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Objective: The objective of this study was to identify the biological correlation between
the tongue coating color and oral and gut micro-characteristics in metabolic-associated
fatty liver disease (MAFLD) patients.

Method: The characteristics of the tongue coating were examined using an automatic
tongue diagnosis system. Tongue coating and stool samples were collected from 38
MAFLD patients, and 16S rDNA full-length assembly sequencing technology (16S-FAST)
was used for bicinformatic analysis.

Results: Twenty-two and 16 subjects were included in two distinct clusters according to
the white/yellow color of the tongue coating, which was assessed by the L*a*b* values of
the image. Upon analyzing the microorganisms in the tongue coating, 66 and 62
pathognomonic bacterial genera were found in the White and Yellow Coating Groups,
respectively. The abundance of Stomatobaculumis positively correlated with the a* values
of the tongue coating in the White Coating Group, while Fusobacterium, Leptotrichia, and
Tannerella abundance was significantly correlated with the b* values in the Yellow Coating
Group. Function prediction mainly showed the involvement of protein families related to
BRITE hierarchies and metabolism. The MHR (MONO%/high-density lipoprotein
cholesterol) of the Yellow Coating Group was higher than that of the White Coating Group.

Conclusion: In MAFLD patients, lower a* values and higher b* values are indicators of a
yellow tongue coating. There were also significant differences in the flora of different
tongue coatings, with corresponding changes in the intestinal flora, indicating a correlation
between carbohydrate metabolism disorders and inflammation in the oral microbiome.

Keywords: metabolic dysfunction-associated fatty liver disease, tongue coating, oral-intestinal microbiome, 16S
rDNA full-length assembly sequencing technology analysis, lab color mode
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INTRODUCTION

With a global surge in obesity-associated morbidity, non-
alcoholic fatty liver disease (NAFLD) has become the most
dominant chronic liver disease. NAFLD has a 25% global
incidence, resulting in high global health system costs, and
approximately 1.7 billion people have been affected (Zhu et al.,
2021). In view of the multisystem metabolic dysfunction
involving the liver, an international panel of experts has
formally renamed NAFLD as metabolic dysfunction-associated
fatty liver disease (MAFLD). Although the pathogenesis of this
complex disease is not fully elucidated and several major
prophylactic and therapeutic barriers remain to be clarified,
MAFLD is believed to involve dynamic interactions between
genetic susceptibility and environmental factors. As a result of
genome-wide association studies, candidate gene and epigenetics
research has gradually unveiled factors related to susceptibility,
genetic variation, and heterogeneity among patients with
MAFLD. Patatin-like phospholipase domain 3 (PNPLA3),
transmembrane 6 superfamily member 2, glucokinase regulator
isogenetic gene variants, and gene polymorphisms related to
inflammation, immunity, metabolism, oxidative stress,
adipokines, and muscle kinase have been proven to be
significantly associated with MAFLD-related intrahepatic
diseases (Kozlitina et al., 2014; Eslam and George, 2016; Eslam
et al., 2018). For example, PNPLA3 gene polymorphism is
associated with diet pattern, increased sugar intake, and
omega-6 polyunsaturated fatty acid intake, and obesity and
insulin resistance play a prominent role in MAFLD gene-
environment cross talk (Zaharia et al., 2020; Banini et al., 2021).

In traditional Chinese medicine (TCM), the diagnosis of
diseases follows the principle of “inspecting exterior to predict
interior”, which means the doctor can speculate about changes in
diseases inside the body by examining various external signs. The
tongue is located in the oral cavity, the first part of the digestive
tract, and diseases may affect the tongue coating. The tongue
characteristics, which include information about the tongue
body, tongue proper, tongue dorsum, and tongue shape, are
regarded as a reflection of human health. These characteristics
also serve as key evidence for fundamental clinical diagnosis
using four diagnostic methods of TCM. However, this
information is collected by physicians, and they may be unable
to obtain objective or quantitative generalization of the
characteristics. Computer image processing technology can be
used to segment the images of different parts of the tongue,
automatically obtain the spectral parameters of different tongue
images, identify the features of the tongue images, and provide
objective indicators to describe those features, such as division of
area, color, texture, and shape (Zhang et al., 2017). Meanwhile,
deep learning can be used to comprehensively interpret tongue
images while obtaining a description of the pathological features.
The U-net network was used to examine pavement crack images,
and the trained model was utilized to assess tongue cracks for
further training to avoid the small sample problem (Liu et al,
2012; Xu et al, 2020). Computer-aided tongue diagnosis
eliminates the differences caused by environmental and human
interference to achieve a standardized result. Although its

accuracy depends on continuous improvement by assessing a
large number of tongue images, spectral technique and data
mining algorithm are applied to explore the physiological and
pathological information about the tongue from holistic and
systematic perspectives and establish the optical information
about tongue image features (Li et al, 2010). The digitized
parameters of tongue images have been accepted by various
researchers and are gradually being applied in clinical studies;
however, the relationship between the tongue image parameters
and diseases such as NAFLD, diabetes, and post-cancer diseases
has not yet been elucidated. The results of relevant studies are
shown in Table 1 (Zhang et al., 2005; Li et al., 2010; Jiang et al.,
2011; Qi et al,, 2016; Xue et al.,, 2018; Woo et al., 2019; Li
et al., 2021).

As a part of the human microbiota, there is a correlation
between the oral microbiome and normal oral ecological balance
and the occurrence and development of systemic diseases (Gao
et al,, 2018). The normal oral biofilm is colonized by a complex
microbial community in a dynamic equilibrium. Occasionally,
the symbiotic relationship is disrupted by lifestyle, immune
status, or broad-spectrum antibiotic therapy, and the
symbiotic environment of microorganisms is disturbed,
resulting in the expansion of opportunistic pathogens and
invader species. Such perturbations have been reported to be
associated with numerous clinical disorders such as obesity,
allergies, and a variety of inflammatory diseases (Costello et al.,
2012; Arrieta et al,, 2014). Tongue coating microorganisms are
important factors affecting the formation of the tongue coating.
In recent years, extensive research conducted on the
microecology of tongue coating has attracted increasing
attention. Studies have shown that the dorsal mucosa of the
tongue accumulates abundant bacteria (Rabe et al., 2019),
enabling this portion of the tongue to form a relatively
complete and independent microecosystem.

The biological mechanism underlying the formation and
alteration of the tongue coating is related to the interaction
between the microorganisms and the epithelial cells of the
dorsal part of the tongue. For example, Bacillus was found
only in the yellow tongue coating of chronic erosive gastritis
patients (Ye et al., 2016). Furthermore, there were significant
differences between the dental plaque-derived complexes of

TABLE 1 | Recent research about L*a*bh* values.

References Variables L*a*b* values

Zhang et al., 2005 L% a* b* L*and a* values were applied to differentiate

values the light red and red tongue, while L* and b*
values were applied for the light red and dark
red tongue

Jiang et al., 2011 a* b* The a* and b* values were combined to
values distinguish the purple and red tongue
Qietal, 2016 L* a* b* L*values were used to distinguish the purple
values and red tongue; a* values were related to the
red tongue; b* values were related to different
degrees of red tongue.
Xue et al., 2018 L* a* b* The L* values represented lightness of tongue
values color; @a* and b* values showed shades of red

and yellow, respectively.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

June 2022 | Volume 12 | Article 787143


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Luetal

Microbiome Analysis in MAFLD

Veillonella and Streptococcus (Kolenbrander et al., 2000). A
more clear and thorough understanding of microbial
composition on the tongue coating is required for the
diagnosis and treatment of different diseases. Wilbert et al.
combined species-specific fluorescent tags and high-resolution
microscopy to visualize human dorsal tongue microbial
communities and highlighted their structure and dynamics
(Wilbert et al., 2020). Metagenomic analysis revealed that the
variation in abundance of 21 microbial species in the tongue
coating microbiota was associated with the occurrence and
development of gastritis (Cui et al., 2019). Furthermore,
researchers have attempted to study the relationship among
different microorganisms in the tongue coating. In this study,
standardized tongue images were obtained using specialized
equipment. Then, tongue coating and stool samples were
collected from 38 MAFLD patients. Cluster analysis showed
that the tongue characteristics of MAFLD patients could be
clearly divided into two categories by L*a*b* spectral values,
which represented white and yellow coating. 16S rDNA full-
length assembly sequencing technology analysis revealed the
typical variation and differentiation in the tongue-coating
microbiome between the two clusters.

METHODS

Study Subject Recruitment

Thirty-eight MAFLD patients who met the inclusion and
exclusion criteria were enrolled in this study from September
2020 to May 2021 at the Hubei Provincial Hospital of TCM
(China). Individuals who met the following MAFLD diagnostic
criteria were included: MAFLD diagnoses were based on
histological (biopsy) and imaging or blood biomarker
evidence of fat accumulation in the liver (hepatic steatosis), in
addition to one of the following three criteria: overweight/
obesity, presence of type 2 diabetes mellitus (T2DM), or
evidence of metabolic dysregulation such as the presence of at
least two metabolic risk abnormalities: (1) waist circumference
(WC) 290/80 cm (men/women), (2) blood pressure (BP) 2130/
85 mmHg or specific drug treatment, (3) plasma triglyceride
levels (TG) 2150 mg/dl (21.70 mmol/l) or specific drug
treatment, (4) plasma high-density lipoprotein (HDL)-
cholesterol (HDL-C) levels <40 mg/dl (<1.0 mmol/l) for men
and <50 mg/dl (<1.3 mmol/l) for women or specific drug
treatment, (5) prediabetes [i.e., fasting glucose levels 100-125
mg/dl (5.6-6.9 mmol/l), or 2-h post-load glucose levels 140-
199 mg/dl (7.8-11.0 mmol) or HbAlc content 5.7%-6.4% (39-
47 mmol/mol)], (6) homeostasis model assessment of insulin
resistance (HOMA-IR) score 22.5, and (7) plasma high-
sensitivity C-reactive protein (hs-CRP) levels >2 mg/l. The
exclusion criteria were as follows: (1) antibiotic, probiotic, or
immunosuppressive drug use in the past 2 weeks and (2) the
combination of other oral diseases and their complications,
such as periodontitis, pulpitis, or oral carcinoma.

Ethics Statement

This study was approved by the Ethics Committee of Hubei
Provincial Hospital of TCM (Ethics No. HBZY2020-C43-01).
The protocol used in this study conformed to the Declaration of
Helsinki, and all patients and their guardians voluntarily signed
the informed consent. Procedures were conducted in compliance
with relevant public health laws and privacy regulations.

Data Collection

This cross-sectional study describes the clinical characteristics of
all the enrolled patients. (1) Body weight-related indicators, i.e.,
body mass index (BMI), body fat percentage, basal metabolic
rate, waist-to-hip ratio (WHR), and visceral fat area (VcFA),
were assessed using a bioelectric impedance device (InBody 770,
InBody, China). These indicators were measured on an empty
stomach and without metal attachment. (2) Liver stiffness
measurement (LSM) and controlled attenuation parameter
(CAP) were determined using a FibroScan® M probe
simultaneously to assess liver fibrosis and steatosis via
evidence-based non-invasive measures (Eddowes et al., 2019).
(3) The Homeostasis model assessment-Insulin Resistance
(HOMA-IR) score was calculated as fasting plasma glucose
(mM) x fasting insulin (mIU/L)/22.5.

Tongue Image Analysis

The TCM Healthcare Union app (DAOSH Co., Shanghai,
China) was used to image the tongue coatings of MAFLD
patients under uniform light conditions. Deep learning-based
visual tongue qualitative analysis and fractal dimensions were
applied to tongue pictures from 38 subjects. In our study, tongue
coating color quantitative values were obtained with L*a*b* color
mode, developed by the International Commission on Lighting
(CIE), in which color space is larger than that in the RGB and
CMYK mode. The L*a*b* color model consists of three elements;
L shows brightness, while a and b show gradation of color. A
higher a value indicates a redder tongue color; a higher b value
indicates a yellower tongue color.

Sample Collection

Blood samples were collected on an empty stomach and at
multiple time points to determine the clinical, biochemical,
and metabolic signatures of MAFLD individuals at the initial
visit, using the oral glucose tolerance test (OGTT), insulin
provocation, hs-CRP level, liver function test, and blood
lipid level.

Subjects were instructed not to eat or drink colored foods or
beverages (except water) during the 8 h before sampling.
Brushing of tongues was not allowed 2 h before sampling. The
tongue dorsa of subjects were sampled by gently scraping the
dorsal surface of the tongue from back to front using a swab and
then putting the swab into a collection tube containing a DNA
preservation solution (Swab DNA Storage Tube, CwBiotech,
Beijing, China). Fecal DNA storage tubes (CW2654,
CwBiotech, Beijing, China) were provided to patients for stool
collection in the morning after >8 h of fasting. Tongue dorsum
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and fecal samples were finally stored at -25°C for
further processing.

DNA Extraction and 16S Full-Length
Library Construction

Bacterial DNA from the tongue dorsum and fecal samples was
extracted using a swab genomic DNA extraction kit (CW2654,
CwBiotech, Beijing, China) and an intestinal DNA extraction kit,
respectively (TTANamp Stool DNA Kit, DP328, Tiangen Biotech,
Beijing, China). The 16S rDNA full-length assembly sequencing
technology (16S FAST) was used to perform further
classifications to reach a species level (Karst et al., 2018) by
assaying DNA sequences encoding bacterial ribosomal 16S RNA,
including 9 variable regions and 10 conserved regions.
Qualitative and quantitative analyses as well as quality control
were performed using 10 ng DNA. The splice and link libraries
were then built. Next, data from electrophoresis and the
measurements of Qubit concentrations were assembled for
quality control before Illumina NovaSeq 6000 sequencing
(Illumina, USA). The detailed process was reported in a
previously published study (Dong et al., 2021).

Bioinformatic Analysis

The Unique Molecular Identifier (UMI) pairing relationship was
extracted via the connecting library. All sequences corresponding
to each paired UMI were obtained from the splicing library.
Cutadapt V1.2.1 was applied to remove primers and UMI tags for
each paired UMI sequence, and SPAdes V3.13.1 software was
used for assembly with default parameters to obtain the full-
length 16S sequence for each UMI. The reads were classified with
a taxonomy-finding algorithm assigned to operational taxonomic
units (OTUs) within the software package Mothur V1.42.0 to
determine the microbial communities of individuals. Alpha
diversity at the genus level was measured with Simpson and
Shannon indices derived using the QIIMEIL.8.0 tool. The beta
diversity was measured at the genus level with principal
component analysis (PCoA) using R3.6.1 package vegan2.5-3.

Metagenomic Profiles (PICRUSt), and it was used to construct
the gene function prediction spectra of the whole lineages of
archaeal and bacterial domains.

Statistical Analysis

Data analysis was performed with SPSS v. 25.0 software (IBM
Corp., Armonk, NY, USA). The normality of the variable
distribution and homogeneity of variances were determined
with the Shapiro-Wilk and Levene tests, respectively.

In the case of normal distribution and homogeneity of
variance, a t-test was used. Otherwise, a non-parametric test
was performed. The comparison of categorical variables by
Fisher’s exact test and Wilcoxon rank-sum test was applied to
categorical variables and continuous variables. The associations
between independent variables were analyzed via Spearman’s
rank test, and the p-values were corrected via the Bonferroni
correction for multiple comparisons.

RESULTS

Characteristics of the Patients

The basic, biochemical, and microbiome composition-related
information of 91 patients was collected. Ultimately, 38 patients
who completed tongue imaging and information recognition
analysis were included in the follow-up study (Figure 1). Further
research statistics showed that most patients with MAFLD were
middle-aged males.

The L*a*b* parameters of coating color for the overall tongue
imaging of the patients were compared, and these patients were
divided into two groups by system cluster analysis with SPSS
(Table 2). There were significant differences between the two

TABLE 2 | Characteristics of the two groups.

Group L*a*b* color model parameters of tongue coating

The OTU table was compared with the (Kyoto Encyclopedia of Lx a* b*
Genes ar}d Genqmes) KEGG database to thaln metapohc White Coating Group 6673 + 776 915 4 3.3 180 +3.45
pathway information for each OTU. The functional potential of  vejow Coating Group ~ 48.32 + 9.52 16.88 + 2.94 0.53 + 3.81
the tongue microbiome was predicted by Statistical Analysis of  p-value 0.000 0.000 0.000
MAFLD patients who met the
inclusion and exclusion criteria
(N=91)
~~  blood biochemistry InBody 770 and Tongue image 9 m nple
examination FibroScan m analysis collection collection
v (N=91) N=79) N=76) (N=50) — Ny
MAFLD patients who completed the above procedures
(N =38)
l Bioinformatic analysis l | Statistical analysis l
FIGURE 1 | Program flowchart.
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clusters (p = 0.000); the cluster with higher a* and b* values
tended to exhibit a yellow tongue coating, while those with
higher a* values tended to have a red tongue color. The other
cluster with lower values could be regarded as a white coating,
and representative pictures of the two clusters are shown
in Figure 2.

In the two groups, some individuals had abnormal
biochemical indices and increased levels of metabolic disease

FIGURE 2 | Images of the two groups. (A) Female with an a* value of 7.46
and b* value of 3.65. (B) Male with an a* value of 8.46 and b* value of 3.71.
Both (A) and (B) are in the White Coating Group. (C) Female with an a* value
of 15.82 and b* value of 10.72. (D) Male with an a* value of 13.83 and b*
value of 13.28. Both (C, D) are in the Yellow Coating Group.

risk factors. Compared to the Yellow Coating Group, the White
Coating Group showed higher abnormal levels of ALT and less
insulin resistance. However, there were no significant differences
(p > 0.05, Table 3), except that the MONO% and MHR (MONO
%/HDL-C) in the Yellow Coating Group were higher than those
of the White Coating Group. Furthermore, all patients in the
Yellow Coating Group were obese (BMI > 28) (Dewulf
et al., 2013).

Patient Microbiome Information

16S DNA full-length sequencing was conducted on fecal and oral
samples from 38 MAFLD patients to characterize the microbial
community diversity. A total of 18,407 contigs were obtained in
oral samples, while 18,351 contigs were obtained in fecal
samples. There was no statistical significance in terms of
Shannon and Simpson indices of genus between the two
different groups in amplicon sequence variant (ASV) (p > 0.05,
Figures 3A, B). In terms of class level, there were 22 classes in all
samples; however, Mollicutes and Deltaproteobacteria only
existed in the White Coating Group. Meanwhile, Flavobacteriia
was statistically more abundant in the Yellow Coating Group
than in the White Coating Group (p = 0.041, Figures 3C, D).

TABLE 3 | Characteristics of MAFLD patients in the two groups.

Characteristic White Coating Group Yellow Coating Group P
(n=22) (n=16)
Age in years, median (min-max) 30 (22-34) 30 (21-38) 0.756
Gender
Male n (%) 16 (72.73) 8 (50) 0.187
Female n (%) 6 (27.27) 8 (50)
Severity of fatty liver
Mild fatty liver, n (%) 7(31.82) 6 (37.50) 0.120
Moderate fatty liver, n (%) 10 (45.45) 10 (62.50)
Severe fatty liver, n (%) 5(22.73) 0 (0.00)
ALT, U/L, median (min—max) 46.5 (20.75, 71) 33.50 (24.00, 95.25) 0.976
AST, U/L, median (min—-max) 28 (20.75, 39.25) 26.00 (20.00, 41.25) 0.745
CHOL, mmol/L, median (min-max) 4.88 (4.16, 5.66) 4.51 (4.08, 5.36) 0.383
TG, mmol/L, median (min-max) 1.69 (1.10, 2.32) 1.69 (1.27, 2.29) 0.894
HDL-C, mmol/L, median (min-max) 1.06 (0.95, 1.15) 1.00 (0.99, 1.21) 0.756
LDL-C, mmol/L, median (min-max) 3.12 (2.48, 3.94) 2.66 (2.33, 3.36) 0.132
HOMA-IR, mmol/L, median (min-max) 3.83 (2.38, 7.14) 4.69 (3.34, 7.61) 0.533
MONO%, median (min—max) 5.5 (4.93, 6.55) 7.15 (6.43, 8.38) 0.010
MHR (MONO%/HDL-C) 5.01 (4.27, 6.36) 6.34 (5.60, 9.55) 0.019
Weight (kg) 97.46 + 19.89 92.50 + 12.17 0.383
Protein (kg) 12.02 £ 1.95 11.17 £ 2.05 0.206
Minerals (kg) 4.15 £ 0.64 3.89 + 0.66 0.235
BFM (kg) 36.78 + 13.54 35.89 + 6.79 0.810
SLM (kg) 57.24 + 9.42 53.37 + 9.56 0.222
FFM (kg) 60.67 + 9.93 56.60 + 10.10 0.224
SMM (kg) 34.29 + 591 31.75 £ 6.22 0.209
BMI (kg/m?) 32.93 + 5.66 32.65 + 3.09 0.856
Overweight n (%) 4(18.18) 0(0) 0.124
Obesity n (%) 18 (81.82) 16 (100)
PBF (%) 36.94 + 8.07 38.90 + 6.06 0.418
BMR (kJ/mQ‘h) 1681 £ 214 1693 + 218 0.224
WHR 0.98 + 0.08 0.97 £ 0.05 0.566
VFA (cm?) 165.09 + 61.69 166.05 + 35.27 0.956
Circumference of the neck (cm) 40.40 + 3.38 39.80 + 2.85 0.563

AST, aspartate aminotransferase; ALT, alanine aminotransferase; CHOL, cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; MONO, monocytes; HOMA-IR, homeostasis model assessment-insulin resistance; BFM, body fat mass; SLM, soft lean mass; FFM, fat-free mass, SMM, skeletal

muscle mass.
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In terms of genus level, upon the taxonomic analysis of oral
microbiomes, 66 and 62 bacterial genera were found in the
White Coating Group and Yellow Coating Group,
respectively. Corynebacterium, Moraxella, Ottowia,
Lactobacillus, Johnsonella, Tissierella, and Enterobacter were
only found in the White Coating Group, while Shuttleworthia,
Simonsiella, Desulfobulbus, and Mycoplasma were unique to
the Yellow Coating Group (Figure 3D). In terms of relative
abundance, Neisseria was dominant in the White Coating

Group, while Prevotella was dominant in the Yellow Coating
Group (Figures 3E, F).

Correlation Between Microbiome and
Tongue Parameters

To further explore the correlation between tongue image parameters
and tongue coating colonies, we conducted a correlation analysis.
Among the 51 shared genera of tongue coating bacteria in 38 patients,
Capnocytophaga (b* values, R = 0.440, Figure 4C), Aggregatibacter
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FIGURE 4 | Heat map of the correlation between tongue coating bacteria and the tongue image parameters. Red represents positive correlation and blue
represents negative correlation; the darker the color, the stronger the correlation. (A) Four genera in the White Coating Group that were significantly related to L*a*b*
values. (B) Thirteen genera in the Yellow Coating Group significantly related to L*a*b* values. (C) Tongue flora in both groups significantly related to L*a*b* values.

(a*/b* values, R = 0.434/0.374, Figure 4C), Okadaella (L*values,
R = 0.327, Figure 4C), and Megasphaera (L*values, R = 0.378,
Figure 4C) were significantly correlated with tongue
image parameters.

In the White Coating Group, Haemophilus, Fusobacterium,
Lachnoanaerobaculum, Stomatobaculum, and Lautropia and
tongue coating color parameters were significantly correlated.
Among them, Stomatobaculum (R = 0.461, Figure 4A) was
correlated with a* values of the whole tongue coating. In the
Yellow Coating Group, Fusobacterium (R = 0.526, Figure 4B),
Leptotrichia (R = 0.521, Figure 4B), Tannerella (R = 0.611,
Figure 4B), and the b*values of tongue coating color
parameters were significantly correlated.

Characteristics of Intestinal Microflora

in Patients

To estimate the structure of the gut microbiome, we studied 29
individual 16S DNA full-length sequencing results of microbial
DNA obtained from all 38 patients. In total, 137 genera were
identified in this cohort. Among them, 89 common genera
existed in two groups, and the others were only found in one
of two groups (Figure 5A). Of all these genera, the relative
abundance of Dialister, Megasphaera, and Eisenbergiella showed
significant differences between the two groups (p = 0.03,
p = 0.021, p = 0.026, Figure 5B), while Eisenbergiella was only
found in the Yellow Coating Group. Those intestinal flora, as
shown in the heat map, were closely related to the tongue coating
flora, proving its impact on tongue coating parameters in the
respective group. According to correlation statistical analysis,
oral Stomatobaculum was highly associated with the species of

intestinal flora in the White Coating Group (Figure 5C).
Meanwhile, oral Shuttleworthia and Mycoplasma were highly
correlated with intestinal flora in the Yellow Coating
Group (Figure 5D).

PICRUSt Function Predictive Analysis

In order to predict and compare the functions of the White
Coating Group and Yellow Coating Group, PICRUS software
was used to predict the functions based on the KEGG database
with an OTU table of tongue coating bacteria. Function
prediction mainly involves protein families, genetic
information processing, signaling, and cellular processes. The
results showed that there were 11 pathways related to
metabolism, which were mainly related to the metabolism of
cofactors and vitamins, amino acids, and energy (Figure 6).

DISCUSSION

Tongue disease diagnosis is an important aspect of TCM.
However, traditional tongue disease diagnosis methods,
including direct observation of the tongue, have limitations
because of various external and subjective factors (Kim et al.,
2014). The in-depth application of computer and image
processing technology has facilitated a more objective analysis
of the MAFLD patient tongue image, which is helpful in disease
determination using TCM.

The L*a*b* color model was developed by CIE (International
Lighting Committee). The L*a*b* color model utilizes a
coordinate system (Kainuma et al.,, 2015). Upon comparing the

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

June 2022 | Volume 12 | Article 787143


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Luetal

Microbiome Analysis in MAFLD

100 == TEYEERREITNRNENIE
i F i i
i | ot I I | il
030 I I 1} I I |
I
070 l
060
050
040
030
020
= Romboutsia
= Exysipelatocostridium
o = Neglecta
000
[
‘White coating Yellow coating
Dialister Megasphacra Eisenbergiclla
0.08-
0.03 0021 0.026
I—\. | — [ —
0.06-
Groupl
2 0.04- .
5] B3 Yellow
B3 White
0.02- %

.
- .
o_oo.@—‘.— e et e

Yellow ~ White Yeliow  White Yellow ~ White

FIGURE 5 | Distribution of intestinal flora. (A) The distribution of different groups at the genus level is shown in the bar chart. (B) Bacterial communities with
statistical differences between the two groups are shown in the boxplot. In (C, D), the correlation between tongue coating bacteria and intestinal bacteria in the
White Coating Group and Yellow Coating Group, respectively, are shown in the heatmap.

(o] D
Actinomyces Actinomyces -

All votella
e . Rothia [

Tannerella "
Bergeveta Atopoblum-
Capnocytophaga [ | Gemella
Lactobacillus
cobacils - Okadaella
Mogibacterium - Streptococcus
Catonella " .
Johnsonella Mogibacterium
Lachnoanaerobaculum Eubacterium
Oribacterium " .
Stomatobaculum Oribacterium
Filiactor | ] Shuttleworthia
Solobacterium
Megasphaera l Stomatobaculum
Veillonella - | Filifactor -
‘Fusobacterium .
Leptotrichia Solobacterium
zospiritlum [ Selenomonas
Lautropia .
Eikeneln [ Dialister
Kingella | Leptotrichia
Neisseria
Campylobacter -. | Lautropia
m""“‘"i Haemophilus
Haemophilus
e ooo S
- I I »n »n W
EERE £E£37 %
H g 2 =
2 2§ 2% = & £ 2
3 B g 5 = g £
E 2 iz 5 2 82
°F g & 2 5 g B
3¢ S §F E &
E = 5 z E
=

characteristics of moss color in different color modes of L*a*b*,
the a*and b* values for the 22 patients in the Yellow Coating
Group were significantly larger than those in the White Coating
Group; tongue coating color was more associated with yellow,
indicating obvious fever. In addition, the BMI of Yellow Coating
Group patients met the diagnostic criteria for obesity. Combined
with the b* values, it can be inferred that the thermal image in
obese people is heavier than that in non-obese individuals.
Endocrine system diseases are closely associated with tongue
coating. Further analysis showed that the oral microbiota of
patients in this study showed two major “stomatotypes” in the
oral microbiome, which included Neisseria and Prevotella as the
main bacteria (Willis et al., 2018). Studies have shown that
interleukin-6 (IL-6) expression is increased in human dental
pulp cell cultures stimulated with Prevotella intermedia
lipopolysaccharide, while the changes in IL-6 and HDL-C were
related with carbohydrate diet (Sarkar et al.,, 2021).
Actinomycetes and Prevotella may serve as key strains to
distinguish between physiological and pathological yellow
greasy coatings. Alterations in the tongue coating resulting
from disease reflect changes in the tongue microbes. Li found
the correlation between the changes in oral microbial flora and
the formation mechanism of a greasy coating using denaturing

gradient gel electrophoresis technology to detect the microbial
flora of the tongue coating in the greasy group, non-greasy
group, and normal group of chronic gastritis patients (Li et al,,
2012). Our study also showed that Shuttleworthia, Simonsiella,
Desulfobulbus, and Mycoplasma only appeared in MAFLD
patients with yellow moss. These genera are found in patients
with dental caries, resulting from biofilm-induced acidification in
response to dietary carbohydrates (Wang et al., 2019). In the
study of the relationship of gut microbial carbohydrate
metabolism with weight loss, increased abundance of Dialister
in patients who lost 5% of their body weight was found (Muiiiz
Pedrogo, 2018). This was related to our finding that Yellow
Coating Group patients were all obese with more Dialister than
other groups. Tongue microorganisms are one of the agents that
lead to the formation of different coatings.

Upon exploring oral microflora and L*a*b* parameters, our
analysis of the correlation between intestinal and tongue flora in
different groups found a strong correlation between the a* values
and Stomatobaculum. tomatobaculum is able to convert glucose
into butyrate, lactate, isovalerate, and acetate as major metabolic
end products (Sizova et al., 2013). High a* values were a
characteristic of the Yellow Coating Group, which means that
the patients in this group tend to have a red tongue covered with
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yellow moss. This also means that the patients in the Yellow
Coating Group have a deeper heat constitution than those of the
White Coating Group. Leptotrichia in the Yellow Coating Group
was able to ferment carbohydrates, producing lactic acid as its
major metabolic end product.

The relationship between tongue coating colonies and
intestinal flora in the same host has been demonstrated widely.
Shuttleworthia in the tongue coating and the intestinal flora was
also highly positively correlated in the Yellow Coating Group.
Shuttleworthia also plays an important role in the metabolism of
glucose to short-chain fatty acids and presents the advantages of
duodenal ecological imbalance and conversion to specific potential
pathogenic bacteria (Luca Maccioni et al., 2021). This also proves
the relationship between liver flora and liver metabolism.
Simonsiella plays the same role in carbohydrate metabolism, and
it has been demonstrated that the dietary intake of Simonsiella
carriers is generally excessive (Gregory et al., 1985). Shuttleworthia
and Simonsiella, which have the same metabolic effect, had the
same related flora in the intestine, but their correlation results were
quite opposite. Their symbiotic relationship in the oral cavity
needs to be further explored in our follow-up study. In the
meantime, Mycoplasma in the tongue coating uniformly
correlates with Rothia, Atopobium, Gemella, Okadaella, and
Streptococcus in the gut. Mycoplasma, which are clinically
important components of the human pathogenic microbiome in
various tissues, are related with Atopobium that coexist in
intramucosal tumors and significantly increase in multiple polyp
adenomas. Another study showed that the risk of colorectal cancer
was increased in patients with bacteremia from Gemella
morbillorum. Mycoplasma may be a significant predictive factor
for gastrointestinal cancer. There are also significant differences in
the flora and characteristic functions of tongue coating in patients

with yellow fur, which is of guiding significance for the dialectical
medication of TCM based on network pharmacology.

Monocytes are immune cells derived from bone marrow
precursors, which play an important role in immune
monitoring and inflammatory response. Under the stimulation
of lipopolysaccharide, typical monocytes secrete a large amount
of granulocyte colony-stimulating factor and IL-6 (Wong et al.,
2011). LPS, as the active component of gram-negative membrane
and endotoxin, can be produced in large quantities by bacteria
(Gao et al,, 2021). Combined with higher MONO% results in the
Yellow Coating Group, the red tongue covered with yellow moss
might be the manifestation of excessive intake of carbohydrates,
making the oral environment more conducive to the growth of
lipopolysaccharide bacteria, aggravating inflammation in the
body, and showing the heat symptoms estimated by TCM.
HDL-C had been found to reverse the transport of cholesterol
out of cells. Increasing HDL-C could reduce inflammation and
insulin resistance, and reducing the MHR level could help to
reduce insulin resistance (Han et al., 2021). The same high MHR
and similar trend of HOMA-IR were observed in the Yellow
Coating Group, which consisted of all obese patients. In obese
patients, inflammatory factors increase and aggravate insulin
resistance (Gastaldelli et al., 2017). This result could be further
verified in subsequent studies with larger sample size.

In general, compared to the tongues of patients with smaller a-
mean and b-mean values, the tongues of MAFLD patients with
higher b-mean values had a deeper yellow color. There were
significant differences between the two characteristic microbiomes,
and the enrichment of bacteria related to carbohydrate metabolism
could be seen in patients with yellowish tongue.

Our study has limitations as a result of its retrospective cross-
sectional design without metabolomics analysis of
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microorganisms to explain the different internal mechanisms of
the genera. Currently, tongue images and flora samples from
patients are being continuously collected. At the same time, the
serum and urine of each patient have also been preserved for
further metabolomic analysis and verification of the above
research results. However, most patients with MAFLD have no
obvious symptoms. In the field of TCM, further guidelines
related to tongue image information will be needed in the
future. Overall, our study preliminarily confirmed that color
formation in the tongue coating is related to microbial
metabolism; these findings can provide a theoretical basis for
the objective analysis of tongue color.
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