


when pretreated with verapamil (Fig. 6, G and H). Also, PTX exerted
greater efficacy in MCF-7/A cells with the verapamil treatment (IC50 =
188.786 26.34 nM) than PTX alone (IC50 = 50116 920 nM), whereas
DPT maintained its cytotoxicity in MCF-7/A cells, with (IC50 = 4.476
0.25 nM) or without verapamil (4.64 6 0.25 nM) (Fig. 6, I and J).
Effect of DPT on Different Efflux Transporters In Vivo and

In Vitro. We mined the current available data to further delineate the
underlying molecular mechanism for DPT’s better efficacy in the
treatment of the MCF-7/A xenografts, and we explored the potential
of DPT on different efflux transporters by determining the intracellular
accumulation of the classic substrate for rapid screening. As expected,
the established P-gp, breast cancer resistance protein (BCRP), and
MDR-associated protein 2 (MRP2) inhibitor verapamil (Zhang et al.,
2010), KO143 (Matsson et al., 2009), and MK571 (Chen et al., 2017)
exhibited a potent inhibitory effect on P-gp, BCRP, and MRP2,
respectively, resulting in a palpable increase in the intracellular
accumulation of the efflux transporter substrates digoxin (Zhang et al.,

2010), SN-38 (Houghton et al., 2004), and CDCF (Chen et al., 2017);
however, the retention of DPT did not shift in the absence versus
presence of the different inhibitors (Fig. 7, A–C). Subsequently, we
ascertained whether DPT could exert an effect on the intracellular
accumulation of the substrates. Apparently, DPT exhibited no effect on
the retention of the three substrates with various concentrations (Fig. 7,
D–F). Combing the results of the preceding intracellular amounts, P-gp,
BCRP, and MRP2 might not mediate the transport of DPT.
To confirm more completely that DPT was not the substrate of P-gp,

we monitored the flux of DPT across WT-MDCK and MDR1/P-gp
overexpressing MDR1-MDCK cell monolayers in the AP-BL and
BL-AP directions in the absence or presence of verapamil (Fig. 7, G
and H).Wild-typeMDCK cells were applied as a negative control with a
low expression of constitutive canine P-gp. Consistent with the results of
the Caco-2 retention studies, the ER of DPT was approximately 1.0,
which was less than the threshold of 2.0 for defining whether the drug
acted as the substrate of P-gp or not and did not change in the absence or

Fig. 6. Time-course analysis of intracellular and subcellular accumulation of DPT and PTX in MCF-7/S and MCF-7/A cells. (A and B) Intracellular retention of DPT and PTX in
MCF-7/S and MCF-7/A cells. Cells were incubated with 5 mM DPT and PTX for 15, 30, 60, and 120 minutes. (C) Area under the curve of the intracellular accumulation of DPT
and PTX in MCF-7/S and MCF-7/A cells at the designated time of 2 hours. (D–F) Time-course analysis and area under the curve of subcellular accumulation of DPT and PTX in
the MCF-7/S and MCF-7/A cells. Cells were treated with 1 mMDPT and PTX for 15, 30, and 45 minutes and for 1 and 2 hours. (G and H) Intracellular retention of DPT and PTX
in the MCF-7/S and MCF-7/A cells, with or without verapamil. The cells were incubated with 5 mMDPT and PTX for 2 hours, and then the retention of DPT or PTX within cells
was monitored with or without verapamil 0, 15, 30 60, and 120 minutes later. (I and J) Cell viability of DPT and PTX in MCF-7/S and MCF-7/A cells with or without verapamil.
Results are expressed as mean 6 S.D. of three independent experiments. *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001 vs. control.

548 Zang et al.

 at A
SPE

T
 Journals on January 26, 2022

dm
d.aspetjournals.org

D
ow

nloaded from
 



presence of verapamil. In contrast, verapamil remarkably increased the
transport of DGX in the anteroposterior-basolateral direction and
decreased in the basolateral-anteroposterior direction, with the ER
changing from 81.52, which was far more than 2.0 to 3.97. Thus,
DPT was not the substrate of P-gp.

Discussion

The incidence and mortality of breast cancer have increased throughout
the world (Althuis et al., 2005), and it remains the most common cancer in
women (Murray et al., 2012). In recent years, more and more drugs
explored in clinical trials have provided promising advances in breast
cancer treatments. Microtubule-binding agents are among the efficacious
chemotherapeutic drugs that are commonly used for the treatment of breast

cancer. Although antimicrotubule drugs, such as PTX and docetaxel, have
been successfully applied in the clinic, drug resistance often occurred
(Kavallaris, 2010) and acted as an obstacle for first-line chemotherapy.
Augmented efflux transporters and diverse b-tubulin isotypes were
involved in the development of drug resistance (Dumontet and Sikic,
1999). Thus, there is a pressing need to develop newmicrotubule inhibitors
that can escape from the efflux of transporters related to MDR.
As a promising microtubule inhibitor candidate, DPT possesses

various pharmacologic activities, including anti-inflammatory (Jin et al.,
2008), antiviral (Gordaliza et al., 1994), antiangiogenic (Wang et al.,
2015a), and antitumor effects, amongwhich antitumor attracted themost
attention. Previous studies have shown that DPT inhibits the pro-
liferation of SGC-7901 cancer cells and induces G2/M cell-cycle arrest

Fig. 7. Effect of DPT on different efflux transporters in vivo and in vitro. (A–C) The accumulation of DPT in Caco-2 cells when treated with different efflux transporter
inhibitors. Cells were preincubated with the inhibitors for 1 hour, followed by another 2 hours of incubation in the presence of DPT. The inhibitors investigated (left to right)
were verapamil (20 mM), MK571 (10 mM), and KO143 (5 mM). DGX (5 mM), CDCF (10 mM), and SN-38 (10 mM) were used as positive controls. (D–F) The retention of
different substrates of the efflux transporters after DPT treatment with different concentrations. Cells were preincubated with DPT for 1 hour, followed by another 2 hours of
incubation in the presence of DGX, CDCF, and SN-38. (G and H) Effect of DPT on the transport of P-gp substrates across the WT-MDCK and MDR1-MDCK cell
monolayers. DPT (0.5 and 1 mM) was loaded on either the anteroposterior (AP) or basolateral (BL) side and incubated for 2 hours. DGX was treated as a P-gp substrate
control. Verapamil was used as a P-gp inhibitor control. Data are presented as mean 6 S.D. *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001 versus control. AP,
apical; BL, basolateral.
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(Wang et al., 2015b). Animal experiments revealed that DPT showed
potent toxicity in lung cancer (Wu et al., 2013). Additionally, glioma
growth could be inhibited by DPT in vivo and in vitro, which could be
attributed to the upregulation of PARP-1 and AIF nuclear translocation
(Ma et al., 2016). Although DPT induced apoptosis of the human BC
mDA-MB-231 cell line in vitro (Benzina et al., 2015), little research has
been conducted on the efficacy of DPT on the MCF-7 cell line. Whether
DPT avoids MDR has yet to be investigated. In our study, Adriamycin-
resistant MCF-7/A cells were used to explore the influence of DPT on
MDR . It is noteworthy that the cytotoxicity of DPT in drug-resistant
MCF-7/A cells equals that in drug-sensitive MCF-7/S cells, as indicated
by IC50, which is much better than the effect of PTX. In current studies,
several lines of evidence indicated that DPT exhibited an inhibitory
effect on the growth of various tumors. In a concentration-dependent
manner, DPT exerted antitumor effects better than etoposide on H460
xenografts but with fewer side effects (Wu et al., 2013). Additionally,
strong tumor inhibition properties were also observed onMDA-MB-231
human BC xenografts in the BALB/c nude mice model (Khaled et al.,
2016). According to previous studies, we chose 12.5 mg/kg of DPT
formulated as b-cyclodextrin inclusion complex (Zhu et al., 2010) as the
target dose for intravenous injection to illuminate the in vivo antitumor
effect of DPT with the MCF-7/S and MCF-7/A xenograft models. On
the MCF-7/S xenograft models, DPT showed comparable inhibition
effects to PTX as depicted in Fig. 2. Surprisingly, DPT maintained its
tumor growth suppression of the MCF-7/A xenograft models, whereas
PTX exerted a marginal inhibitory rate, suggesting that PTX had
developed resistance. This was further evidenced by the histopatholog-
ical examination of the tumors. The concentration of DPT in theMCF-7/
A xenografts was greater than that in the MCF-7/S xenografts, along
with the plasma/tumor ratio. To our knowledge, this was the first time
the proliferation inhibition of DPT on MCF-7/S cells and related drug-
resistant MCF-7/A cells in vivo and in vitro was proven.
Since DPT exerted a similar cytotoxicity on both the drug-sensitive

and drug-resistant xenograft models in vivo, further in vitro data
confirmed the equal cytotoxicity of DPT on drug-sensitive and resistant
MCF-7 cells with the indicated cell-cycle assay. These results revealed
that DPT might overcome MDR in comparison with PTX. Although
they are both microtubule-targeting agents, DPT may act in a different
mode from PTX. Tubulin-targeting agents are generally classified into
two groups: microtubule-stabilizing agents, such as paclitaxel, and
microtubule-destabilizing agents, such as colchicine. PTX was in-
vestigated to reduce the purified tubulin subunits that are critical for
polymerization into microtubules (Weaver, 2014) and to shift the tubulin
from its assembly equilibrium to its polymeric state (Prota et al., 2013).
The results of the microtubule polymerization test confirmed the
different binding modes of DPT and PTX. How DPT acts on
microtubules may be the cause of its escape from the resistance
transporters. Therefore, this discrepancy underscores the need to
determine the underlying mechanism.
From the cellular pharmacokinetics perspective (Zhou et al., 2011),

after penetrating the cell membrane, the anticancer drugs must bind to
the intracellular target, thus exerting efficacy. Therefore, the intracellular
distribution and disposition processes of the drugs acted as the
determinants of their therapeutic effect (Krishan et al., 1997; Duvvuri
and Krise, 2005). As reported, the weakened efficacy of PTX was
ascribed to the efflux transporters, which not only restricted the
distribution of the drug intracellularly, but they also reduced intracellular
exposure (Argov et al., 2010). Here, we established a novel LC/MS/MS
method to compare the intracellular accumulation of PTX and DPT.
From our results, the time-concentration curve demonstrated remarkable
differences in the intracellular behavior of PTX between the MCF-7/S
and MCF-7/A cells, whereas DPT exerted a similar retention in the two

cell lines (Fig. 6). This finding is in line with our previous data revealing
the discrepancy involving the accumulation of DPT and PTX in the
MCF-7/S and MCF-7/A xenografts. Support for this notion came from
our findings that the subcellular distribution of DPT and PTX exhibited
distinctive differences in the accumulation in different cellular organs,
especially in cytosol. Based on the efflux assay, all the results indicated
that the different behaviors of intracellular uptake, even subcellular
disposition in drug-sensitive and drug-resistant cells, might determine
their therapeutic efficacy (Xiong et al., 2010).
Then, Caco-2 cells and MDR1-MDCK cells were used to verify that

DPT was not a substrate of these efflux transporters related to MDR.
Because of the rich expression of the efflux transporters in the apical
membrane, Caco-2 cell monolayers have been widely used to study drug
intestinal absorption and the possible interaction with efflux transporters
(Zhang et al., 2010). We provided ample evidence that DPT might not be
the substrate of the three efflux transporters (P-gp, BCRP, and MRP2). In
emerging studies, the MDR1-MDCK cell model has been used to screen
P-gp substrates or inhibitors, expressed by apparent permeability (Papp).
We found that the ER of DPT did not change with or without verapamil,
and it was less than the threshold for the definition of a P-gp substrate,
which confirmed that DPTwas not the substrate of P-gp. The findings may
illustrate DPT’s better efficacy in the treatment of MCF-7/A xenografts.
In consideration of all these findings, we have provided several lines

of evidence that first illuminate that DPT exerted a proliferation
inhibition effect on MCF-7/S and resistant MCF-7/A cells in vitro and
in vivo in comparison with PTX. Moreover, we initially confirmed that
DPT was not a substrate of the P-gp efflux pump and could overcome
P-gp-mediated MDR. Thus, DPT, as a new tubulin polymerization
inhibitor, can be exploited as a promising agent for the treatment of
MDR tumors.

Acknowledgments

The authors thank all the staff, colleagues, and students during the animal
experiments and to LetPub (www.letpub.com) for its linguistic assistance during
revision of this manuscript.

Authorship Contributions
Participated in research design: Zang, Wang, Hao, Zhou.
Conducted experiments: Zang, Cai, Zhang, Chen, Hao, Zhou.
Contributed new reagents or analytical tools: Zang, Cai, Wu, Zhu, Zhou.
Performed data analysis: Zang, Cai, Zheng, Chen, Wu, Zhou.
Wrote or contributed to the writing of the manuscript: Zang, Wang, Hao,

Zhou.

References

Althuis MD, Dozier JM, Anderson WF, Devesa SS, and Brinton LA (2005) Global trends in breast
cancer incidence and mortality 1973-1997. Int J Epidemiol 34:405–412 .

Argov M, Bod T, Batra S, and Margalit R (2010) Novel steroid carbamates reverse multidrug-
resistance in cancer therapy and show linkage among efficacy, loci of drug action and
P-glycoprotein’s cellular localization. Eur J Pharm Sci 41:53–59 .

Benzina S, Harquail J, Jean S, Beauregard AP, Colquhoun CD, Carroll M, Bos A, Gray CA,
and Robichaud GA (2015) Deoxypodophyllotoxin isolated from Juniperus communis induces
apoptosis in breast cancer cells. Anticancer Agents Med Chem 15:79–88.

Bliss CI (1939) The toxicity of poisons applied jointly. Ann Appl Biol 26:585–615.
Cao B, Aa J, Wang G, Wu X, Liu L, Li M, Shi J, Wang X, Zhao C, Zheng T, et al. (2011) GC-
TOFMS analysis of metabolites in adherent MDCK cells and a novel strategy for identifying
intracellular metabolic markers for use as cell amount indicators in data normalization. Anal
Bioanal Chem 400:2983–2993 .

Chen Q, Chen H, Wang W, Liu J, Liu W, Ni P, Sang G, Wang G, Zhou F, and Zhang J (2017)
Glycyrrhetic acid, but not glycyrrhizic acid, strengthened entecavir activity by promoting its
subcellular distribution in the liver via efflux inhibition. Eur J Pharm Sci 106:313–327.

Chen Y, Zhao K, Liu F, Xie Q, Zhong Z, Miao M, Liu X, and Liu L (2016) Prediction of
deoxypodophyllotoxin disposition in mouse, rat, monkey, and dog by physiologically based
pharmacokinetic model and the extrapolation to human. Front Pharmacol 7:488 .

Dumontet C and Jordan MA (2010) Microtubule-binding agents: a dynamic field of cancer ther-
apeutics. Nat Rev Drug Discov 9:790–803 .

Dumontet C and Sikic BI (1999) Mechanisms of action of and resistance to antitubulin agents:
microtubule dynamics, drug transport, and cell death. J Clin Oncol 17:1061–1070 .

Duvvuri M and Krise JP (2005) Intracellular drug sequestration events associated with the emer-
gence of multidrug resistance: a mechanistic review. Front Biosci 10:1499–1509.

550 Zang et al.

 at A
SPE

T
 Journals on January 26, 2022

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://www.letpub.com
http://dmd.aspetjournals.org/


Gordaliza M, Castro MA, García-Grávalos MD, Ruiz P, Miguel del Corral JM, and San Feliciano
A (1994) Antineoplastic and antiviral activities of podophyllotoxin related lignans. Arch Pharm
(Weinheim) 327:175–179.

Gottesman MM (1993) How cancer cells evade chemotherapy: sixteenth Richard and Hinda
Rosenthal foundation award lecture. Cancer Res 53:747–754.

Houghton PJ, Germain GS, Harwood FC, Schuetz JD, Stewart CF, Buchdunger E, and Traxler P
(2004) Imatinib mesylate is a potent inhibitor of the ABCG2 (BCRP) transporter and reverses
resistance to topotecan and SN-38 in vitro. Cancer Res 64:2333–2337.

Howard J and Hyman AA (2003) Dynamics and mechanics of the microtubule plus end. Nature
422:753–758 .

Jin M, Moon TC, Quan Z, Lee E, Kim YK, Yang JH, Suh SJ, Jeong TC, Lee SH, Kim CH, et al.
(2008) The naturally occurring flavolignan, deoxypodophyllotoxin, inhibits lipopolysaccharide-
induced iNOS expression through the NF-kappaB activation in RAW264.7 macrophage cells.
Biol Pharm Bull 31:1312–1315.

Kavallaris M (2010) Microtubules and resistance to tubulin-binding agents. Nat Rev Cancer 10:
194–204 .

Khaled M, Belaaloui G, Jiang ZZ, Zhu X, and Zhang LY (2016) Antitumor effect of deoxy-
podophyllotoxin on human breast cancer xenograft transplanted in BALB/c nude mice model. J
Infect Chemother 22:692–696 .

Khaled M, Jiang ZZ, and Zhang LY (2013) Deoxypodophyllotoxin: a promising therapeutic agent
from herbal medicine. J Ethnopharmacol 149:24–34 .

Kim KY, Cho HJ, Yu SN, Kim SH, Yu HS, Park YM, Mirkheshti N, Kim SY, Song CS, Chatterjee
B, et al. (2013) Interplay of reactive oxygen species, intracellular Ca2+ and mitochondrial
homeostasis in the apoptosis of prostate cancer cells by deoxypodophyllotoxin. J Cell Biochem
114:1124–1134 .

Kodama N, Iwao T, Katano T, Ohta K, Yuasa H, and Matsunaga T (2016) Characteristic analysis
of intestinal transport in enterocyte-like cells differentiated from human induced pluripotent stem
cells. Drug Metab Dispos 44:0 .

Krishan A, Fitz CM, and Andritsch I (1997) Drug retention, efflux, and resistance in tumor cells.
Cytometry 29:279–285.

Liu WY, Zhang JW, Yao XQ, Jiang C, He JC, Ni P, Liu JL, Chen QY, Li QR, Zang XJ, et al.
(2017) Shenmai injection enhances the cytotoxicity of chemotherapeutic drugs against co-
lorectal cancers via improving their subcellular distribution. Acta Pharmacol Sin 38:
264–276 .

Lu M, Zhou F, Hao K, Liu J, Chen Q, Ni P, Zhou H, Wang G, and Zhang J (2015) Alternation of
adriamycin penetration kinetics in MCF-7 cells from 2D to 3D culture based on P-gp expression
through the Chk2/p53/NF-kB pathway. Biochem Pharmacol 93:210–220 .

Ma D, Lu B, Feng C, Wang C, Wang Y, Luo T, Feng J, Jia H, Chi G, Luo Y, et al. (2016)
Deoxypodophyllotoxin triggers parthanatos in glioma cells via induction of excessive ROS.
Cancer Lett 371:194–204 .

Matsson P, Pedersen JM, Norinder U, Bergström CAS, and Artursson P (2009) Identification of
novel specific and general inhibitors of the three major human ATP-binding cassette transporters
P-gp, BCRP and MRP2 among registered drugs. Pharm Res 26:1816–1831.

Murray S, Briasoulis E, Linardou H, Bafaloukos D, and Papadimitriou C (2012) Taxane resistance
in breast cancer: mechanisms, predictive biomarkers and circumvention strategies. Cancer Treat
Rev 38:890–903 .

Poirier A, Cascais AC, Bader U, Portmann R, Brun ME, Walter I, Hillebrecht A, Ullah M,
and Funk C (2014) Calibration of in vitro multidrug resistance protein 1 substrate and inhibition

assays as a basis to support the prediction of clinically relevant interactions in vivo. Drug Metab
Dispos 42:1411–1422 .

Prota AE, Bargsten K, Zurwerra D, Field JJ, Díaz JF, Altmann KH, and Steinmetz MO (2013)
Molecular mechanism of action of microtubule-stabilizing anticancer agents. Science 339:
587–590 .

Ranaldi G, Seneci P, Guba W, Islam K, and Sambuy Y (1996) Transport of the antibacterial agent
oxazolidin-2-one and derivatives across intestinal (Caco-2) and renal (MDCK) epithelial cell
lines. Antimicrob Agents Chemother 40:652–658.

Shin SY, Yong Y, Kim CG, Lee YH, and Lim Y (2010) Deoxypodophyllotoxin induces G2/M cell
cycle arrest and apoptosis in HeLa cells. Cancer Lett 287:231–239 .

Tulkens PM (1990) Intracellular pharmacokinetics and localization of antibiotics as predictors of
their efficacy against intraphagocytic infections. Scand J Infect Dis Suppl 74:209–217.

Wang Y, Wang B, Guerram M, Sun L, Shi W, Tian C, Zhu X, Jiang Z, and Zhang L (2015a)
Deoxypodophyllotoxin suppresses tumor vasculature in HUVECs by promoting cytoskeleton
remodeling through LKB1-AMPK dependent Rho A activation. Oncotarget 6:29497–29512 .

Wang YR, Xu Y, Jiang ZZ, Guerram M, Wang B, Zhu X, and Zhang LY (2015b) Deoxy-
podophyllotoxin induces G2/M cell cycle arrest and apoptosis in SGC-7901 cells and inhibits
tumor growth in vivo. Molecules 20:1661–1675 .

Weaver BA (2014) How taxol/paclitaxel kills cancer cells. Mol Biol Cell 25:2677–2681 .
Wu M, Jiang Z, Duan H, Sun L, Zhang S, Chen M, Wang Y, Gao Q, Song Y, Zhu X, et al. (2013)
Deoxypodophyllotoxin triggers necroptosis in human non-small cell lung cancer NCI-H460
cells. Biomed Pharmacother 67:701–706 .

Xiong XB, Ma Z, Lai R, and Lavasanifar A (2010) The therapeutic response to multifunctional
polymeric nano-conjugates in the targeted cellular and subcellular delivery of doxorubicin
[published correction appears in Biomaterials (2011) 32:4194]. Biomaterials 31:757–768 .

Yang Y, Chen Y, Zhong ZY, Zhang J, Li F, Jia LL, Liu L, Zhu X, and Liu XD (2014) Validated
LC-MS/MS assay for quantitative determination of deoxypodophyllotoxin in rat plasma and its
application in pharmacokinetic study. J Pharm Biomed Anal 88:410–415 .

Zhang J, Zhou F, Wu X, Gu Y, Ai H, Zheng Y, Li Y, Zhang X, Hao G, Sun J, et al. (2010) 20(S)-
ginsenoside Rh2 noncompetitively inhibits P-glycoprotein in vitro and in vivo: a case for herb-
drug interactions. Drug Metab Dispos 38:2179–2187 .

Zhang J, Zhou F, Wu X, Zhang X, Chen Y, Zha BS, Niu F, Lu M, Hao G, Sun Y, et al. (2012)
Cellular pharmacokinetic mechanisms of adriamycin resistance and its modulation by 20(S)-
ginsenoside Rh2 in MCF-7/Adr cells. Br J Pharmacol 165:120–134 .

Zhou F, Zhang J, Li P, Niu F, Wu X, Wang G, and Roberts MS (2011) Toward a new age of
cellular pharmacokinetics in drug discovery. Drug Metab Rev 43:335–345 .

Zhu X, Wu BJ, Luo HW, Tao L, Zhao Q, Guo QL, and Wu CX (2010) Preparation of solid
inclusion complex of deoxypodophyllotoxin - SBE-b-CD and its antitumor activity. Zhongguo
Yaoke Daxue Xuebao 41:447–450.

Address correspondence to: Fang Zhou, Key Laboratory of Drug Metabolism and
Pharmacokinetics, State Key Laboratory of Natural Medicines, China Pharmaceu-
tical University, Nanjing 210009, China. E-mail: zf1113@163.com; or Haiping Hao,
State Key Laboratory of Natural Medicines, China Pharmaceutical University,
Nanjing, China. E-mail: hhp_770505@hotmail.com

A Promising Microtubule Inhibitor Overcomes MDR 551

 at A
SPE

T
 Journals on January 26, 2022

dm
d.aspetjournals.org

D
ow

nloaded from
 

mailto:zf1113@163.com
mailto:hhp_770505@hotmail.com
http://dmd.aspetjournals.org/


DMD # 79442 

1 
 

Supplementary Data 

A Promising Microtubule Inhibitor Deoxypodophyllotoxin Exhibits Better 

Efficacy to Multi-Drug Resistant Breast Cancer than Paclitaxel via Avoiding 

Efflux Transport 

Xiaojie Zang, Guangji Wang, Qingyun Cai, Xiao Zheng, Jingwei Zhang, Qianying Chen, Baojin Wu, Xiong 

Zhu, Haiping Hao and Fang Zhou 

Key Laboratory of Drug Metabolism and Pharmacokinetics, State Key Laboratory of Natural Medicines, 

China Pharmaceutical University, Nanjing, China (X.Z., G.W., Q.C., X.Z., J.Z., Q.C., H.H., F.Z.) 

Medical and Chemical Institute, China Pharmaceutical University, Nanjing, China (B.W., X.Zhu.) 

 

 

Drug metabolism and disposition 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



DMD # 79442 

2 
 

 
1. Linearity 

The standard curve exhibited a good linear relationship over the concentration range of 0.5-1000 ng/mL 
with a regression coefficient (r2=0.9992 ± 0.0003). 
 

2. Recovery and matrix effect 
Across the 5 independent experiments, the mean recovery of DPT ranged from 94.13% to 104.76% over 
the three concentrations. The precision was < 5.59%, which proved the reproducibility and consistency of 
the extraction method. Due to the matrix effect ranging from 98.27% to 102.29% and the precision < 
5.85%, the suppression or enhancement could be neglected under the current conditions. 
 

3. Precision and accuracy 

The intra- and inter-day precision and accuracy values for 5 replicates of QC samples at three nominated 
concentrations were shown in Table S1, which strongly supported the accuracy, reliability and 
reproducibility of the method. 
 

Table S1 Intra- and inter-day precision and accuracy for DPT (n=5) 

Nominal 
concentration 

(ng/ml) 

Intra-day   Inter-day 

Measured 
concentration 
(mean±SD, 

ng/ml) 
Accuracy    
(RE, %) 

Precision 
(RSD, %)   

Measured 
concentration 
(mean±SD, 

ng/ml) 
Accuracy      
(RE, %)  

Precision   
(RSD, %) 

1 1.00±0.06 0.00  6.00  1.00±0.09 0.01  8.60  
20 21.14±0.69 5.70  3.26  20.87±0.70 4.37  3.34  

1000 963.80±20.14 -3.62  2.09  960.93±28.75 -3.91  2.99  
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4. Stability  

The stability of DPT was investigated under different conditions and was shown in Table S2, thus 
indicating that the samples were all stable under three freeze-thaw cycles, at -80 ◦C for 14 days and at 
room temperature for 24 h and under post-preparation in an autosampler tray (4 ◦C) for 24 h.  
 

Table S2 Stability of DPT under different conditions at three QC levels (n=5) 
 

5. Recovery and matrix effect  
Table S3 Recovery and matrix effect of DPT in mitochondria (n=5) 

Analytes 

Spiked 

concentration 

(ng/mL) 

Recovery    

(mean±SD%) 
RSD(%) 

Matrix effect 

(mean±SD%) 
RSD(%) 

DPT 

1.00  100.86%±1.39% 1.38% 106.19%±3.16% 2.98% 

20.00  104.20%±5.06% 4.85% 98.74%±6.49% 6.57% 

1000.00  99.66%±5.90% 5.92% 97.08%±3.26% 3.36% 

 
Table S4 Recovery and matrix effect of DPT in nuclei (n=5) 

Analytes 

Spiked 

concentration 

(ng/mL) 

Recovery    

(mean±SD%) 
RSD(%) 

Matrix effect 

(mean±SD%) 
RSD(%) 

DPT 

1.00  97.67%±7.13% 7.30% 106.16%±4.92% 4.63% 

20.00  103.91%±4.52% 4.35% 94.25%±6.53% 6.93% 

1000.00  99.85%±2.45% 2.45% 94.85%±4.46% 4.71% 

 
Table S5 Recovery and matrix effect of DPT in cytosol (n=5) 

Storage 
conditions 

Nominal 
concentration 

(ng/ml) 

Measured 
concentration (mean± 

SD) 
Accuracy 
(RE, %) 

Precision 
(RSD, %) 

Three freeze- 
thaw cycles 

1 0.98±0.06 -2.22 6.32  
20 20.40±0.93 2 4.55  

1000 983.60±18.83 -1.64 1.91  

Frozen (-80◦C) 
for 14 days 

1 0.85±0.08 -14.96 9.42  

20 20.20±0.71 1 3.53  

1000 961.80±39.76 -3.82 4.13  

Room 
temperature for 

24h 

1 1.00±0.06 0.26 5.72  
20 21.18±0.32 5.9 1.51  

1000 963.40±45.91 -3.66 4.77  

Post-preparation 
(4 ◦C) for 24h 

1 1.03±0.10 2.56 9.72  

20 20.68±0.51 3.4 2.48  

1000 946.40±35.51 -5.36 3.75  
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Analytes 

Spiked 

concentration 

(ng/mL) 

Recovery    

(mean±SD%) 
RSD(%) 

Matrix effect 

(mean±SD%) 
RSD(%) 

DPT 

1.00  95.13%±1.50% 1.57% 110.73%±3.65% 3.30% 

20.00  101.31%±5.69% 5.61% 101.64%±4.71% 4.64% 

1000.00  102.79%±7.02% 6.83% 106.80%±4.72% 4.42% 

 
Table S6 Recovery and matrix effect of DPT in blood (n=5) 

Analytes 

Spiked 

concentration 

(ng/mL) 

Recovery    

(mean±SD%) 
RSD(%) 

Matrix effect 

(mean±SD%) 
RSD(%) 

DPT 

15.60  102.70%±5.17% 5.03  92.55%±4.92% 5.32  

125.00  107.72±4.68% 4.35  97.83%±7.21% 7.36  

500.00  96.75%±5.61% 5.80  98.88%±6.75% 6.82  

 
Table S7 Recovery and matrix effect of DPT in liver (n=5) 

Analytes 

Spiked 

concentration 

(ng/mL) 

Recovery    

(mean±SD%) 
RSD(%) 

Matrix effect 

(mean±SD%) 
RSD(%) 

DPT 

15.47  100.54%±3.05% 3.54  97.22%±5.01% 5.15  

123.75  91.98%±2.95% 3.21  82.65±0.78% 0.94  

792.00  93.48%±3.42% 3.65  100.43%±2.74% 2.73  

 
6. Quality control 
 

Table S8 Quality control of DPT in heart, spleen, lung, kidney and tumor (n=5) 

 
 

Analytes 

Spiked 

concentration 

(ng/mL) 

Heart Spleen Lung Kidney Tumor 

Measured 

concentration    

(mean±SD%) 

RE(%) 

Measured 

concentration    

(mean±SD%) 

RE(%) 

Measured 

concentration    

(mean±SD%) 

RE(%) 

Measured 

concentration    

(mean±SD%) 

RE(%) 

Measured 

concentration    

(mean±SD%) 

RE(%) 

DPT 

15.47  16.75±0.09 8.27  16.68±1.01 7.79  16.41±0.33 6.08  15.95±0.83 3.10  14.33±0.30 -7.37  

123.75  127.89±11.65 3.34  119.02±4.74 -3.82  131.04±6.25 5.89  127.65±4.99 3.15  130.36±3.55 5.34  

792.00  737.87±8.74 -6.83  778.74±0.28 -1.67  777.30±6.31 -1.86  1749.63±18.04 -5.35  746.87±10.49 -5.70  


