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背景

本应用案例聚焦临床核心研究方向：代谢性疾病机制解析、

肿瘤早期诊断、儿童过敏性疾病诊疗评估，针对行业关键技术痛

点提供解决方案：胆固醇代谢紊乱相关信号转导机制不明，制约

代谢性疾病靶向治疗开发；口腔鳞状细胞癌、肝细胞癌早期诊断

缺乏精准非侵入性标志物，现有检测方法创伤性强或特异性不

足；儿童中重度过敏性鼻炎的代谢调控网络未阐明，免疫治疗疗

效缺乏客观评估指标。这些难题直接关乎临床诊疗精准度与患者

预后改善，亟须先进的代谢组学分析技术与工具提供支撑。

高分辨代谢组学凭借全面捕获生物样本中代谢物动态变化、

精准鉴定低丰度成分的技术优势，成为破解临床疾病机制研究、

标志物筛选与疗效评估瓶颈的核心手段。通过与高分辨质谱技术

结合，可实现从复杂生物样本中快速筛选差异代谢物、锁定核心

标志物与调控通路，突破传统分析方法覆盖度低、定性不准、效

率低下的局限，为临床精准医疗提供深度数据支撑。

SCIEX旗下Triple TOF 6600+、ZenoTOF 7600等高分辨质谱

仪器，以高灵敏度、高分辨率、高稳定性的性能优势，为临

床样本高精度检测提供高质量原始数据。MExplorer Ultimate

（ME软件网址：www.chemdatasolution.com ；邮箱：contact@

chemdatasolution.com）作为大连达硕与SCIEX联合研发的一站
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式代谢组学数据分析平台，核心亮点突出：一站式全流程分析覆

盖从数据导入到报告生成完整环节；实时数据质控保障数据可靠

性；超大规模定性依托100万+二级质谱库实现代谢物精准广泛鉴

定；智能化差异分析一键完成筛选与解析；兼容SCIEX全系列质谱

并支持多工具对接，大幅降低分析门槛，高效解决临床研究中的

核心痛点。

案例一 基于代谢组学解析 GPR155 介导胆固醇感

知与信号转导的分子机制
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1. 研究背景

胆固醇作为细胞膜重要组成

成分及激素、维生素D等生物活性

物质的前体，其稳态失衡与心血

管疾病、神经退行性疾病及癌症

密切相关。溶酶体膜蛋白GPR155

（LYCHOS）可感知胆固醇丰度并激

活mTORC1信号通路，但胆固醇结合后，信号从跨膜区传递至胞内

可溶性区域及GATOR1复合物的机制尚未明确，亟须通过代谢组学

与结构生物学联合技术揭示这一核心调控过程。

2. 仪器与实验样本信息

仪器：SCIEX TripleTOF 6600 UHPLC-MS/MS系统

样本：人源GPR155蛋白样本（酿酒酵母异源表达纯化）；

HEK293细胞（野生型及GPR155敲除株）；胆固醇饥饿及再刺激处

理的细胞裂解液样本。

3. 实验方法

采用溶剂萃取法分离并纯化与 GPR155 特异性结合的脂质成

分，通过UHPLC-MS/MS技术鉴定与GPR155相互作用的脂质分子；

结合冷冻电镜技术解析GPR155在不同构象下的结构；利用Western 

blot检测mTORC1下游靶点P70S6K和4E-BP的磷酸化水平验证通路

活性；借助ME软件完成脂质成分的峰提取、定性定量、差异筛选

与数据库匹配分析，全流程覆盖从脂质鉴定到信号机制验证的核

心环节。

4. 研究结果

(1) 结合脂质鉴定：鉴定出胆固醇（CHL）及胆固醇衍生物胆

甾醇半琥珀酸酯（CHS）为GPR155的核心结合脂质，二者共同参

与GPR155的构象调控。

(2) 构象解析：GPR155存在收缩二聚体、单体及延伸二聚体三

种组装形式，胆固醇结合可诱导转运结构域与GPCR结构域之间的

缝隙扩大，触发构象重排。  

(3) 信号传递机制：跨膜螺旋 TM16 前的延伸螺旋作为 “连接

杠杆”，将 GPCR 结构域的旋转运动传递至胞内 LED 和 DEP 结构

域，介导信号转导。

图1. GPR155结合脂质的质谱鉴定图谱

图2. GPR155 不同构象的冷冻电镜图谱信号传递路径

3.2. Cryo-EM structures of GPR155 in different conformations

Wild-type human GPR155 was heterologously expressed and
subsequently purified using detergent LMNG supplemented with
=CHS, a CHL derivative. Upon analysis by size exclusion chro-
matography, two distinct fractions of the recombinant GPR155
were observed (Fig. S3 online). Single-particle cryo-electron micro-
scopy (cryo-EM) analysis revealed multiple assembly forms in the
GPR155 sample (Figs. S4 and S5 online). After multiple rounds of
classification and subsequent non-uniform and local refinements,
the structures of a dimeric and a monomeric form of GPR155 were
resolved at resolutions of 2.79 and 3.46 Å, respectively (Fig. S4
online). The structure predicted by AlphaFold served as the initial
model for building the structure. The cryo-EM map offered suffi-
cient resolution to assign the TMs (Fig. S6 online). The GPR155
dimer measures approximately 120 Å in length and 65 Å in height
(Fig. 1a, b). In the dimeric GPR155, the transporter domain, the
GPCR domain, and the DEP domain were all well resolved
(Fig. 1a, b). However, due to their flexibility, a part of the loop con-
necting the GPCR and DEP domains, as well as the long loop
between TM15 and TM16, was invisible (Fig. 2a, c). The N- and

C-terminal tails, which exhibit high variability across different ani-
mals (Fig. S2 online), were also not visible in the structure (Fig. 2a,
c). Unlike the previously reported structure of apo-GPR155 [27],
CHL-like densities were observed at the interface between the
transporter and GPCR domains (Fig. 1a, b). On the monomeric
GPR155, an even greater number of CHL-like densities were
observed (Fig. 1c, d). In addition, a subgroup of particles was much
longer in length than the resolved dimer. After several rounds of
classification and refinement, a structure map with a resolution
of 5.62 Å was obtained (Fig. S5 online). Two GPR155 monomers
could be perfectly docked within the elongated density map
(Fig. 1e, f). To distinguish between them, these two dimers are
hereafter named the contracted dimer and the extended dimer,
respectively. Different interfaces were involved in the assembly
of the two forms of dimers (Fig. 3a, f).

3.3. Domain organization of GPR155

In the contracted dimer, the transporter domains of the two
opposing protomers adhere tightly to each other, while the two
GPCR domains are positioned on opposite sides of the dimer inter-

Fig. 1. Cryo-EM structures of GPR155. (a) The cryo-EM map of the GPR155 contracted dimer in complex with CHL, viewed along the membrane plane. Densities
corresponding to the transporter-like, GPCR-like, DEP domain, and the helix linking LED and TM16 from protomer A are colored in rebecca purple, dark violet, orchid, and
magenta, respectively, while protomer B is colored orange. The CHL-like densities are colored green. (b) The structure of the GPR155 dimer. The two subunits are depicted as
ribbon models, and the CHL molecules are shown as stick models. The color codes are consistent with those in (a). (c) The cryo-EM map of the monomeric GPR155. (d) The
structure of GPR155 monomer with multiple CHL molecules. (e) The cryo-EM map of the extended GPR155 dimer. Densities corresponding to the two protomers are colored
medium orchid and orange, respectively. (f) The rigidly fitted model of the extended GPR155 dimer.
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face, folding into a diamond-like structure (Fig. S7a–d online). The
GPCR of one protomer is loosely associated with the transporter of
the other protomer through two symmetrical pairs of hydrogen
bond interactions involving residue Y240 from TM7 and D385’
(The prime symbol ‘‘ ’ ” denotes domains and amino acid residues
located on the opposing protomer.) from TM11’ (Fig. 2b). The
transmembrane part of GPR155 consists of 10 TMs from the trans-
porter and 7 TMs from the GPCR, and the odd number of TMs lead
to opposite orientation of the N- and C-terminal tails. There are
many more positively charged residues on the cytoplasm side
(Fig. S7e, f online), and thus the N- and C-terminal are speculated
to orient towards the lysosomal lumen and cytoplasm side, respec-
tively, according to the ‘‘positive-inside” rule [50]. This direction is
consistent with the orientation of classic GPCRs that position their
C-terminal in the cytoplasmic side to interact with G proteins [51].
The GPCR is concatenated to the transporter via a short linker con-
sisting of just two residues (Fig. 2c), Due to their proximity, the
GPCR approaches the transporter on the lumen side and gradually
separates towards the cytoplasmic side (Fig. 2c). The last intracel-
lular loop, ICL8, located between TM15 and TM16, is notably longer
than the corresponding ICL3 found in typical GPCRs (Fig. 2a). The
ICL8 has been implicated in interaction with GATOR1, and there-
fore named LYCHOS effector domain (LED) [6]. Most of the LED
region, except for an extending helix linking TM16, is invisible
(Fig. 2c). The DEP domain and a preceding broken helix are con-
nected to the end of TM17 by a flexible linker (Fig. 2a, c).

The two DEPs are in contact with each other and are arranged
crosswise atop the boundary between the two transporter
domains, resembling a pair of crab claws (Fig. 1b). The extending
helix of the LED interacts with both the DEP and the GPCR, possibly

serving as a lever to transmit conformational changes from the
transmembrane region to the cytoplasmic part (Figs. 1b and 2c).
In the monomer and extended dimer, the soluble region was not
resolved (Fig. 1c, f), suggesting a more flexible nature of these
structures.

Notably, among all reported structures of GPR155 [27,52–54],
the DEPs on the cytoplasmic side are resolved only in the wild-
type apo-GPR155. However, in our contracted dimer, CHL-like den-
sities, the DEPs, and the extending helices from two LEDs could be
observed simultaneously. 3D variability analysis revealed that the
GPCR domain and the soluble part were in motion, perhaps due to
binding of CHLs (Movie S1 online). The contracted dimer structure
may result from a mixture of apo- and CHL-bound GPR155 parti-
cles, as will be discussed later.

3.4. Dimerization of GPR155

In the contracted dimer, the two protomers bind tightly through
extensive interactions primarily involving the transporter and DEP
domains (Fig. 3a–d), burying a total surface area of 1929.4 Å2

(Fig. 3b). The interaction between the transporter domains
involves TM1, TM2, and TM7 (Fig. 3a). The TM7 of one protomer
extends from the crevice between TM1 and TM2 to contact TM1’
and TM7’ of the other protomer (Fig. 3a). The two transporter
domains are held together primarily by hydrophobic interactions
between nonpolar residues from these six TMs (Fig. 3c, d). Addi-
tionally, two symmetrical pairs of polar interactions between the
side chain of Q69 and N75 from the other protomer may further
stabilize the dimer (Fig. 3c). The two DEPs form an additional inter-
face on the cytoplasmic side (Fig. 3e). The side-chain hydroxyl

Fig. 2. The architecture of GPR155. (a) Topology of the GPR155 protomer. The unresolved loop regions are shown as dashed lines. (b) The GPCR domain from one protomer is
loosely associated with the transporter domain of the other protomer. (c) The structure of the GPR155 protomer viewed along the membrane. (d) Structural superposition of
the transporter (left) and GPCR (right) domains from the dimeric and monomeric GPR155. (e) Structural superposition of the dimeric and monomeric GPR155 as a whole. A
10.6° rotation of the GPCR domain relative to the transporter domain is indicated by the arrow.
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图3. GPR155 结构域组织架构图
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酸的提取回收率达63.9%~110.8%，检测限低至0.002–0.080μg/mL，

相关性系数>0.99，方法学验证符合临床检测要求。

(4) 通路验证：GPR155 敲除显著降低 mTORC1 活性，胆固醇

再刺激后野生型细胞的 P70S6K 和 4EBP 磷酸化水平显著升高，而

敲除细胞无明显响应。

5. 结论与展望

本研究明确 GPR155 通过结合胆固醇诱导构象变化，借助延伸

螺旋传递信号至胞内，进而激活 mTORC1 通路，揭示了胆固醇感

知与信号转导的分子机制。未来可基于 ME 的拟靶向分析功能，

进一步追踪胆固醇在细胞内的动态转运过程，深入阐明 GPR155 与 

GATOR1 的相互作用模式，为代谢性疾病的靶向治疗提供新靶点。

案例二 基于 UiO-66-NH2分散固相萃取结合 LC-MS/
MS 的肿瘤代谢组学生物标志物筛选

1. 研究背景

口腔鳞状细胞癌（OSCC）和肝细胞癌（HCC）作为高发恶性

肿瘤，早期症状隐匿，现有诊断方法存在创伤性强、特异性低等

局限。氨基酸代谢紊乱与肿瘤发生发展

密切相关，亟须建立高效的样本前处理

与代谢组学分析方法，筛选精准非侵入

性生物标志物，为肿瘤早期诊断提供技

术支撑。

2. 仪器与实验样本信息

仪器：SCIEX QTRAP 6500+ UHPLC-MS/MS 系统、SCIEX ZenoTOF 

7600 高分辨质谱仪

样本：30 例 OSCC 患者、30 例 HCC 患者及 30 例健康对照者血

浆样本；人工血浆样本（用于方法学验证）

3. 实验方法

采用UiO-66-NH2分散固相萃取技术预处理血浆样本，优化吸附

体系、洗脱pH、吸附剂用量等关键参数；结合伪靶向与靶向代谢

组学技术，通过UHPLC-MS/MS分析血浆中氨基酸及小分子代谢物；

利用ME软件完成代谢物的定性鉴定、差异筛选与数据库匹配，结

合OPLS-DA、ROC分析筛选潜在生物标志物并构建诊断模型。

4. 研究结果

(1) 方法学验证：建立的UiO-66-NH2分散固相萃取方法对氨基

表1. 方法学验证参数表

(2) 差异代谢物与通路富集：筛选出30种OSCC相关差异代谢物

和42种HCC相关差异代谢物，主要富集于氨基酸生物合成、叶酸代

谢、谷胱甘肽代谢等通路。

图4. KEGG通路富集图

FIGURE 3 Hierarchical clustering heat map and KEGG pathway enrichment analysis of the (A, B) OSCC and the healthy groups and (C, D) HCC
and the healthy groups. (B): (1) Valine, leucine, and isoleucine biosynthesis; (2) one carbon pool by folate; (3) cysteine and methionine metabolism; (4)
phenylalanine, tyrosine, and tryptophan biosynthesis. (D): (1) Arginine biosynthesis; (2) β-alanine metabolism; (3) phenylalanine metabolism; (4) one
carbon pool by folate; (5) glutathione metabolism; (6) arginine and proline metabolism. (A) Healthy volunteer group; (B) oral squamous cell carcinoma
patient group; (C) hepatocellular carcinoma patient group.

nature of all analytes, which precluded the availability of an
absolutely “blank” matrix, selectivity validation was performed
using the comprehensive approach described above. Retention
times and quantitative concentration data for the analytes were
summarized in Tables S8 and S9, respectively.

The remaining validation items pertaining to Section 3.5 “The
results of validation of targeted quantitative analysis” were
detailed in Supporting Information S4, Figure S7, and Tables
S8–S15.

To ensure effective chromatographic separation and optimal peak
profiles, the influence of stationary phases was investigated,
comparing the ACQUITY Premier BEH Amide column and the
ACQUITY BEH C18 column. Mobile phase systems comprising
methanol–water and ACN–water were evaluated. Further exami-
nation addressed the effect of formic acid addition: (1) exclusively
in the organic phase, (2) exclusively in the aqueous phase, and
(3) in both phases. Results demonstrated that employing the
ACQUITY Premier BEH Amide column with the mobile phase
system (A: 0.1% formic acid in water, B: 0.1% formic acid in ACN)

10 of 16 Journal of Separation Science, 2025
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(3) 核心标志物鉴定：鉴定出赖氨酸和3-碘-L-酪氨酸为OSCC诊

断核心标志物（AUC=0.998，灵敏度=0.967，特异性=1.0），精氨

酸和组氨酸为HCC诊断核心标志物AUC=0.944，灵敏度=0.833，特

异性=0.933）。

图5. ROC曲线分析图

FIGURE 4 Analyte concentrations in plasma samples from patients with OSCC group and HCC group and the subjects from the healthy control
(HC) group (HG) (n = 30). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 in comparison with the healthy group.

The product of plasma lysine and 3-iodo-L-tyrosine concentra-
tions was calculated for the diagnosis of OSCC, as significant
differenceswere observed compared to healthy individuals. Based
on the calculated values (Figure 6A), the OSCC range was
defined as 0.995–10.111 (mean: 3.020, with 95% of individual
values above 1.313), while the normal range was determined as
0.058–0.971 (mean: 0.360, with 95% of individual values below
0.792). Consequently, it was inferred that samples with values
exceeding 1.313 were classified as OSCC.

Kruskal–Wallis nonparametric tests and ROC analysis were
performed on plasma samples from healthy individuals and
HCC patients to screen potential amino acid markers with a
p value of Kruskal–Wallis (p < 0.05) and an AUC > 0.8 for
ROC. Based on a combined binary logistic regression and ROC
curve analysis approach, secondary optimization was conducted
on candidate biomarkers. Two specific biomarkers, arginine and
histidine, were ultimately identified as effective discriminators

between HCs and HCC patients. The binary logistic regression
equation (Table S19) was formulated as: Y = 0.427 Arg + 0.521
His − 9.134, achieving an AUC of 0.944, sensitivity of 0.833, and
specificity of 0.933. The sampleswere categorized according to the
predictive value of the regression model: samples with a predic-
tive value less than zero were classified as HCs, while samples
with a predictive value greater than zero were diagnosed with
HCC.

The product of plasma arginine and histidine concentrations was
calculated for the diagnosis of HCC, as significant differences
were observed compared to healthy individuals. Based on the
calculated values (Figure 6B), the HCC range was defined as
201.505–2460.360 (mean: 566.002, with 95% of individual values
above 201.505),while the normal rangewas determined as 24.605–
198.856 (mean: 128.764, with 95% of individual values below
178.200). Consequently, it was inferred that samples with values
exceeding 201.505 were classified as HCC.

12 of 16 Journal of Separation Science, 2025

(4) 诊断模型构建：基于核心标志物构建的二元逻辑回归模型

可有效区分肿瘤患者与健康人群，OSCC诊断临界值为1.313，HCC

诊断临界值为201.505。

图6. 标志物浓度乘积分布散点图

FIGURE 6 Diagnosis of OSCC and HCC, (A) product of plasma 3-iodo-L-tyrosine and tyrosine concentration; (B) product of plasma arginine and
histidine amino acid concentrations.

covery and validation of potential metabolite biomarkers. Valine,
leucine, and isoleucine biosynthesis; one carbon pool by folate;
cysteine and methionine metabolism; phenylalanine, tyrosine;
and tryptophan biosynthesis were found to be involved in impor-
tant biometabolic processes in OSCC. Arginine biosynthesis;
β-alanine metabolism; phenylalanine metabolism; one carbon
pool by folate; glutathione metabolism; arginine; and proline
metabolismwere involved inHCC-associated biometabolism. For
the targeting analysis, we calibrated and validated the changes
in the concentration levels of 20 metabolites. Importantly, in
the present study, we determined 10 amino acids (including
lysine and 3-iodo-L-tyrosine) as potential biomarkers for OSCC
diagnosis and 10 amino acids (including arginine and his-
tidine) as potential biomarkers for HCC diagnosis. Through
binary logistic regression analysis, the aforementioned poten-
tial biomarkers were screened for dimensionality reduction
to establish a diagnostic model. It was identified that the
product of lysine and 3-iodo-L-tyrosine concentrations could
clinically distinguish OSCC patients from healthy subjects, while
the product of arginine and histidine concentrations differ-
entiated HCC patients from healthy subjects. These findings
provide a reference basis for refining clinical diagnostic frame-
works for both OSCC and HCC. Our research offers a crucial
foundation for clinical and scientific investigations into the
diagnosis and treatment of cancer and the exploration of its
pathological mechanisms, demonstrating the broad application
prospects of UiO-66-NH2 in improving the extraction efficiency
of amino acids and the development of cancer-specific diagnostic
markers.
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5. 结论与展望

本研究建立了高效的血浆代谢组学分析方法，明确了OSCC与

HCC的特异性氨基酸标志物及诊断模型，为肿瘤早期无创诊断提供

了新方案。未来可借助ME的批量数据分析功能，扩大样本队列规

模，优化标志物组合，实现对肿瘤分期、预后的精准评估，推动

临床转化应用。

案例三 基于代谢组学分析尘螨诱发儿童中重度过

敏性鼻炎的差异代谢物及免疫治疗疗效评估

1. 研究背景

过敏性鼻炎（AR）是儿童高发慢性炎症性疾病，尘螨是主要

过敏原，皮下免疫治疗（AIT）是唯一病因性

治疗手段，但缺乏客观的疗效评估标志物。

代谢组学可揭示疾病相关代谢紊乱，为AR发

病机制研究及治疗效果监测提供新视角，亟

须明确儿童AR的核心代谢通路及免疫治疗相

关标志物。

2. 仪器与实验样本信息

仪器：SCIEX ZenoTOF 7600高分辨质谱仪

样本：40例尘螨诱发中重度AR儿童血浆样本（20例接受皮下

免疫治疗初始阶段）；30例健康儿童血浆样本；免疫治疗前后的

血清样本

3. 实验方法

采用乙腈：甲醇（1:1）沉淀血浆蛋白，通过UHPLC-MS/MS技

术在正负离子模式下采集代谢组数据；结合PCA、OPLS-DA多元统

计分析筛选差异代谢物；利用ME软件完成代谢物的定性定量、差

异筛选与通路注释，对比AR患儿与健康儿童、免疫治疗前后的代

谢组变化，明确核心标志物与调控通路。

4. 研究结果

(1) 疾病差异代谢特征：AR患儿与健康儿童相比，共有9种差

异代谢物显著富集于甘油磷脂代谢、花生四烯酸代谢及甘油酯代

谢3条核心通路，其中PC (PGD1/18:3)LPC22:6含量显著上调，5(S)-

HETE含量显著升高。



For Research Use Only. Not for use in Diagnostic Procedures.

p 5RUO-MKT-02-37864-ZH-A

(3) 诊疗标志物筛选：筛选出PC(PGD1/18:3)LPC 22:6、5(S)-

HETE为AR诊断及免疫治疗疗效评估的潜在标志物，其表达水平与

鼻症状评分呈显著相关性。

图7. OPLS-DA得分图

图8. 免疫治疗前后差异代谢物聚类热图
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control group. None of them had a personal history of atopic 
disease or a positive family history of a specific disease. There 
were no significant differences in gender, age, and BMI be-
tween the AR group and the healthy control group (gender: 
χ2 = 2.894, p = 0.089; age: Z = −0.267, p = 0.789; BMI = −0.338, 
p = 0.735). The serum total IgE and specific IgE of HDM in 
the AR group were higher than those in the healthy control 
group (total IgE: Z = −7.050, p < 0.001; HDM IgE: Z = −7.130, 
p < 0.001).

3.2   |   Metabolomics Data of Groups A + B and CK

The green squares represent Group A + B, and the blue dots rep-
resent Group CK. The PCA score plot shows a separation be-
tween the two groups of samples, indicating differences in serum 
metabolite levels between Groups A + B and CK (Figure 1a).

OPLS- DA of serum metabolite data from the two groups revealed 
no significant overlap in the sample distribution space between 
the A + B and CK groups, indicating that the two groups had 
significantly different serum metabolite levels. There were dif-
ferences in overall metabolic profiles between the A + B and CK 
groups (Figure 1b).

The 100- response ranking test of the OPLS- DA model shows 
that all the Q2 values and R2 values on the left are lower than the 
original point values on the right, and the intersection point of 
the blue regression line of Q2 with the Y axis is less than 0, sug-
gesting that the model is not overfitted (Figure 1c).

Using p < 0.05 and VIP > 1 as the criteria for screening differen-
tial metabolites, a total of 681 serum differential metabolites were 
identified in the A + B group and the CK group. Among them, com-
pared with the CK group, the levels of 369 serum metabolites in 

FIGURE 1    |    The green squares represent Group A + B, and the blue dots represent Group CK; PCA three- dimensional diagram of A + B group and 
CK group (a); OPLS- DA three- dimensional diagram of A + B group and CK group (b), (R2X = 0.53, R2Y = 0.96, Q2 = 0.92); 100 response sorting mod-
el validation diagram for A + B group and CK group (c), (R2 = 0.0, 0.31), (Q2 = 0.0, −0.39); heat map of serum differential metabolites between A + B 
group and CK group, the vertical axis represents the difference metabolites in the two groups of comparison. Each color block indicates the relative 
content of the metabolite at the corresponding position. The redder the color block, the more significantly the content of the metabolite has increased; 
the bluer the color, the more significantly the content of the metabolite has decreased; and the lighter the color, the less noticeable the change in the 
content of the metabolite (d).
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and inflammatory and immune responses (Shimizu  2009). 
Glycerophospholipids, the most prevalent type of phospholipids, 
are integral to the formation of cell membranes and membrane- 
active substances. They contribute to the stability of cell mem-
branes and facilitate protein recognition and signal transduction 
at the membrane interface. During an inflammatory response, 

glycerophospholipids in the cell membrane can be hydrolyzed 
by phospholipase, resulting in the release of fatty acids, phos-
phatidic acid (PA), lysophospholipid (LP), lysophosphatidylcho-
line (LPC), and so on (Tao et al. 2010), and can interact with G 
protein–coupled receptors on the cell membrane, thereby reg-
ulating intracellular signaling pathways and participating in 

FIGURE 2    |    The green squares represent Group A, and the blue dots represent Group C; PCA three- dimensional diagram of A group and C group 
(a); OPLS- DA three- dimensional diagram of A group and C group (b), (R2X = 0.53, R2Y = 0.73, Q2 = 0.59); 100 response sorting model validation di-
agram for A group and C group (c), (R2 = 0.0, 0.38), (Q2 = 0.0, −0.49); heat map of serum differential metabolites between A group and C group (d).

TABLE 5    |    Enrichment results of differential metabolite metabolism pathways between the A group and the C group.

Path names Match status p −log10(p) FDR Impact

Glycerophospholipid metabolism 10/36 1.06E- 08 7.9745 8.91E- 07 0.5135

d- Glutamine and d- glutamate metabolism 2/6 0.010038 1.9984 0.14053 0.5000

Arachidonic acid metabolism 7/36 2.99E- 05 4.5248 0.001255 0.4604

Sphingolipid metabolism 3/21 0.017523 1.7564 0.18399 0.3185

Aspartate and glutamate metabolism 3/28 0.037855 1.4219 0.35332 0.2452

Citrate cycle 3/20 0.015305 1.8152 0.18366 0.1490

Glycerolipid metabolism 3/16 0.008107 2.0911 0.1362 0.1312
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(2) 治疗后代谢回调：皮下免疫治疗后，22种差异代谢物表

达水平显著回调，涉及7条代谢通路，其中花生四烯酸代谢通路

的5(S)-HETE水平降至健康儿童接近水平，甘油磷脂代谢通路的

PC(PGD1/18:3)含量明显回升。

表2. 标志物与症状评分的相关性分析表
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the A + B group are significantly upregulated, and the levels of 312 
serum metabolites are downregulated considerably (Figure 1d).

Enrichment analysis was performed on the detected serum 
differential metabolites. Using impact > 0.1 and p < 0.05 as 
screening criteria, the results indicated that glycerophospho-
lipid, arachidonic acid, and glycerolipid metabolism were sig-
nificantly associated with metabolic pathways in children with 
AR (Table 3). Finally, based on the screening criteria FC > 2 or 
FC < 0.5, nine metabolites were identified as having FC > 2 or 
FC < 0.5 across the three metabolic pathways (Table 4).

3.3   |   Metabolomics Data for Groups A and C

Green squares represent Group A, blue dots represent Group C, 
and PCA score plots show a trend of separation between the two 
groups of samples (Figure 2a).

OPLS- DA of serum metabolite data from both groups revealed 
differences in overall metabolic profiles between Groups A and 
C (Figure 2b).

A 100- response ranking test of the OPLS- DA model shows that 
all Q2 values and R2 values on the left are lower than the original 
point values on the right, and the Q2 blue regression line inter-
sects the Y axis at a negative value, indicating that the model is 
not overfitting (Figure 1c).

Using p < 0.05 and VIP > 1 as criteria for screening differential me-
tabolites, a total of 535 serum differential metabolites were found 

in Groups A and C, of which 150 serum metabolites were signifi-
cantly upregulated and 385 serum metabolites were downregu-
lated considerably in Group C compared with Group A (Figure 2d).

Enrichment analysis was performed on the detected serum dif-
ferential metabolites, with an impact > 0.1 and p < 0.05 as the 
screening criteria. The results showed that glycerophospholipid 
metabolism; arachidonic acid metabolism; glycerolipid metabo-
lism; sphingolipid metabolism; d- glutamine and d- glutamate me-
tabolism; the citrate cycle; and alanine, aspartate, and glutamate 
metabolism were significantly related metabolic pathways in chil-
dren in Group C (Table 5). Finally, under the screening conditions 
of FC > 2 or FC < 0.5, 22 metabolites with FC > 2 or FC < 0.5 were 
identified across seven metabolic pathways (Table 6).

4   |   Discussion

In this study, we found that glycerophospholipid, arachidonic 
acid, and glycerolipid metabolism were identified in Groups 
A + B and CK, as well as in Groups A and C. Therefore, we 
primarily selected these three pathways and metabolites 
with significant FCs (FC > 2 or FC < 0.5) for discussion and 
analysis.

4.1   |   Glycerophospholipid Metabolism

Lipids are essential components of metabolites and are thought 
to play crucial roles in cellular signal transduction, the main-
tenance of intracellular and extracellular homeostasis, 

TABLE 3    |    Enrichment results of differential metabolite metabolism pathways between the A + B group and CK group.

Path names Match status p −log10(p) FDR Impact

Glycerophospholipid metabolism 7/36 1.79E- 05 4.7470 0.001504 0.42262

Arachidonic acid metabolism 4/36 0.011297 1.9470 0.237240 0.31350

Glycerolipid metabolism 3/16 0.006578 2.1819 0.184180 0.23676

TABLE 4    |    Partial differential metabolite information on three metabolic pathways in the A + B group and CK group.

Compounds FC p VIP Content level AUC Pathway

PC(PGD1/18:3(9Z,12Z,15Z)) 4.3851 8.22E- 06 1.6364 CA+B > CCK 0.86 Glycerophospholipid metabolism; 
arachidonic acid metabolism

PC(DiMe(9,3)/20:3(8Z,11Z,14Z)- 
2OH(5,6))

3.7567 3.26E- 05 1.5816 CA+B > CCK 0.83 Glycerophospholipid metabolism; 
arachidonic acid metabolism

LysoPC(0:0/18:2(9Z,12Z)) 3.1084 2.79E- 07 1.6248 CA+B > CCK 0.95 Glycerophospholipid metabolism

LPC 22:6 2.8158 7.51E- 09 1.6112 CA+B > CCK 0.80 Glycerophospholipid metabolism

PA(22:1(13Z)/24:1(15Z)) 2.7634 1.92E- 05 1.3701 CA+B > CCK 0.82 Glycerophospholipid metabolism; 
glycerolipid metabolism

5(S)- HETE 2.5455 2.38E- 05 1.5792 CA+B > CCK 0.85 Arachidonic acid metabolism

TG(10:0/12:0/a- 25:0)[rac] 0.4720 6.28E- 05 1.1788 CA+B < CCK 0.75 Glycerolipid metabolism

PE(18:3/0:0) 0.2123 0.000225 1.1019 CA+B < CCK 0.92 Glycerophospholipid metabolism

PC(20:5(5Z,8Z,11Z,14Z,17Z)/18:3(
9,11,15)- OH(13))

0.1789 5.29E- 05 1.1728 CA+B < CCK 0.91 Glycerophospholipid metabolism; 
arachidonic acid metabolism
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(4) 检测方法验证：方法学验证显示，差异代谢物的检测精密

度RSD ≤ 11.47%，保留时间RSD≤0.99%，满足临床样本检测的方法

学可靠性要求。

5. 结论与展望

本研究证实尘螨诱发的儿童中重度AR与甘油磷脂、花生四烯

酸等代谢通路紊乱密切相关，明确的核心标志物可用于疾病诊断

及免疫治疗疗效监测。未来可基于ME的多组学数据整合功能，结

合转录组、蛋白质组数据，深入阐明AR的代谢调控网络，为个性

化治疗方案制定提供科学依据。

MExplorer Ultimate 赋能：临床代谢组学研究的

核心解决方案

ME深度贴合临床代谢机制研究、肿瘤标志物筛选、疾病诊疗

评估的核心需求，以“精准、高效、智能”的核心能力破解临床

研究痛点：

一站式全流程分析：贯穿数据导入、实时质控、峰表提取、

定性定量、差异筛选、通路解析至报告生成完整链路，在胆固醇

结合脂质鉴定、肿瘤标志物筛选、过敏性疾病代谢分析中，实现

从复杂临床样本到核心结论的高效直达，避免多工具切换导致的

数据损耗；

超大规模定性：依托100万+二级质谱库与多级定性体系，快

速完成胆固醇衍生物、氨基酸、磷脂等多类型代谢物的精准鉴

定，解决临床样本中低丰度代谢物定性覆盖度低、准确性不足的

核心难题；  
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智能化差异分析：与多维度数据整合功能，支持正负离子整

合分析与PCA、OPLS-DA、ROC等统计工具，快速锁定疾病相关核

心标志物与调控通路； 

多维度数据整合：同时支持代谢组学与结构生物学、转录组

学数据的联合关联，构建“代谢物-通路-疾病表型”的完整研究链

条；搭配严格实时数据质控与人性化兼容设计，保障临床样本数

据可靠性，无缝对接SCIEX全系列质谱仪器，适配血浆、细胞裂解

液等多种临床样本类型，降低分析门槛，助力科研人员高效产出

高质量临床研究成果。

总结

本应用案例集聚焦代谢性疾病机制、肿瘤早期诊断、儿童过

敏性疾病诊疗三大临床核心研究方向，通过SCIEX高分辨质谱与

ME软件的深度协同，成功破解了临床研究中机制不明、标志物

缺乏、疗效评估客观指标不足等关键技术痛点。SCIEX TripleTOF 

6600、ZenoTOF 7600等仪器凭借卓越性能提供高质量原始数据，

ME则以一站式全流程分析、超大规模定性、智能化差异筛选等核

心功能，实现从临床样本解析到诊疗应用的高效转化，大幅提升

了临床研究的效率与解析准确性。

二者的联合应用，不仅为胆固醇代谢调控机制、肿瘤无创诊

断、过敏性疾病治疗监测提供了科学可靠的技术方案，更彰显了

其在临床代谢组学研究中的广泛适用性与核心竞争力。未来，随

着技术持续迭代，SCIEX高分辨质谱与ME将进一步拓展应用场景，

为临床精准医疗、疾病机制研究、新药靶点发现等领域的创新发

展提供更强大的技术支撑，助力提升临床诊疗水平与科研创新效

率。
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