Heliyon 10 (2024) e22615

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Distinct microbiome of tongue coating and gut in type 2 diabetes
with yellow tongue coating

Yao Wang ™', Jiging Li ™', Haiying Hu“', Yalan Wu?, Song Chen ",

Xiangrong Feng®, Ting Wang ©, Yinrong Wang", Su Wu """, Huanhuan Luo *"
 School of Basic Medical Sciences, Guangzhou University of Chinese Medicine, Guangzhou, Guangdong Province, China

Y Department of Endocrinology, Hainan Provincial Hospital of Traditional Chinese Medicine , Haikou, Hainan Province, China

€ West China Hospital Sichuan University, Chengdu, Sichuan Province, China

4 Science and Technology Innovation Center, Guangzhou University of Chinese Medicine, Guangzhou, Guangdong Province, China

¢ Department of Emergency and Critical Care, Hainan Provincial Hospital of Traditional Chinese Medicine, Haikou, Hainan Province, China

f State Key Laboratory of Traditional Chinese Medicine Syndrome, Guangzhou University of Chinese Medicine, Guangzhou, Guangdong Province,
China

ARTICLE INFO ABSTRACT
Keywords: The gut microbiome plays a critical role in the pathogenesis of type 2 diabetes mellitus (T2DM).
Tongue coating microbiome However, the inconvenience of obtaining fecal samples hinders the clinical application of gut

Gut microbiome
Type 2 diabetes mellitus
Yellow tongue coating

microbiome analysis. In this study, we hypothesized that tongue coating color is associated with
the severity of T2DM. Therefore, we aimed to compare tongue coating, gut microbiomes, and
various clinical parameters between patients with T2DM with yellow (YC) and non-yellow tongue
coatings (NYC). Tongue coating and gut microbiomes of 27 patients with T2DM (13 with YC and
14 with NYC) were analyzed using 16S rDNA gene sequencing technology. Additionally, we
measured glycated hemoglobin (HbAlc), random blood glucose (RBG), fasting blood glucose
(FBG), postprandial blood glucose (PBG), insulin (INS), glucagon (GC), body mass index (BMI),
and homeostasis model assessment of p-cell function (HOMA-B) levels for each patient. The
correlation between tongue coating and the gut microbiomes was also analyzed. Our findings
provide evidence that the levels of Lactobacillus spp. are significantly higher in both the tongue
coating and the gut microbiomes of patients with YC. Additionally, we observed that elevated INS
and GC levels, along with decreased BMI and HOMA-f levels, were indicative of a more severe
condition in patients with T2DM with YC. Moreover, our results suggest that the composition of
the tongue coating may reflect the presence of Lactobacillus spp. in the gut. These results provide
insights regarding the potential relationship between tongue coating color, the gut microbiome,
and T2DM.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease characterized by hyperglycemia [1]. It is caused by the dysfunction
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Fig. 1. Differences in tongue coating microbiome between patients with YC and NYC. A: Representative photographs showing YC and NYC in patients. B: Bar plots illustrating the taxonomic profiles of
patients with NYC and YC at the phylum level. C: Bar plots displaying the taxonomic profiles of patients with NYC and YC at the genus level. D: Cladogram representing the enriched taxa in the tongue
coating microbiome communities of the two groups. E: Histogram showing the LDA scores computed for different abundance levels between patients with NYC and YC.
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Fig. 2. Differences in gut microbiomes between patients with YC and NYC. Bacteria composition of the different communities at the (A) phylum and (B) genus levels in patients with NYC and YC. C:
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of islet p cells and insulin resistance (IR) [2]. Globally, an estimated 451 million individuals were affected by diabetes in 2017, and this
number is projected to increase to 693 million by 2045 [3]. T2DM can lead to various complications including nephropathy [4],
angiopathy [5], retinopathy [6], and peripheral neuropathy [7]. Early detection, diagnosis, and treatment are crucial for preventing
these complications.

Tongue color, considered a sensitive noninvasive external sign, is important in Traditional Chinese Medicine (TCM), as it reflects
the occurrence, development, and prognosis of diseases [8]. Tongue is a widely used diagnostic tool for TCM [9]. For instance, yellow
tongue coating (YC) is traditionally associated with “damp heat” in the body. Tongue diagnosis is based on the TCM theory of the
visceral picture, which suggests that all internal organs are directly or indirectly connected to the tongue through meridians.
Therefore, abnormalities in tongue coating reflect imbalances within the entire human body, including the tongue coating microbiome
[10]. Physiological functions and pathological changes in the internal organs are reflected in the tongue. Notably, the tongue condition
of patients with acute stroke has been determined to be related to the clinical features [11]. The tongue dorsum, which consists of
filiform, fungiform, annular, and foliate papillae, harbors a diverse bacterial community. In addition, the non-keratinized epithelium at
the base of the tongue rapidly absorbs small molecules and interacts with the host [12]. The close proximity of the tongue to the tonsils
allows compounds to be shed from the epithelial cells and the tongue-coating microbiome to be transported into the respiratory and
digestive tracts. These unique characteristics increase the likelihood of oral-gut microbiome translocation and broaden the metabolic
effects of the tongue-coating microbiome. Previous studies have identified correlations between tongue color and parameters such as
sublingual vein width [13], female menstrual cycle [14], and various physiological indicators such as GLU, TCH, and HDL-C [15]. In
our study, we observed a potential association between tongue color and tongue coating, as well as the gut microbiome.

The tongue-coating microbiome has been associated with chronic systemic diseases characterized by nutrient and metabolic dis-
orders, such as gastritis and diabetes [16,17], as well as various types of cancer [18-20]. Given its association with chronic nonoral
diseases, the tongue coating microbiome has the potential to serve as a marker of metabolic homeostasis and may be utilized as a
diagnostic tool in the future. Metabolic disorders, which involve imbalances in the digestion and absorption of substances, play crucial
roles in the pathogenesis of various diseases. Therefore, further research on the tongue coating microbiome, its relationship with
metabolic diseases, and its role in metabolism is warranted. Overall, exploring the research directions of the tongue coating micro-
biome and its association with metabolic diseases will contribute to our understanding of this field and pave the way for potential
diagnostic and therapeutic applications.

In the present study, we investigated the differences and relationships between the tongue coating microbiome, gut microbiome,
and clinical indicators in patients with T2DM with YC and non-yellow tongue coatings (NYC). Our findings provide new insights and
potential avenues for the future diagnosis of T2DM.

2. Results
2.1. Structural differences in tongue coating microbiome between patients with T2DM with YC and NYC

Tongue diagnosis is a unique method used in TCM. In this study, we aimed to investigate biodiversity differences in the tongue
microbiome by grouping patients based on their tongue coating color. YC is a classic clinical sign used in TCM to assessing diabetes
mellitus [21]. Several clinical reports have suggested that YC is a symptom of diabetes [22,23]. We enrolled 27 patients with T2DM,
who were divided into two groups based on their tongue coating color: a NYC group with 14 patients and a YC group with 13 patients
(Fig. 1A). The composition of the tongue microbiome at the phylum and genus levels is shown in Fig. 1B and C. At the family and genus
levels, Lactobacillus spp. were more abundant in YC than in NYC (Fig. 1D and E).

2.2. Differences in gut microbiome structure between patients with YC and NYC

Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria were the predominant phyla in both the gut- and tongue-coated
microbiomes (Fig. 2A). At the genus level, there were differences between the predominant microbiomes of the tongue coating and
the gut. Specifically, Prevotella.7, Neisseria, Veillonella, and Streptococcus were the predominant genera in the tongue-coating
microbiome, whereas Bacteroides, Prevotella.9, Klebsiella, and Megamonas dominated the gut microbiome (Figs. 1C and 2B).
Using LDA effect size (LEFSe) analysis, we determined that patients with YC had a higher abundance of Lactobacillus spp., Intestini-
monas spp., Eisenbergiella spp., Sphaerochaera spp., Odoribacter spp., GCA_900066225, Prevotellaceae UCG _001, and Eubacterium-
brachygroup at the genus level compared to patients with NYC (Fig. 2C and D). Moreover, we observed an increased abundance of
Clostridiales vad in the BB60 group, Enterococcaceae, and Spirochaetales at the family level in patients with YC (Fig. 2C and D). These
findings suggest that the tongue coating and gut microbiomes exhibit distinct microbial compositions in patients with different tongue
coating colors.

2.3. Correlations between tongue coating and gut biomarkers and bio-clinical parameters

To assess the accuracy of differentiating the two groups of samples based on the relative abundance of tongue coating and gut
microbial taxa, we used a receiver operating characteristic (ROC) curve, which is a common methodology for evaluating the classi-
fication performance of potential biomarkers (Fig. 3A and E). The area under the curve (AUC), which represents the true and false
positive rates, was calculated to measure the performance of the potential classifier. The results demonstrated that Lactobacillus spp.
from both the tongue coating and the gut could accurately differentiate between patients with NYC and those with YC (Fig. 3A and E).
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Furthermore, we observed a positive correlation between the relative abundance of Lactobacillus spp. in the tongue coating and gut and
the red cell volume distribution width (RDW) (Fig. 3B and F) and negative correlations with the mean erythrocyte hemoglobin
concentration (MCHC) and insulin (INS) levels (Fig. 3C, D, G, and H). Additionally, a positive correlation existed between Lactobacillus
spp. in the tongue coating and gut (Fig. 3I).

T2DM indicators were different between patients with YC and those with NYC We observed differences in T2DM indicators
between the two groups. Specifically, we determined that although not statistically significant, glycated hemoglobin (HbAlc) and
postprandial blood glucose (PBG) levels were higher in patients with YC than in those with NYC (Fig. 4A and D), whereas random
blood glucose (RBG) and fasting blood glucose (FBG) levels were lower in patients with YC than in those with NYC (Fig. 4B and C).
Notably, body mass index (BMI) was significantly lower in patients with YC than in those with NYC (Fig. 4E) (P < 0.05), which is
associated with a later T2DM onset [24,25]. Moreover, INS and homeostasis model assessment of $-cell function (HOMA-p) levels were
significantly lower in patients with YC than in those with NYC (Fig. 4F and G) (P < 0.05). The HOMA-p index is considered a good
indicator for evaluating p-cell functionality, and a lower HOMA-f index is associated with poor prognosis [26,27]. Finally, we showed
that glucagon (GC) levels were higher in patients with YC than in those with NYC (Fig. 4H, P < 0.05).

2.4. Changes in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and inflammation in patients with different tongue coating
colors

We aimed to predict the functional capacity of the gut microbiome using KEGG pathways. Our analysis revealed that patients with
YC exhibited lower expression of several KEGG pathways, including “Immune System,” “Immune System Disease,” “Circulatory
System,” “Energy Metabolism,” “Metabolism of Cofactors and Vitamins,” “Biosynthesis of other Secondary Metabolites,” “Transport
and Catabolism,” “"Folding, Sorting, and Degradation,” “Cell Growth and Death,” “Replication and Repair,” and “Nucleotide Meta-
bolism,” compared to patients with NYC (Fig. 5A). False-positive KEGG results are shown in Supplementary Material 1.

We hypothesized that changes in the immune system could signify the differences in inflammation between the two groups. Further
analysis showed that patients with YC had higher leukocyte and lymphocyte counts than those with NYC (Fig. 5B, P < 0.05), indicating
that patients with YC may have higher levels of inflammation than those with NYC.

3. Discussion
In this study, we performed a comprehensive comparative analysis of tongue coating and gut microbiomes in patients with T2DM.

By leveraging the power of next-generation sequencing technology, we explored the correlations between microbiome composition
and various indicators of T2DM. Our findings offer valuable insights and potential clinical tools for identifying the distinctive microbial
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signatures associated with T2DM.

Our findings revealed differences in both the composition of the tongue coating and the gut microbiome between patients with YC
and NYC. The predominant microbial phyla shared by both sites were Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria;
however, their distribution differed at each location. At the genus level, distinct differences were observed in the predominant
microbiota of tongue coating and gut bacteria. Specifically, Prevotella, Neisseria, Veillonella, and Streptococcus were the major genera
found in the tongue coating microbiome, whereas Bacteroides, Prevotella, Klebsiella, and Megamonas dominated the gut bacteria.
Notably, Prevotella has been associated with improved glucose metabolism and insulin sensitivity due to its ability to ferment dietary
fiber and produce propionate [28,29]. Additionally, Prevotella and Bacteroides have been shown to play key roles in the relationship
between branched-chain amino acid (BCAA) biosynthesis and insulin resistance [30]. These studies highlight the interplay between
specific bacteria and nutrients such as amino acids, showing the potential of targeting the microbiota as a preventive or therapeutic
strategy [31]. These findings provide valuable insights into the distinct microbial profiles associated with tongue coating and gut
microbiomes in patients with T2DM, and shed light on the potential metabolic implications of specific bacterial taxa. Further in-
vestigations into the functional roles of these microbial communities may contribute to the development of targeted interventions and
therapeutic approaches for the management of T2DM.

The tongue coating microbiome is a complex and dynamic structure consisting of various bacterial entities, including single-layer
sparse colonies, free-living bacteria, and bacteria attached to squamous epithelial cells [32]. This suggests that tongue dorsal epithelial
cells are comprised of fast-shedding, sparse colony cells, and long-lived structures capable of forming larger biofilms. Extensive
interspecies interactions occur between the microbiome and tongue papillae, which can be categorized as synergistic, signaling, or
antagonistic [33,34]. Although different bacterial species and genera may have similar metabolic functions, functional redundancies
are commonly observed [32]. The presence of diversity and appropriate redundancy in both the tongue coating and gut microbiome
can enhance stability [35] and metabolic efficiency [36]. Both the tongue coating and gut microbiomes are closely associated with
metabolic status [37], immune status, age [38], sex, genetic factors, environmental factors [39], antibiotic use, infant feeding status
[40], and management of probiotics and prebiotics, which are closely related to diet [41,42]. Both tongue coating and gut microbiomes
are dominated by anaerobic bacteria [40]. Some microbiomes may shift from the oral cavity to the gut [43] or interact with each other.
First, the tongue coating microbiome can be transferred to the gut, causing fluctuations in the gut microbiome. Recently, it was shown
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that 14 taxa from other host sites increased in the tongue coating and fecal samples from older adults, indicating that microbiomes
from other parts of the host may migrate to the oral cavity [44]. This mechanism may involve a decline in gastrointestinal function or a
decrease in gastric acid and bile secretion in older adults. The oral microbiome remains active and can reach the gut, whereas the
tongue coating microbiome invades the gingival or tongue tissue, impairing the barrier function of the tongue epithelial mucosa. This
can lead to a reduction in the levels of ligand proteins in the tongue [45] or Fap2-mediated blood diffusion to the gut [46,47]. Secondly,
changes in the abundance of the tongue coating microbiome align with those of the gut microbiome in various diseases, and their
abundance is influenced by the activation of immune receptors or abnormal hormone levels [48-50]. For instance, Veillonella spp.
increase in both the oral cavity and gut of patients with autoimmune liver disease, and show a positive correlation [51]. The tongue
and gut actively participate in digestion by reflexively stimulating the gastric system, pancreas, liver, and gallbladder [52]. Moreover,
the microbiome can influence metabolism by interacting with taste receptors on the tongue and gut [53], which may be related to the
specific effector mechanism of the oral-gut axis [12].

Tongue coating and gut microbiomes share dozens of genera [44], including Lactococcus, Bilophila, and Akkermansia. Lactococcus
and Lactobacillus spp. are the common lactic acid bacteria. In our study, using LEFSe analysis, we observed that the abundance of
Lactobacillus spp. was higher in the tongue coating and gut microbiome of YC than in NYC. These findings suggest a potential asso-
ciation between the presence of Lactobacillus spp. and the YC phenotype in patients with T2DM. It is worth noting that certain strains of
Lactobacillus spp. may appear yellowish or reddish in color [54-56], which could explain the yellow coloration of the tongue coating in
certain patients. Lactobacillus spp., a member of the genus Firmicutes, comprises over 100 species, approximately 30 % of which are
found in the human gastrointestinal tract [57]. Owing to their protective characteristics such as enhanced intestinal barrier function
and immunologic health, Lactobacillus strains are often utilized as probiotics [58]. Increased levels of Lactobacillus spp. have been
reported in patients with T2DM; these strains activate the AMP-activated protein kinase (AMPK) pathway and regulate energy
metabolism [59-61].

Our study also revealed a positive correlation between the presence of Lactobacillus spp. in both tongue coating and gut micro-
biomes and RDW, a parameter commonly included in complete blood count reports. High RDW values are associated with various
acute and chronic cardiovascular diseases, such as acute coronary syndrome, peripheral artery disease, and ischemic cerebrovascular
disease [62,63]. Moreover, high RDW values have been reported in individuals with diabetes [64] and reflect chronic inflammation
and oxidative stress, both of which are associated with the pathogenesis of T2DM [65,66]. Several studies have shown that high RDW is
an independent predictor of cardiovascular morbidity and mortality in the general population [67], chronic heart failure [68], and
coronary heart disease [69]. These findings suggest that RDW is associated with high plasma glucose concentrations and could be a
predictor of glucose metabolic disturbances [70].

The presence of Lactobacillus spp. in the tongue coating and gut was negatively correlated with MCHC and INS levels. A lower
MCHC indicates increased afterload and higher demand for cardiac output, potentially leading to left ventricular wall thickening and
left atrial enlargement [71]. Studies have reported an association between low MCHC levels and diastolic dysfunction parameters such
as left atrial volume and transmitral flow in patients with chronic heart failure [72]. Moreover, low MCHC levels have been identified
as a risk factor for mortality in patients undergoing maintenance hemodialysis [73] and those with acute heart failure [74]. Among
individuals with chronic systolic heart failure, those with low MCHC and high RDW had the poorest prognosis [75]. Hence, it appears
that patients with YC are more susceptible to developing cardiovascular complications associated with T2DM, which aligns with the
lower “Circulatory System” KEGG result observed in these patients.

Our findings also indicate that patients with T2DM with YC had poorer health than those with normal tongue coating, as evidenced
by BMI, HOMA-B, INS, and glucagon levels. Several studies have reported a positive association between YC and diabetes [23,76].
Additionally, tongue lesions are more prevalent among patients with T2DM than among healthy controls [77], and hyperglycemia has
been identified as a risk factor for tongue lesions [78]. Furthermore, YC is a concomitant symptom of diabetes [22] and is associated
with a high prevalence of diabetes mellitus [16]. These findings align with our results, which indicate that patients with YC had lower
INS levels and BMI than those with NYC, whereas their glucagon levels were higher. Individuals with severe autoimmune diabetes and
severe insulin-deficient diabetes typically have a low BMI [79].

Pancreatic islet p cells play a crucial role in the transport of insulin vesicles and promote insulin secretion by expressing the
intracellular bacterial peptidoglycan receptor Nod1 to sense ligand signals from the intestinal bacteria [80]. nsulin is involved in the
regulation of blood glucose homeostasis, which is crucial for energy metabolism [81]. In diabetes, insulin deficiency and hypergly-
cemia may inhibit immune responses [82]. Obese individuals have a higher proportion of Firmicutes in their intestines than healthy
individuals [83]. Colonization of the gut microbiome is closely related to insulin resistance [84], which increases the body’s demand
for insulin. Short-chain fatty acids derived from the intestinal bacteria have been found to promote insulin secretion by activating the
vagus nerve [85]. Our study identified a low Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway for energy metabolism in
patients with YC, which may be due to their low insulin levels.

According to TCM, YC is associated with heat dampness syndrome, which involves inflammation [86,87]. We also found that
leukocyte and lymphocyte counts were higher in patients with YC, consistent with a weakened immune response in patients with NYC,
as suggested by KEGG pathway analysis. Inflammation is a key factor in the development of diabetic complications, and increased
leukocyte activation plays an important role in patients with insulin resistance and T2DM [88,89]. Activated leukocytes contribute to
the development of atherosclerosis [90] and microvascular diabetic complications [91,92], making patients with YC at a higher risk of
cardiovascular complications of diabetes than patients with NYC. However, the sample size in our study was relatively small; thus,
multicenter studies with larger sample sizes are needed to confirm our findings. Second, the 16S rDNA gene sequencing method used in
this study did not provide a more in-depth and comprehensive species analysis. Therefore, further studies using metagenomic
sequencing are needed for more detailed research.
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Our study shows that microbial signatures in tongue coating can serve as potential diagnostic markers for patients exhibiting two
different colors, and the composition of the gut microbiome can be reflected by the tongue coating microbiome. The importance of the
gut microbiome in human health and disease is well recognized. Our study aimed to investigate the relationship between tongue
coating and the gut microbiome in patients with T2DM. The microbiome may provide a new perspective for studying the mechanisms
and treatments of T2DM. Our study co-analyzed tongue coating and gut microbiomes in patients with T2DM and revealed novel co-
occurrence networks within and between microbial communities. Our findings provide a basis for future research on the use of tongue
coating analysis to determine the severity of T2DM. Given the emerging knowledge on the role of the microbiome in human health and
disease, we hope that these analyses will provide new insights into the development of microbial markers for the diagnosis of T2DM
and guide treatment.

4. Conclusions

The conclusions of this study are as follows: (1) the tongue coating and gut microbiomes were different between patients with
different colors of tongue coating; (2) tongue coating and gut microbiome Lactobacillus spp. could classify patients with YC and NYC;
(3) the tongue coating and gut microbiome Lactobacillus spp. were positively associated with higher RDW and negatively associated
with MCHC and INS; (4) the decreased INS and HOMA-f, increased GC may indicate that the condition of patients with T2DM with YC
may be more severe than that of patients with NYC; (5) presence of Lactobacillus spp. in the tongue coating could reflect its presence in
the gut.

5. Materials and methods
5.1. Ethics statement

The study has been registered in the Chinese Clinical Trial Registry with the registration number “ChiCTR1900023995.”
5.2. Study participants

Twenty-seven patients who were diagnosed with T2DM. Prior to the initiation of the study, the project protocol was approved by
the Medical Ethics Committee of Hainan Traditional Chinese Medicine Hospital. The study was conducted in compliance with all
relevant regulations and informed consent was obtained from all participants. All participants consented to the publication of images
of their tongues.

The inclusion criteria were as follows: (1) individuals aged between 18 and 65 years; (2) participants who were diagnosed with
T2DM, as defined by the criteria established by the American Diabetes Association [93]; (3) absence of any concurrent systemic or
metabolic conditions apart from T2DM and no recent occurrence of infection within the preceding month; and (4) absence of dietary or
medication regimens that could potentially affect glucose homeostasis, such as glucocorticoids or antibiotics, within the past 3 months.

Exclusion criteria were: (1) presence of clinically significant major systemic diseases, including malignancies; (2) clinical indication
of hemoglobinopathies or anemia; (3) history of substance abuse or alcohol dependency; (4) occurrence of a major cardiovascular
event within the preceding 6 months; (5) ongoing acute illnesses or current indications of acute or chronic inflammatory or infective
diseases; (6) mental health conditions that hindered participants’ ability to comprehend the study’s nature, scope, and potential
implications; (7) female gender.

The definitions of YC and NYC were confirmed by at least two doctors specializing in tongue diagnosis. These doctors indepen-
dently evaluated a group of individuals with a clinically confirmed yellow tongue coating. In instances where there was a disagreement
between the two doctors regarding the classification of the tongue coating, we would exclude the clinical sample from our study. All
participants were then asked whether they usually brushed off their tongue coating (yes = no) and whether they consumed drinks that
could influence their tongue coating (yes/no). Subsequently, participants were instructed to extend their tongues forward as far as
possible for image capture. Representative images showing tongue color are shown in Fig. 1A. The tongue coating yellowness was
assessed using the Commission Internationale de I'Eclairage L*a™b" (CIELAB) and L + C *h® (CIELCH) color models. These indices
have been used for color segmentation in the diagnosis of tongue conditions using digital images [94,95]. In the CIELAB color model,
L represents lightness (0: black to 100: white), and a* (+a*: redness to —a: greenness) and b* (+b™: yellowness to —b™: blueness)
represent color-opponent dimensions [95,96]. Moreover, the CIELAB color model served as the foundation for calculating the
hue-angle values, which were determined in relation to the a-axis [97]. The hue-angle value is utilized as a key parameter in the
CIELCH color model. In this model, L signifies the lightness (ranging from 0 for black to 100 for white), C" represents the chroma
(ranging from 0 for completely unsaturated to 100 for notably high chroma), and h° represents the hue in degrees (or angles), ranging
from 0° (red) to 90° (yellow), 180° (green), 270° (blue), and back to 0°. In our study, CIE b*and hue-angle values were used to quantify
the degree of yellowness of tongue coatings. Using the RGB color model as a basis, CIELAB was used to capture measurements from all
images encompassing the average red, green, and blue values from a 100-pixel area within a square situated along the center to the
posterior of the tongue dorsum, where the distribution of the tongue coating is anticipated to be most prominent [98]. The formulation
for computing the CIELAB and hue-angle values from the RGB color model is presented in Supplementary Material 2.
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5.3. Sample collection

In the morning, before breakfast, the tongue coatings of all the participants were sampled between 6 a.m. and 9 a.m. Prior to
sampling, the participants were instructed to rinse their mouths. They were asked to extend their tongues forward as far as possible. A
glossopharyngeal swab was used to scrape the middle part of the tongue, and the collected tongue coating was stored in a test tube
containing a DNA preservation solution. The test tubes were stored in a —80 °C refrigerator for preservation.

For fecal sample collection, participants collected samples using a stool collection device obtained from the Beijing Genomics
Institution. The collected stool samples were stored in a DNA preservation solution and then kept in a —80 °C refrigerator for storage.

5.4. 16S rDNA gene sequencing

DNA extraction was performed using the TIANamp Stool DNA Kit (TIANGEN) in accordance with previously reported methods
[99]. Briefly, the bead-beating method was used to collect the DNA dissolved in Tris-EDTA (TE) buffer after extraction using phenol
and chloroform. The concentration and purity of the extracted DNA were assessed by 1 % agarose gel electrophoresis. Based on the
concentration measurement, the DNA was diluted to a final concentration of 1 ng/pl using sterile water. Variable regions 3 and 4
(V3-V4) of the gene were amplified using the 341F and 806R primers (341: CCTAYGGGRBGCASCAG; 806: GGACTACNNGGG-
TATCTAAT) with barcoding [100,101]. Each polymerase chain reaction (PCR) was performed in a total volume of 30 pL, containing
15 pL of PhusionpHigh-Fidelity PCR Master Mix (New England Biolabs), 0.2 pM of forward and reverse primers, and approximately 10
ng of template DNA. The thermal cycling program consisted of an initial denaturation step at 98 °C for 1 min, followed by 30 cycles of
denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s, and elongation at 72 °C for 60 s. The final extension step was performed at
72 °C for 5 min. An equal volume of 1X loading buffer (containing SYBR green) was mixed with the PCR products and subjected to
electrophoresis on a 2 % agarose gel. Samples with a bright main band at 400-450 bp were selected for further experiments. The PCR
products were mixed at equidensity ratios. PCR products were purified using a Qiagen Gel Extraction Kit (Qiagen). Sequencing li-
braries were generated using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina) following manufacturer’s recommendations
and index codes were added. Library quality was assessed using a Qubit@ 2.0 Fluorometer (Thermo Scientific) and an Agilent Bio-
analyzer 2100 system. Finally, the library was sequenced on an Illumina NovaSeq6000 platform and 250 bp paired-end reads were
generated.

5.5. Data analysis

For data processing and filtering, raw sequencing data were initially subjected to preprocessed using a custom-developed program
to ensure the generation of clean data. Subsequently, Fast Length Adjustment of Short reads (FLASH; v1.2.11) was used to merge pairs
of reads derived from dual-end sequencing, thereby creating unified sequences based on their overlapping characteristics. This enables
the extraction of tags corresponding to regions with pronounced variability. The clean tags were clustered into operational taxonomic
units (OTUs). Subsequently, taxonomic classification of these OTUs was meticulously performed through annotation. Finally, the OTU
species classification was refined by annotating the OTUs in preparation for the subsequent phase of analysis. Sequence analysis was
performed using the UPARSE software package with UPARSE-OTU and UPARSE-OTUref algorithms. In-house Perl scripts were used to
analyze alpha (within samples) and beta (among samples) diversity. Sequences with >97 % similarity were assigned to the same
operational OTUs. We selected representative sequences for each OTU and used the RDP classifier to annotate the taxonomic infor-
mation for each representative sequence. Linear discriminant analysis (LDA) was used to compare differences in the species diversity of
different ecosystems among the samples. LEfSe analysis was used to discern distinct and abundant bacterial taxa among the different
groups. Taxa with an LDA score greater than two were considered exclusively taken into consideration. Functional gene predictions
were conducted using the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) method. This
prediction was facilitated by employing the KEGG database, with high-quality sequences serving as input data.

ROC curves were generated using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). The default plugin of GraphPad Prism
was used to perform statistical significance analysis of the AUCs for dysbiosis markers, and Spearman correlation analysis was per-
formed using R software.

All clinical data were statistically analyzed using GraphPad Software. The data consisted of continuous variables following a
completely randomized design. Prior to conducting statistical tests, the normality of the data was assessed using the Shapiro-Wilk test,
and the homogeneity of variances was assessed using the Levene test. Statistical significance was set at p < 0.05. If the data were
normally distributed and had homogeneous variances, two independent samples were compared using an independent samples t-test.
If the data were normally distributed but had heterogeneous variances, two independent samples were compared using Welch’s t-test.
If the data did not follow a normal distribution, a non-parametric test, specifically the Mann-Whitney U test, was used.

Data availability statement

Data associated with the study are included in this published article. And the raw sequence reads for the 16S rDNA sequencing
datasets obtained from both tongue coating and gut samples have been deposited in the NCBI Sequence Read Archive: PRINA871372.
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