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2020, to October 30, 2021 were enrolled as the research participants in the study. They were
assigned to two groups based on traditional Chinese medicine (TCM) syndrome types: heat
stagnation in liver meridian pattern group and Qi-Yin deficiency pattern group. Healthy vol-
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T(ery unteers who underwent health check-ups in the Health Management Department were in-
. cluded as healthy group following the random number table method. The tears of the pa-
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tients and the healthy volunteer participants were tested by high-performance liquid chro-
matography-mass spectrometry (LC-MS). The differential metabolites were screened out by
multivariate statistical analysis, and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment was performed on the differential metabolites. Finally, the association
analysis of differential proteins and metabolites was conducted to verify and supplement the
metabolites.

Results A total of 32 dry eye patients were enrolled, including 16 cases with heat stagnation
in liver meridian pattern and 16 cases with Qi-Yin deficiency pattern. Fourteen healthy volun-
teers were included as healthy group. There were no significant differences in baseline char-
acteristics among the three groups (P > 0.05). A total of 412 biomarkers were determined in
Qi-Yin deficiency pattern group, mainly including lipids, lipid-like molecules, organic acids
and their derivatives, organic heterocyclic compounds, and nucleosides and their analogues.
For heat stagnation in liver meridian pattern group, 112 metabolites were determined, main-
ly including organic acids and their derivatives, lipids, and lipid-like molecules. The KEGG
enrichment results of pathways and the relative content analysis of differential markers de-
monstrate that purine metabolism and caffeine metabolism pathways are common metabol-
ic characteristics of all dry eyes. Among them, deoxyinosine monophosphate (dIMP) and 2-
(formamido)-N1-(5-phospha-D-ribosyl) acetamidine can serve as their biomarkers. The main
characteristics of Qi-Yin deficiency syndrome pattern were the significant enhancement of
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metabolic pathways such as lysine degradation, ovarian steroidogenesis, cholesterol
metabolism, pyrimidine metabolism, and bile secretion (P < 0.05). Dry eye associated with the
heat stagnation in liver meridian pattern is mainly characterized by inhibition of the valine,
leucine, and isoleucine biosynthesis pathways (P < 0.05).

Conclusion Metabolomics can be used as an effective basis for TCM syndrome classification.
Different patterns of dry eye syndrome exhibit typical characteristics in the types and concen-
trations of metabolites, which correspond to the syndrome classification in TCM. This study
initially confirms the rationality of TCM syndrome classification and provides significant ref-

erence for the mechanism of dry eye and drug development.

1 Introduction

Dry eye is a multifactorial disease characterized by de-
creased stability of the tear film and accompanied by ocu-
lar discomfort, with complex etiology and pathophysio-
logical mechanisms !". The incidence of dry eye in China
has reached 21% to 30%, and the demand for its treat-
ment is also increasing year by year . Dry eye is associat-
ed with various systemic and metabolic conditions and
functional disorders, including vitamin A deficiency, in-
adequate omega-3 and omega-6 fatty acid intake, ovari-
an dysfunction, menopause, diabetes, sarcoidosis, and
the use of systemic drugs such as antidepressants, anti-
histamines, beta-blockers, and antidiuretics . Although
dry eye is closely related to many diseases, little is known
about its molecular biological basis.

Traditional Chinese medicine (TCM) classifies dry eye
into categories such as “white xerotic syndrome” “dry-
ness and blurred vision syndrome” and “impending des-
iccation of spirit water”. Meanwhile, modern TCM diag-
nostic methods divide dry eye into various syndromes, in-
cluding insufficiency of lung Yin, heat stagnation in liver
meridian, lingering evil heat, and Qi-Yin deficiency .
Among these, the excess syndrome is mainly character-
ized by heat stagnation in liver meridian, while the defi-
ciency syndrome is mainly characterized by the Qi-Yin
deficiency, demonstrating an increasing trend P. Differ-
ent syndromes require corresponding drug treatments,
and their prescriptions are completely varied. Under-
standing the molecular biological basis of different syn-
dromes of dry eye using modern methods is of great im-
portance for developing diagnostic criteria and detection
methods for various syndromes of dry eye.

Advanced high-throughput omics methods (genom-
ics, transcriptomics, proteomics, and metabolomics) have
developed greatly, which strengthened our understand-
ing of complex diseases markedly. For example, VEHOF
et al. [ used gas chromatography and liquid chromatog-
raphy coupled with mass spectrometry to analyze serum
samples from 2 819 individuals. Among the 222 metabo-
lites detected, a significant correlation was found be-
tween all five androgens and dry eye, leading authors to
suggest 1-palmitoyl-sn-glycero-3-phosphocholine as a

potential biomarker. Furthermore, the use of nano-liquid
chromatography and quadrupole time-of-flight tandem
mass spectrometry (nano-LC-Q-TOF-MS/MS) and ultra-
performance LC-Q-TOF-MS/MS (UPLC-Q-TOF-MS/MS)
techniques in proteomics and metabolomics analyses of
tear fluid from patients with dry eye identified 34 metabo-
lites as markers. These were notably related to proteins
involved in immune and inflammatory processes. Con-
currently, pathways including the complement and coag-
ulation cascade, glycolysis/gluconeogenesis, and amino
acid metabolism were associated with dry eye .. These
findings not only provide diagnostic and therapeutic ref-
erences for potential biomarkers of dry eye but also pro-
mote our understanding of its physiological and patho-
logical mechanisms. However, there is a significant gap in
research exploring the molecular biological underpin-
nings of dry eye across various TCM syndromes.

Therefore, this study aimed to investigate the
metabolic profiles in tears of dry eye patients with either
heat stagnation in liver meridian pattern or Qi-Yin defi-
ciency pattern using non-targeted metabolomics (UPLC-
Q-TOF-MS/MS) and protein-metabolite integrated anal-
ysis.

2 Materials and methods
2.1 General information

Patients with dry eye who were treated in the Ophthal-
mology Ward and Outpatient Department of the First
Hospital of Hunan University of Chinese Medicine from
October 1, 2020, to October 30, 2021 were enrolled as the
research participants in the study. They were assigned to
two groups based on TCM syndrome types: heat stagna-
tion in liver meridian pattern group and the Qi-Yin defi-
ciency pattern group. Healthy volunteers who underwent
health check-ups in the Health Management Depart-
ment were included as healthy group using a random
number table method. All patients voluntarily participat-
ed in the study and signed the written informed consent.
The study was conducted in accordance with the Decla-
ration of Helsinki and was approved by the Medical
Ethics Committee of the First Hospital of Hunan Univer-
sity of Chinese Medicine (HN-LL-SWST-2020-10), and
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registered with the Chinese Clinical Trial Registry (Chi-
CTR2100046380). Data sharing is available for this study.

2.2 Diagnostic criteria

2.2.1 Western medicine diagnostic criteria for dry eye In
line with the Chinese Consensus on the Treatment of Dry
Eye (2020) , the diagnosis of dry eye is based on the fol-
lowing criteria: (i) the main complaint includes one or
more symptoms such as eye fatigue, blurred vision, for-
eign body sensation, or pain; (ii) tear film break-up time
(BUT) is < 10 s or Schirmer I test (SIT) < 2 mm/min;
(iii) corneal staining assessed with sodium fluorescein
shows more than 5 staining points. A diagnosis can be es-
tablished if any one of these criteria is met.

2.2.2 TCM syndrome differentiation criteria Based on
Traditional Chinese Medicine and Ophthalmology ¥, the
diagnostic criteria of dry eye are as follows.

(i) Heat stagnation in liver meridian pattern of dry
eye. (a) Main symptoms: dryness and burning pain in the
eyeballs, slight redness of the white part of the eye, nebu-
lae on the black part of the eye, or intolerance to pro-
longed viewing. (b) Secondary symptoms: bitter taste in
the mouth, dry throat, irritability/easy anger, insomnia/
frequent dreams, dry stool, yellow urine; tongue red with
thin yellow or thick yellow fur, thready or deep and
thready pulse.

(ii) Qi-Yin deficiency pattern of dry eye. (a) Main
symptoms: dryness and discomfort in the eyes, lack of
luster in the eyes, frequent blinking, photophobia, slight
redness of the white part of the eye, intolerance to pro-
longed viewing, worsening symptoms after prolonged
viewing, potential blurring of vision, potential nebulae or
filaments on the black part of the eye, difficulty in heal-
ing. (b) Secondary symptoms: dry mouth with little saliva,
fatigue, dizziness, tinnitus, weakness in the lower back
and knees; tongue light red with thin fur, pulse thin or
deep and thin.

2.3 Inclusion and exclusion criteria

2.3.1 Inclusion criteria for patients with dry eye (i) Peo-
ple who met the above diagnostic criteria; (ii) age be-
tween 18 and 75 years; (iii) signed informed consent.

2.3.2 Exclusion criteria for patients with dry eye (i) Pati-
ents with other ocular diseases, such as blepharitis and
congenital anhidrosis; (ii) patients with a history of prim-
ary liver, kidney, heart, or lung diseases; (iii) patients with
immune system abnormalities, such as Sjogren's syn-
drome and systemic lupus erythematosus; (iv) patients
who have undergone eye surgery in the past three
months; (v) patients who have used drugs affecting tear
secretion within the past one month.
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2.3.3 Inclusion criteria for healthy group (i) Healthy
individuals without ocular surface symptoms, visual
function symptoms, or ciliary muscle irritation symptoms;
(ii) normal anterior segment tissue on slit lamp examina-
tion; (iii) BUT > 10 s; (iv) SIT > 2 mm/min; (v) signed in-
formed consent.

2.3.4 Exclusion criteria for healthy group (i) Symptoms
such as dryness, foreign body sensation, fatigue, itching,
and swelling in the ocular surface; (ii) symptoms of cil-
iary muscle irritation like photophobia, pain, tearing, red-
ness of the eye, and stinging sensation; (iii) symptoms of
visual function abnormalities such as blurred vision;
(iv) a history of meibomian gland dysfunction and dry
eye; (v) meeting any of the exclusion criteria for dry eye.

2.4 Instruments and reagents

Methanol, formic acid, and acetonitrile were purchased
from Thermo Fisher Scientific, USA. L-2-chloropheny-
lalanine was purchased from Shanghai Hengchuang
Biotechnology Co., Ltd., China. All chemicals and sol-
vents were of analytical or chromatographic grade. In-
struments were purchased from the following manufac-
turers: ultrasonic cleaner (F-060SD, Shenzhen Fuyang
Technology Group Co., Ltd.); vortex oscillator (TYXH-I,
Shanghai Hanuo Instrument Co., Ltd.); desktop high-
speed freezing centrifuge (TGL-16MS, Shanghai Luxi-
angyi Centrifuge Instrument Co., Ltd.); high-resolution
mass spectrometer (QE, Thermo Fisher Scientific); high-
performance liquid chromatograph (ACQUITY UPLC I-
Class PLUS, Waters); chromatographic column (AC-
QUITY UPLC HSS T3,100 mm x 2.1 mm, 1.8 um; Waters).

2.5 Tear collection

Before collecting specimens, patients were asked to rest
in the examination restroom for 15 min and avoid rub-
bing their eyes. The capillary glass tube method was em-
ployed, with a precise quantitative glass capillary gently
contacting the lower eyelid margin tear triangle area .
The tear fluid entered the tube through capillary action,
and then the collected tear fluid was transferred to a
0.2 mL Eppendorf (EP) tube. The amount of tear fluid col-
lected was approximately 50 pL, and the tear fluid sam-
ples were stored in a - 80 °C freezer.

2.6 Metabolomics method study

2.6.1 Pretreatment The samples designated for testing,
previously stored at - 80 °C were thawed at 4 °C. Each
sample was transferred 20 pL, and 10 pL of internal stan-
dard (L-2-chlorophenylalanine, 0.06 mg/mL; methanol
as solvent) was added, vortexed (2 600 rpm, 4 °C, 10 s);
150 pL of methanol-water (V: V = 4 : 1) was added, vor-
texed for 1 min; ultrasonic extraction in an ice water bath
for 10 min, left at - 20 °C for 30 min. After centrifugation
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(13000 rpm at 4 °C for 10 min), the supernatant was taken
for liquid chromatography-mass spectrometry (LC-MS)
analysis. Quality control samples were prepared by mix-
ing equal volumes of extracts from all samples.

2.6.2 LC-MS analysis conditions The mobile phase con-
sisted of A-water (containing 0.1% formic acid) and B-
acetonitrile (containing 0.1% formic acid). The initial gra-
dient of the chromatographic conditions was set at 95%
A, held for 2 min, then decreased to 70% A at 4 min, to
50% A at 8 min, to 20% A at 10 min, and to 0% A at 14 min,
where it was held for an additional 1 min. The column
temperature was maintained at 45 °C, with a flow rate of
0.35 mL/min and an injection volume of 5 pL. The mass
spectrometer ion source was electrospray lonization
(ESI), set at a temperature of 200 °C, and the sample mass
spectrometry signal acquisition was performed in both
positive (ESI+) and negative (ESI-) ion scanning modes.
The mass spectrometry acquisition range was set from
100 to 1 200 m/z, with a full scan resolution of 70 000 and
a secondary mass spectrometry resolution of 17 500. The
spray voltage for positive ions was 3800 V, and for nega-
tive ions, it was - 3 200 V. The sheath gas flow rate was 40
Arb, the auxiliary gas flow rate was 10 Arb, and the ion
transfer tube temperature was 320 °C.

2.6.3 Metabolomics workflow In this study, tear samples
were collected from participants and analyzed using the
ultra performance liquid chromatography-quadrupole/
electrostatic field orbitrap mass spectrometry (UHPLC-
QE MS) platform for ESI+ and ESI- modes to obtain data.
The raw data were processed using the metabolomics
processing software Progenesis QI V2.3 for baseline filter-
ing, peak identification, integration, retention time cor-
rection, peak alignment, and normalization. The identifi-
cation of compounds is based on accurate mass num-
bers, secondary fragments, and isotopic distributions.
Qualitative analysis is performed using databases such as
the Human Metabolome Database (HMDB, http://www.
hmdb.ca/), LipidMaps, METLIN, and in-house libraries.
Compounds are then scored based on the qualitative re-
sults, with a screening criterion of 36 points (out of a max-
imum of 60 points). Compounds with scores below 36 are
considered inaccurately identified and are removed. For
the extracted data, ion peaks with intra-group missing
values (0-values) > 50% are deleted, and 0-values are re-
placed with half of the minimum value. Finally, the posi-
tive and negative ion data are combined into a single da-
ta matrix table, which contains all the information ex-
tracted from the raw data that can be used for analysis.
Multivariate statistical analysis first employs unsuper-
vised principal component analysis (PCA) to observe the
overall distribution between samples and the stability of
the entire analysis process, followed by supervised or-
thogonal partial least squares discriminant analysis
(OPLS-DA) to distinguish the overall differences in meta-
bolic profiles between groups, identifying differentially
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expressed metabolites. A combination of multi-dimen-
sional and single-dimensional analysis methods is used
to screen for differentially expressed metabolites be-
tween groups. Metabolites are extracted based on fold
change (FC) > 1.2 and P < 0.05 criteria, and visualized us-
ing volcano plots and heat maps. Metabolites with signifi-
cant differences are then selected using a variable impor-
tance in projection (VIP) threshold > 1 and P < 0.05, and
pathway analysis is performed. This study utilizes the
MetaboAnalyst 5.0 online data analysis website (https://
www.metaboanalyst.ca/) for analysis, which is a tool for
pathway enrichment exploration and visualization of
changes in metabolites. Selected marker metabolites un-
dergo KEGG pathway enrichment analysis, and pathways
are selected based on enrichment factors and P-values,
with a criterion of P < 0.05. The research flow chart is
shown in Figure 1.

Collection of tear samples

UHPLC-QE MS platform

Baseline data

] [ Qualitative and quantitative ]

results
Quality control sample

Qualified

Data preprocessing

Univariate statistical analysis
¥

PCA [ OPLS-DA J [ f test ] [ Fold change ]

I

. . Differential metabolites
Correlation analysis (repeated) screening

Multivariate statistical analysis

Metabolic pathway enrichment

Figure 1 Workflow diagram of metabolomics
2.7 Statistical analysis

Statistical analysis was performed using SPSS 26.0. Mea-
surement data that followed a normal distribution were
presented as mean + standard deviation (SD). The ¢ test
was used for testing methods with a significance level of
o.=0.05. P < 0.05 was considered statistically significant.

3 Results
3.1 Baseline data

In this experiment, a total of 32 dry eye patients were en-
rolled, including 16 cases with heat stagnation in liver
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meridian pattern group and 16 cases with Qi-Yin defi-
ciency pattern group. Fourteen healthy volunteers were
included as healthy group. No statistically significant dif-
ferences were observed in baseline data (age, gender,
lifestyle, medication method, and disease course) among
the three groups of participants (P > 0.05).

3.2 Multivariate statistical analysis

The metabolic data of the three groups were obtained via
the LC-MS analysis, covering all metabolites under both
ESI+ ion mode and ESI- ion mode. A total of 12 238 posi-
tive ion characteristic peaks (3 556 metabolites) and 5 834
negative ion characteristic peaks (1 122 metabolites) were
identified, mainly including lipids, lipid molecules, or-
ganic acids, and their derivatives (Figure 2A and 2B). A
principal component analysis showed that the Qi-Yin de-
ficiency and the heat stagnation in liver meridian patter-
ns of dry eye were clearly separated from healthy group in
the metabolic profile, located in the top left and bottom
right corners, respectively (Figure 2C). The OPLS-DA
model further confirmed this difference, with the R2Y val-
ue of 0.935 and Q2 value of 0.644 for the Qi-Yin deficien-
cy type of dry eye versus the control group (Figure 2D),
and the R2Y value of 0.96 and Q2 value of 0.47 for the heat
stagnation in liver meridian type of dry eye versus the
control group (Figure 2E), indicating the reliability of the
two established OPLS-DA models. Furthermore, the
OPLS-DA model between the Qi-Yin deficiency and the
heat stagnation in liver meridian patterns of dry eye pa-
tients also met the requirements and could be used for
further screening of differential metabolites and analysis
of metabolic characteristics (Figure 2F).

3.3 Identification of differential metabolites

This study extracted metabolites with significant differ-
ences and visualized them using volcano plots (Figure 3A
and 3B). Overall, 412 markers were identified and con-
firmed in the comparison between the Qi-Yin deficiency
pattern and healthy group, including 294 and 118
metabolites from ESI+ and ESI- models, respectively
(Figure 3C). According to the chemical classification
method in the HMDB, they were divided into 10 subcate-
gories, among which the significantly different metabo-
lites mostly included lipids, lipid-like molecules, organic
acids and their derivatives, organic heterocyclic com-
pounds, nucleosides, nucleotides, and analogs.

Similarly, the markers, based on the above criteria,
obtained from the comparison model between the heat
stagnation in liver meridian pattern and healthy group
were identified and confirmed. The comparison between
the heat stagnation in liver meridian pattern and healthy
group confirmed 112 metabolites, including 89 and 23
metabolites from ESI+ and ESI- models, respectively
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Figure 2 Representative LC-MS spectrum and multivari-
ate statistical analysis for tear samples

A and B, LC-MS analysis plot of ESI+ and ESI-, respectively.
C, PCA score plot. D, OPLS-DA model between the Qi-Yin defi-
ciency pattern and healthy groups. E, OPLS-DA model between
heat stagnation in liver meridian pattern and healthy groups.
F, OPLS-DA model between Qi-Yin deficiency pattern and heat
stagnation in liver meridian pattern groups.

(Figure 3D). They were divided into 11 subcategories fol-
lowing the chemical classification method in the HMDB,
mainly including organic acids and their derivatives,
lipids, and lipid-like molecules.

To further demonstrate the common metabolic char-
acteristics of patients with Qi-Yin deficiency and heat
stagnation in liver meridian patterns of dry eye, we ex-
tracted and analyzed the common differential metabo-
lites between these two syndrome patterns of dry eye and
healthy group. The results showed 32 common differen-
tial metabolites in both syndrome patterns of dry eye pa-
tients, which were mainly concentrated in the categories
of lipids, lipid-like molecules, organic acids, and deriva-
tives of organic acids. Further analysis of these common
differential metabolites indicated that their expression
trends were consistent in both patterns of dry eye, sug-
gesting that they may play an important role in its patho-
logical mechanism.

3.4 Metabolite-related and KEGG pathway enrichment
analyses

The interrelationships among significantly differential
metabolites were further studied, and KEGG pathway en-
richment analysis was performed on the selected marker
metabolites. Compared with healthy group, the Qi-Yin
deficiency pattern group has enriched seven metabolic
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pathways: lysine degradation, ovarian steroidogenesis,
cholesterol metabolism, pyrimidine metabolism, bile se-
cretion, purine metabolism, and caffeine metabolism
pathways (Figure 4A). Compared with healthy group, the
heat stagnation in liver meridian pattern group has en-
riched three metabolic pathways: caffeine metabolism,
purine metabolism, and valine, leucine, and isoleucine
biosynthesis pathways (Figure 4B). The results suggest
that purine metabolism and caffeine metabolism path-
ways may be common pathways in the tear fluid of dry
eye; however, the Qi-Yin deficiency pattern and the heat
stagnation in liver meridian pattern of dry eye have dis-
tinct metabolic characteristics. For example, the typical
feature of the heat stagnation in liver meridian pattern of
dry eye denotes the difference in valine, leucine, and
isoleucine biosynthesis pathways, while the Qi-Yin defi-
ciency pattern of dry eye has a greater variety of different
metabolites in the tear fluid.

To further confirm the common metabolic character-
istics of dry eye and the metabolic characteristics of the
Qi-Yin deficiency and the heat stagnation in liver meri-
dian patterns, this study plotted the relative content
graphs of the main differential metabolites in the above-
mentioned enriched metabolic pathways. The dIMP
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Figure 4 Metabolic pathway enrichment analysis of dif-
ferential metabolites in different patterns of dry eye syn-
dromes

A, metabolic pathway enrichment analysis for the Qi-Yin defi-
ciency pattern. B, metabolic pathway enrichment analysis for
the heat stagnation in liver meridian pattern. C, content of ma-
jor differential metabolites in the Qi-Yin deficiency pattern.
D, content of major differential metabolites in the heat stagna-
tion in liver meridian pattern.
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and 2-(formamido)-N1-(5-phospho-D-ribosyl) acetami-
dine, which belong to purine metabolism, showed a con-
sistent trend of change in both patterns, with a signifi-
cant decrease in deoxyinosine (dIMP) (P < 0.05) and a
significant increase in 2-(formamido)-N1-(5-phospho-D-
ribosyl) acetamidine (P < 0.05) in dry eye (Figure 4C). For
the heat stagnation in liver meridian pattern of dry eye,
the typical characteristics contained a significant de-
crease in caffeine and paraxanthine, which belongs to
caffeine metabolism (P < 0.05, Figure 4D), indicating that
the inhibition of the caffeine metabolism pathway is one
of its typical characteristics. While, the increase in 2-
amino-3-methylbutanoic acid, which is a part of the va-
line, leucine, and isoleucine biosynthesis pathway, indi-
cated that the valine, leucine, and isoleucine biosynthe-
sis pathway may be enhanced in the heat stagnation in
liver meridian pattern of dry eye. In the Qi-Yin deficiency
pattern of dry eye, a relatively consistent trend was found,
except for purine metabolism, in five specific pathways:
lysine degradation, ovarian steroidogenesis, cholesterol
metabolism, pyrimidine metabolism, and bile secretion,
where metabolites mainly showed an upward trend, indi-
cating a potentially significant increase in these metabol-
ic pathways in the Qi-Yin deficiency pattern of dry eye
(P<0.05).

4 Discussion

4.1 Exploring the different patterns of dry eye syndrome
from a metabolic perspective

TCM theory holds that dry eye is caused by both internal
and external factors, such as emotional distress, improp-
er diet, excessive fatigue, and prolonged visual strain,
causing an imbalance of Yin and Yang, disharmony of Qi
and blood, and dysfunction of the internal organs. These
internal and external factors affect the normal produc-
tion and metabolism of tears, thereby causing dry eye.
Modern TCM, based on different causes and symptoms,
divides it into different types of treatment. Among them,
patients with heat stagnation in liver meridian pattern of
dry eye may demonstrate changes in the quality of tears,
such as increased viscosity and poor excretion. At this
time, metabolites in tears may show an increase in in-
flammatory markers and cytokines, causing metabolic
disorders !'”. Patients with a Qi-Yin deficiency pattern of
dry eye may have insufficient tear secretion. Meanwhile,
the antioxidant substances in tears decrease, causing the
eyes more susceptible to damage from free radicals ',
Dry eye is a multifactorial disease of tears and the ocular
surface. The key to treating dry eye is to address the main
pathogenic mechanisms and resolve secondary mecha-
nisms '?. By analyzing the metabolites in the tears of pa-
tients with different pattern, results showed that they can
play a beneficial role in more accurately determining the
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patient’s type via TCM, thereby formulating personalized
treatment plans. At the same time, it is conducive to
deeply understanding the pathogenesis of dry eye, which
is beneficial for the development of related drugs.

In this study, compared with patients with the heat
stagnation in liver meridian pattern of dry eye, patients
with the Qi-Yin deficiency pattern of dry eye showed
more changes in tear metabolites, with seven related
metabolic pathways: lysine degradation, ovarian steroido-
genesis, cholesterol metabolism, pyrimidine metabolism,
bile secretion, purine metabolism, and caffeine metabo-
lism pathways. Abnormal lysine degradation and choles-
terol metabolism disorders are closely correlated with de-
creased tear secretion. Lysine is an amino acid, and its
metabolites may cause oxidative stress, damaging the
lacrimal and meibomian glands, thereby causing insuffi-
cient tear secretion and then symptoms of dryness and
lack of luster in the eyes ['*. Cholesterol, an important
component of meibomian gland secretions, helps main-
tain the lubrication and health of the ocular surface. This
study found that the disorder of cholesterol secretion and
excretion indicates a poor lubrication state of the ocular
surface, which is similar to the clinical manifestations of
dry eye. Simultaneously, ovarian steroidogenesis re-
quires cholesterol as a precursor substance, and metabol-
ic disorders may affect the supply and conversion of
cholesterol, affecting the generation of ovarian steroids
consequently '“, The interaction between the two can
significantly affect the lubrication and health of the ocu-
lar surface.

In addition, bile acids, as part of tears, maintain the
lubrication and protection of the ocular surface. Bile
plays a role in fat metabolism, and fat is an important
component of cell membrane structure and function [,
Insufficient bile secretion in the Qi-Yin deficiency pat-
tern may lead to malnutrition of ocular tissues, affecting
the clarity of vision. Moreover, abnormalities in the
purine and caffeine metabolism may result in an insuffi-
cient cellular energy supply, which have an impact on the
function of ocular tissues. Abnormalities in the purine
and caffeine metabolism involve cellular energy metabo-
lism disorders, influencing the normal function of the
lacrimal glands, causing discomfort in the eyes, photo-
phobia, and other symptoms. Dry eye symptoms, espe-
cially after prolonged use of the eyes, may worsen, which
is related to insufficient cellular energy supply and in-
flammatory reactions. Abnormalities in the pyrimidine,
purine, and caffeine metabolism are related to the pres-
ence of mitochondrial dysfunction in dry eye patients [*.,
Mitochondria serves as the main site of energy produc-
tion within cells. Abnormalities in the metabolism of
pyrimidine, purine, and caffeine can impair mitochondri-
al function, which in turn affects cellular energy supply.
This impairment, including the energy needs of the
lacrimal and meibomian glands, can exacerbate the oc-
currence and development of dry eye.
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In summary, abnormalities in the metabolism of
pyrimidine, purine, and caffeine reduce the energy sup-
ply of the human body, leading to Qi deficiency. Lysine
degradation, ovarian steroidogenesis, cholesterol meta-
bolism, and bile secretion affect the secretion of human
Yin fluids, which demonstrates Yin deficiency. Therefore,
the abnormalities in these seven metabolic pathways
jointly affect the Qi-Yin deficiency pattern of dry eye.

4.2 Metabolic characteristics and TCM phenotypes in
dry eye

The heat stagnation in liver meridian pattern of dry eye is
a classification in the syndrome differentiation of TCM.
TCM theory holds that it is related to the dysfunction of
liver function, leading to the stagnation of Qi and the gen-
eration of internal heat, causing several eye symptoms,
such as dry eyes, red eyes, blurred vision, and emotional
fluctuations. Heat stagnation refers to the accumulation
of Qi stagnation and heat evil in the body, leading to liver
Qi discomfort and poor Qi movement. Heat stagnation in
liver meridian is linked to psychological states such as
emotional depression, mental tension, and anger, which
are associated with the regulation of hormones and other
biologically active substance levels, potentially influenc-
ing the endocrine system and metabolic status.

In this study, the caffeine and purine metabolism
pathways were not only significantly enriched in the heat
stagnation in liver meridian but also the Qi-Yin deficien-
cy patterns of dry eye, indicating that they may play an
important part in the common pathological process of
dry eye. Caffeine and purine metabolism belong to one of
the energy metabolisms, and their occurrence and devel-
opment are strongly correlated with free radicals ", Caf-
feine metabolism involves the degradation and clearance
process of caffeine, and its metabolites may be closely re-
lated to the generation of free radicals, affecting the cellu-
lar oxidative stress response as a result. Oxidative stress is
a key pathological feature of dry eye, and excessive free
radicals can cause damage and inflammatory reactions in
ocular tissues. Purine metabolism is involved in the syn-
thesis and utilization of cellular energy, such as the gen-
eration of adenosine triphosphate (ATP) and guanosine
triphosphate (GTP). Its abnormalities may lead to insuffi-
cient cellular energy supply, especially for the high
metabolic demand of the lacrimal and meibomian
glands, thus exacerbating dry eye symptoms ¥, Unlike
the Qi-Yin deficiency pattern of dry eye, an important
metabolic pathway in patients with the heat stagnation in
liver meridian pattern of dry eye is the biosynthesis path-
way of valine, leucine, and isoleucine. Valine, leucine,
and isoleucine are all branched-chain amino acids,
which are key amino acids that play an important role in
muscle protein synthesis, immune function regulation,
and liver metabolism. Abnormalities in the metabolism of



282

branched-chain amino acids are often related to liver
dysfunction, which may result in changes in mood and
mental state, changes that are similar to the “heat stagna-
tion” described by TCM ['"),

Furthermore, long-term nutritional imbalance, in-
cluding abnormalities in branched-chain amino acids,
may cause metabolic disorders in the body, which can af-
fect a person’s physical and mental health in various
forms (e.g., hormonal imbalance), corresponding to the
“liver depression” described by TCM .. The Treatise of
the True Doctrine of the Golden Coffer in the Inner Can-
non of Haungdi on Plain Questions (Huang Di Nei Jing -
Su Wen, { 3% % R 2.4 F] ) ) recorded that “the liver
opens into the eyes.” It is believed that a special intrinsic
connection between the liver and the eyes exists; thus
diseases of the liver are often thought to influence the
function of the eyes. Studies have proposed that the liver
and eyes share characteristics of co-damage, co-repair,
co-material basis, and co-mechanism of action !, From
the perspective of metabolomics, this further proves the
rationality of the classification of dry eye due to stagnant
heat in the liver channel.

This study still has some limitations. First, the current
sample size is small as an exploratory experiment, which
may affect the generalizability of the results. Future re-
search is warranted to determine the minimum required
sample size based on the results of this study, using sam-
ple size calculation formulas to strengthen the reliability
of the findings. Second, the diagnostic criteria for TCM
syndromes mainly rely on subjective descriptions, which
may impact the reproducibility of the results. Quantita-
tive assessment methods, such as scoring systems or
questionnaires, should be introduced and unified diag-
nostic criteria and procedures should be established in
subsequent large-scale studies to reduce the interference
of subjective factors. Moreover, the present study did not
provide details of the relevant clinical and laboratory test-
ing indicators, which limits the comprehensiveness of dry
eye diagnoses. Finally, key metabolites and functional
clusters still require further validation. Despite these
shortcomings, this research provides a preliminary refer-
ence for future large-scale experiments and lays the foun-
dation for in-depth exploration of the metabolic charac-
teristics of dry eye.

5 Conclusion

The clinical metabolism of dry eye patients with Qi-Yin
deficiency and heat stagnation in liver meridian patterns
has its own characteristics and is significantly varied.
Among them, purine and caffeine metabolism pathways
are common metabolic characteristics of both patterns of
dry eye. dIMP and 2-(formamido)-N1-(5-phospho-D-ri-
bosyl) acetamidine can be used as biomarkers. In the Qi-
Yin deficiency pattern, the significant increase of
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metabolic pathways, such as lysine degradation, ovarian
steroidogenesis, cholesterol metabolism, pyrimidine
metabolism, and bile secretion, remains the main fea-
ture. The dry eye of the heat stagnation in liver meridian
pattern is featured with the inhibition of the valine,
leucine, and isoleucine biosynthesis pathway. The above
results prove the rationality of the TCM syndrome differ-
entiation classification and are of crucial reference for the
exploration of the pathogenesis of dry eye and the devel-
opment of related drugs.
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