

to impaired anti-TB immunity, in these patients (compared to

controls), compared to exogenous infection (58). The DM-TB

synergy is due to a vicious cycle: The tubercle bacillus induces a

strong inflammatory response and redox stress which can worsen

IR and pancreatic beta-cell loss, precipitating in diabetes, among

pre-diabetics, or worsen glucose intolerance, in chronic diabetics

(59). On the other hand, chronic diabetes weakens the immune

system, increasing the chances of TB infection, among uninfected

(exogenous infection), or augmenting re-activation, in those with

LTBI (endogenous reactivation) (3).
T cells as mediators of DM-TB synergy

In contrast to macrophages, which plays an important role in

LTBI during pre-diabetes and incipient diabetes, T cells seems to

play a more vital role in LTBI, during chronic diabetes (60, 61)

(Figure 3). Cytokine profiling in Quantiferon TB supernatants

indicate several defects in cytokine secretion fromM. tb specific T

cells (19, 23, 24). Most importantly, M. tb antigen specific

secretion of IFN-g, IL-2 and IL-1Ra is significantly reduced, in

chronic diabetes (19, 23, 24). IFN-g along with TNF-a and IL-1b
together form the main axis for anti-TB immunity (62). The

reduced secretion of IFN-g could be responsible for the poor

detection of LTBI, among chronic diabetes subjects (63). Further,

this observation also raises concern about the utility of IGRA, in

detecting LTBI, in chronic diabetes subjects (63). Next to IFN-g,
IL-2 plays an important role in T cell activation. Activated T cells

secrete high levels of IL-2 which binds to the upregulated IL-2R

(CD25), forming an autocrine loop (64). This loop protects T cells

from activation induced apoptosis and is needed for the complete

activation of T cells (65). Defective secretion of IL-2 would render

these T cells susceptible for apoptosis (66). Compared to IFN-g
and IL-2, the exact function of antigen specific secretion of IL-1Ra,

in T cell biology is not known (67). At one end, it can inhibit the

pathogenic action of excess IL-1b, secreted by M. tb infected

macrophages (67). At the other end, it can inhibit the conversion

of Th1 cells into the pathogenic Th17.1 cells, by the combined

action of IL-1b and TGF-b (68). IL-1b and TGF-b are the major

polarizing cytokines for Th17 differentiation. On the other hand,

Th17 cells have extreme plasticity and have the ability to

transdifferentiate into the pathogenic hybrid Th1-Th17 cells,

under the action of IL-12 (69). Recently, these hybrid Th1-Th17

cells have been identified as major pathogenic players, in several

autoimmune diseases (70). Further, upregulation of MHC and B-7

molecules in APCs (dendritic cells, B cells and macrophages) have

been noted in chronic diabetic patients (71, 72). Upregulation of

antigen presentation machinery, along with defective IL-1Ra

secretion, indicates that, chronic diabetes might activate a

dormant, pathogenic, autoreactive Th17.1 cells, which might
frontiersin.org
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promote LTBI reactivation and might also worsen active TB

disease (73). Recently, pathogenic Th17.1 cells have been

associated with poor prognosis in TB (68). However, whether

chronic diabetes augments these cells needs to be tested. With
Frontiers in Endocrinology 07
respect to chemokines, MCP-1, IP-10 and IL-8 acts as a major

chemoattract for macrophages, T cells and neutrophils. Defective

secretion of these chemokines in chronic diabetes is noted which

impairs anti-TB immunity.
B
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FIGURE 3

Tuberculosis (TB) and Diabetes (DM) Synergy: Under diabetic condition the professional antigen presenting cells like dendritic cells, macrophages
and B cells (not shown) have significant upregulation of MHC and co-stimulatory (B-7) molecules, which leads to enhanced Th1 and Th17
polarization (A). Decreased systemic levels of IL-12 and IL-23 leads to defective polarization. However, due to defective antigen induced secretion of
IFN-g, by the Th1 cells, defective T cell-Macrophage interaction takes place (B). Further, due to defective antigen induced secretion of IL-2, the
fitness of activated T cells is reduced (C). Finally, due to defective antigen induced secretion of IL-1Ra, the Th1 and Th17 cells transdifferentiate into
hybrid Th17.1 cells, which are pathogenic (D). These defects leads to impaired acquired immune response which favors M. tb growth (E). Further, IP-
10 and MCP-10 secreted by M. tb infected macrophages attract T cell and monocytes, respectively. IL-8 secreted by neutrophils augment neutrophil
influx. The inflammation and redox stress (not shown) induced during active TB disease worsens glycemic control (F). Thus, helper T cells serve as
major mediators of DM-TB synergy.
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Other immune cells in IR-LTB
antagonism and DM-TB synergy

In general, the current knowledge of altered immunity in DM

patients with TB, indicates underperforming of innate immunity,

but exaggerated adaptive immunity to M.tb, which includes various

molecular mechanisms and pathways in the host (74). These

include excess advanced glycation end products and their

receptor (AGE/RAGE) signaling, oxidative stress, epigenetic

changes due to chronic hyperglycemia, altered nuclear receptors,

and alterations in leukocyte metabolism (immunometabolism) (74).

Peripheral blood transcriptional signatures indicate enhanced

inflammation, but attenuated type-I interferon responses, in DM-

TB co-morbid individuals (75). The IR-LTB antagonism is a

relatively new concept, compared to DM-TB synergy, and thus

the involvement of various immune cells (apart from macrophages

and T cells), is currently not known. Dendritic cells (DCs) in general

play an important role in both IR and anti-TB immunity (76, 77).

Infiltration of DCs into adipose tissue fuels meta-inflammation and

IR (76). Activation of alveolar DCs withM. tb initiates the transition

from innate to adaptive arm of anti-TB immunity (77). With

respect to B cells and antibodies, infiltration of adipose tissue by

B cells induce meta-inflammation and fuel IR (78). Interestingly,

few studies have shown both beneficial (79) and harmful effect (80)

of naturally occurring autoantibodies in IR. The role played by

humoral immunity is TB is debatable. While most studies have

shown neutral effect, few studies have shown beneficial effect for the

pathogens (81). Like other immune cells, in obesity induced

inflammation, neutrophils and basophils do infiltrate adipose

tissue and fuel IR (82). However, infiltration of adipose tissue

with eosinophils was found to confer significant protection

against IR (83). Eosinophils are the major source of IL-4, which

polarizes the macrophages into the alternative phenotype (83). This

blunts IR. With respect to TB, neutrophilic response was shown to

have both beneficial and harmful effect onM. tb clearance (84). IL-8

secreted by M. tb infected macrophages induce infiltration of

mature CXCR1+CXCR2+ neutrophils (84). The infiltrated

neutrophils phagocytose M. tb (84). But neutrophils in general

are inefficient in killingM. tb, without T cell help. In presence of IL-

17 (secreted by Th17 cells), neutrophils effectively clear the

phagocytosed M. tb (84). In the absence of T cell help,

neutrophils undergo M. tb induced necrosis exuberating

inflammation (84). The role played by eosinophils and basophils,

in TB infection is less clear. The involvement of newly discovered

innate lymphoid cells (ILC-1,2 and3) in IR-LTB antagonism and

DM-TB synergy is not known.
Active TB versus latent TB

As mentioned previously , LTB is associated with

immunomodulation and can confer protection against IR.

However, the immunomodulatory effect associated with LTB is

completely lost in active TB, which is associated with acute

inflammation (85). Thus, the cytokine/chemokine profile changes
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completely during LTB to active TB conversion (85, 86) (Table 2).

Most importantly, while LTB downregulates most of the pro-

inflammatory cytokines like TNF-a, IL-6, IL-1b, active TB

augments the secretion of these cytokines (87, 88). LTB

downregulates IL-1Ra and upregulates IL-10, while in active TB

downregulation of IL-1Ra and upregulation of IL-10 is seen (87,
TABLE 2 Circulating levels of immune mediators in DM-LTB and
DM-ATB.

Classification Biomarker LTB ATB

Type-1 Interferon IFN-b NA

Pro-inflammatory cytokines TNF-a

IL-6

IL-1b

IL-15

Anti-inflammatory cytokines IL-1Ra

IL-10

TGF-b

IL-27

IL-38 NA

Adaptive immune cytokines IL-12

IFN-g

IL-2

IL-33

IL-4

IL-23

IL-17

IL-9

Chemokines MCP-1

RANTES

IL-8

IP-10

SDF-1

Defensins a-Defensin

b-Defensin

(Continued)
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89). A similar reciprocal pattern is also seen for other anti-

inflammatory cytokines like IL-38 and IL-27 (90, 91). TGF-b is

exceptional since high levels are seen both in LTB and active TB

(92). With respect to adaptive immune cytokines LTB

downregulates many of them while active TB augments their

expression (92–94). A similar trend is also seen for chemokines

(95–98)and defensins (98, 99).
Fighter gene hypothesis

Global epidemiological studies have shown significantly high

prevalence of LTBI in Asian and African countries (100). In these

endemic zones, immune genes which confer better immunity

would provide a selective advantage, which we propose as

“Fighter Gene Hypothesis” (Figure 4). These gain-of function

polymorphisms in immune genes, can confer chronic immunity,

but augment meta-inflammation (101). The concept of better

immunity packed with high inflammatory load is not new, and

was first put forth by John Barthelow Classen more than decade

ago (102). However, he was not able to explain the origin of this

inflammation and hence calls it as “Iatrogenic Inflammation”,

which increases the risk of type-2 diabetes but decreases the risk of

type-1 diabetes (102). Meta-inflammation leads to IR. Both

immunity and IR act synergistically in conferring protection

against LTB (51). Interestingly insulin receptor deficient

macrophages showed M2 phenotype (103) and conferred

significant protection against IR (104), atherosclerosis (105) and

skin inflammation (106) (Figure 4). Whether, the same insulin

receptor deficient, M2 like macrophages, can confer protection

against tuberculosis, is not known.
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S imi lar ly LTBI , has been shown to have s t rong

immunomodulatory effect, which in turn, can confer protection

against IR (107). However, with urbanization (abundance of

carbohydrate rich food, lack of physical activity and chronic

stress) increased insulin demand leads to insulin deficiency,

which along with IR precipitates into diabetes, even in LTBI

subjects (108). Further external factors like smoking, alcohol, air

pollution, HIV infection etc. can weaken the immune system and

can promote the conversion of LTBI to active TB, even in those with

IR (58) (Figure 4). Unlike IR, diabetes weakens immunity and can

promote the endogenous activation of LTBI leading to active TB (4).

It can also make individuals more susceptible for new infections (4).

Irrespective of whether it is endogenous reactivation or exogenous

reinfection, diabetes co-morbidity worsens the outcome in TB (4).

Similarly, active TB on the other hand, can worsen glycemic control

in diabetes, completing the vicious cycle (109). Thus, the “IR-LTB

Antagonism”, gets converted into “Diabetes-Tuberculosis synergy”

due to the involvement of other factors (4).
BCG vaccination and its effect on
insulin resistance and type-2 diabetes

Neonatal BCG vaccination has sometimes been held responsible

for inducing meta-inflammation and thereby increasing the risk for

type-2 diabetes (102). However, till date no major epidemiological

studies have been carried out to assess the effect of BCG vaccination

on type-2 diabetes. Whether BCG vaccination can confer

susceptibility or protection against type-2 diabetes is not clearly

known. However, in a recent retrospective study conducted in the

Canadian population, a small but significant protective effect was

seen between BCG vaccination, against type-2 diabetes (but not

LADA) (110). Even in animal models, a single dose of BCG was

found to improvise glycemic control in diabetic rats (111). In these

aspects, BCG acts like LTB conferring protection against type-2

diabetes. However, large epidemiological studies are needed to

affirmatively ascertain the beneficial effect of BCG vaccination on

type-2 diabetes.
Conclusion

The interaction between TB and diabetes is not straight forward

but multi-dimensional, and has a strong evolutionary history (112,

113). Both IR and TB infections, have played a vital role in shaping

the evolution of humans (112, 113). While the former shapes

metabolic evolution, the latter shapes immune evolution (114).

IR, is a highly conserved phenomenon, from worms to humans

(115). Unlike diabetes, IR provides several survival advantages,

including better immunity (113). Intermittent fasting is known to

induce both IR (116) and immunity (117), indicating a strong link

between them. The beneficial effect of IR is lost once IR precipitates

into frank diabetes. Similarly, the beneficial effect of LTBI is lost
TABLE 2 Continued

Classification Biomarker LTB ATB

Hormones Insulin

Leptin

Adiponectin

FGF21 NA
↑- Indicates higher levels compared to healthy controls.
↓- Indicates lower levels compared to healthy controls.
TB, Tuberculosis; LTBI, Latent Tuberculosis Infection; LTB , Latent Tuberculosis; ATB,
Active Tuberculosis; IR, Insulin Resistance; DM, Diabetes Mellitus; M.tb, Mycobacterium
tuberculosis; NADPH, Nicotinamide Adenine Dinucleotide Phosphate; IGRA, Interferon-
Gamma Release Assay; ROI, Reactive Oxygen Intermediates; MHC, Major Histocompatibility
Complex; HIV, Human Immunodeficiency Virus; LADA, Latent Autoimmune Diabetes in
Adults; Th, T helper ; ILC, Innate Lymphoid Cells; DC, Dendritic Cells; BCG, Bacillus
Calmette-Guerin; MDM, Monocyte Derived Macrophages; PD-L1, Programmed Death-
Ligand 1; HLA-DR, Human Leukocyte Antigen-DR; APC, Antigen Presenting Cells; CD,
Cluster of Differentiation; B7, B-lymphocyte activation antigen B7; MIG, Monokine induced
by Interferon-gamma; IFN-g, Interferon-g; TNF-a, Tumor Necrosis Factor-a; IL,
Interleukins; IL-1Ra, Interleukin-1 Receptor antagonist; FGF, Fibroblast Growth Factor;
TGF-b, Transforming Growth Factor-b; MCP-1, Monocyte Chemoattractant Protein-1;
RANTES, Regulated upon Activation Normal T cell Expressed and Secreted; IP-10,
Interferon gamma induced Protein-10; SDF-1, Stromal Derived Factor-1; VEGF, Vascular
Endothelial Growth Factor.
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when it gets converted to active TB. Thus, the IR-LTB antagonism

gets converted to DM-TB synergy due to both genetic and

environmental factors. Obviously, this interesting bi-phasic

phenomenon needs more investigation.
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FIGURE 4

Fighter Gene Hypothesis: Both IR and LTBI have strong evolutionary history and have played a vital role in shaping the present-day human evolution.
In tropical countries, were LTBI is high, polymorphisms in immune genes, which augment their activity, confers a selective advantage (A). These
“fighter genes” at one end confer superior anti-TB immunity, but at the other end, decrease the threshold for meta-inflammation (B). Meta-
inflammation leads to IR (C). IR and immunity together confer protection against LTBI (D). On the other hand, LTBI by means of immunomodulation,
confers protection against IR, completing the LTB-IR antagonism loop (E). However, if IR precipitates into diabetes (due to insulin deficiency),
chronic glycemia impairs anti-TB immunity and promotes endogenous reactivation of LTB or exogenous M. tb infection (F). Similarly, if LTBI
precipitates into active TB, the acute inflammation and redox stress induced, will inflame meta-inflammation in adipose tissue, worsening the
glycemic control, completing the DM-TB synergy loop (G).
frontiersin.org

https://doi.org/10.3389/fendo.2024.1303338
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Aravindhan and Yuvaraj 10.3389/fendo.2024.1303338
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Endocrinology 11
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Jeon CY, Murray MB. Diabetes mellitus increases the risk of active tuberculosis: a
systematic review of 13 observational studies. PloS Med (2008) 5:e152. doi: 10.1371/
journal.pmed.0050152

2. Sen T, Joshi SR, Udwadia ZF. Tuberculosis and diabetes mellitus: merging
epidemics. J Assoc Physicians India. (2009) 57:399–404.

3. Martinez N, Kornfeld H. Diabetes and immunity to tuberculosis. Eur J Immunol
(2014) 44:617–26. doi: 10.1002/eji.201344301

4. Ayelign B, Negash M, Genetu M, Wondmagegn T, Shibabaw T. Immunological
impacts of diabetes on the susceptibility of mycobacterium tuberculosis. J Immunol Res
(2019) 2019:6196532. doi: 10.1155/2019/6196532

5. Shapiro H, Lutaty A, Ariel A. Macrophages, meta-inflammation, and immuno-
metabolism. ScientificWorldJournal (2011) 11:2509–29. doi: 10.1100/2011/397971

6. Yuan T, Yang T, Chen H, Fu D, Hu Y, Wang J, et al. New insights into oxidative
stress and inflammation during diabetes mellitus-accelerated atherosclerosis. Redox
Biol (2019) 20:247–60. doi: 10.1016/j.redox.2018.09.025

7. Mohan V, Deepa R. Adipocytokines and the expanding ‘Asian Indian phenotype’.
J Assoc Physicians India. (2006) 54:685–6.

8. Lee MR, Huang YP, Kuo YT, Luo CH, Shih YJ, Shu CC, et al. Diabetes mellitus
and latent tuberculosis infection: A systematic review and metaanalysis. Clin Infect Dis
(2016) 64:719–27. doi: 10.1093/cid/ciw836

9. WHO. Global Tuberculosis Report 2013 Vol. 2013. Geneva, Switzerland: World
Health Organization (2013).

10. Fatima S, Kumari A, Das G, Dwivedi VP. Tuberculosis vaccine: A journey from
BCG to present. Life Sci (2020) 252:117594. doi: 10.1016/j.lfs.2020.117594

11. Shah M, Dorman SE. Latent tuberculosis infection. N Engl J Med (2021)
385:2271–80. doi: 10.1056/NEJMcp2108501

12. Jasenosky LD, Scriba TJ, Hanekom WA, Goldfeld AE. T cells and adaptive
immunity to Mycobacterium tuberculosis in humans. Immunol Rev (2015) 264:74–87.
doi: 10.1111/imr.12274

13. Robert M, Miossec P. Reactivation of latent tuberculosis with TNF inhibitors:
critical role of the beta 2 chain of the IL-12 receptor. Cell Mol Immunol (2021) 18:1644–
51. doi: 10.1038/s41423-021-00694-9

14. Dutta NK, Karakousis PC. Latent tuberculosis infection: myths, models, and
molecular mechanisms. Microbiol Mol Biol Rev (2014) 78:343–71. doi: 10.1128/
MMBR.00010-14

15. Sundararajan S, Muniyan R. Latent tuberculosis: interaction of virulence factors
in Mycobacterium tuberculosis. Mol Biol Rep (2021) 48:6181–96. doi: 10.1007/s11033-
021-06611-7

16. Zheng N, Whalen CC, Handel A. Modeling the potential impact of host
population survival on the evolution of M. tuberculosis latency. PloS One (2014) 9:
e105721. doi: 10.1371/journal.pone.0105721

17. Khalilullah SA, Harapan H, Hasan NA, Winardi W, Ichsan I, Mulyadi M. Host
genome polymorphisms and tuberculosis infection: What we have to say? Egypt J Chest
Dis Tuberc (2014) 63:173–85. doi: 10.1016/j.ejcdt.2013.12.002

18. Lee MR, Huang YP, Kuo YT, Luo CH, Shih YJ, Shu CC, et al. Diabetes mellitus
and latent tuberculosis infection: A systematic review and metaanalysis. Clin Infect Dis
(2017) 64:719–27. doi: 10.1093/cid/ciw836

19. Aravindhan V, Bobhate A, Sathishkumar K, Patil A, Kumpatla S, Viswanathan
V. Unique reciprocal association seen between latent tuberculosis infection and
diabetes is due to immunoendocrine modulation (DM-LTB-1). Front Microbiol
(2022) 13:884374. doi: 10.3389/fmicb.2022.884374

20. Khan RMM, Chua ZJY, Tan JC, Yang Y, Liao Z, Zhao Y. From pre-diabetes to
diabetes: diagnosis, treatments and translational research. Medicina (Kaunas). (2019)
55:9–30. doi: 10.3390/medicina55090546

21. Herder C, Carstensen M, Ouwens DM. Anti-inflammatory cytokines and risk
of type 2 diabetes. Diabetes Obes Metab (2013) 15 Suppl 3:39–50. doi: 10.1111/
dom.12155

22. Velikova TV, Kabakchieva PP, Assyov YS, Georgiev Tcapital AC. Targeting
inflammatory cytokines to improve type 2 diabetes control. BioMed Res Int (2021)
2021:7297419. doi: 10.1155/2021/7297419

23. Bobhate A, Viswanathan V, Aravindhan V. Anti-inflammatory cytokines IL-27,
IL-10, IL-1Ra and TGF-beta in subjects with increasing grades of glucose intolerence
(DM-LTB-2). Cytokine (2021) 137:155333. doi: 10.1016/j.cyto.2020.155333
24. Aravindhan V, Bobhate A, Sathishkumar K, Viswanathan V. Serum levels of
novel anti-inflammatory cytokine Interleukin-38 in diabetes patients infected with
latent tuberculosis (DM-LTB-3). J Diabetes Complications. (2022) 36:108133. doi:
10.1016/j.jdiacomp.2022.108133

25. Berrington WR, Hawn TR. Mycobacterium tuberculosis, macrophages, and the
innate immune response: does common variation matter? Immunol Rev (2007)
219:167–86. doi: 10.1111/j.1600-065X.2007.00545.x

26. Hall AO, Silver JS, Hunter CA. The immunobiology of IL-27. Adv Immunol
(2012) 115:1–44. doi: 10.1016/B978-0-12-394299-9.00001-1

27. Xie L, Huang Z, Li H, Liu X, Zheng S, SuW. IL-38: A new player in inflammatory
autoimmune disorders. Biomolecules (2019) 9. doi: 10.3390/biom9080345

28. Allen JE, Sutherland TE, Ruckerl D. IL-17 and neutrophils: unexpected players
in the type 2 immune response. Curr Opin Immunol (2015) 34:99–106. doi: 10.1016/
j.coi.2015.03.001

29. Alcantara CA, Glassman I, Nguyen KH, Parthasarathy A, Venketaraman V.
Neutrophils in mycobacterium tuberculosis. Vaccines (Basel). (2023) 11:2–11. doi:
10.3390/vaccines11030631

30. Torrado E, Cooper AM. IL-17 and Th17 cells in tuberculosis. Cytokine Growth
Factor Rev (2010) 21:455–62. doi: 10.1016/j.cytogfr.2010.10.004

31. Parker HA, Forrester L, Kaldor CD, Dickerhof N, Hampton MB. Antimicrobial
activity of neutrophils against mycobacteria. Front Immunol (2021) 12:782495. doi:
10.3389/fimmu.2021.782495

32. Jaganjac M, Cipak A, Schaur RJ, Zarkovic N. Pathophysiology of neutrophil-
mediated extracellular redox reactions. Front Biosci (Landmark Ed). (2016) 21:839–55.
doi: 10.2741/4423

33. Wu B, Huang C, Kato-Maeda M, Hopewell PC, Daley CL, Krensky AM, et al. IL-
9 is associated with an impaired Th1 immune response in patients with tuberculosis.
Clin Immunol (2008) 126:202–10. doi: 10.1016/j.clim.2007.09.009

34. Ye ZJ, Yuan ML, Zhou Q, Du RH, Yang WB, Xiong XZ, et al. Differentiation and
recruitment of Th9 cells stimulated by pleural mesothelial cells in human
Mycobacterium tuberculosis infection. PloS One (2012) 7:e31710. doi: 10.1371/
journal.pone.0031710

35. Wang X, Wu Y, Jiao J, Huang Q. Mycobacterium tuberculosis infection induces
IL-10 gene expression by disturbing histone deacetylase 6 and histonedeacetylase 11
equilibrium in macrophages. Tuberculosis (Edinb). (2018) 108:118–23. doi: 10.1016/
j.tube.2017.11.008

36. Ayyappan JP, Vinnard C, Subbian S, Nagajyothi JF. Effect of Mycobacterium
tuberculosis infection on adipocyte physiology. Microbes Infect (2018) 20:81–8. doi:
10.1016/j.micinf.2017.10.008

37. Beigier-Bompadre M, Montagna GN, Kuhl AA, Lozza L, Weiner J 3rd, Kupz A,
et al. Mycobacterium tuberculosis infection modulates adipose tissue biology. PloS
Pathog (2017) 13:e1006676. doi: 10.1371/journal.ppat.1006676

38. Achari AE, Jain SK. Adiponectin, a therapeutic target for obesity, diabetes, and
endothelial dysfunction. Int J Mol Sci (2017) 18:8–27. doi: 10.3390/ijms18061321

39. Wolf AM, Wolf D, Rumpold H, Enrich B, Tilg H. Adiponectin induces the anti-
inflammatory cytokines IL-10 and IL-1RA in human leukocytes. Biochem Biophys Res
Commun (2004) 323:630–5. doi: 10.1016/j.bbrc.2004.08.145

40. Ramos-Ramirez P, Malmhall C, Tliba O, Radinger M, Bossios A. Adiponectin/
adipoR1 axis promotes IL-10 release by human regulatory T cells. Front Immunol
(2021) 12:677550. doi: 10.3389/fimmu.2021.677550

41. Finck BN, Johnson RW. Tumor necrosis factor (TNF)-alpha induces leptin
production through the p55 TNF receptor. Am J Physiol Regul Integr Comp Physiol
(2000) 278:R537–43. doi: 10.1152/ajpregu.2000.278.2.R537

42. Wueest S, Konrad D. The role of adipocyte-specific IL-6-type cytokine signaling
in FFA and leptin release. Adipocyte (2018) 7:226–8. doi : 10.1080/
21623945.2018.1493901

43. Degechisa ST, Dabi YT. Leptin deficiency may influence the divergence of cell-
mediated immunity between lepromatous and tuberculoid leprosy patients. J
Inflammation Res (2022) 15:6719–28. doi: 10.2147/JIR.S389845

44. Jimenez V, Jambrina C, Casana E, Sacristan V, Munoz S, Darriba S, et al. FGF21
gene therapy as treatment for obesity and insulin resistance. EMBO Mol Med (2018)
10:17–24. doi: 10.15252/emmm.201708791

45. Roth J, Szulc AL, Danoff A. Energy, evolution, and human diseases: an overview.
Am J Clin Nutr (2011) 93:875S–83. doi: 10.3945/ajcn.110.001909
frontiersin.org

https://doi.org/10.1371/journal.pmed.0050152
https://doi.org/10.1371/journal.pmed.0050152
https://doi.org/10.1002/eji.201344301
https://doi.org/10.1155/2019/6196532
https://doi.org/10.1100/2011/397971
https://doi.org/10.1016/j.redox.2018.09.025
https://doi.org/10.1093/cid/ciw836
https://doi.org/10.1016/j.lfs.2020.117594
https://doi.org/10.1056/NEJMcp2108501
https://doi.org/10.1111/imr.12274
https://doi.org/10.1038/s41423-021-00694-9
https://doi.org/10.1128/MMBR.00010-14
https://doi.org/10.1128/MMBR.00010-14
https://doi.org/10.1007/s11033-021-06611-7
https://doi.org/10.1007/s11033-021-06611-7
https://doi.org/10.1371/journal.pone.0105721
https://doi.org/10.1016/j.ejcdt.2013.12.002
https://doi.org/10.1093/cid/ciw836
https://doi.org/10.3389/fmicb.2022.884374
https://doi.org/10.3390/medicina55090546
https://doi.org/10.1111/dom.12155
https://doi.org/10.1111/dom.12155
https://doi.org/10.1155/2021/7297419
https://doi.org/10.1016/j.cyto.2020.155333
https://doi.org/10.1016/j.jdiacomp.2022.108133
https://doi.org/10.1111/j.1600-065X.2007.00545.x
https://doi.org/10.1016/B978-0-12-394299-9.00001-1
https://doi.org/10.3390/biom9080345
https://doi.org/10.1016/j.coi.2015.03.001
https://doi.org/10.1016/j.coi.2015.03.001
https://doi.org/10.3390/vaccines11030631
https://doi.org/10.1016/j.cytogfr.2010.10.004
https://doi.org/10.3389/fimmu.2021.782495
https://doi.org/10.2741/4423
https://doi.org/10.1016/j.clim.2007.09.009
https://doi.org/10.1371/journal.pone.0031710
https://doi.org/10.1371/journal.pone.0031710
https://doi.org/10.1016/j.tube.2017.11.008
https://doi.org/10.1016/j.tube.2017.11.008
https://doi.org/10.1016/j.micinf.2017.10.008
https://doi.org/10.1371/journal.ppat.1006676
https://doi.org/10.3390/ijms18061321
https://doi.org/10.1016/j.bbrc.2004.08.145
https://doi.org/10.3389/fimmu.2021.677550
https://doi.org/10.1152/ajpregu.2000.278.2.R537
https://doi.org/10.1080/21623945.2018.1493901
https://doi.org/10.1080/21623945.2018.1493901
https://doi.org/10.2147/JIR.S389845
https://doi.org/10.15252/emmm.201708791
https://doi.org/10.3945/ajcn.110.001909
https://doi.org/10.3389/fendo.2024.1303338
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Aravindhan and Yuvaraj 10.3389/fendo.2024.1303338
46. Quiros M, Nishio H, Neumann PA, Siuda D, Brazil JC, Azcutia V, et al.
Macrophage-derived IL-10 mediates mucosal repair by epithelial WISP-1 signaling. J
Clin Invest. (2017) 127:3510–20. doi: 10.1172/JCI90229

47. Chia CW, Egan JM. Incretins in obesity and diabetes. Ann N Y Acad Sci (2020)
1461:104–26. doi: 10.1111/nyas.14211

48. Zheng Y, Ma A, Wang Q, Han X, Cai J, Schouten EG, et al. Relation of leptin,
ghrelin and inflammatory cytokines with body mass index in pulmonary tuberculosis
patients with and without type 2 diabetes mellitus. PloS One (2013) 8:e80122. doi:
10.1371/journal.pone.0080122

49. Erol A. Visceral adipose tissue specific persistence of Mycobacterium
tuberculosis may be reason for the metabolic syndrome. Med Hypotheses. (2008)
71:222–8. doi: 10.1016/j.mehy.2008.03.028

50. Wang CH, Yu CT, Lin HC, Liu CY, Kuo HP. Hypodense alveolar macrophages
in patients with diabetes mellitus and active pulmonary tuberculosis. Tuber Lung Dis
(1999) 79:235–42. doi: 10.1054/tuld.1998.0167

51. Ieronymaki E, Daskalaki MG, Lyroni K, Tsatsanis C. Insulin signaling and
insulin resistance facilitate trained immunity in macrophages through metabolic and
epigenetic changes. Front Immunol (2019) 10:1330. doi: 10.3389/fimmu.2019.01330

52. Ieronymaki E, Theodorakis EM, Lyroni K, Vergadi E, Lagoudaki E, Al-Qahtani
A, et al. Insulin resistance in macrophages alters their metabolism and promotes an
M2-like phenotype. J Immunol (2019) 202:1786–97. doi: 10.4049/jimmunol.1800065

53. Lisco G, Giagulli VA, De Pergola G, Guastamacchia E, Jirillo E, Triggiani V.
Hyperglycemia-induced immune system disorders in diabetes mellitus and the concept of
hyperglycemic memory of innate immune cells: A perspective. Endocr Metab Immune
Disord Drug Targets. (2022) 22:367–70. doi: 10.2174/1871530321666210924124336

54. Lopez-Lopez N, Martinez AGR, Garcia-Hernandez MH, Hernandez-Pando R,
Castaneda-Delgado JE, Lugo-Villarino G, et al. Type-2 diabetes alters the basal
phenotype of human macrophages and diminishes their capacity to respond,
internalise, and control Mycobacterium tuberculosis. Mem Inst Oswaldo Cruz.
(2018) 113:e170326. doi: 10.1590/0074-02760170326

55. Valtierra-Alvarado MA, Castaneda Delgado JE, Ramirez-Talavera SI, Lugo-
Villarino G, Duenas-Arteaga F, Lugo-Sanchez A, et al. Type 2 diabetes mellitus
metabolic control correlates with the phenotype of human monocytes and
monocyte-derived macrophages. J Diabetes Complications. (2020) 34:107708. doi:
10.1016/j.jdiacomp.2020.107708

56. Lachmandas E, Vrieling F, Wilson LG, Joosten SA, Netea MG, Ottenhoff TH,
et al. The effect of hyperglycaemia on in vitro cytokine production and macrophage
infection withMycobacterium tuberculosis. PloS One (2015) 10:e0117941. doi: 10.1371/
journal.pone.0117941

57. Dinarello CA. IL-18: A TH1-inducing, proinflammatory cytokine and new
member of the IL-1 family. J Allergy Clin Immunol (1999) 103:11–24. doi: 10.1016/
S0091-6749(99)70518-X

58. Qiu B, Wu Z, Tao B, Li Z, Song H, Tian D, et al. Risk factors for types of
recurrent tuberculosis (reactivation versus reinfection): A global systematic review and
meta-analysis. Int J Infect Dis (2022) 116:14–20. doi: 10.1016/j.ijid.2021.12.344

59. Oswal N, Lizardo K, Dhanyalayam D, Ayyappan JP, Thangavel H, Heysell SK,
et al. Host metabolic changes during mycobacterium tuberculosis infection cause
insulin resistance in adult mice. J Clin Med (2022) 11:17–21. doi: 10.3390/jcm11061646

60. Sun Q, Zhang Q, Xiao H, Cui H, Su B. Significance of the frequency of CD4
+CD25+CD127- T-cells in patients with pulmonary tuberculosis and diabetes mellitus.
Respirology (2012) 17:876–82. doi: 10.1111/j.1440-1843.2012.02184.x

61. Kumar NP, Moideen K, George PJ, Dolla C, Kumaran P, Babu S. Impaired
Cytokine but Enhanced Cytotoxic Marker Expression in Mycobacterium tuberculosis-
Induced CD8+ T Cells in Individuals With Type 2 Diabetes and Latent Mycobacterium
tuberculosis Infection. J Infect Dis (2016) 213:866–70. doi: 10.1093/infdis/jiv484

62. Ray JC, Wang J, Chan J, Kirschner DE. The timing of TNF and IFN-gamma
signaling affects macrophage activation strategies during Mycobacterium tuberculosis
infection. J Theor Biol (2008) 252:24–38. doi: 10.1016/j.jtbi.2008.01.010

63. Faurholt-Jepsen D, Aabye MG, Jensen AV, Range N, Praygod G, Jeremiah K,
et al. Diabetes is associated with lower tuberculosis antigen-specific interferon gamma
release in Tanzanian tuberculosis patients and non-tuberculosis controls. Scand J Infect
Dis (2014) 46:384–91. doi: 10.3109/00365548.2014.885657

64. Kung JT, Beller D, Ju ST. Lymphokine regulation of activation-induced
apoptosis in T cells of IL-2 and IL-2R beta knockout mice. Cell Immunol (1998)
185:158–63. doi: 10.1006/cimm.1998.1282

65. Chen CY, Huang D, Yao S, Halliday L, Zeng G, Wang RC, et al. IL-2
simultaneously expands Foxp3+ T regulatory and T effector cells and confers
resistance to severe tuberculosis (TB): implicative Treg-T effector cooperation in
immunity to TB. J Immunol (2012) 188:4278–88. doi: 10.4049/jimmunol.1101291

66. Liu X, Li F, Niu H, Ma L, Chen J, Zhang Y, et al. IL-2 restores T-cell dysfunction
induced by persistent mycobacterium tuberculosis antigen stimulation. Front Immunol
(2019) 10:2350. doi: 10.3389/fimmu.2019.02350

67. Van Den Eeckhout B, Tavernier J, Gerlo S. Interleukin-1 as innate mediator of T
cell immunity. Front Immunol (2020) 11:621931. doi: 10.3389/fimmu.2020.621931

68. Zhang J,Wang AX,WuY, Zhang S. IL-1 receptor antagonist (IL-1RA) suppresses a
hyper-IL-17 response-mediated bone loss in a murine experimental periodontitis. Arch
Oral Biol (2022) 144:105555. doi: 10.1016/j.archoralbio.2022.105555
Frontiers in Endocrinology 12
69. Lyadova IV, Panteleev AV. Th1 and th17 cells in tuberculosis: protection,
pathology, and biomarkers. Mediators Inflamm (2015) 2015:854507. doi: 10.1155/
2015/854507

70. Zong M, Dorph C, Dastmalchi M, Alexanderson H, Pieper J, Amoudruz P, et al.
Anakinra treatment in patients with refractory inflammatory myopathies and possible
predictive response biomarkers: a mechanistic study with 12 months follow-up. Ann
Rheum Dis (2014) 73:913–20. doi: 10.1136/annrheumdis-2012-202857

71. Surendar J, Mohan V, Pavankumar N, Babu S, Aravindhan V. Increased levels of
serum granulocyte-macrophage colony-stimulating factor is associated with activated
peripheral dendritic cells in type 2 diabetes subjects (CURES-99). Diabetes Technol
Ther (2012) 14:344–9. doi: 10.1089/dia.2011.0182

72. Madhumitha H, Mohan V, Babu S, Aravindhan V. TLR-induced secretion of
novel cytokine IL-27 is defective in newly diagnosed type-2 diabetic subjects. Cytokine
(2018) 104:65–71. doi: 10.1016/j.cyto.2017.09.032

73. Tagirasa R, Parmar S, Barik MR, Devadas S, Basu S. Autoreactive T cells in
immunopathogenesis of TB-associated uveitis. Invest Ophthalmol Vis Sci (2017)
58:5682–91. doi: 10.1167/iovs.17-22462

74. Ronacher K, van Crevel R, Critchley JA, Bremer AA, Schlesinger LS, Kapur A,
et al. Defining a research agenda to address the converging epidemics of tuberculosis
and diabetes: part 2: underlying biologic mechanisms. Chest (2017) 152:174–80. doi:
10.1016/j.chest.2017.02.032

75. Eckold C, Kumar V, Weiner J, Alisjahbana B, Riza AL, Ronacher K, et al. Impact
of intermediate hyperglycemia and diabetes on immune dysfunction in tuberculosis.
Clin Infect Dis (2021) 72:69–78. doi: 10.1093/cid/ciaa751

76. Soedono S, Cho KW. Adipose tissue dendritic cells: critical regulators of obesity-
induced inflammation and insulin resistance. Int J Mol Sci (2021) 22. doi: 10.3390/
ijms22168666

77. Kim H, Shin SJ. Pathological and protective roles of dendritic cells in
Mycobacterium tuberculosis infection: Interaction between host immune responses
and pathogen evasion. Front Cell Infect Microbiol (2022) 12:891878. doi: 10.3389/
fcimb.2022.891878

78. Aravindhan V, Madhumitha H. Metainflammation in diabetic coronary artery
disease: emerging role of innate and adaptive immune responses. J Diabetes Res (2016)
2016:6264149. doi: 10.1155/2016/6264149

79. Shruthi S, Mohan V, Maradana MR, Aravindhan V. In silico identification and
wet lab validation of novel cryptic B cell epitopes in ZnT8 zinc transporter autoantigen.
Int J Biol Macromol. (2019) 127:657–64. doi: 10.1016/j.ijbiomac.2019.01.198

80. Willard DL, Stevenson M, Steenkamp D. Type B insulin resistance syndrome. Curr
Opin Endocrinol Diabetes Obes (2016) 23:318–23. doi: 10.1097/MED.0000000000000263

81. Bright MR, Curtis N, Messina NL. The role of antibodies in Bacille Calmette Guerin-
mediated immune responses and protection against tuberculosis in humans: A systematic
review. Tuberculosis (Edinb). (2021) 131:101947. doi: 10.1016/j.tube.2020.101947

82. Uribe-Querol E, Rosales C. Neutrophils actively contribute to obesity-associated
inflammation and pathological complications. Cells (2022) 11:8–27. doi: 10.3390/
cells11121883

83. Vohralik EJ, Psaila AM, Knights AJ, Quinlan KGR. EoTHINophils: Eosinophils
as key players in adipose tissue homeostasis. Clin Exp Pharmacol Physiol (2020)
47:1495–505. doi: 10.1111/1440-1681.13304

84. Borkute RR, Woelke S, Pei G, Dorhoi A. Neutrophils in tuberculosis: cell biology,
cellular networking and multitasking in host defense. Int J Mol Sci (2021) 22. doi:
10.3390/ijms22094801

85. Kumar NP, Nancy AP, Moideen K, Menon PA, Banurekha VV, Nair D, et al.
Low body mass index is associated with diminished plasma cytokines and chemokines
in both active and latent tuberculosis. Front Nutr (2023) 10:1194682. doi: 10.3389/
fnut.2023.1194682

86. Delemarre EM, van Hoorn L, Bossink AWJ, Drylewicz J, Joosten SA, Ottenhoff
THM, et al. Serum biomarker profile including CCL1, CXCL10, VEGF, and adenosine
deaminase activity distinguishes active from remotely acquired latent tuberculosis.
Front Immunol (2021) 12:725447. doi: 10.3389/fimmu.2021.725447

87. Joshi L, Ponnana M, Sivangala R, Chelluri LK, Nallari P, Penmetsa S, et al.
Evaluation of TNF-alpha, IL-10 and IL-6 cytokine production and their correlation
with genotype variants amongst tuberculosis patients and their household contacts.
PloS One (2015) 10:e0137727. doi: 10.1371/journal.pone.0137727

88. Jung BG, Vankayalapati R, Samten B. Mycobacterium tuberculosis stimulates IL-
1beta production by macrophages in an ESAT-6 dependent manner with the
involvement of serum amyloid A3. Mol Immunol (2021) 135:285–93. doi: 10.1016/
j.molimm.2021.04.022

89. Fisher KL, Moodley D, Rajkumar-Bhugeloo K, Baiyegunhi OO, Karim F, Ndlovu
H, et al. Elevated IP-10 at the protein and gene level associates with pulmonary TB.
Front Cell Infect Microbiol (2022) 12:908144. doi: 10.3389/fcimb.2022.908144

90. Kong B, Liu GB, Zhang JA, Fu XX, Xiang WY, Gao YC, et al. Elevated serum IL-
35 and increased expression of IL-35-p35 or -EBI3 in CD4(+)CD25(+) T cells in
patients with active tuberculosis. Am J Transl Res (2016) 8:623–33.

91. Torrado E, Fountain JJ, Liao M, Tighe M, Reiley WW, Lai RP, et al. Interleukin
27R regulates CD4+ T cell phenotype and impacts protective immunity during
Mycobacterium tuberculosis infection. J Exp Med (2015) 212:1449–63. doi: 10.1084/
jem.20141520
frontiersin.org

https://doi.org/10.1172/JCI90229
https://doi.org/10.1111/nyas.14211
https://doi.org/10.1371/journal.pone.0080122
https://doi.org/10.1016/j.mehy.2008.03.028
https://doi.org/10.1054/tuld.1998.0167
https://doi.org/10.3389/fimmu.2019.01330
https://doi.org/10.4049/jimmunol.1800065
https://doi.org/10.2174/1871530321666210924124336
https://doi.org/10.1590/0074-02760170326
https://doi.org/10.1016/j.jdiacomp.2020.107708
https://doi.org/10.1371/journal.pone.0117941
https://doi.org/10.1371/journal.pone.0117941
https://doi.org/10.1016/S0091-6749(99)70518-X
https://doi.org/10.1016/S0091-6749(99)70518-X
https://doi.org/10.1016/j.ijid.2021.12.344
https://doi.org/10.3390/jcm11061646
https://doi.org/10.1111/j.1440-1843.2012.02184.x
https://doi.org/10.1093/infdis/jiv484
https://doi.org/10.1016/j.jtbi.2008.01.010
https://doi.org/10.3109/00365548.2014.885657
https://doi.org/10.1006/cimm.1998.1282
https://doi.org/10.4049/jimmunol.1101291
https://doi.org/10.3389/fimmu.2019.02350
https://doi.org/10.3389/fimmu.2020.621931
https://doi.org/10.1016/j.archoralbio.2022.105555
https://doi.org/10.1155/2015/854507
https://doi.org/10.1155/2015/854507
https://doi.org/10.1136/annrheumdis-2012-202857
https://doi.org/10.1089/dia.2011.0182
https://doi.org/10.1016/j.cyto.2017.09.032
https://doi.org/10.1167/iovs.17-22462
https://doi.org/10.1016/j.chest.2017.02.032
https://doi.org/10.1093/cid/ciaa751
https://doi.org/10.3390/ijms22168666
https://doi.org/10.3390/ijms22168666
https://doi.org/10.3389/fcimb.2022.891878
https://doi.org/10.3389/fcimb.2022.891878
https://doi.org/10.1155/2016/6264149
https://doi.org/10.1016/j.ijbiomac.2019.01.198
https://doi.org/10.1097/MED.0000000000000263
https://doi.org/10.1016/j.tube.2020.101947
https://doi.org/10.3390/cells11121883
https://doi.org/10.3390/cells11121883
https://doi.org/10.1111/1440-1681.13304
https://doi.org/10.3390/ijms22094801
https://doi.org/10.3389/fnut.2023.1194682
https://doi.org/10.3389/fnut.2023.1194682
https://doi.org/10.3389/fimmu.2021.725447
https://doi.org/10.1371/journal.pone.0137727
https://doi.org/10.1016/j.molimm.2021.04.022
https://doi.org/10.1016/j.molimm.2021.04.022
https://doi.org/10.3389/fcimb.2022.908144
https://doi.org/10.1084/jem.20141520
https://doi.org/10.1084/jem.20141520
https://doi.org/10.3389/fendo.2024.1303338
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Aravindhan and Yuvaraj 10.3389/fendo.2024.1303338
92. Olobo JO, Geletu M, Demissie A, Eguale T, Hiwot K, Aderaye G, et al.
Circulating TNF-alpha, TGF-beta, and IL-10 in tuberculosis patients and healthy
contacts. Scand J Immunol (2001) 53:85–91. doi: 10.1046/j.1365-3083.2001.00844.x

93. Abhimanyu, Mangangcha IR, Jha P, Arora K, Mukerji M, Banavaliker JN, et al.
Differential serum cytokine levels are associated with cytokine gene polymorphisms in
north Indians with active pulmonary tuberculosis. Infect Genet Evol (2011) 11:1015–22.
doi: 10.1016/j.meegid.2011.03.017

94. Turgut T, Akbulut H, Deveci F, Kacar C, Muz MH. Serum interleukin-2 and
neopterin levels as useful markers for treatment of active pulmonary tuberculosis.
Tohoku J Exp Med (2006) 209:321–8. doi: 10.1620/tjem.209.321

95. Zhao Y, Yang X, Zhang X, Yu Q, Zhao P, Wang J, et al. IP-10 and RANTES as
biomarkers for pulmonary tuberculosis diagnosis and monitoring. Tuberculosis
(Edinb). (2018) 111:45–53. doi: 10.1016/j.tube.2018.05.004

96. Lee JS, Song CH, Lim JH, Lee KS, Kim HJ, Park JK, et al. Monocyte chemotactic
protein-1 production in patients with active pulmonary tuberculosis and tuberculous
pleurisy. Inflammation Res (2003) 52:297–304. doi: 10.1007/s00011-003-1176-6

97. Pace E, Gjomarkaj M, Melis M, Profita M, Spatafora M, Vignola AM, et al.
Interleukin-8 induces lymphocyte chemotaxis into the pleural space. Role of pleural
macrophages. Am J Respir Crit Care Med (1999) 159:1592–9. doi: 10.1164/
ajrccm.159.5.9806001

98. Aravindhan V, Kevinkumar V, Dhamodharan U, Viswanathan V. Serum levels of
chemokines IP-10, IL-8 and SDF-1 serve as good biomarkers for diabetes-tuberculosis
nexus. J Diabetes Complications. (2018) 32:857–62. doi: 10.1016/j.jdiacomp.2018.07.001

99. Pohorielova OO, Shevchenko OS. Human-beta-defensin-1: prognostic marker of
tuberculosis severity and treatment effectiveness in pulmonary tuberculosis. Wiad Lek.
(2021) 74:1839–43. doi: 10.36740/WLek202108111

100. Cohen A, Mathiasen VD, Schon T, Wejse C. The global prevalence of latent
tuberculosis: a systematic review and meta-analysis. Eur Respir J (2019) 54. doi:
10.1183/13993003.00655-2019

101. Siddique HR. Editorial: Genes, diseases, immunity and immunogenomics.
Front Genet (2023) 14:1218084. doi: 10.3389/fgene.2023.1218084

102. Classen JB. Review of evidence that epidemics of type 1 diabetes and type 2
diabetes/metabolic syndrome are polar opposite responses to iatrogenic inflammation.
Curr Diabetes Rev (2012) 8:413–8. doi: 10.2174/157339912803529869

103. Spadaro O, Camell CD, Bosurgi L, Nguyen KY, Youm YH, Rothlin CV, et al.
IGF1 shapes macrophage activation in response to immunometabolic challenge. Cell
Rep (2017) 19:225–34. doi: 10.1016/j.celrep.2017.03.046

104. Mauer J, Chaurasia B, Plum L, Quast T, Hampel B, Bluher M, et al. Myeloid
cell-restricted insulin receptor deficiency protects against obesity-induced
inflammation and systemic insulin resistance. PloS Genet (2010) 6:e1000938. doi:
10.1371/journal.pgen.1000938
Frontiers in Endocrinology 13
105. Baumgartl J, Baudler S, Scherner M, Babaev V, Makowski L, Suttles J, et al.
Myeloid lineage cell-restricted insulin resistance protects apolipoproteinE-deficient
mice against atherosclerosis. Cell Metab (2006) 3:247–56. doi: 10.1016/
j.cmet.2006.02.010

106. Knuever J, Willenborg S, Ding X, Akyuz MD, Partridge L, Niessen CM, et al.
Myeloid cell-restricted insulin/IGF-1 receptor deficiency protects against skin
inflammation. J Immunol (2015) 195:5296–308. doi: 10.4049/jimmunol.1501237

107. Khadela A, Chavda VP, Postwala H, Shah Y, Mistry P, Apostolopoulos V.
Epigenetics in tuberculosis: immunomodulation of host immune response. Vaccines
(Basel). (2022) 10. doi: 10.3390/vaccines10101740

108. Wang L, Li X, Wang Z, Bancks MP, Carnethon MR, Greenland P, et al. Trends
in prevalence of diabetes and control of risk factors in diabetes among US adults, 1999-
2018. JAMA (2021) 326:1–13. doi: 10.1001/jama.2021.9883

109. Antonio-Arques V, Cayla JA, Real J, Moreno-Martinez A, Orcau A, Mauricio
D, et al. Glycemic control and the risk of tuberculosis in patients with diabetes: A
cohort study in a Mediterranean city. Front Public Health (2022) 10:1017024. doi:
10.3389/fpubh.2022.1017024

110. Corsenac P, Parent ME, Mansaray H, Benedetti A, Richard H, Stager S, et al.
Early life Bacillus Calmette-Guerin vaccination and incidence of type 1, type 2, and
latent autoimmune diabetes in adulthood. Diabetes Metab (2022) 48:101337. doi:
10.1016/j.diabet.2022.101337

111. Zhu XP, Satoh J, Muto G, Muto Y, Sagara M, Takahashi K, et al. Improvement
of glucose tolerance with immunomodulators on type 2 diabetic animals. Biotherapy
(1996) 9:189–97. doi: 10.1007/BF02620732

112. Kerner G, Laval G, Patin E, Boisson-Dupuis S, Abel L, Casanova JL, et al. Human
ancient DNA analyses reveal the high burden of tuberculosis in Europeans over the last
2,000 years. Am J Hum Genet (2021) 108:517–24. doi: 10.1016/j.ajhg.2021.02.009

113. Soeters MR, Soeters PB. The evolutionary benefit of insulin resistance. Clin
Nutr (2012) 31:1002–7. doi: 10.1016/j.clnu.2012.05.011

114. Uren C, Hoal EG, Moller M. Mycobacterium tuberculosis complex and human
coadaptation: a two-way street complicating host susceptibility to TB. Hum Mol Genet
(2021) 30:R146–R53. doi: 10.1093/hmg/ddaa254

115. Hanover JA, Forsythe ME, Hennessey PT, Brodigan TM, Love DC, Ashwell G,
et al. A Caenorhabditis elegans model of insulin resistance: altered macronutrient
storage and dauer formation in an OGT-1 knockout. Proc Natl Acad Sci U S A. (2005)
102:11266–71. doi: 10.1073/pnas.0408771102

116. Park S, Yoo KM, Hyun JS, Kang S. Intermittent fasting reduces body fat but
exacerbates hepatic insulin resistance in young rats regardless of high protein and fat
diets. J Nutr Biochem (2017) 40:14–22. doi: 10.1016/j.jnutbio.2016.10.003

117. Yang Y, Wang J. Intensive fasting reduces thrombosis and improves innate
immunity. Aging (Albany NY). (2022) 14:3333–4. doi: 10.18632/aging.204020
frontiersin.org

https://doi.org/10.1046/j.1365-3083.2001.00844.x
https://doi.org/10.1016/j.meegid.2011.03.017
https://doi.org/10.1620/tjem.209.321
https://doi.org/10.1016/j.tube.2018.05.004
https://doi.org/10.1007/s00011-003-1176-6
https://doi.org/10.1164/ajrccm.159.5.9806001
https://doi.org/10.1164/ajrccm.159.5.9806001
https://doi.org/10.1016/j.jdiacomp.2018.07.001
https://doi.org/10.36740/WLek202108111
https://doi.org/10.1183/13993003.00655-2019
https://doi.org/10.3389/fgene.2023.1218084
https://doi.org/10.2174/157339912803529869
https://doi.org/10.1016/j.celrep.2017.03.046
https://doi.org/10.1371/journal.pgen.1000938
https://doi.org/10.1016/j.cmet.2006.02.010
https://doi.org/10.1016/j.cmet.2006.02.010
https://doi.org/10.4049/jimmunol.1501237
https://doi.org/10.3390/vaccines10101740
https://doi.org/10.1001/jama.2021.9883
https://doi.org/10.3389/fpubh.2022.1017024
https://doi.org/10.1016/j.diabet.2022.101337
https://doi.org/10.1007/BF02620732
https://doi.org/10.1016/j.ajhg.2021.02.009
https://doi.org/10.1016/j.clnu.2012.05.011
https://doi.org/10.1093/hmg/ddaa254
https://doi.org/10.1073/pnas.0408771102
https://doi.org/10.1016/j.jnutbio.2016.10.003
https://doi.org/10.18632/aging.204020
https://doi.org/10.3389/fendo.2024.1303338
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Immune-endocrine network in diabetes-tuberculosis nexus: does latent tuberculosis infection confer protection against meta-inflammation and insulin resistance?
	Introduction
	Antagonistic relationship between IR and LTBI
	Macrophages as mediators of inverse relationship between LTBI and IR
	Inverse relationship between LTBI and incipient diabetes
	Synergistic interaction between chronic diabetes and tuberculosis (DM-TB synergy)
	T cells as mediators of DM-TB synergy
	Other immune cells in IR-LTB antagonism and DM-TB synergy
	Active TB versus latent TB
	Fighter gene hypothesis
	BCG vaccination and its effect on insulin resistance and type-2 diabetes
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


