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Abstract
Gut dysbiosis and an increased risk of respiratory infection in type 2 diabetes have been well recognised. However, the relationship between the gut and respiratory pathobionts carriage rate in the Type 2 diabetic Malaysian population is understudied. To address the knowledge gap, we profiled the gut and upper respiratory tract microbial composition, as well as the urine metabolome of 31 type 2 diabetic adults and 14 non-diabetes adults. We showed a higher prevalence of opportunistic upper respiratory tract (URT) pathogens in diabetes patients. A higher abundance of pro-inflammatory bacteria Escherichia coli was detected in the gut of the diabetes subjects. This coincided with the higher levels of sorbitol and taurine in the urine. The former is produced by aldose reductase, an enzyme strongly associated with airway inflammation, while the latter is a substrate for bacterial antioxidants (i.e. H2S). Despite a small sample size, our study revealed the potential relationship between the carriage rate of URT pathobionts with the gut microbial and urine metabolomic profiles of diabetes patients.  




1. Introduction
Diabetes is a highly prevalent metabolic disorder in Malaysia, affecting 18.3 % of the adult population. This disease is predicted to continue to rise and will affect 31.3 % of the Malaysian population by 2025 [1]. Diabetes is known to affect metabolism and immunity. For example, persistent hyperglycaemia increases glucose metabolism, causing cellular damage and oxidative stress [2]. This drives insulin resistance, exacerbates cytokine production and contributes to chronic inflammation [3]. Besides, people with diabetes have diminished pathogen-specific memory Th17 (T-helper 17) and CD4+ responses upon Streptococcus pneumoniae stimulation [4]. Helper T cells are critical for recruiting neutrophils to the site of infection to facilitate pathogen clearance. Impairment of innate and adaptive immunity may contribute to the heightened susceptibility to infections observed in diabetics [5]. 

Indeed, the disease is also a significant risk factor for respiratory infection [6] and gastrointestinal (GI) disorders [7]. For instance, a report by Vishwakarma et al. [8] showed a higher proportion of diabetic patients suffering from severe respiratory infections compared to non-diabetic patients (52.3 % vs. 9.4 % of patients). Amid immunodeficiency in diabetes, hyperglycaemia-attributed increased airway glucose provides a richer growth medium to facilitate bacterial infection. Gill and colleagues observed a concomitant increase in airway glucose levels alongside respiratory tract bacterial colonisation and bacterial load of Pseudomonas aeruginosa [9]. In addition, diabetes patients are more likely to suffer from functional gastrointestinal disorders. Asgharnezhad et al. [10] found a significantly higher prevalence (p < 0.001) of upper GI symptoms like nausea, vomiting and reflux, as well as lower GI symptoms such as constipation, diarrhoea, and tarry stool among people with diabetes than non-diabetics. Separately, diabetic medication metformin also increases the risk of gastrointestinal discomfort [11] and induces gut microbial changes [12]. 

A strong association between diabetes and the composition of gut microbiota was previously reported [13]. The compositional alterations in the gut of diabetic patients are often characterised by reduced Firmicutes/Bacteroidetes ratio and depleted short-chain fatty acid (SCFAs) producers, which might play a role in insulin sensitivity, alleviate metabolic dysfunctions and reduce systemic inflammation [13]. Through the activities of metabolites, the impact of gut microbiome on host metabolisms and immune homeostasis extends beyond its local niche to distant organs. Several studies have linked the alteration in gut microbiota with pulmonary health (the gut-lung axis) [14]. For instance, gut microbial dysbiosis (“imbalance”) has increased early lung colonisation by Mycobacterium tuberculosis in the mouse model [15]. 

Extensive research has highlighted the altered microbiota in diabetic populations worldwide, yet this phenomenon remains understudied among Malaysians. In addition, the carriage rate of upper respiratory tract (URT) pathobionts in diabetes patients is scarce. To bridge the abovementioned knowledge gaps, we applied 16S rRNA sequencing to elucidate and compare the microbial composition present in the URT and the gut between diabetics and non-diabetic individuals. We further examined the differences in the urine metabolome as a proxy for the metabolism across groups. 

The enrichment of Gram-negative opportunistic and pathogenic bacteria is well reported in diabetes patients [16]. Such dysbiosis can modulate the immune responses of the gastrointestinal tract and impact the immunity of distal organs, such as the lung [17], resulting in the vulnerability to pathogenic colonisation. This study aims to provide valuable insights that could inform the development or improvement of therapies targeting diabetes-associated respiratory infections. 

2. Material and methods 
2.1 Ethical approval and subject recruitment
This study received ethical approval from the National Medical Research Register (Ref NMRR-19-1583-47907) and the Joint Committee on Research Ethics, International Medical University (Ref IMU R 215/2018) in Malaysia. Subjects were recruited from the Malaysian population and comprised two groups: non-diabetic controls from the general public community in Kuala Lumpur based on self-reported medical conditions, and Type 2 diabetic (T2DM) patients from Hospital Putrajaya, a local government hospital, with accessible clinical records. The prevalence of undiagnosed diabetes, as indicated by raised blood glucose, was lowest in Kuala Lumpur (2.1%) [18]. Therefore, the likelihood of undiagnosed diabetes in the control group was considered low. The age of the subjects was 18 – 80 years old. Malaysia constitutes three major ethnic communities: Malay, Chinese and Indian. Hence, the recruited subjects had different ethnicities. The eligibility criteria for subject recruitment are presented in Supplementary Table 1. Informed consent was obtained from every subject before collecting data and samples. A case report form was completed for each subject including information about demographic characteristics, anthropometric characteristics (weight and height), smoking records, drinking records, medical history and medication records. Body mass index (BMI) was calculated using the formula: weight (kg) / height (m2).

2.2 Sample collection and preparation
2.2.1 Nasopharyngeal swab samples
Nasopharyngeal swab samples were collected using a flocked swab and placed in a falcon tube containing 7 mL Brain Heart Infusion (BHI) media (Sigma Aldrich, USA). The samples were aerobically incubated overnight at 37  °C before being aliquoted. The samples were frozen at -80 °C for future extraction DNA using the DNeasy® Blood and Tissue Kits (Qiagen, Germany). The quality of extracted DNA was checked on 1% (w/v) agarose gel and quantified using a Nano spectrometer (Tecan Infinite 200 PRO). 

2.2.2 Urine samples
Mid-stream urine samples were collected by the subjects using sterile urine containers. The samples were aliquoted and frozen at -80 °C for NMR analysis. An aliquote of 400 μl urine sample was mixed with 200 μl of 0.2 mol/L phosphate buffer and incubated at room temperature for 10 minutes. The solution was centrifuged at 14,000 rpm for 10 minutes. Finally, 400 μl of the supernatant was transferred to a 7 mm NMR tube and capped, ready for NMR analysis.

2.2.3 Stool samples
Stool samples were collected by the subjects at home in sterile stool containers. Subjects were instructed to defecate on a clean layer to ensure the stool samples do not touch the inside of the toilet, the water and the urine. Samples were kept on ice or at -4 °C before being transported on ice to the laboratory within the next three hours. Otherwise, samples were kept at -20°C. Samples were aliquoted and frozen at -80 °C until the DNA was extracted using the QIAmp® PowerFecal® DNA Kits (Qiagen, Germany). The quality of extracted DNA was checked on 1 % (w/v) agarose gel and quantified using a Nano spectrometer (Tecan Infinite 200 PRO).  

2.3 Sample analysis
2.3.1 Amplicon sequencing
Amplicon-based Next Generation Sequencing (NGS) of the 16S rRNA gene was conducted on the Illumina MiSeq platform for both stool and nasopharyngeal swab samples collected from a total of 45 subjects. Both samples were processed under identical experimental parameters and data acquisition processes. The extracted genomic DNA was quantified using nanodrop, and samples that passed the quality cutoff were used to construct an amplicon library. The variable V3-V4 region of bacterial 16S rRNA gene was amplified by PCR using the primer pair MiSeq341F 
(5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3') and MiSeq805R (5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3'). Quality control on the pooled library was performed using Qubit (InvitrogenTM) and TapeStation (Agillent Technologies). The amplicons were paired-end sequenced (2 × 300 bp) using Illumina MiSeq platform. The raw 16S sequences were processed using R studio version 4.2.1. A total of 8,064,678 raw sequences (average = 179,215.07 per sample) from the stool samples and 6,427,652 raw sequences (average = 142,836.71 per sample) from the nasopharyngeal swab were obtained, respectively. The sequences were joined into contigs and quality filtered using the DADA2 R package [19]. Chimeric sequences were removed using the “consensus” method implemented under the “removeBimeraDenovo” function. The taxonomy of the derived Amplicon Sequence Variants (ASVs) was annotated by referencing to the SILVA 13.8 dataset. The final stool dataset consisted of 5,720,791 sequences, while the final nasopharyngeal swab consisted of 5,612,912 sequences. The sequences and associated metadata were deposited into GenBank under BioProject ID: PRJNA932601. 

2.3.2 1H-NMR analysis
The urine 1H NMR spectra analysis was performed using the package Automatic Statistical Identification in Complex Spectra (ASICS) under the R programme using R Studio version 4.2.1[20]. The raw spectra were first baseline-corrected and peak-aligned. TSP resonance at δ 0.00 was used as a reference for the spectra. The region containing the water resonance (δ 4.5 – 6.0) was then removed from each spectrum to eliminate the baseline effects of imperfect water suppression. After that, a library of pure spectra was used as the reference to align and quantify metabolites presented in the samples. Principal Component Analysis (PCA) and Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) were used to visualise and interpret experimental differences. Kruskal-Wallis test with Benjamin-Hochberg correction was conducted to investigate the metabolite difference between controls and T2DM groups.

2.3.3 Statistical analysis
The demographics and clinical data of both T2DM and controls were compared using chi-square and T-test, where appropriate. Microbiota from both stool and nasopharyngeal were analysed by importing the related abundance and taxonomy tables into the phyloseq R package  [21]. The ASVs (taxa) with an abundance of <0.5 % and were present in <5 % of samples were removed. The final ASVs count for stool is 195, while the nasopharyngeal is 45 after filtering. Predicted microbial functional pathways were derived using PICRUSt2 [22]. For alpha diversity, Shannon, Simpson and Pielou’s  evenness indices were calculated. Beta diversity was elucidated using Atchison’s distance to account for compositionality [23]. For comparison, we also included the Beta-diversity comparison using the Bray-Curtis distance matrix. Differences between T2DM and controls were visualised using Principal Component Analysis (PCA) and compared using Permutational Multivariate Analysis of Variance (PERMANOVA). Due to the small sample size, the alpha of the PERMANOVA is set at P = 0.01. Differentially abundant taxa were identified using DESeq2 [24]. Taxa that are present in <20 % of the samples were removed prior to the analysis. Taxa that recorded Benjamin-Hochberg corrected P-value of <0.05 were considered statistically significant. Differentially abundant pathways were detected using edgeR [25]. Similarly, the Benjamin-Hochberg correction was used to increase the robustness of the analysis.  However, to reduce the complexity of the data, the cut-off for the adjusted P-value was set at 0.01 for the differentially abundant pathways analysis. 

3. Results
3.1 Subjects’ demographic
A total of 45 age and gender-matched subjects were recruited for this study (Table 1). The majority of diabetes patients were Malays (74.19 %, p < 0.001), while most of the subjects in the control group were Chinese (57.14 %, p = 0.006). As expected, the T2DM patients recorded significantly higher BMI than the controls (p = 0.01). Most subjects were unaware of their vaccination history, especially for pneumococcal vaccines. No difference in hypertension was observed, although a higher prevalence of hypercholesterolemia was detected in diabetes than in healthy control. 

Table 1. Demographic and clinical characteristics of subjects
	
	T2DM
n=31 (m=15; f=16)
	Controls
n=14 (m=6; f=8)
	p-value

	Age (years)
	52.87 ± 12.55
	53.71 ± 9.15
	0.82

	18 - 29
	1 (3.23 %)
	0 (0.00 %)
	

	30 - 39
	5 (16.13 %)
	1 (7.14 %)
	

	40 - 49
	8 (25.81 %)
	3 (21.43 %)
	

	50 - 59
	7 (22.58 %)
	7 (50.00 %)
	

	60 - 69
	8 (25.81 %)
	2 (14.29 %)
	

	70 - 80
	2 (6.45 %)
	1 (7.14 %)
	

	Race 

	Malay
	23 (74.19 %)
	1 (7.14 %)
	< 0.001*

	Chinese
	4 (12.90 %)
	8 (57.14 %)
	0.006*

	Indian
	3 (9.68 %)
	3 (21.43 %)
	0.55

	Others
	1 (3.23 %)
	2 (14.29 %)
	0.46

	Weight (kg)
	80.24 ± 21.58
	70.64 ± 17.94
	0.15

	BMI (kg/m2)
	29.38 ± 5.56
	25.09 ± 3.83
	0.01*

	HbA1c ( %)
	8
	NA
	

	Smoking status

	Non-smoker
	27 (87.09 %)
	10 (71.43 %)
	0.39

	Passive smoker
	6 (19.35 %)
	1 (7.14 %)
	0.55

	Current smoker
	4 (12.90 %)
	2 (14.28 %)
	1

	Ex-smoker
	0 (0 %)
	1(7.14 %)
	0.68

	Drinking status

	Non-drinker
	30 (96.77 %)
	10 (71.43 %)
	0.046*

	Current drinker
	1 (3.23 %)
	4 (28.57 %)
	

	Medical history (yes / no)

	Hypertension
	18/13 (58.06% / 41.94%)
	4/10 (28.57% / 71.43%)
	0.13

	Hypercholesterolemia
	26/5 (83.87% / 16.13%)
	5/9 (35.71% / 64.29%)
	0.004*


* p value < 0.05 was considered significant

3.2 Gut and URT microbial composition of T2DM and controls
A higher proportion of Proteobacteria (8 % vs 4 %) but a lower proportion of Firmicutes (40 % vs 47 %) were detected in the gut of T2DM compared to the control. At the genus level, lower Blautia (3 % vs 5 %), Ruminococcus (1 % vs 6 %) and Dialister (1 % vs 2 %) while higher Escherichia (5 % vs 1 %) were observed in T2DM compared to control. In the URT, lower Klebsiella (5 % vs 6 %) but higher Streptococcus (1 % vs ~ 0.1 %) and Bacillus (18 % vs 16 %) were recorded in the samples collected from T2DM (supplementary Fig 1). It is noteworthy, however, that the differences did not reach statistical significance (Welch T-test, alpha = 0.05).  

No significant difference in alpha-diversity indices was observed in the gut microbiota (Fig 1A). However, significantly higher Pielou’s, Shannon’s and Simpson’s indices were detected in the URT of the control compared to the T2DM subjects (Fig 1B). The beta diversity was inferred using Aitchison’s Distance and Bray-Curtis dissimilarity, which were ordinated on PCA and PCoA plots, respectively. The PCA based on Aitchison’s Distance showed no clear separation between the two groups in either the gut or URT microbiota (Fig. 1C and Fig. 1D). The lack of clustering is consistent with the result of PERMANOVA, showing no significant difference in the overall microbial compositions of URT (p-adjusted = 0.621) and gut (p = 0.105) between the two groups. Similarly, the PCoA constructed from Bray-Curtis dissimilarity exhibited no clear clustering between groups, and PERMANOVA confirmed non-significance for both URT (p = 0.479) and gut (p = 0.755) (Supplementary Fig 2). In addition, no association of ethnicity and the microbial composition was detected when ethnicity was tested in univariate PERMANOVA and with the T2DM status (p > 0.05). 

[image: ]
Fig 1. Microbial diversity in stool and nasopharyngeal swab of T2DM and controls. (A) No significant difference in the alpha diversity of stool samples between T2DM and controls; (B) Significant differences in all alpha diversity indexes of nasopharyngeal swab between T2DM and controls; (C & D) No clear separation shown on the PCA plot indicating no differences in beta diversity of stool and nasopharyngeal swab between T2DM and controls observed in Aitchison’s Distance.

Differentially abundant taxa were identified using DESeq2 (Fig 2). Significant enrichment of Escherichia coli was observed in the gut of the T2DM subjects (Fig 2A). When the same analysis was conducted on the URT samples, a higher prevalence of Staphylococcus lugdunensis was observed in the T2DM subjects (Fig 2B). 

[image: ]
Fig 2. Differentially abundant taxa detected in the (A) stool and (B) nasopharyngeal swab of T2DM and controls. One species of opportunistic bacterium was enriched in the stool and nasopharyngeal swab, respectively.  

We further compared the carriage rate of common opportunistic URT pathogens in the nasopharyngeal swabs. A higher carriage rate of Streptococcus agalactiae and Moraxella catarrhalis was detected in the T2DM group. Besides, a commensal species Dolosigranulum pigrum is also more prevalent in T2DM group. Conversely, commensals, including Staphylococcus haemolyticus and Klebsiella aerogenes were more prevalent in the control group (Table 2). 

Table 2. Carriage of bacterial species in the URT between T2DM and control. 
	Higher in
	Species
	Control, n
	 %
	T2DM,
n
	 %
	 % Diff

	T2DM
	Streptococcus agalactiae
	2
	0.14
	17
	0.55
	0.41

	T2DM
	Pseudomonas brenneri
	8
	0.57
	26
	0.84
	0.27

	T2DM
	Dolosigranulum pigrum
	0
	0.00
	8
	0.26
	0.26

	T2DM
	Aeromonas salmonicida
	6
	0.43
	21
	0.68
	0.25

	T2DM
	Aeromonas veronii
	1
	0.07
	9
	0.29
	0.22

	T2DM
	Moraxella catarrhalis
	0
	0.00
	6
	0.19
	0.19

	T2DM
	Pseudomonas fragi
	6
	0.43
	19
	0.61
	0.18

	T2DM
	Streptococcus oralis
	6
	0.43
	19
	0.61
	0.18

	T2DM
	Morganella psychrotolerans
	2
	0.14
	10
	0.32
	0.18

	T2DM
	Klebsiella oxytoca
	0
	0.00
	5
	0.16
	0.16

	Control
	Staphylococcus haemolyticus
	8
	0.57
	13
	0.42
	-0.15

	Control
	Klebsiella aerogenes
	3
	0.21
	1
	0.03
	-0.18

	Control
	Staphylococcus epidermidis
	12
	0.86
	19
	0.61
	-0.24

	Control
	Corynebacterium tuberculostearicum
	12
	0.86
	17
	0.55
	-0.31


Note: Only species showing >15 % difference across groups were listed. Red = uncommon URT bacteria

The abundance of the functional pathway was imputed using PICRUSt2. Significantly higher butanediol biosynthesis (P125.PWY) and thiamine diphosphate biosynthesis (PWY.6895) pathways were detected in the gut and URT of T2DM, respectively (Fig 3). 

[image: ]
Fig 3. PICRUSt2 to identify abundance of functional pathways. (A) Significantly higher butanediol biosynthesis (P125.PWY) pathway was detected in the stool of T2DM; (B) A higher abundance of thiamine diphosphate biosynthesis (PWY.6895) pathway was detected in the nasopharyngeal swab of T2DM. 

3.3 Urine metabolomic profiles between T2DM and controls 
A total of 160 metabolites were identified in the urine samples of both groups. The top five most concentrated metabolites detected were L-Proline, D-Glucose, Dimethylamine, Glycolic acid and L-Lysine while the five least concentrated metabolites were Sarcosine, Trimethylamine, 3-Methylxanthine, Dimethylsulfone and Dimethylglycine. The OPLS-DA analysis showed a clear separation between controls and T2DM (R2Y = 0.633 and Q2 = 0.425) with increased levels of D-sorbitol and glycolic acid in T2DM (Fig 4A and Fig 4B). A follow-up Kruskal-Wallis test further identified that D-sorbitol (p < 0.001) and taurine (p = 0.021) were significantly higher among T2D patients (Fig 4C). 
[image: ]
Fig 4. Differences in urine metabolome between T2DM and controls. (A) Clear separation shown on the OPLS-DA plot indicating differences in urine metabolome between T2DM and controls; (B) OPLS-DA detected higher levels of D-sorbitol and glycolic acid in T2DM; (C) Significantly higher levels of urinary D-sorbitol and taurine in the T2DM than controls as identified by the Kruskal-Wallis test.

4. Discussion
4.1 Gut microbial composition in T2DM patients
The non-significance difference in the gut microbial alpha diversity between controls and T2DM patients in our study was consistent with a recent meta-analysis of 13 studies from Asia, Africa and America [26]. However, we observed a higher prevalence of E. coli in T2DM. This was consistently reported among the Mexican [27] and Iranian [28] T2DM populations. This is perhaps expected, considering T2DM is an inflammatory disease, and E. coli is a pro-inflammatory bacterium. The pathogenesis of E. coli in the progression of T2DM has been observed in mouse models, which shows an exacerbation of impaired glucose tolerance induced by a high-fat diet, liver inflammation, and elevated body weight [29]. 

Diabetes has been associated with gut barrier dysfunction and metabolic endotoxemia [30], with endotoxemia, inflammation and infection being closely and positively interrelated [31]. Animal models have further demonstrated that E. coli lipopolysaccharides (LPS) play a central role in altering intestinal permeability and triggering metabolic endotoxemia, in contrast to LPS from other bacterial species. Moreover, E. coli LPS has been shown to delay intestinal glucose absorption, induce glucose intolerance and promote adipose inflammation [32]. In human gut, E. coli exhibited a strong positive correlation with the abundance of multidrug-resistant antibiotic resistance genes (MDR-ARGs), with an average Pearson correlation coefficient of 0.74. The increased abundance of MDR-ARGs could potentially lead to the spread of MDR in the gut, elevate the risk of infections and exacerbate infection outcomes [33]. We postulate that the increased abundance of E. coli, which is the key contributor of endotoxemia and MDR-ARGs demonstrated in other studies, may further increase the risk of infections in diabetic subjects of our study. 

As the abundance of E. coli increased, there was a concurrent enrichment in the butanediol biosynthesis pathway within the T2DM group. This pathway, responsible for converting glucose into ethanol, glycerol or 2,3-butanediol, is present in bacteria belonging to the Enterobacteriaceae family [34]. The production of 2,3-butanediol might be a regulatory effect of the gut microbiome to reduce fat and cholesterol deposition in diabetes [35]. 
[bookmark: _heading=h.gjdgxs]
4.2 URT microbial composition in T2DM patients 
There was no significant difference in the beta diversity of URT bacterial composition between T2DM and control. Instead, a higher abundance of Staphylococcus lugdunensis was identified in T2DM. Diabetes is known to be a risk factor for upper respiratory tract infection [36]. While S. lugdunensis is part of the healthy human skin microbiome, this species can manifest as a pathogen, causing multiple infections at different body sites, including respiratory organs, particularly among immunocompromised individuals. Although less prevalent, S. lugdunensis has been found to be responsible for lung abscesses [37], sinusitis [38] and chronic maxillary sinus infection [39]. It is also noteworthy that a higher carriage rate of opportunistic respiratory pathogens, including S. agalactiae and M. catarrhalis was found in T2DM. These bacteria are the well-known causative agents of pneumonia secondary to respiratory infections among high-risk groups, including neonates and immunocompromised subjects [40,41]. It is also unsurprising to observe a concurrent upregulation of thiamine diphosphate (TDP) biosynthesis in T2DM as these species encode the genes [42]. 

Thiamine pyrophosphate (TPP) or TDP is a vitamin B derivative known as the essential co-factor in the catabolism of sugars and amino acids. The ability to produce TDP might provide additional fitness [43] for respiratory pathogens to compete with the commensals in the upper respiratory tract. For example, it has been previously reported that thiamine monophosphate kinase (ThiL), which is responsible for converting thiamine monophosphate (TMP) to TPP, contributes to the virulence of P. aeruginosa by enhancing cytokine induction and elevating bacterial load upon infection [44]. Such a mechanism, in conjunction with hyperglycaemia-attributed immune dysfunction, promotes the proliferation of pathogens in the respiratory tract and increases the susceptibility of diabetic patients to respiratory infections. 

4.3 Urine metabolomic profiles in T2DM patients 
[bookmark: _Hlk202606784]In contrast to the gut microbiota, the urine metabolome of control and T2DM subjects showed a clear separation (Fig 5). A follow-up analysis suggested that the difference is largely attributed to the levels of D-sorbitol and taurine. In an in vivo study of diabetic and non-diabetic mice, Nakano and colleagues found that urinary sorbitol was 5 times higher in the former [45]. The elevation of sorbitol may be related to the overexpression of the hyperactive polyol pathway that reduces glucose to sorbitol before converting to fructose. Sorbitol is commonly marketed as a low-calorie sweetener. Due to its relatively high cost, sucrose remains the most prevalent sugar used in Malaysian food [46]. As such, the high D-sorbitol detected in the urine is unlikely due to the overconsumption of sorbitol. Accumulation of sorbitol can increase the risk of organ damage, such as diabetic retinopathy [47]. Sorbitol is produced from the reduction of glucose by aldose reductase (AR). In diabetes, hyperglycaemia-induced renal upregulation of the polyol pathway is implicated in the cellular toxicity and disruption of redox oxidation [48]. Assessment of kidney function in diabetes subjects is therefore warranted to confirm the role of kidney damage in the elevated urine D-sorbitol detected. Interestingly, the enzyme is associated with airway inflammation [49] , potentially contributing to the increased colonisation of URT pathobionts. 

Taurine is usually sourced from meat such as fish, red meat and dairy products [50,51]. Merheb and colleagues observed reduced intestinal absorption of taurine and elevated taurine excretion in the urine of diabetic patients [52]. As such, it is perhaps unsurprised that diabetics generally suffer from taurine deficiency, characterised by decreased plasma taurine levels [53]. The increased excretion of taurine may also impact the conversion of taurine to hydrogen sulphide (H2S). H2S inhibits the formation and invasiveness of pathobionts, and reduces pulmonary inflammation[54,55].

However, it is worth noting that all functional profiles of the gut and URT microbiota in this study were predicted using PICRUSt2, which estimates gene functions based on taxonomic composition rather than actual gene expression. Direct assessment of functional activity via transcriptomic approaches would provide more valuable insights into the microbial activity.
5. Limitations & Recommendations
A major limitation of this study is the small sample size and the lack of individual dietary intake data. Due to the challenges posed by the COVID-19 pandemic during subject recruitment and sample collection, including reduced willingness to participate and restrictions on social contact, our ability to recruit more subjects was limited and detailed dietary assessment was not feasible. Nevertheless, it was reported that the diet quality for Malaysians is generally poor [56] and dietary habits were not significantly associated with metabolic diseases in the three major ethnic groups in Malaysia [57]. However, given the importance of diet and sample size in microbiome studies, future research should aim to incorporate comprehensive dietary assessment and large sample sizes. Despite the limitations, we are able to establish the relationship between the urine metabolites and gut microbiota with the higher carriage rate of URT pathobionts. 

6. Conclusion
This study highlights differences and potential links between gut microbiota, urine metabolome and URT pathobiont carriage rates among T2DM and non-diabetic controls in Malaysia. Although causality cannot be established, we speculate that the increase in pro-inflammatory bacteria such as E. coli, together with the upregulation of polyol pathway, aldose reductase and higher excretion of taurine, may have contributed to pulmonary inflammation. These changes might have contributed to the higher carriage rate of URT pathobionts observed in diabetic subjects compared to healthy controls. Overall, our study contributes to the acutely limited baseline data of the URT, gut microbiota and urine metabolome of Malaysian diabetes.  
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Supplementary materials
Supplementary Table 1 Eligibility criteria for subject recruitment
	Inclusion criteria

	T2DM patients 

	fasting plasma glucose (FPG) ≥ 126 mg/dl

	haemoglobin A1c ≥ 6.5 %

	diabetes characterised by hyperglycaemia due to a defect in insulin secretion usually with a contribution from insulin resistance

	Controls

	have normal random blood glucose levels

	Exclusion criteria

	antibiotic usage within 14 days

	have kidney and/or liver failure

	have chronic obstructive airway disease

	have or had a respiratory infection within the past three months prior to sample collection

	have asthma
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Supplementary Fig 1. Microbiota detected in stool and nasopharyngeal swab of T2DM and controls. (A) Enrichment of phylum Proteobacteria and reduction of phylum Firmicutes in the gut of T2DM; (B) Enrichment of genus E. coli and reduction of genera Blautia, Ruminococcus and Dialister in the gut of T2DM; (C) Enrichment of phylum Firmicutes and reduction of phylum Proteobacteria in the nasopharynx of T2DM; (D) Enrichment of genera Streptococcus and Bacillus and reduction of genus Klebsiella in the nasopharynx of T2DM.
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Supplementary Fig 2. Beta diversity in stool and nasopharyngeal swab of T2DM and controls observed in Bray-Curtis dissimilarity (A & B) No clear separation shown on the PCoA plot indicating no difference in beta diversity of stool and nasopharyngeal swab between T2DM and controls.
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