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Abstract: Diabetes is a major risk factor for tuberculosis (TB). Diabetes increases the risk of the
progression from latent tuberculosis infection (LTBI) to active pulmonary TB and TB patients with
diabetes are at greater risk of more severe disease and adverse TB treatment outcomes compared
to TB patients without co-morbidities. Diabetes is a complex disease, characterised not only by
hyperglycemia but also by various forms of dyslipidemia. However, the relative contribution of
these underlying metabolic factors to increased susceptibility to TB are poorly understood. This
review summarises our current knowledge on the epidemiology and clinical manifestation of TB
and diabetes comorbidity. We subsequently dissect the relative contributions of body mass index,
hyperglycemia, elevated cholesterol and triglycerides on TB disease severity and treatment outcomes.
Lastly, we discuss the impact of selected glucose and cholesterol-lowering treatments frequently used
in the management of diabetes on TB treatment outcomes.
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Approximately 2 billion people worldwide are estimated to be infected with Mycobac-
terium tuberculosis (Mtb) [1]. Of those, 5-10% will develop active tuberculosis (TB) in their
lifetime. In 2019, 10 million people suffered from active TB, which caused 1.5 million
deaths [2]. The cost of TB prevention, diagnosis and treatment is expected to double from
6.5 billion USD in 2020 to 13 billion USD per year by 2022. This highlights that TB remains
a global health threat and a significant financial burden. The proposed 2020 milestone of a
20% reduction in TB cases and a 35% reduction in deaths between 2015 and 2020 was not
reached, although global TB incidence rates and annual death numbers are decreasing [2].
The goal of achieving an 80% decrease in TB incidence or a 90% decrease in annual death by
2030 will not be met without intensified effort. Several factors including malnutrition, dia-
published maps and institutional affil-  P€tes, smoking and alcohol abuse contribute to an increase in the susceptibility to TB. With
{ations. the rapid rise in type 2 diabetes (T2D) prevalence in developing countries, a significant risk

factor for TB is emerging. T2D affects one in 11 individuals globally (463 million people),

and almost 50% of T2D patients are undiagnosed [3]. It is projected that the number of
T2D patients will increase by 51% reaching 700 million people in 2045 [3], with most cases
living in developing countries, where TB is endemic [4]. Hence, an increase in the global
burden of T2D-TB comorbidity is expected in the next decade.

The COVID-19 pandemic has adversely affected the global efforts to control both TB
and T2D, especially in low- and middle-income countries. According to a WHO statement
conditions of the Creative Commons  Made based on surveys from 163 countries, 49% of the surveyed countries have seen a
Attribution (CC BY) license (https:// ~ reduction in access to treatments for T2D [5]. Globally, if the number of new TB cases
creativecommons.org/licenses /by / detected over a 3-month period during the pandemic is reduced by 25% compared to the
40/). level of detection prior to the pandemic, an additional 190,000 TB deaths are estimated [6].
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It is inevitable that the pressures placed on healthcare systems by the COVID-19 pandemic
around the world will likely result in a delay in the fight against both TB and T2D.

This review article discusses the current knowledge on the association between TB
and T2D with a particular focus on the contribution of metabolic factors, including body
mass index (BMI), hyperglycemia and dyslipidemias to increased susceptibility to TB.

2. Impact of T2D on Latent TB Infection and Active TB Disease
2.1. T2D Increases the Risk of Latent TB Infection

Latent TB infection (LTBI), defined as asymptomatic infection with Mtb, usually
precedes active pulmonary TB. Studies assessing the association between T2D and LTBI
are most valuable if conducted in low-TB-burden countries, as baseline LTBI positivity
is high irrespective of T2D status in high-TB-burden countries such as South Africa [7].
In a cross-sectional study conducted in a health clinic in Atlanta, GA, USA, LTBI was
significantly higher amongst patients with T2D (43.4%) and pre-diabetes (39.1%) compared
to those without T2D (25.9%). Furthermore, a strong association between T2D and LTBI
([aOR] 2.3, 95% CI 1.2-4.5) was demonstrated in this cohort of patients [8]. This relationship
between TB and LTBI was also identified by Lee et al., who found T2D to be associated with
a small but significantly increased risk of LTBI (pooled OR of 1.18, 95%CI 1.06-1.30) [9]. In
a large-cross sectional analysis using US National data, Barron et al. reported a significantly
higher association of T2D and LTBI (aOR 1.90, 95%CI 1.15-3.14) compared to adults
without T2D [10]. In contrast, a hospital-based study in Atlanta found that the LTBI
prevalence was higher in patients without T2D (14.7%, 5/34) compared to patients with
newly diagnosed T2D (9.2%, 9/98) [11]; however, these results are based on small sample
sizes and could be confounded by other underlying health conditions requiring hospital
admission. Altogether, these studies provide evidence for an increased risk of primary
infection with Mtb in patients with T2D compared to otherwise healthy individuals.

2.2. T2D Increases the Risk of Active TB

If the host immune response is unable to contain the Mtb infection, the progression
from asymptomatic LTBI to active TB disease can occur. The association between T2D and
active TB is well established and has been reviewed elsewhere [12-14]. Accumulating data
from 44 studies, including prospective, retrospective and case control studies, Al Rifai and
colleagues showed that T2D patients had a 2—4-fold increased risk of active TB [15]. Cohort
studies from countries with a low and moderate incidence of TB incidence demonstrated
a more than 2-fold increased TB risk among T2D patients with pooled relative risk (RR)
(2.03, 95%CI 1.62-2.55) [9]. The latest WHO report estimates that approximately 350,000 TB
cases were attributable to T2D in 2019 [2]. There is now agreement that T2D predisposes
individuals to developing active TB and that its contribution to global TB prevalence will
increase further with the rise of T2D prevalence. Consequently, several clinical trials for
TB preventative therapy in LTBI-positive T2D patients have been initiated or are currently
ongoing [16,17].

2.3. T2D Increases the Risk of Multidrug-Resistant TB

Resistance to antibiotic TB therapy is rising globally with close to half a million TB
cases resistant to one of the most potent TB drugs, rifampicin [2]. Of those, 78% had
multidrug-resistant TB (MDR-TB). The treatment of MDR-TB takes up to 20 months, with
a global treatment success rate of only 57% [2]. Extensively drug-resistant TB (XDR TB)
(resistance to rifampicin, isoniazid, any fluoroquinolone and at least one the following: lev-
ofloxacin, moxifloxacin, bedaqualine and linezolid) was identified in close to 13,000 cases
in 2019 [2].

A growing body of literature has linked T2D with an increased risk of MDR-TB. In a
meta-analysis including 24 observational studies, Tegene et al. revealed that T2D is associ-
ated with higher rates of MDR-TB (OR = 1.97, 95% CI = 1.58-2.45), irrespective of country
income level [18]. Similarly, Huangfu and colleagues found that T2D was associated with a
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two-fold increased risk of MDR-TB among TB patients (OR 1.98, 95%CI 1.51-2.60) based
on robust evidence from 104 publications [19].

Using whole-genome sequencing to examine drug resistance mutations in Mtb iso-
lates of TB patients with T2D, Ruesen et al. demonstrated that in a cohort in Peru T2D
was associated with significantly more mutations conferring resistance to isoniazid and
ethionamide (Rv1482c-fabG1) and fluoroquinolone (gyrA), as well as a trend towards
more mutations for rifampicin (rpoB) resistance [20]. The association between T2D and
drug-resistant mutations was evident even among patients with newly diagnosed TB
and was independent of the levels of glycemic control determined by HbAlc [20], thus
suggesting that previous anti-TB treatment does not account for the higher risk of MDR-TB
in TB-T2D patients.

Interestingly, lower concentrations of isoniazid and pyrazinamide were detected in
serum from TB patients with T2D compared to TB patients without T2D [21,22]. These
reduced systemic concentrations of antibiotics may contribute to the development of drug
resistance. The reasons for lower antibiotic concentrations in T2D patients remain to be
elucidated but are possibly linked to either the body weight distribution due to the generally
higher BMI in T2D patients or more rapid metabolic breakdown of the TB treatment.

3. T2D Increases TB Disease Severity and the Risk of Adverse TB Treatment Outcomes

T2D patients who develop active TB frequently have more severe disease on chest
X-ray, delayed culture conversion and higher sputum smear grades [23]. Higher smear
grades in patients with TB-T2D co-morbidity are indicative of higher lung mycobacterial
burdens, suggesting that TB patients with T2D are more infectious than TB patients without
co-morbidities [23]. A recent study from Brazil confirmed that TB patients with any form of
dysglycemia (T2D or pre-diabetes) are more likely to transmit Mtb in a household contact
setting [24].

TB patients with T2D frequently have more severe disease upon chest X-ray at diagno-
sis with more cavities and parenchymal lesions [25,26]. Bilateral pulmonary involvement
and extensive pulmonary disease was also found on CT scans in TB patients with under-
lying T2D [27,28]. Huang and colleagues showed that T2D patients with poor glycemic
control (HbAlc > 8%) were more likely to present with atypical findings upon chest X-
ray and thoracic CT scans, such as advanced extensive lesions (p < 0.001), more cavities
(p <0.001) and all-lobe involvement (p = 0.041) [28]. In contrast, one study found that
T2D patients with TB presented with lower lung cavitary lesions compared to TB patients
without T2D [29]. Differences in these findings could potentially result from differences
in median age and levels of glycemic control in the respective study cohorts. In addition,
dyslipidemias may contribute to the differential clinical manifestation of TB and have been
shown to be highly variable in T2D patients across different ethnicities [7].

Several retrospective studies have demonstrated adverse TB treatment outcomes
and higher mortality in TB patients with T2D [19,30]. A recent prospective study follow-
ing more than 700 individuals from West India showed that T2D significantly increased
the risk of early mortality during TB treatment (aHR, 4.36; 95% CI, 1.62-11.76) [31]. A
multi-center prospective cohort study from Brazil demonstrated that participants with
diabetes but not prediabetes are at higher risk of having an unfavourable outcome (1.76
and 2.45 times separately from two different cohorts) and an increased risk of death (1.93
and 2.16 times) [32].

A different study, also conducted in India, surprisingly found that poorly controlled
T2D was not associated with higher odds of adverse TB treatment outcomes among TB
patients with normal or high BMI and was associated with better TB outcomes among
patients with low BMI [33]. These findings highlight that T2D is a complex disease and
suggests that subtle metabolic sub-phenotypes (beyond the crude classification of T2D)
may be more susceptible or resistant to adverse TB treatment outcomes.

Although T2D in Western populations is often associated with obesity, a significant
proportion of T2D cases, particularly in Asian populations, do not have a high BMI [34]. A
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prospective cohort study of 225 new pulmonary TB patients with comorbid T2D in India
found that low and normal BMI were more common among TB patients with T2D than high
BMI (88% vs. 12%) [31]. Similar proportions between T2D with and without low BMI was
also reported by Kubiak et al. in a cross-sectional analysis of active TB cases in southern
India (90.3% vs. 9.7%) [35]. These observation of lower BMI in T2D patients with TB
compared to T2D patients are likely confounded by TB-associated wasting. The prevalence
of active TB was 12 times higher in obese diabetic adults compared to overweight-obese
adults without T2D and 2.5 times higher in T2D vs. non-diabetic patients with normal
weight and was not different among underweight adults [35]. Consistently with this
observation, several other studies reported that obesity in the absence of hyperglycemia
protects against TB [36-38] and individuals with high BMI are less likely to die during TB
treatment. Similar observations were made in a murine model [39].

Whether diabetes increases the risk of active TB more profoundly in the overweight
and obese population and less so in underweight and low-BMI subjects requires further
evaluation but carries important implications in Asian populations, where T2D develops at
a lower BMI compared to other ethnicities [34]. Nevertheless, the association between T2D
and adverse TB treatment outcomes underscores the need for T2D screening among newly
diagnosed TB patients. This will allow for the appropriate clinical management of newly
diagnosed T2D and will improve TB treatment outcomes in patients living with T2D.

4. Contribution of Hyperglycemia to TB Disease Severity and Adverse TB
Treatment Outcomes

4.1. T2D-Related Chronic Hyperglycemia

T2D is characterised by insulin resistance and the progressive loss of beta cell mass
and/or function, which leads to chronic hyperglycemia [40]. The impact of the severity of
hyperglycemia on the clinical manifestation of TB and TB treatment outcomes has been
the focus of several studies. Using large primary care data from the UK, Critchley et al.
showed that T2D patients with poor glycemic control (HbAlc > 11%) had an elevated risk
for hospitalisation for various type of infections, including TB (incidence rate ratio: 4.70),
irrespective of age [41]. Optimal control of blood glucose (HbA1lc 6-7%) reduced risk of
hospitalisation (IRR 1.41 vs. 4.70), but these well-controlled T2D patients were still at a
higher risk compared to matched controls without T2D, suggesting that metabolic factors
other than hyperglycemia contribute to increased susceptibility to infections in T2D [41].
Poor glucose control also increased the risk of mortality, as reported by Chiang et al. in a
cohort study in Taiwan. The authors reported higher mortality among TB patients with
Hbalc > 9% compared to those with HbAlc < 7% (6% vs. 18%) [42].

Furthermore, poor glucose control worsens the response to TB treatment. Only 47%
of TB-T2D patients with an average HbAlc of 10.7% obtained sputum culture conversion
by month 2 of TB treatment, compared to sputum culture conversion rates of 73% in
TB patients without T2D [29]. Salindri et al. found that well-controlled T2D patients
(HbA1lc < 8.0%) had faster culture conversion times than those with poorly controlled
T2D (HbAlc > 8.0%) in MDR-TB patients [43]. These studies suggest that the adverse
effects of T2D on TB disease are attributed at least in part to poor glycemic control and
that improving glycemic control may lead to better TB treatment outcomes and a reduced
risk of relapse and recurrence. However, achieving optimal clinical management of T2D
patients in low- and middle-income countries is challenging, with currently less than 10%
of T2D patients receiving guideline-based comprehensive diabetes treatment [44].

Short- versus long-term exposure to hyperglycemia could impact the host immune
responses and TB outcomes differently. In vitro, the incubation of mouse bone marrow-
derived macrophages (BMDMs) under high glucose conditions (25 mM Glucose) for a
short time (48 h) has been shown to reduce TNF-« production, whereas a longer incubation
time (7 days) released higher TNF-& compared to BMDMSs maintained in baseline 5.5 mM
glucose [45]. In a murine model, Martens et al. showed that chronic (>12 weeks), but
not acute (<4 weeks) hyperglycemia, results in a higher bacterial burden and higher
inflammation in the lungs compared to normoglycemic controls [46]. Similarly, Cheekatla
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et al. showed higher lung bacillary load and pathology in hyperglycemic mice compared to
control mice at 6 months, but not at 1 and 3 months post-infection [47]. These studies used a
streptozotocin-induced model of diabetes. A 12-week high-fat-diet-based murine model of
pre-diabetes showed a trend towards a higher Mtb burden in animals with impaired glucose
tolerance, significantly higher lung pathology scores and impaired cytokine responses
both in the lung and in the blood [39]. Interestingly, the restoration of glucose tolerance
while maintaining high body fat conferred resistance to TB in the murine model described
above. Immune dysfunction to TB has been confirmed not only in T2D patients, but also in
pre-diabetes patients [48].

The question of how hyperglycemia contributes to impaired immune responses to
Mtb has been the focus of several studies, with many of them showing functional de-
fects in macrophages, including reduced phagocytosis of Mtb and Mtb killing in diabetic
macrophages from both human and animal origins [49-52]. Interestingly, monocyte-
derived macrophages (MDMs) from obese individuals had a higher antigen-presenting
capacity to stimulate T cells, whereas those from patients with a “chronic” history of T2D
had a compromised capacity for killing intracellular Mtb [53]. Valtierra-Alvarado et al.
observed a lower expression of HLA-DR and CD68 on both human monocytes and MDMs
from T2D patients. HLA-DR expression in monocytes correlated negatively with HbAlc,
VLDL-C and triglyceride concentrations, but HLA-DR and CD68 correlated positively
with HDL-C [54]. Restrepo et al. demonstrated reduced HLA-DR expression in diabetic
monocytes, even after controlling for BMI and HDL-C. [55]. Altogether, these findings
highlight that hyperglycemia cannot be studied in isolation without assessing the impact
of dyslipidemia in the susceptibility of T2D patients to TB.

4.2. Transient TB-Induced Hyperglycemia

Active TB itself can induce transient stress-hyperglycemia, which usually normalises
with TB treatment and does not require long-term diabetes management. Between 17%
and 87% of TB patients who have not been previously diagnosed with T2D have elevated
blood glucose measurements upon TB diagnosis [56]. However, it is important to follow
TB patients longitudinally throughout TB treatment and to determine whether they indeed
have newly diagnosed T2D, which requires clinical management, or transient stress hyper-
glycemia, which resolves with TB treatment. Therefore, only repeated measurements of
random or fasting blood glucose and HbA1c throughout TB treatment are confirmative of
T2D. The TANDEM study involved such a longitudinal follow-up of TB patients across
four different continents and showed that the prevalence of T2D amongst TB patients was
lowest in South Africa (10.9%) and highest in Indonesia (19.7%) [57]. In a different study
from South Africa, hyperglycemia was transient in the majority of participants with newly
diagnosed hyperglycemia, with the median HbAlc found to be significantly decreased at
3 months follow-up (5.7% vs. 5.4%, p < 0.0001), whereas patients with pre-existing T2D
maintained high levels of blood glucose 3 months after treatment (4.6% vs. 4.7%) [58].

A recent systematic review, revealed that in 50% of TB patients with newly diagnosed
hyperglycemia the abnormal glucose tolerance is reversible at 3-6 months’ follow-up with
the unresolved total burden of hyperglycemia being at slightly above 10% [59]. These data
suggest that a high proportion of TB patients with elevated blood glucose levels at baseline
have transient hyperglycemia that can be resolved following effective TB therapy. Stress
hyperglycemia even in the absence of T2D is a predictor of mortality during sepsis [60].
Therefore, further studies are urgently needed to comprehensively assess TB treatment
outcomes and relapse risks in TB patients with transient hyperglycemia.

Whether TB increases the risk of developing T2D is not conclusively known, although
a higher risk of T2D has been suggested in individuals with a history of TB [12,61]. It
has been proposed that the stress-induced transient hyperglycemia induces pancreatic
3-cell apoptosis, which may predispose those individuals to the development of T2D in
the future [62].
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5. Hyperinsulinemia and TB Disease Severity

Hyperinsulinemia is described as elevated concentrations of circulating insulin in the
blood due to insulin resistance and is common in obesity and the early stages of T2D. Hy-
perinsulinemia goes hand in hand with hyperglycemia and dyslipidemia in T2D; therefore,
its independent contribution to TB susceptibility is difficult to assess. In addition, most
studies on TB and T2D do not measure fasting insulin levels in patients; therefore, there
are few reports in the literature on the association between serum insulin concentrations
or insulin resistance and TB disease severity. A recent study among TB patients with
T2D patients, stratified according to the degree of insulin resistance and showed that the
degree of insulin resistance reflects TB disease severity [63]. Whether elevated insulin
concentrations and insulin resistance impact the manifestation of TB in patients without
T2D remains to be elucidated. However, high-fat-diet-fed mice with hyperinsulinemia
and impaired glucose tolerance had more severe lung pathology compared to control
animals even in the absence of full-blown diabetes [64]. Insulin can have both pro- and
anti-inflammatory properties and is a known modulator of immune function [65]. Reports
of T2D patients developing a TB granuloma at the site of insulin injection suggests that
insulin may contribute to TB reactivation [66]. Whether hyperinsulinemia is linked to more
severe TB disease and adverse TB treatment outcomes remains to be elucidated.

6. Dyslipidemia and TB Disease Severity: Cholesterol vs. Triglycerides

T2D is not only characterised by hyperglycemia and hyperinsulinemia, but also by
hyperlipidemia. To complicate matters, the form of dyslipidemia is highly variable in T2D
patients across different ethnicities. For instance, TB household contacts with T2D patients
in South Africa mainly have elevated cholesterol, whereas diabetic TB contacts in South
Texas mainly have elevated triglycerides [7]. The relative contribution of these different
forms of dyslipidemia to susceptibility to TB remain to be investigated.

However, there is some evidence suggesting that elevated cholesterol is protective in
the context of TB. A large population-based longitudinal study from South Korea, including
more than 5 million participants from 2009 to 2018, identified a clear relationship between
low total cholesterol levels and a high risk of TB. Interestingly, the correlation was seen to
be less robust in T2D and obesity and was lost in subjects receiving statins [67], suggesting
that altered lipid profiles in metabolic conditions (obesity, T2D) or with drug treatment
(Statin) can affect the susceptibility to TB. In active TB patients, cholesterol concentrations
are generally lower compared to healthy controls likely due to TB-associated wasting. Nev-
ertheless, higher cholesterol among TB patients is associated with lower TB disease severity.
For instance, the radiological extent of disease was inversely correlated with both HDL and
LDL but was not associated with sputum smear grading [68]. Low LDL and HDL were
associated with granuloma necrosis and fibroplasia, leading to exacerbated lung damage
in TB patients and especially those with T2D [69]. Higher serum cholesterol concentrations,
on the other hand, were linked to lower concentrations of serum inflammatory markers
and TB-related mortality, and this was independent of BMI [70].

In contrast to the seemingly beneficial effect of cholesterol on TB disease severity,
elevated triglycerides appear to be associated with adverse TB treatment outcomes. Higher
triglyceride concentrations and lower concentrations of cholesteryl esters were found in
TB patients who subsequently failed treatment compared to those who were cured, with
two cholesterol esters (16:0 and 18:2) having predictive accuracy of treatment failure at TB
diagnosis [71].

The underlying mechanisms addressing the association between high cholesterol
levels and reduced TB disease severity are not well elucidated. Cholesterol is essential
for the phagocytosis of Mtb by macrophages [72] and elevated total cholesterol can result
in the elevation of specific oxidised cholesterols that have been shown to both increase
phagocytosis, but also to reduce the growth of Mtb and Mycobacterium bovis BCG in
human monocytes [73]. Moreover, in vitro supplementation with cholesterol leads to an
upregulation of HLA-DR expression in human blood monocytes [74], possibly facilitating
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antigen presentation. Consistently with this, ex vivo phenotyping of human monocytes
revealed that although triglycerides are associated with reduced HLA-DR, cholesterols
counterbalance this effect [55].

Conflicting data have been published about the connection between a cholesterol-
rich diet and TB. A randomised control trial showed that adult TB patients receiving a
cholesterol-rich diet experienced accelerated sterilisation of sputum Mtb cultures during
TB treatment relative to controls receiving a normal diet; however, this trial consisted of a
small sample size of 10 and 11 participants per arm [75]. Another population-based study
in Singapore reported that a high-cholesterol diet could increase the TB risk [76], in line
with a preclinical study showing that hypercholesterolemia impairs immunity to TB in
a murine model [77]. Table 1 summarises key studies reporting an association between
hyperglycemia and different types of dyslipidemia on TB susceptibility and Figure 1 shows
a schematic overview of these findings.

Table 1. Impact of hyperglycemia and different types of dyslipidemia on TB susceptibility.

Host Hyperglycemia Impact on TB Susceptibility Refs.
T2D patient with high Elleva'ted. rlsk. of infection and'
o hospitalisation, increased mortality, [29,41,42]
HbAlc (>9%) .
lower rate of sputum culture conversion

T2D patients with Reduced risk of hospitalisation, faster [41,43]

controlled HbAlc (<8%) sputum culture conversion time a

Human MDMs from Higher antigen-presenting capacity to (53]

obese humans stimulate T cells

Compromised capacity for killing
intracellular Mtb, lower expression of
HLA-DR and CD68, HLA-DR

Mono?;;s, lelzrlrfss from expression correlated negatively with [53-55]
p HbAlc, VLDL-C and triglyceride
concentrations, but HLA-DR and CD68
correlated positively with HDL-C
Higher bacterial burden and higher
Chronic hyperglycemia  inflammation in the lungs compared to [46,47]
(>12 weeks); STZmodel  acute hyperglycemia (STZ treatment for !
4-9 weeks)
Mouse
Pre-diabetes Trend towards higher Mtb burden in
(<£8% HbAlc); impaired  animals with impaired glucose tolerance, [39]
glucose tolerance; significantly higher lung pathology
HFD model scores and impaired cytokine responses
Host Dyslipidemia Impact on TB susceptibility Refs.
Low TC Associated with an increased risk of [67]
TB disease
Associated with more extensive lung
Low TC, HDL-C, LDL-C  lesions on chest radiographs/CT scans, [68,69]
Human hi .
igher degree of smear positivity
Associated with lower all-cause and
High TC, HDL-C, LDL-C infection-related mortality, reduced [70]
levels of inflammation markers
Mouse High TC Associated with delayed expression of [77]

adaptive immunity

TC, total cholesterol; VLDL-C, very-low-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol;
HDL, high-density lipoprotein cholesterol; STZ, streptozotocin; HFD, high fat diet.
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Figure 1. Schematic overview of the impact of cholesterol, triglycerides, hyperglycemia and BMI on risk of active TB, TB
disease severity and treatment outcomes. Created with BioRender.com.

7. Impact of T2D Treatment on TB Outcomes

T2D patients are frequently on both glucose-lowering and lipid-lowering medication.
Two of the most frequently used T2D treatments, metformin and statins, have been evalu-
ated in relation to TB disease severity and treatment outcomes and have recently received
attention as possible candidates for host-directed therapy for TB treatment.

7.1. Metformin

Metformin is a glucose-lowering agent that is widely used among patients with
T2D. The use of metformin in T2D patients was associated with lower LTBI prevalence.
Magee et al. found that using metformin plus two or more other diabetes medications was
associated with lower odds of LTBI (adjusted OR 3.9, 95% CI 1.1-13.8), compared to those
without any diabetes medication [78].

Metformin use was also associated with a lower risk of developing active TB among
TB contacts with T2D [79,80]. T2D patients who included metformin in their treatment
strategy had a significantly lower risk of TB compared to those not using metformin. In
contrast, insulin users had a significantly higher risk of TB compared to those without
insulin use [80]. A recent large study involving over 75,000 T2D patients confirmed the
protective effect of metformin; however, only at the highest cumulative dose, whereas
lower metformin doses did not reduce the incidence of active TB within a timeframe
of two years [81]. In TB patients, metformin use was associated with significantly im-
proved sputum culture conversion rates, fewer pulmonary cavities and reduced mortality
rates [31,82,83]. Importantly, these positive effects have been shown to be independent of
the degree of blood glucose control [83], suggesting other possible underlying mechanisms
mediated by metformin, besides the direct effects on blood glucose control, could underpin
the improvement of TB outcomes.
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Mechanistically, it has been previously shown that metformin activates adenosine
monophosphate-activated protein kinase (AMPK) [84], a regulator of cellular autophagy [85],
which is crucial for an effective host innate immune response against intracellular pathogens
such as Mtb. Singhal and colleagues showed that metformin inhibits intracellular Mtb
growth by inducing ROS and autophagy [82]. Furthermore, Lachmandas et al. observed
the strong upregulation of genes involved in phagocytosis and ROS production in PBMC
treated ex vivo with metformin [86]. In a murine model, metformin reduced the Mtb
burden in the lung (both as a monotherapy and in conjunction with anti-mycobacterials)
and improved lung pathology [82].

A beneficial effect of metformin on in vivo Mtb clearance was also shown by Bohme
et al. In Mtb-infected mice that received metformin along with pyrazinamide and iso-
niazid for 30 days, the bacterial burden was compared to mice that had received only
pyrazinamide and isoniazid [87], confirming that metformin can enhance the sterilising
activity of available antimicrobial treatment for Mtb infection. Conducting subsequent
mechanistic experiments, the authors revealed that metformin enhances the host immune
function against Mtb by reprograming CD8(+) T cell metabolism, favouring the expansion
of the memory CD8+CXCR3+ T cell population with anti-Mtb properties. The increased
frequency of this distinct memory T cell phenotype has been consistently observed in both
metformin-treated mice, as well as in PBMC from metformin-treated T2D patients [87].

A question remains as to whether the beneficial effects of metformin can only be
achieved in TB patients with T2D or whether metformin can also improve TB outcomes in
non-diabetic subjects. There are no data yet from ongoing human clinical trials. Preclinical
studies, however, show conflicting results. Although Singhal et al. reported a reduction
in the lung bacillary load in euglycemic mice receiving metformin either alone or in
combination with TB drugs [82], a recent study reported that metformin improves TB
severity only in hyperglycemic mice and not in non-diabetic control animals [88]. The
authors showed that the treatment of diabetic mice with metformin reduced the Mtb in the
lung burden by ~1.5log CFUs compared with untreated hyperglycemic mice, but strikingly
augmented lung bacterial loads and immunopathology in nondiabetic mice [88]. Another
study provided evidence that metformin has no significant effect on mice receiving the
first-line TB regimen [89]. Taken together, these results further consolidate the evidence that
hyperglycemia itself increases TB severity and suggest that metformin may be beneficial
for improving TB severity and treatment outcomes, at least in patients with TB and T2D
comorbidity. Data from clinical trials assessing the utility of metformin as an adjunct TB
treatment in non-diabetic patients are urgently needed to conclusively confirm or disregard
metformin as a host-directed TB therapy.

7.2. Statins

Statins lower cholesterol levels by inhibiting the 3-hydroxy-3-methylglutaryl-CoA
reductase, one of the key enzymes in the generation of cholesterol, but also have anti-
inflammatory properties. Statins are one of the most frequently prescribed drugs to reduce
morbidity and mortality in patients with hypercholesterolemia, coronary heart disease,
T2D patients and in patients suffering from infectious diseases [90-92].

Statin therapy significantly reduced the risk of TB in T2D patients by 22% (pooled
RR 0.78, 95% CI 0.63-0.95) and TB patients without T2D by 40% (pooled RR 0.60, 95% CI
0.50-0.71) [93]. Pan et al. demonstrated that statin use was associated with a 35% decreased
risk of TB (crude HR, 0.648; 95% CI, 0.430-0.976) compared with no statin use as the refer-
ence group [94]. Macrophages isolated from patients with hypercholesterolemia receiving
daily statin therapy and infected with Mtb in vitro had significantly lower Mtb growth
3 days post-infection compared to the controls [95]. Statin therapy in mice led to a reduc-
tion in the Mtb burden in the lung, liver and spleen at 4 weeks and 8 weeks post-infection
compared with mice that received the vehicle control [95]. This was further confirmed
by Skerry et al., who demonstrated that the treatment of Mtb-infected macrophages with
simvastatin significantly reduced the bacterial load compared to the vehicle, and this was
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further enhanced by the bactericidal activity of isoniazid [96]. In chronically infected mice
(6 weeks post-infection), a standard oral treatment regimen of rifampicin, isoniazid and
pyrazinamide along with simvastatin demonstrated greater bacillary killing in the lungs,
compared to treatment without simvastatin at 4 weeks (p < 0.01) and 8 weeks (p < 0.01)
of treatment [96]. However, in a retrospective study in South Korea, there was no evi-
dence that the use of statins provided a protective effect on TB incidence (aHR 0.98; 95%CI
0.89-1.07). Differences in these results may be due to the ethnicities of participants, baseline
metabolic characteristics of the participants and trial interventions [97].

Combined metformin and statin use in patients with diabetes was associated with
less than half the prevalence of LTBI (4% combined metformin/statin) compared to no
treatment (10%) [78]. There may be benefits for patients with T2D at risk of LTBI using a
combination therapy of both metformin and statins, as preventing LTBI is an essential step
for preventing active TB disease and both LTBI and TB are complicated by T2Ds [78].

7.3. Aspirin

T2D is a known risk factor for cardiovascular events and studies have shown that TB
itself is also associated with an increased risk of ischemic stroke and myocardial infarc-
tion [98-101], even after a successful TB treatment course [100]. TB-T2D co-morbidity is
expected to significantly increase the risk of cardiovascular diseases; however, cardiovas-
cular risk and appropriate therapeutic interventions are poorly studied in patients with
TB-T2D [102].

Aspirin remains widely prescribed for the prevention of cardiovascular and cere-
brovascular events in T2D patients and has also been proposed as an adjunctive therapy
to current anti-TB treatments. The administration of low-dose aspirin in C3HeB/Fe] mice
infected with Mtb both alone or together with anti-TB treatment increased the survival
rate [101]. In addition, animals receiving aspirin had decreased lung bacterial burdens
and pathology at 3—4 weeks after infection, accompanied by reduced systemic inflam-
matory cytokines (IL-6, IL-1 and TNF-«) and increased Arg-1/INOS staining on lung
sections, which is consistent with the anti-inflammatory effect of aspirin. Marzo et al.
reported that aspirin administered with ibuprofen reduced the bacterial load, lung pathol-
ogy, concentrations of pro-inflammatory cytokines and improved survival in Mtb-infected
mice [103].

In TB patients the use of anti-platelet aggregating drugs, including aspirin, was linked
to lower rates of smear positivity, fewer cavities and reduced 12-month mortality rates [104].
The only randomised controlled trial in pulmonary TB patients with T2D showed that
aspirin could improve the clinical efficacy of standard anti-TB treatment by increasing the
rate of sputum conversion, significantly reducing the number of cases with cavities, as well
as the number of cavities during the first 2 months of therapy [98,99,105].

8. Conclusions

There are conclusive data for an increased risk of T2D patients to primary infection
with Mtb, to the progression from LTBI to active TB and to adverse TB treatment outcomes.
Although hyperglycemia was previously thought to be the main driver of increased sus-
ceptibility to TB, there is now mounting evidence that other host metabolic factors such
as hypercholesterinemia and elevated triglycerides further modify this risk of increased
susceptibility to TB in T2D patients. Although high triglycerides (similar to hyperglycemia)
are associated with adverse TB treatment outcomes, high cholesterol is suggested to have
a favourable effect on the clinical manifestation and outcomes of TB treatment. Further
studies are needed to fully dissect the relative contributions of the metabolic drivers in
immune responses to Mtb. Hyperglycemia and various forms of dyslipidemia frequently
occur concurrently in humans, making it challenging to dissect the relative contributions of
these metabolic factors to susceptibility to TB. Therefore, the development of novel animal
models that allow the dissection of these metabolic factors in the context of Mtb infection
are urgently needed.



Microorganisms 2021, 9, 2282 11 of 15

Author Contributions: Original draft preparation, M.D.N., 5.B. and K.R.; review and editing, M.D.N.,
S.B. and K.R. All authors have read and agreed to the published version of the manuscript.

Funding: K.R. received funding from the National Institutes of Health (NIH), the National Institute
of Allergy and Infectious Diseases (NIAID) grant number R01AI116039, the Mater Foundation,
the Australian Respiratory Council and the Australian Infectious Diseases Research Centre. The
Translational Research Institute is supported by a grant from the Australian Government.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cohen, A,; Mathiasen, V.D.; Schon, T.; Wejse, C. The global prevalence of latent tuberculosis: A systematic review and meta-
analysis. Eur. Respir. ]. 2019, 54, 1900655. [CrossRef] [PubMed]

2. World Health Organization. Global Tuberculosis Report 2020; World Health Organization: Geneva, Switzerland, 2020.

3.  Federation, ID. IDF Diabetes Atlas. Available online: https://www.diabetesatlas.org (accessed on 22 September 2021).

4. McMurry, H.S.; Mendenhall, E.; Rajendrakumar, A.; Nambiar, L.; Satyanarayana, S.; Shivashankar, R. Coprevalence of type 2
diabetes mellitus and tuberculosis in low-income and middle-income countries: A systematic review. Diabetes Metab. Res. Rev.
2019, 35, €3066. [CrossRef]

5. World Health Organization. The Impact of the COVID-19 Pandemic on Noncommunicable Disease Resources and Services: Results of a
Rapid Assessment; World Health Organization: Geneva, Switzerland, 2020.

6.  Glaziou, P. Predicted impact of the COVID-19 pandemic on global tuberculosis deaths in 2020. medRxiv 2020. [CrossRef]

7.  Restrepo, B.I,; Kleynhans, L.; Salinas, A.B.; Abdelbary, B.; Tshivhula, H.; Aguillon-Duran, G.P.; Kunsevi-Kilola, C.; Salinas, G.;
Stanley, K.; Malherbe, S.T.; et al. Diabetes screen during tuberculosis contact investigations highlights opportunity for new
diabetes diagnosis and reveals metabolic differences between ethnic groups. Tuberculosis 2018, 113, 10-18. [CrossRef] [PubMed]

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

9. Lee, P-H; Fu, H,; Lee, M.-R.; Magee, M.; Lin, H.-H. Tuberculosis and diabetes in low and moderate tuberculosis incidence
countries. Int. J. Tuberc. Lung Dis. 2018, 22, 7-16. [CrossRef] [PubMed]

10. Barron, M.M.; Shaw, K.M.; Bullard, K.M.; Ali, M.K.; Magee, M.]. Diabetes is associated with increased prevalence of latent
tuberculosis infection: Findings from the National Health and Nutrition Examination Survey, 2011-2012. Diabetes Res. Clin. Pract.
2018, 139, 366-379. [CrossRef] [PubMed]

11. Salindri, A.D.; Haw, ].S.; Amere, G.A.; Alese, ].T.; Umpierrez, G.E.; Magee, M.]. Latent tuberculosis infection among patients
with and without type-2 diabetes mellitus: Results from a hospital case-control study in Atlanta. BMC Res. Notes 2021, 14, 1-8.
[CrossRef] [PubMed]

12.  Critchley, J.A.; Restrepo, B.I.; Ronacher, K.; Kapur, A.; Bremer, A.A.; Schlesinger, L.S.; Basaraba, R.; Kornfeld, H.; van Crevel, R.
Defining a Research Agenda to Address the Converging Epidemics of Tuberculosis and Diabetes: Part 1: Epidemiology and
Clinical Management. Chest 2017, 152, 165-173. [CrossRef]

13. Restrepo, B.I. Diabetes and Tuberculosis. Microbiol. Spectr. 2016, 4, 28084206. [CrossRef] [PubMed]

14. 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, 0175925. [CrossRef] [PubMed]

15.  Al-Rifai, R.H.; Pearson, F; Critchley, J.A.; Abu-Raddad, L.J. Association between diabetes mellitus and active tuberculosis:
A systematic review and meta-analysis. PLoS ONE 2017, 12, e0187967. [CrossRef]

16. Olomi, W,; Biraro, I.A ; Kilonzo, K.; Te Brake, L.; Kibirige, D.; Chamba, N.; Ntinginya, N.E.; Sabi, I.; Critchley, J.; Sharples, K.; et al.
Tuberculosis preventive therapy for people with diabetes mellitus. Clin. Infect. Dis. 2021, ciab755. [CrossRef] [PubMed]

17. Huang, H.L.; Huang, W.C.; Lin, K.D.; Liu, S.S.; Lee, M.R.; Cheng, M.H.; Chin, C.S.; Lu, P.L.; Sheu, C.C.; Wang, J.Y.; et al.
Completion Rate and Safety of Programmatic Screening and Treatment for Latent Tuberculosis Infection in Elderly Patients
With Poorly Controlled Diabetic Mellitus: A Prospective Multicenter Study. Clin. Infect. Dis. 2021, 73, €1252—e1260. [CrossRef]
[PubMed]

18. Tegegne, B.S.; Mengesha, M.M.; Teferra, A.A.; Awoke, M.A.; Habtewold, T.D. Association between diabetes mellitus and
multi-drug-resistant tuberculosis: Evidence from a systematic review and meta-analysis. Syst. Rev. 2018, 7, 1-13. [CrossRef]

19. Huangfu, P.; Ugarte-Gil, C.; Golub, J.; Pearson, F.; Critchley, J. The effects of diabetes on tuberculosis treatment outcomes: An
updated systematic review and meta-analysis. Int. |. Tuberc. Lung Dis. 2019, 23, 783-796. [CrossRef]

20. Ruesen, C.; Chaidir, L.; Ugarte-Gil, C.; Van Ingen, ].; Critchley, J.; Hill, P.C.; Ruslami, R.; Santoso, P.; Huynen, M.A.; Dockrell, HM.;

et al. Diabetes is associated with genotypically drug-resistant tuberculosis. Eur. Respir. ]. 2019, 55, 1901891. [CrossRef] [PubMed]


http://doi.org/10.1183/13993003.00655-2019
http://www.ncbi.nlm.nih.gov/pubmed/31221810
https://www.diabetesatlas.org
http://doi.org/10.1002/dmrr.3066
http://doi.org/10.1101/2020.04.28.20079582
http://doi.org/10.1016/j.tube.2018.08.007
http://www.ncbi.nlm.nih.gov/pubmed/30514492
http://doi.org/10.5588/ijtld.15.0457
http://www.ncbi.nlm.nih.gov/pubmed/26688531
http://doi.org/10.5588/ijtld.17.0329
http://www.ncbi.nlm.nih.gov/pubmed/29297421
http://doi.org/10.1016/j.diabres.2018.03.022
http://www.ncbi.nlm.nih.gov/pubmed/29574108
http://doi.org/10.1186/s13104-021-05662-0
http://www.ncbi.nlm.nih.gov/pubmed/34193265
http://doi.org/10.1016/j.chest.2017.04.155
http://doi.org/10.1128/microbiolspec.TNMI7-0023-2016
http://www.ncbi.nlm.nih.gov/pubmed/28084206
http://doi.org/10.1371/journal.pone.0175925
http://www.ncbi.nlm.nih.gov/pubmed/28430796
http://doi.org/10.1371/journal.pone.0187967
http://doi.org/10.1093/cid/ciab755
http://www.ncbi.nlm.nih.gov/pubmed/34505132
http://doi.org/10.1093/cid/ciab209
http://www.ncbi.nlm.nih.gov/pubmed/33677558
http://doi.org/10.1186/s13643-018-0828-0
http://doi.org/10.5588/ijtld.18.0433
http://doi.org/10.1183/13993003.01891-2019
http://www.ncbi.nlm.nih.gov/pubmed/31831585

Microorganisms 2021, 9, 2282 12 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kumar, A.K.H.; Chandrasekaran, V.; Kannan, T.; Murali, A.L.; Lavanya, J.; Sudha, V.; Swaminathan, S.; Ramachandran, G.
Anti-tuberculosis drug concentrations in tuberculosis patients with and without diabetes mellitus. Eur. |. Clin. Pharmacol.
2016, 73, 65-70. [CrossRef] [PubMed]

Alfarisi, O.; Mave, V.; Gaikwad, S.; Sahasrabudhe, T.; Ramachandran, G.; Kumar, H.; Gupte, N.; Kulkarni, V.; Deshmukh, S.; Atre,
S.; et al. Effect of Diabetes Mellitus on the Pharmacokinetics and Pharmacodynamics of Tuberculosis Treatment. Antimicrob.
Agents Chemother. 2018, 62, e01383-18. [CrossRef] [PubMed]

Magee, M.].; Kempker, R.R.; Kipiani, M.; Gandhi, N.R.; Darchia, L.; Tukvadze, N.; Howards, P.P; Narayan, K.V.; Blumberg, H.M.
Diabetes mellitus is associated with cavities, smear grade, and multidrug-resistant tuberculosis in Georgia. Int. J. Tuberc. Lung
Dis. 2015, 19, 685-692. [CrossRef]

Arriaga, M.B.; Rocha, M.S.; Nogueira, B.M.F.; Nascimento, V.; Aratdjo-Pereira, M.; Souza, A.B.; Andrade, AM.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. [CrossRef] [PubMed]

Chiang, C.Y,; Lee, ].].; Chien, S.T.; Enarson, D.A.; Chang, Y.C.; Chen, Y.T,; Hu, T.Y; Lin, C.B.; Suk, C.W,; Tao, ].M.; et al. Glycemic
control and radiographic manifestations of tuberculosis in diabetic patients. PLoS ONE 2014, 9, €93397. [CrossRef] [PubMed]
Sane Schepisi, M.; Navarra, A.; Altet Gomez, M.N.; Dudnyk, A.; Dyrhol-Riise, A.M.; Esteban, J.; Giorgetti, P.F.; Gualano, G.;
Guglielmetti, L.; Heyckendorf, J.; et al. Burden and Characteristics of the Comorbidity Tuberculosis-Diabetes in Europe: TBnet
Prevalence Survey and Case-Control Study. Open Forum Infect. Dis. 2019, 6, ofy337. [CrossRef] [PubMed]

Kim, J.; Lee, L].; Kim, ].H. CT findings of pulmonary tuberculosis and tuberculous pleurisy in diabetes mellitus patients. Diagn.
Interv. Radiol. 2017, 23, 112-117. [CrossRef] [PubMed]

Huang, L.K.; Wang, H.H.; Lai, Y.C.; Chang, S.C. The impact of glycemic status on radiological manifestations of pulmonary
tuberculosis in diabetic patients. PLoS ONE 2017, 12, e0179750. [CrossRef] [PubMed]

Dousa, K.M.; Hamad, A.; Albirair, M.; Al Soub, H.; Elzouki, A.N.; Alwakeel, M.I; Thiel, B.A.; Johnson, J.L. Impact of Diabetes
Mellitus on the Presentation and Response to Treatment of Adults With Pulmonary Tuberculosis in Qatar. Open Forum Infect. Dis.
2019, 6, ofy335. [CrossRef] [PubMed]

Baker, M.A.; Harries, A.D.; Jeon, C.Y.; Hart, ].E.; Kapur, A.; Lonnroth, 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]

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]

Arriaga, M.B.; Araujo-Pereira, M.; Barreto-Duarte, B.; Nogueira, B.; Freire, M.; 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 Anti-tuberculosis Treatment Outcomes:
A Multi-center Prospective Cohort Study. J. Infect. Dis. 2021. [CrossRef] [PubMed]

Kornfeld, H.; Sahukar, S.B.; Procter-Gray, E.; Kumar, N.P; West, K.; Kane, K.; Natarajan, M.; Li, W.; Babu, S.; Viswanathan,
V. Impact of Diabetes and Low Body Mass Index on Tuberculosis Treatment Outcomes. Clin. Infect. Dis. 2020, 71, e392-e398.
[CrossRef] [PubMed]

Araneta, M.R.G.; Kanaya, A.M.; Hsu, W.C.; Chang, H.K.; Grandinetti, A.; Boyko, E.J.; Hayashi, T.; Kahn, S.E.; Leonetti, D.L.;
McNeely, M.].; et al. Optimum BMI Cut Points to Screen Asian Americans for Type 2 Diabetes. Diabetes Care 2015, 38, 814-820.
[CrossRef]

Kubiak, R.-W.,; Sarkar, S.; Horsburgh, C.R.; Roy, G.; Kratz, M.; Reshma, A.; Knudsen, S.; Salgame, P; Ellner, ].J.; Drain, PX.;
et al. Interaction of nutritional status and diabetes on active and latent tuberculosis: A cross-sectional analysis. BMC Infect. Dis.
2019, 19, 1-9. [CrossRef] [PubMed]

Lonnroth, K.; Williams, B.; Cegielski, P.; Dye, C. A consistent log-linear relationship between tuberculosis incidence and body
mass index. Int. |. Epidemiol. 2009, 39, 149-155. [CrossRef] [PubMed]

Aibana, O.; Acharya, X.; Huang, C.C.; Becerra, M.C.; Galea, ].T.; Chiang, S.S.; Contreras, C.; Calderon, R.; Yataco, R.; Velasquez,
G.E,; et al. Nutritional Status and Tuberculosis Risk in Adult and Pediatric Household Contacts. PLoS ONE 2016, 11, e0166333.
Lin, H-H.; Wu, C.-Y,; Wang, C.-H.; Fu, H.; Lonnroth, K,; Chang, Y.-C.; Huang, Y.-T. Association of Obesity, Diabetes, and Risk of
Tuberculosis: Two Population-Based Cohorts. Clin. Infect. Dis. 2017, 66, 699-705. [CrossRef]

Sinha, R.; Ngo, M.D; Bartlett, S.; Bielefeldt-Ohmann, H.; Keshvari, S.; Hasnain, S.Z.; Donovan, M.L.; Kling, ].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]

Skyler, J.S.; Bakris, G.L.; Bonifacio, E.; Darsow, T.; Eckel, R.H.; Groop, L.; Groop, P.-H.; Handelsman, Y.; Insel, R.A.; Mathieu, C.;
et al. Differentiation of Diabetes by Pathophysiology, Natural History, and Prognosis. Diabetes 2016, 66, 241-255. [CrossRef]
CCritchley, ]J.A.; Carey, LM.; Harris, T.; DeWilde, S.; Hosking, EJ.; Cook, D.G. Glycemic Control and Risk of Infections Among
People With Type 1 or Type 2 Diabetes in a Large Primary Care Cohort Study. Diabetes Care 2018, 41, 2127-2135. [CrossRef]
Chiang, C.Y,; Bai, K.J.; Lin, H.H.; Chien, S.T.; Lee, ].J.; Enarson, D.A.; Lee, T.-I.; Yu, M.-C. The Influence of Diabetes, Glycemic
Control, and Diabetes-Related Comorbidities on Pulmonary Tuberculosis. PLoS ONE 2015, 10, e0121698. [CrossRef] [PubMed]
Salindri, A.D.; Kipiani, M.; Kempker, R.R.; Gandhi, N.R; Darchia, L.; Tukvadze, N.; Blumberg, H.M.; Magee, M.]. Diabetes
Reduces the Rate of Sputum Culture Conversion in Patients With Newly Diagnosed Multidrug-Resistant Tuberculosis. Open
Forum Infect. Dis. 2016, 3, ofw126. [CrossRef] [PubMed]


http://doi.org/10.1007/s00228-016-2132-z
http://www.ncbi.nlm.nih.gov/pubmed/27651240
http://doi.org/10.1128/AAC.01383-18
http://www.ncbi.nlm.nih.gov/pubmed/30126955
http://doi.org/10.5588/ijtld.14.0811
http://doi.org/10.1093/infdis/jiab264
http://www.ncbi.nlm.nih.gov/pubmed/34008010
http://doi.org/10.1371/journal.pone.0093397
http://www.ncbi.nlm.nih.gov/pubmed/24699457
http://doi.org/10.1093/ofid/ofy337
http://www.ncbi.nlm.nih.gov/pubmed/30697572
http://doi.org/10.5152/dir.2016.16157
http://www.ncbi.nlm.nih.gov/pubmed/28185999
http://doi.org/10.1371/journal.pone.0179750
http://www.ncbi.nlm.nih.gov/pubmed/28628646
http://doi.org/10.1093/ofid/ofy335
http://www.ncbi.nlm.nih.gov/pubmed/30631793
http://doi.org/10.1186/1741-7015-9-81
http://doi.org/10.1093/ofid/ofab097
http://doi.org/10.1093/infdis/jiab427
http://www.ncbi.nlm.nih.gov/pubmed/34651642
http://doi.org/10.1093/cid/ciaa054
http://www.ncbi.nlm.nih.gov/pubmed/31955202
http://doi.org/10.2337/dc14-2071
http://doi.org/10.1186/s12879-019-4244-4
http://www.ncbi.nlm.nih.gov/pubmed/31311495
http://doi.org/10.1093/ije/dyp308
http://www.ncbi.nlm.nih.gov/pubmed/19820104
http://doi.org/10.1093/cid/cix852
http://doi.org/10.3389/fcimb.2021.691823
http://doi.org/10.2337/db16-0806
http://doi.org/10.2337/dc18-0287
http://doi.org/10.1371/journal.pone.0121698
http://www.ncbi.nlm.nih.gov/pubmed/25822974
http://doi.org/10.1093/ofid/ofw126
http://www.ncbi.nlm.nih.gov/pubmed/27419188

Microorganisms 2021, 9, 2282 13 of 15

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Flood, D.; A Seiglie, J.; Dunn, M.; Tschida, S.; Theilmann, M.; E Marcus, M.; Brian, G.; Norov, B.; Mayige, M.T.; Gurung, M.S.; et al.
The state of diabetes treatment coverage in 55 low-income and middle-income countries: A cross-sectional study of nationally
representative, individual-level data in 680 102 adults. Lancet Heal. Longev. 2021, 2, e340-e351. [CrossRef]

Ayala, T.S.; Tessaro, FH.G.; Jannuzzi, G.P.; Bella, L.M.; Ferreira, K.S.; Martins, ].O. High Glucose Environments Interfere with
Bone Marrow-Derived Macrophage Inflammatory Mediator Release, the TLR4 Pathway and Glucose Metabolism. Sci. Rep.
2019, 9, 11447. [CrossRef] [PubMed]

Martens, G.W.; Arikan, M.C.; Lee, ].; Ren, E,; Greiner, D.; Kornfeld, H. Tuberculosis Susceptibility of Diabetic Mice. Am. J. Respir.
Cell Mol. Biol. 2007, 37, 518-524. [CrossRef] [PubMed]

Cheekatla, S.S.; Tripathi, D.; Venkatasubramanian, S.; Nathella, PX.; Paidipally, P; Ishibashi, M.; Welch, E.; Tvinnereim, A.R.;
Ikebe, M.; Valluri, V.L.; et al. NK-CD11c+ Cell Crosstalk in Diabetes Enhances IL-6-Mediated Inflammation during Mycobacterium
tuberculosis Infection. PLoS Pathog. 2016, 12, e1005972. [CrossRef] [PubMed]

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] [PubMed]

Ronacher, K; van Crevel, R,; Critchley, J.A.; Bremer, A.A.; Schlesinger, L.S.; Kapur, A.; Basaraba, R.; Kornfeld, H.; Restrepo, B.I.
Defining a Research Agenda to Address the Converging Epidemics of Tuberculosis and Diabetes: Part 2: Underlying Biologic
Mechanisms. Chest 2017, 152, 174-180. [CrossRef]

Martinez, N.; Ketheesan, N.; West, K.; Vallerskog, T.; Kornfeld, H. Impaired Recognition of Mycobacterium tuberculosis by Alveolar
Macrophages From Diabetic Mice. J. Infect. Dis. 2016, 214, 1629-1637. [CrossRef]

Lopez-Lopez, N.; Martinez, A.G.R.; Garcia-Hernandez, M.H.; Hernandez-Pando, R.; Castaneda-Delgado, ].E.; Lugo-Villarino, G.;
Cougoule, C.; Neyrolles, O.; Rivas-Santiago, B.; Valtierra-Alvarado, M. A ; et al. Type-2 diabetes alters the basal phenotype of
human macrophages and diminishes their capacity to respond, internalise, and control Mycobacterium tuberculosis. Memdrias Inst.
Oswaldo Cruz 2018, 113, €170326. [CrossRef]

Alim, M.A; Kupz, A.; Sikder, S.; Rush, C.; Govan, B.; Ketheesan, N. Increased susceptibility to Mycobacterium tuberculosis infection
in a diet-induced murine model of type 2 diabetes. Microbes Infect. 2020, 22, 303-311. [CrossRef]

Restrepo, B.I; Khan, A.; Singh, VK,; De-Leon, E.; Aguillon-Duran, G.P.; Ledezma-Campos, E.; Canaday, D.H.; Jagannath, C.
Human monocyte-derived macrophage responses to M. tuberculosis differ by the host’s tuberculosis, diabetes or obesity status,
and are enhanced by rapamycin. Tuberculosis 2020, 126, 102047. [CrossRef]

Valtierra-Alvarado, M.A.; Castaneda Delgado, J.E.; Ramirez-Talavera, S.I.; Lugo-Villarino, G.; Duenas-Arteaga, F.; Lugo-Sanchez,
A.; Adame-Villalpando, M.S.; Rivas-Santiago, B.; Enciso-Moreno, J.; Serrano, C.J. Type 2 diabetes mellitus metabolic control
correlates with the phenotype of human monocytes and monocyte-derived macrophages. J. Diabetes Complicat. 2020, 34, 107708.
[CrossRef] [PubMed]

Restrepo, B.I.; Twahirwa, M.; Jagannath, C. Hyperglycemia and dyslipidemia: Reduced HLA-DR expression in monocyte
subpopulations from diabetes patients. Hum. Immunol. 2021, 82, 124-129. [CrossRef] [PubMed]

Magee, M J.; Salindri, A.D.; Kyaw, N.T.T.; Auld, S.C.; Haw, ].S.; Umpierrez, G.E. Stress Hyperglycemia in Patients with
Tuberculosis Disease: Epidemiology and Clinical Implications. Curr. Diab. Rep. 2018, 18, 71. [CrossRef] [PubMed]

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. 2020, 70, 780-788. [CrossRef] [PubMed]

Kubjane, M.; Berkowitz, N.; Goliath, R.; Levitt, N.S.; Wilkinson, R.J.; Oni, T. Tuberculosis, Human Immunodeficiency Virus, and
the Association With Transient Hyperglycemia in Periurban South Africa. Clin. Infect. Dis. 2020, 71, 1080-1088. [CrossRef]
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]

Fabbri, A.; Marchesini, G.; Benazzi, B.; Morelli, A.; Montesi, D.; Bini, C.; Rizzo, S.G. Stress Hyperglycemia and Mortality in
Subjects With Diabetes and Sepsis. Crit. Care Explor. 2020, 2, e0152. [CrossRef]

Pearson, F; Huangfu, P.; McNally, R.; Pearce, M.; Unwin, N.; Critchley, ]. Tuberculosis and diabetes: Bidirectional association in a
UK primary care data set. |. Epidemiol. Community Health 2018, 73, 142-147. [CrossRef]

Cadena, J.; Rathinavelu, S.; Lopez-Alvarenga, J.C.; Restrepo, B.I. The re-emerging association between tuberculosis and diabetes:
Lessons from past centuries. Tuberculosis 2019, 116, S89-597. [CrossRef]

Yang, W.; Wang, H.; Mao, J.; Chen, Z.; Xu, J.; Wang, L.; Xu, M.; Zhang, X. The correlation between CT features and insulin
resistance levels in patients with T2DM complicated with primary pulmonary tuberculosis. J. Cell. Physiol. 2020, 235, 9370-9377.
[CrossRef]

Sinha, P,; Davis, J.; Saag, L.; Wanke, C.; Salgame, P.; Mesick, J.; Horsburgh, C.; Hochberg, N.S. Undernutrition and Tuberculosis:
Public Health Implications. J. Infect. Dis. 2018, 219, 1356-1363. [CrossRef] [PubMed]

Van Niekerk, G.; Christowitz, C.; Conradie, D.; Engelbrecht, A.-M. Insulin as an immunomodulatory hormone. Cytokine Growth
Factor Rev. 2019, 52, 34—44. [CrossRef] [PubMed]

Chakraborty, P.P.; Chakraborty, M.; Dasgupta, S. Primary Mycobacterium tuberculosis infection over insulin injection site. BM]J Case
Rep. 2016, 2016, bcr2016218054. [CrossRef]


http://doi.org/10.1016/S2666-7568(21)00089-1
http://doi.org/10.1038/s41598-019-47836-8
http://www.ncbi.nlm.nih.gov/pubmed/31391499
http://doi.org/10.1165/rcmb.2006-0478OC
http://www.ncbi.nlm.nih.gov/pubmed/17585110
http://doi.org/10.1371/journal.ppat.1005972
http://www.ncbi.nlm.nih.gov/pubmed/27783671
http://doi.org/10.1093/cid/ciaa751
http://www.ncbi.nlm.nih.gov/pubmed/32533832
http://doi.org/10.1016/j.chest.2017.02.032
http://doi.org/10.1093/infdis/jiw436
http://doi.org/10.1590/0074-02760170326
http://doi.org/10.1016/j.micinf.2020.03.004
http://doi.org/10.1016/j.tube.2020.102047
http://doi.org/10.1016/j.jdiacomp.2020.107708
http://www.ncbi.nlm.nih.gov/pubmed/32843282
http://doi.org/10.1016/j.humimm.2020.11.005
http://www.ncbi.nlm.nih.gov/pubmed/33303215
http://doi.org/10.1007/s11892-018-1036-y
http://www.ncbi.nlm.nih.gov/pubmed/30090969
http://doi.org/10.1093/cid/ciz284
http://www.ncbi.nlm.nih.gov/pubmed/30958536
http://doi.org/10.1093/cid/ciz928
http://doi.org/10.1186/s12879-020-05512-7
http://www.ncbi.nlm.nih.gov/pubmed/33297969
http://doi.org/10.1097/CCE.0000000000000152
http://doi.org/10.1136/jech-2018-211231
http://doi.org/10.1016/j.tube.2019.04.015
http://doi.org/10.1002/jcp.29741
http://doi.org/10.1093/infdis/jiy675
http://www.ncbi.nlm.nih.gov/pubmed/30476125
http://doi.org/10.1016/j.cytogfr.2019.11.006
http://www.ncbi.nlm.nih.gov/pubmed/31831339
http://doi.org/10.1136/bcr-2016-218054

Microorganisms 2021, 9, 2282 14 of 15

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Jo, Y.S,; Han, K,; Kim, D.; Yoo, J.E.; Kim, Y.; Yang, B.; Choi, H.; Sohn, J.W.; Shin, D.W.; Lee, H. Relationship between total
cholesterol level and tuberculosis risk in a nationwide longitudinal cohort. Sci. Rep. 2021, 11, 16254. [CrossRef] [PubMed]
Deniz, O.; Gumus, S.; Yaman, H.; Ciftci, F,; Ors, E; Cakir, E.; Tozkoparan, E.; Bilgic, H.; Ekiz, K. Serum total cholesterol, HDL-C
and LDL-C concentrations significantly correlate with the radiological extent of disease and the degree of smear positivity in
patients with pulmonary tuberculosis. Clin. Biochem. 2007, 40, 162-166. [CrossRef] [PubMed]

Dong, Z.; Shi, J.; Dorhoi, A.; Zhang, J.; Soodeen-Lalloo, A.K.; Tan, W.; Yin, H.; Sha, W.; Li, W.; Zheng, R ; et al. Hemostasis and
Lipoprotein Indices Signify Exacerbated Lung Injury in TB With Diabetes Comorbidity. Chest 2017, 153, 1187-1200. [CrossRef]
Chidambaram, V.; Zhou, L.; Ruelas Castillo, J.; Kumar, A.; Ayeh, SK.; Gupte, A.; Wang, ].Y.; Karakousis, P.C. Higher Serum Choles-
terol Levels Are Associated With Reduced Systemic Inflammation and Mortality During Tuberculosis Treatment Independent of
Body Mass Index. Front. Cardiovasc. Med. 2021, 8, 696517. [CrossRef] [PubMed]

Shivakoti, R.; Newman, ].W.; Hanna, L.E.; Queiroz, A.T.L.; Borkowski, K.; Gupte, A.N.; Paradkar, M.; Satyamurthi, P.; Kulkarni,
V.; Selva, M,; et al. Host Lipidome and Tuberculosis Treatment Failure. Eur. Respir. ]. 2021, 58, 2004532. [CrossRef] [PubMed]
Gatfield, J.; Pieters, J. Essential Role for Cholesterol in Entry of Mycobacteria into Macrophages. Science 2000, 288, 1647-1651.
[CrossRef] [PubMed]

Bartlett, S.; Gemiarto, A.T.; Ngo, M.D.; Sajiir, H.; Hailu, S.; Sinha, R.; Foo, C.X.; Kleynhans, L.; Tshivhula, H.; Webber, T.; et al.
GPR183 Regulates Interferons, Autophagy, and Bacterial Growth During Mycobacterium tuberculosis Infection and Is Associated
With TB Disease Severity. Front. Immunol. 2020, 11, 601534. [CrossRef]

Hughes, D.A.; Townsend, PJ.; Haslam, P.L. Enhancement of the antigen-presenting function of monocytes by cholesterol: Possible
relevance to inflammatory mechanisms in extrinsic allergic alveolitis and atherosclerosis. Clin. Exp. Immunol. 1992, 87, 279-286.
[CrossRef] [PubMed]

Pérez-Guzman, C.; Vargas, M.H.; Quifionez, F.; Bazavilvazo, N.; Aguilar, A. A Cholesterol-Rich Diet Accelerates Bacteriologic
Sterilization in Pulmonary Tuberculosis. Chest 2005, 127, 643-651. [CrossRef] [PubMed]

Soh, A.Z.; Chee, C.B.; Wang, Y.-T.; Yuan, ].-M.; Koh, W.-P. Dietary Cholesterol Increases the Risk whereas PUFAs Reduce the Risk
of Active Tuberculosis in Singapore Chinese. |. Nutr. 2016, 146, 1093-1100. [CrossRef] [PubMed]

Martens, G.W.; Arikan, M.C; Lee, |.; Ren, E; Vallerskog, T.; Kornfeld, H. Hypercholesterolemia Impairs Immunity to Tuberculosis.
Infect. Immun. 2008, 76, 3464-3472. [CrossRef] [PubMed]

Magee, M.].; Salindri, A.; Kornfeld, H.; Singhal, A. Reduced prevalence of latent tuberculosis infection in diabetes patients using
metformin and statins. Eur. Respir. J. 2018, 53, 1801695. [CrossRef]

Lee, M.-C.; Lee, C.-H.; Lee, M.-R.; Wang, ].-Y.; Chen, S.-M. Impact of metformin use among tuberculosis close contacts with
diabetes mellitus in a nationwide cohort study. BMC Infect. Dis. 2019, 19, 936. [CrossRef] [PubMed]

Fu, C,; Lee, C; Li, Y,; Lin, S. Metformin as a potential protective therapy against tuberculosis in patients with diabetes mellitus:
A retrospective cohort study in a single teaching hospital. J. Diabetes Investig. 2021, 12, 1603-1609. [CrossRef]

Heo, E.; Kim, E.; Jang, E.J.; Lee, C.-H. The cumulative dose-dependent effects of metformin on the development of tuberculosis in
patients newly diagnosed with type 2 diabetes mellitus. BMC Pulm. Med. 2021, 21, 303. [CrossRef] [PubMed]

SSinghal, A.; Jie, L.; Kumar, P; Hong, G.S.; Leow, M.K.-S,; Paleja, B.; Tsenova, L.; Kurepina, N.; Chen, J.; Zolezzi, F.; et al.
Metformin as adjunct antituberculosis therapy. Sci. Transl. Med. 2014, 6, 263ral59. [CrossRef] [PubMed]

Degner, N.R.; Wang, ].-Y.; E Golub, J.; Karakousis, P.C. Metformin Use Reverses the Increased Mortality Associated With Diabetes
Mellitus During Tuberculosis Treatment. Clin. Infect. Dis. 2017, 66, 198-205. [CrossRef] [PubMed]

Zhou, G.; Myers, R.; Li, Y;; Chen, Y.; Shen, X.; Fenyk-Melody, J.; Wu, M.; Ventre, J.; Doebber, T.; Fujii, N.; et al. Role of
AMP-activated protein kinase in mechanism of metformin action. J. Clin. Investig. 2001, 108, 1167-1174. [CrossRef] [PubMed]
Mihaylova, M.M.; Shaw, R.J. The AMPK signalling pathway coordinates cell growth, autophagy and metabolism. Nat. Cell. Biol.
2011, 13, 1016-1023. [CrossRef] [PubMed]

Lachmandas, E.; Eckold, C.; Bohme, ].; Koeken, V.; Marzuki, M.B.; Blok, B.; Arts, R.J.W.; Chen, J.; Teng, KW.W,; Ratter, ].; et al.
Metformin Alters Human Host Responses to Mycobacterium tuberculosis in Healthy Subjects. J. Infect. Dis. 2019, 220, 139-150.
[CrossRef]

Bohme, J.; Martinez, N.; Li, S.; Lee, A.; Marzuki, M.; Tizazu, A.M.; Ackart, D.; Frenkel, J.H.; Todd, A.; Lachmandas, E.;
et al. Metformin enhances anti-mycobacterial responses by educating CD8+ T-cell immunometabolic circuits. Nat. Commun.
2020, 11, 5225. [CrossRef] [PubMed]

Sathkumara, H.D.; Hansen, K.; Miranda-Hernandez, S.; Govan, B.; Rush, C.M.; Henning, L.; Ketheesan, N.; Kupz, A. Disparate
Effects of Metformin on Mycobacterium tuberculosis Infection in Diabetic and Nondiabetic Mice. Antimicrob. Agents Chemother.
2020, 65, €01422-20. [CrossRef] [PubMed]

Dutta, N.K,; Pinn, M.L.; Karakousis, P.C. Metformin Adjunctive Therapy Does Not Improve the Sterilizing Activity of the
First-Line Antitubercular Regimen in Mice. Antimicrob. Agents Chemother. 2017, 61, €00652-17. [CrossRef] [PubMed]

Parihar, S.P; Guler, R.; Lang, D.M.; Suzuki, H.; Marais, A.D.; Brombacher, F. Simvastatin Enhances Protection against Listeria
monocytogenes Infection in Mice by Counteracting Listeria-Induced Phagosomal Escape. PLoS ONE 2013, 8, €75490. [CrossRef]
[PubMed]

Parihar, S.P.; Hartley, M.-A.; Hurdayal, R.; Guler, R.; Brombacher, F. Topical Simvastatin as Host-Directed Therapy against Severity
of Cutaneous Leishmaniasis in Mice. Sci. Rep. 2016, 6, 33458. [CrossRef] [PubMed]


http://doi.org/10.1038/s41598-021-95704-1
http://www.ncbi.nlm.nih.gov/pubmed/34376753
http://doi.org/10.1016/j.clinbiochem.2006.10.015
http://www.ncbi.nlm.nih.gov/pubmed/17217941
http://doi.org/10.1016/j.chest.2017.11.029
http://doi.org/10.3389/fcvm.2021.696517
http://www.ncbi.nlm.nih.gov/pubmed/34239907
http://doi.org/10.1183/13993003.04532-2020
http://www.ncbi.nlm.nih.gov/pubmed/34375300
http://doi.org/10.1126/science.288.5471.1647
http://www.ncbi.nlm.nih.gov/pubmed/10834844
http://doi.org/10.3389/fimmu.2020.601534
http://doi.org/10.1111/j.1365-2249.1992.tb02988.x
http://www.ncbi.nlm.nih.gov/pubmed/1370928
http://doi.org/10.1378/chest.127.2.643
http://www.ncbi.nlm.nih.gov/pubmed/15706008
http://doi.org/10.3945/jn.115.228049
http://www.ncbi.nlm.nih.gov/pubmed/27075903
http://doi.org/10.1128/IAI.00037-08
http://www.ncbi.nlm.nih.gov/pubmed/18505807
http://doi.org/10.1183/13993003.01695-2018
http://doi.org/10.1186/s12879-019-4577-z
http://www.ncbi.nlm.nih.gov/pubmed/31694558
http://doi.org/10.1111/jdi.13523
http://doi.org/10.1186/s12890-021-01667-4
http://www.ncbi.nlm.nih.gov/pubmed/34563159
http://doi.org/10.1126/scitranslmed.3009885
http://www.ncbi.nlm.nih.gov/pubmed/25411472
http://doi.org/10.1093/cid/cix819
http://www.ncbi.nlm.nih.gov/pubmed/29325084
http://doi.org/10.1172/JCI13505
http://www.ncbi.nlm.nih.gov/pubmed/11602624
http://doi.org/10.1038/ncb2329
http://www.ncbi.nlm.nih.gov/pubmed/21892142
http://doi.org/10.1093/infdis/jiz064
http://doi.org/10.1038/s41467-020-19095-z
http://www.ncbi.nlm.nih.gov/pubmed/33067434
http://doi.org/10.1128/AAC.01422-20
http://www.ncbi.nlm.nih.gov/pubmed/33046495
http://doi.org/10.1128/AAC.00652-17
http://www.ncbi.nlm.nih.gov/pubmed/28559262
http://doi.org/10.1371/journal.pone.0075490
http://www.ncbi.nlm.nih.gov/pubmed/24086542
http://doi.org/10.1038/srep33458
http://www.ncbi.nlm.nih.gov/pubmed/27632901

Microorganisms 2021, 9, 2282 15 of 15

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Uthman, O.A.; Nduka, C.; Watson, S.I.; Mills, E.J.; Kengne, A.P; Jaffar, S.S.; Clarke, A.; Moradi, T.; Ekstrom, A.-M.; Lilford, R.
Statin use and all-cause mortality in people living with HIV: A systematic review and meta-analysis. BMC Infect. Dis. 2018, 18, 258.
[CrossRef]

Duan, H,; Liu, T.; Zhang, X.; Yu, A.; Cao, Y. Statin use and risk of tuberculosis: A systemic review of observational studies. Int. |.
Infect. Dis. 2020, 93, 168-174. [CrossRef]

Pan, S.; Yen, Y.; Feng, J.; Chuang, P.; Su, V.Y;; Kou, Y.R.; Su, W.; Chan, Y. Opposite effects of statins on the risk of tuberculosis and
herpes zoster in patients with diabetes: A population-based cohort study. Br. J. Clin. Pharmacol. 2019, 86, 569-579. [CrossRef]
Parihar, S.P.; Guler, R.; Khutlang, R.; Lang, D.; Hurdayal, R.; Mhlanga, M.M.; Suzuki, H.; Marais, A.D.; Brombacher, F. Statin
Therapy Reduces the mycobacterium tuberculosis Burden in Human Macrophages and in Mice by Enhancing Autophagy and
Phagosome Maturation. J. Infect. Dis. 2013, 209, 754-763. [CrossRef] [PubMed]

Skerry, C.; Pinn, M.L.; Bruiners, N.; Pine, R.; Gennaro, M.L.; Karakousis, P.C. Simvastatin increases the in vivo activity of the
first-line tuberculosis regimen. J. Antimicrob. Chemother. 2014, 69, 2453-2457. [CrossRef] [PubMed]

Kang, Y.A.; Choi, N.-K,; Seong, J.-M.; Heo, E.Y.; Koo, B.K,; Hwang, S.-S; Park, B.-].; Yim, J.-J.; Lee, C.-H. The effects of statin use
on the development of tuberculosis among patients with diabetes mellitus. Int. J. Tuberc. Lung Dis. 2014, 18, 717-724. [CrossRef]
[PubMed]

Huaman, M.A.; Kryscio, R.J.; Fichtenbaum, C.J.; Henson, D.; Salt, E.; Sterling, T.R.; Garvy, B.A. Tuberculosis and risk of acute
myocardial infarction: A propensity score-matched analysis. Epidemiol. Infect. 2017, 145, 1363-1367. [CrossRef] [PubMed]

Sheu, J.J.; Chiou, H.Y.; Kang, ].H.; Chen, Y.H.; Lin, H.C. Tuberculosis and the risk of ischemic stroke: A 3-year follow-up study.
Stroke 2010, 41, 244-249. [CrossRef]

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

Kroesen, V.M.; Rodriguez-Martinez, P.; Garcia, E.; Rosales, Y.; Diaz, J.; Martin-Céspedes, M.; Tapia, G.; Sarrias, M.R.; Cardona,
P-].; Vilaplana, C. A Beneficial Effect of Low-Dose Aspirin in a Murine Model of Active Tuberculosis. Front. Immunol. 2018, 9, 798.
[CrossRef] [PubMed]

Van Crevel, R.; Critchley, J.A. The Interaction of Diabetes and Tuberculosis: Translating Research to Policy and Practice. Trop.
Med. Infect. Dis. 2021, 6, 8. [CrossRef]

Marzo, E.; Vilaplana, C.; Tapia, G.; Diaz, J.; Garcia, V.; Cardona, P.J. Damaging role of neutrophilic infiltration in a mouse model
of progressive tuberculosis. Tuberculosis 2014, 94, 55-64. [CrossRef] [PubMed]

Lee, M.-R;; Lee, M.-C.; Chang, C.-H,; Liu, C.-J.; Chang, L.-Y,; Zhang, J.-F; Wang, ].-Y.; Lee, C.-H. Use of Antiplatelet Agents and
Survival of Tuberculosis Patients: A Population-Based Cohort Study. J. Clin. Med. 2019, 8, 923. [CrossRef] [PubMed]

Wang, W.; Du, Z.; Ni, M.; Wang, Z.; Liang, M.; Sheng, H.; Zhang, A.; Yang, ]J. Aspirin enhances the clinical efficacy of anti-
tuberculosis therapy in pulmonary tuberculosis in patients with type 2 diabetes mellitus. Infect. Dis. 2020, 52, 721-729. [CrossRef]
[PubMed]


http://doi.org/10.1186/s12879-018-3162-1
http://doi.org/10.1016/j.ijid.2020.01.036
http://doi.org/10.1111/bcp.14142
http://doi.org/10.1093/infdis/jit550
http://www.ncbi.nlm.nih.gov/pubmed/24133190
http://doi.org/10.1093/jac/dku166
http://www.ncbi.nlm.nih.gov/pubmed/24855121
http://doi.org/10.5588/ijtld.13.0854
http://www.ncbi.nlm.nih.gov/pubmed/24903944
http://doi.org/10.1017/S0950268817000279
http://www.ncbi.nlm.nih.gov/pubmed/28202093
http://doi.org/10.1161/STROKEAHA.109.567735
http://doi.org/10.1016/j.ijid.2019.05.015
http://doi.org/10.3389/fimmu.2018.00798
http://www.ncbi.nlm.nih.gov/pubmed/29740435
http://doi.org/10.3390/tropicalmed6010008
http://doi.org/10.1016/j.tube.2013.09.004
http://www.ncbi.nlm.nih.gov/pubmed/24291066
http://doi.org/10.3390/jcm8070923
http://www.ncbi.nlm.nih.gov/pubmed/31252593
http://doi.org/10.1080/23744235.2020.1778177
http://www.ncbi.nlm.nih.gov/pubmed/32552387

	Introduction 
	Impact of T2D on Latent TB Infection and Active TB Disease 
	T2D Increases the Risk of Latent TB Infection 
	T2D Increases the Risk of Active TB 
	T2D Increases the Risk of Multidrug-Resistant TB 

	T2D Increases TB Disease Severity and the Risk of Adverse TB Treatment Outcomes 
	Contribution of Hyperglycemia to TB Disease Severity and Adverse TB Treatment Outcomes 
	T2D-Related Chronic Hyperglycemia 
	Transient TB-Induced Hyperglycemia 

	Hyperinsulinemia and TB Disease Severity 
	Dyslipidemia and TB Disease Severity: Cholesterol vs. Triglycerides 
	Impact of T2D Treatment on TB Outcomes 
	Metformin 
	Statins 
	Aspirin 

	Conclusions 
	References

