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Abstract: Hyperglycemia and tuberculosis are dual global pandemics. Each has a propulsive and
amplifying effect on the other, and, because of this, we must consider hyperglycemia and tuberculosis
together. Hyperglycemia is immunosuppressive and increases the risk of tuberculosis by threefold. It
also leads to a more advanced presentation of pulmonary tuberculosis, thus increasing the likelihood
of being smear positive and having cavitating lesions, and it impacts the duration and outcomes
of treatment, with an increased one year mortality seen in patients with tuberculosis and diabetes.
Additionally, any degree of hyperglycemia can have an impact on susceptibility to tuberculosis, and
this effect is not limited to poorly controlled diabetes. Conversely, tuberculosis itself is associated
with hyperglycemia and worsens hyperglycemia in those with diabetes mellitus. The impact of
this relationship varies based on the base rates of each disease in different regions of the world. In
order to successfully achieve the World Health Organization’s goals of tuberculosis eradication and
adequate glycemic control, we must improve our understanding, co-management, and screening
of hyperglycemia and tuberculosis. This review aims to explore the current research investigating
the relationship between tuberculosis and diabetes, including the changes in disease susceptibility,
presentation, geographic distribution, and effects on treatment.
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1. Introduction

Tuberculosis (TB) and hyperglycemia have had vast effects on human health for cen-
turies. Although these two diseases are not frequently thought of together, their paths
are in fact not parallel but better characterized as circuitous intersections that often con-
verge. Now, in our modern times, this convergence is even more apparent and important
to recognize.

An estimated one quarter of the human population is infected with TB, with 1.3 million
people dying from TB in 2022. TB ranked second among worldwide causes of death from
infection, below COVID-19 but above HIV [1]. Globally, approximately 10.5% of adults
have diabetes mellitus [2]. By examining the relationship between these two diseases
through a meta-analysis of 13 studies, Jeon et al. [3] showed that patients with diabetes
have a threefold increased risk of tuberculosis disease (TB) when compared to patients
without diabetes. This highlights a large population of people who are at increased risk but
who are not often recognized by the general medical community. This recognition offers an
opportunity for targeted interventions to improve disease rates and outcomes for patients
with TB and diabetes (TB-DM).

The incidence of TB is slowly trending downwards. However, the incidence of diabetes
is increasing year to year. For example, in the Unites States, the prevalence of diabetes is
projected to increase between 2015 and 2030 by 54%, resulting in 54.9 million Americans
with diabetes [4]. Sung-Chin Pan et al. [5] performed a modeling study of the effects of the
rise of diabetes on the incidence of TB. They found that at the current rate of decline of
tuberculosis (about 2% per year) and with the projected increase in the prevalence of dia-
betes, TB incidence should decrease by 8.8%. However, if the prevalence of diabetes could
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be lowered by 6.6–13.8%, the reduction in TB incidence could be as much as 11.5–25.2%.
If this scenario could be achieved, it would prevent 6 million cases of TB and 1.1 million
deaths secondary to TB. This illustrates the dramatic association between these diseases
as well as the importance of dual control of diabetes and cure of tuberculosis. However,
the relationship between hyperglycemia and tuberculosis is not simple or linear. There
is a complex interplay between the two disease states rather than one having a causative
effect on the other. In this review, hyperglycemia refers to any degree of hyperglycemia,
including intermediate hyperglycemia, pre-diabetes, and diabetes mellitus. The studies
cited used different tests to classify hyperglycemia, and the results varied based on the test.
Type 1 DM occurs in 5% of patients with DM, and clinical studies do not make a distinction
between type 1 and type 2 DM. We will explore the current research on the relationship
between tuberculosis and diabetes to better understand and define this association.

2. Effect of Hyperglycemia on Contracting Tuberculosis
2.1. Why Diabetes Is Immunosuppressive

Jeon et al. [3] established that patients with diabetes have a 3-fold increased risk of
TB. This effect was re-established in an updated meta-analysis in 2021 showing an odds
ratio of 2.3 that was sustained across cohort, case control, and cross-sectional studies [6].
This prompts the following question: why do hyperglycemia and diabetes increase a
person’s risk for TB? Diabetes affects several pivotal moments within the immune system’s
processing and response to Mycobacterium tuberculosis (M.tb). The causes of this damaged
immune system are hyperglycemia and insulin deficiency. The known mechanisms of
immunosuppression related to hyperglycemia are reduced cytokine production, defective
recruitment of leukocytes, impaired pathogen recognition, dysfunction of neutrophils,
macrophages, and natural killer cells, and inhibition of complement activation, causing
downstream inhibition of antibodies. This extensive list involves many aspects of both
the innate and the adaptive immune response to M.tb, and is briefly described below [7].
Apart from the innate and adaptive immune defects caused by diabetes, other pathways of
immune suppression are beyond the scope of this review.

2.2. Why Diabetes Increases Susceptibility to Tuberculosis

The natural course of TB infection is as follows. Bacilli are inhaled into alveolae, where
they infect local macrophages, which, if they fail to kill the bacteria, results in bacterial
multiplication and apoptosis of the macrophages. Released bacilli are taken up by other
immune cells, such as dendritic cells. The dendritic cells carry the bacilli to the thoracic
lymph chain and prime the adaptive lymphocyte response, resulting in T-cell-mediated
immunity directed back into the alveoli. Memory T helper 1 cells release IFNγ to further
activate the immune system, resulting in granuloma formation to restrict the bacteria. After
this, the body takes one of three pathways: it completely clears the bacteria, the granuloma
forms, but it does not completely kill the bacteria, resulting in latent TB infection (LTBI), or,
if there is a failure to control the pathogen, the patient develops active TB [8,9].

Diabetes and hyperglycemia increase susceptibility to TB due to effects on both the
innate and the adaptive immune responses. The innate immune system includes alveo-
lar macrophages, neutrophils, dendritic cells, and innate lymphoid cells, among others.
Vrieling et al. [10] found that oxidized LDL, which is highly elevated in diabetes, caused
significantly elevated levels of M. tb within macrophages. This was related to lysosome
dysfunction, resulting in macrophages being unable to kill the bacteria and instead allowing
it to proliferate. Hyperglycemia also decreases antigen processing and presentation in
macrophages [11]. Macrophages in TB-DM patients not only produced lower levels of pro-
inflammatory cytokines but also produced increased levels of anti-inflammatory cytokines,
such as IL-10 [12]. This slow response defers activation of the adaptive or cell-mediated
immune response, which in turn allows for early TB growth, thus disrupting the very first
step in immune TB processing [13]. In vitro studies have shown that in TB-DM, mono-
cytes have decreased recognition and phagocytosis of M.tb, which prevents monocytes
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from activating downstream immunogenic pathways. Additionally, this highlights the
connection between diabetes, metabolic syndrome, and tuberculosis susceptibility. Two
other major cell responses in the innate immune system involve neutrophils and dendritic
cells. Interestingly, in TB-DM patients, the absolute number of neutrophils is increased,
but they have reduced phagocytic capabilities [14]. This paradox highlights the overall
immune response in TB-DM patients: an increased inflammatory response with a decreased
functional response [15]. The dendritic cells are the bridge between the innate and adaptive
immune systems. In TB-DM patients, there is a decrease in the quantity of dendritic cells
when compared to non-TB-DM patients. Importantly, there is also a negative correlation
between hyperglycemia and dendritic cell subset frequency, indicating that the dysfunction
likely occurs not only in T2DM but also in patients with intermediate hyperglycemia. This
effect was also seen with monocytes. Both cell lines showed normalization after completing
TB treatment [16].

The adaptive immune response in the setting of hyperglycemia is more complex, as
different aspects are downregulated and upregulated, resulting in an unbalanced response
that leads to M. tb growth and potential dissemination. The adaptive immune response is
categorized into Th1-, Th2-, or Th-17-type responses. The ideal immune response to TB
is Th1 characterized by inflammation, with IFNγ, IL-2, and TNFα targeting intracellular
organisms. Wang X et al. demonstrated that while there is no difference in Th1 stimulation
in TB patients with or without DM, there was a significant increase in Th2 stimulation in
TB-DM compared to those without DM. However, they also found that the overall activity
of CD8+ cells (Th1 response) was decreased in TB-DM patients [17].

Studies have reported conflicting results regarding which cytokines are increased or
decreased in TB-DM patients. Eckold et al. [18] used RNA sequencing to analyze alterations
in gene expression in patients with euglycemia, intermediate hyperglycemia (defined based
on a measurement of glycated hemoglobin or HbA1c of 5.7–6.4), and patients with dia-
betes, all in the setting of tuberculosis. Their findings demonstrated hyperexpression of
the inflammatory response and suppression of the IFNγ pathways in both the diabetes
and the intermittent hyperglycemia groups. However, in a study performed in the US
National Health and Nutrition Examination Survey, IFNγ was increased in both DM and
pre-DM patients. These patients also had a higher incidence of TB compared to the non-DM
population [19]. Although these studies show inconsistent patterns of cytokine levels in
TB-DM patients, they reinforce the dysregulated hyperinflammatory yet ineffective im-
mune response present in patients with DM as well as those with pre-DM or intermediate
hyperglycemia. The study populations also differ, as Eckold et al. [18] studied popula-
tions in South Africa, Romania, Indonesia, and Peru, whereas Magee et al. [19] studied
US patients.

There is burgeoning research on mechanisms and pathways of gene and protein
expression that help to explain how hyperglycemia causes higher rates of TB infection and
active disease that is beyond the scope of this review [9,20].

3. Bi-Directional Relationship

Tuberculosis and hyperglycemia can be interdependent, which prompts the following
question: which disease is a cause, and which is an effect? Studies have shown that the
cytokine release caused by tuberculosis activates the hypothalamic–pituitary axis. The
resulting increased release of cortisol, catecholamines, epinephrine, norepinephrine, thyroid
releasing hormone, and growth hormone may lead to stress-induced hyperglycemia [20].
Cortisol levels decreased by week 4 of treatment in patients who achieved treatment success
and were maintained at low levels; however, for those patients who failed treatment, the
cortisol levels remained elevated [21]. Adult mice infected with TB fed a high-fat diet had
significantly increased levels of insulin compared to uninfected mice, with a high-fat diet
raising concerns about TB inducing insulin resistance [22].

Epidemiologic studies show that tuberculosis can lead to hyperglycemia, as seen in
multiple studies documenting the presence of intermediate hyperglycemia at the time of
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TB diagnosis [23–25]. A high proportion will experience reversal of hyperglycemia after
treatment of TB [21,24]. A case control study in Tanzania demonstrated that in a population
with a low prevalence of diabetes, hyperglycemia at the time of TB diagnosis is more likely
to be related to infection-stress-induced hyperglycemia than true diabetes. At follow-up,
between 59 and 100% of patients who had hyperglycemia were normoglycemic based on
the type of test used to define hyperglycemia/DM [24]. In contrast, in Pakistan, where rates
of diabetes are high, Aftab et al. [21] reported that in a cohort of patients with TB, screening
for DM at diagnosis showed that 42% had a fasting plasma glucose (FPG) > 7 mmol. At the
3- and 6-month follow-ups, 46% and 62%, respectively, were normoglycemic. Menon [23]
also noted that three screening tests used to diagnose DM had a concordance of 22% at
enrollment and 53% at follow-up. Kumpatla and colleagues [26] studied fasting plasma
glucose and HbA1C to define DM in a cohort of 779 TB patients and found that HbA1C
performed better than FPG [26]. Thus, the diagnostic test used to screen for DM may
explain the heterogeneity of the results.

The trajectory of hyperglycemia after treatment of TB is heterogeneous, with studies
showing an overall improvement in hyperglycemia, including those with preexisting dia-
betes. However, somewhere between 10 and 50% continue to have hyperglycemia after
TB treatment [23,27,28]. This raises the possibility that a prior episode of TB may be a risk
factor for the development of DM, much like gestational diabetes. In a systematic review
and meta-analysis of outcome studies in high-TB-burden countries, including India, In-
donesia, China, the Philippines, Pakistan, Nigeria, and South Africa, the pooled unresolved
hyperglycemia at 3–6 months was 11% [23]. In addition, there are epidemiologic studies
that suggest this possibility. Magee [29] studied the US Veterans Health Administration
database of more than half a million patients who were tested for TB infection (Tuberculin
Skin Test or Interferon Gamma Release Assay IGRA) between 2000 and 2015. They reported
a higher incidence rate of DM, with a hazard ratio of 1.4 (95% confidence interval 1.3–1.4)
among those who had latent TB infection compared to those without. In a 12-year study
from Taiwan, the age-adjusted incidence rate of DM was 3.85 (95% CI 3.7–4) among those
who had TB, with a median time of 7 years after diagnosis [30]. Other cohort studies from
Denmark, United Kingdom, and Guizhou, China showed a positive correlation between
pulmonary tuberculosis and a new diagnosis of diabetes [31–33].

4. Effect of Geography on TB-DM

While diabetes and tuberculosis are a global syndemic, the nature of their interaction
is highly variable depending on the geographic location. A recent systematic review and
meta-analysis looked at 200 different studies to further elucidate the range of impact these
diseases have depending on the region [34]. The global prevalence of TB-DM was 15.3%,
with significant heterogeneity. Their findings demonstrate that the highest co-existence was
shown in the International Diabetes Federation (IDF)-defined regions of North America
and the Caribbean, Southeast Asia, the Middle East, and North Africa compared to lower
co-prevalence in South and Central America, Africa, and Europe. Notably, the prevalence
of diabetes in patients with tuberculosis was higher in areas with an overall low prevalence
of tuberculosis compared to those with a high prevalence of tuberculosis. The study
considered the relative imbalance between the high burden of HIV in low-income countries
and developed countries, which is the inverse of diabetes’ prevalence. This suggests that in
developed nations, diabetes could be a more important risk factor driving tuberculosis, even
though, globally, HIV is number one [34]. Reinforcing this is a study at the Texas/Mexico
border. In south Texas, the fraction of tuberculosis attributable to diabetes was 63%, and
it was 68% in northeastern Mexico. In contrast, the fraction of tuberculosis attributable
to HIV in these populations was <5.0%. Notably, when looking at individuals in these
areas who were HIV positive, HIV infection accounted for 94% of tuberculosis [35]. This
reinforces that on a population level, diabetes, when highly prevalent, is a major driver
of tuberculosis.
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As demonstrated by the different locations and findings of these studies, the strength
and directionality of the relationship between TB and DM is likely dependent not only
on the region but also on the burden of each disease in the area. In a systematic review,
Workneh [36] reported on the prevalence of DM among TB patients and vice versa. The
prevalence indeed varied by geographic region, as shown in the Table 1. A noteworthy
conclusion is that the prevalence of TB in DM patients was low, ranging from 0.38 to 14%
globally. A prevalence of 0.38% translates into 380 cases/100,000 people with diabetes. This
is a staggering number, as the World Health Organization (WHO) defines a high TB burden
setting when TB incidence is >100/100,000 population [37]. This reinforces the need to
approach TB-DM by region.

Table 1. Prevalence of DM among TB patients and prevalence of TB among DM patients [36].

Number of Studies DM in TB
Patients, % Median (IQR) Number of Studies TB in DM

Patients, % Median (IQR)

Globally 78 1.6–45 16 (9–25.3) 19 0.38–14 4.1 (1.8–6.2%)

Asia 48 5.1–44 17 (11.4–25.8) 10 0.38–14 3.5 (0.9–10.5)

Africa 12 1.9–16.7 6.7 (4.1–10.4) 7 1.3–6.2 5.6 (3.5–5.8)

Oceania 5 12–45 23.2 (12.8–39)

North
America 8 11.4–39 23.6 (17.3–35.4) 1 4.9

South
America 3 6.1–14 11.1 (6.1–14)

Europe 1 5.9 1 1.82

5. Degree of Hyperglycemia Required

An increased prevalence of TB and an impaired immune response to TB can be
seen with intermediate hyperglycemia or pre-diabetes, and this prevalence is similar to
that reported for diabetes mellitus [38,39]. However, is the risk of TB equal regardless
of the degree of hyperglycemia, or is it a linear relationship? Epidemiologic studies
show that patients with intermediate hyperglycemia or pre-diabetes have a higher risk of
tuberculosis, and they are more likely to be sputum smear positive than normoglycemic TB
patients [40]. In a mouse model, those with pre-diabetes had increased lung pathology and
lower concentrations of Th1 inflammation (IFNγ, TNFα). Interestingly, higher body fat
with preserved glucose tolerance was protective [41]. A prospective cohort study in Taiwan
showed a positive relationship between the number of diabetes-related complications and
the risk of TB, which suggests that while the risk begins with intermediate hyperglycemia, it
likely increases with more severe hyperglycemia [42]. Another study of individuals in Hong
Kong showed a 2.5 hazard ratio of active TB when comparing diabetics with HbA1c > 7.0
compared with diabetics with HbA1c < 7.0, again demonstrating a potential “dose effect”
of hyperglycemia on TB risk [43]. Patients with higher levels of fasting plasma glucose
levels and HbA1c are more likely to be sputum positive, have pulmonary lesions, and
more cavitary lesions when compared to diabetic patients with better glycemic control [44].
Additionally, the degree of hyperglycemia had a weakly positive association with a high
CT score for TB-DM patients [45].

6. Effect of Hyperglycemia on Presentation of Tuberculosis

It has been well-established that TB-DM patients, when compared to non-DM patients,
are more likely to be sputum smear positive [46–50], with pulmonary vs. extrapulmonary
disease [43] and cavitating lesions [51,52], and they have a higher bacillary load [53]. A
meta-analysis also showed an increased risk of LTBI in patients with diabetes, with an
adjusted odds ratio of 1.21 and a crude odds ratio of 1.64 [54].
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Additionally, close contacts of persons with TB and hyperglycemia are more likely to
become infected with TB. An interesting study in Brazil monitored close contacts of patients
with TB using QuantiFERON TB positivity status at baseline and after 6 months. The
subjects were stratified by their contact with a person with TB-DM vs. TB alone. Importantly,
the study included persons with pre-DM as well as diabetes. Pre-DM alone was a risk
factor for close contacts being QuantiFERON TB positive at baseline. TB-DM was a risk
factor for conversion from QuantiFERON TB negative to positive after 6 months. Notably,
“close contact” was defined as >4 h contact per week [55]. This has significant public health
implications for attempts at controlling the spread of TB, especially in populations with a
high incidence of DM.

7. Effect on Treatment Response

TB-DM patients take longer to convert from smear positive to smear negative [51].
Additionally, TB-DM patients are more likely to have multi-drug-resistant (MDR) tubercu-
losis. Among TB-DM patients with MDR TB, independent risk factors included age < 65
and HbA1c level. A level of HbA1c of 9.3 was associated with a higher prediction value of
MDR TB [56].

TB-DM patients were also at a significantly higher risk of treatment failure, with a
hazard ratio of 0.46 [57,58]. A prospective case control study in Taiwan found an increased
risk of pulmonary tuberculosis recurrence in TB-DM patients with an odds ratio of 1.67 [59].
TB-DM patients had an 8.9-fold risk of treatment failure in a study from Armenia [58].

TB-DM patients are more likely to have unfavorable treatment outcomes, defined as
treatment modification, treatment failure, recurrence, or death during TB treatment. In a
systematic review of 33 studies, Baker [51] found that the unadjusted relative risk of death
was 1.89, and it increased to 4.95 when adjusted for age and other confounding factors.
The impact of diabetes on mortality was found to be greater in patients younger than 50,
and it occurred during the 6 months following treatment in a cohort of 657 TB patients in
South Korea [60]. Faurholt-Jepsen [48] also found a 5-fold higher mortality rate in TB-DM
patients who were HIV negative during the first 100 days of treatment compared to a
twofold mortality rate among those who were co-infected with TB-HIV.

Mave and colleagues [61], in a prospective study of treatment outcomes in India,
found that while the likelihood of a poor overall outcome was no different between DM
and non-DM patients, early mortality during treatment was higher in TB-DM patients. In a
Brazilian multicenter prospective cohort study, those with DM and not pre-DM were more
likely to experience treatment modification, failure, or death. The study also found that
TB-DM is associated with a higher relative risk of death [62].

8. Factors to Consider During Treatment

As mentioned, Oswal et al. [22] demonstrated that TB infection can induce insulin
resistance. Their data indicate that the etiology of this is likely related to dysregulation
of adipocytes, lipolysis, and lipid metabolism due to adipocytes being a reservoir for TB
bacilli [22]. Treatment for TB has been shown to improve hyperglycemia and glycemic
control [63]. The Collaborative Framework for the Care and Control of Tuberculosis and
Diabetes by the WHO and the Union (the International Union Against Tuberculosis and
Lung Disease) in 2011 recommends high-quality management of diabetes in patients
with tuberculosis [64]. A systematic review and meta-analysis showed reduced sputum
positivity and cavitary lesions in patients with optimal glycemic control when compared
to those with suboptimal glycemic control [64,65]. However, there is no guidance on
the optimal glycemic control target for TB-DM patients, treatment for tuberculosis can
improve insulin resistance, which raises the possibility of iatrogenic hypoglycemia if strict
euglycemia is targeted compared to a more liberal goal. However, this has not been
specifically tested.

During TB and DM treatment, a variety of drug interactions must be considered.
Rifampin is a potent CYP3A4 inducer. This predominantly affects diabetes care for those
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on sulfonylureas by inducing rapid hepatic clearance of the drug, thus making it less
efficacious. However, other studies have found that it has no effect on the oral hypoglycemic
medication class including glucagon-like peptide-1 agonists (GLP-1), and a very small
effect on another oral hypoglycemic medication class, Dipeptidyl peptidase 4 inhibitors
(DPP4 inhibitors), so not all oral hypoglycemics are impacted [66].

Independent of drug interactions, it has also been noted that the Tmax (time for a drug
to reach its maximum concentration following administration) for rifampin is prolonged
in TB-DM patients. The maximum concentration of the drug is not significantly different
between TB-DM and TB patients; however, the delay in reaching maximum concentration
suggests the need for monitoring of rifampin levels early in the treatment of TB-DM [67].

Metformin may also confer some benefits in TB-DM patients. In vitro and mouse
studies of metformin have shown that it may increase the macrophage autophagy of TB
and decrease the pulmonary bacillary load. In a retrospective study of patients with
TB-DM in Singapore, those on metformin had fewer pulmonary cavities, and mortality
was 3% vs. 10% in the non-metformin group [68]. While the later data merely showed
an association, the group’s former laboratory studies demonstrated a possible causal
relationship between metformin and improved outcomes. In a prospective cohort study
in west China, TB-DM patients on metformin were more likely to be smear negative after
two months of anti-TB therapy compared with those with TB-DM not on metformin [69].
Statins have also shown some benefit in this population of patients. M. tb utilizes cholesterol
to invade macrophages, and animal studies have shown some decreased M. tb burden in
subjects on statin therapy. Additionally, some retrospective studies show a protective effect
of statin therapy against active TB. However, no prospective studies have been conducted
to help strengthen this assertion [70]. Another cross-sectional study showed significantly
reduced levels of LTBI in patients using metformin and statin, with a prevalence of less
than half compared to those with diabetes who were not on either medication [71]. Much
more research must be performed before any real conclusions can be made, but this is a
potentially promising drug effect in the co-management of these diseases.

9. Screening Programs

The WHO Global Tuberculosis Report in 2023 listed five risk factors for new cases
of tuberculosis: undernourishment, HIV infection, alcohol use, smoking, and diabetes [1].
As far back as 2011, the WHO has recommended collaborative care for TB-DM patients,
culminating in the publication of the Collaborative Framework for the Care and Control of
Tuberculosis and Diabetes, outlining the three main pillars of their guidelines: (1) establish
mechanisms of collaboration, (2) detect and manage tuberculosis in patients with diabetes,
and (3) detect and manage diabetes in patients with tuberculosis. Since these recommenda-
tions were made, the 2021 Global Tuberculosis Report reviewed the tuberculosis policies
of 30 nations with the highest tuberculosis burden [72]. Many countries made reference
to the need for screening for TB in patients with diabetes, but only two (Tanzania and
South Africa) actually created programs for joint screening and co-management of the
diseases [72]. When creating a screening program, whether unilateral or bidirectional,
feasibility and utility must be considered. In a recent study in Malawi, workers at both
TB-DM integrated care facilities as well as workers at non-integrated facilities were polled
on the perceived practicality of a collaborative care model for TB-DM patients. In total, 94%
of those already working at integrated facilities thought it was feasible vs. 86% of those
at non-integrated facilities. This small study demonstrated that while the prospect of this
kind of care can be daunting, it is less so to those who have already begun to undertake
it [73]. A similar style of study in Indonesia found that patients with diabetes were mostly
happily accepting of tuberculosis screening, with patient buy-in being an important factor
in a screening program. This openness to screening was not universal, though, as some
patients demonstrated reluctance towards screening due to social stigma surrounding
tuberculosis. Potential operational barriers noted were the burden of increased clinical
decision making and the need for referrals to treatment centers with little knowledge of the
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patient’s history [74]. A cross-sectional study across Indonesia, Romania, Peru, and South
Africa investigating screening for tuberculosis in diabetes patients (the screening method
included a symptom questionnaire and a chest X-ray) found 14 new cases of diabetes out
of 2063 patients screened. Interestingly, 13 out of the 14 cases were identified based on
symptoms alone, and the chest X-ray was not useful in screening [75].

In a study examining a population-based screening program for tuberculosis in dia-
betes patients in Jiangsu, China, the number needed to screen (NNS) to diagnose tuberculo-
sis was 560. The cost per screening was expensive at USD 13,930; however, in those with
symptoms of TB, the cost decreased to USD 1037. They also performed a systematic review
and a meta-analysis of population-based tuberculosis screening programs in patients with
diabetes. NNS was unsurprisingly but notably different when examined in high vs. low
tuberculosis burden areas. In high TB burden areas, it was 93 vs. 395 in low TB burden
regions [76]. This again highlights the need to tailor not only treatment systems but screen-
ing programs to the patterns seen within a region, as a single global screening protocol
would be impractical and ineffective.

When considering screening for diabetes in those with TB, there are even more com-
plications to consider. There are some data that suggest that due to infection-induced
hyperglycemia, as discussed earlier, it would be more beneficial to screen for diabetes
later in the tuberculosis treatment course [49]. A cross-sectional study examining NNS
to prevent an adverse event or death in patients with known pulmonary tuberculosis in
Guizhou, China found that the NNS was 359. To put the NNS into context, the generally
acceptable NNS for cancer screening ranges from 500 to 1000. All of the screening programs
evaluated above for DM in TB patients and vice versa fall well below this range [77].

In 2023, in the United States, the US Preventative Services Task Force released a rec-
ommendation statement on screening for LTBI in the US in which they recommended
screening “at risk” patients. Who they deem at risk was first based on local health depart-
ment data and then on those with known tuberculosis risk factors, such as those born in
nations with a high prevalence and those who spend time in high-risk congregate settings.
They discuss the known risk of TB infection in persons with diabetes; however, they do not
make a specific recommendation due to insufficient evidence [78].

10. Conclusions

Tuberculosis and hyperglycemia have a complex, interdependent relationship that
ultimately results in a higher burden of disease and death for patients. Hyperglycemia with
or without true diabetes causes immunosuppression that is uniquely effective at facilitating
TB infection. Intermittent hyperglycemia or pre-diabetes has not been a focused area, but it
is an important group to incorporate into our understanding of tuberculosis susceptibility.
At this time, we have a better understanding than we had in prior decades about how and
why these diseases portend poor outcomes for patients. We do not yet know (a) if there is
a true causal relationship, (b) how to practically and effectively screen for these diseases
in patients in a regionally directed manner, or (c) if treatment of these patients must be
adjusted based on disease co-existence. To achieve the WHO goal to end the global TB
epidemic by 2035, we need to focus our future research on interventions for this cohort
of patients.
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TB: tuberculosis; TB-DM: patients with both tuberculosis and diabetes; M.tb: Mycobac-
terium tuberculosis; IFNγ: interferon gamma; LTBI: latent tuberculosis infection; LDL:
low density lipoprotein; T2DM: type two diabetes; TNFα: tumor necrosis factor; HbgA1c:
glycolated hemoglobin; pre-DM: pre-diabetes; WHO: World Health Organization; FPG:
fasting plasma glucose; TST: tuberculin skin test; IGRA: inferno gamma release assay; IDF:
International Diabetes Federation; CYP4A4: cytochrome P450 C4; NNS: number needed
to screen.

References
1. Global Tuberculosis Report 2022; World Health Organization: Geneva, Switzerland, 2022.
2. IDF Diabetes Atlas. International Diabetes Federation. Available online: https://diabetesatlas.org/#:~:text=Diabetes%20around%

20the%20world%20in%202021:,-%20and%20middle-income%20countries (accessed on 24 April 2024).
3. Jeon, C.Y.; Murray, M.B. Diabetes Mellitus Increases the Risk of Active Tuberculosis: A Systematic Review of 13 Observational

Studies. PLoS Med. 2008, 5, e152. [CrossRef]
4. Rowley, W.R.; Bezold, C.; Arikan, Y.; Byrne, E.; Krohe, S. Diabetes 2030: Insights from Yesterday, Today, and Future Trends. Popul.

Health Manag. 2017, 20, 6–12. [CrossRef] [PubMed]
5. Pan, S.-C. Effect of diabetes on tuberculosis control in 13 countries with high tuberculosis: A modelling study. Lancet Diabetes

Endocrinol. 2015, 3, 323–330. [CrossRef] [PubMed]
6. Foe-Essomba, J.R.; Kenmoe, S.; Tchatchouang, S.; Ebogo-Belobo, J.T.; Mbaga, D.S.; Kengne-Ndé, C.; Mahamat, G.; Kame-Ngasse,

G.I.; Noura, E.A.; Mbongue Mikangue, C.A.; et al. Diabetes mellitus and tuberculosis, a systematic review and meta-analysis
with sensitivity analysis for studies comparable for confounders. PLoS ONE 2021, 16, e0261246. [CrossRef]

7. Berbudi, A. Type 2 Diabetes and its Impact on the Immune System. Curr. Diabetes Rev. 2020, 16, 442–449.
8. Jiménez-Corona, M.E.; Cruz-Hervert, L.P.; García-García, L.; Ferreyra-Reyes, L.; Delgado-Sánchez, G.; Bobadilla-Del-Valle, M.;

Canizales-Quintero, S.; Ferreira-Guerrero, E.; Báez-Saldaña, R.; Téllez-Vázquez, N.; et al. Association of diabetes and tuberculosis:
Impact on treatment and post-treatment outcomes. Thorax 2013, 68, 214–220. [CrossRef] [PubMed]

9. Ssekamatte, P.; Sande, O.J.; Van Crevel, R.; Biraro, I.A. Immunologic, metabolic and genetic impact of diabetes on tuberculosis
susceptibility. Front. Immunol. 2023, 14, 1122255. [CrossRef] [PubMed]

10. Vrieling, F.; Wilson, L.; Rensen, P.C.N.; Walzl, G.; Ottenhoff, T.H.M.; Joosten, S.A. Oxidized low-density lipoprotein (oxLDL)
supports Mycobacterium tuberculosis survival in macrophages by inducing lysosomal dysfunction. PLOS Pathog. 2019,
15, e1007724. [CrossRef]

11. Monroy-Mérida, G.; Guzmán-Beltrán, S.; Hernández, F.; Santos-Mendoza, T.; Bobadilla, K. High Glucose Concentrations Impair
the Processing and Presentation of Mycobacterium tuberculosis Antigens In Vitro. Biomolecules 2021, 11, 1763. [CrossRef]

12. Chaubey, G.K.; Modanwal, R.; Dilawari, R.; Talukdar, S.; Dhiman, A.; Chaudhary, S.; Patidar, A.; Raje, C.I.; Raje, M. Chronic
hyperglycemia impairs anti-microbial function of macrophages in response to Mycobacterium tuberculosis infection. Immunol.
Res. 2024, 72, 644–653. [CrossRef]

13. Restrepo, B.I.; Schlesinger, L.S. Impact of diabetes on the natural history of tuberculosis. Diabetes Res. Clin. Pract. 2014, 106,
191–199. [CrossRef] [PubMed]

14. Raposo-García, S.; Guerra-Laso, J.M.; García-García, S.; Juan-García, J.; López-Fidalgo, E.; Diez-Tascón, C.; Nebreda-Mayoral, T.;
López-Medrano, R.; Rivero-Lezcano, O.M. Immunological response to Mycobacterium tuberculosis infection in blood from type
2 diabetes patients. Immunol Lett 2017, 186, 41–45. [CrossRef] [PubMed]

15. 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. [CrossRef] [PubMed]

16. Kumar, N.P.; Moideen, K.; Sivakumar, S.; Menon, P.A.; Viswanathan, V.; Kornfeld, H.; Babu, S. Modulation of dendritic cell and
monocyte subsets in tuberculosis-diabetes co-morbidity upon standard tuberculosis treatment. Tuberculosis 2016, 101, 191–200.
[CrossRef]

17. Wang, X.; Ma, A.; Han, X.; Chan, L.; Liang, H.; Litifu, A.; Xue, F. T Cell Profile was Altered in Pulmonary Tuberculosis Patients
with Type 2 Diabetes. Med. Sci. Monit. 2018, 24, 636–642. [CrossRef]

18. Eckold, C.; Kumar, V.; Weiner, J.; Alisjahbana, B.; Riza, A.-L.; Ronacher, K.; Coronel, J.; Kerry-Barnard, S.; Malherbe, S.T.;
Kleynhans, L.; et al. Impact of Intermediate Hyperglycemia and Diabetes on Immune Dysfunction in Tuberculosis. Clin. Infect.
Dis. 2021, 72, 69–78. [CrossRef]

19. Magee, M.J. Adults with Mycobacterium tuberculosis infection and pre-diabetes have increased levels of QuantiFERON interferon-
gamma responses. Tuberculosis 2020, 122, 101935. [CrossRef]

20. Panda, S.; Seelan, D.M.; Faisal, S.; Arora, A.; Luthra, K.; Palanichamy, J.K.; Mohan, A.; Vikram, N.K.; Gupta, N.K.; Ramakrishnan,
L.; et al. Chronic hyperglycemia drives alterations in macrophage effector function in pulmonary tuberculosis. Eur. J. Immunol.
2022, 52, 1595–1609. [CrossRef] [PubMed]

21. Aftab, H.; Christensen, D.L.; Ambreen, A.; Jamil, M.; Garred, P.; Petersen, J.H.; Nielsen, S.D.; Bygbjerg, I.C. Tuberculosis-Related
Diabetes: Is It Reversible after Complete Treatment? Am. J. Trop. Med. Hyg. 2017, 97, 1099–1102. [CrossRef]

https://diabetesatlas.org/#:~:text=Diabetes%20around%20the%20world%20in%202021:,-%20and%20middle-income%20countries
https://diabetesatlas.org/#:~:text=Diabetes%20around%20the%20world%20in%202021:,-%20and%20middle-income%20countries
https://doi.org/10.1371/journal.pmed.0050152
https://doi.org/10.1089/pop.2015.0181
https://www.ncbi.nlm.nih.gov/pubmed/27124621
https://doi.org/10.1016/S2213-8587(15)00042-X
https://www.ncbi.nlm.nih.gov/pubmed/25754415
https://doi.org/10.1371/journal.pone.0261246
https://doi.org/10.1136/thoraxjnl-2012-201756
https://www.ncbi.nlm.nih.gov/pubmed/23250998
https://doi.org/10.3389/fimmu.2023.1122255
https://www.ncbi.nlm.nih.gov/pubmed/36756113
https://doi.org/10.1371/journal.ppat.1007724
https://doi.org/10.3390/biom11121763
https://doi.org/10.1007/s12026-024-09462-z
https://doi.org/10.1016/j.diabres.2014.06.011
https://www.ncbi.nlm.nih.gov/pubmed/25082309
https://doi.org/10.1016/j.imlet.2017.03.017
https://www.ncbi.nlm.nih.gov/pubmed/28377108
https://doi.org/10.1155/2019/6196532
https://www.ncbi.nlm.nih.gov/pubmed/31583258
https://doi.org/10.1016/j.tube.2016.10.004
https://doi.org/10.12659/MSM.905651
https://doi.org/10.1093/cid/ciaa751
https://doi.org/10.1016/j.tube.2020.101935
https://doi.org/10.1002/eji.202249839
https://www.ncbi.nlm.nih.gov/pubmed/36066992
https://doi.org/10.4269/ajtmh.16-0816


Diagnostics 2024, 14, 2539 10 of 12

22. Oswal, N.; Lizardo, K.; Dhanyalayam, D.; Ayyappan, J.P.; Thangavel, H.; Heysell, S.K.; Nagajyothi, J.F. Host Metabolic Changes
during Mycobacterium Tuberculosis Infection Cause Insulin Resistance in Adult Mice. J. Clin. Med. 2022, 11, 1646. [CrossRef]

23. Menon, S.; Rossi, R.; Dusabimana, A.; Zdraveska, N.; Bhattacharyya, S.; Francis, J. The epidemiology of tuberculosis-associated
hyperglycemia in individuals newly screened for type 2 diabetes mellitus: Systematic review and meta-analysis. BMC Infect. Dis.
2020, 20, 937. [CrossRef] [PubMed]

24. Boillat-Blanco, N.; Ramaiya, K.L.; Mganga, M.; Minja, L.T.; Bovet, P.; Schindler, C.; Von Eckardstein, A.; Gagneux, S.; Daubenberger,
C.; Reither, K.; et al. Transient Hyperglycemia in Patients with Tuberculosis in Tanzania: Implications for Diabetes Screening
Algorithms. J. Infect. Dis. 2016, 213, 1163–1172. [CrossRef] [PubMed]

25. Balakrishnan, S.; Vijayan, S.; Nair, S.; Subramoniapillai, J.; Mrithyunjayan, S.; Wilson, N.; Satyanarayana, S.; Dewan, P.K.; Kumar,
A.M.V.; Karthickeyan, D.; et al. High Diabetes Prevalence among Tuberculosis Cases in Kerala, India. PLoS ONE 2012, 7, e46502.
[CrossRef] [PubMed]

26. Kumpatla, S.; Aravindalochanan, V.; Rajan, R.; Viswanathan, V.; Kapur, A. Evaluation of performance of A1c and FPG tests for
screening newly diagnosed diabetes defined by an OGTT among tuberculosis patients—A study from India. Diabetes Res. Clin.
Pract. 2013, 102, 60–64. [CrossRef]

27. Williams, V.; Onwuchekwa, C.; Vos, A.G.; Grobbee, D.E.; Otwombe, K.; Klipstein-Grobusch, K. Tuberculosis treatment and
resulting abnormal blood glucose: A scoping review of studies from 1981–2021. Glob. Health Action 2022, 15, 2114146. [CrossRef]
[PubMed]

28. Krishnappa, D.; Sharma, S.K.; Singh, A.D.; Sinha, S.; Ammini, A.C.; Soneja, M. Impact of tuberculosis on glycaemic status: A
neglected association. Indian J. Med. Res. 2019, 149, 384–388. [CrossRef]

29. Magee, M.J.; Khakharia, A.; Gandhi, N.R.; Day, C.L.; Kornfeld, H.; Rhee, M.K.; Phillips, L.S. Increased Risk of Incident Diabetes
Among Individuals with Latent Tuberculosis Infection. Diabetes Care 2022, 45, 880–887. [CrossRef]

30. Salindri, A.D.; Wang, J.-Y.; Lin, H.-H.; Magee, M.J. Post-tuberculosis incidence of diabetes, myocardial infarction, and stroke:
Retrospective cohort analysis of patients formerly treated for tuberculosis in Taiwan, 2002–2013. Int. J. Infect. Dis. 2019, 84,
127–130. [CrossRef]

31. Kamper-Jørgensen, Z.; Carstensen, B.; Norredam, M.; Bygbjerg, I.C.; Andersen, P.H.; Jørgensen, M.E. Diabetes-related tuberculosis
in Denmark: Effect of ethnicity, diabetes duration and year of diagnosis. Int. J. Tuberc. Lung Dis. 2015, 19, 1169–1175. [CrossRef]

32. Pearson, F.; Huangfu, P.; McNally, R.; Pearce, M.; Unwin, N.; Critchley, J.A. Tuberculosis and diabetes: Bidirectional association in
a UK primary care data set. J. Epidemiol. Community Health 2019, 73, 142–147. [CrossRef]

33. Guo, S.; Lei, S.; Palittapongarnpim, P.; McNeil, E.; Chaiprasert, A.; Li, J.; Chen, H.; Ou, W.; Surachat, K.; Qin, W.; et al. Association
between Mycobacterium tuberculosis genotype and diabetes mellitus/hypertension: A molecular study. BMC Infect. Dis. 2022,
22, 401. [CrossRef] [PubMed]

34. Noubiap, J.J.; Nansseu, J.R.; Nyaga, U.F.; Nkeck, J.R.; Endomba, F.T.; Kaze, A.D.; Agbor, V.N.; Bigna, J.J. Global prevalence of
diabetes in active tuberculosis: A systematic review and meta-analysis of data from 2·3 million patients with tuberculosis. Lancet
Glob. Health 2019, 7, e448–e460. [CrossRef]

35. Restrepo, B.I.; Camerlin, A.J.; Rahbar, M.H.; Wang, W.; Restrepo, M.A.; Zarate, I.; Mora-Guzmán, F.; Crespo-Solis, J.G.; Briggs, J.;
McCormick, J.B.; et al. Cross-sectional assessment reveals high diabetes prevalence among newly-diagnosed tuberculosis cases.
Bull. World Health Organ. 2011, 89, 352–359. [CrossRef]

36. Workneh, M.H.; Bjune, G.A.; Yimer, S.A. Prevalence and associated factors of tuberculosis and diabetes mellitus comorbidity: A
systematic review. PLoS ONE 2017, 12, e0175925. [CrossRef] [PubMed]

37. WHO. Consolidated Guidelines on Tuberculosis: Module 1: Prevention- Infection, Prevention and Control; World Health Organization:
Geneva, Switzerland, 2022.

38. Hensel, R.L.; Kempker, R.R.; Tapia, J.; Oladele, A.; Blumberg, H.M.; Magee, M.J. Increased risk of latent tuberculous infection
among persons with pre-diabetes and diabetes mellitus. Int. J. Tuberc. Lung Dis. 2016, 20, 71–78. [CrossRef]

39. Kornfeld, H.; West, K.; Kane, K.; Kumpatla, S.; Zacharias, R.R.; Martinez-Balzano, C.; Li, W.; Viswanathan, V. High Prevalence
and Heterogeneity of Diabetes in Patients with TB in South India. Chest 2016, 149, 1501–1508. [CrossRef]

40. Ugarte-Gil, C.; Alisjahbana, B.; Ronacher, K.; Riza, A.L.; Koesoemadinata, R.C.; Malherbe, S.T.; Cioboata, R.; Llontop, J.C.;
Kleynhans, L.; Lopez, S.; et al. Diabetes Mellitus Among Pulmonary Tuberculosis Patients From 4 Tuberculosis-endemic
Countries: The TANDEM Study. Clin. Infect. Dis. 2019, 70, 780–788. [CrossRef]

41. Sinha, R.; Ngo, M.D.; Bartlett, S.; Bielefeldt-Ohmann, H.; Keshvari, S.; Hasnain, S.Z.; Donovan, M.L.; Kling, J.C.; Blumenthal, A.;
Chen, C.; et al. Pre-Diabetes Increases Tuberculosis Disease Severity, While High Body Fat Without Impaired Glucose Tolerance Is
Protective. Front. Cell. Infect. Microbiol. 2021, 11, 691823. [CrossRef] [PubMed]

42. Baker, M.A.; Lin, H.H.; Chang, H.Y.; Murray, M.B. The Risk of Tuberculosis Disease Among Persons with Diabetes Mellitus: A
Prospective Cohort Study. Clin. Infect. Dis. 2012, 54, 818–825. [CrossRef]

43. Leung, C.C.; Lam, T.H.; Chan, W.M.; Yew, W.W.; Ho, K.S.; Leung, G.M.; Law, W.S.; Tam, C.M.; Chan, C.K.; Chang, K.C. Diabetic
Control and Risk of Tuberculosis: A Cohort Study. Am. J. Epidemiol. 2008, 167, 1486–1494. [CrossRef]

44. Meng, F.; Lan, L.; Wu, G.; Ren, X.; Yuan, X.; Yang, M.; Chen, Q.; Peng, X.; Liu, D. Impact of diabetes itself and glycemic control
status on tuberculosis. Front. Endocrinol. 2023, 14, 1250001. [CrossRef] [PubMed]

https://doi.org/10.3390/jcm11061646
https://doi.org/10.1186/s12879-020-05512-7
https://www.ncbi.nlm.nih.gov/pubmed/33297969
https://doi.org/10.1093/infdis/jiv568
https://www.ncbi.nlm.nih.gov/pubmed/26609005
https://doi.org/10.1371/journal.pone.0046502
https://www.ncbi.nlm.nih.gov/pubmed/23077512
https://doi.org/10.1016/j.diabres.2013.08.007
https://doi.org/10.1080/16549716.2022.2114146
https://www.ncbi.nlm.nih.gov/pubmed/36178364
https://doi.org/10.4103/ijmr.IJMR_1927_17
https://doi.org/10.2337/dc21-1687
https://doi.org/10.1016/j.ijid.2019.05.015
https://doi.org/10.5588/ijtld.14.0932
https://doi.org/10.1136/jech-2018-211231
https://doi.org/10.1186/s12879-022-07344-z
https://www.ncbi.nlm.nih.gov/pubmed/35462543
https://doi.org/10.1016/S2214-109X(18)30487-X
https://doi.org/10.2471/BLT.10.085738
https://doi.org/10.1371/journal.pone.0175925
https://www.ncbi.nlm.nih.gov/pubmed/28430796
https://doi.org/10.5588/ijtld.15.0457
https://doi.org/10.1016/j.chest.2016.02.675
https://doi.org/10.1093/cid/ciz284
https://doi.org/10.3389/fcimb.2021.691823
https://www.ncbi.nlm.nih.gov/pubmed/34295838
https://doi.org/10.1093/cid/cir939
https://doi.org/10.1093/aje/kwn075
https://doi.org/10.3389/fendo.2023.1250001
https://www.ncbi.nlm.nih.gov/pubmed/38027218


Diagnostics 2024, 14, 2539 11 of 12

45. Ren, Y.; Ren, H.; Tian, Q.; Li, X.; Liu, Y. The relationship between computed tomography appearance of pulmonary tuberculosis
and blood glucose levels in 763 diabetes mellitus patients with pulmonary tuberculosis: A comparative study. Endocrine 2022, 76,
584–592. [CrossRef] [PubMed]

46. Abdelbary, B.E. Tuberculosis-diabetes epidemiology in the border and non-border regions of Tamaulipas Mexico. Tuberculosis
2016, 101, S124–S134. [CrossRef] [PubMed]

47. Alisjahbana, B.; Sahiratmadja, E.; Nelwan, E.J.; Purwa, A.M.; Ahmad, Y.; Ottenhoff, T.H.M.; Nelwan, R.H.H.; Parwati, I.; Meer,
J.W.M.V.D.; Crevel, R.V. The Effect of Type 2 Diabetes Mellitus on the Presentation and Treatment Response of Pulmonary
Tuberculosis. Clin. Infect. Dis. 2007, 45, 428–435. [CrossRef]

48. Faurholt-Jepsen, D.; Range, N.; Praygod, G.; Jeremiah, K.; Faurholt-Jepsen, M.; Aabye, M.G.; Changalucha, J.; Christensen, D.L.;
Grewal, H.M.S.; Martinussen, T.; et al. Diabetes is a strong predictor of mortality during tuberculosis treatment: A prospective
cohort study among tuberculosis patients from M wanza, T anzania. Trop. Med. Int. Health 2013, 18, 822–829. [CrossRef]

49. Viswanathan, V.; Kumpatla, S.; Aravindalochanan, V.; Rajan, R.; Chinnasamy, C.; Srinivasan, R.; Selvam, J.M.; Kapur, A.
Prevalence of Diabetes and Pre-Diabetes and Associated Risk Factors among Tuberculosis Patients in India. PLoS ONE 2012,
7, e41367. [CrossRef]

50. Yoon, Y.S.; Jung, J.-W.; Jeon, E.J.; Seo, H.; Ryu, Y.J.; Yim, J.-J.; Kim, Y.H.; Lee, B.-H.; Park, Y.B.; Lee, B.J.; et al. The effect of diabetes
control status on treatment response in pulmonary tuberculosis: A prospective study. Thorax 2017, 72, 263–270. [CrossRef]

51. Baker, M.A.; Harries, A.D.; Jeon, C.Y.; Hart, J.E.; Kapur, A.; Lönnroth, K.; Ottmani, S.-E.; Goonesekera, S.D.; Murray, M.B. The
impact of diabetes on tuberculosis treatment outcomes: A systematic review. BMC Med. 2011, 9, 81. [CrossRef]

52. PEREZ-GUZMAN, C.; TORRES-CRUZ, A.; VILLARREAL-VELARDE, H.; VARGAS, M.H. Progressive Age-related Changes in
Pulmonary Tuberculosis Images and the Effect of Diabetes. Am. J. Respir. Crit. Care Med. 2000, 162, 1738–1740. [CrossRef]

53. Restrepo, B.I.; Fisher-Hoch, S.P.; Crespo, J.G.; Whitney, E.; Perez, A.; Smith, B.; McCormick, J.B. Type 2 diabetes and tuberculosis
in a dynamic bi-national border population. Epidemiol. Infect. 2007, 135, 483–491. [CrossRef]

54. Zhou, G.; Guo, X.; Cai, S.; Zhang, Y.; Zhou, Y.; Long, R.; Zhou, Y.; Li, H.; Chen, N.; Song, C. Diabetes mellitus and latent
tuberculosis infection: An updated meta-analysis and systematic review. BMC Infect. Dis. 2023, 23, 770. [CrossRef] [PubMed]

55. Arriaga, M.B.; Araújo-Pereira, M.; Barreto-Duarte, B.; Nogueira, B.; Freire, M.V.C.N.S.; Queiroz, A.T.L.; Rodrigues, M.M.S.; Rocha,
M.S.; Souza, A.B.; Spener-Gomes, R.; et al. The Effect of Diabetes and Prediabetes on Antituberculosis Treatment Outcomes: A
Multicenter Prospective Cohort Study. J. Infect. Dis. 2021, 225, 617–626. [CrossRef] [PubMed]

56. Li, S.; Liang, Y.; Hu, X. Risk factors for multidrug resistance in tuberculosis patients with diabetes mellitus. BMC Infect. Dis. 2022,
22, 835. [CrossRef] [PubMed]

57. Rehman, A.U.; Khattak, M.; Mushtaq, U.; Latif, M.; Ahmad, I.; Rasool, M.F.; Shakeel, S.; Hayat, K.; Hussain, R.; Alhazmi,
G.A.; et al. The impact of diabetes mellitus on the emergence of multi-drug resistant tuberculosis and treatment failure in
TB-diabetes comorbid patients: A systematic review and meta-analysis. Front. Public Health 2023, 11, 1244450. [CrossRef]

58. Sahakyan, S.; Petrosyan, V.; Abrahamyan, L. Diabetes mellitus and treatment outcomes of pulmonary tuberculosis: A cohort
study. Int. J. Public Health 2020, 65, 37–43. [CrossRef]

59. Lee, P.-H.; Lin, H.-C.; Huang, A.S.-E.; Wei, S.-H.; Lai, M.-S.; Lin, H.-H. Diabetes and Risk of Tuberculosis Relapse: Nationwide
Nested Case-Control Study. PLoS ONE 2014, 9, e92623. [CrossRef]

60. Reed, G.W.; Choi, H.; Lee, S.Y.; Lee, M.; Kim, Y.; Park, H.; Lee, J.; Zhan, X.; Kang, H.; Hwang, S.; et al. Impact of Diabetes and
Smoking on Mortality in Tuberculosis. PLoS ONE 2013, 8, e58044. [CrossRef]

61. Mave, V.; Gaikwad, S.; Barthwal, M.; Chandanwale, A.; Lokhande, R.; Kadam, D.; Dharmshale, S.; Bharadwaj, R.; Kagal, A.;
Pradhan, N.; et al. Diabetes Mellitus and Tuberculosis Treatment Outcomes in Pune, India. Open Forum Infect. Dis. 2021,
8, ofab097. [CrossRef]

62. Arriaga, M.B.; Rocha, M.S.; Nogueira, B.M.F.; Nascimento, V.; Araújo-Pereira, M.; Souza, A.B.; Andrade, A.M.S.; Costa, A.G.;
Gomes-Silva, A.; Silva, E.C.; et al. The Effect of Diabetes and Prediabetes on Mycobacterium tuberculosis Transmission to Close
Contacts. J. Infect. Dis. 2021, 224, 2064–2072. [CrossRef]

63. Castellanos-Joya, M.; Delgado-Sánchez, G.; Ferreyra-Reyes, L.; Cruz-Hervert, P.; Ferreira-Guerrero, E.; Ortiz-Solís, G.; Jiménez,
M.I.; Salazar, L.L.; Montero-Campos, R.; Mongua-Rodríguez, N.; et al. Results of the Implementation of a Pilot Model for the
Bidirectional Screening and Joint Management of Patients with Pulmonary Tuberculosis and Diabetes Mellitus in Mexico. PLoS
ONE 2014, 9, e106961. [CrossRef]

64. World Health Organization (WHO); The International Union Against Tuberculosis; Lung Disease (The Union). Collaborative
Framework for Care and Control of Tuberculosis and Diabetes; WHO: Geneva, Switzerland, 2011.

65. Zhao, L.; Gao, F.; Zheng, C.; Sun, X. The Impact of Optimal Glycemic Control on Tuberculosis Treatment Outcomes in Patients
with Diabetes Mellitus: Systematic Review and Meta-Analysis. JMIR Public Health Surveill. 2024, 10, e53948. [CrossRef] [PubMed]

66. Riza, A.L.; Pearson, F.; Ugarte-Gil, C.; Alisjahbana, B.; Van De Vijver, S.; Panduru, N.M.; Hill, P.C.; Ruslami, R.; Moore, D.;
Aarnoutse, R.; et al. Clinical management of concurrent diabetes and tuberculosis and the implications for patient services. Lancet
Diabetes Endocrinol. 2014, 2, 740–753. [CrossRef] [PubMed]

67. Metwally, A.S.; El-Sheikh, S.M.A.; Galal, A.A.A. The impact of diabetes mellitus on the pharmacokinetics of rifampicin among
tuberculosis patients: A systematic review and meta-analysis study. Diabetes Metab. Syndr. Clin. Res. Rev. 2022, 16, 102410.
[CrossRef] [PubMed]

https://doi.org/10.1007/s12020-022-03033-8
https://www.ncbi.nlm.nih.gov/pubmed/35332512
https://doi.org/10.1016/j.tube.2016.09.024
https://www.ncbi.nlm.nih.gov/pubmed/27733244
https://doi.org/10.1086/519841
https://doi.org/10.1111/tmi.12120
https://doi.org/10.1371/journal.pone.0041367
https://doi.org/10.1136/thoraxjnl-2015-207686
https://doi.org/10.1186/1741-7015-9-81
https://doi.org/10.1164/ajrccm.162.5.2001040
https://doi.org/10.1017/S0950268806006935
https://doi.org/10.1186/s12879-023-08775-y
https://www.ncbi.nlm.nih.gov/pubmed/37940866
https://doi.org/10.1093/infdis/jiab427
https://www.ncbi.nlm.nih.gov/pubmed/34651642
https://doi.org/10.1186/s12879-022-07831-3
https://www.ncbi.nlm.nih.gov/pubmed/36369020
https://doi.org/10.3389/fpubh.2023.1244450
https://doi.org/10.1007/s00038-019-01277-2
https://doi.org/10.1371/journal.pone.0092623
https://doi.org/10.1371/journal.pone.0058044
https://doi.org/10.1093/ofid/ofab097
https://doi.org/10.1093/infdis/jiab264
https://doi.org/10.1371/journal.pone.0106961
https://doi.org/10.2196/53948
https://www.ncbi.nlm.nih.gov/pubmed/38564244
https://doi.org/10.1016/S2213-8587(14)70110-X
https://www.ncbi.nlm.nih.gov/pubmed/25194887
https://doi.org/10.1016/j.dsx.2022.102410
https://www.ncbi.nlm.nih.gov/pubmed/35144181


Diagnostics 2024, 14, 2539 12 of 12

68. Singhal, A.; Jie, L.; Kumar, P.; Hong, G.S.; Leow, M.K.-S.; Paleja, B.; Tsenova, L.; Kurepina, N.; Chen, J.; Zolezzi, F. Metformin as
Adjunct Antituberculosis Therapy. Science 2014, 6, 263ra159. [CrossRef] [PubMed]

69. Wang, Y.; Zhou, Y.; Chen, L.; Cheng, Y.; Lai, H.; Lyu, M.; Zeng, J.; Zhang, Y.; Feng, P.; Ying, B. Metformin promotes smear
conversion in tuberculosis-diabetes comorbidity and construction of prediction models. J. Clin. Lab. Anal. 2022, 36, e24755.
[CrossRef]

70. Su VY, F.; Pan, S.W.; Yen, Y.F.; Feng, J.Y.; Su, W.J.; Chen, Y.M. Statin Use and impact on tuberculosis risk. Expert Rev. Anti-Infect.
Ther. 2021, 19, 1093–1098.

71. Magee, M.J.; Salindri, A.D.; Kornfeld, H.; Singhal, A. Reduced prevalence of latent tuberculosis infection in diabetes patients
using metformin and statins. Eur. Respir. J. 2019, 53, 1801695. [CrossRef]

72. Global Tuberculosis Report; World Health Organization: Geneva, Switzerland, 2021.
73. Nyirenda, J.L.; Mbemba, E.; Chirwa, M.; Mbakaya, B.; Ngwira, B.; Wagner, D.; Toews, I.; Lange, B. Acceptability and feasibility of

tuberculosis and diabetes mellitus bidirectional screening and joint treatment services in Malawi: A cross-sectional study and a
policy document review. BMJ Open 2023, 13, e062009. [CrossRef]

74. Prakoso, D.A.; Istiono, W.; Mahendradhata, Y.; Arini, M. Acceptability and feasibility of tuberculosis-diabetes mellitus screening
implementation in private primary care clinics in Yogyakarta, Indonesia: A qualitative study. BMC Public Health 2023, 23, 1908.
[CrossRef]

75. Alisjahbana, B.; McAllister, S.M.; Ugarte-Gil, C.; Panduru, N.M.; Ronacher, K.; Koesoemadinata, R.C.; Zubiate, C.; Riza, A.L.;
Malherbe, S.T.; Kleynhans, L.; et al. Screening diabetes mellitus patients for pulmonary tuberculosis: A multisite study in
Indonesia, Peru, Romania and South Africa. Trans. R. Soc. Trop. Med. Hyg. 2021, 115, 634–643. [CrossRef]

76. Liu, Q.; You, N.; Wen, J.; Wang, J.; Ge, Y.; Shen, Y.; Ding, X.; Lu, P.; Chen, C.; Zhu, B.; et al. Yield and Efficiency of a Population-
Based Mass Tuberculosis Screening Intervention Among Persons with Diabetes in Jiangsu Province, China. Clin. Infect. Dis. 2023,
77, 103–111. [CrossRef] [PubMed]

77. Gates, T.J. Screening for cancer: Evaluating the evidence. Am. Fam. Physician 2001, 63, 513–522. [PubMed]
78. Mangione, C.M.; Barry, M.J.; Nicholson, W.K.; Cabana, M.; Chelmow, D.; Coker, T.R.; Davis, E.M.; Donahue, K.E.; Jaén, C.R.; Li,

L.; et al. Screening for Latent Tuberculosis Infection in Adults. JAMA 2023, 329, 1487. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1126/scitranslmed.3009885
https://www.ncbi.nlm.nih.gov/pubmed/25411472
https://doi.org/10.1002/jcla.24755
https://doi.org/10.1183/13993003.01695-2018
https://doi.org/10.1136/bmjopen-2022-062009
https://doi.org/10.1186/s12889-023-16840-z
https://doi.org/10.1093/trstmh/traa100
https://doi.org/10.1093/cid/ciad118
https://www.ncbi.nlm.nih.gov/pubmed/36869807
https://www.ncbi.nlm.nih.gov/pubmed/11272300
https://doi.org/10.1001/jama.2023.4899
https://www.ncbi.nlm.nih.gov/pubmed/37129649

	Introduction 
	Effect of Hyperglycemia on Contracting Tuberculosis 
	Why Diabetes Is Immunosuppressive 
	Why Diabetes Increases Susceptibility to Tuberculosis 

	Bi-Directional Relationship 
	Effect of Geography on TB-DM 
	Degree of Hyperglycemia Required 
	Effect of Hyperglycemia on Presentation of Tuberculosis 
	Effect on Treatment Response 
	Factors to Consider During Treatment 
	Screening Programs 
	Conclusions 
	References

