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Medium; HBSS, Hanks' balanced salt solution; MDR1, multidrug resistance protein 1; 

MPP
+
, 1-methy1-4-phenylpyridinium; L-Car, l-carnitine; OCT1, organic cation 

transporter 1; OCT3, organic cation transporter 3; OCTN1, carnitine/organic cation 

transporter 1; OCTN2, carnitine/organic cation transporter 2; PB, protein binding; 

PMAT, plasma membrane monoamine transporter; qRT-PCR, quantitative reverse 

transcription polymerase chain reaction; THP, levo-tetrahydropalmatine. 
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Abstract  

Dehydrocorydaline (DHC), one of the main active components of Corydalis 

yanhusuo, is an important remedy for the treatment of coronary heart disease. Our 

previous study revealed a higher unbound concentration of DHC in the heart than 

plasma of mice after oral administration of Corydalis yanhusuo extract or DHC, but 

the underlying uptake mechanism remains unelucidated. In our investigations, we 

studied the transport mechanism of DHC in transgenic cells, primary neonatal rat 

cardiomyocytes, and animal experiments. Using quantitative real-time PCR 

(qRT-PCR) and western blotting, we found that uptake transporters expressed in the 

mouse heart include organic cation transporter 1/3 (OCT1/3) and carnitine/organic 

cation transporter 1/2 (OCTN1/2). The accumulation experiments in transfected cells 

showed that DHC was a substrate of OCT1 and OCT3, with Km of 11.29 ± 2.0 and 

8.96 ± 3.3 μM, respectively, but not a substrate of OCTN1/2. Additionally, a higher 

efflux level (1.71-fold of MDCK-mock) of DHC was observed in MDCK-MDR1 

cells than in MDCK-mock cells. Therefore, DHC is a weak substrate for MDR1. 

Studies using primary neonatal rat cardiomyocytes showed that OCT1/3 inhibitors 

(quinidine, decynium-22, and levo-tetrahydropalmatine) prevented the accumulation 

of DHC, while OCTN2 inhibitors (mildronate and l-carnitine) did not affect its 

accumulation. Moreover, the co-administration of OCT1/3 inhibitors 

(levo-tetrahydropalmatine, THP) decreased the concentration of DHC in the mouse 

heart. Based on these findings, DHC may be accumulated partly by OCT1/3 

transporters and excreted by MDR1 in the heart. THP could alter the distribution of 
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DHC in the mouse heart.  
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Significance Statement 

We reported the cardiac transport mechanism of dehydrocorydaline, highly 

distributed to the heart after oral administration of Corydalis yanhusuo extract or 

dehydrocorydaline only. Dehydrocorydaline (an OCT1/3 and MDR1 substrate) 

accumulation in primary cardiomyocytes may be related to the transport activity of 

OCT1/3. This ability, hampered by selective inhibitors (THP, an inhibitor of OCT1/3), 

causes nearly 40% reduction in exposure of the heart to dehydrocorydaline. These 

results suggest that OCT1/3 may contribute to the uptake of dehydrocorydaline in the 

heart.  

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 28, 2020 as DOI: 10.1124/dmd.120.000025

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


7 

 

Introduction 

Dehydrocorydaline (DHC) is one of the main active alkaloids in Corydalis 

yanhusuo, an important traditional remedy used for the treatment of cardiovascular 

diseases and analgesia (Huang et al., 2010; Wei et al., 2017; Liu et al., 2019). DHC 

constitutes 8%–10% of the total alkaloids (Wu et al., 2014), and when employed in 

the treatment of myocardial ischemia-reperfusion injury (MI/RI), dilates the coronary 

arteries and reduces oxygen consumption (Iranshahy et al., 2014; Yang et al., 2014; 

Tan et al., 2019). The protective effect of DHC on MI/RI may be mediated by 

reducing the incidence of anoxia reperfusion arrhythmia, prolonging the duration of 

sinus rhythms, and inhibiting the release of LDH from cardiomyocytes (Zhao et al., 

2003; Li et al., 2010). In addition, the inhibition of myocardial ischemia by DHC may 

be related to the inhibition of plasma endothelin I activity, antioxidant free radical 

damage, superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) (Grube 

et al., 2011). 

 According to pharmacokinetics, DHC is widely distributed in various tissues of 

the body, with the highest concentration in the liver (Dou et al., 2012). Furthermore, 

previous tissue distribution experiments of Corydalis yanhusuo alkaloids in our 

laboratory showed a higher concentration of DHC in the liver, kidney, and heart. 

Radiometry and autoradiography revealed that DHC was subjected to the first-pass 

effect in the liver and was mainly distributed in the liver and kidney after oral 

administration of 
14

C-dehydrocorydaline to rats (Fujii et al., 1984). Metabolite 

analysis suggested that DHC was metabolized by O-demethylation, followed by 
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glucuronidation or sulfation (Fujii et al., 1984; Guan et al., 2017), but the metabolic 

enzymes of DHC has not yet been elucidated.  

The Free Drug Hypothesis states that drug molecules bind to proteins and lipids 

in the blood and tissues, leaving only the free drug concentration at the site of action, 

for target engagement (Smith et al., 2010; Zhang et al., 2019). Since direct 

measurement of the free drug concentration is challenging, it is typically obtained 

indirectly by measuring the protein binding and total drug concentration. The ratio of 

free tissue drug concentration (Cu,t) to free plasma drug concentration (Cu,p) at steady 

state (Kp,uu) will equal 1 when the drug is only in the presence of passive diffusion. 

Alternatively, when metabolism or transport is involved in tissue distribution of the 

drug, Kp,uu ≠ 1. 

The chemical structure of the DHC is shown in Fig. 1. The log P value of DHC at 

pH 5.5 is -0.71 (Iranshahy et al., 2014). DHC generally exists as an organic cation 

under physiological conditions and is similar in structure to several quaternary 

alkaloids such as coptisine and berberine, which are substrates of organic cation 

transporter 1/3 (OCT1/3) (Li et al., 2016). Therefore, we speculated that transporters 

might play an important role in determining DHC distribution in the heart. 

Previous studies have reported that uptake transporters, including OCT3, 

carnitine/organic cation transporter 1/2 (OCTN1/2), plasma membrane monoamine 

transporter (PMAT), and organic anion transporting polypeptides (OATPs), are 

expressed in the human heart (Klaassen and Aleksunes, 2010; Solbach et al., 2011; 

Hausner et al., 2019). However, there are no reports of studies on OCT1 protein 
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expression in the heart. Efflux transporters are also potentially important factors that 

modify the cardiac concentration of drugs. Transporters are not only important 

carriers but also may be important participants in heart disease (Koepsell, 2020), 

having drug target potentials (Yang et al., 2007; Solbach et al., 2011).  

Based on the expression of cardiac transporters and the structural characteristics 

of DHC, this study aimed to investigate and clarify the underlying accumulation 

mechanisms of DHC in the heart.
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Materials and methods 

Materials 

Dehydrocorydaline (Pubchem CID: 34781; purity ≥ 98%) was purchased from 

Nanjing Guangrun Biological Products Co., Ltd. (Nanjing, China). Corydalis 

yanhusuo extract (T151202; HPLC-DAD chromatogram presented in supplemental 

Fig.1) was kindly supported by Zhejiang Conba Pharmaceutical Co., Ltd. (Hangzhou, 

China). Levo-tetrahydropalmatine (THP), l-carnitine (L-Car) and quinidine were 

purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). MPP
+
 

(1-methy1-4-phenlpyridinium), 5-bromodeoxyuracil, loratadine, decynium-22, 

collagenase I and rhodamine 123 were obtained from Sigma-Aldrich (St. Louis, MO). 

Verapamil hydrochloride was purchased from the National Institutes for Food and 

Drug Control (Beijing, China). Dulbecco’s Modified Eagle’s Medium (DMEM), 

DMEM-F12, fetal bovine serum (FBS) and trypsin were purchased from Thermo 

Fisher Scientific (Waltham, MA). RIPA lysis buffer, loading buffer, primary antibody 

dilution buffer and BCA protein assay kits were purchased from Beyotime Institute of 

Biotechnology (Nanjing, China). Antibodies against OCT1 (species reactivity: human, 

mouse and rat; catalog #ab178869; 76 KDa) and PMAT (species reactivity: human 

and rat; catalog #ab56554; 58 KDa) were purchased from Abcam (Cambridge, MA). 

Antibodies against OCT3 (species reactivity: human, mouse and rat; catalog 

#TA322212S; 61 KDa) were obtained from Origene Technologies Inc. (Rockville, 

MD). Antibodies against OCTN1 (species reactivity: human, mouse and rat; catalog 

#ab9739-050; 62 KDa), glyceradehyde-3-phosphate dehydrogenase (GAPDH) 
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antibody, and the anti-rabbit and anti-mouse secondary antibodies were obtained from 

Multi Sciences (Lianke) Biotech Co., Ltd. (Hangzhou, China). Antibodies against 

OCTN2 (species reactivity: human, mouse and rat; catalog #SAB4300885; 65 kDa) 

were obtained from Sigma-Aldrich. Other chemicals or solvents were the highest 

grade available commercially. 

Ultrafiltration protein binding studies 

The protein binding (PB) of DHC was determined by an ultrafiltration method, 

with minor modifications (Kamal et al., 2009). 

Plasma protein binding studies: Blank mice plasma (6–8 weeks, male) was 

spiked with DHC to produce 0.1, 1, and 10 μM concentrations. A 0.3 mL aliquot of 

each standard was added to a disposable Microcon YMT-30 centrifugal filter device 

(Millipore, Billerica, MA) using an anisotropic hydrophilic membrane that excluded 

molecules greater than 30 kDa. The device was capped and centrifuged at 1800 × g 

for 25 min at 37 °C. The protein-free ultrafiltrate was collected for each sample, the 

remaining plasma in the ultrafiltration tube discarded, and the tube rinsed 10 times 

with pure water. The filter membrane with acetonitrile was repeatedly rinsed thrice. 

The nonspecific binding rate of DHC was calculated by measuring the quantity of 

DHC in the mixed membrane washing liquid acetonitrile. The unbound fraction in the 

plasma was calculated as the ratio of DHC concentration in the ultrafiltrate to that in 

the original plasma standard. LC-MS/MS was used to determine the quantity of DHC 

in the samples. 

Heart tissue protein binding studies: One gram of heart tissue obtained from 
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6–8 weeks old male mice was homogenized with 4 mL of solvent (distilled water). 

The blank heart homogenate was spiked with DHC to produce 0.1, 1, and 10 μM 

concentrations. Other steps are the same as in the plasma protein binding studies. 

LC-MS/MS was used to determine the quantity of DHC in the samples. 

Animals  

Male ICR mice (weighing 18-20 g, 6-8 weeks) were purchased from the 

Experimental Animal Center of the Zhejiang Academy of Medical Sciences 

(certificate number SCXK 2019-0002; Hangzhou, China) and housed in Zhejiang 

University Laboratory Animal Center. The animals were housed in cages at a 

controlled temperature (22.0 ± 1℃) and humidity (50–60%) with a 12-hour light/dark 

cycle and free access to food and water throughout the day. The studies were 

approved by the Institutional Animal Care and Use Committee of Zhejiang University 

(No. 12626). All animal procedures were performed in accordance with the Public 

Health Service Policy on Humane Care and Use of Laboratory Animals 

(http://grants1.nih.gov/grants/olaw/references/phspol.htm).  

Tissue distribution experiments were performed according to a preset plan, and 

the sample sizes did not change during the experiments. Forty-eight male mice were 

randomly allocated to six groups (8 mice each) and allowed to acclimate to the 

facilities for a week before being fast, with free access to water for 12 h before the 

experiments. Corydalis yanhusuo extract (1.75 g·kg
-1

) group and DHC (25 mg·kg
-1

) 

group had the same dosage of DHC. The extract and DHC were suspended in 0.5% 

aqueous solution of carboxymethyl cellulose sodium (CMC-Na) and administered to 
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the mice by gavage. Blood and hearts were collected 15, 30, and 60 minutes after 

treatment. Plasma was collected immediately after centrifugation at 8000 × g for 10 

min. All samples were stored at -80°C until further analysis.   

The effect of THP on the cardiac uptake of DHC was explored according to a 

preset plan. Eighteen male mice were randomly assigned to 2 groups (9 mice each) 

for the study. DHC (0.6 mg/mL) or THP (2 mg/mL) was formulated by dissolving 

either of them in 0.1% DMSO, 5% Solutol
®
 HS-15, 2.5% absolute ethanol, and 

physiological saline, and then the solution was properly mixed. The control group was 

treated with a single tail vein injection of DHC at a dose of 6 mg·kg
-1

. In the THP 

group, THP (15 mg·kg
-1

)
 
and DHC (6 mg·kg

-1
) were administered at the same time. 

Blood and tissues were collected 15 min after administration. All samples were 

collected and stored at − -80 °C until further analysis. 

Real-time reverse-transcription polymerase chain reaction 

Total RNAs were extracted from tissues (n=6) and primary cells (n=6) using the 

RNA simple Total RNA Kit (DP419; Tiangen Biotech Co., Ltd., Beijing, China). Then, 

cDNAs were synthesized using a PrimeScript RT reagent Kit (Takara, Tokyo, Japan). 

The amplification reactions were detected with a StepOne plus Real-Time PCR 

system using SYBR Premix Ex Taq II (Takara, Japan). Relative expression of the 

target mRNAs was normalized to the housekeeping gene GAPDH. The ∆Ct method 

was used to calculate the result, described as 2
-∆Ct

, ∆Ct= Ct target – Ct GAPDH. And 

relative expression of a target gene was expressed as a fold of control, which was 

calculated using the following equation: fold of control = 2
−∆∆Ct

, where ∆∆Ct = ∆Ct 
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(sample) − ∆Ct (control). The specific primers for qRT-PCR are listed in Supplemental 

Table 1. 

Western blot assay 

Heart tissues were lysed in RIPA lysis buffer (Beyotime Biotechnology) 

containing protease inhibitors, and protein concentrations were measured using BCA 

protein assay kits (Beyotime Biotechnology). After mixing the samples with loading 

buffer (P0015; Beyotime Biotechnology) and boiling at 100°C for 10 minutes, protein 

extracts (50 μg) from each sample were separated using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SD-PAGE; Bio-Rad, Hercules, CA) and 

transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Burlington, 

MA). The membranes were blocked with 5% skim milk and then incubated with one 

of the following primary antibodies with the primary antibody dilution buffer 

overnight at 4°C: anti-OCT1 (1:1000), anti-OCT3 (1:1000), anti-OCTN1 antibody 

(1:1000), anti-OCTN2 antibody (1:1000), anti-PMAT (1:1000) or anti-GAPDH 

antibody (1:5000). On the next day, membranes were washed 6 times with 

Tris-buffered saline/Tween 20 and incubated with the secondary antibody (1:5000) for 

2 hours at room temperature. After 6 washes with Tris-buffered saline/Tween 20, 

membranes were visualized using the enhanced chemiluminescence (ECL) kit and 

G-BOX Chemiluminescence Imager (LI-COR, Lincoln, NE). 

Cell Culture 

Madin–Darby canine kidney (MDCK) cells were obtained from Peking Union 

Medical College (Beijing, China). The cells were stably transfected with the 
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full-length hOCTN1 cDNA (MDCK-hOCTN1, GenBank accession number 

NM_003059.2), hOCTN2 cDNA (MDCK-hOCTN2, NM_003060.3), hOCT1 cDNA 

(MDCK-hOCT1, NM_003057), hOCT3 cDNA (MDCK-hOCT3, NM_021977.3), and 

hMDR1 cDNA (MDCK-hMDR1), established by our research team (Tu et al., 2013; 

Sun et al., 2014; Weng et al., 2016; Sun et al., 2019). The mRNA expression, protein 

expression, and function of MDCK-hMDR1 cells were confirmed by quantitative 

real-time PCR (qRT-PCR), western blotting, and uptake study. The functional 

verification of transgenic cells is shown in supplemental Fig. 2. We used MPP
+
 as the 

positive control of OCT1/3; ergothioneine as OCTN1’s positive control; L-car as 

OCTN2’s positive control; Serotonin as PMAT positive control; and Rho123 as 

MDR1’s positive control. 

MDCK cells were cultured in DMEM supplemented with 10% FBS and 100 

U·mL 
-1

 penicillin-streptomycin at 37℃ in a humidified atmosphere containing 5% 

CO2. Primary neonatal rat cardiomyocytes were cultured in DMEM-F12 

supplemented with 10% FBS, 100 U·mL
-1

 penicillin, and streptomycin in a 

humidified 5% CO2 atmospheric air at 37 °C. 

Cellular experiments 

MDCK cells stably overexpressing human transporters and vector control cells 

were seeded in 24-well plates at a density of 2 × 10
5
 cells/well. Accumulation studies 

were performed after three days of cell culture using the methods developed by our 

research team (Bai et al., 2017; Ma et al., 2017). The medium was removed and the 

cells were washed twice with Hanks' balanced salt solution (HBSS), pre-incubated at 
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37 °C for 10 min, to determine whether DHC is the substrate of OCT1, OCT3, 

OCTN1, OCTN2, and PMAT. The accumulation of DHC was initiated by adding 

HBSS containing DHC in a range of concentrations with or without inhibitors. 

Quinidine is an inhibitor of OCT1 and OCTN1 (Li et al., 2014); decynium-22 is an 

inhibitor of OCT1/3 and PMAT (Koepsell et al., 2007; Fraser-Spears et al., 2019); 

THP is an inhibitor of OCT1/3 (Tu et al., 2013; Li et al., 2014) and MDR1(Sun et al., 

2012); verapamil is an inhibitor of OCT1/3 (Solbach et al., 2011; Bexten et al., 2015), 

OCTN1 (Koepsell et al., 2007) and MDR1(Zhang and Benet, 1998); meldonium and 

L-Car are inhibitors of OCTN2 (Koepsell et al., 2007; Dambrova et al., 2013) 

(Supplemental Table 2). The uptake procedure was allowed for 3 min and stopped by 

removing the incubation buffer and quickly adding ice-cold buffer (PBS: 135 mM 

NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, and 8 mM K2HPO4, pH 7.2) at the indicated 

time points. Then, the cells were washed thrice with ice-cold buffer (PBS) and lysed 

with 100 μL of 0.1% sodium dodecyl sulfate. 

The methods used for the assessment of DHC accumulation in primary neonatal 

rat cardiomyocytes at 4 °C or 37 °C were the same as those used in the MDCK cells.  

Cell experimental results were collected and analyzed from the last two independent 

in vitro experiments performed in triplicate according to a preset plan. 

Permeability assays 

MDCK-mock and MDCK-MDR1 cells were seeded on Transwell® clear 

polyester membrane inserts (Corning Coster Corp., Acton, MA) in 12-well plates at a 

density of 2 × 10
6 

cells/well. The medium was changed every 2 days and cell 
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monolayers were ready for experiments from 5 to 7 days after seeding. Transepithelial 

electrical resistance-values (TERR values), measured by the Millicell-ERS 

Voltohmmeter (Millipore Corp., Billerica, MA) were required to exceed 200 Ω/cm
2 
to 

ensure the integrity of the monolayer during the whole experiment. Simultaneously, 

the apparent permeability coefficient (Papp) of lucifer yellow must be less than 0.5 × 

10
−6

 cm/s. The monolayers of MDCK-mock and MDCK-MDR1 cells were washed 

three times with HBSS and pre-incubated with or without verapamil (100 μM), the 

MDR1 inhibitor, for 30 min at 37 °C. Transport studies were initiated by loading the 

DHC or rhodamine 123 HBSS solution into the donor compartment. Samples (100 μL) 

were removed from the receiver compartment at 10, 20, 30, 60, and 120 min after 

loading, and fresh transport medium was immediately added to replenish the wells. 

The concentrations of rhodamine 123 (excitation wavelength [λex], 485 nm; 

emission wavelength [λem], 535 nm) were measured using a microplate reader 

(Molecular Devices Corporation, Sunnyvale, CA, USA). The concentrations of DHC 

were determined using liquid chromatography-tandem mass spectrometry 

(LC-MS/MS).  

The apparent permeability coefficient (Papp) was used as a transport index and 

was determined as Papp = dQ/(dt·A·C0), where dQ/dt is the linear appearance rate of 

mass in the receiver compartment during sink conditions, A is the surface area of the 

monolayer, and C0 is the initial donor concentration. The efflux ratio (ER) was 

determined using the equation: Efflux ratio = Papp (BL-AP)/Papp (AP-BL). Papp (BL-AP) is the 

Papp in the secretory direction from the basolateral side to the apical side. Papp (AP-BL) is 
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Papp in the absorptive direction from the apical side to the basolateral side. 

Isolation of primary neonatal rat cardiomyocytes 

Methods for isolating cardiomyocytes have improved, according to the literature 

(Vandergriff et al., 2015). Primary neonatal rat cardiomyocytes are generally isolated 

from rats that are 1-3 days old, but the sex is unknown. After the neonatal rats were 

disinfected with 75% alcohol, the heart was quickly removed and the ventricle was 

excised. The solution of chopped ventricular tissue was transferred to a new tube and 

digested with 0.05% collagenase I and 0.03% trypsin. The obtained cells were 

cultured in DMEM/F12 at 37 ℃ in a 5% CO2 incubator for 1.5 hours, and then the 

unattached cardiomyocytes were transferred to a new culture dish. 

5-Bromodeoxyuracil was added at concentration of 0.1 mmol·L
-1 

to inhibit the 

proliferation of fibroblasts, and the medium replaced with fresh medium after 48 

hours. The cardiomyocytes gradually protruded from the pseudopod and exhibited 

irregular shapes, such as triangles and polygons, interwoven into a network. 

Sample processing and quantitative determination using LC-MS/MS 

The LC-MS/MS method for analyzing DHC has been described in our previous 

report (Du et al., 2018). 

The cell lysate (60 μL) was mixed with 180 μL of acetonitrile containing the 

internal standard (100 ng·mL
-1

 loratadine). The mixture was vortexed for 5 min and 

centrifuged at 13000 rpm for 15 min. The supernatant was transferred to an 

auto-sampler vial, and an aliquot of 5 μL was injected into the Agilent 1290/6460 

HPLC–MS/MS system with a triple quadrupole mass spectrometer (Agilent 
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Technologies, Santa Clara, CA, USA) for analysis.  

Tissue samples were removed from −80 °C storage and homogenized with 0.8 

mL acetonitrile/water mixed liquor (75:25, v/v) for 4 min. Then, 200 μL homogenate 

was vortexed with 500 μL of acetonitrile/acetone (90:10, v/v) internal standard (100 

ng·mL
-1

 loratadine) for 6 min. The mixture was then centrifuged at 13000 rpm for 15 

min. Then, 500 μL of supernatant was transferred to another Eppendorf tube and 

volatilized to dryness at 40 °C with a vacuum concentrator system (LABCONCO, 

Kansas City, MO, USA). The residue was reconstituted in 100 μL of acetonitrile/water 

(30:70, v/v) containing 0.1% formic acid by vortexing for 6 min, and centrifuged at 

13,000 rpm for 15 min. The supernatant was transferred to an auto-sampler vial, and 

an aliquot of 5 μL was injected for analysis. 

DHC was quantified by Agilent 1290/6460 LC-MS/MS for all transport 

experiments. Chromatographic separation was performed on a ZORBAX Eclipse 

plus-C18 column (2.1 × 50 mm, 3.5 μm, Agilent Technologies) maintained at 35 °C, 

with a flow rate of 0.2 mL/min. Mass spectrometry analysis was performed using an 

ESI source in positive ion mode and the ion pair DHC at m/z 366.1→350.1 and 

loratadine at m/z 383.1→267.1. Assays used to determine the DHC concentration 

were validated according to the FDA guidelines, and all items met these requirements. 

Data analysis 

According to the Michaelis–Menten equation V = Vmax/ (1 + (Km/[S])), the 

Michaelis–Menten constant Vmax and Km (Fig. 4) were obtained using GraphPad Prism 

5.0 software (GraphPad Software Inc., San Diego, CA), where V is the absorption rate 
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and S is the substrate concentration. The specific calculation method is consistent 

with the literature (Yu et al., 2013; Zeng et al., 2019). Kinetic studies were performed 

with a series concentration of DHC after 3 min incubation, and the background counts 

of mock-transfected cells were subtracted from the data. Protein binding was 

determined as the protein binding (%) = 1 - Cf / Ct × (1 + P%), where Cf is the free 

concentration, Ct is the total concentration, and P% is the nonspecific binding of the 

centrifugal ultrafiltration device. Data is reported as mean ± standard deviation (SD) 

from at least two independent in vitro experiments performed in triplicate (n = 3). 

Unpaired Student’s t-test was used to compare the differences between two groups 

(Fig. 6), and one-way analysis of variance (ANOVA) followed by Dunnett’s multiple 

comparison post-hoc test were used to evaluate the statistical significance of 

differences among groups (Fig. 3 and Fig. 5). P values < 0.05 were considered 

statistically significant. 
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 Results 

The protein binding of DHC with mouse plasma and heart. 

The ultrafiltration studies showed a high protein binding (PB: 88.50% ± 1.0%, 

Table 1) of DHC across the relevant plasma concentrations of 0.1–10 μM. The protein 

binding of DHC with the concentrations of 0.1–10 μM was 58.89% ± 8.6% in the 

heart. Quinidine (10 μM; PB: 74.01%) was used as a positive control, which is 

consistent with existing reports (Fremstad et al., 1979).  

Dehydrocorydaline (DHC) was highly concentrated in the mouse heart 

The scope of this research was to explore the accumulation of DHC in the mouse 

heart after oral administration of Corydalis yanhusuo extract (1.75 g·kg
-1

) containing 

DHC (25 mg·kg
-1

) or only DHC (25 mg·kg
-1

) administration. DHC was rapidly 

distributed to the heart and reached a higher concentration, measured at 15 min, 

regardless of the substance administered (Corydalis yanhusuo extract or DHC). The 

heart-to-plasma ratio (Kp,uu) of DHC was 603, 114, and 72 times at 15, 30, and 60 min 

after oral administration of Corydalis yanhusuo extract (Table 2). When the animals 

were administered DHC, the ratios at the same time points were 23, 146, and 37 times 

(Table 2). Importantly, the free concentrations of DHC in the heart were higher than 

the concentrations in the plasma.  

Oct1, Oct3, Octn1, Octn2 and Pmat are expressed in mouse or rat heart 

We confirmed the expression levels of Oct1, Oct3, Octn1, Octn2, Pmat mRNAs, 

and proteins in the mouse and rat heart using qRT-PCR (Fig. 2A) and western blotting 

(Fig. 2B and 2C), to study the mechanism of DHC uptake in the heart. The Oct1, Oct3, 
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Octn1, and Octn2 mRNAs were expressed at high levels in the mouse heart, whereas 

higher expression of Pmat mRNA was observed in the rat heart than in the mouse 

heart. Western blotting revealed the levels of OCT1, OCT3, OCTN1, and OCTN2 

proteins in the mouse heart and PMAT protein in the rat heart. Liver tissue served as a 

positive control for each transporter protein.  

Although Oct1 mRNA expression was weak, western blotting experiments 

(supplemental Fig. 3) still revealed the expression levels of the OCT1 proteins in the 

rat heart.  

DHC was a substrate of OCT1 and OCT3, but not of OCTN1, OCTN2, and 

PMAT 

We evaluated the accumulation of DHC using transgenic cell models to identify 

the transporters that contributed to the transmembrane transport of DHC. As shown in 

Fig. 3, the accumulation of DHC in MDCK-hOCT1 and MDCK-hOCT3 cells was 

nearly 20-fold and 2.1-fold higher than in mock cells (Fig. 3A and 3B). Nevertheless, 

these changes were suppressed by verapamil (100 μM, an inhibitor of OCT1) and 

decynium-22 (10 μM, an inhibitor of OCT3). Thus, DHC may be a substrate of OCT1 

and OCT3. However, the accumulation of DHC was not altered in MDCK-hOCTN1/2 

and MDCK-hPMAT cells compared with MDCK-mock cells (Fig. 3C, 3D, and 3E). 

Therefore, the Michaelis–Menten equation was further used to determine the typical 

dynamics of DHC in MDCK-hOCT1 and MDCK-hOCT3 cells. The Km values were 

11.29 ± 1.9 and 8.96 ± 3.2 μM and Vmax values were 3.314 ± 0.18 and 0.3558 ± 0.045 

μmol/mg protein/min in MDCK-hOCT1 and MDCK-hOCT3 cells (Fig. 4A and 4C). 
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The capacity of MDCK-hOCT1 cells to transport DHC was higher than 

MDCK-hOCT3 cells, with the Clint (Vmax/ Km) of 293.5 and 39.67 ml/ mg protein/min. 

Thus, DHC was a substrate of OCT1 and OCT3, but not OCTN1, OCTN2, or PMAT. 

OCT1/3 may participate in the accumulation of dehydrocorydaline (DHC) in 

primary neonatal rat cardiomyocytes 

The concentration- and time-dependent accumulation of DHC was analyzed in 

primary neonatal rat cardiomyocytes to further assess the carrier-mediated uptake of 

DHC in the heart. As shown in Fig. 5A and 5B, DHC accumulated in cardiomyocytes 

at higher levels at 37°C than at 4°C. The results confirmed that transporters contribute 

to the transmembrane movement of DHC in primary neonatal rat cardiomyocytes. 

Furthermore, the accumulation of DHC in cardiomyocytes was inhibited by quinidine, 

decynium-22, THP, and verapamil, but not mildronate and L-Car (Fig. 5C-G). 

Quinidine, decynium-22, THP, and verapamil are selective inhibitors of OCT1/3 

while mildronate and L-Car are selective inhibitors of OCTN2. Therefore, we 

speculate that OCT1 and OCT3 may contribute to the uptake of DHC in primary 

neonatal rat cardiomyocytes. 

DHC is a weak substrate of MDR1 

A statistical comparison of the Papp values in MDCK-mock and MDCK-MDR1 

cells is presented in Table 3. The Papp (B-A) and Papp (A-B) values of DHC in 

MDCK-mock cells were 3.27 × 10
−6 

cm/s and 2.93 × 10
−6 

cm/s, implying that DHC 

displayed a moderate level of penetration. Regarding the transport of DHC, the efflux 

rates (ER) in MDCK-MDR1 cells were higher than the corresponding values in 
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MDCK-mock cells. Moreover, verapamil, a classic inhibitor of MDR1, inhibited 

efflux transport, and the efflux rate (ER=Papp (B-A) / Papp (A-B)) decreased from 1.71- to 

0.86-fold. The transcellular transport of rhodamine 123 in MDCK-MDR1 cells 

produced an ER greater than 2.0-fold, indicating that the overexpression of P-gp in 

MDCK-MDR1 cells supported our experiment. The results described above showed 

that MDR1 might be related to DHC efflux transport in the cells. 

Co-administration of THP reduced the accumulation of DHC in the mouse heart 

THP, an inhibitor of OCT1 (IC50: 13.9±2.2 μM) and OCT3 (IC50: 9.42±0.37), 

was used for clarification of the OCT1/3 role in DHC uptake in the mouse heart. The 

concentration of THP in the heart was nearly 5165 ng/g (14.5 μM) 15 min after 

administration (Supplemental Table 3) while that of DHC (Fig. 6B) were 

approximately 40% lower than those in the control group treated with a similar DHC 

dose alone. The reduced accumulation of DHC in the heart may be attributed to the 

ability of THP to inhibit the functions of OCT1 and OCT3 in the mouse heart. 

However, the concentration of DHC in plasma was also reduced, potentially due to 

the increased concentrations of DHC in the liver and kidney (Fig. 6C and 6D). Animal 

experiments further showed that THP decreased DHC uptake in the heart, possibly by 

inhibiting OCT1 and OCT3. 
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Discussion 

Our studies elucidated DHC was highly concentrated in the mouse heart; 

OCT1/3 contribute to DHC accumulation in the heart; THP, inhibitor of OCT1/3, 

could alters the distribution of DHC in the mouse heart.  

A higher total concentration of DHC was observed in the mouse heart than in the 

mouse plasma after oral administration of Corydalis yanhusuo extract or DHC. Since 

direct measurement of free drug concentrations is challenging, it is typically obtained 

indirectly by measuring the protein binding and total drug concentration. The 

ultrafiltration studies showed a higher protein binding of DHC, across relevant 

concentrations of 0.1-10 μM (Table 1), in the plasma (PB = 88.50 ± 1.0%) than in the 

heart (PB = 58.89 ± 8.6%), revealing a high concentration of DHC in the mouse heart. 

The exact reasons for the differences between plasma and heart PB have not yet been 

identified, but we hypothesize that this may result from the different protein 

compositions in the plasma and heart. Albumin and acid glycoprotein (AGP), which 

account for 60% of the total plasma protein content, are the main sites for plasma 

drug-protein binding. The combination of drugs and plasma proteins affects the 

distribution, transport speed, action intensity, and elimination rate of the drug in the 

body.  

In this study, the expression of Oct1 mRNA and protein was observed in the 

mouse heart, and this is consistent with previous studies that have reported Oct1 

mRNA expression in the human heart (Koepsell, 2013). The amino acids of the OCT1 

protein are 82% – 96% similar in all species (Burckhardt and Wolff, 2000). Although 
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transporters are expressed at lower levels in the heart than in the liver, several 

transporters have been reported to be expressed in the human heart, such as OCT3, 

OCTNs, OATP2B1, MCT (monocarboxylate transporter), CNT and ENT 

(concentrative and equilibrative nucleoside transporters) (Zhu et al., 2010; Solbach et 

al., 2011; Kou et al., 2018; Tzvetkov et al., 2018; Sun et al., 2019). OCT3 was 

expressed in human cardiomyocytes and vascular endothelial cells (Klaassen and 

Aleksunes, 2010; Solbach et al., 2011). These transporters also play important roles in 

maintaining the homeostasis of cardiac metabolism and function. Considering the 

structural characteristics of DHC and its presence as a cation under physiological 

conditions, we only considered OCTs, OCTNs and PMAT transporters in the present 

study.  

OCTs have been widely recognized as one of the factors in drug disposition and 

drug-drug/herb interactions. For example, in Oct3 knockout mice (Zwart et al., 2001) 

the accumulation of MPP
+ 

(a classic substrate of OCT3) was markedly reduced in the 

heart. In this study, DHC was taken up partly by OCT1 and OCT3 in the transgenic 

cells (Fig. 3A and B). Moreover, DHC inhibited OCT1 and OCT3 at low IC50 values 

of 7.736 ± 0.56 and 1.326 ± 1.0 μM, respectively (Supplemental Fig. 4). Besides, the 

accumulation of DHC in primary neonatal rat cardiomyocytes was inhibited by 

quinidine, decynium-22, and THP, which were positively correlated with the 

concentrations (Fig. 5C, 5D, and 5E). The uptake of DHC was less inhibited at 40 µM 

verapamil compared to 10 and 20 µM. This may be because the higher concentration 

of verapamil also inhibited the function of the efflux transporter, resulting in a 
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reduction in the efflux of intracellular DHC. Regrettably, there were no specific 

inhibitors (Supplemental Table 2). Multiple inhibitors were comprehensively 

employed in various cell models and primary cells to reasonably conclude that 

OCT1/3 may contribute to DHC uptake in the mouse heart. 

The administration of a tail vein injection instead of oral administration was 

conducted in mice to simplify the study on the effect of OCT on the cardiac transport 

of DHC. We found high unbound concentration of DHC in the heart after oral 

administration than that of plasma, we also found the heart/plasma ratio of 

concentration of DHC varies greatly with time (Table 2), intravenous injection can 

ensure that the inhibitor THP can quickly reach the heart tissue, avoid the intestinal 

absorption and liver metabolism. As predicted, THP reduced DHC uptake in the heart 

by inhibiting OCT1 and OCT3. Although THP was also an inhibitor of MDR1, it 

exerted a weaker inhibitory effect on MDR1, with an IC50 (20 to 40 μM) that was 

higher than the IC50 of OCT1 (13.9±2.2 μM) (Sun et al., 2012; Tu et al., 2013). 

Therefore, our experiments showed the importance of OCT1/3 in DHC uptake in the 

heart. However, the concentrations of DHC in the liver and kidney were higher than 

those in animals that were not treated with THP (Fig. 6C and 6D). Howbeit, the exact 

explanations for this accumulation have not been elucidated. We speculate that the 

accumulation in these tissues may be attributed to other complex factors, such as liver 

metabolism and renal excretion. THP inhibits the activity of CYP2D6 (IC50 3.04±0.26 

µM) and CYP3A4 in the liver (Zhao et al., 2012; Sun et al., 2013; Zhao et al., 2016), 

therefore, one of the potential explanations for the increased concentration of DHC in 
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the liver is that THP exerts a greater inhibitory effect on CYPs than on OCTs. 

In summary, transporters contribute to the distribution of DHC in the mouse 

heart. DHC may accumulate by OCT1/3 transporters and excreted by MDR1 in the 

heart. THP, an inhibitor of OCT1/3, could alter the distribution of DHC in the mouse 

heart. 
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Figure captions 

Fig. 1. The chemical structure of dehydrocorydaline (DHC). 

Fig. 2. Oct1, Oct3, Octn1, Octn2 and Pmat expression in mouse or rat heart. 

The mRNA expression levels of Oct1, Oct3, Octn1, Octn2, and Pmat in the 

mouse and rat heart, primary neonatal rat cardiomyocytes (NRCM), and mouse liver 

are shown (A). Data are presented as mean ± SD, n = 6. The corresponding 

transporters expressed in the mouse liver were used as positive control. The protein 

expression levels of OCT1, OCT3, OCTN1, and OCTN2 in the mouse heart (B) and 

PMAT in the rat heart (C) are shown. The mouse or rat liver served as a positive 

control. 

Fig. 3. DHC is a substrate of OCT1 and OCT3, but not OCTN1, OCTN2, and PMAT.  

 Accumulation of DHC (5 μM) in MDCK-hOCT1 (A), MDCK-hOCT3 (B), 

MDCK-hOCTN1 (C), MDCK-hOCTN2 (D), MDCK-hPMAT (E), and MDCK-mock 

cells cultured in the absence or presence of typical inhibitors (OCT1: 100 μM 

verapamil and 10 μM THP; OCT3: 10 μM decynium-22 and 10 μM THP; OCTN1: 

100 μM quinidine; OCTN2: 100 μM L-car and PMAT: 10 μM decynium-22). Data are 

presented as mean ± SD, n = 3. Compared with the accumulation in mock cells, ***P 

< 0.001; compared with the accumulation in cells treated without inhibitors,
 ##

 P < 

0.01 and
 ###

 P < 0.001. 

Fig. 4. The typical dynamics of DHC in MDCK-hOCT1 and MDCK-hOCT3 cells are 

shown.  

Concentration-dependent profiles of DHC uptake in MDCK-hOCT1 (A) and 
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MDCK-hOCT3 (C) cells are shown. Uptake in MDCK-hOCT1 (B) and 

MDCK-hOCT3 (D) cells was analyzed by constructing an Eadie–Hofstee plot. 

MDCK-hOCT1, MDCK-hOCT3, and mock cells were incubated with increasing 

concentrations of DHC for 3 min at 37°C. Data are presented as mean ± SD, n = 3. 

Fig. 5. OCT1/3 may participate in the accumulation of DHC in primary neonatal rat 

cardiomyocytes.  

 Concentration-dependent (A) and time-dependent (B) accumulation of DHC at 

4°C or 37°C. Effects of specific inhibitors (quinidine (C); D22 (D); verapamil (E); 

THP (F); mildronate (G) and L-Car (H)) on the accumulation of DHC at 37°C are 

shown. Data are presented as the mean ± SD, n = 3. Compared with the accumulation 

in cells treated without inhibitors at 37 °C, ** P < 0.01 and *** P < 0.001. 

Fig. 6. THP could decrease the concentrations of DHC in the plasma and heart. 

 ICR mice were treated with a single tail vein injection of DHC or a 

combination of THP and DHC, and the DHC concentrations in plasma (A), heart (B), 

liver (C), and kidney (D) were identified and evaluated. The sample sizes did not 

change during the experiment. Each symbol shows data from an individual mouse. 

The lines show the group means. The analyses steps were decided before we looked at 

the data to avoid bias. Data are presented as the mean ± SD, n = 9. Compared with the 

DHC group, ***P < 0.001.
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Table 1  

The protein binding of DHC with mouse plasma and heart (mean±SD, n = 3) is 

presented 

 Protein binding (%) 

 plasma Mean heart Mean 

 0.1 μM 89.66±1.9  

88.50±1.0 

66.72±2.1  

DHC 1 μM 88.17±2.4 49.73±8.4 58.89±8.6 

 10 μM 87.67±1.1 60.21±2.2  

Quinidine (10 μM) 74.01±2.0  NA  

The protein binding of DHC with the concentrations of 0.1 – 10 μM were 

performed by an ultrafiltration method. The protein binding was determined as the 

protein binding (%) = 1 - Cf/Ct × (1 + P%), where Cf was the free concentration, Ct 

was the total concentration, and P% was the nonspecific binding of the centrifugal 

ultrafiltration device. 
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Table 2  

Mean unbound concentrations of DHC in mouse plasma and heart after the oral 

administration of Corydalis yanhusuo extract or DHC. 

 Corydalis yanhusuo extract DHC 

time plasma

（ng/mL） 

heart 

（ng/g） 

heart/ 

plasma 

plasma

（ng/mL） 

heart 

（ng/g） 

heart/ 

plasma 

15 min 0.8256±1.2  497.9± 639 603  4.534± 3.8 104.1±93  23  

30 min 0.8872±0.85  101.1± 94 114  0.1941±0.12  28.42±2.9  146  

60 min 0.4612±0.59 33.16±22  72  0.9147±1.2 34.26± 5.6 37  

The unbound concentrations of DHC in mouse plasma and heart was showed 

after the oral administration of Corydalis yanhusuo extract (1.75 g·kg
-1

) containing 

DHC (25 mg·kg
-1

) or only DHC (25 mg·kg
-1

). The unbound concentrations of DHC in 

the heart were significantly higher than the concentrations in the plasma. The data are 

shown as means ± SD, n = 8. The Kp,uu was described as the ratio of unbound tissue / 

unbound plasma concentration. 
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Table 3 

Transcellular transport of DHC across MDCK-mock and MDCK-MDR1 cell 

monolayers. 

Papp MDCK-mock 

（×10
-6 

cm/s） 

MDCK-MDR1 

（×10
-6 

cm/s） 

 AP-BL BL-AP ER AP-BL BL-AP ER 

DHC  2.93 ± 0.71 3.27 ± 0.19 1.12 3.46 ± 0.66 5.92 ± 0.32 1.71 a 

DHC+verapamil 3.18± 0.68 3.40 ± 0.25 1.07 2.95 ± 0.27 2.53 ± 0.23 0.86 b 

rhodamine 123  1.99 ± 0.11 1.83 ± 0.23 0.92 1.06 ± 0.54 2.50 ± 0.03 2.36 a 

The data are shown as means ± SD, n = 3. Unpaired Student’s t test was used to 

compare the differences between two groups. 
a
 P< 0.01 vs. ER of DHC in MDCK; 

b
 

P<0.01 vs. ER of DHC in MDCK-MDR1. 
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Supplemental Table 1   

Primer list for qRT- PCR 

Gene Organism Forward Primer Reverse Primer 

OCT1 Mouse ggctctgcctgagactattga cgtgttttctttggcctttg 

OCT3 Mouse ttcggctggcagctatatg cacagacagacgccaggat 

OCTN1 Mouse cagcagggatattcgatcct ctgaacaggtccaggattatga 

OCTN2 Mouse cacgatggctcatctctcaa ccattgattttggcagcttt 

PMAT Mouse gccgctagccgcccgagtgtgaactgcat ggtctcgagggctcagggaccgacaggat 

GAPDH Mouse gagaaacctgccaagtatgatgac agagtgggagttgctgttgaag 

OCT1 RAT taatggaccacatcgctcaa agcccctgatagagcacaga 

OCT3 RAT ccctggaattgcctacttca gactcagggaccacccagta 

OCTN1 RAT cccttccagcgccttatc attgaagccattggggatg 

OCTN2 RAT tgtccaccatcgtgacagag cagcacacccacgaaaaac 

PMAT RAT atggctccattggaagccagcgc tcaggggccaacaaggatggagtc 

GAPDH RAT tgggaagctggtcatcaac gcatcaccccatttgatgtt 

 



 

Supplemental Table 2 

Inhibitory concentration (IC50) or substrate affinity (Km) of various compounds 

on organic cation transporters and efflux transporter 

 IC50 or (Km) [μM] 

OCT1 OCT3 OCTN1 OCTN2 PMAT MDR1 

THP 13.9 ± 2.2 (Tu 

et al., 2013) 

9.42±0.37 (Li 

et al., 2014) 

NA NA NA 20.0-48.6 (Sun 

et al., 2012) 

Decynium-22 2.7-4.7 

(Koepsell et 

al., 2007) 

0.11-0.33 

(Fraser-Spears 

et al., 2019) 

NA NA 0.57-2.1 

(Fraser-Spears 

et al., 2019) 

NA 

Quinidine 3.63±1.5 (Li et 

al., 2014) 

1.52±0.28 (Li 

et al., 2014) 

NA NA NA NA 

L-carnitine NA NA NA (4.3, 4.8) 

(Koepsell et 

al., 2007) 

NA NA 

Verapamil 0.9±0.2 

(Bexten et al., 

2015) 

3.6 (Solbach et 

al., 2011) 

69 (Koepsell et 

al., 2007) 

NA NA 236±63 

(Zhang and 

Benet, 1998) 

Mildronate NA NA NA Nearly 2 

(Dambrova et 

al., 2013) 

NA NA 

 

 

  



 

Supplemental Table 3 

THP concentrations were detected in mice with a single tail vein injection after 

15 min 

THP Plasma (ng/ml) Heart (ng/g) Liver (ng/g) Kidney (ng/g) 

15 min 1621±392 5165±2099 5907±2902 6065±3275 

 



 

 

Supplemental Fig. 1. The HPLC-DAD chromatogram of the Corydalis yanhusuo 

extract is presented. 

Eleven compounds were identified (1-protopine, 2-columbamine, 3- epiberberine, 4-

levo-tetrahydrocolumbamine, 5-coptisine, 6-palmatine, 7-berberine, 8-

dehydrocorydaline, 9-tetrahydropalmatine, 10-tetrahydroberberine, 11-corydaline).  

 



 

Supplemental Fig. 2. Accumulation of probe substrates in mock cells and 

transgenic cells. 

 Probe substrate accumulate in MDCK-hOCT1 (A), MDCK-hOCT3 (B), MDCK-

hOCTN1 (C), MDCK-hOCTN2 (D), MDCK-hPMAT (E) and MDCK-hMDR1 (F) in 

the absence or presence of inhibitors, compared with the accumulation in mock cells, 

***P < 0.001, compared with the accumulation without inhibitor, ###P < 0.001. 

 

  



 
Supplemental Fig. 3. OCT1 and OCT3 are expressed in the rat heart. 

The proteins expression levels of the OCT1, OCT3 in the rat heart are shown (n=4). 

The rat liver served as a positive control, and kidney as negative control for OCT1. The 

rat liver served as a positive control for OCT3. 

 



 

Supplemental Fig. 4. DHC concentration dependently reduced the accumulation of 

MPP+.  

MPP+ (substrate of OCTs) accumulated in MDCK-hOCT1 (A) and MDCK-

hOCT3 (B) cells. The half-maximal inhibitory concentration (IC50) values were 

estimated by nonlinear dose–response fitting of the log10 inhibitor concentrations versus 

the uptake of substrate (% of control). Data were expressed as mean ± S.E.M, n = 3. 
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