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L-type amino acid transporter 1 (LAT1), overexpressed on the membrane of

various tumor cells, is a potential target for tumor-targeting therapy. This

study aimed to develop a LAT1-mediated chemotherapeutic agent. We

screened doxorubicin modified by seven different large neutral amino acids.

The aspartate-modified doxorubicin (Asp-DOX) showed the highest affinity

(Km = 41.423 lmol ⁄ L) to LAT1. Aspartate was attached to the N-terminal of

DOX by the amide bond with a free carboxyl and a free amino group on the

a-carbon atom of the Asp residue. The product Asp-DOX was characterized by

HPLC ⁄MS. In vitro, Asp-DOX exerted stronger inhibition on the cancer cells

overexpressing LAT1 and the uptake of Asp-DOX was approximately 3.5-fold

higher than that of DOX in HepG2 cells. Pharmacokinetic data also showed

that Asp-DOX was expressed over a longer circulation time (t1/2 = 49.14 min)

in the blood compared to DOX alone (t1/2 = 15.12 min). In HepG2 and HCT116

tumor-bearing mice, Asp-DOX achieved 3.1-fold and 6.4-fold accumulation of

drugs in tumor tissue, respectively, than those of the unmodified DOX. More

importantly, treatment of tumor-bearing mice with Asp-DOX showed a signifi-

cantly stronger inhibition of tumor growth than mice treated with free DOX

in HepG2 tumor models. Furthermore, after Asp modification, Asp-DOX

avoided MDR mediated by P-glycoprotein. These results suggested that the

Asp-DOX modified drug may provide a new treatment strategy for tumors that

overexpress LAT1 and MDR1.

Amino acid transport across the plasma membrane is
mediated by amino acid transporters located on the

plasma membrane. L-type amino acid transporter 1 is an
Na-independent neutral amino acid transporter. It preferen-
tially transports large neutral amino acids such as leucine,
isoleucine, valine, phenylalanine, tyrosine, tryptophan, methi-
onine, and histidine in a Na-independent manner.(1–3)

Because of its broad substrate selectivity, LAT1 transports
not only naturally occurring amino acids but also amino
acid-related compounds such as L-dopa, melphalan, triiodo-
thyronine, thyroxine, gabapentin, and S-(1,2-dichlorovinyl)-
L-cysteine.(4) Recently, it was determined that LAT1 was
overexpressed primarily in various cancer cells, suggesting
that LAT1 has important prognostic significance and could
be a potential target in tumor therapy.(5,6) Doxorubicin is a
highly potent chemotherapeutic agent used to treat various
cancers. However, its short half-life and low selective cyto-
toxicity limit its application in tumor therapy.(7,8) In addi-
tion, many cancer cells express P-gp, encoded by MDR1
and localized to chromosome 7q21.P-g, possessing resistance
to DOX.(7,9) These defects decreased the therapeutic effect
of DOX.(10–12) A promising solution would be to improve

the selective cytotoxicity of DOX to cancer cells for ligand-
targeted therapeutics.(13,14)

We modified DOX on its free amidogen, �NH3, with differ-
ent amino acids (as shown in Table 1) to synthesize new
small-molecule compounds to be transported by LAT1 into
cancer cells. After screening in the LAT1 overexpressing cell
line from mice with renal proximal convoluted tubules (S2-
LAT1), Asp-DOX, with a free a-carboxyl group and a free
a-amino group characterized by HPLC ⁄MS, was determined to
be an active and efficient formulation.
In this study, we examined the selective cytotoxicity of Asp-

DOX in vitro and in vivo. We detected the excretion rate of
Asp-Dox in the MDR1-overexpressed MDCK cell line. The
pharmacokinetics and biodistribution of Asp-DOX were also
evaluated.

Materials and Methods

Materials. Hydroxybenzotriazole, 2-(7-Aza-1H-benzotriazole-
1-yl)-1, 1, 3, 3-tetramethyluronium hexafluorophosphate, and
diisopropylethylamine were purchased from Sigma (St. Louis,
MO, USA). PdCl2(PPh3)2 and Bu3SnH were provided by J&K
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Scientific (Beijing, China); the MTT one-step assay kit based on
MTT reduction assay was provided by Hope Biotechnology
(Tianjin, China). HepG2, HCT116, MCF7, and H1299 cell lines
were obtained from the cell bank of the Chinese Academy of
Sciences (Shanghai, China) and identified by the National Cell
Resource Center (Shanghai, China). Parent and MDR1 transfect-
ed MDCK cells were obtained from the State Key Laboratories
of Drug Delivery Technology and Pharmacokinetics (Tianjin,
China). Doxorubicin was purchased from Lark Technology
(China, Beijing). Fmoc-Asp-O-allyl, Fmoc-Leu-OH, Fmoc-Met-
OH, Fmoc-Phe-OH, Fmoc-Tyr-OH, Fmoc-Val-OH, and Fmoc-
Ile-OH were all obtained from GL Biochem (Shanghai, China).
All chemicals used for tissue culture were purchased from Gibco
BRL (Grand Island, NY, USA).

Synthesis of amino acid-modified DOX. The modification of
different amino acids is shown in Table 1. First, 1 mmol
Fmoc-Asp-O-allyl, Fmoc-Leu-OH, Fmoc-Met-OH, Fmoc-Phe-
OH, Fmoc-Tyr-OH, Fmoc-Ile-OH, and Foc-Val-OH was added
to 5 mL DMF (Dimethyl Formamide) in a reaction vessel
placed in an ice ⁄ salt bath. Then 1.2 mmol 2-(7-Aza-1H-benzo-
triazole-1-yl)-1, 1, 3, 3-tetramethyluronium hexafluorophos-
phate, 1.2 mmol hydroxybenzotriazole, and 1.2 mmol
diisopropylethylamine were successively added into the reac-
tion vessel. The reaction was allowed to proceed for 10 h with

stirring. At the end of the reaction, the reaction mix was
stopped, purified, and determined by HPLC ⁄MS.
The procedure for deprotection of the -allyl group on the

molecules with the presence of PdCl2 (PPh3)2, AcOH, and
Bu3SnH in dichloromethane was described previously.(15) The
20% hexahydropyridine in methanol was used for the depro-
tection of the Fmoc group.(16) Methanol and hexahydropyridine
were removed by the rotary evaporation method. The synthesis
procedure of Asp-DOX is shown in Figure S1. The final prod-
uct was purified by the HPLC method as previously described,
and characterized and determined by MS as shown in Figures
S2 and S3.

Inhibition experiment. For the inhibition of L-leucine, the
uptake of 2 lmol ⁄L L-[3H] leucine by the S2-LAT1 cell lines
expressing LAT1 and 4F2hc was measured in the presence or
absence of 100 lmol ⁄L non-labeled test compounds, unless
otherwise indicated. The IC50 values of the tested compounds
were determined based on the LAT1-mediated 2 lmol ⁄L
L-[3H] leucine uptake measured at 1, 3, 10, 30, 100, and
300 lmol ⁄L Asp-DOX. LAT1-mediated amino acid uptake was
calculated as the difference between the mean of uptake into
the S2-LAT1 cells that overexpressed LAT1 and 4F2hc. The pro-
cedure of the uptake of L-[3H] leucine was carried out as previ-
ously described.(4) The S2-LAT1 cell line was pre-incubated for

Table 1. Different amino acid modified formations and their inhibition of the uptake of L-[H3] leucine by L-type amino acid transporter 1

Doxorubicin Amino acid X IC50

Leu- >100 lM

Val- >100 lM

Asp- 30.12 lM

Met- >100 lM

Phe- >100 lM

Ile- >100 lM

Tyr- >100 lM
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10 min in DPBS and then incubated in the uptake solution
(DPBS) containing 2 lmol ⁄L L-[3H] leucine (2 lCi ⁄mL) with
or without the tested compounds for 2 min. The uptake solution
was removed and the S2-LAT1 cells were then washed three
times with ice-cold DPBS and were treated with 0.1 mol ⁄L
sodium hydroxide solution. After that, 400 lL cell lysis was
transferred to scintillation vials and solubilized with scintillation
solution. The radioactivity in the cells was measured by a liquid
scintillation counter (PerkinElmer, Waltham, Mass. USA). For
the inhibition of DOX or Asp-DOX, the uptake of 20 lmol ⁄L
DOX or Asp-DOX by S2-LAT1 cells was determined with or
without the absence of 100 lmol ⁄L of different amino acids
(Leu, Met, Phe, Asp, Glu, and Gly) for 2 min. The uptake of
DOX or Asp-DOX was stopped by washing in cold DPBS three
times. Doxorubicin or Asp-DOX internalized into the cells was
extracted by methanol and was determined by HPLC method as
follows. The values were expressed as the percentage increase
in radioactivity compared to the controls (mean values of mea-
surements).
For the determination of Km of Asp-DOX, S2-LAT1 cells

were incubated with different concentrations of Asp-DOX
(1, 3, 10, 30, 100, and 300 lmol ⁄L). The method of Eadie–
Hofstee linear regression was used to draw the Michaelis–
Menten equation to obtain the Km.

Cytotoxicity of Asp-DOX. The cytotoxicity of Asp-DOX or
the control drug DOX to H1299 (human non-small cell lung
carcinoma cell line, LAT1- and MDR1-negative), HCT116
(human colon cancer) expressing LAT1 but not MDR1, and
MCF7 (human breast cancer) and HepG2 (human hepatic can-
cer) cells expressing both LAT1 and MDR1 were assessed
using the one-step MTT assay kit. Briefly, all cancer cells
were cultured in the cell culture discs (10 cm diameter) with
either DMEM or RPMI-1640 mediums supplemented with
10% FBS, 100 IU ⁄mL penicillin, and 0.05 mg ⁄mL streptomy-
cin in a humidified atmosphere of 95% air and 5% CO2 at
37°C. After one or two generations, the cells were inoculated
in 96-well plates. Each well of the 96-well plates was seeded
with 2000–4000 cells and incubated for 48 h. The cells were
then exposed to either DOX or Asp-DOX at different concen-
trations (10, 20, or 50 lg ⁄mL). After being cultured for 48 h,
20 lL MTT solution per 100 lL (5 mg ⁄mL) was added to
each well, followed by incubation for another 2 h. Eventually,
the absorbance of the reaction liquid was measured on a Sun-
rise Absorbance Microplate Reader (Tecan, Gr€odig, Austria) at
wavelength of 492 nm. The experiment was repeated six
times. The data are presented as mean values of measurements.
The inhibition of DOX and Asp-DOX on the growth of cancer
cells was described by the IR as follows:(17)

IR ¼ ð1� absorbance of drug-treated group=absorbance of
control groupÞ � 100% ð1Þ

Cellular uptake of free DOX and Asp-DOX in vitro. Cellular
uptake of free DOX and Asp-DOX was investigated using a
fluorescence microscope (Nikon, Tokyo, Japan) with an excita-
tion wavelength of 475 nm and absorption wavelength of
580 nm to observe the accumulation in the intracellular distri-
bution of DOX as previously described.(10) Cancer cell lines
HepG2 and H1299 were selected as two different models and
seeded into 24-well plates at 1.5 9 105 ⁄well. After 48 h,
either free DOX or Asp-DOX at concentrations of 0, 10, 20,
or 50 lg ⁄mL, dissolved in serum-free medium, were added
(500 lL ⁄well). The treated cells were then incubated for 2 h
at 37°C in 5% CO2. The medium was then removed and cells

were rinsed three times with cold DPBS. Intrinsic fluorescence
of drugs was observed using a fluorescence microscope. Four
hundred microliters of methanol was added to the cells treated
by different drugs. The mixture was then treated by sonication
for 10 min to determine the uptake of drugs into cancer cells.
Fifty microliters of supernatant was analyzed by HPLC ⁄MS
methods as follows.

Bidirectional transport assay. The MDCK-MDR1 cells were
cultured in high glucose DMEM supplemented with 10% FBS,
penicillin (100 IU ⁄mL) and streptomycin (0.05 mg ⁄mL). Cells
were cultured at 37°C in an atmosphere of 5% CO2 and 95% rel-
ative humidity. For the transport assay, the cells were seeded at
a density of 2 9 105 cells per 1.12 cm2 on Costar Transwell
inserts (polycarbonate, 12-mm diameter, 0.4-lm pore size) and
used for assays after approximately 7 days’ incubation, during
which the medium was changed every 3 days.
The permeability of the test compounds was measured by a

Transwell assay as previously described.(18,19) For permeability
measurements, inserts with the endothelial monolayer were
placed into 12-well plates containing HBSS with 25 mM HE-
PES. The efflux rate (PDR) of the test drugs was determined
in the A–B and B–A directions in a shaker at 37°C with gentle
shaking (60 round ⁄min). For the A–B direction, the mediums
in both compartments of the Transwell were replaced by
HBSS and incubated at 37°C and 5% CO2 for 20 min. At time
zero, the HBSS solution of the upper compartment was
removed and replaced by 0.5 mL the same buffer containing
either 50 lg ⁄mL DOX or Asp-DOX; 100 lL solution in the
lower compartment was sampled after 60 min for determining
concentration. For the B–A direction, a similar procedure was
carried out, except that HBSS in the bottom compartment was
removed and replaced by 1.5 mL same buffer with correspond-
ing drugs. Before transport studies, transepithelial electric
resistance was measured (EVOM-2; WPI, Sarasota, FL, USA).
The concentration of test compounds in the samples was deter-
mined by a Shimadzu HPLC system with a fluorescence detec-
tor (Shimadzu, Kyoto, Japan). Apparent permeability was
calculated with the following equation.

Papp ¼ ðdQ=dtÞ=A� C0 ð2Þ

where dQ ⁄dt was the rate of permeability, C0 was the initial
concentration in the donor compartment, and A was the sur-
face area of the filter (1.12 cm2). The efflux ratio (PDR) was
calculated, as the ratio Papp (B – A) : Papp (A – B).(18) A com-
pound with a ratio >2.0 was qualified as a substrate of the
efflux mechanism.

Pharmacokinetic and biodistribution experiments. This study
was carried out in strict accordance with the recommendations
in the Directive 2010 ⁄63 ⁄EU revising Directive 86 ⁄ 609 ⁄EEC
on the protection of animals used for scientific purposes. The
protocol was approved by the Committee on the Ethics of
Animal Experiments of Tianjin City (Permit Number: 27-
2956). All surgery was carried out under sodium pentobarbital
anesthesia, and all efforts were made to minimize suffering.
The experiment was carried out in healthy mice. The com-

pounds were injected through the tail vein at a dose of 5 mg
⁄kg body weight. Blood samples were collected over a time-
span of 4 h post-injection (0, 2 min, 5 min, 10 min, 15 min,
30 min, 1 h, 2 h, and 4 h) by retrobulbar puncture.(20) The
blood samples were immediately mixed with 250 lL 0.5 mM
EDTA-PBS and then centrifuged at 1750 g for 15 min.
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Supernatants (200 lL) were sampled and drugs were extracted
from supernatants by incubation with 1 mL methanol, vortexed
for 1 min and centrifuged at 1750 g. The extraction (approxi-
mately 1 mL) was dried by nitrogen and redissolved by
200 lL mobile phase. The concentrations of either DOX or
Asp-DOX in extraction were analyzed by HPLC. Plasma drug
concentration versus time was plotted and calculation of
AUC0�t was carried out in the WinNonLin 4.0.1 program
(Pharsight, Mountain View, CA, USA) by a non-compartment
model 201 (i.v. bolus administration). Pharmacokinetic data
are expressed as the concentration (lg ⁄mL) remaining in blood
at the various time points post-injection.(21)

For the biodistribution study, eight groups of ALB ⁄ c-nu
male nude mice weighing in the range 18–22 g (Vital River
Laboratory Animal Technology, Beijing, China) were injected
i.p. with cancer cell lines CT116, HepG2, and H1299 to
establish cancer models as previously described.(18) In brief,
nude ALB ⁄ c-nu mice (4 weeks old) were housed in barrier
facilities in a 12:12-h light : dark cycle. Food and water were
supplied ad libitum. On day 0, 1.0 9 107 of H1299, HepG2,
and HCT116 cells in 0.1 mL PBS were implanted s.c. just
above the right femoral joint armpit (3–5 animals for each
tumor cell line). On day 20 after tumor cell injection, when
the mean tumor volume reached approximately 100 mm3,
free DOX and Asp-DOX were injected i.v. at a dose of
5 mg ⁄kg. One hour after injection, the mice were killed by
diethyl ether and cervical dislocation and tissue samples were
collected and frozen in liquid nitrogen. All samples were kept

frozen until extraction. Biodistribution was determined as pre-
viously described.(21,22) Data are expressed as the percentage
of injected dose ⁄g tissue.

Animal models for therapy study. Animal models used for
therapy study were carried out as previously described in a
pharmacokinetics and biodistribution study. Animals bearing
tumor cell lines HepG2 (LAT1-positive) or H1299 (LAT1-nega-
tive control) were divided into three groups. After the volume
of tumors reached 100 mm3, the three groups were treated
with saline, DOX, or Asp-DOX at a dose of 5 mg ⁄kg by i.v.
injection twice a week. The tumor size was measured twice a
week. The volume of tumor was calculated by the formula:
[length 9 (width)2 ⁄2].(23)

Extraction of drugs from tissues for HPLC ⁄MS analysis. The
drug extraction procedure was modified from those previously
described.(21) The tissue samples (100 mg each) were cut into
small pieces. Saline (500 lL) and 100 lL of 2 mg ⁄mL 1-
naphthol (Sigma), as well as the internal standard, were added
to all samples. Samples were then homogenized by a probe
homogenizer (Sonifier 450; Branson Ultrasonics, Branson,
Missouri USA). To extract DOX and Asp-DOX from the tis-
sues, 1 mL methanol was added to 200 lL tissue homogenate
and the mixture was vortexed for 1 min. Thereafter, the treated
samples were centrifuged at 3000 g for 10 min at 4°C. The
organic phase was separated and methanol treatment was
repeated for the precipitate. The supernatant was collected and
dried under a nitrogen stream. The dried samples were recon-
stituted with 200 lL mobile phase, vortexed for 1 min, and

(a)

(c) (d)

(e)

(b)

Fig. 1. Inhibitory effects of different amino acid-modified compounds on the uptake of L-[H3] leucine by the S2-LAT1 transgene cell line. (a)
Uptake of L-[3H] Leu (2 lmol ⁄ L) in S2-LAT1 with or without tested compounds at a concentration of 100 lmol ⁄ L (*P < 0.05; **P < 0.01). (b)
Inhibition of aspartate-modified doxorubicin (Asp-DOX) at different concentrations on the uptake of L-[3H] Leu (2 lmol ⁄ L). (c, d) Inhibition of
different amino acids (100 lmol ⁄ L) on the uptake of Asp-DOX (20 lmol ⁄ L) (c) or DOX (20 lmol ⁄ L) (d) by S2-LAT1 cells. (e) Curve of the Michael-
is–Menten equation through Eadie–Hofstee linear regression to obtain the Michaelis constant (Km).
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centrifuged for 5 min at 12 000 g at 4°C. After centrifugation,
40 lL supernatant was analyzed by HPLC ⁄MS. The samples
were kept at �80°C before HPLC analysis.

Analysis by HPLC and MS. Samples were analyzed by an
HPLC ⁄MS instrument and the products were collected at the
retention time. The elution solutions were analyzed by a TSQ
Quantum triple quadrupole tandem MS (Thermo Fisher Scien-
tific, San Jose, California, USA) and an electrospray ionization
source. A mixture of methanol ⁄ ammonium acetate ⁄phosphoric
acid (145 ⁄155 ⁄0.16, v ⁄v) was used as mobile phase with a
flow rate of 1 mL ⁄min at 40°C. The Agilent C18 column
(200 9 4.6 mm, 0.45 lm) was used. The injection volume
was 40 lL. All measurements were carried out using the posi-
tive ion mode and MS conditions were optimized to obtain
maximum sensitivity for DOX and Asp-DOX. The ion spray
voltage was set at 4000 V, and the capillary temperature was
set at 280°C. The sheath and auxiliary gas was nitrogen, with
the pressure and flow rate of 35 psi and 5 L ⁄min, respectively.

Statistical analysis. The independent samples t-test was used
for comparisons by SPSS 15.0 software (SPSS, Chicago, IL,
USA). Values of P < 0.05 were considered statistically signifi-
cant.

Results

Inhibition of LAT1-mediated uptake by amino acid-related com-

pounds. LAT1-mediated L-[3H] leucine uptake (2 lmol ⁄L) was
measured in the presence of 100 lmol ⁄L concentrations of non-
labeled compounds (Fig. 1). As shown in Figure 1(a), L-[3H]
leucine uptake was markedly inhibited by Asp-DOX and Tyr-
DOX, especially Asp-DOX, whereas the other compounds

Table 2. Half maximal inhibitory concentration values of doxorubicin

(DOX) and aspartate-modified DOX (Asp-DOX) in cancer cell lines

Drug Cell line IC50

DOX HCT116 12.54 lg ⁄mL

HepG2 >50.00 lg ⁄mL

MCF7 >50.00 lmol ⁄mL

H1299 36.51 lg ⁄ml

Asp-DOX HCT116 <10.00 lg ⁄mL

HepG2 <10.00 lg ⁄mL

MCF7 17.50 lg ⁄mL

H1299 >50 lg ⁄mL

(a) (b)

(c) (d)

Fig. 2. Cytotoxicity of doxorubicin (DOX) and aspartate-modified DOX (Asp-DOX) in different cancer cell lines in vitro. Cytotoxicity levels of
DOX and Asp-DOX to the LAT1-positive cell lines HCT116 (a), HepG2 (b), and MCF7 (c), and the LAT1-negative cell line H1299 (d) were deter-
mined by their inhibition of cancer cells through the MTT method.
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(Leu-DOX, Val-DOX, Met-DOX, Phe-DOX, and
Ile-DOX) barely inhibited the uptake of L-[3H] leucine by S2-
LAT1. Furthermore, in order to check the inhibition of Asp-
DOX to the uptake of L-leucine, we inspected its IC50 (Fig. 1b).
Asp-DOX exerted high inhibition on the uptake of L-leucine
and its IC50 to L-leucine was determined to be approximately
30.12 lmol ⁄L. In order to check whether the internalization of
Asp-DOX was mediated by LAT1, the inhibition to the uptake
of Asp-DOX by different amino acids (Leu, Met, and Phe, sub-
strates of LAT1; Ala, Glu, and Gly, non-substrates of LAT1)
was determined with or without 100 lmol ⁄L amino acids. The
results showed that 100 lmol ⁄L Leu, Met, and Phe strongly
inhibited the uptake of Asp-DOX, whereas 100 lmol ⁄L Ala,

Glu, and Gly had no inhibition (Fig. 1c). However, neither
100 lmol ⁄L Leu, Met, or Phe, nor 100 lmol ⁄L Ala, Glu, or
Gly inhibited the uptake of DOX by S2-LAT1 cells (Fig. 1d). In
order to check the affinity of Asp-DOX to LAT1, the Michael-
is–Menten curve was plotted. The results showed that the Km
of Asp-DOX with LAT1 was determined as 41.423 lmol ⁄L

Uptake of DOX, lg ⁄mL Uptake of Asp-DOX, lg ⁄mL

HepG2 H1299 HepG2 H1299

10 lg ⁄mL 0.21 � 0.030 0.20 � 0.059 0.48 � 0.019** ND**

20 lg ⁄mL 0.44 � 0.032 0.33 � 0.019 1.45 � 0.046** 0.016 � 0.0012**

50 lg ⁄mL 0.70 � 0.079 0.69 � 0.055 2.63 � 0.171** 0.018 � 0.0022**

*P < 0.05; **P < 0.01.

Table 3. Uptake of doxorubicin (DOX) and

aspartate-modified DOX (Asp-DOX) in HepG2

(LAT1-positive) and H1299 (LAT1-negative) cell lines

at different doses (10, 20, and 50 lg ⁄mL) in vitro

(n = 3)

(a)

(b)

(c)

(d)

Fig. 3. Uptake of doxorubicin (DOX) or aspartate-modified DOX (Asp-DOX) in cancer cells measured by fluorescence microscopy and the expres-
sion of LAT1 and MDR1 in cancer cell lines. The uptake of DOX and Asp-DOX was determined by the levels of fluorescence (green) at
kex = 475 nm and kem = 580 nm. The LAT1-positive cell line HepG2 (a) and LAT1-negative cell line H1299 (b) treated by DOX (a1–4 and b1–4)
and Asp-DOX (a5–8 and b5–8) at different doses (0, 10, 20, and 50 lg ⁄mL). (c, d) Expression of LAT1 (c) and MDR1 (d) in H1299, HepG2, HCT116,
and MCF7 cancer cell lines; b-actin, housekeeping gene.

Table 4. Bidirectional transport of doxorubicin (DOX) and aspartate-

modified DOX (Asp-DOX) in MDR1-overexpressing MDCK cells,

assessed by the Transwell method (n = 3)

Papp (10�6 cm ⁄ s)
PDR

A–B B–A

DOX (50 lg ⁄mL) 0.53 � 0.093 6.63 � 0.328 13.01 � 1.425

Asp-DOX (50 lg ⁄mL) 0.67 � 0.045 0.87 � 0.073 1.30 � 0.110*

*P < 0.01. A–B, Direction of transport from apical to basolateral pro-
file; B–A, direction of transport from basolateral to apical profile; Papp,
apparent permeability; PDR, the efflux rate.

Fig. 4. Blood drug–time curves of doxorubicin (DOX) and aspartate-
modified DOX (Asp-DOX) at a dose of 5 mg ⁄ kg in healthy mice
(n = 3–5).
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(Fig. 1e). These results suggested that the internalization of
Asp-DOX into S2-LAT1 cells was mainly mediated by LAT1.

Cytotoxicity of Asp-DOX. The cytotoxic effects of free DOX
and Asp-DOX against the LAT1-positive cell lines (HepG2,

MCF7, and HCT116) and the LAT1-negative cell line (H1299)
were evaluated using the MTT assay. The results are shown in
Figure 2 and Table 2. The cytotoxicity of Asp-DOX to LAT1-
positive cancer cells such as HCT116 (Fig. 2a), HepG2

(a) (b) (c)

Fig. 5. Drug biodistribution (percentage of injected dose ⁄ g of tissue) of doxorubicin (DOX) or aspartate-modified DOX (Asp-DOX) in mice bear-
ing the LAT1-positive cell lines HCT116 (a) and HepG2 (b), and the LAT1-negative cell line H1299 (c) (n = 3–5 per group) (*P < 0.05).

(a) (b)

(c) (d)

Fig. 6. Therapeutic responses of nude mice bearing HepG2 and H1299 tumors (n = 3–5). (a) Volume (V) changes of HepG2 tumors in three
groups treated with saline, doxorubicin (DOX), or aspartate-modified DOX (Asp-DOX). (b) Volumes of HepG2 tumors in different groups after
21 days of treatment. (c) Volume changes of H1299 tumors in groups treated with saline, DOX, and Asp-DOX. (d) Volumes of H1299 tumors in
different groups after 21 days of treatment.
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(Fig. 2b), and MCF7 (Fig. 2c) were apparently higher (P <
0.01) than that of free DOX, which suggested that LAT1 may
have played an important role in the internalization of Asp-
DOX into cancer cells, thus enhancing cytotoxicity by increas-
ing the uptake of Asp-DOX into the overexpressed LAT1 cell
lines. In contrast, the cytotoxicity of free DOX toward H1299
cells was much higher than that of Asp-DOX (Fig. 2d). It can
be inferred that the internalization of Asp-DOX was mainly
mediated by the LAT1 transporter, and this inference was also
supported by the inhibition results (Fig. 1c,d).

Uptake of Asp-DOX in vitro. In order to inspect the role of
LAT1 in the transport of Asp-DOX into cancer cells, the
uptake of Asp-DOX and free DOX by a LAT1-positive cell
line (HepG2) and LAT1-negative cell line (H1299 cells) was
investigated using fluorescence microscopy and HPLC. The
results are shown in Figure 3 and Table 3. It can be seen from
Table 3 that, after 2 h of treatment at different drug doses, the
accumulation of Asp-DOX in HepG2 cells was significantly
higher than that of DOX (Table 3). However, the accumulation
of Asp-DOX in the LAT1-negative cell line H1299 was appar-
ently lower compared to free DOX. In addition, the fluores-
cence intensity in the HepG2 cells treated with Asp-DOX was
stronger than that in HepG2 cells treated with DOX (Fig. 3a),
whereas the fluorescence strength in H1299 cells (Fig. 3b) was
reversed compared to HepG2. The results of HPLC analysis
and fluorescence microscopy suggested that, after Asp modifi-
cation, the accumulation of Asp-DOX in the LAT1-positive
cell line (HepG2) increased compared to the LAT1-negative
cell line H1299 (the expression of LAT1 in the four cancer cell
lines is shown in Fig. 3c).

Results of bidirectional transport assay. Drug resistance was
attributable to the decreased accumulation of drugs within
cancer cells because of increased drug efflux.(24) As one
substrate of P-gp, DOX showed weak cytotoxicity to the MDR1-
overexpressing cancer lines HepG2 and MCF7 (Fig. 3d). In con-
trast, Asp-DOX showed a higher inhibition of HepG2 and
MCF7.(25) In order to check the resistance to Asp-DOX, we con-
structed the models of bidirectional transport assay based on the
MDR1-overexpressing MDCK cells through the Transwell
method (Table 4). The results showed that the Papp(B–A) of
DOX (6.63 � 0.328 9 10�6 cm ⁄ s) was significantly higher
(P < 0.01) than that of Asp-DOX (0.87 � 0.073 9 10�6 cm ⁄ s),
whereas the Papp(A–B) of DOX (0.53 � 0.093 910�6 cm ⁄ s)
was lower than that of Asp-DOX (0.67 � 0.045 9 10�6 cm ⁄ s).
The PDR of DOX was determined as 13.01 � 1.425 whereas
the PDR of Asp-DOX was only 1.30 � 0.110. This suggested
that the Asp-modified DOX was not yet a substrate of P-gp.(26)

These findings also suggested that Asp-DOX was better retained
within the P-gp overexpressing cells than free DOX.

Pharmacokinetics and biodistribution of Asp-DOX. To quantify
the fate of the Asp-modified DOX, we carried out pharma-
cokinetic studies with Asp-DOX and DOX as previously
described.(27) The results are shown in Figure 4. As previously
reported, DOX was rapidly eliminated from the blood circula-
tion (t1/2, 15.12 min), whereas Asp-DOX had a significantly
longer circulation time (t1/2, 49.14 min). Additionally, the
AUC0�t of Asp-DOX (1293.236 min lg ⁄mL) was approxi-
mately 8.14-fold larger than that of the unmodified DOX
(158.894 min lg ⁄mL). These results suggested that, after Asp
modification, the retention time of Asp-DOX in blood was pro-
longed and the exposure dose was also increased at the same
dose.
The biodistribution of DOX and Asp-DOX were investigated

in mice bearing HepG2, HCT116, and H1299 tumors (Fig. 5).

The results showed that in the HCT116 models, with the
exception that the uptake of Asp-DOX was 6.4-fold higher
than that of DOX in tumor tissues, the drug levels were more
or less higher in other tissues of free DOX-treated mice than
in that of Asp-DOX-treated groups (Fig. 5a). In HepG2 models
(Fig. 5b), the drug levels were significantly higher in heart,
liver, and lung of DOX-treated mice than in Asp-DOX-treated
mice, while the accumulation of Asp-DOX in tumor tissues
was approximately 3.1-fold higher than that of free DOX-trea-
ted mice. Although there was no statistical difference, the drug
levels of DOX was higher than that of Asp-DOX in other tis-
sues (Fig. 5b). In the LAT1-negative cancer cell line H1299
models (Fig. 5c), the drug levels of DOX were higher than
that of Asp-DOX in all tissues, especially in tumor tissues.
These results suggested that LAT1 plays an important role in
the uptake of Asp-DOX by tumor tissues.

Therapeutic effects of Asp-DOX in vivo. The therapeutic effect
of Asp-DOX was investigated in the HepG2 (LAT1-positive)
and H1299 (LAT1-negative) tumor models (representative of the
four tested cancer cell lines in vitro), as previously described
(Fig. 6). The pharmacodynamic study revealed that, in HepG2
tumor models, tumor volumes increased rapidly in an exponen-
tial way when animals were treated with the saline and DOX,
whereas treatment with Asp-DOX slowed the tumor growth rate
significantly. At the end of the experiment, tumors in the animals
treated with saline and free DOX continued to grow rapidly to
2490.33 � 294.03 mm3 and 1790.334 � 294.03 mm3, approxi-
mately 24- and 13.6-fold larger than the initial tumors; in con-
trast, the tumor volume of the group treated with Asp-DOX was
only 709.93 � 105.19 mm3, approximately 5-fold larger than
the initial tumors (Fig. 6a,b). More importantly, after 17 days of
treatment with Asp-DOX, the tumor volumes showed shrinkage,
which indicated a good prognosis in LAT1-positive HepG2
tumors. However, the antitumor effect exerted by DOX was
stronger than that of Asp-DOX and saline in LAT1-negative
H1299 tumor models (Fig. 6c,d). These results suggested that
Asp-DOX showed stronger inhibition of the growth of LAT1-
positive HepG2 tumors in vivo than that in LAT1-negative
H1299 tumors. From these results it can be inferred that Asp-
DOX expressed higher selective cytotoxicity and antitumor
effects to LAT1-positive tumor cell lines such as HepG2.

Discussion

LAT1 is overexpressed on various human tumor cells and is a
potential molecular target for tumor therapy.(5,28) It was pro-
posed that it must have a free carboxyl and an amino group
and that the hydrophobic interaction between the substrate side
chain and the substrate binding site of LAT1 seems to be cru-
cial for the substrate binding, which was supported by the
results of inhibition of different amino acid-modified forma-
tions to the uptake of L-[3H] leucine (Fig. 1). Amino acids,
the substrates of LAT1, provided ideal ligands for a targeted
delivery system of antitumor drugs. This was supported by our
results in vitro and in vivo (Figs 3,5, Table 3). The higher
accumulation of Asp-DOX in LAT1-overexpressing tumor tis-
sues and the better antitumor activity than free DOX in our
pharmacodynamics studies proved that Asp-DOX was an effi-
cient formulation that exerted stronger antitumor effects and
higher selective cytotoxicity to LAT1-positive tumor cells in vi-
tro and in vivo. (Fig. 6a,b).
Overexpression of P-gp associated with MDR is a prominent

mechanism in tumor therapy,(29) which decreases effective drug
accumulation within tumors. Doxorubicin is a widely used anti-
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cancer drug, and a proven substrate of P-gp.(26) Therefore, it was
practicable to decrease the resistance of cancer cells to DOX
through reconstruction on the molecule. In this study, after Asp
modification, Asp-DOX showed a lower PDR and a lower affin-
ity to P-gp (Table 4) and it showed stronger growth inhibition in
cancer cell lines HCT116, MCF7, and HepG2 in vitro and
in vivo (Figs 4,6). It can be inferred that this formulation, Asp-
DOX, successfully avoided the recognition and elimination of P-
gp in tumors for an efficient antitumor therapy.
Doxorubicin had a shorter retention time than Asp-DOX and

it was quickly cleared during the blood circulation (t1/2,
15.12 min; AUC0�t, 158.89 min * mg ⁄mL).(30,31) The t1/2 and
AUC0�t of Asp-DOX (49.14 min and 1293.236 min * mg
⁄mL, respectively) were both greatly enhanced compared to
DOX (Fig. 4). These results suggested that the internalization
of Asp-DOX was different from DOX and that the clearance
of Asp-DOX became slower and the exposure dose increased
greatly after modification. The lower clearance rate and higher
exposure dose of Asp-DOX were necessary for its accumula-
tion in tumor sites to exert its potent effect.
In conclusion, Asp-DOX efficiently avoided the MDR effect

induced by P-gp and expressed better properties in pharmaco-
dynamics and pharmacokinetics. It is suggested that Asp-DOX
deserves consideration as a candidate for the anticancer drug
arsenal and provides another choice for LAT1-positive cancer
treatment because of its long circulation, high affinity to LAT1,
and efficient avoidance of the MDR effect induced by P-gp.
More importantly, the present study not only provided support

for the transport properties of LAT1 but also revealed a new
clue for the conventional antitumor agents to overcome MDR.

Acknowledgments

This work was supported by the Chinese Ministry of Sciences and
Technology Research project (Grant No. 2009ZX09304-002), the State
973 plan project (Grant No. 2010CB735602), and the Major National
Technology Programs in the “Twelfth Five-Year” Plan period (Grant
No. 2012ZX09304002).

Disclosure Statement

The authors have no conflict of interest.

Abbreviations

A–B apical-to-basolateral
AUC0�t area under the curve of concentration versus time
B–A basolateral-to-apical
DOX doxorubicin
DPBS Dulbecco’s PBS
IR inhibition rate
Km Michaelis constant
LAT1 L-type amino acid transporter 1
MDR1 multiple drug resistance gene 1
Papp apparent permeability
PDR the efflux rate
P-gp P-glycoprotein
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Fig. S1. Procedure of the synthesis of aspartate-modified doxorubicin (Asp-DOX).

Fig. S2. Characterizations of doxorubicin (DOX) and aspartate-modified DOX (Asp-DOX) by HPLC.

Fig. S3. Mass spectrometry results of doxorubicin (DOX) and aspartate-modified DOX (Asp-DOX).
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