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(Abstract: R

Tuberculosis-diabetes co-morbidity (TB-DM) has been a hurdle in the elimination of tuberculosis
worldwide. Individuals with Type 2 diabetes mellitus (T2DM) can become vulnerable to bacterial
infections, due to compromised cell mediated immunity [1, 2]. Therefore, individuals with diabetes
are at an increased risk for developing an active tuberculosis (TB) disease when infected with
Mycobacterium tuberculosis (Mtb). It is estimated that these individuals with T2DM are about three
times more likely to develop the active TB compared to individuals without diabetes. Approximately
10% of all TB cases are linked to diabetes and the risk of death from TB is roughly double for those
with diabetes, especially in middle to low-income areas [3, 4]. Patients with both T2DM and TB have
worse outcomes, including slower bacteria conversion, lower rate of cure, higher chances to relapse,
increased risk of mortality, and even escalated drug resistance. While it is known that diabetes causes
immune dysfunction, there are still many questions as to how diabetes worsens TB outcomes. It is
reported that diabetes might change the appropriate mechanisms of immunological factors that
maintain host immune defenses towards infectious agents, the production of specific cytokines,
increased formation of reactive oxygen species, as well as reduced levels of the antioxidant
glutathione (GSH). In this review, we explore recent research that supports possible explanations for
tuberculosis-diabetes (TB-DM) comorbidity as well as the potential reasons for the increased risk of
mortality and finally promising prophylactic treatments.
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1. Introduction
Tuberculosis is the leading cause of

infectious death worldwide which is caused
by the etiological agent Mycobacterium
tuberculosis (Mtb). Mtb is transmitted from
person to person via aerosol droplets
typically by means of coughing. In 2015,
there were 10.4 million new cases of TB
reported, and 1.8 million deaths worldwide
[5]. Furthermore, it is estimated that one
third of the world’s population is latently
infected with Mtb [5]. Typical treatment of
an active TB disease includes the antibiotics
Ethambutol, and

Isoniazid, Rifampin,

Pyrazinamide  which ~ have  specific
mechanisms of action in combating a Mth
infection. However, the treatment of TB
disease is becoming more problematic due
to the emergence of antibiotic-resistant
strains of Mth [5]. Therefore, many new
treatment options are being explored as
possible alternatives or adjunctive therapies
to combat this devastating disease. Despite
substantial advancements attended in this
field, diabetic patients are still considerably
more likely to contract TB than non-diabetic

individuals [6-10].

In 2014, Long considered a disease of the
affluent “Western” countries of Europe and
North America, T2D has now spread to

every corner of the world. Indeed, there are
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now more people with diabetes residing in
the “emerging” economies (Asia, Latin
America and Africa) than in the
industrialized nations (93). which is caused
by insulin resistance, and accounts for
roughly 90-95% of the total prevalence of
diabetes  [12].

(HbAlc) is indicative of the levels of plasma

Glycated  hemoglobin
glucose over a period of weeks and is
subsequently used as Even when it could be
a diagnostic marker, it’s more reliable as a
follow up test, instead the glucose overload
test is used as a more reliable parameter than
fasting glycaemia to diagnose type 2
Diabetes Mellitus. While more research is
required on the etiology of T2DM (13),
current research tenets indicate that genetic
factors, obesity, and feasibly a high fat or
high sugar diet can be linked to the
development of T2DM (13). Additionally,
T2DM Additionally, complications arising
due to T2DM include health problems such
as retinopathy or cardiovascular
diseases.Though T2DM affects millions
worldwide, the  epidemiology  and
comorbidity studies are largely limited by
poor models of the disease that fail to
incorporate  both the nutritional and
polygenic factors involved in the onset of

T2DM in humans.

It is commonly accepted that diabetes
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decreases the effectiveness of the cell
mediated immunity thus making individuals
more vulnerable to Mtb infection, however,
the exact mechanism for Mth susceptibility
in individuals with T2DM is not entirely
well understood. Some animal studies have
suggested that there may be a delay in
immune recognition, however, a more recent
study on humans advocates that epigenetic
reprogramming may be responsible for
increasing inflammation  thus  causing
individuals to become more susceptible to
the infection [13]. None the less, research
has shown that Mtb infection can present

itself differently amid diabetes co-morbidity.

Differences in  Tuberculosis-Diabetes

Comorbidity  Presentation and the

Subsequent Complications:

TB patients with diabetes are more likely to

present positive sputum smear when
compared to non-diabetic patients [7-9].
Patients with TB-DM are also more likely to
present greater fatigability as well as non-
pleuritic chest pain in addition to the typical
fever and cough presented in a standard
active Mtb infection (14, 15). Chest
radiographs in TB-DM patients often
display a higher prevalence of abnormalities
in those with poor glycemic control [16-18].

In particular, TB-DM patients are more
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likely to have atypical findings such as
increased lower lung field cavities,

lymphadenopathy, pleural effusion,
segmental and lobar consolidation, and the
presence of multiple cavities [17-19]. TB-
DM patients are also more likely to have
lower lobe lesions with greater opacity and
parenchymal lesions over the lower fields
[18, 21]. Additionally, cavitary lung disease
IS more than three times more predominant
in patients with TB-DM [22]. Likewise,
extra pulmonary involvement is also found
in patients with TB-DM [23]. Therefore,
routine Mtb screenings for diabetic patients
is usually encouraged so that methods of
prevention can be applied in the earliest
stages of the disease. Guinea pigs with TB-
DM suffered more severe Mtb infections
than non-diabetic guinea pigs infected with
Mtb [10]. Furthermore, diabetes has been
determined to increase the risk of death
among patients with TB co-morbidity [7, 8].
This is because treating Mtb in diabetic
patients is profoundly more difficult than in
non-diabetic patients due to various types
immunosuppression observed as well as
other possible ailments that ensue from the
comorbidity [19, 24, 25].

Specifically, diabetic patients may present
additional complications such as Kkidney
which can

failure, and hypertension

influence the effectiveness of treatment [7].
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These factors can also cause TB patients
with diabetes to have and a higher risk of
drug toxicity at lower concentrations of anti-
tuberculosis drugs [7]. For example,
diabetes has also shown to reduce the
effectiveness of rifampicin in TB treatment
[7-9, 23, 26].

Diminished Tuberculosis Cure Rate Due
to the Comorbidity and Variations in
Diabetes Treatment in Response to Mtb

Patients with T2DM show a diminished TB
cure rate due weakened cell mediated
immunity which often results in more drug-
resistant Mtb and higher patient mortality
rates [21, 27-30]. Additionally, post
successful antimicrobial treatment, TB-DM
patients are at a higher risk of redeveloping
an active Mtb infection [18]. These patients
are also more susceptible to adverse effects
after beginning the antimicrobial therapy,
resulting in a greater need to transfer into
critical care centers during treatment [31,
32]. Strikingly, after two to three months of
anti-tuberculosis therapy, TB-DM patients
will still have a significantly higher risk of
producing a positive sputum culture [27, 31,
32, 33]. The impaired cell mediated
immunity and hyperglycemia associated
with T2DM can also increase susceptibility

of infection to a multidrug resistant Mtb

Copyright 2017 KEI Journals. All Rights Reserved

strain, thereby further complicating the
treatment regimen and success rates [28,
29].

Pre-treatment HBALC levels and glycemic
control are the greatest predictors of
treatment outcomes for the TB-DM
comorbidity [34, 35]. Poor glycemic control
in T2DM patients increases the risk of lung
cavitation, positive sputum cultures after 2
months of therapy, and more severe lung
disease [18, 36]. Consequently, higher
HbALC levels are correlated with poorer
expectations to TB treatment [18].
Moreover, adequate control of blood glucose
levels will usually decrease recovery time
and improve prognosis. Malnutrition of
T2DM patients during Mtb infection,
however, can lead to increased cortisol
levels and inadvertently exacerbate their
hyperglycemic state. Therefore, proper
nutrition is critical during TB treatment
regimens for TB-DM patients [28].

Heightened TB Susceptibility Among
Diabetic Patients with Poor Glycemic

Control

Diabetic patients with poor glycemic control
(HbAic >8%) exhibit lower interactions
between Mtb and monocytes resulting in a
heightened susceptibility to Mtb infection
[18, 37-39]. Poor glycemic control and
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hyperglycemia  correlates to  longer
hospitalizations, more intense treatment
regimens, and an increased risk of mortality,
due to weakened immune responses and
lower levels of circulating phagocytic
immune cells [40, 41]. Furthermore, the
prevalence of Mtb in adipose tissue found in
obese individuals is thought to aid in
systemic insulin resistance and ultimately
poor glycemic control [42]. It is generally
believed that low density lipoprotein
cholesterol (LDL-C) levels often decrease
acutely during infection and inflammation
[43]. However, there is contradictory
evidence on lipid levels among TB-DM
infected patients. Studies have shown that
Mtb can be associated with lower levels of
LDL-C, and high

carbohydrate diets may even help to

cholesterol or

diminish bacterial burden levels [28-31]. In
contrast, other studies have observed TB-
DM hosts with hypercholesterolemia, which
suggest greater a susceptibility to Mtb within
this population [44-47]. Therefore, further
research is needed to investigate if this
incidence is due to TB-DM comorbidity or
to hypercholesterolemia alone.

In the study by Alim et al., a diet-induced
murine model of T2DM was used to
investigate  the between

mycobacterial infections and T2DM [48].

relationship

Alim et al., evaluated immune responses in
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mice following 30 weeks of an energy dense
diet intervention [48]. Compared to the
wild-type, the diet-induced T2DM model
demonstrated typical clinical symptoms of
T2DM including increased body mass,
HbA¢
hypertrophy, and mesangial thickening of

increased levels, adipocyte
the glomeruli and basement membrane of

the Bowman’s capsule. Macrophage
functionality was evaluated after both
control and diet-induced T2DM mice were
challenged with Mycobacterium fortuitum, a
less virulent alternative of Mtb. Their results
corroborate clinical findings of increased
Mtb susceptibility in humans and worse
outcomes for T2DM patients with poor
glycemic control [18, 34, 38, 49-51]. The
diet-induced T2DM mice were unable to
mount a significant host immune response
against the M. foruitum bacterial challenge,
exhibiting reduced cytokine secretion, most
notably IFN-y and TNF-a, as well as
impaired phagocytic abilities of alveolar and
resident peritoneal macrophages [48].
Despite the opposing evidence on the
association between cholesterol and Mtb,
which prompts further investigation, there is
a clear link between poor glycemic control

and TB-DM disease progression.
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Increased Systemic Levels of Circulating
Angiogenic Factors in TB-DM

Studies have shown that elevated
levels of vascular endothelial growth family
members such as VEGF-A, C, D, R1, R2,
and R3 regulate angiogenesis and stimulate
angiogenic processes [52, 53]. Additional
studies have also shown that Mtb infection is
associated with elevated levels of VEGF-A
[54-59] and VEGF-A, C, and R2 can be
used as accurate biomarkers of disease
severity, bacterial burden, and treatment
response in pulmonary TB [60]. This lead
Kumar et al. to hypothesize that TB-DM
would be coupled with heightened levels of
systemic angiogenic factors [4]. The TB-
DM group subjects had significantly higher
levels of blood glucose, glycated
hemoglobin, serum cholesterol, VLDL,
LDL, triglycerides, total bilirubin and
alkaline phosphatase. It was also observed
that the TB-DM group did in fact have
significantly higher systemic levels of
circulating angiogenic factors VEGF-A, C,
D, R1, R2, and R3 than the TB only control
group [4]. Kumar et al. then compared the
aforementioned  circulating  angiogenic
factors in the TB-DM subjects with having
cavitary or non-cavitary disease, unilateral
or bilateral disease, and those with or

without hemoptysis in order to determine the
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association of these angiogenic factor levels
with disease severity [4]. They found that
VEGF-A, C, R2, and R3 are significantly
higher in TB-DM subjects with cavitary
disease compared to those without it;
VEGF-A, C, D, R2, and R3 are higher in
those with bilateral disease compared to
those with unilateral; and VEGF-A, C, and
R2 are higher in those with hemoptysis
compared to those without it [4]. This
suggests that dysregulated angiogenesis may
be associated with an increased risk of
hemorrhage from pulmonary TB lesions,
and elevated systemic levels of these
circulating angiogenic factors are related to
disease severity as well as adverse clinical
presentation in TB-DM. Kumar et al. then
correlated the circulating levels of VEGF-A,
C, D, R1, R2, and R3 in TB-DM individuals
with smear grades (1+, 2+, and 3+) to
determine associations between the systemic
levels of circulating angiogenic factors and
quantity of bacterial burden in TB-DM [4].
They found that VEGF-A, C, and R2 have a
significant positive correlation with smear
grades in TB-DM

suggests a positive association between

individuals, which

these factors and total bacterial burden.
Additionally, the researchers also found that
the systemic levels of VEGF-A, C, D, R1,
R2, and R3 displayed a positive relationship
with the levels of HbAlc among TB-DM
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individuals; further suggesting another
connection between TB-DM and poor
glycemic control [4]. Therefore, TB-DM
comorbidity is associated with elevated
levels of circulating angiogenic factors
which may reflect dysregulated angiogenesis
as well as hyperbolic inflammation.

TB-DM

Impaired Immunity and

Increased Oxidative Stress

There is long-standing evidence that T2DM
can impede the host immune system, and
encumber a number of immune responses
T2DM individuals [21].
Interestingly, research has revealed that

among

some diabetics cannot even mount a
significant host immune response against M
foruitum, a less virulent relative of Mtb,
exhibiting reduced pro-inflammatory
cytokine secretion, and impaired phagocytic
abilities of alveolar and resident peritoneal
macrophages [49, 63-66]. Likewise, the pro-
inflammatory cytokines interleukin (IL)-6
and IL- 17 have been reported to be
significantly elevated in plasma samples
isolated from T2DM patients, which
correlates with the enhanced oxidative stress
also observed among T2DM individuals
[67]. It is postulated that T2DM reduces the
production of Thl producing cytokines IL-

12 and interferon (IFN)-y as well as hinder
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expression of inducible nitric oxide synthase
[68]. This reduction can have drastic
downstream effects because, IL-12 normally
functions in a Mycobacterium infection by
activating Natural Killer (NK) cells, as well
as differentiating and activating CD4+ T-
intracellular

cells to combat these

microorganisms [69]. Furthermore, the
malondialdehyde (MDA), the end-product
of lipid peroxidation which is used to
indirectly measure reactive oxygen species
(ROS)

publicized to be significantly elevated in the

production, levels have been

plasma and monocytes of T2DM patients
[67]. Zykova et al. demonstrated that the
release of tumor necrosis factor (TNF)-o
and IL-1-p from

stimulated macrophages is reduced among

lipopolysaccharide-

diabetic mice when compared to the control
mice [70]. Similar to IL-12, IL-1-B plays a
role in differentiating CD4+ T-cells but
instead into Th17 cells [71]. Th17 cells are
critical in clearing pathogens during the host
defense mechanism [72]. The level of
macrophage inflammatory protein-2, a
mediator of lung neutrophil recruitment, has
also been shown to be significantly
decreased in diabetic mice compared to the
control [73]. Additionally, it has been
reported that the neutrophils from the

diabetic patients also display a diminished
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capacity to phagocytose mycobacteria [74].
Neutrophils,  while  still  considered
controversial in a Mtb infection, are an
essential aspect of innate immunity because
they phagocytose and eradicate incoming
pathogens [75, 76].
immune responses are crucial in limiting the

spread of Mtb, therefore, TB-DM patients

These suppressed

are acutely disadvantaged when mounting
an effective host immune response.

Additionally, the immunological evasion
processes of Mth exacerbates these
mechanisms. For example, mycolic acid,
found in the cell wall of Mtb, can inhibit the
expression of IL-12, monocyte chemotactic
protein 1 (MCP-1), and TNF-a in a toll-like
receptor 2 (TLR-2) dependent manner in
macrophages [77]. Mtb is also known to
interfere with antigen presentation by major
histocompatibility complex (MHC) class Il
molecules, which is important for priming
CD4+ T-cells [78]. While there are many
mechanisms by which Mtb attempts to alter
the host immune system, most individuals
who are infected with Mtb never develop an
active disease due to an effective immune
system [79]. However, individuals who have
a suppressed immune system, such as HIV
and T2DM patients, as outlined here, tend to
be clinically affected significantly more than
population [80, 81]. As
discussed previously, T2DM interferes with

the general
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the CD4+ T-cell response; in contrary, HIV
reduces the number of CD4+ T-cells [82].
Hence, T2DM affects the quality of CD4+
T-cell response, while HIV affects the
quantity of CD4+ T-cells able to help fight
off infections.
diminished CD4+ T-cell response both HIVV
and T2DM induce a susceptibility to Mtb.

Nonetheless, due to

Metformin’s Prophylactic Capabilities

Given that the Mycobacterial NDH-I
complex is intrinsically comparable to the
mitochondrial complex-1 (MCI) of human
cells and that MCI can be inhibited by
metformin, it is thought that metformin also
inhibits the NDH-1 complex of Mtb in a
similar manner [83-85]. It has also been
presented that metformin treatment may
promote the expansion of specific IFN-y
secreting CD8+ T cells in the lungs of mice
[86]. Since this insight, studies have been
implemented to explore metformin as a
potential candidate for combination drug
therapy among patients with active TB. One
such trial by Marupuru et al. investigated the
effects of metformin in TB-DM patients and
diabetes patients [87]. The outcome of this
study suggests that the patients taking
metformin had an enhanced protective effect
against Mtb [87]. A similar study using Mtb
infected mice presented that the use of

http://journals.ke-i.org/index.php/mra
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metformin not only improved TB lung
pathology, but reduced chronic
inflammation and enhanced specific immune
responses as well as improved the efficacy
of conventional TB drugs [88]. Singhal et al.
revealed that metformin treated T2DM
patients with latent TB also expressed
increased numbers of Mtb specific T cells
[88]. They postulated this data suggests that
metformin enhances Mtb-specific host
immunity among TB-DM patients because
metformin allows for both protective
immunity and pathological immunity to be
independently modulated with beneficial
effects during Mtb infection [88].
Furthermore, their results revealed that
metformin not only reduces inflammation,
but promotes disease resolution, and
generally improves TB treatment outcome
[88]. Collectively, this data indicates that
metformin is a promising candidate for
improving the effectiveness of TB-DM

treatment.

Glutathione’s Prophylactic Capabilities

It has reported that glutathione (GSH) levels
are compromised among individuals with
T2DM due to a diminished quantity of GSH
synthesis as well as the reduced metabolism
of specific enzymes [67, 89]. This is thought

to be a leading cause for impairment of
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macrophages which control Mtb infection.
The polyol pathway, where glucose is
converted to fructose, is also implicated as
one of the probable causes for decreased
levels of GSH in individuals with T2DM.
This is because the enzyme aldose reductase
in the polyol pathway competes with
glutathione reductase (GSR) for NADPH,
it’s cofactor. GSH is composed of three
amino acids, glutamine, cysteine, and
glycine; and prevents cellular damage by
detoxifying reactive oxygen species (ROS)
[90]. GSH s present in two forms, the
reduced form of GSH (rGSH) and oxidized
form GSH (GSSG). rGSH possess the
antioxidant functionality while GSSG is a
byproduct of the oxidation of GSH. In the
presence of ROS, two molecules of rGSH
are converted to the oxidized form GSSG,
and water [90]. GSH can also be synthesized
by recycling GSSG back to GSH via GSR.

Lagman et. al investigated not only these
underlying  mechanisms  behind  the
macrophage impairment in patients with
T2DM, but whether their overall diminished
immunological ability to control Mtb
infection is due to reduced levels of GSH by
conducting a T2DM clinical trial. The team
reported that the levels of GSH in the RBC,
plasma, and monocyte samples exhibited

significantly lower total GSH as well as
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rGSH in individuals with T2DM compared
to the healthy individuals [67]. They also
observed significantly lower levels of GCLC
(catalytic unit of the rate limiting step-
enzyme involved in the synthesis of GSH) in
the RBCs isolated from individuals with
T2DM as well [67]. Additionally, the levels
of TGF-f in the plasma samples from
individuals with T2DM showed a substantial
elevation, which correlates to the decreased
expression of GCLC. This is significant
because previous studies have revealed that
TGF-B can down-regulate the expression of
GCLC, ultimately leading to decreased
levels of GSH [91, 92]. The group also
observed a 50% reduction in the expressions
of both GSS and GGT (a notable enzyme
that plays an important role in the GSH
metabolism) levels in the RBCs isolated
from individuals with T2DM, as well as
significantly higher levels of GSR in the
RBCs isolated from individuals with T2DM
[67]. Importantly, treatment with GSH
resulted in a significant decrease in the
intracellular in vitro viability of Mtb from
both the healthy and T2DM individuals.
However, while GSH had a positive impact
on the healthy individuals, it was shown to

be far more efficacious in controlling Mtb
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infection in individuals with T2DM due to
its restorative effects [67]. In conclusion,
these findings suggest that the increased
susceptibility to Mtb infection among
individuals with T2DM is at least in part due
to having inferior levels of GSH. Therefore,
if an individual with TB-DM were able to
increase their levels GSH this should

improve their prognosis.
Conclusion

It is well documented that patients with
diabetes are at a higher risk for developing
an active TB infection than non-diabetic
patients. Recently, the incidence of diabetes
IS rising among underdeveloped countries
where Mtb is also in high occurrence.
Analysis of the presented data suggests that
while we are closer to understanding the
reasons behind the increased TB-DM
comorbidity there is still much to be done in
the way of preventing and eradicating these
diseases. The relationship between TB and
diabetes, and the increasing incidence of
TB-DM around the globe thus requires
further research and proactive detection
methods to optimize the treatment of the two
diseases and the subsequent comorbidity

that ensues.
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