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背景

本应用案例聚焦中药现代化核心研究方向：中药复方治疗自

身免疫性疾病、中药干预代谢性肾病，针对行业关键技术痛点提

供解决方案：中药复方成分复杂，活性物质定性模糊且作用靶点

不明确，制约中药作用机制解析；代谢性疾病相关肾损伤缺乏精

准代谢标志物，中药调节代谢紊乱与肠道菌群的协同机制尚未阐

明；影响中药在代谢性疾病领域的精准应用。这些难题直接关乎

中药产业规范化发展与临床诊疗水平提升，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，成为破解中药作用机制与代谢性疾病研究

瓶颈的核心手段。通过与高分辨质谱技术结合，可实现从复杂中

药样本与生物样本中快速筛选差异成分、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，为中药现代化研发与临床代谢性疾病干预提供深度数据支

撑。

SCIEX旗下ZenoTOF 7600、ZenoTOF 7600+、ZenoTOF 8600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，

为中药成分解析与生物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

p 1

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

Biomarkers and Omics

合研发的一站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+二级质谱库实现中药

成分与生物代谢物的精准广泛鉴定；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，高效解决中药研究中的核心痛点。

案例一：基于代谢组学解析金匮肾气丸靶向PAD4
抑制NETosis改善银屑病的作用机制

1. 研究背景

银屑病作为复杂的炎症性免疫皮肤病，以角质形成细胞异常
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增殖和鳞屑性红斑为特征，中医认

为其发病与肾气不足、瘀血阻滞

密切相关。金匮肾气丸（JKSQD）

源自《金匮要略》，由熟地黄、附

子、山药等八味中药组成，具有温

补肾阳、活血化瘀的经典功效，但

其治疗银屑病的具体作用机制尚未明确。NETosis（中性粒细胞胞

外诱捕网形成）是银屑病发病的关键环节，PAD4（肽酰精氨酸脱

亚胺酶为NETosis核心调控因子，亟须通过代谢组学技术揭示这一

经典中药复方的分子作用机制。

2. 仪器与实验样本信息

仪器：SCIEX ZenoTOF 7600+质谱仪

样本：8周龄C57BL/6小鼠三十五只（分为假手术组、IMQ诱导

银屑病模型组、JKSQD低剂量组、JKSQD高剂量组、地塞米松阳性

对照组）；健康供者外周血分离的中性粒细胞；小鼠皮肤组织及

血浆样本；JKSQD水提物样本。

3. 实验方法

采用IMQ诱导构建小鼠银屑病模型，给予JKSQD干预5天后采

集皮肤组织与血浆样本；通过UPLC-Q-TOF-MS/MS技术鉴定JKSQD

中的活性成分；结合蛋白质组学、代谢组学分析筛选差异蛋白与

代谢物；通过免疫荧光、Wester nblot、ELISA等实验验证PAD4/

NETs相关指标；

利用ME软件完成质谱数据的峰提取、定性定量、差异筛选与

通路分析，全流程覆盖从中药成分解析到生物机制验证的核心环

节。

4. 研究结果

(1) 成分鉴定：鉴定出JKSQD中73种活性成分，涵盖三羧酸循

环代谢物及黄酮类化合物等，为其抗炎作用提供物质基础。

(2) 疗效验证：JKSQD显著改善银屑病小鼠皮肤病变，降低表

皮厚度与IL-17a、IL-23、TNF-α等炎症因子表达，有效恢复皮肤稳

态。

(3)靶点筛选：蛋白质组学筛选出PAD4等NETs相关差异蛋白，

JKSQD通过显著下调PAD4表达抑制NETs形成，高剂量组效果更

优。

图1. JKSQD水提物正负离子模式总离子流图

图2. 小鼠皮肤外观、血流灌注及表皮厚度分析图
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composition were well known in anti-inflammation (Chen et al., 2020; 
Xu et al., 2024). We employed UPLC-Q-TOF-MS/MS to identify the top 
22 monomeric compounds in positive ion mode and the top 51 in 
negative ion mode (Fig. 1). The detailed compound information was 
shown in Table. S3 and S4, containing identification names of mono-
meric compounds, molecular formula, m/z, source, etc. And tricarbox-
ylic acid cycle metabolites like L-malic acid and citric acid identified in 
JKSQD proved to be curative on psoriasis (Mogilenko et al., 2019).

JKSQD reversed the progression of psoriasis and restored skin homeostasis 
in mice

To investigate the function of JKSQD in psoriasis, we applied imi-
quimod to the skin tissue of mice to construct psoriasis-like mice model 
and administered JKSQD to them for 5 straight days. After modeling, 
skin samples were collected for further research, proteomic and 
metabolomic analyses (Fig. 2A). Mice were assigned into 5 groups: Sham 
group with no treatment of mice; IMQ group with only imiquimod 
treatment; IMQ+JL group, IMQ+JH group and IMQ+DEX group with 
JKSQD of low-dose, high-dose and dexamethasone (clinical therapeutic 
drugs for psoriasis) i.g. separately after treated by IMQ for 6 hours.

JKSQD treatment demonstrated a profound ameliorative effect on 
psoriasis-like skin lesions in mice (Fig. 2B), with reduced blood perfu-
sion (Fig. 2C and E) and a notable decrease in epidermal thickness by 
hematoxylin and eosin (H&E) staining (Fig. 2D and F). These results 
indicated that JKSQD treatment effectively addressed the underlying 
pathological changes associated with psoriasis. Moreover, thickness, 
erythema, scaling and clinical score of psoriasis also significantly 

improved compared with IMQ group (Fig. 3A-D). At the molecular level, 
the expression of inflammatory cytokines and chemokines known to be 
closely associated with psoriasis progression, such as Il17a, Il23, Tnfa, 
Il1b, Il6 and Cxcl1, were markedly downregulated in response to JKSQD 
(Fig. 3E). Collectively, JKSQD effectively reversed the progression of 
psoriasis and psoriatic inflammation in mice, thereby restoring skin 
homeostasis.

Proteomics revealed that PAD4 involved in NETs was significantly 
downregulated in psoriasis-like mice following treatment of JKSQD

In our study, we sought to identify the key proteins involved in the 
therapeutic effect of JKSQD in psoriasis by analyzing proteomic data 
from mouse skin tissues. These samples included 3 distinct groups: 
Sham, IMQ, and IMQ-induced mice with high-dose JKSQD treatment 
(IMQ+JKSQD). The consistence between standard and imputation could 
ensure the quality of our proteomics data (Fig. S1). Principal component 
analysis (PCA) result suggested that proteins of the JKSQD-treated group 
were more similar to the Sham group, while the IMQ group was clearly 
separated from the other two groups (Fig. 4A). Consistently, proteins 
highly expressed in Sham group were also highly expressed in JKSQD- 
treated group but there was a striking difference between IMQ and 
JKSQD-treated group (Fig. 4B).

In order to screen out functional proteins before and after JKSQD 
treatment, we picked up differentially expressed proteins (DEPs) be-
tween IMQ+JKSQD vs IMQ and IMQ vs Sham. HAL (histidine ammonia 
lyase) and SERPINA3J (serine-protease inhibitor) were markedly upre-
gulated proteins after JKSQD treatment. The former was recognized for 

Fig. 1. Total ion chromatogram (TIC) of UPLC-Q-TOF-MS/MS in the aqueous extract of JKSQD. Total ion chromatogram in positive (A) and negative (B) ion 
mode. Retention time (RT) was marked on peaks.
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its skin-protective properties (Brosnan & Brosnan, 2020) and the latter 
had strong inhibitory effect on NETs (Soman & Asha Nair, 2022; Urban 
et al., 2009). Conversely, proteins related to neutrophils (Mellor et al., 
2022), such as S100A8, S100A9 and PAD4 were downregulated in the 
JKSQD-treated group (Fig. 4C). Notably, these proteins were signifi-
cantly upregulated in the IMQ group (Fig. 4D), hinting at their pivotal 
roles in the pathological and pharmacological mechanisms of psoriasis.

Peptidylarginine deiminase 4 (PAD4), promoting the formation of 
neutrophil extracellular traps (NETs), was identified as a key protein 
from proteomic analysis participated in both psoriasis deterioration and 
improvement upon JKSQD treatment. To further understand the 
mechanism of action of JKSQD, we conducted KEGG analysis of the 
intersection proteins, with a focus on IL-17 signaling pathway, TNF 
signaling pathway, neutrophils extracellular trap formation and histi-
dine metabolism (Fig. 4E). It was worth noting that neutrophils 

extracellular trap formation was highly enriched among the down- 
regulated proteins in IMQ+JKSQD vs IMQ comparison (Fig. 4F), 
demonstrating NETs played crucial role in revealing the mechanism by 
which JKSQD improved psoriasis.

JKSQD targets PAD4 to inhibit NETosis in neutrophils

Next, we were expected to validate proteomic conclusions through 
rigorous experimentation. Citrullinated histone H3 (CitH3), myeloper-
oxidase (MPO) and neutrophil elastase (NE) were key markers of NETs 
(Wong et al., 2015). Firstly, neutrophils were isolated from human pe-
ripheral blood and stimulated with PMA to induce NETs release and 
subsequently cultured in three concentration gradients of JKSQD serum 
medium and GSK484 (a well-documented PAD4 inhibitor) (Fig. 5A). As 
a result, the inhibitory effect on NETosis became increasingly 

Fig. 2. JKSQD reversed the progression of psoriasis. (A) Design concept of experiment. Brightfield imaging (B), laser speckle flow perfusion imaging (LSFPI) (C) 
and H&E staining (D) of psoriasis-like mice skin. (Brightfield and LSFPI, scale bar = 5 mm; H&E, scale bar = 100 μm; n = 7, n represents the number of mice in each 
group). Bar plot showing blood perfusion volume (E) and epidermal thickness of mice skin (F). The data are expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.

W. Zhao et al.                                                                                                                                                                                                                                   

 (4) 机制揭示：代谢组学分析表明JKSQD特异性调控D-精氨酸

和D-鸟氨酸代谢通路，通过降低精氨酸酶活性、下调Arg1 mRNA表

达恢复代谢稳态。
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于ME的拟靶向分析功能，进一步追踪复方中单体成分与核心靶点

的动态关联，深入阐明中药复方“多成分-多靶点”的协同作用机

制，为中药复方的精准开发与二次创新提供技术支撑。
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图3. 炎症因子mRNA表达柱状图

图4. 蛋白质组学PCA得分图与火山图

5. 结论与展望

本研究明确金匮肾气丸通过靶向PAD4抑制NETosis，调控D-精

氨酸和D-鸟氨酸代谢通路，显著改善银屑病炎症进展，为中药治

疗自身免疫性疾病提供了明确的分子机制与实验依据。未来可基
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Fig. 3. JKSQD ameliorated mice skin lesions and decreased the expression of inflammatory cytokines and chemokines. Thickness (A), erythema (B), scaling 
(C) and clinical score (D) were shown by line charts. (E) The mRNA expression of inflammatory cytokines and chemokines in mice skin compared with Gapdh. The 
data are expressed as mean ± SEM.
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Fig. 4. Proteomics revealed that PAD4 involved in NETs was significantly downregulated in psoriasis-like mice following treatment of JKSQD. (A) Dot plot 
representing PCA scores of proteomics among three groups; n = 3, n represents the detection number of each group. (B) Heatmap showing normalized differential 
expression level of proteins. Volcano plot of DEPs in IMQ+JKSQD vs IMQ comparison (C) and IMQ vs Sham comparison (D). p < 0.01 and Log2 FC > 1; Protein names 
were shown by their symbol gene IDs. (E) Venn diagram was obtained by overlapping downregulated DEPs in Fig. 4C and upregulated ones in Fig. 4D. And p value of 
KEGG pathway enrichment was less than 0.05. (F) Bubble plot showing KEGG pathway enrichment analysis of downregulated DEPs in Fig. 4C.
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图5. 皮肤组织PAD4免疫组化与Western blot 结果

图6. 代谢组学PCA得分图与通路富集图

案例二：基于靶向代谢组学解析虎杖纠正氨基酸

代谢紊乱改善高尿酸血症肾损伤的作用机制

1. 研究背景

高尿酸血症（HUA）是代谢性肾病的重要诱因，其引发的氨

基酸代谢紊乱与肠道菌群失调会进一步加剧肾损伤。虎杖作为传

统中药，其主要活性成分包括白藜芦醇、大黄素、虎杖苷等，具

有降尿酸、护肾、抗炎的药理作用，但该中药通过调节氨基酸代

谢与肠道菌群改善肾损伤的

具体机制尚未明确。临床缺

乏精准代谢标志物用于HUA

肾损伤的早期诊断，亟须通

过靶向代谢组学技术揭示虎

杖的核心调控路径。

2. 仪器与实验样本信息

仪器：SCIEX TripleQuad 6500+、ZenoTOF 7600系统

样本：91例高尿酸血症患者与99例健康对照者血清样本；6周

龄SD大鼠四十八只（分为正常对照组、HUA模型组、别嘌醇阳性

对照组、虎杖低/中/高剂量组）；大鼠肾组织、血清及盲肠内容物

样本；虎杖乙醇提取物样本。

3. 实验方法

采用氧嗪酸钾+腺嘌呤诱导构建大鼠HUA模型，给予虎杖提取

物干预2周后采集相关样本；通过UPLC-TQ-MS定量分析虎杖中白藜

芦醇、大黄素等6种主要活性成分；结合非靶向与靶向氨基酸代谢

组学、转录组学、16SrRNA测序，系统分析人体与大鼠血清及肾组

织中的氨基酸代谢变化、肠道菌群组成及肾组织基因表达差异；

利用ME软件完成肾组织非靶向代谢组学数据的处理与差异分析，

明确核心代谢标志物与调控通路。

For Research Use Only. Not for use in Diagnostic Procedures.
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shown in Fig. 7D, OE-PAD4 HL-60 cells could aroused high-level release 
of dsDNA and JKSQD treatment reversed this phenomenon. As a 
consequence, we further proved JKSQD targeted PAD4 to inhibit NETs 
release.

Above results indicated that JKSQD had a sustained inhibition of 
NETosis and targeted PAD4 to inhibit NETs release, revealing the 
mechanism of JKSQD therapy at the cellular level.

JKSQD inhibited NETs formation and PAD4 expression in psoriasis-like 
mice skin lesions

There is a strong consensus that psoriasis activates neutrophils to 
form NETs, which play a pivotal role in sustaining and amplifying in-
flammatory process (Ding et al., 2022). We preliminarily proved that 
JKSQD targeted PAD4 to suppress NETs formation in neutrophils. 
Therefore, we aimed to further investigate the potential mechanism of 
JKSQD in inhibiting NETosis induced by psoriasis-like inflammation in 

mice.
The colocalization of NETs in mice skin lesion area was conspicu-

ously diminished following treatment with JKSQD (Fig. 8A). To verify 
the accuracy and reliability of our skin immunofluorescence results, we 
employed quantitative methods including Pearson’s correlation coeffi-
cient and co-location tissue area measurement (Fig. 8B and C). And we 
could see that JKSQD showed excellent inhibitory ability, especially 
with high-dose JKSQD treatment group. These analyses provided 
objective metrics to assess the degree of NETs reduction, exhibiting that 
JKSQD had potent inhibitory effects on NETosis in the skin lesions.

Immunohistochemistry demonstrated a reduction in the levels of 
PAD4 following treatment of JKSQD (Fig. 8D), and western blotting also 
confirmed the conclusions (Fig. 8E). Taken together, we verified JKSQD 
targeted PAD4 to effectively restrain NETosis in psoriasis-like mice skin 
lesions, thereby ameliorating their psoriasis progression.

Fig. 8. JKSQD inhibited NETs formation and PAD4 expression in psoriasis-like mice skin lesions. (A) Immunofluorescence stain of CitH3, NE and DAPI, and 
their co-location analysis was shown in bottom line. Scale bar = 50 μm. Pearson’s correlation coefficient (B) and co-location tissue area measurement (C) of Fig. 8A. 
(D) Immunohistochemistry of PAD4 in mice skin lesions, scale bar = 50 μm. (E) Western blotting of PAD4 protein from mice skin lesions.
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Fig. 9. Metabolomics demonstrated high-dose JKSQD influenced D-Arginine and D-ornithine metabolism compared with psoriasis-like and normal mice 
skin. (A) Dot plot representing positive and negative PCA scores, n = 7, n represents the number of sequencing samples in each group. (B) Volcano plot of metabolic 
pathway enrichment, p < 0.05. Arginase activity (C) and relative mRNA expression of Arg1 (D) in psoriasis-like mice skin tissues with JKSQD treatment. (E) Heatmap 
showing the differentially expressed metabolites of each group after normalization.

W. Zhao et al.                                                                                                                                                                                                                                   



4. 研究结果

(1) 临床标志物筛选：临床样本分析发现，高尿酸血症患者血

清亮氨酸、苯丙氨酸、酪氨酸水平显著升高，且与尿酸、肌酐水

平呈正相关，可作为HUA肾损伤的潜在代谢标志物。

For Research Use Only. Not for use in Diagnostic Procedures.
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图7. 患者血清差异氨基酸火山图与相关性图

图8. 大鼠血清生化指标与肾组织病理切片图

图9. 肠道菌群 Alpha 多样性与 PCoA分析图

(2) 药效与代谢纠正：虎杖干预显著降低HUA大鼠血清尿酸、

尿素氮、肌酐水平，改善肾组织病理损伤，且能剂量依赖性逆转

亮氨酸、苯丙氨酸、酪氨酸的异常升高，纠正氨基酸代谢紊乱。

(3) 肠-肾轴调控：虎杖调节HUA大鼠肠道菌群结构，提高

Bacteroides、Bifidobacterium等有益菌丰度，降低Neisseria、

Streptococcus等有害菌比例，减少马尿酸、吲哚硫酸盐等肠道来

源尿毒症毒素生成，修复“肠-肾轴”平衡。

(caption on next page)
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Fig. 4. Polygonum cuspidatum ameliorate hyperuricemia-induced gut microbiota dysbiosis in rats. (A) Shannon index for α-diversity across different groups (n = 8 
biologically replicates per group). (B) PCoA of β-diversity across different groups. Each point represents a sample and the colors represent different groups (n = 8 
biologically replicates per group). (C) Average relative proportions of the main phylum and genus across different groups. (D) LEfSe analysis are used to identify 
essential differences in bacterial abundance in different groups. Only taxa with a significant LDA threshold value > 3 are shown. (E) Six biomarkers in LEfSe analysis 
and the relative abundance across different groups (n = 8 biologically replicates per group). (F) Predictions of the functional capabilities of microbial communities: 
Gut microbiota function compared with HUA and HP group. (G) Spearman’s correlation heatmaps representing relationships between the top 20 bacteria and the 
abundance of amino acid metabolites. The distinct colors represent the correlation levels. Data were expressed as mean ± SD. Statistical analysis was performed by 
one-way ANOVA with Dunnett’s post-hoc test; * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001. Abbreviations: NC, normal control 
group; HUA, hyperuricemia group; LP, Low-dose P. cuspidatum extract treatment group; MP, Medium-dose P. cuspidatum extract treatment group; HP, High-dose 
P. cuspidatum extract treatment group.
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(4) 分子机制验证：代谢组学与转录组学联合分析表明，虎杖

通过抑制BCAT1表达，调控亮氨酸代谢与糖酵解通路，抑制NLRP3

炎症小体激活，减轻肾组织炎症损伤验证中药调控机制。

5. 结论与展望

本研究证实虎杖通过纠正亮氨酸、苯丙氨酸等氨基酸代谢紊

乱，调节肠道菌群平衡，抑制BCAT1-NLRP3通路激活，从而改善高

尿酸血症诱导的肾损伤，明确了该中药“调节代谢-重塑菌群-抑制

炎症”的协同作用机制。未来可借助ME的多组学数据整合功能，

进一步构建“中药成分-肠道菌群-代谢物-基因”的关联网络，明

确虎杖中白藜芦醇、大黄素等单体成分的特异性作用靶点，为中

药的精准应用与功能食品开发提供科学依据。

图10. 肾组织差异代物火山图与通路富集图

MExplorer Ultimate赋能：中药现代化研究的核心

解决方案

ME深度贴合中药复方解析、中药单体机制研究的核心需求，

以“精准、高效、智能”的核心能力破解中药研究痛点：

一站式全流程分析：覆盖数据导入、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。在金匮肾气丸

活性成分鉴定、虎杖代谢调控分析中，实现中药样本与生物样本数

据的高效整合与深度解析，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

速完成中药复方中73种活性成分、HUA相关20余种氨基酸的精准

鉴定，解决中药复杂成分与生物代谢物定性覆盖度低、准确性不

足的核心难题；

智能化差异分析：支持正负离子整合分析与PCA、火山图等统

计工具，快速锁定PAD4、BCAT1等中药作用靶点，筛选氨基酸代

谢、D-精氨酸代谢等核心调控通路，同时支持代谢组学与蛋白质

组学、肠道菌群数据的联合关联，构建中药“多成分-多靶点-多通

路”的完整研究链条；

多维度数据整合：搭配严格实时数据质控与人性化兼容设

计，保障中药复杂基质与生物样本的数据可靠性，无缝对接SCIEX

全系列质谱仪器，降低分析门槛，助力科研人员高效产出高质量

中药研究成果。

总结

本应用案例集聚焦经典中药复方治疗自身免疫性疾病、传统

中药干预代谢性肾病两大核心研究方向，通过SCIEX高分辨质谱

与ME软件的深度协同，成功破解了中药作用机制不明确、中药

成分定性难、临床代谢标志物缺乏等行业关键技术痛点。SCIEX 

ZenoTOF 7600+、6500 +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，实现从中药成分鉴定到生物机制验证的高效转化，

大幅提升了中药研究的效率与解析准确性。

二者的联合应用，不仅为金匮肾气丸、虎杖等中药的现代化

研发提供了科学可靠的技术方案，更彰显了其在中药成分解析、

作用机制研究、临床关联分析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，为中药复方二次开发、中药单体精准靶向研究、中药临床

疗效评价等领域的创新发展提供更强大的技术支撑，助力中药现

代化与国际化进程。
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