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Background: Dampness pattern, a prevalent traditional Chinese medicine (TCM) pattern in chronic gastritis (CG), includes cold
dampness (CD) and damp heat (DH) patterns. Tongue coating differences are key diagnostic markers, yet molecular-level analyses are
lacking. We applied metabolomics to identify differential metabolites distinguishing these patterns.

Methods: In this study, the first principal component was analyzed by the OPLS-DA model. The model quality was evaluated by 7-fold
cross-validation, and the model validity was evaluated based on R?Y (interpretability of categorical variable Y) and Q? (predictability of the
model), and the permutation test was used for further verification. Strict criteria were used for differential metabolite screening. The
Euclidean distance matrix of the quantitative values of differential metabolites was calculated, and cluster analysis was performed using the
complete linkage method. All pathways mapped by human differential metabolites were retrieved through the KEGG (Kyoto Encyclopedia
of Genes and Genomes) Pathway database, and key pathways were screened out by combining enrichment and topological analysis. The
spearman algorithm was used to calculate the correlation coefficient and P value matrix. Finally, the effect of the binary classifier was
evaluated by drawing the receiver operating characteristic curve (ROC curve) and calculating the area under the curve (AUC), and the
combination with the highest AUC was selected as the optimal diagnostic model.

Results: Twenty significant differential metabolites emerged (P<0.05). Pathway analysis highlighted three key pathways, notably
glycerophospholipid metabolism involving phosphatidylethanolamine. Phenol-based models showed optimal diagnostic performance
(highest AUC).

Conclusion: Metabolite profiles significantly differed between CD and DH. Glycerophospholipid metabolism was central, with
phosphatidylethanolamine as a key metabolite. Phenol requires further validation as a diagnostic biomarker. These findings advance
quantitative diagnosis and mechanistic insights into TCM dampness syndrome in CG.
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Introduction

Chronic gastritis (CG) is a chronic inflammatory disease characterised by the infiltration of the gastric mucosa by inflammatory
cells.! CG is a prevalent condition in China. In clinical settings, CG is manifested by a constellation of symptoms, including
abdominal discomfort, nausea, vomiting, loss of appetite, and weight loss.” Long-term use of non-steroidal anti-inflammatory
drugs (NSAIDs), helicobacter pylori infection, and bile reflux are common factors in CG,>* A study has demonstrated that gastric
cancer is closely associated with long-term chronic inflammation of the gastric mucosa.” Consequently, the early diagnosis and
intervention of CG is of great significance in the slowing down of the progression of chronic gastritis and the prevention of gastric
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cancer. Currently, the only biochemical markers that support the diagnosis of CG are gastrin and pepsinogen. These are derived
from gastric fluid and blood, respectively. The diagnostic procedure is invasive and uncomfortable, which precludes its use in
some elderly patients and patients with coronary heart disease. Consequently, it is difficult to implement on a large scale.® The
observation of tongue coating is a crucial diagnostic indicator in the identification of CG by traditional Chinese medicine (TCM)
practitioners.” The diverse range of colours and thicknesses observed in the gastric mucosa correspond to the various causes of
gastric disorders,™ Dampness is one of the most prevalent forms of chronic gastritis, and according to WHO international
standard terminologies on traditional Chinese medicine it can be classified into two categories: cold dampness pattern and damp
heat pattern.'® The distinction in tongue coating is a crucial factor in the differentiation of damp heat and cold dampness patterns.
The tongue coating is a complex structure that is attached to the tongue and consists of a variety of components, including shed
epithelial cells, blood cells, metabolites, nutrients, and bacteria.!! The low cost, non-invasive, and safe collection of tongue moss
offers a promising avenue for clinical diagnosis.'* A previous study conducted by our research team identified the presence of
differential metabolites in the tongue moss of patients diagnosed with coronary artery disease and chronic renal failure,
characterised by a damp phlegm pattern.'® The results of these studies indicate that tongue metabolites may be employed as
a supplementary diagnostic tool for the identification of diseases.'*

Metabolomics, as a branch of systems biology, is the study of qualitative and quantitative dynamic changes of
metabolites in biological systems following disturbance by various factors. The role of gene expression, protein
regulation, and other factors in complex signalling pathways can be elucidated through the end-product analysis of
metabolomics. From the perspective of Chinese medicine, metabolomics regards the human body as a whole system.'”
The multidimensional observation of metabolomics can be utilised to conduct accurate comparative studies in the case of
the same disease with different symptoms. In conclusion, metabolomics aligns with the precise thinking of TCM
evidence-based treatment, and there is a promising avenue for studying the diverse patterns of chronic gastritis based
on metabolomics. In a previous study, we employed metabolomics technology to identify metabolites in the tongues of
patients with wet phlegm gastric precancerous lesions(GPL). Our findings indicated that the metabolite profiles of
patients with damp phlegm GPL differed significantly from those of non-damp phlegm patients. Other studies have
employed liquid chromatography and mass spectrometry (LC-MS) techniques to detect and analyse substances in the
tongue moss of patients with chronic gastritis.'®'” The differential metabolites in question may be utilised as potential
markers for the monitoring of the onset and progression of chronic gastritis.

Given the limitations of current studies on tongue CG and the necessity for clinical diagnosis, the results obtained by
using only one assay may be limited. In order to overcome these limitations, the present study combined UHPLC-QE-MS
and GC-TOF-MS to perform a comprehensive metabolomics study. This was conducted using two different columns in
positive and negative ion modes, respectively. This approach was employed to identify small molecules that could serve
as non-invasive and convenient diagnostic biomarkers, as well as differential metabolic pathways, with the aim of
constructing differential diagnostic models for the two CG groups.

Materials and Methods

Study Participants

A total of 200 CG patients were recruited for the study. A gastroscopy was conducted in CG patients immediately
following the collection of their tongues, with the objective of recording both gastroscopic images and pathological
indicators. The tongue metabolites of 200 subjects in the CG wet evidence group were analysed, including the CG cold-
dampness evidence group (N=100) and the CG damp-heat evidence group (N=100). Subsequently, 18 clinical samples
(including 3 cases of cold-dampness and 15 cases of damp-heat certificates) were randomly collected at a later stage to
validate the diagnostic model.

The inclusion criteria were endoscopy and biopsy from suspected lesions (eg, gastric antrum and cardia). The
histopathologic evaluation was completed by two experienced pathologists according to the clinical guidelines of the
“Updated Sydney System”.'® The diagnosis of CG is based on two distinct procedures: diagnostic gastroscopy and
diagnostic histopathology. These procedures are conducted in order to exclude patients who have previously undergone
gastric polypectomy, gastric haemorrhage, gastric tumour resection, or specific gastritis.
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The diagnostic criteria of the cold dampness and damp heat groups were primarily based on the Consensus Opinions
on Integrative Diagnosis and Treatment of Chronic Gastritis, formulated by the Committee of Digestive Diseases of the
Chinese Society of Integrative Medicine, and the Guidelines for Clinical Research of New Traditional Chinese
Medicines, issued by the Ministry of Health. The final diagnosis was reached by consensus between two senior TCM
experts with senior professional titles.

Basic Information About Sample Source

A summary of the clinical information and demographics of the participants is presented in Table 1. The study included 200
patients who were treated at Longhua Hospital Affiliated to Shanghai University of Traditional Chinese Medicine between
2018 and 2020. Prior to the commencement of the study, informed consent was obtained from all patients. The cold-dampness
pattern group comprised 100 cases, with a male-to-female ratio of 1:1.33 and an average age of 50.73+15.17 years. The heat-
dampness pattern group comprised 100 cases (male: female ratio of 1:1), with an average age of 48.88+13.75 years. There was
no statistically significant difference in gender or age between the two groups (P>0.05). With regard to treatment, 37
individuals did not adhere to medical advice (16 cases of cold-dampness pattern, 21 cases of heat-dampness pattern). The
remaining 163 individuals were treated with Western medicine or traditional Chinese medicine. Among the treated cases, 30
cases of cold-dampness pattern and 25 cases of heat-dampness pattern were treated with proton pump inhibitors and other
Western medicines; 26 cases of dampness pattern and 25 cases of heat-dampness pattern were treated with traditional Chinese
medicine. Furthermore, 28 patients with a dampness pattern and 29 patients with a heat-dampness pattern were treated with an

integrated approach combining traditional Chinese and Western medicine.

Tongue Coating Samples Collection and Handling

Samples were collected in accordance with specific procedures. Prior to sampling, subjects were required to fast and
refrain from tongue brushing for a minimum of six hours. At the time of collection, the tongue was rinsed with saline,
swabbed several times with sterile medical swabs, with a minimum of two swabs per sample, and then placed into
sterilised 5 mL EP tubes. Subsequently, the samples were stored in a refrigerator at a temperature of —80°C in order to
prevent deterioration and degradation.

Reagents and Materials
The principal apparatus and reagents employed in the GC-TOF-MS and UHPLC-QE-MS assays are outlined in the
Supplementary Materials.

Table | Summary of Demographics and Clinical Information of the Participants

Demographics and Clinical Information Cold Dampness Damp Heat
Pattern Group | Pattern Group
Sample number 100 100
Ratio of male to female 1:1.33 I: 1
Average age (year) 50.73%15.17 48.88+13.75
Number (percentage) of samples diagnosed for less than 10 years 75 (75%) 75 (75%)
Number (percentage) of samples diagnosed for 10-20 years 7(7%) 16 (16%)
Number (percentage) of samples diagnosed for 20-30 years 9 (9%) 5 (5%)
Number (percentage) of samples diagnosed for 30—40 years 7 (7%) 3 (3%)
Number (percentage) of samples diagnosed over 40 years 2(2%) 1 (1%)
Number (percentage) of samples with helicobacter pylori infection 12 (12%) 9 (9%)
Number (percentage) of samples untreated 16 (16%) 21 (21%)
Number (percentage) of samples only taking western medicine (Taking prazole drugs.) 30 (30%) 25 (25%)
Number (percentage) of samples only taking traditional Chinese medicine 26 (26%) 25 (25%)
Number (percentage) of samples taking western medicine and traditional Chinese medicine 28 (28%) 29 (29%)
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GC-TOF-MS/UHPLC-QE-MS Metabolomics Processing

As shown in Figure 1, the procedure for extracting metabolites for GC-TOF-MS analysis is outlined below. The process

begins with sample extraction, followed by sonication in an ice-water bath, centrifugation, mixing, vacuum drying, oven
incubation, cooling, the addition of FAMEs, and finally, the on-board assay.

As shown in Figure 2, The UHPLC-QE-MS assay metabolite extraction process is briefly described as follows:
sample extraction, vortex mixing, and ultrasonic ice water bath. The samples were maintained at a temperature of —40°C.
Centrifugation is then performed. The subsequent stage of the process is the detection of the metabolites on the machine.

GC-TOF-MS/UHPLC-QE-MS Conditions
GC-TOF-MS detection was performed utilising an Agilent 7890 gas chromatography-time-of-flight mass spectrometer,
equipped with an Agilent DB-5MS capillary column (30mx250umx=0.25um, J&W Scientific, Folsom, CA, USA) for the
samples. The specific analytical conditions for the GC-TOF-MS are detailed in Table 2. The GC-TOF-MS experimental
instrument list and the experimental reagent list are listed in (Supplementary Materials 1 and 2).

The UHPLC-QE-MS assay was conducted by chromatographic separation of the target compounds on a Waters ACQUITY
UPLC BEH Amide (2.1 mm x 100 mm, 1.7 pum) liquid chromatography column using a Vanquish (Thermo Fisher Scientific)

Transfer the sample to a
5 mL EP tube
L

Add 1500 pL of pre-cooled extraction solution
(methanol:chloroform volume ratio = 3:1), add
15 pL of ribitol, and vortex for 30 seconds.

L ]

Ultrasonicate for 30 min in an ice water
bath and remove the cotton swab.

The samples were centrifuged at 10,000
rom for 15 min at 4°C.

Pipette 500 pL of the supernatant into a 1.5 mL
EP tube and take 100 pL of each sample to mix
as a quality control sample.

v

The extract was dried in a
vacuum concentrator.

Add 40 pL of methoxyamine salt reagent
(methoxyamine hydrochloride, dissolved in pyridine 20
mg/mL), mix gently, and incubate in an oven at 80°C
for 30 min.

To each sample, 60 pL BSTFA (containing 1%
TMCS, v/v) was added, and the mixture was
incubated at 70°C for 1.5 h.

After cooling to room temperature, 5 uL of FAMEs
were added to the mixed sample.

v

( Test in random order )

Figure | The procedure for extracting metabolites for GC-TOF-MS analysis.
Abbreviations: BSTFA, N,O-Bis(trimethylsilyl)trifluoroacetamide; TMCS, Chlorotrimethylsilane; FAMEs, Fatty Acid Methyl Ester Mass Spectral Library.
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Samples were transferred to 5
mLEP tubes

v

1500 pL of extract (methanol: acetonitrile: water = 2:2:1 (V/V), containing
isotope-labelled internal standard mixture) was added to the sample

]

Vortex mixing for 30s

v

Ultrasound 30min (ice water bath)

v

-40°C for1 h

Y

The samples were centrifuged at 12000 rpm
for 15 min at 4°C.

v

The supernatant was taken in the
injection bottle and tested on the
machine.

Figure 2 The procedure for extracting metabolites for UHPLC-QE-MS analysis.

ultra-high performance liquid chromatograph (UPLC). The liquid chromatographic phase A consisted of an aqueous solution
containing 25 mmol/L ammonium acetate and 25 mmol/L ammonia, while phase B was acetonitrile. A gradient elution method
was employed. The gradient elution programme commenced at 0 minutes and 0.5 seconds, with a composition of 95% B. This
was followed by a transition to 95% B to 65% B over a period of 0.5 to 7 minutes. The composition then changed to 65% B to
40% B over a period of 7 to 8 minutes. This was then followed by a transition to 40% B over a period of 8 to 9 minutes. The
composition then changed to 40% B to 95% B over a period of 9 to 9.1 minutes. Finally, the composition returned to 95% B over
a period of 9.1 to 12 minutes. The flow rate of the mobile phase was 0.5 mL/min, the temperature of the column was 25°C, and
the temperature of the sample tray was 4°C. The temperature was maintained at 4°C, with an injection volume of 3 pL. The
specific parameters are presented in Table 3. The UHPLC-QE-MS experimental instrument list and the experimental reagent list
are listed in (Supplementary Materials 3 and 4).

Table 2 Instrument Parameters

Program Parameter

Sample Volume luL

Front Inlet Mode Splitless Mode

Front Inlet Septum Purge Flow 3mL/min

Carrier Gas Helium

Column DB-5MS (30mx250pmx0.25um)

Column Flow ImL/min

Oven Temperature Ramp 50°C hold on Imin, raised to 310°C at a rate of 20°C/min, hold on 6min
Front Injection Temperature 280°C

Transfer Line Temperature 280°C
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Table 3 Instrument Parameters

Program POS NEG
Spray voltage 3.5 kv -3.2 kV
Capillary temperature 320°C 320°C
Sheath gas flow rate 50Arb 50Arb
Aux gas flow rate 10Arb 10Arb
Full ms resolution 60000 60000
MS/MS resolution 7500 7500
NCE/stepped NCE 10,30,60 10,30,60

Abbreviations: POS, UHPLC-QE-MS positive ion mode
analysis mode; NEG, UHPLC-QE-MS negative ion mode
analysis mode.

The Thermo Q Exactive HFX mass spectrometer is capable of acquiring both primary and secondary mass spectro-
metry data under the control of the Xcalibur software, developed by Thermo.

Data Processing and Analysis

As shown in Figure 3, Metabolomics data preprocessing and analysis were performed using SIMCA software (version 15.0.2,
Sartorius Stedim Data Analytics AB, Umed, Sweden). Raw data were subjected to logarithmic (LOG) transformation and unit
variance (UV) scaling. An orthogonal partial least squares-discriminant analysis (OPLS-DA) model was constructed based on
the first principal component. Model validity was evaluated using 7-fold cross-validation, with interpretability (R?Y) and
predictability (Q?) metrics. Permutation testing (200 iterations) was further applied to verify robustness by randomly shuffling
the categorical variable Y and comparing the resultant Q? values with the original model.

Differential metabolites were screened using the following criteria: Statistical significance (Wilcoxon rank-sum test, P<
0.05); Variable importance in the projection (VIP) score > 1 from the OPLS-DA first principal component; GC-TOF-MS
similarity value (SV) > 70; UHPLC-QE-MS MS2 spectral match score > 0.5.

Hierarchical clustering of differential metabolites was conducted using a Euclidean distance matrix and complete linkage
method. Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway database (http:/www.kegg.jp/kegg/pathway.html)
was utilized to map human (Homo sapiens) metabolic pathways associated with the identified metabolites. Key pathways were

prioritized through combined enrichment analysis and topological evaluation.
To assess diagnostic potential, receiver operating characteristic (ROC) curves were generated for all metabolite
combinations. The optimal diagnostic model was selected based on the highest area under the curve (AUC) value.

Results

Preparation and Organization of Raw Data

In order to ensure the reliability of the data, a series of preparatory and organisational measures were implemented on the
original data. The main steps involved in this process are as follows: the individual mass spectrum peaks are filtered in
order to remove any noise. Outliers were identified based on the interquartile range. The individual mass spectral peaks
were then subjected to filtration. Only peak area data with no more than 50% null values in a single group or no more
than 50% null values in all groups are retained. It is necessary to simulate the missing values in the original data. The
numerical simulation method fills in half the minimum value. The data underwent standardisation processing. The total

ion current was employed as the normalization factor for each sample.

Mass Spectrum

As shown in Figure 4, the GC-TOF-MS analysis mass spectrum of a randomly selected sample from each of the CG cold
dampness pattern group and CG damp heat pattern group is presented. Figure 5 depicts the UHPLC-QE-MS positive ion
mode analysis mass spectrum, while Figure 6 presents a similar analysis mass spectrum.
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( Data processing and analysis )
vy

Perform OPLS-DA modeling analysis on the first principal component, and use 7-fold
cross validation to test the quality of the model;

(]

Then use RY (the interpretability of the model to the categorical variable Y) and Q (the
predictability of the model) obtained after cross-validation to judge the effectiveness of
the model;

(]

Finally, through the permutation test, the order of the categorical variables Y is
randomly changed multiple times to obtain different random Q values to
further test the validity of the model.

The chi-value criterion is that the P-value (P-value) of the rank sum test is less than 0.05,
and the variable importance in the projection (VIP) of the first principal component of
the OPLS-DA model is greater than 1.

[

v

The similarity value (SV) of the GC-TOF-
MS detection results is greater than 70

v

The secondary matching score (MS2 score)
of UHPLC-QE-MS detection results is
greater than 0.5

| |
¥

Perform differential metabolite screening

v

Calculate the Euclidean distance matrix for the quantitative values of differential metabolites
obtained from each group comparison,
and perform cluster analysis on the differential metabolites using the complete linkage method.

v v

Search all pathways of differential metabolite
mapping of the corresponding species
Homo sapiens (human) according to the
Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway database
http://www.kegg.jp/kegg/pathway.html.

Through comprehensive analysis of the
pathways where the differential metabolites
are located (including enrichment analysis
and topology analysis), the pathways are
further screened to find the key pathways
with the highest correlation with metabolite
differences.

Figure 3 Data analysis Data analysis process.
Abbreviation: OPLS-DA, Orthogonal partial least squares discriminant analysis.

The receiver operating characteristic curve
(ROC curve) is a display of the effect of a
binary classifier. By observing the ROC curve,
the classification effect of the classifier can be
effectively evaluated and the optimal card
value standard can be selected.

Combine each group of differential metabolites,
draw a ROC curve, calculate the area under the

curve (AUCQ), and select the combination with

the highest AUC value as the diagnostic model.
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Figure 4 GC-TOF-MS mode analysis mass spectrum. (a) CG cold dampness pattern group. (b) CG damp heat pattern group.
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Figure 5 UHPLC-QE-MS positive ion mode analysis mass spectrum. (a) CG cold dampness pattern group. (b) CG damp heat pattern group.

The Reliability of the Data
As shown in Figure 7, the OPLS-DA score chart for GC-TOF-MS, UHPLC-QE-MS positive ion mode, and UHPLC-QE-
MS negative ion mode. The samples belonging to the cold dampness pattern group and the damp heat pattern group were
found to be significantly different, with the samples falling within the 95% confidence interval.

The results of the permutation test for the OPLS-DA model are presented in Figure 8. The GC-TOF-MS model (R*
Y = 0.507, Q> = —0.183) and the UHPLC-QE-MS positive ion mode (R* Y = 0.460, O* = 0.188), UHPLC-QE-MS
negative ion mode (R* Y = 0.535, O = 0.131) exhibited robust performance and did not exhibit overfitting.

Differential Metabolites Analysis
GC-TOF-MS Detection

The Chi-value criterion is that the P-value of the rank sum test is less than 0.05, the variable importance in the projection
(VIP) of the first principal component of the OPLS-DA model is greater than 1, and the GC-TOF-MS detection result’s
similarity value (SV) is greater than 70. It is necessary to perform differential metabolite screening.
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Figure 6 UHPLC-QE-MS negative ion mode analysis mass spectrum. (a) CG cold dampness pattern group. (b) CG damp heat pattern group.
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Figure 7 OPLS-DA model score scatter plot. (a) the OPLS-DA scoring charts of GC-TOF-MS; (b) the OPLS-DA scoring charts of UHPLC-QE-MS positive ion mode; (c)
the OPLS-DA scoring charts of UHPLC-QE-MS negative ion mode. A(red): CG cold dampness pattern group. B(blue): CG damp heat pattern group.

As shown in Table 4, The GC-TOF-MS test results, based on the appeal conditions, revealed the presence of three

known metabolites that exhibited significant differences between the CG cold-dampness pattern group and the CG damp-

heat pattern group. Among the metabolites, fucose 1 and 4-hydroxybenzoate were found to be significantly upregulated,

while phenol was significantly downregulated in the CG cold-dampness pattern group.
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Figure 8 Permutation test plot of OPLS-DA model. (a) The permutation test results of the OPLS-DA model of GC-TOF-MS; (b) The permutation test results of the OPLS-
DA model of UHPLC-QE-MS positive ion mode; (c) The permutation test results of the OPLS-DA model of UHPLC-QE-MS negative ion mode.

UHPLC-QE-MS Detection

The chi-value criterion is that the P-value of the rank sum test is less than 0.05, the variable importance in the projection
(VIP) of the first principal component of the OPLS-DA model is greater than 1, and the secondary matching score (MS2
score) of the test results is greater than 0.5 for differential metabolite screening.

As shown in Table 5, the UHPLC-QE-MS positive ion mode analysis mode was subjected to screening based on the
appeal conditions, and it was determined that 13 known metabolites exhibited significant differences between the CG
cold-damp pattern group and the CG damp-heat pattern group. These metabolites belonged to three distinct categories:
organic nitrogen compounds, lipids, and lipids, respectively. In addition to the aforementioned molecules, organic oxygen
compounds, benzene ring compounds, organic sulfur compounds, phenylpropanoids and polyketides were also identified.

Table 4 Differential Metabolites in the GC-TOF-MS Detection Results Compared Between the CG
Cold-Damp Pattern Group and the CG Damp-Heat Pattern Group

Metabolite Name | RT (min) | M/Z | Cold-Damp Damp-Heat P VIP Log Fold
Pattern Pattern Change
Phenol 5.536 I51 0.005 0.007 <0.01 1.358 0.615
Fucose | 10 17 7.002E-04 5.758E-04 0.039 | 2473 1.216
4-hydroxybenzoate 9.423 110 0.062 0.057 <0.01 1.426 1.091

Abbreviations: RT (min), Retention Time (minutes); M/Z, Mass-to-Charge Ratio; P, p-value; VIP, Variable Importance in Projection;
Log fold change, Logarithmic Fold Change.
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Table 5 Differential Metabolites Compared Between the CG Cold-Damp Pattern Group and the CG Damp-Heat
Pattern Group Under UHPLC-QE-MS Positive lon Mode Analysis Mode

Metabolite Name RT M/Z | Cold-Damp | Damp-Heat | P VIP Log Fold
(Min) Pattern Pattern Change

Organic nitrogen compounds

|-Butylamine 268.847 | 74 12.144 13.199 <0.01 | 3.394 | 0.920
Octadecylamine 85.691 270 | 0410 0.184 0.031 | 1.633 | 2.228
Phytosphingosine 61.205 318 31.426 41.578 <0.01 | 2.552 | 0.756

Lipids and lipid-like molecules

(1(10)E,4E,6a,9b)-9-(2-Methylbutanoyloxy)- 106.492 | 333 | 0.107 0.130 0.025 | 1.762 | 0.823
1(10),4,11(13)-germacratrien-12,6-olide

Lactosylceramide (d18:1/26:0) 31.388 1003 | 0.005 0.003 <0.01 | 1.973 | 2.052
Phosphatidylethanolamine 165917 | 646 | 0.378 0.312 0.027 | 1.978 | 1.210

Organic oxygen compounds

3-Dehydrophingosine 166.001 | 300 | 0.074 0.134 <0.01 | 1.604 | 0.554

Benzene ring compound

Alpha Methystyrene 36.149 119 2.489 3.753 <0.01 | 1.327 | 0.663

Organosulfur compounds

(A%)-2-Pentanethiol 32.769 105 0.395 0.439 <0.01 | 2.402 | 0.900

Phenylpropanoids and polyketides

7-Hydroxy-5-methoxy-6,8-dimethyllavenone 152.657 | 299 | 0.005 0.005 0.025 | 1.255 | 0.942
Other

PA(18:2(9Z,12Z)/16:1(9Z)) 186.137 | 671 0.960 0.865 0.032 | I.103 | I.110
|,4’-Bipiperidine- I’-carboxylic acid 47.858 213 0.625 0.672 0.021 | 2.935 | 0.931
PE(P-16:0/16:1(9Z)) 163.487 | 674 1.347 1.213 0.045 | 2.096 | 1.112

In the CG cold dampness pattern group, Octadecylamine, Lactosylceramide (d18:1/26:0), PA (18:2 (9Z, 12Z)/16:1 (92)),
PE (P-16:0/16:1 (9Z)), and phosphatidylethanolamine are significantly upregulated, 1-Butylamine, Phytosphingosine, (1
(10) E, 4E, 6a, 9b) —9- (2-Methylbertanoyloxy) —1 (10), 4,11 (13) - gemaratien-12,6-olide, 3-Dehydrophingosine, alpha
Methystyrene, (A+)-2-Pentanethiol, 7-Hydroxy-5-methoxy-6,8-dimethyllavenone, 1,4 “- Piperidine-1” - carboxylic acid
are significantly downregulated.

As shown in Table 6, the UHPLC-QE-MS negative ion mode analysis mode was subjected to screening according to
the appeal conditions, and it was found that there were significant differences in four known metabolites between the CG
cold-dampness pattern group and the CG damp-heat pattern group. These metabolites belong to the categories of lipids
and steroids, respectively. The identified metabolites were classified as lipid molecules, benzene ring compounds, organic
acids and their derivatives. Among the metabolites, 4-Dodecylbenzenesulfonic Acid and Ketoleucine were found to be
significantly upregulated, while Caprylic acid and 6beta-Hydroxyasiatic acid were significantly downregulated in the CG
cold-damp pattern group.

Differential Metabolic Pathway Analysis
A search was conducted of all pathways corresponding to the species Homo sapiens (human) differential metabolite
mapping according to the KEGG database. A comprehensive analysis of the pathways where the differential metabolites
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Table 6 Differential Metabolites Compared Between the CG Cold-Damp Syndrome Group and the CG Damp-Heat Syndrome
Group Under UHPLC-QE-MS Negative lon Mode Analysis Mode

Metabolite Name RT (Min) M/Z Mean Damp Mean Non-Damp P VIP Log Fold
Phlegm Pattern Phlegm Pattern Change

Lipids and lipid molecules

Caprylic acid 50.617 143 2.808 3.205 0.040 1.048 0.876
6beta-Hydroxyasiatic acid 51.604 503 0.126 0.141 <0.01 2.001 0.897

Benzene ring compound

4-Dodecylbenzenesulfonic Acid 27.792 325 5.496 3.818 <0.01 2.194 1.439

Organic acids and their derivatives

Ketoleucine 197.903 129 0.367 0.308 <0.01 1.728 1.191

Table 7 Differential Metabolic Pathways Compared Between CG Cold-Damp Syndrome Group and CG
Damp-Heat Syndrome Group

Pathway Raw p | Impact | Significantly Different Metabolites

UHPLC-QE-MS positive ion mode analysis

Glycerophospholipid metabolism 0.063 0.128 Phosphatidylethanolamine

Sphingolipid metabolism 3.936E- | 0.064 Phytosphingosine, 3-dehydrosphingosine,
06 lactosylceramide

Glycosylphosphatidylinositol(GPl)-anchored 0.023 0.044 Phosphatidylethanolamine

biosynthesis

Abbreviation: Raw p, Raw p-value.

are located (including enrichment analysis and topology analysis) is conducted to identify the key pathways with the
highest correlation with metabolite differences.

As shown in Table 7, the UHPLC-QE-MS positive ion mode analysis revealed that, in comparison to the CG cold-
damp pattern group and the CG damp-heat pattern group, there were four differential metabolites involved in three
metabolic pathways, namely glycerophospholipid metabolism and sphingolipid metabolism, and glycosylphosphatidyli-
nositol (GPI)-anchored biosynthesis.

Diagnostic Model

The diagnostic model was constructed by screening the differential metabolites of tongue coating in 100 cases of CG
cold-dampness syndrome and 100 cases of CG damp-heat syndrome. The best diagnostic model was finally obtained,
which was composed of phenol screened by GC-TOF-MS. Compared with CG damp-heat syndrome, phenol was
significantly downregulated in CG cold-dampness syndrome. The tongue coating metabolites of 18 CG patients
(including 3 cases of cold-dampness pattern and 15 cases of damp-heat pattern) were randomly tested clinically to
verify the model. As can be seen from the ROC curve (Figure 9), the accuracy of the diagnostic model was 80.0%, the
specificity was 100.0%, and the sensitivity was 73.3%.

Discussion

The rapidly evolving field of metabolomics holds transformative potential across three critical dimensions of modern
healthcare: Metabolomic profiling enables the identification of disease-specific metabolic signatures long before clinical
symptoms manifest. For instance: In oncology, aberrant sphingolipid metabolism has been detected 5-8 years prior to
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Figure 9 ROC curve of the diagnostic model of CG cold-dampness syndrome and CG damp-heat syndrome.

pancreatic cancer diagnosis.'® Neurodegenerative disease prediction through CSF kynurenine pathway metabolites shows
89% specificity for Alzheimer’s progression.”’ Real-time metabolic tracking revolutionizes therapeutic management:
Chemotherapy response can be assessed within 48 hours via serum lactate/pyruvate ratios.”! Diabetic nephropathy
progression is quantifiable through urinary acylcarnitine trajectories.*”

As more and more researchers join in, it is worth affirming that tongue coating metabolites have many clinical values
worth exploring. A multicenter study used pressure cycling technology and data-independent acquisition (PCT-DIA)
mass spectrometry to extract and identify tongue coating proteins from 180 gastric cancer patients and 185 non-gastric
cancer patients from 5 independent research centers in China, and used the stochastic gradient boosting algorithm to
build a machine learning model that used 50 tongue coating microbial proteins to identify individuals at high risk of
gastric cancer, achieving an area under the curve (AUC) of 0.91 in an independent validation cohort.”?

GC-TOF-MS and UHPLC-QE-MS have distinct advantages in metabolite analysis. In polar metabolite analysis, GC-TOF-
MS exhibits a greater degree of separation power than UHPLC-QE-MS. Nevertheless, GC-TOF-MS is capable of detecting
approximately 100 metabolites, whereas UHPLC-QE-MS can detect thousands of metabolites, including semipolar
metabolites.** The composition of metabolites on the tongue coating is complex, and thus the combined use of two detection
methods can provide a more comprehensive understanding of the characteristics of metabolites on the tongue coating.*’

Metabolic alterations in specimens can serve as a biochemical foundation for the etiology and progression of
disease.?® This study employed GC-TOF-MS and UHPLC-QE-MS metabolomics technologies to identify metabolites
in the tongue coating of CG patients. This approach enabled the detection of 16 differential biomarkers, including lipids
and lipid molecules, organic nitrogen compounds, benzene ring compounds, organic acids and their derivatives, organic
oxygen compounds, organic sulfur compounds, and other categories.

The research findings indicate that lipids and lipid-like molecules represent the most diverse group. A comparison of
lipid metabolites between the CG cold-dampness pattern group and the CG damp-heat pattern group revealed that: The
CG cold-dampness pattern group exhibited significant upregulation of 4-hydroxybenzoate, lactosylceramide (d18:1/
26:0), and phosphatidylethanolamine (1(10)E,4E,6a,9). In contrast, (1(10)E,4E,6a,9b)-9-(2-Methylbutanoyloxy)-1-
(10),4,11(13)-germacratrien-12,6-olide, octanoic acid, and 6B-hydroxyasinic acid exhibited a significant downregulation.

Lipid metabolites are essential components of the human body, serving as a source of energy through beta-oxidation
and constituting a significant portion of cell membranes,”’*® A number of studies have indicated that lipid metabolism

Journal of Inflammation Research 2025:18 hetps: 9729



Yuan et al

plays a role in the progression of gastric cancer (GC).>” Some studies have indicated that lipids may play a role in the
development of chronic atrophic gastritis.*® Chronic gastritis is associated with an overall increase in the body’s
inflammatory state, which is affected by adverse lipid status. This includes a decrease in serum high-density lipoprotein
(HDL), which is closely associated with an increased risk of gastric cancer,’'*? Concurrently, research has demonstrated
that aberrant lipid metabolism can precipitate a cascade of inflammatory responses. Patients with hyperlipidaemia will
exhibit long-term systemic inflammation, and serum inflammatory factor levels will also increase in parallel with the
elevation of blood lipid levels.*® Furthermore, studies on mice have indicated that a diet high in cholesterol and fat may
increase the prevalence of gastritis in mice.** It is also worth noting that disorders of lipid metabolites occur in gastric
cancer patients. Studies have demonstrated that rapidly proliferating cancer cells are capable of survival through the
enhancement of exogenous lipid uptake and the activation of endogenous lipid synthesis, which serves to provide energy.
Consequently, the serum of gastric cancer patients exhibits an upregulation of lipid metabolite levels.>

Ceramide and sphingosine are negative regulators of cell proliferation, inhibiting cell growth and promoting apoptosis.*®
In this study, the differential metabolites screened out by comparing the cold-dampness pattern group and the damp-heat
pattern group were phytosphingosine, 3-dehydrosphingosine, and lactosylceramide (d18:1/26:0 in the cold-dampness group).
The three types of metabolites exhibited a downward trend. The higher level of sphingosine observed in the tongue coating of
CQG patients in the damp-heat group compared to the cold-damp group suggests that apoptosis of tongue epithelial cells may be
accelerated in the former group. The number of other differential metabolites is fewer, and studies have demonstrated that the
mitotic index declines with increasing paraben concentration. The results demonstrated that methylparaben and ethylparaben
induce an increased frequency of apoptosis.®” The theory of traditional Chinese medicine posits that the greasy coating of the
cold-dampness pattern is the result of the accumulation of dampness and turbidity, the suppression of Yang Qi, and the
accumulation of dampness and phlegm on the tongue surface.® The upregulation of 4-hydroxybenzoate in the cold-dampness
group indicated that the frequency of apoptosis of tongue coating cells in this group of patients increased, thereby revealing the
formation mechanism of the greasy coating. It has been demonstrated that caprylic acid can enhance lipid metabolism and
suppress the inflammatory response in rats.***°

The analysis of metabolic pathways of lipids and lipid-like molecules revealed the involvement of three metabolic
pathways: glycerophospholipid metabolism, sphingolipid metabolism, and glycosylphosphatidylinositol (GPI)-anchored
biosynthesis. The metabolic pathway is comprised of four differential metabolites: phosphatidylethanolamine, phyto-
sphingosine, 3-dehydrosphingosine, and lactosylceramide.

Among the aforementioned phospholipids, phosphatidylethanolamine plays a role in glycerophospholipid metabo-
lism. Phospholipids represent the principal constituents of cell membranes, and lipid metabolism plays a pivotal role in
maintaining cell membrane homeostasis.*' In physiological conditions, polyunsaturated fatty acids (PUFAs) undergo
esterification catalysed and mediated by a series of enzymes, combining with phosphatidylethanolamines (PEs) on the
cell membrane to form PUFA-PEs, which causes membrane structural instability. The degree of saturation increases.
PUFA-PE is a pivotal substrate for the induction of ferroptosis, and its concentration exerts a significant influence on the
ferroptosis susceptibility of cells.** The results of these studies indicate that disorders of glycerophospholipid metabolism
involving phosphatidylethanolamine may be involved in the pathogenesis of chronic gastritis by inducing ferroptosis.
Previous studies have indicated a potential association between ferroptosis and inflammation.** It is important to
highlight that the three principal pathways involved in the occurrence and development of ferroptosis are iron metabo-
lism, lipid metabolism and amino acid metabolism. The analysis of tongue coating metabolites with regard to iron
metabolism has not yet been addressed. This study identified differential metabolites in the tongue coating. From the
analysis of lipid metabolism pathways, it can be inferred that there may be a certain connection between chronic gastritis
and ferroptosis in the metabolomics of the tongue coating. This warrants further investigation in subsequent experiments.

Furthermore, studies have demonstrated that there are evident abnormalities in glycerophospholipid metabolism in
gastrointestinal cancer. In patients with gastrointestinal cancer, the levels of phosphatidylcholines, lysophosphatidylcho-
lines and sphingomyelin are significantly lower than those observed in the control group, while the levels of fatty acids
and ketones are lower. Significantly higher than the normal group. The hydrolysis of glycerophospholipids in the body is
a process catalysed by phospholipases within the body. Phospholipases are enzymes that catalyze the hydrolysis of ester

bonds in glycerophospholipid molecules, resulting in the generation of lysophospholipids and unsaturated fatty acids,***>
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In addition to glycerophospholipid metabolism, phosphatidylethanolamine is also involved in the glycosylphosphatidy-
linositol-anchored biosynthetic pathway. It has been demonstrated that this metabolic pathway plays a role in stimulating
the synthesis of lipids and glycogen between cells.*®

The equilibrium of cellular sphingolipid metabolism is a crucial aspect of cellular homeostasis and also plays a pivotal role
in the regulation of cell proliferation, differentiation, and apoptosis. The differential metabolites involved in sphingolipid
metabolism in this study are phytosphingosine, 3-dehydrosphingosine, and lactosylceramide. It has been demonstrated that
alterations in sphingolipid metabolism can influence the progression of cancer, the efficacy of treatment, and the
prognosis,*”** Concurrently, the most significant alterations in the metabolites of the tongue coating in patients with GPL
are observed in lipid metabolism, specifically in sphingolipid metabolism and arachidonic acid metabolism.*’ Sphingolipids,
particularly ceramide (Cer) and sphingosine, play a pivotal role in regulating the growth and proliferation of tumour cells. The
current research on Cer and sphingosine has primarily demonstrated that they inhibit cell growth and accelerate cell
apoptosis.”’® A number of studies have demonstrated that Cer functions as a mediator that induces cell apoptosis.
Furthermore, these studies have indicated that Cer can trigger both endogenous and exogenous cell apoptosis. Cer can
participate in the apoptosis pathway induced by tumour necrosis factor (TNF) via the endoplasmic reticulum and mitochon-
drial pathways.’’ A number of studies have demonstrated that the tongue coating of CG patients exhibits abnormal
proliferation, differentiation, apoptosis and shedding of tongue epithelial cells. It is postulated that the thickness of the tongue
coating may be influenced by aberrant cell sphingolipid metabolism, which regulates cell apoptosis.

The annotations of significantly different metabolites in the KEGG database, as well as the results of enrichment
analysis and topology analysis, based on the original p-value and impact value, indicate that glycerophospholipid
metabolism is the most important metabolic pathway. The differential substitute involved is phosphatidylethanolamine.
In our previous research, we found that when comparing patients with wet phlegm type GPL and non-wet type patients,
the most important metabolic pathway was glycerophospholipid metabolism, with phosphatidylethanolamine and hemo-
lytic PC (18:1 (9Z)) being the key metabolites. Of these, the levels of phosphatidylethanolamine, which is involved in the
metabolism and synthesis of glycerophospholipids, were significantly increased in patients with wet phlegm GPL. The
results of this experiment demonstrated that the level of phosphatidylethanolamine, which is involved in the metabolism
and synthesis of glycerophospholipids in the CG cold-dampness pattern, was significantly increased. This indicates that
the involvement of phosphatidylethanolamine in the metabolism of glycerophospholipids can be employed as a factor
that is differentially expressed among different pattern groups in patients with CG dampness pattern. Significant
metabolic pathways were identified.

Finally, we reviewed the content and results of this study and found that there are many deficiencies that deserve
further prospect and exploration. While our metabolomic profiling has identified potential biomarkers, this study has
three main limitations: The specific biological mechanisms underlying the dysregulated metabolites and their patholo-
gical roles in chronic gastritis remain to be fully elucidated. Despite external validation, the single-center design with
limited sample size may constrain the generalizability of our diagnostic model compared to multicenter cohorts. The
mono-omics approach restricts comprehensive understanding of disease pathophysiology, which inherently involves
complex interactions across biological layers.

To address these limitations, we propose a three-phase roadmap: Establish multicenter cohorts incorporating tran-
scriptomic, proteomic, and gut microbiome data to construct robust cross-omics diagnostic frameworks. Employ
organoid models and genetically engineered mice to validate the causal relationships between candidate metabolites
and disease progression. Implement machine learning pipelines for dynamic risk prediction, focusing on clinical
deployment of biomarker panels through point-of-care testing devices.

As a pioneering exploration, this study establishes essential data infrastructure and methodological frameworks for
advancing multi-omics diagnostics in gastrointestinal disorders. The identified metabolite signatures, while requiring further
validation, provide actionable insights for developing precision medicine strategies in chronic gastritis management.

Conclusion
In conclusion, a metabolomics analysis method based on GC-TOF-MS and UHPLC-QE-MS was established, utilising both
positive and negative ion modes to analyse the tongue coating of CG patients and healthy individuals. By measuring the
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metabolic components of the tongue coating samples of the CG cold-damp pattern group and the CG damp-heat pattern group,
it was found that there were significant differences in the metabolome of the two groups of patients. Ultimately, 20 metabolite
biomarkers were identified through the screening process. Including fucose 1, 4-hydroxybenzene formate, phenol, octadecy-
lamine, lactosylceramide (d18:1/26:0), PA(18:2(9Z,1272)/16:1(9Z)), PE(P-16:0/16:1(9Z)), phosphatidylethanolamine,
1-Butylamine, phytosphingosine, (1(10)E,4E,6a,9b)-9-(2-Methylbutanoyloxy)-1(10),4,11(13)-germacratrien- 12,6-olide,
3-Dehydrosphinganine, alpha-Methylstyrene, (Ax)-2-Pentanethiol, 7-Hydroxy-5-methoxy-6,8-dimethylflavanone, 1,4’-
Bipperidine-1’-carboxylic acid, 4-Dodecylbenzenesulfonic acid, Ketoleucine, Caprylic acid, 6beta-Hydroxyasiatic acid.
Among the various types of lipids and lipid molecules, these are the most prominent. At the same time, three differential
metabolic pathways were identified through metabolic pathway analysis of differential metabolites: glycerophospholipid
metabolism, sphingolipid metabolism, and glycosylphosphatidylinositol (GPI)-anchored biology. Among the identified
metabolic pathways, glycerophospholipid metabolism is of particular significance, with phosphatidylethanolamine serving
as the key metabolite. Furthermore, ROC curve analysis was employed to identify the diagnostic model constructed by
screening differential metabolites in tongue coating. Among the differential metabolites, the optimal diagnostic model was
ultimately identified and comprised phenol, which was selected by GC-TOF-MS. In the future, it would be beneficial to
combine the results of tongue coating metabolomics with those of proteomics, genomics, and transcriptomics in order to
conduct a systematic and in-depth study of CG patients with different pattern types. The objective is to identify differential
metabolites between different pattern types. It may prove to be a valuable diagnostic marker, offering the potential to provide
diagnostic markers for the objective classification of different TCM CG patterns.
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