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Abstract 

Detailed spatio-temporal information on drug distribution in organs is of paramount importance to 
assess drug clinically-relevant properties and potential side-effects. Matrix-assisted laser 
desorption/ionization mass spectrometry imaging (MALDI MSI) as a label-free and sensitive imaging 
modality provides an additional means of accurately visualizing drug and its metabolites distributions 
in tissue sections. However, technical limitations, complex physiochemical environment of surface 
and low abundance of target drugs make quantitative MALDI imaging of drug and its metabolites 
quite challenging.  
Methods: In this study, an internal standard correction strategy was applied for quantitative MALDI 
imaging of tetrandrine in multiple organs of rats including lung, liver, kidney, spleen, and heart. The 
feasibility and reliability of the developed quantitative MSI method were validated by conventional 
liquid chromatography-tandem MS (LC-MS/MS) analysis, and the two methods showed a significant 
correlation.  
Results: The quantitative MALDI imaging method met the requirements of specificity, sensitivity 
and linearity. Tissue-specific spatio-temporal distribution patterns of tetrandrine in different organs 
were revealed after intravenous administration in the rat. Moreover, demethylated metabolite was 
detected in liver tissues.  
Conclusions: The current work illustrates that quantitative MALDI imaging provides an alternative 
means of accurately addressing the problem of drug and its metabolites distribution in tissues, 
complementary to traditional LC-MS/MS of tissue homogenates and whole-body autoradiography 
(WBA). Quantitative spatio-chemical information obtained here can improve our understanding of 
pharmacokinetics (PK), pharmacodynamics (PD), and potential transient toxicities of tetrandrine in 
organs, and possibly direct further optimization of drug properties to reduce drug-induced organ 
toxicity. 

Key words: quantitative MALDI imaging, drug tissue distribution, tetrandrine, spatio-temporal heterogeneity of 
drug metabolism 

Introduction 
Accurately mapping tissue-specific distribution, 

concentration, time course of accumulation, 
elimination of drug and its metabolites in target or 

clinically non-relevant tissues is essential for a 
detailed understanding of drug pharmacokinetics 
(PK) and pharmacodynamics (PD), as well as the 
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mechanism of drug action. If such spatial PK and PD 
information are available, we can answer the 
questions related to where drugs accumulate 
selectively in normal or pathological tissues, where 
drugs express desirable efficacy and undesirable 
toxicity in tissue-specific regions. It also provides 
significant complementary information for enhancing 
our understanding of activity and safety of drug and 
metabolites when a drug binds to a specific region of 
an organ. For example, rifampicin can penetrate the 
sites of tuberculosis and accumulate in necrotic 
caseum. In contrast, moxifloxacin cannot diffuse well 
in caseum, concordant with its failure to shorten 
therapy in recent clinical trials [1]. Nevertheless, the 
spatial distribution of drug and metabolites in 
organs/tissues is seldom known. In routine PK/PD 
studies, the most popular method used for qualitative 
and quantitative analysis of average drug 
concentration within tissues is liquid chromatography 
coupled to mass spectrometry (LC-MS). However, in 
LC-MS spatial information is sacrificed during tissue 
homogenization [2, 3]. Whole-body autoradiography 
(WBA) is considered a standard approach to map the 
spatial distribution of drugs attributed to its high 
sensitivity and quantitative nature [4]. However, 
WBA technique is unable to distinguish parent drug 
from its metabolites because only the 
radioactively-labeled compounds can be detected. 
Furthermore, the risk of radiolabel loss may occur in 
the metabolic process. Additionally, the synthesis of 
radioactively-labeled drug compounds is difficult, 
time-consuming, and quite expensive [5, 6].  

The advent of MS-based imaging techniques 
provides an alternative approach for in situ 
monitoring the localization of a drug and its 
metabolites across tissue sections. Mass spectrometry 
imaging (MSI) technology has been widely used for 
the acquisition of spatial distribution information of 
endogenous chemical components in various 
specimens such as human, animal and plant tissues, 
as well as microbial samples [7-11]. Among multiple 
MSI techniques, matrix-assisted laser desorption/ 
ionization (MALDI) MSI technology is the most 
popular MSI modality which provides the most 
comprehensive mass range from small metabolites to 
macromolecular proteins, high spatial resolution, 
high-speed and throughput measurement in contrast 
to 4-7 day exposure time required in acquiring WBA 
image [12-14]. 

Currently, application of MALDI MSI in drug 
research and development has attracted intense 
attention from the pharmaceutical industry. Drug 
compound and metabolite concentration measured in 
plasma often cannot accurately represent the levels 
present in tissues. For example, if a drug accumulates 

heterogeneously within a target tissue with high 
localization in small sub-regions of the tissue, the 
organ-to-plasma concentration ratio may be perceived 
as blood contamination. This discrepancy may 
generate misinterpretation of the toxicological efficacy 
and mechanism of the drug [15]. Therefore, accurate 
and quantitative visualization of the spatial 
distribution of drugs or drug candidates is necessary 
for drug development and property optimization of 
drug-like compounds.  

MALDI imaging that makes it superior to 
conventional optical imaging techniques lie in its 
label-free, unparalleled chemical information and 
spatially resolved detection. However, by its nature, 
absolute quantitation using MALDI MS encounters 
many challenges such as ion suppression, signal 
variations and organic matrix interference in the mass 
range below m/z 500. Recently, an active area in 
MALDI imaging of drug compounds is to develop 
specific quantitative MALDI imaging solutions to 
minimize or overcome these disadvantages. For 
example, many strategies have been developed for the 
improvement of the quantitative capability of MALDI 
imaging by various MSI data normalization methods 
[16-19], different calibration routines [20, 21], as well 
as quantitative software [22, 23].  

Tetrandrine is a bisbenzylisoquinoline alkaloid 
extracted from Stephania tetrandra S. Moor. 
Pharmacological and clinical studies have proved its 
strong bioactivities including anti-silicosis [24], 
anti-cardiac hypertrophy [25] and anti-cancer activity 
[26]. With LC-MS/MS method, the PK profiles of 
tetrandrine and its average concentration in organs 
have been investigated after various routes of 
administration, which provide critical information for 
the discovery of optimal dose and route of 
administration [27]. However, the spatial distribution 
of tetrandrine in tissues has not been entirely and 
accurately delineated. Previous studies further 
indicated that tetrandrine or its metabolites may cause 
slight or transient toxicity in the target organs such as 
pulmonary [28], hepatic [29, 30] and renal toxicities 
[31]. Therefore, in present work, a quantitative 
MALDI MS imaging method was developed, 
evaluated and applied to spatially resolved 
quantitation of tetrandrine distribution in multiple 
organs of rats. For the first time, spatial distribution 
pattern and dynamic changes of tetrandrine were 
comprehensively studied in rat lung, liver, kidney, 
spleen and heart. Quantitative spatio-chemical 
information obtained here can improve our 
understanding of the ADME characteristics of 
tetrandrine in organs, and possibly direct further 
optimization of drug compound properties to reduce 
drug-induced organ toxicity. 
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Materials and Methods 
Materials 

Tetrandrine (purity>98%) was obtained from 
MUST Bio-Technology (Chengdu, China). Fangchino-
line and daurisoline (purity>98%) were purchased 
from Yuanye Biotech (Shanghai, China). HPLC-grade 
acetonitrile and methanol were purchased from 
Merck (Darmstadt, Germany). Deionized water was 
prepared by a Milli-Q water purification system 
(Millipore, Billerica, MA, USA). The MALDI matrices 
2,5-dihydroxybenzoic acid (DHB), and α-cyano-4- 
hydroxycinnamic acid (CHCA) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA).  

Animal study and sample collection 
Male 8-week-old Sprague-Dawley rats were 

purchased from Qinglongshan Animal Center 
(License: SCXK 2014-0001; Nanjing, China) and kept 
in an environmentally controlled breeding room for at 
least one week before the experiment. Animal 
experiments were carried out in accordance with the 
Guidelines for Animal Experimentation of China 
Pharmaceutical University (Nanjing, China), and 
approved by the Animal Ethics Committee of this 
institution. After 12 h of fasting, rats were 
administered intravenously (i.v.) at a single dose of 30 
mg kg-1 tetrandrine. Blood, lung, liver, kidney, spleen, 
and heart samples were collected at 0, 10, 30, 60, 120 
and 240 min after i.v. administration. Each 
heparinized blood sample was immediately 
centrifuged at 4,900 ×g for 5 min and the supernatant 
of plasma was transferred to a clean tube. The organs 
were surgically dissected, washed with ice-cold 
saline, and stored at -80 °C until use. 

Sample preparation for LC-MS/MS analysis 
Plasma was processed following a routine 

laboratory procedure. 500 μL of precipitation reagent 
acetonitrile containing 50 ng mL-1 daurisoline 
(internal standard) was added to 100 μL plasma. The 
vials were vortexed for 3 min, and centrifuged at 
16,200 ×g for 10 min. The supernatant was injected to 
LC-MS/MS system for analysis. Organ samples for 
LC-MS/MS analysis were processed as follows: 
samples were accurately weighed and homogenized 
in 1 mL of saline solution (1:5, W/V) using an 
automatic homogenizer. 100 μL of tissue homogenate 
was mixed with 500 μL of precipitation reagent 
acetonitrile containing 50 ng mL-1 of IS, and the 
subsequent processes were in concordance with 
plasma samples. 

Sample preparation for MALDI MS imaging 
Multiple 12 μm thick serial sections were 

obtained at -20 °C using a cryomicrotome (Leica, 

Germany), and thaw-mounted onto indium tin oxide 
(ITO)-coated glass slides. Prior to matrix coating, the 
tissue sections were placed in a vacuum desiccator to 
dehydrate for 10 min at room temperature. 
Home-built electric field-assisted matrix coating setup 
was used to homogenously deposit matrix onto tissue 
sections [32]. Briefly, 100 μL of 60 mg mL-1 DHB 
matrix solution containing 200 pg μL-1 IS was 
deposited onto tissue sections at a flow rate of 1 mL 
h-1. The automatic sprayer parameters for matrix 
coating were as follows: sheath gas flow, 0.3 MPa; 
heated temperature, 100 ºC; reciprocating motion 
speed, 0.17 m s-1; high voltage between the sprayer 
needle and ITO slide, 6 kV; the distance between the 
spray needle and ITO slide, 12 cm.  
LC-MS/MS analysis 

LC-MS/MS experiments were performed using 
an Agilent 6460 QQQ mass spectrometer connected to 
an Agilent 1260 series UHPLC system (Agilent 
Technologies, CA, USA). Analytes were separated on 
an Agilent XDB C18 column (4.6 mm × 100 mm, 1.8 
μm) preceded by a guard column (5 mm × 4.6 mm, 1.8 
μm, Agilent Eclipse XDB-C18) at 30 ºC. Mobile phase A 
was water containing 0.1% formic acid (V/V) and 
phase B was acetonitrile. The flow rate of the mobile 
phase was 0.4 mL min-1. The gradient program was 
conducted as follows: 0.0-1.5 min, 10% B; 1.5-5 min, 
10%-90% B; 5-6 min, 90%-10% B. The injection volume 
was 1 μL. The mass spectrometer was operated in 
positive ion mode and the electrospray ionization 
(ESI) source parameters were as follows: drying gas 
temperature, 350 °C; drying gas flow, 10.0 L min-1; 
sheath gas temperature, 300 °C; sheath gas flow, 11 L 
min-1; nebulizer pressure, 45 psi; capillary voltage, 3.5 
kV. Quantification analysis was performed in 
multiple-reaction monitoring (MRM) mode with the 
ion transitions of m/z 623.3 to 381.3 for tetrandrine and 
m/z 611.3 to 192.3 for IS, respectively. The collision 
energy was set to 45 eV for both parent drug and IS. 
Data collection and processing were conducted with 
MassHunter Workstation 05.00 (Agilent Technologies, 
USA). 

MALDI MS imaging 
MALDI MS imaging was performed using an 

UltrafleXtreme MALDI TOF/TOF MS (Bruker 
Daltonics, USA) with a frequency tripled Nd:YAG 
solid-state laser (λ = 355nm). The laser was set to the 
‘Ultra’ footprint setting at an ~100 μm diameter. Mass 
spectrometer calibration was performed using DHB 
matrix ions and a Peptide Calibration Standard Kit II 
(Bruker Daltonics). Tissue sections were analyzed in 
positive reflectron ion mode with 100 laser shots fired 
at 1000 Hz and imaged with a 100 μm or 400 μm laser 
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step size. MSI data was analyzed using flexAnalysis 
3.4 and flexImaging 4.1 (Bruker Daltonics). 
Additionally, accurate mass measurement and 
tandem MS analysis of tetrandrine metabolite were 
performed on a 9.4T solariX™ Fourier transform ion 
cyclotron resonance (FT-ICR) mass spectrometer 
equipped with a dual MALDI and ESI source (Bruker 
Daltonics, USA). Data were analyzed using Data 
Analysis 4.0 (Bruker). For 3D MALDI imaging of 
kidney, 7 kidney sections, in 300 µm steps throughout 
the half tissue volume, were subjected to MALDI MSI 
analysis. The data for all 7 sections were imported into 
the software SCiLS Lab version 2016b (SCiLS, Bremen, 
Germany) to reconstruct the original relations 
between the sections. 

Quantitative and statistical analysis of MALDI 
MSI data 

Data was exported as an imzML file from 
flexImaging and imported into MSiReader v1.00 [23]. 
For standard curve generation and quantitation, the 
m/z intensity data for each region of interest (ROI) was 
exported to Excel using the MSiReader ROI tool 
(“sum of window” over 0.15 Da). The data for 
quantitative imaging was normalized to the signal 
from the IS via pixel by pixel (see Supporting 
Information-Peak Normalization). Statistical analyses 
were performed using GraphPad Prism 5.0 (San 
Diego, CA, USA). 

Results and Discussion 
Optimization of parameters for quantitative 
MALDI MSI  

Since the choice of the matrix is crucial in 
MALDI MS imaging experiment, frequently used 
matrices including DHB and CHCA were evaluated 
and compared with the detection of tetrandrine 
spotted on blank tissues. As shown in Figure S1, the 
protonated ion of tetrandrine at m/z 623.3 was 
observed in mass spectra when coated with DHB or 
CHCA. However, DHB matrix produced higher 
signal intensity for tetrandrine than CHCA. 
Additionally, potassium and sodium adduct ions of 
tetrandrine were rarely detected with both matrices. 
Therefore, DHB was selected for analyzing the rat 
tissue sections. Moreover, homogeneous deposition of 
MALDI matrix onto tissue surface is essential to 
obtain the high quality MALDI MSI data. For 
example, sublimation and commercial automatic 
sprayers such as SunCollect™ or TM-Sprayer™ are 
widely used to evenly apply matrix. In this work, a 
homemade electronic-assisted automatic sprayer 
system was applied to ensure a homogeneous and 
reproducible deposition of DHB matrix. 

To achieve reliable quantitative MALDI MSI 
results, the internal standard (IS) was incorporated in 
the matrix solution to compensate signal variation 
resulting from the complex surface properties and 
varied matrix-analyte interaction [33, 34]. 
Fangchinoline and daurisoline were considered as IS 
candidates due to their similar structures to 
tetrandrine. As shown in Figure S2, protonated ions 
of two IS are the major adducted ions detected with 
DHB, showing the similar ionization pattern to 
tetrandrine. However, fangchinoline (m/z 609.3) was 
excluded because it might interfere with the detection 
of tetrandrine-demethylated metabolite ions m/z 609.3 
[35]. Therefore, daurisoline was selected as the 
internal standard. Additionally, considering that the 
possible interference peaks arose from different 
organs may affect the detection of tetrandrine and IS. 
Standards were spotted on five tissues and no 
interference peaks were observed by comparing with 
the blank tissues (Figure S3).  

Validation of quantitative MALDI MSI 
To further investigate the correction ability of the 

IS for the accurate quantitative MALDI MS imaging, 
linear regression analysis was performed on standard 
curves generated with IS-based normalization 
method. 0.1 μL of standard solutions of tetrandrine 
with concentrations ranging from 5 to 200 ng μL-1 
were spotted on blank rat tissue sections, and the 
mixture of DHB and IS was homogeneously sprayed 
on the tissue sections.  

The standard curve was generated for 
tetrandrine by plotting average ion intensities of mass 
spectra in defined ROI as a function of the quantities 
of standard spotted on different tissue sections 
(Figure 1). As shown in Figure 1 and Table S1, 
non-normalized data yielded the lower linear 
correlation coefficients (R2=0.9104-0.9974), whereas 
the higher correlation coefficients were obtained 
using the IS-based normalization (R2=0.9924-0.9991). 
Meanwhile, the lower limit of quantification (LLOQ) 
was investigated by analyzing standards spotted on 
different tissues. The LLOQ was 3 ng μL-1 in lung 
tissue, and 4 ng μL-1 in liver, kidney, spleen and heart 
tissues (Figure S5 and Table S1), and signal-to-noise 
ratios (S/N) were all above 10 with acceptable 
precision and accuracy. Furthermore, correlation of 
the quantitative results obtained by MALDI MSI and 
LC-MS/MS was performed to validate the accuracy of 
the developed quantitative MALDI MS imaging 
method. The absolute concentrations of tetrandrine in 
each tissue were calculated by using calibration 
curves generated by quantitative MALDI MSI (Figure 
1) and LC-MS/MS experiments (Figure S6), 
respectively. As shown in Figure 2, the concentration 
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of tetrandrine obtained by MALDI MSI correlated 
strongly with the average concentrations in different 
organs obtained by LC-MS/MS, with a correlation 
coefficient of R2=0.8942 and p=0.0151 for lung, 
R2=0.7786 and p=0.0476 for liver, R2=0.8281 and 
p=0.0320 for kidney, R2=0.9229 and p=0.0093 for 
spleen and R2=0.9412 and p=0.0062 for heart. 

Additionally, the temporal change of tetrandrine in 
tissues also show good agreement with the results 
obtained by two methods. The correlation analysis of 
these two results suggested that the IS-based 
normalization method is reliable for quantitatively 
exploring the changes of tetrandrine in multiple rat 
organs with MALDI MSI. 

 

 
Figure 1. Comparison of linearity of calibration curves of tetrandrine standards obtained by using non-normalization and IS-based normalization. Calibration curves generated 
by plotting the intensity values of [tetrandrine+H]+ and [tetrandrine+H]+/ [IS+H]+ as a function of the concentrations of tetrandrine spotted onto tissue sections. Ion images of 
different tissue sections with circles indicating places where tetrandrine standard solutions were applied in the range of 5-200 ng μL-1 and coated with the DHB matrix (60 mg 
mL-1) containing IS (200 pg μL-1). Unnormalized and normalized ion images represent the distribution of [tetrandrine +H]+ across the section surfaces. The calibration results 
were expressed as the mean ± SD from three independent experiments. 
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Figure 2. Correlation of the amount of tetrandrine at different time points determined by MALDI MSI and LC-MS/MS results from different tissues. The results were expressed 
as the mean ± SD from three independent animals.  

 
In previous studies, Chumbley et al. mentioned 

that premixing the IS with the matrix led to the 
underestimation of the actual amount of drug in 
tissues [34]. In our work, the quantitative results 
obtained by MALDI MSI and LC-MS/MS 
measurements were compared in different tissues. As 
shown in Figure S4, in liver and heart, measured 
concentrations with MALDI MSI and LC-MS/MS did 
not show a large difference. However, in lung and 
spleen, tetrandrine concentrations measured by 
MALDI MSI were lower than those by LC-MS/MS. 
Conversely, tetrandrine concentrations in kidney 
measured by MALDI MSI were higher than those by 
LC-MS/MS. The standard pre-mixed approach can 
therefore not correct all possible interferences 
originated from the heterogeneity of tissues and ion 
suppressions. However, it is an optional correction 
approach for obtaining accurate quantitative MALDI 
imaging results. As shown in Figure 2, the amount of 

tetrandrine obtained by MALDI MSI correlated well 
with the average concentrations in different organs 
obtained by LC-MS/MS. 

Spatio-temporal distribution of tetrandrine in 
different rat tissues 

The detailed spatio-temporal information on 
tetrandrine distribution in organs has not been 
reported previously compared to its pharmacological, 
PK and PD studies. In this work, a fully validated 
quantitative MALDI MS imaging method was applied 
to investigate the spatio-temporal distribution of 
tetrandrine and its metabolites in lung, liver, kidney, 
spleen, and heart. 

Lung 
Tetrandrine has been used for the treatment of 

pulmonary diseases, such as silicosis [24], asthma [36] 
and pulmonary hypertension [37]. Therefore, 
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monitoring its distribution and dynamic changes in 
lung tissues were first conducted. After i.v. 
administration of tetrandrine, lung sections and 
homogenates were collected parallelly for 
quantitative MALDI MSI and LC-MS/MS analysis. 
The identity of the drug was verified by in situ 
accurate mass and tandem MS measurements. For m/z 
623.3116, the ion formula was calculated as 
[C38H42N2O6+H]+ with -0.06 ppm mass accuracy, and 
the identity of tetrandrine was further confirmed by 
characteristic fragment peaks at m/z 592.2701 and 
381.1815 obtained on dosed lung tissue sections by 
MALDI CID-FT-ICR MS/MS (Figure 3A).  

As shown in Figure 2 and Figure S8A, overall 
lung tissue time-concentration curve (TCC) shows a 
similar trend as measured blood TCC. After i.v. 
administration, the drug rapidly transfers from the 
blood into lung tissues, reaching maximum 
concentration (Tmax) in 10 min. Subsequently, tissue 
and plasma concentrations rapidly decline from peak 
concentrations (Figure 3B) consistent with previous 
data [38]. As shown by H&E staining, rat left lung 
tissue contains three basic regions: apical region, 
central region and basal region (Figure 3C). Overall, 
tetrandrine displayed a non-uniform distribution in 
three regions. In ion images, the intensities of 
tetrandrine ion are highest in the basal region, 

indicating a higher accumulation of the drug in this 
area compared to the apical and central region. From 
the aspect of spatio-temporal distribution, tetrandrine 
elimination showed intra-tissue variation, and a faster 
elimination rate was observed in the apical and 
central region particularly evident at 60 min and 120 
min time-points. One possible reason for the 
temporal-spatial dynamic change can be attributed to 
the lung heterogeneities such as different regional 
blood flow. The basal region of lung receives higher 
levels of perfusion due to the gravity effect. 
Consequently, the lung apical and central region 
display the poor perfusion [39]. Therefore, blood flow 
gradient drives more tetrandrine to basal region. 
Additionally, the drug was less observed in the lung 
airways compared to surrounding regions, indicating 
that i.v. administration cannot deliver the tetrandrine 
to lung airways in contrast to inhaled administration. 
To confirm the heterogeneous distribution of 
tetrandrine in lung tissues, we performed LC-MS/MS 
analysis of homogenates on different parts of the lung 
tissues (Figure 3C) and MALDI imaging at 100 μm 
(Figure S7). Samples collected at 60 min after drug 
administration were selected as representative tissue 
samples for validation. Tissue section (150 μm 
thickness) was dissected as shown in Figure 3C, and 
the segment 1 and 2 were extracted for LC-MS/MS 

 

 
Figure 3. MALDI MS imaging analysis of the tetrandrine distribution in lung tissues after i.v. administration at single doses of 30 mg kg-1 tetrandrine. (A) Single-pixel MALDI TOF 
MS spectrum of tetrandrine, IS and lipids from lung tissue (left) and MALDI CID-FT-ICR MS/MS spectrum of tetrandrine (right). (B) H&E staining of tissue sections obtained at 
different time points (top) and MALDI images represent the spatio-temporal distribution of tetrandrine across lung tissue sections (bottom). (C) Comparison of tetrandrine in 
lung tissues between the Seg 1 and 2 quantified using LC-MS/MS. The results were expressed as the mean ± SD from three independent animals. Student’s t-test was used for 
comparing two groups. *, significantly different between two groups at p < 0.05; **, p < 0.01 and ***, p < 0.001; n.s. as no significant difference between two groups. 
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analysis, respectively. Results of LC-MS/MS show 
that the relative amount of tetrandrine was 
significantly higher in the basal region compared to 
the central and apical region. Additionally, the ion 
images obtained at 400 µm (Figure 3B) and 100 μm 
(Figure S7) show a similar distribution pattern, 
confirming the heterogeneous distribution pattern of 
tetrandrine in lung tissues. Previous study indicated 
that tetrandrine was relatively non-toxic up to 90 mg 
kg-1 body weight [40]. However, in lung tissues, 
quinone methide metabolite of tetrandrine could have 
been generated from the metabolism by CYP3A4 and 
CYP3A5, which possibly lead to pulmonary toxicity 
[28, 41]. Therefore, the relatively more amount of 
tetrandrine in the basal region may result in the 
accumulation of toxic quinone methide metabolites, 
which possibly induce region-specific pulmonary 
toxicity. 

Liver 
Liver is a critical organ responsible for drug 

metabolism in which drug is mainly converted to 
water-soluble compounds facilitating excretion of the 
drug from the kidney [42]. As shown in Figure 2, 
MALDI MSI and LC-MS/MS measurements of TCC 
reveal a similar trend of tetrandrine in liver, reaching 
Tmax in 120 min [38]. One possible metabolite 

demethylated tetrandrine was detected and its 
identity was confirmed by accurate mass and tandem 
MS. As shown in Figure 4A, m/z 609.2965 calculated 
as [C37H40N2O6+H]+ with -0.96 ppm mass accuracy is 
proposed as a demethylated metabolite of tetrandrine. 
The identity of metabolite was further confirmed by 
characteristic fragment peaks at m/z 578.2532 and 
367.1659 (Figure S8B), consistent with literature data 
[35]. It should be noted that tetrandrine has several 
methoxy substitutions at various positions, and 
therefore a group of isomeric demethylated metabol-
ites may be generated [35]. Due to the lack of LC 
separation and no characteristic fragments obtained 
by in situ tandem MS, it is unable to distinguish 
isomeric demethylated tetrandrine metabolites such 
as the O-demethylated or N-demethylated tetran-
drine. Moreover, besides tetrandrine metabolite m/z 
609.2965, no other tetrandrine metabolites such as 
glucuronide conjugates were detected in current 
work. Development of matrix-free LDI methods may 
provide an alternative approach to improve 
drug/metabolite detection from complex tissues 
[43-45].  

In Figure 4B, tetrandrine shows relatively 
homogeneous distribution pattern in liver. To confirm 
this distribution pattern, we performed LC-MS/MS 

 

 
Figure 4. MALDI MS imaging analysis of the tetrandrine distribution in liver tissues after i.v. administration. (A) Single-pixel MALDI TOF MS spectrum of tetrandrine, one 
tetrandrine metabolite and IS from lung tissue (left) and MALDI CID-FT-ICR MS/MS spectrum of tetrandrine metabolite (right). (B) H&E staining of tissue sections obtained at 
different time points (top) and MALDI images represent the spatio-temporal distribution of tetrandrine across liver tissue sections (bottom). (C) Comparison of tetrandrine in 
liver tissues between the Seg 1 and 2 quantified using LC-MS/MS. The results were expressed as the mean ± SD from three independent animals. Student’s t-test was used for 
comparing two groups. *, significantly different between two groups at p < 0.05; **, p < 0.01 and ***, p < 0.001; n.s. as no significant difference between two groups. 
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analysis of homogenates of different parts of liver 
tissues (Figure 4C) and MALDI imaging at 100 μm 
(Figure S7). Samples collected at 240 min after drug 
administration were selected as representative tissue 
samples for validation. Statistical analyses of the rela-
tive amount of tetrandrine in segment 1 and 2 showed 
that no significant difference was observed in apical 
and bottom region of liver sections. Additionally, the 
ion images obtained at 400 µm (Figure 4B) and 100 
μm (Figure S7) show similar distribution pattern, 
confirming the relatively homogenous distribution 
pattern of tetrandrine in liver tissues. 

Previous studies demonstrated that dimethyl-
ated tetrandrine shares similar pharmacological 
activities with the parent drug tetrandrine [46-48]. In 
this work, the demethylated tetrandrine is generated 
following the exposure of tetrandrine and reaches the 
maximum concentration 4 h after injection (Figure 
S8C). Therefore, accumulation of demethylated 
tetrandrine in liver may enhance the efficacy of the 
parent drug. On the other hand, the possible 
increased risk of liver injury may occur, since 
demethylated metabolite of tetrandrine was reported 
to reduce the hepatocyte viability [30]. 
Kidney 

Kidney is a highly heterogeneous organ 
responsible for drug excretion. Overall MALDI MSI 
and LC-MS/MS measurements of TCC show a similar 

trend of tetrandrine in kidney, reaching Tmax in 30 min 
(Figure 2). Tetrandrine is observed in renal tissue 10 
min after administration and excreted rapidly via the 
renal system. The rat kidney consists of several tissue 
zones including cortex, medulla, pelvis, and hilum. In 
Figure 5A, the heterogeneous spatio-temporal 
distribution of tetrandrine was observed in kidney, 
which was mainly distributed in pelvis, medulla, and 
cortex. At 10 min, the tetrandrine was mainly detected 
in cortex and hilum. Subsequently, the distribution of 
tetrandrine spread to medulla and pelvis region. At 60 
min, tetrandrine was mainly confined in the cortex 
and hilum regions. Furthermore, samples collected at 
60 min were selected for 3-dimensional (3D) imaging 
considering that 3D cellular organization is typical of 
living organs. 3D MALDI imaging was performed by 
serial sectioning of dosed kidney sample followed by 
2D imaging analysis of each section. In Figure 5B, 
seven slices of kidney were sectioned from the outside 
to the middle of the half kidney with 300 μm distance 
between the sister sections, and orderly displayed 
from outside to central part. The rightmost 3D volume 
reconstructed ion image confirmed that tetrandrine 
was mainly distributed in the cortex of kidney at 60 
min. The MS imaging results suggest that the 
tetrandrine remained in renal cortex at a relatively 
high level may cause potential renal injury [31, 40]. 

 

 
Figure 5. MALDI MS imaging analysis of the tetrandrine distribution in kidney tissues after i.v. administration. (A) H&E staining of tissue sections obtained at different time points 
(top) and MALDI images represent the spatio-temporal distribution of tetrandrine across kidney tissue sections (bottom). (B) 3D MALDI MS imaging of tetrandrine in kidney (60 
min post-dose). 
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Figure 6. MALDI MS imaging analysis of the tetrandrine distribution in spleen tissues after i.v. administration. H&E staining of tissue sections obtained at different time points 
(top) and MALDI images represent the spatio-temporal distribution of tetrandrine across spleen tissue sections (bottom). 

 

Spleen  
Spleen as the largest secondary lymphoid organ, 

playing a significant role in erythrocytes and the 
immune system. However, investigations of drug 
PK/PD behaviors and spatial tissue distribution in 
spleen are still rarely investigated [49]. Initially, TCC 
correlation analysis was performed, showing a 
significant correlation between MALDI MSI and 
LC-MS/MS measurements. As shown by H&E 
staining (Figure 6), three major functional zones of the 
spleen are tunica serosa, the hematogenous red pulp 
and the lymphoid white pulp [50]. The ion images 
suggest that tetrandrine can penetrate tunica serosa 
and accumulate in red and white pulp regions, and 
concentrations continue to increase until 240 min with 
no indication of decrease. In previous studies, the Tmax 
of tetrandrine occurred at 4.5 h post-dose in spleen 
longer than those in other tissues, and the uptake 
efficiency of tetrandrine were higher in spleen than 
other tissues [38]. Tetrandrine was proved to increase 
prostaglandin E2 (PGE2) secretion in mesenchymal 
stem cells. It may likely activate the secretion of PGE2 
in spleen resulting in inflammation and other side 
effects. On the other hand, it may be developed as a 
potent immunosuppressive agent targeting spleen 
[51]. 

Heart 
Investigation of heart-specific spatio-temporal 

distribution is important to assess its potential 
cardiovascular side effects. MALDI MSI and 
LC-MS/MS measurements of TCC reveal a similar 
trend of tetrandrine in heart (Figure 2). Previous 
studies showed that the half-life (t1/2) of tetrandrine in 
blood and heart was generally similar after i.v. 
administration, and rapidly excreted from heart [38]. 
In Figure 7A, the most abundant drug was distributed 
in the apex region at 10 min and 30 min time points. 
Similarly, we performed LC-MS/MS analysis of 
homogenates of different parts of heart tissues (Figure 
7B) and MALDI imaging at 100 μm (Figure S7) to 
confirm the heterogeneous distribution of tetrandrine 
in heart. Samples collected at 10 min after drug 
administration were selected as representative tissue 
samples for validation. Results of LC-MS/MS analysis 
were consistent with MALDI imaging. That is, the 
relative amount of tetrandrine was significantly 
higher at the apex region compared to the rest of heart 
regions. Additionally, the ion images obtained at 400 
µm (Figure 7A) and 100 μm (Figure S7) show a 
similar distribution pattern, confirming the 
heterogeneous distribution pattern of tetrandrine in 
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heart tissues. Tetrandrine has been demonstrated as 
an ion channel blocker with high binding affinity to 
calcium channels (Ca2+) [52]. Previous studies 
demonstrated that CaV1.2 was expressed in both the 
atria and ventricles of rat heart, however, the CaV1.2 
message is more abundant in ventricle than in atria 
[53]. Therefore, heterogeneous distribution of 
tetrandrine in rat heart visualized by MALDI MS 
imaging may be correlated with the tissue-specific 
distribution of calcium channels. Additionally, 
although heart can be a potential tetrandrine targeting 
organ, the compound might require chemical 
structure modification to improve the bioavailability 
and enhance the effect of the drug with a single dose. 

Conclusions  
Many pharmacological properties of tetrandrine 

have been extensively investigated, whereas spatio- 
temporal distribution of tetrandrine is seldom 
interrogated. In this study, tetrandrine was 
quantitatively imaged in multiple rat organs with 
MALDI MS imaging. Normalizing drug ion signal 
against an appropriate internal standard is a 
straightforward method to compensate for ion 
suppression, matrix effects, and variances in tissue 
morphology. Furthermore, the developed quantita-
tive MSI results were validated by quantitative 
LC−MS/MS, which showed a strong correlation 
between measurements from two methods. 

Plasma levels of the drug and its metabolites 
often provide discrepant information on drug 
exposure at target organs and are not always 
sufficient for accurate interpretation and 
understanding of drug penetration, accumulation and 
elimination from organs. In this work, only lung and 
heart TCC show a similar trend as measured blood 

TCC. Therefore, the spatially resolved drug 
quantitation acquired by MALDI MSI in lung, liver, 
kidney, spleen, and heart can provide significant 
information complementary to that acquired by 
traditional LC-MS/MS of tissue homogenates and 
WBA methods. With MSI results we can investigate 
further how tetrandrine exert its desired activity in 
target tissues and possibly overcome the 
shortcomings of tetrandrine such as poor 
bioavailability by chemical structure modifications, 
and enhance the effectiveness for the treatment of 
silicosis, hypertension, inflammation and lung cancer.  
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