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Abstract
Background

The prevalence of tuberculosis (TB) and type 2 diabetes mellitus (T2DM) comorbidity (TB-T2DM) is on the rise globally and negatively impacts disease
progression and treatment outcomes for both diseases. T2DM additionally increases the risk of developing active TB and can double the risk of death from
TB, and vice versa. A major contributing factor to the growing global prevalence of TB-T2DM is the dearth of knowledge regarding the metabolic interaction
of these two diseases and the combined impact on host metabolism.

Methods

This study aimed to broadly characterise the urinary metabolic profiles of TB-T2DM comorbid patients in a South African cohort using untargeted proton
nuclear magnetic resonance spectroscopy ("H-NMR) metabolomics, by comparing 30 healthy controls and 14 patients with both TB and T2DM.

Results

Principal component analysis showed the control and comorbid groups as distinct clusters, and 23 urinary metabolites were identified as significantly
increased in TB-T2DM versus healthy controls using univariate statistical analyses. The metabolite markers identified indicate inhibited glycolysis (glucose,
mannose, sucrose) and tricarboxylic acid (TCA) cycle functionality (citrate, a-ketoglutarate, succinate and fumarate), accompanied by an elevated
gluconeogenesis (glucose, pyruvate, lactate, alanine), muscle wasting/amino acid catabolism (leucine, valine, isoleucine, and tyrosine), kidney damage
(creatinine, methylguanidine), alterations in gut microbial/one-carbon metabolism (choline, trimethylamine, trimethylamine-N-oxide, dimethylamine and
methylamine), ketogenesis (B-hydroxybutyrate), and potentially altered carnitine reabsorption (carnitine). This study further suggests the previously proposed
imbalance in the NAD*/NADH ratio, which is an important outcome that warrants further investigation.

Conclusion

Overall, this study indicates that the TB-T2DM metabolic changes result from a compounded metabolic effect of both diseases, although some metabolite
alterations are more closely associated with those previously seen in T2DM. This study subsequently expands the current understanding of the TB-T2DM
comorbid metabolic milieu and identifies new avenues for future research, for a better understanding of the individual effects of each disease and their
combined impact in patients with TB-T2DM comorbidity.

Background

Tuberculosis (TB) and type 2 diabetes mellitus (T2DM) place a significant burden on healthcare resources globally. In 2023, an estimated 10.3 million new TB
cases were reported worldwide (1). As of 2024, the global prevalence of diabetes was estimated at 589 million people, and this number is projected to
increase to 853 million by 2050 (2). The convergence of these two diseases, particularly in low-and-middle income countries that have high TB and diabetes
burdens, increases the prevalence of the tuberculosis-type 2 diabetes mellitus comorbidity (TB-T2DM). In 2021, the global prevalence of TB in previously
diagnosed T2DM patients was reported to be 13.73% (3), with an average 4.1% occurrence of diabetes in patients previously diagnosed with TB (4), and
highly variable regional statistics highlighting the roles of lifestyle, genetics, age, sex, etc. (5).

TB is primarily a pulmonary infectious disease spread by inhaled aerosol droplets containing the bacterium Mycobacterium tuberculosis (Mtb) (6). In most
individuals, the infection is contained by the host’s immune system, a condition termed latent or subclinical TB (7), but factors such as alcohol abuse,
smoking, diabetes mellitus and malnutrition significantly contribute to the development of active TB (8). T2DM is a risk factor for TB. Patients with T2DM are
more likely to become infected with Mtb (9), develop active TB when they become infected, and to fail TB treatment or die (10—12). Patients with T2DM also
have an increased risk of developing drug-resistant TB (13). Diabetes mellitus, of which 90-95% constitutes T2DM (2), is marked by hyperglycaemia with a
progressive loss of insulin sensitivity, chronic inflammation, pancreatic B-cell damage, and eventually a diminished insulin-producing capacity (14, 15). Anti-
TB and anti-T2DM drugs have furthermore been shown to have detrimental interactions, lowering treatment success (16, 17). To better understand this
complex disease interaction, urinary, plasma, serum, or sputum metabolomics can be used to infer the pathophysiological mechanisms underlying the
interaction between these two diseases (18).

The human metabolic profiles of TB (19-23) and T2DM (24-26) have been extensively characterised, indicating that both diseases independently cause
significant changes to glycolysis, gluconeogenic flux, proteolysis, amino acid catabolism, the TCA cycle, gut microbial metabolic pathways, and the urea
cycle. However, to date, most metabolomics studies in the context of T2DM or TB have used serum or plasma (21, 25, 27-32), with a few using urine (22, 26,
33-36). Considering the TB-T2DM comorbidity, very few metabolomics studies have been conducted to date (37, 48, 49). These studies used patient plasma
and identified metabolic profiles resembling those previously reported in TB and/or T2DM. TB-T2DM metabolic profiles were indicative of significant muscle
and amino acid wasting (increased branched-chain amino acids (BCAAs), tyrosine and phenylalanine, and decreased threonine, alanine, histidine and
glutamine), dysglycaemia (increased glucose with decreased serine, glycine, homoserine and alanine), urea cycle alterations (decreased ornithine and
citrulline), and gut microbial dysbiosis (reduced choline) (37, 38). A GCxGC — TOFMS metabolomics study by Reinecke et al. (39), using the same patient
cohort as our study, found alterations in the tryptophan pathway, NAD* synthesis, nucleotide salvage pathways, glycine conjugation, BCAA and fatty acid
catabolism, tyrosine utilisation, and the gut microbiome in the TB-T2DM patients relative to healthy controls (HC). However, given gas chromatography’s bias
toward non-polar metabolites (40) and its limited applicability for confidently detecting carbohydrates, an unbiased analytical platform such as "H-NMR (41),
as applied in this investigation, would provide additional information regarding the metabolic perturbations in TB-T2DM patients.
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Blood provides a broad view of the metabolic state at a particular point in time (42), while urine is less susceptible to rapid metabolic changes (43), contains
markers indicative of various physiological abnormalities, such as an altered kidney function (44), and can, in some cases, be used for earlier disease
detection than blood assays (45). Urine has also been shown to be suitable for diabetes risk assessment, diagnostic biomarker detection, and disease
progression studies (46, 47). Non-invasive sample collection, large sample volume and sterility make urine an ideal biofluid for high-throughput exploratory
metabolomics to improve disease characterisation, diagnostics, disease monitoring, and treatment strategies. To this end, this study aimed to
comprehensively characterise the urinary metabolic alterations in TB-T2DM patients in a South African population using untargeted "H-NMR metabolomics
to identify potential mechanisms underlying interactions between TB and T2DM.

Materials and methods

Participants and sample collection

Voluntarily participating study participants were recruited from hospitals and community clinics situated in the Western Cape, South Africa, as part of the
TANDEM study (48). The study cohort (n = 125) consisted of HCs with and without latent TB (n = 97) and TB-T2DM patients (n = 28). After considering further
inclusion and exclusion criteria, a final cohort (n = 44) consisting of HCs (n = 15), HCs with latent TB (HCLTB; n = 15) and TB-T2DM patients (n = 14) was
included in the analyses.

Individuals were excluded from the study if they were participating in a drug/vaccine trial, had other medical conditions such chronic bronchitis, asthma or
emphysema requiring steroid therapy, cancer or a human immunodeficiency virus infection (current or within 3 months prior to enrolment), receiving steroid
therapy within 6 months of enrolment, alcohol abuse (> 3 alcoholic beverages/day), participating in illicit drug use, were pregnant, lacking a physical address
and/or not aged 1870 years. The TB-T2DM group included only newly diagnosed TB cases confirmed by two independent positive sputum smears, positive
Mycobacterium Growth Indicator Tube (MGIT) cultures, and/or positive polymerase chain reactions for bacterial DNA of the Mtb complex. Additionally,
previously diagnosed (on T2DM treatment) or newly diagnosed T2DM with an HbA1c = 6.5% (49) not induced by steroid therapy or pregnancy, also served as
inclusion criteria for the TB-T2DM group. Individuals were excluded from the HC/HCLTB group if any of the following were present: an acute respiratory tract
infection within four weeks prior to enrolment, prior/active T2DM or chronic hyperglycaemia, an active TB infection or any other systemic illnesses.
Additionally, latent TB was confirmed by a positive QuantiFERON-Gold In-Tube assay (Qiagen, cat #622536), interpreted according to the manufacturer’s
specific cutoff values. Principal component analysis (PCA) and t-tests were performed on the HC group to determine whether latent TB influenced metabolic
profiles. As no statistical differentiation was observed between participants with and without latent TB (Fig. S1 in Additional file 1), these subgroups were
combined into a single HC group (n = 30) to increase statistical power. The current study (Ethics number: NWU-00096-23-A1-02) falls under a larger study at
the North-West University with the title: “The characterization of tuberculosis-diabetes mellitus co-morbidity in a South African cohort using metabolomics”,
for which ethics approval had been obtained (Ethics number: NWU-00096-23-A1). The clinical characteristics of the cohort are summarised in Table 1. The
small TB-T2DM cohort size precluded stratification by T2DM duration, treatment type, or treatment duration.

Table 1: Clinical characteristics of the cohort consisting of healthy controls, healthy controls with latent TB, and TB-T2DM comorbid patients.
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Clinical characteristic Healthy controls  Healthy controls with latent TB (n=15) TB-T2DM (n=14)
(n=15)

Sex (male/female) 5/10 7/8 717

Age in years (average * standard deviation)  32.6 +10.45 454+584 49.4+6.37

HbA1c (%) (average + standard deviation) 5.34+0.43 5.33+0.41 9.97+2.1

T2DM (new/previously diagnosed) 4/10

Duration of T2DM (%)

<1 year 20

1-5years 30

6-15 years 50

T2DM treatment (%)

Insulin only 7.14

Metformin only 28.57

Metformin and other medications* 35.71

No medication 28.57

Duration of T2DM treatment (%) **

<1 year 20

15 years 30

6-15years 50

HbA1c = percentage glycated haemoglobin

TB-T2DM = tuberculosis-type 2 diabetes mellitus

T2DM = type 2 diabetes mellitus

* = Includes one/more of the following: insulin, anti-hypertensive, statins, or other anti-DM medications.

** = Includes metformin and/or insulin and/or other T2DM medication as summarised in T2DM treatment.

Urine sample storage and transport

Study participants were asked to provide a urine sample in standard urine pots provided by the study nurses or clinicians, which were aliquoted and frozen at
-80°C before being transported to the North-West University, where they were stored until "H-NMR analysis.

Reagents and chemicals

The reagents used for the NMR urine buffer preparation included: 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP) (CAS number: 24493-21-8),
sodium azide (NaN3) (CAS number: 26628-22-8), potassium dihydrogen phosphate (KH,PO,) (CAS number: 7778-77-0), potassium hydroxide (KOH) (CAS
number: 1310-58-3), and deuterium oxide (D,0) (CAS number: 7789-20-0). All reagents were purchased from Sigma Aldrich.

Urine buffer preparation

The NMR urine buffer was used to, amongst other things, maintain a constant pH of 7.4. The buffer contained an internal standard (TSP) to correct for
analytical error, align the spectra, and quantify metabolites. The buffer was prepared as previously described (50). Briefly, 100 mg of TSP and 13 mg of the
antimicrobial agent NaN; were dissolved in 10 mL of D,0 to give a final TSP concentration of 5.805 mM. Next, 20.4 g of KH,PO, was dissolved in 80 mL of
D,0. Lastly, the two solutions were combined, the pH was adjusted to 7.4 with KOH pellets, and D,0 was added to a final volume of 100 mL.

Urine sample preparation

Firstly, a pooled quality control (QC) was prepared by aliquoting 80 pL from each sample into a single pooled QC, which was then split into two batches. The
QCs were used to identify non-biological variation introduced by the environment, the analyst, or the analytical instrument, and to assess any batch effects
(51). Samples were randomised into two batches, with a QC sample being analysed at the beginning, middle, and end of each batch. Urine sample
preparation and "H-NMR analysis followed the same steps as described by Davoren and Mason (50). Briefly, 1000 pL of urine was centrifuged at 12,000 x g
for 5 min in a micro-centrifuge tube to remove proteins or macromolecules that would lead to a poor baseline. Next, 540 uL of the supernatant was added to
60 pL of urine buffer (10% buffer: 90% sample) in a microcentrifuge tube and vortexed for 10 s. After a final centrifugation step at 12,000 x g for 5 min to
remove precipitants, 540 pL of the supernatant was transferred to a 5 mm glass NMR tube and capped.
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T H-NMR analysis

The "H-NMR analysis was carried out as described in detail (50). Briefly, randomised samples were loaded onto the SampleXpress autosampler and analysed
on a Bruker Avance Ill HD 500 MHz NMR spectrometer with a 5 mm TXl inverse probe. The first sample was used to lock onto D,0 in the sample to correct
for any magnetic drift that may occur during the analysis (52). The probe was also tuned to 500.133 MHz, and shimming was performed using the TSP signal
to align the magnetic field (53). The signal from water was suppressed by applying a Nuclear Overhauser Effect Spectroscopy pre-saturation (NOESY-presat)
pulse program. Each scan consisted of an 8 ps excitation pulse at 90, followed by a 4 s relaxation delay. A total of 128 scans were done per sample. The
probe temperature was kept constant at 300 K.

Spectral processing and statistical analysis

After sample analysis, Bruker Topspin (version 3.5) was used for Fourier transformation, TSP peak calibration to 0.00 ppm, and adjustment of the phase and
baseline of the TH-NMR spectra. The spectral resolution was assessed by measuring the width of the TSP peak at half its height (< 1 Hz indicated good
resolution) and assessing the two satellite peaks of TSP (50). Bruker AMIX (version 3.9.14) was used to visualise and divide the spectrum into 500 spectral
bins of 0.02 ppm width to reduce data complexity, mitigate peak shifting between samples, and enable peak integration (54). Microsoft Excel (2019) was
used for data cleanup and pre-processing. First, the H,0 peak at 4.69-4.89 ppm was removed. Next, the limit of detection (LOD) was calculated as the
average of the blank spectral region plus 3.3 times its standard deviation. Noise removal was performed by replacing any spectral bin with an area below the
LOD with a zero value and by using a 50% zero filter. Three bins with a coefficient of variation of > 30% across all six QCs were removed as experimental
artefacts. Traditionally, creatinine normalisation is used for urine samples to correct for the variation in hydration status in a cohort (50), but creatinine is
highly dependent on age and sex, and can be influenced by kidney damage (55). Osmolality normalisation has been shown to be more suitable for correcting
hydration status than creatinine (56). Osmolality, determined by an OsmolPro instrument, was used to normalise each sample using the formula adapted
from Chetwynd et al. (57) by dividing each bin by the osmolality of that sample.

Two rounds of univariate and multivariate statistical analyses were carried out using MetaboAnalyst (version 6.0) and Microsoft Excel (2019) to identify
significant bins/metabolites. Bins that showed significant variation between HCs and TB-T2DM were identified in round 1 and used to identify and quantify
metabolites relative to TSP (described below). Secondly, these metabolites then underwent a second round of statistical analysis to compile the final list of
significant metabolites (round 2). Pre-processed bin/metabolite data were used to calculate non-parametric Wilcoxon-rank t-tests, combined with the
Benjamini-Hochberg correction for multiple testing and false discovery rate (58), along with Hedge's G effect size (59) and the Log2(fold change) (Log2(FC)).
Next, square root transformation and Pareto scaling were applied to ensure a Gaussian distribution for multivariate analysis. An unsupervised PCA was used
to visualise clustering or separation between the two groups. Supervised partial least squares-discriminant analysis (PLS-DA) was used to identify features
that contributed significantly to the observed variation between the two groups, as indicated by their variable of importance in projection (VIP) values.
Selection criteria were adapted from Bester et al. (58). Given that this study used an untargeted metabolomics approach to inform future studies using more
targeted and sensitive techniques, less stringent feature-selection criteria were applied. Bins/metabolites were selected when conforming to any one of the
following: adjusted p-value < 0.05, Log2(FC) =< -0.6 or = 0.58, Hedge's G = 0.6 (medium effect size), and a VIP value = 1.0

Metabolite identification and quantification

Using bins determined as significant, Bruker AMIX (V3.9.14) and CHENOMX NMR suite (V8.2) were used to identify metabolites by using pure compound
spectral libraries. Metabolite quantification was adapted from Davoren and Mason (50). First, metabolites were normalised to TSP for the purpose of
quantification and to correct for experimental error using the following equation:

N
Irsp H;pCrsp

. +
Tinetabolite HmﬁtabolitECﬂlgtabolitg

I 1sp, H' 1sp, and Cygp represent the TSP integral, number of protons corresponding to this peak, and TSP concentration, respectively. The same is true for the

selected metabolite: I etapoiter H metaboliter AN Cretabolite- T Metabolite concentrations were then divided by the sample's osmolality (mOsmol/kg H,0) to
correct for urine dilution variation. This value was then multiplied by 1000 to give the final metabolite concentration (uM/mOsmol/kg H,0).
Results

Quality control and batch effect

To determine if a possible batch effect existed, the spectral data from all experimental and QC samples were analysed using a PCA plot. The absence of a
batch effect is evident in the tight clustering of the six pooled QC samples on the PCA in Fig. 1. The average coefficient of variance value across all bins for
all six QC samples was 2.3 %, which is considered very good for an "H-NMR analysis (50).

Statistical analysis

Two TB-T2DM patients with very high glucose signals that distorted their spectra and that would skew results were excluded from the 14 TB-T2DM patients.
The PCA plot (PERMANOVA p-value = 0.001 with 999 permutations) of the HC and TB-T2DM cohorts (Fig. 2) showed partial separation, despite substantial
intragroup heterogeneity in TB-T2DM cohort clinical characteristics (Table 1). The intragroup homogeneity of the HC group, which also contained the HCLTB
group, is evident in the tight clustering of samples within this group (Fig. 2).
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In total, 318 bins were selected as conforming to any one of the three univariate criteria as previously mentioned. These bins were then used to identify and
quantify 28 metabolites. These values were used for the second round of statistical analyses. Of these, 23 metabolites (Fig. S2 in Additional file 1) were

identified as significant. The PLS-DA model was constructed from the quantified metabolite data, which passed validation with Q% = 0.65, RZ = 0.76, and a
permutation p-value < 0.05, using 2000 permutations (Fig. 3), although only two metabolites had significant VIP values. The final list of significant
metabolites, as well as their corresponding p-values, log2(FC), and Hedge's G effect sizes, etc., is summarised in Table 2, and the main metabolic pathways
affected are illustrated in Fig. 4.

Table 2: Summary of the urinary metabolites that differ significantly between the healthy control and TB-T2DM groups.

Metabolite
D-Glucose*
D-Mannose
Sucrose
Lactate
Pyruvate
L-Alanine
L-Isoleucine
L-Leucine
L-Valine

L-Tyrosine

B_
Hydroxybutyrate

Citrate
a-Ketoglutarate
Fumarate
Succinate
Dimethylamine
Methylamine
Trimethylamine

Trimethylamine-
N-oxide*

Choline
L-Carnitine
Creatinine

Methylguanidine

Human Metabolome Database ID

HMDBO0003345

HMDBO0000169

HMDBO0000168

HMDB0000190

HMDBO0000166

HMDBO0000161

HMDBO0000172

HMDBO0013773

HMDBO0000172

HMDBO0000171

HMDB0000428

HMDBO0000094

HMDB0000208

HMDBO0000134

HMDB0000167

HMDBO0000087

HMDBO0000164

HMDBO0000169

HMDBO0000170

HMDBO0000097

HMDB0000062

HMDB0000562

HMDBO0000165

Effect size (Hedge's G)
1.764
1.619
1.068
0.753
0.666
0.906
0.982
0.994
1.089
0.769

0.637

0.728
0.852
1.04

1.177
0.739
0.864
0.911

1.697

1.366
1.081
0.609

0.847

Adjusted p-value

6.72x10°
9.91x10°
6.94x10°%
3.86 x 102
6.13x107?
1.66 x 102
1.05x 102
1.05x 102
6.94x10%
3.64x 107

7.07x 102

417 x 107
2.14x107?
7.83x10%
4.20x 107
4.06x 107
2.14x107?
1.66 x 102

6.72x107%

8.90x 10
6.94x 1073
8.15x 1072

2.14x1072

log2(FC) (TB-T2DM/HC)
6.737
2.684
0.911
0.689
0.976
0.624
0.984
1.124
0.97
0.572

0.604

0.65

0.809
1.828
0.995
0.454
0.65

0.673

6.539

0.998
1.158
0.467

0.72

TB-T2DM average (star
101.904 (102.873)
1.093 (1.004)
1.444 (0.531)

1.87 (1.444)

2.198 (2.761)

1.48 (0.845)

0.089 (0.076)
0.467 (0.437)
0.441 (0.334)
0.512 (0.294)

0.452 (0.248)

5.706 (4.726)
0.99 (0.788)
0.08 (0.098)
0.501 (0.346)
0.807 (0.401)
0.324(0.2)
0.158 (0.094)

85.401 (89.45)

0.429 (0.241)
0.653 (0.508)
23.685 (14.944)

0.376 (0.266)

Discussion

Glycolysis and gluconeogenesis

Significantly increased concentrations of glucose and mannose were evident in the TB-T2DM patients (Table 2 and Fig. 4). Both hexose sugars enter the cell
via insulin-dependent (61, 62) and, to a lesser extent, insulin-independent glucose transporters (63, 64). This is well in accordance with previous findings in
TB (32) and extensive systematic reviews on T2DM metabolomics (65, 66). Hyperglycaemia is well defined (67, 68), induced by insulin resistance (IR),
followed by pancreatic B-cell destruction and hypoinsulinaemia in advanced T2DM patients. Elevated systemic mannose has also been associated with IR,
impaired glucose tolerance, and is considered a risk for developing T2DM (69-71). In TB patients, an increased production of the catecholamines
epinephrine and norepinephrine (which regulate immune activation) (19, 72) compromises insulin signalling and release (73, 74), thereby attenuating glucose
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and mannose uptake (75). Additionally, elevated epinephrine increases hepatic glucose output by upregulating gluconeogenesis and glycogenolysis and
downregulating the synthesis of muscle glycogen (76, 77). Considering that the comorbid patients in this study have a long history of T2DM, with 50% having
had T2DM for 6-15 years prior to developing TB (Table 1), hypoinsulinaemia is likely, although this was not directly measured. Moreover, only 2 of the 14 TB-
T2DM patients were on insulin treatment at the time of sample collection (Table 1). Thus, the hyperglycaemic effect of elevated epinephrine associated with
an Mtb infection would be accentuated in patients with TB and pre-existing T2DM, given their already low insulin signalling capacity and/or reduced systemic
insulin availability. Hyperglycaemia is also a direct consequence of a diet high in carbohydrates, which is evident in elevated urinary sucrose detected in the
comorbid patients when compared to HCs (Table 2), indicative of a diet high in carbohydrates (78).

Due to reduced glucose uptake, gluconeogenesis compensates by synthesising glucose in the liver from lactate produced by the muscle. As such, there is an
increased flux through this pathway supported by the significantly increased excretion of pyruvate and lactate in TB-T2DM patients (Table 2 and Fig. 4). This
is in accordance with previous reports in the serum of TB (32, 79) and T2DM patients (25, 27). Guasch-Ferré et al. (65) also reported that increased serum
lactate levels significantly correlate with T2DM risk and IR. The production of lactate from pyruvate also ensures the production of NAD* required to
maintain/restore the cellular NAD*/NADH redox balance (81). Studies have demonstrated that Mtb infection also compromises the cellular redox balance
(i.e., reduced NAD*/NADH ratio) in immune cells (82). Similarly, the same occurs in T2DM (83, 84). Interestingly, Boesten et al. (85) showed NAD* depletion in
lung tissue from diabetic mice. The previously mentioned study by Reinecke et al.(39) identified increased flux through the NAD* de novo synthesis and
salvage pathways, thereby supporting the notion of a NAD*/NADH imbalance in TB-T2DM patients compared with HCs.

Alanine is also used as a gluconeogenic substrate to produce glucose in the liver in response to reduced insulin signalling and hypoglycaemia (86). Alanine
acts as a carrier for the nitrogen, released by muscle proteolysis, to the liver for urea formation and excretion (87). Moreover, T2DM is marked by increased
muscle proteolysis due to decreased insulin signalling (88). As such, the systemic alanine concentration is elevated in patients with T2DM compared to their
healthy counterparts (66) and is also considered a risk factor for developing T2DM (80), consistent with the elevated urinary alanine in TB-T2DM patients in
our study (Table 2). On the contrary, however, a decrease in systemic alanine has been associated with Mtb infection (89). In accordance with this, Peng et al.
(90) showed that Mtb infection resulted in the depletion of human and murine systemic alanine and intracellular alanine in infected macrophages, thereby
compromising host antimicrobial capacity. This discrepancy in alanine metabolism in TB, T2DM, and TB-T2DM patients in this study may be attributable to
T2DM disease severity. The T2DM disease duration and extremely high HbA1c values, similar to those of poorly controlled T2DM (34), despite anti-T2DM
medication use in the comorbid patients (Table 1), indicates severe T2DM. Contrarily, TB was more recently diagnosed in these patients, who were all
considered newly diagnosed. As a result, the more severe T2DM-related alanine increases likely overshadow the TB-related alanine reduction.

Amino acids and the TCA cycle

As expected, there were also significantly increased concentrations of the branched-chain amino acids (BCAAs - leucine, valine, and isoleucine) and tyrosine
(Table 2 and Fig. 4), associated with muscle wasting in both TB and T2DM (91). Increased tyrosine concentrations have been reported in the serum and urine
of T2DM (34, 66) and TB patients (36, 89). The accumulation of the tyrosine degradation end-product, fumarate (Table 2), would contribute to this elevation.
Moreover, elevated BCAAs in the plasma/serum of both TB (89, 92) and T2DM patients (25, 27) have been widely reported and even associated with the risk
of developing T2DM. In support of this, urinary BCAA catabolite excretion has been shown to be decreased in TB-T2DM urine (39), pointing to a metabolic
block in the BCAA catabolic pathway and thereby contributing to the increased BCAA excretion in this cohort. However, Ding et al. (93) reported a decrease in
serum leucine in mice, zebrafish, and humans infected with Mtb. This is most likely due to the increased metabolic rate and wasting in TB (94), where leucine
catabolism for energy would, in advanced TB, exceed its release into circulation via proteolysis. In agreement with this, Yun et al. (95) reported decreased
valine levels in patients with poorly controlled T2DM. Considering this, the BCAA dynamics in TB and T2DM patients are most likely associated with disease
severity and degree of muscle wasting. BCAAs activate mammalian target of rapamycin complex 1 (mTORC1); therefore, this complex would be
overactivated by the aforementioned elevated BCAAs, typically seen in T2DM (96). Moreover, Mtb has been shown to activate mTORC1 to prevent autophagy-
mediated clearance in macrophages (97, 98). Thus, chronic mTORC1 overactivation in T2DM patients by BCAAs would compromise macrophage autophagy-
mediated antimicrobial capacity and increase the risk of developing active TB. On the other hand, infection-induced cytokine activation of mTORC1 (99)
compromises insulin signalling, thereby promoting IR and increasing T2DM risk (100, 101) in TB patients. Overall, the induction of mTORC1 by elevated
BCAAs in TB increases the risk of developing T2DM, and vice versa; this hypothesis warrants further investigation.

Intricately linked to muscle wasting and amino acid catabolism is the TCA cycle. It supports rapid energy production from fatty acids and amino acids,
especially when glycolysis fails to meet energy demands. Overall, the TCA cycle maintains the fine balance between catabolic and anabolic pathways. The
previously mentioned decrease in the NAD*/NADH ratio leads to the inhibition of the TCA cycle enzymes isocitrate dehydrogenase (IDH), a-ketoglutarate
dehydrogenase (OGDH), and malate dehydrogenase (MDH), which depend on NAD* (102). Considering that IDH and OGDH are two of the key points of
regulation strongly inhibited by NADH (102), this would cause a significant metabolic block at these points of the TCA cycle. This is then exacerbated by the
influx of amino acid catabolites via a-ketoglutarate, succinate, and fumarate. This metabolic block is evident in the accumulation of citrate, a-ketoglutarate,
succinate, and fumarate in TB-T2DM patients relative to HCs (Table 2). Elevated succinate and fumarate have been associated with both TB (103) and T2DM
(33, 34). Succinate (104) and fumarate (105) are both well-known indirect activators of hypoxia-inducible factor-1 alpha (HIF-1a). Moreover, these two
metabolites can also inhibit the a-ketoglutarate-dependent destabilisation of HIF-1a (106). Increased HIF-1a signalling is additionally associated with
reduced insulin secretion and sensitivity (107, 108). Considering this, the increased succinate and fumarate observed in this study will thus compromise
insulin signalling via HIF-1a activation in TB.

The interconversion of a-ketoglutarate and glutamate is vital in the amination reactions involved in both amino acid synthesis and catabolism. Glutamate-
derived a-ketoglutarate also feeds into the TCA cycle to support energy production and anabolism. Considering the increased systemic glutamate/glutamine
ratio in T2DM (95) and TB (93), an increased supply of a-ketoglutarate is expected and seen in both TB (103) and T2DM (33). Citrate plays a vital role in
regulating the TCA cycle, fatty acid synthesis, and glycolysis (109). It has been shown to be elevated in T2DM urine compared to HCs (33, 34). This is also
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linked to the IR-related increase in B-oxidation (110) and, therefore, the supply of acetyl-CoA for citrate production. On the other hand, citrate is decreased in
the urine (36) and serum (32) of TB patients and declines with the progression from latent- to active- to drug-resistant TB (103). This points to a more
pronounced downregulation of pyruvate entry into the TCA cycle for citrate production in TB than in T2DM. Lastly, the two main ketone bodies produced from
B-oxidation, B-hydroxybutyrate and acetoacetate, can be interconverted for energy production or to maintain the NAD*/NADH ratio, with B-hydroxybutyrate
production producing NAD*. Only B-hydroxybutyrate was detected and elevated in TB-T2DM patients (Table 2), but the acetoacetate concentration was most
probably below the detection limit, potentially due to a major shift towards B-hydroxybutyrate production to favour NAD* production.

Gut microbial and one-carbon metabolism

One-carbon metabolism plays a fundamental role in methylation reactions that modify DNA and RNA, as well as in various anabolic reactions. This
investigation showed significant elevations in the one-carbon metabolites choline, trimethylamine-N-oxide (TMAO), trimethylamine (TMA), dimethylamine
(DMA), and methylamine (MA) in TB-T2DM patients relative to HCs (Table 2). TMAO showed both a large increase and practical (Hedge's G) significance and
statistical significance (FDR value) and contributed significantly to the observed general metabolic perturbation (VIP value) (Table 2) in the TB-T2DM group.
TMAQO is synthesised in the liver from trimethylamine (TMA) produced from dietary choline in the gut by gut microbes (111), with ~ 95% of the TMAO
produced/absorbed being rapidly excreted in the urine (112). TMA and TMAO can also be converted to DMA, which then converts to MA (111). Considering
this, the significant changes in TMAO in TB-T2DM patients were not unexpected, given the previously reported gut microbiota dysbiosis in TB (113) and
T2DM (114). This dysbiosis was further confirmed by Reinecke et al. (39), who reported decreased urinary excretion of gut microbial metabolism metabolites
such as phenylacetylglutamine and indoxyl in TB-T2DM patients versus HCs. Further support for this is the increased urinary (34, 115) and serum/plasma
choline and TMAO (116, 117) previously reported in T2DM, as well as the fact that both TMAO (118) and choline (119) have been associated with an
increased risk of developing T2DM. Jia et al. (119) additionally indicated that elevated TMAO results from the T2DM diseased state, rather than being a
cause, and Miao et al. (120) showed that IR upregulates TMAO synthesis from TMA by increasing the expression of the hepatic flavin-containing
monooxygenase 3 (FM03) enzyme. TMAO is known to induce pro-inflammatory pathways (121, 122), which can have long-term detrimental effects on
infection control and prognosis in TB if overactivated (123). Moreover, increased flux through the choline-TMAO pathway has also been associated with the
formation of foamy macrophages (124), which promotes long-term Mtb persistence (125). Increased choline concentrations have also been reported in the
serum of TB patients (79) versus HCs, although Vrieling et al. (126) reported a reduction in serum choline in TB and, to a lesser extent, in TB-T2DM patients
compared with HCs. This depletion of choline can be linked to an increased demand for its derivatives, including phosphocholine, which has
immunomodulatory effects in macrophages, among others, during infection (127). Moreover, Al-Sulaiti et al. (128) also showed reduced plasma choline and
TMAO in T2DM patients with confirmed IR. The discrepancy in both TB and T2DM may hence be associated with disease severity, but also the fact that
TMAO and choline dynamics in the body are strongly influenced by the gut microbiome, diet, age, and sex (129), warranting further investigation.

The main source of urinary DMA is asymmetric dimethylarginine (ADMA), but diet (and the resulting TMA and TMAO) also contributes to this (130). Although
DMA is a marker for systemic ADMA, which is linked to several diseases, it can only be accurately measured in instances where diet is tightly controlled
(130). Additionally, a very small portion of DMA is converted to MA and excreted in the urine. Considering the above, it can be inferred that the significantly
elevated TMAO and its upstream metabolites observed in TB-T2DM in this study are a result of advanced T2DM. However, more studies targeting this
pathway in TB patients are needed to determine the contribution of TB to this metabolic profile in comorbid patients.

Carnitine

Similar to TMA and TMAO, the diet is the main source of carnitine, and it can also be converted to TMA in the gut (131). Carnitine showed a greater urinary
excretion in comorbid patients relative to HCs (Table 2) in accordance with decreased renal carnitine reabsorption in diabetes (132) and systemic carnitine
deficiencies in both diabetes (132) and TB (133). Considering that carnitine plays an important role in improving T-cell bactericidal function, as confirmed in
TB patients (134, 135), the diabetes-related deficiency would promote Mtb proliferation. Additionally, IR associated with T2DM would lead to an increased
consumption of carnitine to produce acylcarnitines via carnitine palmitoyl transferase 1 (CPT1) (136).

Creatinine pathway

Creatinine and methylguanidine were increased in TB-T2DM comparatively (Table 2). Although increased creatinine excretion has been directly associated
with muscle mass/muscle breakdown (137), it is also used as a marker for kidney damage (55) and T2DM (33, 138). Despite the strong effects of diet, age,
sex, and hydration status on creatinine excretion (139) and the significant heterogeneity in the TB-T2DM group (Table 1 and Fig. 2), creatinine remained
significant. Creatinine can also non-enzymatically be oxidised to methylguanidine, a well-known uremic toxin in patients with renal failure (140) and
associated with poorly controlled diabetes (141).

The results of this study are distinct from, yet complementary to, the previously mentioned findings of Reinecke et al. (39) that identified significant
alterations in nucleotide salvage, the kynurenine pathway, NAD* synthesis and salvage, tyrosine metabolism, lipid oxidation and glycine conjugation. Other
than BCAAs, our study did not identify metabolites directly linked to these pathways. This is due to the use of different analytical platforms, which affect
sensitivity, accuracy, and potential bias toward polar or non-polar metabolites. Nonetheless, the metabolic block in BCAA catabolism and NAD*/NADH
imbalance in TB-T2DM patients are supported by both studies.

Conclusion

This "TH-NMR metabolomic analysis characterised metabolic profiles in TB-T2DM patients, uncovering potential metabolic mechanisms underlying the
interaction between TB and T2DM. However, most metabolic alterations mirror those observed in TB and/or T2DM, suggesting a synergistic interaction
between the two. Overall, Epinephrine production in TB promotes IR, hypoinsulinaemia and glucose production, thereby exacerbating both hyperglycaemia
and T2DM risk and severity. Similarly, increased alanine (gluconeogenic flux) in TB-T2DM is associated with severe T2DM, with a lesser contribution from TB-
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related alanine depletion to this profile. mTORC1 overactivation due to increased BCAAs in TB and T2DM leads to IR, promoting T2DM, and compromised
macrophage antimicrobial capacity, promoting TB. The significant NAD*/NADH imbalance inferred from alterations in the lactate, TCA cycle, and BCAA
pathways necessitates more direct measurements to assess disease interactions and the diagnostic potential of these pathways. Furthermore, the
NAD*/NADH imbalance and amino acid catabolism related to succinate and fumarate accumulation in TB reduce insulin secretion and sensitivity via HIF-1a.
The expected alterations in one-carbon gut microbial metabolism are highlighted as playing causal and reverse-causal roles in both TB and T2DM, meriting
tissue-specific targeting of this pathway. This study also identified markers of kidney damage, namely creatinine and methylguanidine, and potential
systemic carnitine deficiencies. Although less common, it remains unclear how severe TB interacts with less severe T2DM (transient hyperglycaemia
excluded), a question that merits further investigation.

Limitations

Variation in clinical characteristics, such as disease duration/severity, differences in treatment, age and sex distribution, and the small sample size after
applying exclusion criteria, inherent to a study of this kind, may introduce bias that can be avoided when using a larger cohort. However, the distinct
metabolic profile observed in TB-T2DM patients compared to HCs, as well as the natural separation identified by multivariate statistics, indicate that, despite
the possible variation/bias, the severe diseased state still induces significant metabolic alterations, despite the small sample size.
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Figure 1

PCA plot of QC's and experimental samples shows tight clustering of QC samples. The tight clustering of the pooled QC samples indicates the absence of a
batch effect.
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Figure 2

PCA plot showing partial separation between the HC and TB-T2DM cohorts. The significant separation between TB-T2DM samples indicates substantial
intragroup heterogeneity, while the tight clustering of the HC's indicates significant homogeneity in this group.
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Figure 3

PLS-DA plot of TB-T2DM patients versus HCs showing partial separation between these cohorts. The tight clustering of HC’s shows intragroup homogeneity,
while separation between TB-T2DM samples shows significant heterogeneity in this group.

Page 17/18



Gut microbial and one-carbon metabollsm Glycolysis and gluconeogenesis Creatinine pathway
-Iucose e -sucrcse
g L glycine = » guanidinoacetate
Betaine ——» SAM cycle ."-.._ A
T glucose-6-phosphate * glycogen '
"
{ : .
[ choline ] [ carnitine ] fructose-6-phosphate \ ' creatine
I E '
fructose-1,6-bisphosphate E / |~ Pl
mannose-6-phosphate H —
L 4 : | creatinine l \
[ trimethylamine ]—b[ dimethylamine | glyceraldehyde-3-phosphate ' AT
FMO3 1,3-bisphosphoglycerate H I phosphocreatine
v ¥ E l methylguanidine l
[trimelhylamiﬂe—N—oxide] [ methylamine ] 3-phosphoglycerate =-eeeceeceacaccccananann ammal
2-phosphoglycerate
Pk Amino acids and TCA cycle
$» phosphenolpyruvate
NADH  NAD*
Cetenine) +—
a-ketoglutarate lutamate :
"
il
H T T T .
acetyl-CoA Do S e g e
"
L}
i
L e Hesae))

MAD

H
MDH

tyrosine NAD* glutamine

isocitrate

malate

\

L)
Figure key = =9 propionyl-CoA «¢ - -

Greater concentration in
the TB-T2DM cohert vs.

HC's glutamate
Single metabolic step 0GD & 2
NADH
== == Multiple metabolic steps succinyl-CoA = methylmalonyl-CoA

succinate ‘___’/

Figure 4

A metabolic map illustrating the metabolites with significant alterations in TB-T2DM patients relative to HCs. NAD* = oxidised nicotinamide adenine
dinucleotide; NADH = reduced nicotinamide adenine dinucleotide; IDH = isocitrate dehydrogenase; OGDH = oxoglutarate dehydrogenase; MDH = malate
dehydrogenase; FMO3 = flavin-containing monooxygenase 3; CoA = coenzyme-A; P; = phosphate moiety; ATP = adenosine triphosphate; TCA = tricarboxylic
acid.
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