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A B S T R A C T

Rhein, an anthraquinone derivative, has been confirmed by contemporary research to possess substantial 
bioactivity and clinical potential in. However, its spatiotemporal distribution patterns within the body remains 
poorly understood. This study employed an integrated approach combining liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) with desorption electrospray ionization mass spectrometry imaging (DESI-MSI) spatial 
metabolomics to evaluate the spatiotemporal heterogeneous distribution characteristic and metabolic remod
eling effects of rhein in liver and kidney tissues. Through the establishment of a validated LC-MS/MS quantifi
cation system, we analysized the distribution profiles of rhein in plasma, liver, and kidney samples. 
Pharmacokinetic analysis revealed that rhein rapidly reached its peak concentration within 0.17 h, was subse
quently metabolized in the liver and ultimately excreted via the kidneys. Further analysis using DESI-MSI to map 
the spatial distribution of rhein and its endogenous metabolites demonstrated that rhein was initially concen
trated primarily in the renal cortex and gradually accumulated in both the cortex and medulla regions over time. 
Subsequently, relative metabolic pathways indicated that rhein affected amino acid, carbohydrate metabolic 
pathways and phospholipid metabolism in liver and kidney tissues. Furthermore, the representative mRNA 
associated with the lipid metabolism showed that oral administration of rhein may affect lipid metabolism. This 
present work offers a novel framework for elucidating the tissue distribution characteristics and underlying 
mechanisms of action of natural products.

1. Introduction

Natural products (NPs) represent a vast treasure trove and critical 
source for drug discovery worldwide [1]. Traditional Chinese medicine 
(TCM) theory posits that naturally derived chemicals, by virtue of their 
molecular structure, can exert potent therapeutic effect [2]. Indeed, 
more than half of all small-molecule in current clinical use are directly or 

indirectly inspired by NPs [3]. Among these, rhein, an anthraquinone 
compound, demonstrates pronounced bioactivity and broad clinical 
utility. Diacerein, a front-line IL-1 inhibitor for osteoarthritis, was 
developed from rhein [4]. Moreover, rhein has been widely applied to 
pneumonia [5], arthritis [6] and in the barrier dysfunction [7]. Recent 
pharmacological studies further revealed that rhein protects the liver 
and kidneys through anti-fibrotic, lipid-lowering, and anti- 

* Corresponding authors at: Department of pharmacy, Department of Nephropathy, The Seventh People's Hospital affiliated to Shanghai University of Traditional 
Chinese Medicine, Shanghai 200137, China (J. Hu). The NATCM Third Grade Laboratory of Traditional Chinese Medicine Preparations, Shuguang Hospital Affiliated 
to Shanghai University of Traditional Chinese Medicine, Shanghai 201203, China(W. Liu). Institute of Chinese Materia Medica, Shanghai University of Traditional 
Chinese Medicine, The MOE Key Laboratory for Standardization of Chinese Medicines, Shanghai 201203, China (H. Xu).

E-mail addresses: xuhongtcm@shutcm.edu.cn (H. Xu), lwhzayl@163.com (W. Liu), 6264570@qq.com (J. Hu). 
1 Qin Shen and 1 Longhui Zhang were contributed equally to this work

Contents lists available at ScienceDirect

Microchemical Journal

journal homepage: www.elsevier.com/locate/microc

https://doi.org/10.1016/j.microc.2026.117277
Received 8 October 2025; Received in revised form 1 February 2026; Accepted 3 February 2026  

Microchemical Journal 222 (2026) 117277 

Available online 5 February 2026 
0026-265X/© 2026 Published by Elsevier B.V. 

mailto:xuhongtcm@shutcm.edu.cn
mailto:lwhzayl@163.com
mailto:6264570@qq.com
www.sciencedirect.com/science/journal/0026265X
https://www.elsevier.com/locate/microc
https://doi.org/10.1016/j.microc.2026.117277
https://doi.org/10.1016/j.microc.2026.117277


inflammatory properties [8]. In a murine model, Xia Yu Decoction—of 
which rhein is a key component—significantly attenuated carbon- 
tetrachloride-induced liver fibrosis [9]. Rhein has also been found to 
alleviate CCl4-induced liver fibrosis, methotrexate-driven chronic liver 
injury [10], and effectively reverse nonalcoholic fatty liver disease by 
lowering hepatic lipids and inflammation [11]. Similarly, Xiexin 
Decoction,active fractions-rich in rhein-attenuates renal fibrosis in db/ 
db diabetic mice [12]. Although, the protective effects of rhein on the 
liver and kidneys are well documented, its precise molecular mechanism 
remains elusive, elucidating its in vivo pharmacokinetics and tissue 
distribution is therefore essential. Pharmacometabonomics, which cap
tures endogenous metabolites and other exposure markers [13], has 
matured into a key technology for modern drug discovery and for dis
secting the polypharmacology of traditional Chinese medicines [14]. To 
understand how rhein exerts its action, its in vivo pharmacokinetics 
profile and spatial distribution characteristics within tissues must be 
resolved. Although plasma pharmacokinetics and distribution of rhein in 
liver and kidney have been described [15], conventional assays lack the 
spatial resolution for metabolic visualization and cannot reveal the 
characteristics of tissue microdistribution and spatial and temporal dy
namics of metabolism [16].

Mass spectrometry imaging (MSI) is rapidly advancing metab
olomics, lipidomics, and proteomics by furnishing label-free, high-res
olution molecular maps without laborious extraction or separation- an 
asset particularly valued for complex TCM [17]. In combination with 
chemometric methods, MSI can identify potential pharmacodynamics 
and toxicodynamic biomarkers directly within tissue and explore the 
therapeutic and toxicity mechanisms of TCM [18]. When integrated into 
global metabolomics workflows, these spatial data accelerate drug dis
covery, repurposing and interaction studies [19]. Currently, the inte
gration of multi-omics with spatial MSI technology has emerged as a 
research trend that facilitates the exploration of drug treatment mech
anisms for certain diseases. Chen et al. (2024) employed MSI-based 
spatial metabolomics with liver-specific transcriptomics to analyze 
how Eclipta eclipta bioactives reprogram lipid metabolism and protect 
against nonalcoholic fatty liver disease (NAFLD) [20]. Similarly, Han 
et al., (2025) coupled high-throughput UPLC-MS/MS with MSI driven 
metabolomics technology to achieve precise localization of the spatial 
distribution of core biomarkers and drug active ingredients in kidney 
tissue of Huangkui capsule [21]. MSI combined with multi-omics anal
ysis facilitates the identification of potential drug targets and offers 
novel insights into molecular mechanisms.

The pre-treatment process of traditional mass spectrometry will 
destroy the original structure of the sample and lose spatial information. 
The LC-MS/MS can perform high-precision absolute quantification of 
analytes in tissues, but it cannot resolve spatial distribution information. 
In contrast, DESI-MSI can perform in situ spatial localization. MSI only 
requires attaching tissue sections to a glass slide and conducting in situ 
detection directly. DESI-MSI also has certain limitations. DESI-MSI is 
more suitable for the analysis of small molecules with moderate polarity, 
as these substances can be effectively ionized under the DESI conditions. 
However, for highly polar or large-molecule analytes (such as peptides 
and proteins), the signal sensitivity of DESI will decrease, thereby 
limiting the application of this method. Currently, there are relevant 
reports on the study of the exposure of rhein, but there is still a lack of in 
situ visualization. So the strategic innovation of this study lies in the 
unprecedented integration of DESI-MSI spatial metabolomics with LC- 
MS quantitative pharmacokinetics, systematically revealing the spatial 
and temporal heterogeneity of rhein distribution in the liver and kidney, 
as well as its metabolic remodeling effects. The LC-MS/MS quantitative 
verification system was further established to analyze rhein concentra
tions in the plasma, liver, and kidney tissue of mice following oral 
administration of rhein. The spatial dynamics of rhein metabolites 
within the kidney cortex/medulla and liver lobular were analyzed by 
DESI-MSI technology. Using open-source software, combining endoge
nous metabolites can help explore potential mechanisms and metabolic 

pathways. This study strategy is showed in Fig. 1A, providing a novel 
paradigm for investigating the tissue distribution and potential mecha
nism of action of NPs.

2. Materials and methods

2.1. Chemicals and reagents

Rhein was purchased from Dalian Meilun Biotechnology Co., Ltd. 
(Dalian, China). High-performance liquid chromatography (HPLC)- 
grade methanol, acetonitrile, and formic acid were obtained from Fisher 
Scientific (Santa Clara, USA). Ultrapure water was supplied by Hang
hzou Wahaha Group Co., Ltd. (Hangzhou, China). Leucine enkephalin 
was acquired from Waters Corporation (Milford, US). Sodium formate 
and 903™ Protein Saver Cards were purchased from Merck (NJ, USA).

2.2. Animal experiments

A total of 35 male C57 BL/6 J mice (18–22 g) were provided by the 
Shanghai SlAC Laboratory Animal Co. Ltd. and housed in the Experi
mental Animal Center of Shanghai University of Traditional Chinese 
Medicine (Permit Number: SCXK (Hu) 2022–0004). The experimental 
protocol was approved by the Animal Ethics Committee at Shanghai 
University of Traditional Chinese Medicine (Approval Number: 
PZSHUTCM2505090005). The animals were raised under controlled 
conditions (22 ◦C ± 2 ◦C, 40% relative humidity, 12 h light/dark cycle) 
with free access to food and water.

2.3. Quantitative analysis of rhein in biological samples by LC-MS/MS

2.3.1. LC-MS analysis conditions
The analyte rhein was quantified by LC-MS on an ACQUITY UPLC™ 

BEH C18 column (50 mm × 2.1 mm, 1.7 μm) maintained at 40 ◦C. The 
flow rate was 0.4 mL/min and the injection volume was 3 μL. Mobile 
phase A was 0.1% formic acid aqueous solution, and mobile phase B was 
acetonitrile. The gradient elution was performed as follows: 0–0.5 min, 
95% A; 0.5–2.5 min, 95%–55% A; 2.5–3.5 min, 55%–5% A; 3.5–5.0 min, 
5% A; 5.0–5.1 min, 95% A; and 5.1–6.0 min, 95% A. Mass spectrometric 
detection was performed in negative electrospray mode. The ion spray 
voltage was − 4500 V, the turbo spray temperature was 500 ◦C, the de- 
isolation potential (DP) was − 20 V, and the collision energy (CE) was 
− 40 eV. Nitrogen served as nebulizer and auxiliary gas. The gas pres
sures for the nebulizer (gas 1), heater (gas 2), and curtain gas were 40, 
50, and 35 pounds per square inch, respectively. The full scan spectra 
were acquired from m/z 100 to m/z 1000 with an cumulative duration of 
200 ms. The study employed the key parameter collision energy distri
bution (CES) to maximize sensitivity and minimize the information loss. 
Data were processed with MultiQuant MD 3.0.3.

2.3.2. Tissue distribution after oral administration of rhein
Mice were randomly divided into seven groups (n = 5) according to 

different time points at 0, 0.17, 0.5, 1, 2, 4, and 8 h after oral admin
istration. Before the experiment, all animals were fasted without water. 
The mice were administered rhein (100 mg/kg) in 0.4% (w/v) sodium 
carboxymethyl cellulose for the single-dose study. At each time point, 
animals were anesthetized with 3% pentobarbital sodium prior to sac
rifice. Plasma was collected into heparinized tubes, and 20 μL of plasma 
were immediately spotted onto 903™ Protein Saver Cards. Kidney and 
liver were excised, snap-frozen in dry ice, and stored at − 80 ◦C for 
subsequent analysis. At the same time, as commercial authentic stan
dards of M-R-O-G were unavailable, we used the rhein semi-quantitative 
method for the detection.

2.3.3. Sample preparation
To prepare calibration standards (CS) and quality-control (QC) 

samples, 100 μL of blank plasma was mixed with 100 μL working 
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Fig. 1. The work flow of this study and LC-MS/MS analysis. (A) Research strategy for spatially-resolved metabolomics in rhein. (B) LC-MS/MS of rhein, IS and 
methoxy-rheinanthrone-O- glucuronide. (C-E) Peak area-time curve of rhein and its metabolites in plasma (C), liver (D), and kidney (E) analyzed by LC-MS/MS.
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solution (CS or QC), 10 μL ascorbic acid and 100 μL ultrapure water. 100 
μL of acetonitrile containing the 100 ng/mL of internal standard (IS) was 
then added. The plasma sample to be tested was processed as described 
above. After vortex-mixing for 60 s, the mixture was centrifuged at 
12,000 ×g for 15 min. A 150 μL of the supernatant was transferred to an 
liquid vial, and 3 μL was injected for LC-MS analysis.

2.4. Methodological analysis of LC-MS/MS

The quantitative method was validated for linearity, accuracy, pre
cision, stability, and matrix effect in accordance with the US Food and 
Drug Administration (FDA) Bioanalytical Method Validation Guidance 
(Food and Drug Administration, 2022).

2.4.1. Linearity and lower limit of quantification (LLOQ)
A series of mixed references and IS solutions was added to the blank 

rat plasma and tissue homogenates for subsequent analysis. The cali
bration curves were established by plotting the concentration of each 
reference substance (X) against the peak area ratio of the analytes to the 
IS (Y). LLOQ was defined as the lowest concentration yielding a signal- 
to-noise ratio of 10, with the acceptable accuracy within 80%–120%.

2.4.2. Precision and accuracy
Accuracy and precision were assessed through both intra-day and 

inter-day analyses. QC samples at low, medium, and high concentrations 
were analyzed in six replicates within a single day to evaluate intra-day 
accuracy and precision. The same QC levels were analyzed daily over 
three consecutive days to evaluate intra-day accuracy and precision.

2.4.3. Stability
To assess the stability of analytes, QC samples were subjected to 

three distinct storage conditions: 4 ◦C for 24 h, repeated freeze-thaw 
cycles, and long-term storage at − 80 ◦C. For 24-h stability, low-, me
dium-, and high - concentration QC samples were held at 4 ◦C for 24 h. 
Freeze-thaw stability, was assessed by subjecting samples to three 
complete freeze-thaw cycles at (− 20 ◦C to room temperature) over 
consecutive days, followed by analysis to detect any analyte changes. 
For long-term stability, QC samples were kept at − 20 ◦C for 15 days and 
analyzed after thawing to evaluate analyte integrity.

2.4.4. Extraction recovery and matrix effect
Recovery and matrix effect were assessed using six replicate QC 

samples at low, medium, and high concentrations. An aqueous solution 
was replaced plasma for the recovery assessment. The QC samples were 
processed and analyzed in accordance with the sample treatment 
methodology. The ratio of the analyte peak area ratio to the IS was 
designated as A. Blank plasma was processed identically after with 
reference solutions for analysis. The peak area ratio of the compound to 
IS was recorded as B, and recovery was the percentage of peak area ratio 
of A to B. Subsequently, 80% methanol-acetonitrile solution was 
selected as the blank tissue extract, and the peak area ratio of each 
compound to the IS was recorded as C. The matrix effect was expressed 
as the percentage of the peak area ratio between A and C, required to fall 
within 85–115%.

2.5. Spatial metabolomics analysis by DESI-MSI

Frozen kidney and liver tissues were cut into 10 μm sections using a 
Leica CM CM3050S freezing microtome at − 20 ◦C. Thawed sections 
were mounted on positively charged slides, sealed and stored at − 80 ◦C. 
Prior to analysis, slices were dried for 30 min at − 20 ◦C in a vacuum 
dryer. DESI-MSI was performed in negative resolution mode (20,000 
FWHM at m/z 100–1000) and equipped with a 2D DESI XS source. The 
solvent for the spray application was an methanol/water (95:5) at 5 μL/ 
min. The spray voltage was 3 kV, the N2 gas pressure was 0.4 MPa, and 
the pixel size for DESI-MSI scanning was set at 100 μm × 100 μm.

Data were obtained using MassLynx™ software version 4.2 (Waters 
Corporation, Milford, MA, USA). The acquisition and processing of im
aging data were conducted using high-definition imaging (HDI) soft
ware V1.6 (Waters Corporation, Milford, MA, USA).

2.6. Methodological analysis of DESI-MSI

The key parameters of the DESI-MSI platform include tests such as 
flow rate, stability, linearity, detection limit, quantification limit, and 
intra-day precision. By using adjacent slices of collected blank kidney 
and liver tissues to enhance the in situ detection of rhein and its 
endogenous metabolites in kidney and liver tissues. Comparisons were 
made between spray flow rates of 3 μL/min and 5 μL/min, as well as 
spray solvents of methanol/water (95:5) and acetonitrile/water (80:20). 
At the same time, we evaluated the stability of the DESI-MSI system by 
analyzing adjacent kidney and liver slices over three consecutive days. 
We evaluated the inter-day precision of low concentration quality con
trol (QCL), medium concentration quality control (QCM) and high 
concentration quality control (QCH). For each concentration, we scan
ned 6 times on consecutive blank liver and kidney slices within a day. 
And Additionally, we spotted 0.2 μL of standard solutions of rhein at 
different ratios on blank kidney and liver adjacent slices, with concen
trations of 0.31, 0.625, 1.25, 2.5, 5, and 10 μg/mL (each drop dried area 
was approximately 2.21 square millimeters), to further investigate the 
quantitative capability of the proposed method. The lowest detection 
limit (LOD) needs to satisfy a signal-to-noise ratio (S/N) of ≥3, and the 
lowest quantification limit (LOQ) needs to satisfy a S/N of ≥10.

2.7. Sample prepartion of DESI-MSI

The collected plasma was dropped onto a 903TM protein preserva
tion card in 20 μL. The kidneys and liver were quickly placed in dry ice 
for frozen, and then stored at − 80 ◦C until analysis. The Leica CM 3050S 
cryostat (Leica Microsystem Ltd., Germany) was used to cut the tissues 
into 10 μm sections at − 80 ◦C. After the sections were thawed, they were 
placed on a positively charged desorption plate (Thermo Scientific, 
California, USA) and stored in a sealed container at − 80 ◦C until further 
analysis. The plates were transferred to − 20 ◦C for overnight storage 
before analysis. Then, plates were taken out from − 20 ◦C and subjected 
to vacuum drying for half an hour for DESI-MSI analysis.

2.8. Data analysis in LC-MS/MS and DESI-MSI

LC-MS/MS data were processed with Multiquant 3.0 to analyze the 
plasma drug concentration. Pharmacokinetic parameters were obtained 
by fitting and computation using the Lixoft monolix Suite 2024R. Data 
acquisition and spectral analysis were conducted using MassLynx™. 
DESI ion images were generated in HDI V1.6. The dataset was obtained 
using total ion counts, with lipid identification based on accurate mass 
facilitated by LIPID MAPS databases (https://www.lipidmaps.org) and 
the Human Metabolome Database (HMDB) (http://hmdb.ca/). We 
placed the imaging data of the standard lipid metabolite samples (PE 
(18:0/18:2(9Z,12Z) and TG(36:0)) that we can purchase in the Fig. S1A- 
S1B. Regions of interest (ROIs) were created (n = 3), and HDI™ software 
was used to analyze the spatial lipid distribution in the liver. For each of 
the seven chromatograms, the sum of the total ion intensities was 
calculated, and the obtained data matrix was imported into SIMCA 14.1, 
and principal component analysis (PCA) and orthogonal partial least 
squares discriminant analysis (OPLS-DA) were performed. Path analysis 
focused on lipids showing significant differences across the three study 
areas. Additionally, metabolic pathway data was obtained from 
MetaboAnalyst 6.0 (https://www. Metaboanal yst .ca/). Statistical 
analysis was performed using GraphPad Prism software. Data were 
presented as mean ± standard deviation (SD). One-way analysis of 
variance (ANOVA) was followed by Tukey tests to determine the sta
tistical significance between groups. P < 0.05 is considered to be 
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statistically significant.

2.9. Real-time quantitative PCR

The liver and kidney tissues (30 mg) were used Trizol standard 
procedures to extract total RNA (n = 4). Subsequently, cDNA synthesis 
was carried out according to the operation of Takara PrimeScript RT kit. 
GAPDH was used as the standard control gene, and the relative mRNA 
expression levels of all genes were analyzed by comparing the CT values. 
The primer sequences were detailed in the Supplementary material 
Table S1.

3. Results and discussion

3.1. LC-MS/MS analysis of the pharmacokinetics and tissue distribution 
of rhein in the liver and kidney

3.1.1. Optimization of LC-MS/MS conditions
Biological samples were processed by protein precipitation, and 

plasma samples were treated with methanol. Chromatographic condi
tions were optimized to a 6 min gradient using 0.1% formic acid aqueous 
solution and acetonitrile (B) as the mobile phase. MS parameters, such as 
CE and cone hole voltage (CV), were optimized to achieve the maximum 
response (Table S2).

3.1.2. Method validation
Fig. 1B presents the representative MRM chromatogram of plasma 

collected after oral administration of rhein, which contained iso
thiocyanates with IS of 25.00 ng/mL. The calibration curve of rhein 
showed a linear relationship within the concentration range of 
1.31–800 ng/mL (Rhein: Y = 0.2341×+ 0.1447, R2 = 0.9960). The LOD 
of rhein was 0.63 ng/mL, and the LLOQ of rhein was 1.31 ng/mL. Ac
curacy, precision, matrix effect, and stability data are summarized in 
Tables S3-S5: intra- and inter-day RSD ≤ 15%, accuracy 
89.10–109.78%, with acceptable matrix effect and stability.

3.1.3. Plasma pharmacokinetics and liver/kidney tissue distribution 
characteristics of rhein and its metabolites by LC-MS/MS

The validated LC-MS/MS method was used to quantify rhein and its 
metabolites in plasma, liver, and kidney of mice. Figs. 1C-1E present the 
plasma concentration - time curves of rhein and its main metabolite, 
methoxy-rheinanthrone-O-glucuronide (M-R-O-G)) [22], following a 
single oral administration of 100 mg/kg rhein. The concentrations of 
rhein in plasma, liver, and kidney are listed in Tables S6 and S7. Phar
macokinetic parameters are summarized in Table 1. The plasma con
centration of rhein showed a gradual decline trend with T1/2 of 3.28 ±
1.88 h. Cmax and AUC(0-t) of rhein in the plasma were 49,936.62 ±
10,216.21 ng/mL and 54,459.59 ± 15,740.11 ng⋅h/mL, respectively. 

Rhein reached peak concentrations of 9546.86 ± 2814.51 ng/mL and 
6295.19 ± 1619.78 ng/mL in the liver and kidney, respectively. Cmax 
and AUC(0-t) of rhein in the liver and kidney were higher than those in 
the plasma. Thus, rhein was absorbed mainly in the plasma. The plasma 
concentration of rhein showed a rapid decline, with T1/2 of 3.28 ± 1.88 
h and T1/2 of 3.70 ± 1.56 h in the liver. However, T1/2 and MRT of rhein 
in the kidney were 4.08 ± 1.32 h and 2.27 ± 0.37 h, respectively, which 
were lower than those of rhein in the plasma. This result suggested that 
rhein was eliminated more slowly in the plasma than in the liver and 
kidney. CL of rhein in the kidney was 9106.33 ± 1394.21 mL/h/kg 
higher than in the plasma and liver. Thus, rhein was metabolized in the 
liver and excreted in the kidney. The pharmacokinetic parameters of M- 
R-O-G as the metabolite were investigated (Table S8). Cmax and AUC(0-t) 
of M-R-O-G in the plasma were 55.04 ± 2.91 ng/mL and 237.41 ± 8.95 
ng⋅h/mL, respectively, which were higher than those of rhein in the liver 
and kidney. Thus, the concentration of M-R-O-G was lower than that of 
rhein, reaching the peak concentration in the plasma at 1 h.

3.2 Analysis of the pharmacokinetics and distribution of rhein in the 
liver and kidney by DESI-MSI.

3.1.4. Optimization of conditions for DESI-MSI analysis
Flow rates were optimized to enhance in-situ detection of rhein and 

its endogenous metabolites. The flow rate was compared using the spray 
solvent at 3 and 5 μL/min. The results revealed that 5 μL/min (spray 
solvent: 95:5, v/v MET/H2O) yielded higher signal intensity than 3 μL/ 
min (Figs. S2A-S2D) and was therefore selected for DESI-MSI. About 0.2 
μL of the standard rhein was applied at concentrations of 0.31, 0.625, 
1.25, 2.5, 5, and 10 μg/mL onto blank liver and kidney sections (the area 
of each point after droplets dried was approximately 2.21 mm2). The 
resulting densities of the standard rhein at corresponding spots were 
0.14, 0.28, 0.57, 1.13, 2.26, and 4.52 ng/mm2. The standard curve of 
rhein was established by plotting the average ion intensities of ROIs. All 
concentrations were successfully detected in [M]− ion at m/z 283.01 
(Figs. S2E-S2F). The calibration curve demonstrated good linearity with 
a correlation coefficient (R2) of 0.9940 and 0.9975 (Figs. S2G-S2H), 
confirming that the method meets analytical requirements. Subse
quently, the stability was analyzed over three consecutive days. RSD was 
8.29% and 12.90% which showed in Figs. S1I-S1L. The LOD of rhein was 
0.1 μg/mL, and the LOQ of rhein was 0.31 μg/mL (Figs. S3A-S3B). 
Finally, the intra-day precision was showed in Figs. S3C-S3D with RSD 
≤ 15% in QCL (0.625 μg/mL), QCM (1.25 μg/mL), QCH (10 μg/mL).

3.1.5. Spatial distribution characteristics of rhein and its metabolites in 
tissues

The spatiotemporal distribution of rhein after oral administration 
were mapped by the optimized DESI-MSI method. The response of rhein 
in plasma was higher than that in liver, and kidney (Fig. 2). After oral 
administration, rhein was detected at 0.17 h in plasma, liver, and kid
ney, indicating its rapid systemic distribution. No obvious tissue speci
ficity was observed in plasma or liver. The kidney was subdivided into 
renal cortex, renal medulla, and renal pelvis. Figs. 2A-2B showed that 
rhein initially spread rapidly through cortical region, then gradually 
accumulated in both the cortex and medulla, falling below the limit of 
detection 8 h after administration. The content of rhein in the liver and 
kidney was relatively low, indicating that rhein was metabolized by the 
liver, reabsorbed by the kidney, and excreted from the body via urine. 
The metabolite M-R-O-G was not detectable in plasma at any point, and 
rhein was present at higher levels than M-R-O-G in both liver and kidney 
(Figs. 2C-2D). M-R-O-G was rapidly distributed throughout the body, 
but its concentrations in the kidney and liver remained low. Both rhein 
and M-R-O-G reached peak concentration at 0.17 h after administration, 
thereafter M-R-O-G declined and became undetectable after 2 h.

Table 1 
Pharmacokinetic parameters of rhein in plasma, liver, and kidney (mean ± SD, 
n = 5).

Pharmacokinetics 
parameters

Plasma Liver Kidney

ke (/h) 0.25 ± 0.11 0.24 ± 0.14 0.19 ± 0.06
T1/2ke (h) 3.28 ± 1.88 3.70 ± 1.56 4.08 ± 1.32

Cmax (ng/mL)
49,936.62 ±
10,216.21

9546.86 ±
2814.51

6295.19 ±
1619.78

AUC(0-t) (ng⋅h/mL) 54,459.59 ±
15,740.11

13,862.06 ±
4597.57

8168.54 ±
872.78

AUC(0-∞) (ng⋅h/ 
mL)

68,979.80 ±
14,842.59

16,454.28 ±
4361.56

1110.47 ±
1651.91

MRT (h) 2.80 ± 0.40 2.08 ± 0.23 2.27 ± 0.37

Vd (mL/kg)
6836.92 ±
3368.37

33,429.16 ±
13,616.56

51,778.09 ±
9647.29

CL (mL/h/kg) 1501.41 ± 361.33
6385.17 ±
1960.54

9106.33 ±
1394.21
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Fig. 2. Spatiotemporal alteration of rhein and its metabolite in plasma, liver and kidney (n = 3). (A) Representive DESI-MS images of rhein across plasma, liver and 
kidney sections. (B) Corresponding relative intensity of rhein in plasma, liver and kidney. (C) DESI-MS images of M-R-O-G in liver and kidney. (D) Relative intensity 
of M-R-O-G in liver and kidney.
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3.2. Metabolic pathways of mice plasma, liver, and kidney after 
intervention with rhein

Metabolite profiles in plasma, liver, and kidney were analyzed at 
0.17 h and 8 h post-dose in negative ion mode and compared with the 
blank group. PCA (Figs. S4A, S5A, and S6A) revealed favorable clus
tering phenomena at both time point, confirming analytical accuracy 
and data reliability. Given the complexity of the biological information 
of the metabolome, attributing it to a single factor can be challenging. 
Therefore, OPLS-DA was applied to further analyze the two groups of 
samples. Figs. S4B show good inter-group discrimination, indicating that 
R2 = 0.791 and Q2 = -0.628 after 0.17 h of oral administration, whereas 
R2 = 0.254 and Q2 = -0.695 after 8 h of oral administration. The 

comparison of the liver is shown in Fig. S5B, indicating that R2 = 0.933 
and Q2 = -0.324 after 0.17 h of oral administration, whereas R2 = 0.912 
and Q2 = -0.404 after 8 h of oral administration. The comparison of the 
kidney is shown in Fig. S6B, indicating that R2 = 0.392 and Q2 = -0.533 
after 0.17 h of oral administration, whereas R2 = 0.889 and Q2 = -0.333 
after 8 h of oral administration. The model demonstrated good grouping 
and predictive performance. A comprehensive analysis of metabolites in 
model classification (VIP > 1) highlighted distinct differences in me
tabolites under the negative ion mode across plasma, liver, and kidney.

Enrichment analysis was conducted on potential biomarkers to 
evaluate whether specific metabolic pathways, chemical classed, or 
biological functions were significantly enriched in the metabolite list 
and to infer potential biological mechanisms (Tables S9-S14). The QEA 

Fig. 3. Spatial metabolites analysis of rhein in plasma after oral administration. (A) Spatial distribution of different metabolites in blank and 0.17 h plasma collected 
0.17 h post-dose (n = 3). (B) Corresponding relative intensity of the metabolites in 0.17 h vs blank (C) Spatial distribution of different metabolites inblank and plasma 
collected 8 h post-dose (n = 3). (D) Relative intensity of the metabolites at 8 h vs blank (n = 3). (E) Heat map of metabolite levels in blank and 0.17 h plasma (n = 3). 
(F) Heat map of metabolites in blank and 8 h liver (n = 3).
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method was used to identify the enriched metabolic pathways with P <
0.05. The significance of pathways and the number of metabolites were 
represented by bar plots and bubble plots. After intragastric adminis
tration of rhein for 0.17 h and 8 h, the changed metabolic pathways in 
plasma were cysteine and methionine metabolism and cytochrome P450 
metabolism pathway (Figs. S4C and S4E), the changed metabolic path
ways in liver were arachidonic acid metabolism, caffeine metabolism, 
cysteine metabolism, amino acid metabolism, and cytochrome P450 
metabolism (Figs. S5C and S5E), while the changed metabolic pathways 
in the kidney were tryptophan metabolism, caffeine metabolism, 
glycine, serine and threonine metabolism, and cytochrome P450 meta
bolism (Figs. S6C and S6E).

For KEGG pathway enrichment analysis of potential biomarkers, 
multiple significant KEGG terms were obtained by screening according 
to the pathway impact value from high to low with P < 0.05 (Tables S15- 
S20). After oral administration for 0.17 h and 8 h, the changed metabolic 
pathways in plasma were phosphatidylglycerol metabolism, linoleic 
acid metabolism, cytochrome P450 metabolism, and arachidonic acid 
metabolism (Figs. S4D and S4F), the changed metabolic pathways in 
liver were glycerophospholipid metabolism, taurine metabolism, 
α-linolenic acid metabolism, tryptophan metabolism, and arachidonic 
acid metabolism (Figs. S5D and S5F), and the changed metabolic path
ways in kidney were tryptophan metabolism, glycerophospholipid 
metabolism, glycine metabolism and cytochrome P450 metabolism 
(Figs. S6D and S6F).

3.3. Metabolic changes in mice after oral administration of rhein

MSI technology clearly illustrate the tissue architecture and in-situ 
spatial distribution of metabolites. Fatty acids serve as both energy 
sources and components of membranes, and they exert bioactive effects 
that modulate cellular and tissue metabolism, function, and responses to 
hormones and other signals [23]. Rhein, a major substance regulating 
lipid metabolism, inhibits pancreatic lipase, reduce fat synthesis, stim
ulate fat breakdown, and modulate the expression of lipid-related fac
tors, thereby promoting lipid reduction [24]. Using DESI-MSI, we 
compared metabolite changes in plasma, liver, and kidney of the treated 
group after 0.17 h and 8 h of oral administration with those of blank 
group. As shown in Figs. 3A-3D and Tables S21-S22, 21 and 17 spatially 
resolved plasma metabolites were detected at 0.17 h and 8 h, 13 me
tabolites were identified. After 0.17 h of oral administration, 10 me
tabolites were upregulated and 3 downregulated with VIP > 1 (Fig. 3B). 
Compared with the blank group, PS (O-20:0/14:1(9Z)), PGP (a-13:0/a- 
25:0), and PGP (i-13:0/a-25:0) were identified as the main upregulated 
spatial differential lipid metabolites, together with a significant change 
in methionine sulfoximine. At 8 h,10 plasma spatial metabolites were 
upregulated (VIP > 1, Fig. 3D), DG (34:0), PA (34:3), PI (38:3), PG 
(42:9), and PS (46:7) were identified as the principal upregulated spatial 
differential lipid metabolites. Plasma levels of hypoxanthine, prosta
glandin A1, prostaglandin E2, prostaglandin PGE2, and prostaglandin 
G2was significantly altered (Fig. 3C). As shown in Fig. 4A, B and 
Tables S23-S24, DESI-MSI detected 50 and 39 spatial resolved liver 
metabolites at 0.17 h and 8 h, respectively. At 0.17 h, 23 liver metab
olites were selected as the differential metabolites, including 13 upre
gulated and 10 downregulated with VIP >1 (Fig. 4E). Compared with 
the blank group, PG (36:2) and PI (18:0/20:3) were upregulated, 
whereas FAHFA (40:8), LysoPI (20:4), PE (36:3), PG (36:2), PI (18:0/ 
20:3), PS (40:5), PE (36:2), and PI (34:0) were downregulated spatial 
differential lipid metabolites. N-Myristoyl serine, as a metabolite in the 
plasma, was significantly altered (Fig. 4C). At 8 h, 21 liver metabolites 
were upregulated and 4 were downregulated with VIP > 1 (Fig. 4F). N- 
lauroyl proline, N-lauroyl valine, cis-4-decenoyl carnitine, and succi
nylcholine were identified as upregulated spatial differential metabo
lites, while FAHFA (18:1/18:0) was downregulated (Fig. 4D). As shown 
in Fig. 5A, B and Tables S25, S26, 108 and 56 kidney metabolites were 
detected at 0.17 h and 8 h, respectively, 86 were upregulated with VIP >

1 (Fig. 5E). Compared with the blank group, tryptamin, purine, uric 
acid, succinylcholine, PE (38:4), PG (36:2), PS (42:6), and PC (33:1) 
were identified as upregulated spatial differential lipid metabolites 
(Fig. 5C). At 8 h,33 differential metabolites were observed: 28 were 
upregulated, and 5 were downregulated with VIP > 1 (Fig. 5F). Urea 
aspartate, N-lauroyl valine, PS (36:1), PC (36:4), PS (38:3), and PS 
(44:8) were upregulated, whereas LysoPE (20:4), lysoPI (18:0), and TG 
(36:0) were downregulated (Fig. 5D).

Moreover, several lipid types significantly increased. The distribu
tion of lipids in the plasma and liver, which are homogeneous tissues 
lacking distinct zones, was not evident. However, the kidney possess 
distinct zones, and the distribution of lipids in kidneys was notable. After 
0.17 h post-dose, in PEs, upregulated PE (36:4) and PE (44:9) localized 
in the renal medulla. In PIs, upregulated PI (36:0) and PI (40:5) 
distributed in the renal medulla. PEtOH (44:9) acculated in the pelvis. At 
8 h post-dose, downregulated LysoPE (20:4) and LysoPI (18:0) were 
found in both renal cortex and medulla. In TGs, downregulated TG 
(36:0) was restricted to the renal medulla. In PSs, upregulated PS (36:1), 
PS (38:3), and PS (44:8) distributed in both renal medulla and pelvis. In 
PCs, upregulated PC (36:4) distributed in the renal cortex and medulla.

Accumulating evidence indicates that lipid metabolism is a key 
driver of liver and kidney fibrosis progression [25,26]. In chronic 
fibrosis states, glucose and amino acid metabolism patterns are mark
edly reprogrammed [27]. PC and PE are recognized as the most preva
lent phospholipids in the cell membrane. Abnormal high or low PC/PE 
molar ratios in cells of various tissues can influence energy metabolism 
[28]. PS is required for appropriate inter-dual-layer distribution of 
cholesterol, hepatic PS depletion causes cholesterol to accumulate in the 
plasma membrane [29]. Meanwhile, TG serves as the crucial role in 
cellular energy storage and metabolism, reduced TG intensity may 
indicate a reduced diminished energy demand [30]. So analysis of 
representative mRNA associated with the lipid metabolism were verified 
combined MSI data with metabolomics in the subsequent study.

3.4. The impact of oral administration of rhein on lipid metabolism

To investigate the effect of oral administration of rhein on lipid 
metabolism, we analyzed the mRNA expression levels of FASN, PLIN2, 
PPAR-α, PPAR-γ, and SCD1(Fig. S7A-S7E). During the fatty acid syn
thesis stage, FASN and SCD1 catalyze the synthesis of saturated fatty 
acids. PPAR-γ promotes adipocyte differentiation and PLIN2 stores 
lipids [31]. Meanwhile, after activation, PPAR-α promotes the break
down of TG in lipid droplets. After oral administration of rhein for 0.17 
hand 8 h in liver tissues, the result showed a significant up-regulation of 
PPAR-α (Fig. S7C). The expression of FASN showed a down-regulation 
after 8 h in liver tissues (Fig. S7A). Furthermore, after oral administra
tion of rhein for 0.17 h and 8 h in kidney tissues, PPAR-γ showed a down- 
regulation level. The data indicated that oral administration of rhein 
may affect lipid metabolism.

4. Conclusion

In summary, this study successfully developed and validated an 
analytical methodology for rhein and its metabolites by integrating LC- 
MS/MS and DESI-MSI techniques. Pharmacokinetic analysis revealed 
that rhein undergoes rapid absorption into systemic circulation, hepatic 
metabolism, and subsequent renal excretion. Spatial distribution map
ping demonstrated that rhein was initially localized predominantly in 
the renal cortex before progressively accumulating in cortical and 
medullary regions over time. Spatial metabolomics further indicates 
that the use of rhein may cause disruptions in phospholipid metabolism 
in liver and kidney. Meanwhiles, the spatial distribution of endogenous 
metabolites in the kidney is specific. Combining endogenous metabolites 
can explore potential mechanisms and metabolic pathways. The KEGG 
enrichment pathways show that the use of rhein may also have an 
impact on amino acid and carbohydrate metabolic pathways. Compared 
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Fig. 4. Spatial metabolites analysis of rhein in the liver after oral administration. (A) Spatial distribution of different metabolites in blank and liver collected 0.17 h 
post-dose (n = 3). (B) Corresonding relative intensity of metabolites at 0.17 liver vs blank. (C) Spatial distribution of different metabolites in blank and liver collecte 
at 8 h post-dose (n = 3). (D) Relative intensity of metabolites at 8 h liver vs blank (n = 3). (E) Heat map of different metabolites in blank and 0.17 h liver (n = 3). (F) 
Heat map of different metabolites in blank and 8 h liver (n = 3).
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Fig. 5. Spatial metabolites analysis of rhein in the kidney after oral administration. (A) Spatial distribution of different metabolites in blank and kidney collected 
0.17 h post-dose (n = 3). (B) Corresponding relative intensity of the metabolites at 0.17 h kidney vs blank (n = 3). (C) Spatial distribution of different metabolites in 
blank and kidney colledted 8 h post-dose (n = 3). (D) Relative intensity of the metabolites at 8 h kidney vs blank (n = 3). (E) Heat map of different metabolite levels in 
and 0.17 h kidney (n = 3). (F) Heat map of different metabolite levels in blank and 8 h kidney (n = 3). RC: renal cortex, RM: renal medulla, P: renal pelvis.
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with traditional metabolomics, through MSI data, metabolic informa
tion can be obtained at one time. Moreover, analyzing the correlation 
between endogenous metabolites and the spatial distribution charac
teristics of rhein is a key point for the in-depth mining of future imaging 
data. It will provide more beneficial information on the mechanism of 
compounds. The representative mRNA associated with the lipid meta
bolism indicated that oral administration of rhein may affect lipid 
metabolism. LC-MS/MS can provide quantitative data on the concen
trations of drugs and their metabolites, while DESI-MSI can visually 
display the drugs and endogenous metabolites in space. The combina
tion of these two techniques can be used in future drug development to 
evaluate the spatial pharmacokinetics.
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