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Introduction
Diabetes mellitus type 2 (DM) is a major risk factor for developing active tuberculosis (TB) 
disease, yet the causal mechanisms driving this association remain largely elusive. As the 
incidence of DM is rising, especially in TB endemic countries, it is important to identify 
the relevant immunological and metabolic processes that underlie TB-DM comorbidity, 
because such insights will facilitate optimal treatment, diagnosis and prevention. In this 
thesis, we have started to unravel key factors underlying the association between TB 
and DM using two approaches. Firstly, we identified and analyzed human macrophage 
subsets and studied the interactions between these human cells and a major pathogen, 
Mycobacterium tuberculosis (Mtb), and the specific metabolic changes involved using well-
controlled in vitro systems. Next, we employed metabolomics to determine the impact of 
concurrent TB-DM on circulating metabolites in patient cohorts ex vivo. Here we discuss 
and synthesize these results (summarized in Figure 1) and discuss their implications for 
TB-DM biology, treatment, diagnosis and prevention.
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Figure 1: Schematic overview of thesis results by chapter.
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Human macrophages and macrophage subsets as a model for TB(-DM)
Macrophages are key players during the Mtb infection cycle as they are the preferential 
habitat of Mtb. For this reason, many TB researchers use primary macrophages as a model 
to study Mtb infection dynamics in vitro. An important hallmark of macrophages is their 
high functional plasticity, which also governs their capacity to eradicate intracellular 
pathogens such as Mtb. While originally classified as either pro-inflammatory Mφ1 or anti-
inflammatory Mφ2, there has recently been increasing appreciation of higher diversity 
within the macrophage activation spectrum (1, 2). As imbalances in tissue macrophage 
polarization have been demonstrated to exacerbate various diseases including TB (3), 
targeting macrophage differentiation holds merit as a potential therapeutic approach. 
The importance of macrophage function in the infectious process of Mtb is illustrated 
in Chapter 2, in which we characterized various Mφ2 subsets. We identified Mφ2b 
macrophages (induced by combined exposure to lipopolysaccharide (LPS) and IgG + 
ovalbumin immune complexes) as a polarized subset with potent antimicrobial activity 
against both Mtb and Salmonella Typhimurium, and unexpectedly, with a relatively 
poor capacity to induce Th1 and Treg responses compared to Mφ2a/c/d. The observed 
reduced bacterial load was not the result of diminished phagocytosis. Proteomics and 
transcriptomics analyses both showed that Mφ2b macrophages were characterized by 
a marked type I interferon signature, and they secreted relatively high levels of vascular 
endothelial growth factor (VEGF), an important mediator of granulomatous inflammation 
and angiogenesis in both mice (4) and zebrafish (5), in response to stimulation with a 
mixture of LPS, interferon-γ (IFN-γ) and Mtb lysate. Moreover, repolarization of Mφ2 
subsets towards Mφ2b successfully induced an anti-mycobacterial phenotype, indicating 
that Mφ2b polarization could potentially be targeted as host-directed treatment of 
infectious diseases.
	 As macrophage polarization is strongly intertwined with cellular metabolism, 
this also provides an interesting model for studying TB-DM interactions. First, we 
examined whether hyperglycemia, the major hallmark of DM, could directly modulate 
functional macrophage cytokine responses to, or macrophage infection by Mtb (Chapter 
3). Fasting blood glucose levels normally range between 4.4-6.6 mM in non-diabetics, but 
can reach levels as high as 25 mM during diabetic hyperglycemia. Many DM-associated 
complications can be attributed to hyperglycemia, including diabetic ketoacidosis and 
micro- and macrovascular disease (6). We found that in vitro differentiation of human 
macrophages under high glucose conditions (25 mM D-glucose) increased Mφ2 cytokine 
production (TNF-α, IL-6, IL-10, IL-1RA) in response to stimulation with LPS or Mtb lysate. 
Similar results have been obtained by other groups using both primary macrophages 
(7) and THP-1 cells (8). However, high glucose levels did not affect macrophage cytokine 
production or mycobacterial outgrowth after live Mtb infection. Furthermore, while 
several studies previously reported impaired macrophage phagocytosis as a result of 
hyperglycemia (9, 10), we did not observe significant differences in uptake of fluorescent 
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beads or mycobacteria when comparing macrophages cultured in hyperglycemic to 
euglycemic conditions.
	 Taken together, these results do not support a direct role for hyperglycemia 
during DM-associated TB. However, as is intrinsic to all in vitro research, our model of DM-
associated hyperglycemia is reductionist in nature, calling for careful interpretation of its 
results. Firstly, only the direct effect of high glucose levels on macrophages was assessed, 
while other cell types and cell-cell interactions involved in TB immunity were not taken into 
account. Hyperglycemia has previously been shown to hamper neutrophil mobilization 
(11) and antibacterial activity (12), reduce immunoglobulin production by B cells (13) 
and induce T cell hyperresponsiveness (14). Secondly, it can be questioned whether a 
relatively short term incubation under hyperglycemic conditions accurately mimics the 
metabolic complexities of chronic DM in vivo, which also elicit changes in epigenetics (15). 
It would be of interest to study whether the observed phenotypes from Chapter 3 can be 
recapitulated ex vivo using cells and/or serum from DM patients. For example, metabolic 
activation of macrophages by combined exposure to high glucose levels, insulin and 
palmitate resulted in a distinct pro-inflammatory phenotype which resembled adipose 
tissue macrophages isolated from obese humans and mice (16, 17). Finally, only the direct 
effects of hyperglycemia on macrophage function and Mtb infection were assessed. 
Potential indirect effects of high circulating glucose levels include the formation of 
advanced glycation end-products (AGEs), which can modulate macrophage inflammatory 
pathways (18, 19) and have been implicated in TB-associated hyperglycemia and disease 
severity (20). In conclusion, while our results clearly showed that hyperglycemia did not 
directly promote macrophage Mtb infection in vitro, other effects of hyperglycemia during 
TB-DM pathogenesis in vivo cannot be excluded.

Lipids in TB-DM: parallels between TB and atherosclerosis
As we did not find evidence for direct modulation of macrophage Mtb infection by elevated 
glucose levels, we next investigated other relevant metabolic characteristics of DM. Both 
T1DM and T2DM are often accompanied by dyslipidemia, characterized by aberrant 
circulating lipid levels. Diabetic dyslipidemia is accompanied by elevated triglycerides, 
increased low-density lipoprotein (LDL) levels (in case of T1DM), decreased high-density 
lipoprotein (HDL) levels and small dense LDL particles (21). Together, these changes in 
blood lipid profile put DM patients at increased risk of developing cardiovascular disorders 
(CVD) such as atherosclerosis, a disease which exhibits some striking pathophysiological 
similarities with TB. Likewise, TB is also associated with elevated risk of CVD and peripheral 
arterial disease, although the underlying mechanisms remain unclear (22, 23). A key event 
during both TB and atherosclerosis is the formation of lipid-loaded macrophages so-
called foam cells, which form an integral part of both TB granulomas and atherosclerotic 
plaques (24, 25). Mtb has been demonstrated to reprogram macrophage metabolism to 
accumulate intracellular lipid droplets (26-28), as Mtb requires host-derived lipids and 
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cholesterol as a source of carbon (29-32). Moreover, hypercholesterolemia has been 
shown to negatively impact the immune response to TB (33). Therefore, we hypothesized 
that DM-associated changes in lipid metabolism could be involved during TB-DM. 
	 Atherosclerotic plaque formation is initiated by extravasation of blood monocytes 
through the endothelium in response to local inflammatory signals, an event which is 
thought to be driven by oxidized low-density lipoprotein (oxLDL) particles deposited 
in the sub-endothelial space (34). OxLDL is a pathologically modified lipoprotein which 
is formed as result of oxidative stress, and circulating oxLDL levels are elevated in DM 
patients (35, 36). In the artery wall, oxLDL is taken up by macrophages through scavenger 
receptor-mediated phagocytosis, culminating in foam cell formation (37). Interestingly, 
oxLDL was found to accumulate in granulomas of Mtb-infected guinea pigs (38), and thus 
represented a potential connection between TB and DM. We found that treatment with 
increasing concentrations of oxLDL induced a dose-dependent lipid accumulation in 
human macrophages, which strongly supported intracellular Mtb survival after infection 
(Chapter 4). Mechanistically, oxLDL induced lysosomal cholesterol accumulation, which 
was accompanied by reduced colocalization of Mtb with functional lysosomes. Treatment 
with acetylated LDL (acLDL), a modified lipoprotein which is taken up by similar pathways 
but does not accumulate in lysosomes (39), did not result in increased Mtb outgrowth 
unless combined with a lysosomal cholesterol transport inhibitor, highlighting that the 
subcellular localization of cholesterol was pivotal for the effect of oxLDL. These results 
were in line with earlier observations that cholesterol accumulation, for instance in the 
lysosomal storage disorder Niemann-Pick Disease Type C (NPC), can inhibit phagosome 
maturation and autophagy in macrophages, both involved in controlling intracellular 
infections (40-43). A study by Fineran et al. showed that mycobacterial infection itself 
triggered a NPC-like phenotype in macrophages which supported mycobacterial 
intracellular persistence (44), indicating that modulation of this pathway could be part of 
the pathogen’s defense machinery. In agreement with these results, cholesterol depletion 
restored phagosome maturation in Mycobacterium avium infected macrophages (45).
	 While these results demonstrated that DM-associated lipids can promote Mtb 
infection in vitro, it was unknown whether lipid metabolism would be similarly altered in 
patients with concurrent TB-DM. In contrast to DM, TB is often accompanied by malnutrition 
and wasting syndrome (46). In Chapter 5, we analyzed plasma 1H-nuclear magnetic 
resonance (NMR) spectroscopy biomarker profiles of TB, DM and TB-DM TB patients from 
South-Africa to examine the respective correlations of these markers with patients’ lipid 
metabolism. As expected, DM patients presented with dyslipidemia, characterized by 
hypertriglyceridemia and decreased HDL-cholesterol, while TB patients showed clear 
signs of wasting disease in the form of low blood levels of amino acids. Interestingly, TB-
DM presented with hallmarks of both wasting and dyslipidemia, seemingly reflecting a 
metabolic ‘tug-of-war’ between TB and DM and resulting in relatively high interindividual 
variation. Another explanation for this heterogeneity could be variations in DM duration, 
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as the TB-DM group consisted of both newly diagnosed and chronic diabetics. Besides 
high levels of triglycerides and low levels of HDL-C, TB-DM patients showed disease 
interaction-specific increases in remnant-like lipoprotein particles and sphingomyelin 
levels, both of which are associated with increased atherogenesis (47-49). Finally, we were 
able to confirm that circulating oxLDL levels are elevated in DM patients from this cohort 
(Chapter 4). This is an important observation as DM patients are the specific population 
at increased risk for developing active TB, indicating a possible relationship between 
increased circulating lipid, in particular oxLDL levels and TB. Although this increase 
was not observed in the TB-DM patient group, oxLDL levels showed a strong positive 
correlation with plasma triglyceride levels in these patients, implying that oxLDL levels 
were associated with severity of dyslipidemia. 
	 Together, Chapter 4 and Chapter 5 support a role for atherogenic changes as 
risk factors during TB-DM development, both in vitro and in vivo. A major contributor 
to atherosclerosis is oxidative stress (50). Both TB and DM are associated with increased 
generation of free radicals and a reduction in anti-oxidative capacity (50-53), which can 
lead to formation of modified proteins and lipids such as oxLDL and AGEs. Moreover, DM 
and hyperglycemia increase expression of oxLDL scavenger receptors such as CD36 in 
macrophages (54-56), which has also been shown to promote Mtb growth by mediating 
uptake of surfactant lipids (57). Combined with the observed changes in circulating lipids, 
these changes could drive monocytes and macrophages towards foam cell formation 
during TB-DM, potentially contributing to granuloma caseation, a pathognomonic feature 
of TB (58). In support of this, histological analysis of TB patient lung biopsies showed that 
DM and dyslipidemia correlated with enlarged areas of caseous necrosis (59). Previous 
studies already established that Mtb can utilize host lipids for intracellular growth (57, 60). 
In Chapter 4, we demonstrated that lipid accumulation can also directly interfere with 
macrophage mycobacterial growth inhibition, depending on their intracellular localization. 
Accelerated foam cell biogenesis during TB-DM could therefore support both primary 
Mtb infection by interfering with mycobacterial growth inhibition and promoting (future) 
reactivation by providing a nutritionally rich niche for replication. These results support 
further investigation into the beneficial effects of lipid lowering drugs for treatment of 
TB-DM. Various studies have demonstrated the efficacy of statins for adjunctive therapy 
for TB (61-64), although some of these did not observe a protective effect of statin-usage 
against TB in patients with DM (65, 66). Another paper showed a reduced incidence of 
latent TB infection in DM patients receiving the cholesterol-lowering drug ezetimibe (67). 
Recently, antagonists of PCSK9 (68), a protein which regulates LDL-receptor expression, 
have shown promise for treatment of atherosclerosis, and it would therefore be of interest 
to investigate whether PCSK9 inhibitors could also benefit patients with TB-DM.
	 Despite the apparent similarities between atherosclerosis and TB, multiple 
questions remain to be answered. A recent study reported that triglycerides and not 
cholesteryl esters were the dominant storage lipids in granulomas of Mtb-infected 
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marmosets and rabbits, a process which was regulated by TNF-α signaling through 
activation of the caspase cascade and mammalian target of rapamycin complex 1 
(mTORC1) (69). These results suggest that TB-associated foam cell biogenesis may be 
reliant on activation of specific intracellular signaling pathways and not on uptake of 
cholesterol-rich lipoproteins, as is the case during atherosclerosis. In addition, another 
recent paper found protective role for lipid droplet formation during Mtb control by 
supporting eicosanoid production in murine macrophages (70). However, neither paper 
assessed the impact of DM on lipid metabolism and foam cell formation during TB. It 
would be of interest to study granuloma lipid composition in an in vivo DM model and/
or TB-DM patients. Simultaneously, the presence of oxidized lipid species in granuloma 
macrophages could be determined to substantiate potential involvement of oxLDL. 
Furthermore, while our results provide evidence for defective phagolysosomal killing in 
oxLDL-treated macrophages, the participating molecular players remain to be identified. 
Lysosomal lipid storage disorders can interfere with phagolysosomal function through 
dysregulated Ca2+-signaling (43, 71) and autophagy (41, 42), however, pharmacological 
modulation of these pathways could not rescue the oxLDL-induced phenotype (Chapter 
4). Finally, due to the cross-sectional design of the study described in Chapter 5, the 
observed atherogenic changes cannot be causally linked to TB-DM pathophysiology as of 
yet. Some studies have reported a DM-independent protective effect of obesity on active 
TB development (72-74), further illustrating the complexity of the TB-DM conundrum. 
Longitudinal studies which assess and manipulate TB-DM patient lipid profiles in large 
prospective cohorts will be necessary to conclusively validate a possible link between 
atherogenic changes and TB-DM development. 

Metabolomics of TB-DM: what have we learned?
The first usage of a primitive form of metabolomics can be traced back thousands of years 
to ancient physicians from China, Babylon and Egypt, who evaluated characteristics of 
urine to diagnose and predict onset of disease, including detection of diabetes by its 
sweet smell and taste (75). Since its first modern application in 1971 by Pauling et al. (76), 
metabolomics has developed into a powerful tool to study pathophysiological processes 
of human disease. Over the past decade researchers have successfully employed 
metabolomics to identify biomarkers for various human diseases, including Alzheimer’s 
(77), cancer (78), and diabetes (79). In concert with the rise of immunometabolism as 
a field of research, metabolomics has also attracted growing attention as a method to 
study the impact of infectious diseases on host metabolism (80), for instance leading 
to the development of diagnostic signatures for sepsis (81). A recent study by Weiner 
et al. highlighted the potential of metabolomics for TB research (82), as they reported a 
prognostic metabolite signature for active TB with 69% sensitivity at 75% specificity within 
5 months prior to TB diagnosis. Importantly, some of the observed metabolic changes 
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were already present 12 months before active disease was diagnosed, and can therefore 
potentially be used for timely identification of TB progressors (83).
	 We used targeted metabolomics to analyze the overall effects of TB-DM on 
plasma metabolic profiles in two different patient cohorts, respectively from South-
Africa (Chapter 5) and Indonesia (Chapter 6), while employing different measurement 
platforms. In both studies, TB and TB-DM patients had signs of wasting as represented 
by strongly decreased levels of many amino acids. Specifically, low levels of circulating 
histidine showed very high predictive power for TB and TB-DM in both studies, which is 
in agreement with previous plasma metabolic profiling of TB patients (84). Weiner et al. 
showed that histidine levels started to deviate from 9 months prior to manifestation of 
clinical TB (82), substantiating its promise for early detection of TB. In contrast to histidine, 
plasma phenylalanine concentrations were increased in both TB patient cohorts. The ratio 
of phenylalanine over histidine (Phe / His) was a more potent signature for TB classification, 
as expected. In line with this, both amino acids were part of the 10 metabolite prognostic 
signature described by Weiner et al. (82). Other early changes in amino acid levels 
reported in this paper included low concentrations of citrulline and tryptophan with 
increasing kynurenine levels over time proximal to disease onset, all of which were in 
agreement with our own results from Chapter 6. Previous studies demonstrated similarly 
low levels of tryptophan and/or elevated concentrations of kynurenine in serum (84-86) 
or pleural fluid (87) from TB patients. This increased ratio of kynurenine over tryptophan 
(Kyn / Trp) is indicative of a higher activity of the immunoregulatory enzyme indoleamine 
2,3-dioxygenase (IDO) which catalyzes the rate-limiting step of tryptophan catabolism 
and has been implicated in attenuated control of Mtb infection (73). Citrulline is an urea 
cycle intermediate which can be used to synthesize arginine, a process which has been 
demonstrated to contribute to the anti-mycobacterial response in macrophages (88, 
89) and T-cells (90). Importantly, antibiotic treatment resulted in normalization to levels 
observed in healthy controls for the majority of the TB-associated amines investigated. In 
conclusion, we find that both TB and TB-DM are associated with major changes in amino 
acid levels; these results are validated by other metabolomics studies using different 
technical platforms as well cohorts from different geographical regions, thus enhancing 
the plausibility of our results. 
	 Importantly, the results from Chapter 5 and Chapter 6 are suggestive of alterations 
in liver function during TB-DM. Our measurements reported in Chapter 5 showed that TB-
DM resulted in disease interaction-specific increases in remnant-like lipoprotein particles, 
sphingomyelins and LDL-triglyceride content, suggesting that concurrent TB-DM affects 
the function of hepatic enzymes involved in lipoprotein and lipid biosynthesis. Successive 
lipolysis by lipoprotein lipase (LPL) and hepatic triglyceride (HTGL) mediates conversion of 
triglyceride-rich chylomicrons and very low-density lipoprotein particles to intermediate 
density lipoprotein and LDL particles (91). The observed changes in lipoprotein size and 
content could therefore reflect a disruption of the relative activities of LPL and HTGL. 
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Sphingomyelin synthesis is mediated by serine palmitoyltransferase (SPT). Hepatic SPT 
activity was found to be elevated by inflammatory signaling, leading to alterations in 
lipoprotein composition (92). In line with these results, in Chapter 6 we reported lower 
levels of glycine, serine, threonine and homoserine in TB-DM compared to TB patients. Low 
levels of these amino acids are associated with non-alcoholic fatty liver disease (NAFLD) 
development, potentially through their role in glutathione (GSH) synthesis (93, 94), 
although we did not observe significant alterations in GSH concentrations during TB-DM. 
Additionally, plasma concentrations of free choline were extremely low in TB-DM patients, 
and choline deficiency has been similarly connected to NAFLD (95, 96). Finally, we find 
that anti-TB therapy resulted in increased levels of metabolic markers of drug-induced 
liver injury, and it was previously demonstrated that streptozotocin-induced diabetes 
exacerbated liver injury and steatosis resulting from anti-tubercular treatment in rats (97). 
While NAFLD development as a common comorbidity of DM is widely recognized, much 
less is known about the occurrence of non-alcoholic hepatic steatosis during TB. Autopsy 
studies spanning multiple decades have demonstrated that TB is often associated with 
fatty liver infiltration (98-100), however, it is unclear whether this is directly related to 
disease or to comorbidities such as alcohol abuse or malnutrition. In conclusion, observed 
changes in plasma metabolic profiles from Chapter 5 and Chapter 6 could be related to 
increased liver dysfunction and/or damage as a result of concurrent TB-DM, calling for 
increased liver function monitoring in patients, especially during antibiotic treatment. 
	 A major question which remains to be answered is whether the metabolic 
changes reported in Chapter 5 and Chapter 6 are truly specific for TB or TB-DM, or simply 
a reflection of ongoing oxidative stress and/or inflammation. For example, low levels of 
histidine, one of the strongest individual biomarkers for TB, have also been reported in 
patients with rheumatoid arthritis (101), sepsis (102) and obesity (103). It would therefore 
be of great interest to directly compare the metabolic effects of TB to other respiratory 
diseases in patients with or without concurrent DM, such as sarcoidosis or lung cancer, as 
this could both establish their association with disease and provide additional information 
on the involved pathological mechanisms. Additionally, future metabolomics studies on 
TB-DM will need to advance from cross-sectional to prospective patient cohorts akin 
to Weiner et al. (82) to substantiate a possible causal role of specific metabolites for TB-
DM development, preferentially including a treatment arm to investigate the effect of 
modulating the circulating levels of a metabolite of choice such as statins. Finally, to 
effectively utilize potential diagnostic or predictive metabolic biomarker signatures for 
TB or TB-DM in clinical or field settings, current methodologies for quantification of these 
metabolites will have to be translated to user-friendly tests. An example of this could be the 
development of paper-based metabolic assays using metabolite-specific bioluminescent 
sensor proteins, a technique which has been successfully demonstrated for analysis of 
phenylalanine concentrations in finger-prick samples of phenylketonuria patients (104). 
	 Finally, we performed cellular metabolomics using Mtb-infected macrophages  
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to increase our insights into the fundamental effects of Mtb infection on macrophage 
metabolism (Chapter 7). 1H-NMR revealed that macrophage Mtb infection induced 
elevated levels in nicotinamide-adenine-dinucleotide (NAD+), creatine and creatine 
phosphate, glutamine catabolism and glycolysis. These results were corroborated 
by analysis of in-house and previously published (105) RNA-sequencing datasets of 
Mtb-infected macrophages revealed alterations in gene expression of key enzymes 
regulating these metabolic pathways. The role of NAD+ metabolism during macrophage 
Mtb infection is of particular interest, as multiple recent papers have demonstrated the 
importance of maintaining adequate NAD+ pools for macrophage activation (106-108). 
NAD+-boosting therapy has shown potential for treatment of various conditions (108), 
and these results prompt further investigation into the importance of NAD+ metabolism 
during macrophage Mtb infection. Another recent paper revealed that SLC6A8-
mediated creatine uptake supported anti-inflammatory interleukin-4 (IL-4) polarization 
in macrophages, while simultaneously suppressing pro-inflammatory IFN-γ-mediated 
macrophage activation (109). As the results from Chapter 2 illustrate the importance of 
polarization state for macrophage anti-mycobacterial functions, it would be of interest to 
study whether increased intracellular creatine levels differentially influence the capacity 
of macrophage subsets to control Mtb infection.

Concluding comments
In this thesis we present evidence derived from in vitro experiments and from ex vivo 
observational data which collectively suggest a pathogenic role of atherogenic lipid 
species during TB development. Mechanistically, increased intracellular levels of lipids 
and cholesterol could support Mtb survival by interfering with macrophage antimicrobial 
functions, while also providing increased access to nutrients and carbons sources during 
chronic disease. Although the results from our observational data by definition can only 
highlight correlations between dyslipidemia and TB-DM and not demonstrate causality, 
several interventional studies have demonstrated that lipid-lowering drugs such as statins 
have potential as adjunctive TB therapy (61-64). Besides their effect on blood cholesterol 
levels, statins have also been shown to modulate bacterial intracellular growth and 
virulence in vitro, making them an interesting candidate for drug repurposing (63, 110, 
111). Future prospective studies should elucidate whether pharmacological normalization 
of blood lipid levels can reduce the risk of DM patients to develop active TB, or lead to 
improved TB and TB-DM treatment outcomes when given in conjunction with standard 
antibiotic regimens. To further dissect and determine the contribution of individual 
metabolic changes on DM-associated Mtb infection, future studies will be needed, 
including animal models of TB-DM, prospective interventional human cohort studies, 
as well as novel holistic and mechanistic models such as organs-on-chips, to determine 
mechanisms of action. These studies are important given the rapidly increasing TB-DM co-
epidemic, which will have great impact on future global health if not controlled in time.
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