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Abstract: Anthracyclines are important for the treatment of gynecological malignancies, but their
effects are modest, and one of the major reasons is the lack of a tumor-targeting property. To
overcome this drawback, a poly (hydroxypropyl meta-acrylamide) conjugated with tetrahydropyraryl
doxorubicin (P-THP) has been developed, which exhibits a highly tumor-specific accumulation owing
to the enhanced permeability and retention effect. The effect of P-THP has been confirmed by using
various cell lines and solid tumor models, while its effect on gynecological malignancies have not
been investigated. In this regard, human uterine sarcoma cell line with metastatic potential MEA-
SA C9 high, epithelial ovarian cancer cell line A2780 and its cisplatin-resistant line A2780cis, and
DOX-resistant line A2780ADR were used in this study, and the therapeutic effect as well as the safety
profiles of P-THP were investigated compared to native THP, cisplatin, and paclitaxel, which are
commonly used for gynecological malignancies, both in vitro and in vivo. Similar to native THP, a
dose-dependent toxicity of P-THP was identified in all cell lines. Moreover, the IC50 values in the
3 h following P-THP were 1.5–10 times higher than those at 72 h, though the intracellular uptake
of P-THP in all cells were 2–10-fold less than THP. In vivo studies using xenograft tumor models
revealed that P-THP significantly suppressed the MES-SA C9 high, A2780, and A2780cis tumor
growth at the dose of 15 mg/kg (THP equivalent), which is three times above the maximal tolerance
dose of native THP, while no body weight loss or acute death occurred. However, in A2780ADR cells
and the xenograft model, no significant difference in the therapeutic effect was observed between
THP and P-THP, suggesting that P-THP exhibits its effect depending on the release of the active free
THP in tumor tissues, and thus the internalization into tumor cells. These findings indicates that
P-THP has the potential as a therapeutic for gynecological malignancies to improve the therapeutic
outcomes and survival rates of patients, even in refractory patients.

Keywords: pirarubicin; P-THP; EPR effect; nanomedicine; drug delivery; ovarian cancer; uterine sarcoma

1. Introduction

Ovarian cancer is the second most common cause of death from gynecological cancer,
and both advanced ovarian cancer and uterine malignant mesenchymal tumors have been
commonly known to cause high mortality rates in gynecological malignancies [1,2]. Recent
molecular-targeted drugs with PARP (poly (ADP-ribose/polymerase) inhibitors (PARPi),
an angiogenic inhibitor, have improved survival rates in gynecological malignancies in
ovarian cancer [3,4]. BRCA mutation with either tumors and/or germline, or homologous
recombination deficiencies (HRD) in tumors, are good indications in patients to receive
PARPi treatment, and the addition of an angiogenic inhibitor has proven to further prolong
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survival [4]. However, PARPi can be mainly used as maintenance therapy following the
first-line platinum-containing treatment regimen because the cytotoxic efficacy is limited.

Cytotoxic chemotherapy is always the fundamental treatment for gynecological malig-
nancies. Platinum-containing regimens were commonly used with paclitaxel plus carbo-
platin (TC) for first-line ovarian cancer treatment, and pegylated liposomal doxorubicin
(Doxil®) plus carboplatin (PLD-C) is also used for recurrence [5]. The two regimens were
directly compared in a randomized controlled trial, and the better therapeutic effect of
Doxil was proven [5]. Progression-free survival (PFS) for the PLD-C was statistically supe-
rior to the TC arm (HR, 0.821; p = 0.005), where the median PFS was 11.3 months versus
9.4 months, respectively. Doxil® is the first approved anticancer nanomedicine which
exhibits prolonged circulation time and high tumor accumulation by taking advantage
of the enhanced permeability and retention (EPR) effect [6]. Doxil® has been approved
for ovarian cancer as a promising therapeutic with a high therapeutic potential; however,
clinical results could not indicate a sufficient anticancer activity to replace the existing
cytotoxic agents such as TC [7], which is considered to be mostly due to the low release
rate of its active pharmaceutical ingredients (API) [7]. Moreover, in a Japanese phase II
trial of PLD-C in platinum-sensitive recurrent ovarian cancer, severe hematological toxicity
of frequent grade 3–4 was observed to be associated with this treatment regimen, along
with neutropenia (82%), thrombocytopenia (51%), anemia (17%), and nonhematological
toxicity with palmar–plantar erythrodysesthesia (PPE) (45%) [8]. These findings suggest
the necessity of the further elaboration of nanomedicines for clinical application.

Anthracycline-based chemotherapy, including doxorubicin (DOX) and pirarubicin
(THP), has also been used for endometrial cancer, which causes a cytotoxic effect by DNA
intercalation, topoisomerase activity inhibition, and the generation of reactive oxygen
species. A recent clinical trial using DOX plus cisplatin (AP) revealed a similar outcome to
the standard TC regimen [9]. Though many therapeutic regimens have been developed for
gynecological malignancies, the treatment for patients resistant to conventional chemother-
apy remains unestablished. In this context, molecular targeted therapy and precision
medicine has gradually gained popularity in endometrial cancer treatment, and a recent
trial for endometrial cancer patients using the molecular target drugs pembrolizumab plus
lenvatinib has shown a significant survival benefit compared to conventional chemother-
apy [10]. However, pembrolizumab monotherapy has shown less activity [11,12], and
chemotherapy using cytotoxic drugs remains the first-line dominant treatment.

Anthracycline has been considered as the standard treatment choice for gynecological
mesenchymal tumors with leiomyosarcoma or endometrial stromal sarcoma for more than
40 years. Since 2002, a combination of gemcitabine plus docetaxel was widely used as a first-
line option for locally advanced or metastatic leiomyosarcoma [13]. However, a recent phase
III clinical trial demonstrated no significant difference between this regimen and the single-
agent DOX in patients, in which the patients which received six cycles of intravenous DOX
of 75 mg/m2 exhibited the median progression-free survival of 23·3 weeks compared to
the 23·7 weeks of the gemcitabine plus docetaxel regimen [14]. These results suggested the
importance of anthracyclines for gynecological malignancies; therefore, the development
of anthracycline-based drugs and regimens is of great necessity.

We have previously reported a case of completely cured refractory prostate can-
cer [15] by using a newly developed nanomedicine, poly (hydroxypropyl meta-acrylamide)
(HPMA) conjugated with THP (P-THP) [16]. P-THP was developed at Maeda’s laboratory
in 2014 as a polymer nanomedicine using a biocompatible HPMA copolymer [16]. The
patient suffered from refractory advanced prostate cancer, having multiple metastatic lung
nodules and multiple bone metastasis. Radiotherapy was targeted to the primary lesion,
and P-THP was administered systemically for treating the metastatic lesions. P-THP doses
ranged from 30 mg to 50 mg of free THP-equivalent dose/70 kg body weight every two to
three weeks. The doses were administered seven times in five months and did not reveal
any sign of toxicity, including cardiovascular failures. The patient has recorded no evidence
of disease relapse for eight years [12].
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P-THP has the apparent molecular size of about 40 kDa and a mean diameter of
8.2 mm, and highly tumor-specific accumulation owing to the EPR effect [16,17]. The
antitumor activity of P-THP has been verified by using various cell lines and solid tumor
models [16,17]; however, its effect on gynecological malignancies, including ovarian cancer
and uterine mesenchymal tumors, has not been investigated. Particularly, the assessment
of antitumor efficacy against the resistance of commonly used cytotoxic agents is important
for applying clinical use. In this context, here we investigated the therapeutic effect of P-
THP on uterine sarcoma and ovarian cancers, as compared with THP and the conventional
chemotherapeutic drug paclitaxel. Furthermore, the applicability of P-THP for DOX- or
cisplatin-resistant ovarian cancers, which frequently occur in clinic after chemotherapy
using DOX or cisplatin, is also investigated, by which the insight into the potential of
treatment strategies using P-THP for the gynecological malignancies are discussed.

2. Materials and Methods
2.1. Materials

Human uterine sarcoma cell line MES-SA, the GPF-transfected cell line (MEA-SA
C9), and its selected subset with a high metastatic potential (MEA-SA C9 high) [15] were
kindly provided by Prof. Yoshio Yoshida in the Department of Biochemistry, Medical
Sciences, Fukui University, Japan. Epithelial ovarian cell lines A2780 (93112519) [16],
and its cisplatin-resistant cell line A2780/cis (93112517) [17] and DOX-resistant cell line
A2780/ADR (93112520) [16] were purchased from the European Collection of Authenticated
Cell Cultures (ECACC) cell bank. THP, cisplatin, and paclitaxel were purchased from Wako
Pure Chemical (Osaka, Japan). Doxil® was purchased from Janssen Pharmaceutical K.K.
(Tokyo, Japan). P-THP was synthesized as reported previously [13].

2.2. In Vitro Cytotoxicity Assay

MES-SA cells were cultured in McCoy’s 5A medium supplemented with 10% fetal
bovine serum (FBS) and 2 µg/mL gentamicin solution under the 5% CO2/air at 37 ◦C. An
amount of 1 µg/mL puromycin dihydrochloride was added to the MEA-SA C9 and MEA-
SA C9 high cells during culture. A2780 cells were cultured in RPMI1640 with 10% FBS. An
amount of 0.1 µM cisplatin was added to A2780/cis cells, and 0.1 µM DOX hydrochloride
were added to A2780/ADR cells, respectively.

MTT assay was carried out for evaluating the cytotoxicity. The cells were seeded in a
96-well plate at 3000 cells/well. THP and P-THP of different concentrations were added to
the cells, and the cells were further cultured for 3 h or 72 h. The medium was then removed,
and fresh medium was added after the cells were washed three times with PBS. MTT assay
was then performed. For cells treated for 3 h, further culture of 72 h was carried out before
MTT assay.

2.3. Intracellular Uptake Analysis of THP and P-THP

Above-described cells of 5 × 105 cells/well cells were seeded in 12-well plates and
treated with 100 µg/mL (THP equivalent) of P-THP or THP for the indicated time periods.
Then, the cells were washed twice with PBS, resuspended in 500 µL PBS, followed by
sonication for 30 s (UR-21P® (TOMY Co. Ltd., Tokyo, Japan)).

For detecting the released THP from P-THP, an equal volume of 0.2 M sodium bi-
carbonate buffer (pH 9.8) was added to the cell lysate and mixed, to which 600 µL of
chloroform was added and mixed vigorously. After centrifugation (8000 rpm, 5 min),
400 µL of the lower chloroform layer (containing free THP) was collected. The amount of
THP was then measured by using a fluorescence spectrometer (Infinite® M200 (Tecan Trad-
ing AG, Männedorf, Switzerland); excitation wavelength, 488 nm, emission wavelength,
550–650 nm).
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For measuring the total amount of THP including both P-THP and released free THP,
equal volumes of 2 M HCl were added to the cultured cell lysate and treated at 50 ◦C for
1 h, followed by the same protocol as described above.

In a separate experiment, intracellular images derived from THP and P-THP were
observed by the fluorescence microscope (BX50-33FLA2 camera DP74 (Olympus Co, Tokyo,
Japan); excitation wavelength of 530–550 nm, fluorescent wavelength of 580 or higher nm).

2.4. In Vivo Antitumor Effect of P-THP

In vivo antitumor effect of P-THP was investigated by using xenograft models in mice,
as compared with commonly used chemotherapeutic drugs for gynecological malignancies,
i.e., THP, cisplatin, and paclitaxel. BALB/c nude mice in vivo were purchased from SLC,
Shizuoka, Japan. The animals were maintained at 22 ± 1 ◦C and 55 ± 5% relative humidity
with a 12 h light and dark cycle. All experiments were approved by the Animal Ethics
Committees of Sojo University and performed according to the Laboratory Protocol for
Animal Handling of Sojo University.

Tumor cells (1 × 107) were implanted in the dorsal skin of BALB/c nude mice, and
after 4–6 weeks when the tumors grew to 6–8 mm in diameter, the treatment was carried
out. THP (5 mg/kg) and P-THP (15 mg/kg) were administered intravenously (i.v.) weekly
for 3 times; CDDP (5 mg/kg) and paclitaxel (3 mg/kg) were administered i.v. weekly for
the total of 4 injections.

The tumor volume (mm3), which was calculated as (W2 × L)/2 by measuring the
width (W) and length (L) of the tumor, and body weight of the mice were recorded ev-
ery 2–3 days during the period of the experiment. When the tumor reached the size of
4000 mm3, the mice were euthanized.

3. Results
3.1. Cytotoxicity Assay for Gynecological Malignancies of P-THP In Vitro

As seen in Figure 1A–F, in all tested cells, P-THP showed a dose-dependent cytotoxicity
which is similar to free THP. The 50% inhibitory concentration (IC50) values of THP and
P-THP against the different cell lines are indicated in Table 1. Moreover, time-dependency
was also found for P-THP as well as free THP, in which the IC50, after 3 h of treatment, were
1.5–10 times higher than that after 72 h treatment (Figure 1). More importantly, after 3 h
treatment, the IC50 values of P-THP were 2–5-fold higher than the free THP, whereas after
72 h treatment, the cytotoxicity of P-THP was almost similar to that of free THP (Table 1).

Table 1. In vitro cytotoxicity (IC50) values of THP and P-THP in A2780, A2780cis, and A2780ADR
after 3 h and 72 h of incubation at 37 ◦C.

Incubation
Times

LC50
(µg/mL)

Incubation
Times

LC50
(µg/mL)

THP P-THP
MES-SA 3 h 0.063 MES-SA 3 h 0.253

72 h 0.017 72 h 0.042
MES-SA C9 3 h 0.207 MES-SA C9 3 h 0.251

72 h 0.091 72 h 0.045
MES-SA C9 high 3 h 0.029 MES-SA C9 high 3 h 0.378

72 h 0.026 72 h 0.051
A2780 3 h 0.111 A2780 3 h 0.065

72 h 0.018 72 h 0.044
A2780cis 3 h 0.050 A2780cis 3 h 0.111

72 h 0.068 72 h 0.028
A2780ADR 3 h 0.904 A2780ADR 3 h 0.567

72 h 0.192 72 h 0.189
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Figure 1. Cytotoxicity of THP or PTH for MES-SA (A), MES-SA C9 (B), MES-SA C9 high (C), A2780 
(D), A2780/ADR (E), and A2780/cis (F) were assessed. Dose-dependent toxicity of P-THP, similarly 
to THP, were identified at both 3 h and 72 h incubation. Data are expressed as a mean percentage of 
control growth ± standard deviation (SD) (n = 8 replicates per concentration). 

  

Figure 1. Cytotoxicity of THP or PTH for MES-SA (A), MES-SA C9 (B), MES-SA C9 high (C),
A2780 (D), A2780/ADR (E), and A2780/cis (F) were assessed. Dose-dependent toxicity of P-THP,
similarly to THP, were identified at both 3 h and 72 h incubation. Data are expressed as a mean
percentage of control growth ± standard deviation (SD) (n = 8 replicates per concentration).

3.2. Intracellular Uptake of THP and P-THP

In Figure 2A–C, we firstly analyzed the intracellular uptake of THP and P-THP in MES-
SA, MEA-SA C9, and MEA-SA C9 high cells. A time-dependent increase of internalization
was observed (Figure 2A–C), which was also visualized by using fluorescence microscopy
(Figure 2D). Moreover, the intracellular uptake of P-THP in all of the test cells were 2–10-fold
less than THP, regardless of whether free THP or total THP (including contact P-THP) was
measured. These findings suggested that the release of free THP is necessary for P-THP to
exert is effect.
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Figure 2. Intracellular uptake of THP and PTHP for MES-SA (A), MEA-SA C9 (B), MEA-SA C9 high (C),
A2780 (E), A2780/ADR (F), A2780cis (G). The fluorescence imaging of MES-SA C9 (D) and A2780 cis
(H) were also shown. ‘Free’ means released THP and ‘Total’ means total THP. Data are expressed as a
mean percentage of control growth ± Standard Deviation (SD).

We then investigated the intracellular uptake of P-THP in ovarian cancer A2780 cells,
its resistant cell line A2780/cis, and A2780/ADR, as shown in Figure 2E–H. Similarly, the
uptake of THP was much better than that of P-THP in all cells, and the uptake of P-THP in
ADR-resistant cell lines was also reduced, which was similar to THP. These findings further
supported that the release of free THP, and the internalization into the cells, are critical
steps for P-THP’s anticancer activity.
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3.3. In Vivo Therapeutic Effects of P-THP against Gynecological Malignancies

In the MES-SA C9 high tumor xenograft model, which is a highly aggressive tumor
with high metastasis potential, P-THP significantly suppressed the tumor growth, which
was much better than the effect of THP (Figure 3A), while no apparent body weight loss
or acute death occurred (Figure 3B). The tumor weight of the P-THP treatment group at
36 days after treatment was significantly lower than both the control (p < 0.001) and THP
treatment group (p < 0.002), whereas no significant decrease of tumor weight was found in
the THP treatment group compared to the control group (Figure 3C,D).

More importantly, in the cisplatin-resistant A2780/cis xenograft model, compared to
the anticancer drugs commonly used for epithelial ovarian tumors, i.e., cisplatin and pacli-
taxel, P-THP showed a clearly much improved antitumor effect, in which the tumor growth
was almost completely inhibited up to 35 days after treatment (Figure 3D). Moreover,
during the treatment, no apparent body weight loss was observed (Figure 3E).

However, in the DOX-resistant A2780/ADR tumor xenograft model, no apparent
therapeutic effect was observed for P-THP, which was similar to free THP (Figure 3F,G).
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Figure 3. Antitumor effect of P-THP in vivo. MES-SA C9 high tumor-bearing mice (A,B): Free THP
and P-THP at 5 mg/kg and 15 mg/kg of THP-equivalent doses are weekly administered three times
from the tail vein when the tumor diameter is 6–12 mm. (A) Tumor volume (mm3) and (B) body
weight (g) change. Data ± SEM (n = 4). MES-SA C9 high tumor-bearing mice (C): (C) Tumor weight
after 36 days of treatment started of sacrifice mice revealed P-THP was significantly less than THP, as
well as fluorescence imaging. Fluorescence images showed mice tumors treated with THP or P-THP.
The tumors were cut in the middle of tumor nodules, and the cross-sectional views were shown.
Data ± SEM (n = 4). A2780cis tumor model (D,E) of 1.5 × 107 cells per inoculation were injected:
THP and P-THP at 5 mg/kg and 15 mg/kg of THP-equivalent doses were weekly administered from
6–12 mm of initial tumor size (n = 3). Data are expressed as Data ± SEM. Paclitaxel (3 mg/kg) was
used with 4 weekly i.v. injections. A2780/ADR tumor model (F,G) of 1.5 × 107 cells per inoculation:
THP and P-THP at 5 mg/kg and 15 mg/kg of THP equivalent doses were weekly administered from
4–10 mm of initial tumor size (n = 4). Data ± SEM (n = 4). Regarding the dosing of P-THP, 3 injections
were carried out only in the A2780/ADR tumor model; for the other tumor model, one injection of
P-THP was performed.
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4. Discussion

The anticancer activity of P-THP has been reported in various types of tumor cell lines,
including cervical cancer (HeLa cells), melanoma (B16-F10), colon cancer (HCT116/C26),
glioblastoma (U87-MG), and pancreatic cancer (SUIT2) cell lines [13,18,19]. All our cell lines
in vitro were inhibited by P-THP in a concentration and time-dependent manner, which,
3 h after treatment, the cytotoxicity of P-THP was lower to that of the free THP (Table 1).
These findings are similar with previous studies which indicated P-THP is less cytotoxic
than THP. This is mostly attributed to P-THP’s slower uptake into the cell than P-THP, as
evidenced in Figure 2. Similar phenomena were also seen in many other macromolecular
agents [13], in which hydrophilic polymer components impede the internalization of drugs,
known as the PEG dilemma [13,20,21]. However, after a long time treatment (i.e., 72 h),
P-THP showed almost similar cytotoxicity as free THP (Table 1). We considered that it was
the consequence of the release of free THP from P-THP. Because THP was conjugated to
the HPMA polymer by the hydrazone bond, the release of free THP from P-THP occurred
constantly and slowly in physiological pH, but rapid release was triggered at an acidic
pH [13], so a long time incubation results in an increased amount of released free THP, and
the decreased pH in the medium due to the tumor cell metabolism induced the release of
more free THP, consequently resulting in a much-increased cytotoxicity of P-THP that is
comparable to free THP. Further investigations are warranted to clarify this issue.

Regarding the in vivo antitumor activity of P-THP, we adopted the dosage of 5 mg/kg
for THP and 15 mg/kg (THP equivalent) for P-THP, because 15 mg/kg is almost the LD50
of free THP, of which 40% of the tumor-bearing mice died at this dose in our previous
study [13], while the LD50 of the P-THP was reported to be higher than 60 mg/kg [18],
and no apparent side effects were found at 15 mg/kg [13]. In the implanted uterine
sarcoma mice model, we clearly found that P-THP almost completely suppressed the tumor
growth, in which the effect was much superior to the free THP, whereas no remarkable
body weight loss was observed (Figure 3A, B). Regarding uterine sarcoma, anthracycline
is still the first-line treatment for advanced uterine sarcoma. In a recent clinical trial [14]
comparing gemcitabine and docetaxel versus DOX as first-line treatment, the survival
outcomes were similar in both groups, while complications tended to be less with DOX.
However, regarding THP, the response rate of single-agent THP was reported to be only
25%, which is mostly due to its high toxicities, i.e., febrile neutropenia (20%), fatigue (6%),
and mucositis (14%), that limit the application and dosage of THP [19]. Development of
new drugs is thus necessary to find potentially more effective treatments for advanced
uterine sarcoma, and our current study strongly suggested that P-THP may become a
candidate for uterine sarcoma.

Advanced ovarian cancer is highly chemo-sensitive, with over 70% of patients re-
sponding to first-line chemotherapy, but many cases finally succumb to chemo-resistant
disease [20]. Cisplatin-resistant ovarian cancer patients were generally treated with single-
agent liposomal DOX, or weekly paclitaxel and topotecan; however, the efficacy was low,
at a 12–25% response rate [21,22]. In this study, in the cisplatin-resistant A2780/cis tumor
model, we found that P-THP was strongly effective and exhibited a much better anticancer
effect than not only cisplatin, but also paclitaxel (Figure 3D). However, by the present treat-
ment protocol, no advantage was observed for P-THP than free THP in the DOX-resistant
A2780/ADR tumor model (Figure 3F), as both P-THP and THP did not show a significant
antitumor effect. These findings further supported the notion that P-THP exerts its effect
by releasing free THP in the tumor tissue, in which the effect was similarly affected by
the overexpressed outflow pump in A2780/ADR cells. However, this hurdle could be
overcome by increasing the dosing of drugs, which the high tumor accumulation, and thus
low toxicity, of P-THP will enable in dose escalation, which needs further investigations.

Since solid tumors have innumerable subpopulations (mutant cells, gene polymor-
phisms) even within the same patient, the surviving resistant clones may start to grow
immediately if they are not eradicated by the administered antitumor agent. To achieve this
goal, administering a high concentration of a drug that would kill all cancer cells, including
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resistant clones, is commonly considered. However, in clinical practice, high-dose adminis-
tration is usually not possible due to the serious toxicity/side effects. In this regard, a drug
delivery system that delivers drugs selectively to tumors is a useful and effective strategy,
namely, tumor targeting. EPR effect-based nanomedicine is a well-recognized strategy
of tumor targeting. The EPR effect was first demonstrated by Matsumura and Maeda
in 1986 [23], which is a unique phenomenon in most solid tumors due to the abnormal
anatomical and pathophysiological features of solid tumors, such as active angiogenesis,
the large gap between endothelial cells of tumor blood vessels, the active production of
various vascular permeability factors, and the lack of lymphatic drainage [23,24]. Based
on the EPR effect, many nanomedicines have been developed, including polymer conju-
gates, polymeric micelles, liposome, nanoparticles, antibody drug conjugate, and so on,
some of which are approved for clinical use, and more are in preclinical trials [25]. For
example, recently squalene that is a triterpene in the cholesterol biosynthesis pathway
widely distributed in nature, has been successfully developed as a nanoplatform for various
therapeutic molecules and nucleoside analogues with gemcitabine, as well as doxorubicin
and paclitaxel, and the the squalenoylated doxorubicin nanoassemblies exhibited much
improved anticancer therapeutic efficacy with decreased cytotoxicity [26,27].

To maximize the effectiveness of nanomedicines, the following three conditions are con-
sidered necessary for a successful nanomedicine: (1) prolonged circulation time/stability in
circulation and selective accumulation in the tumor by the EPR effect; (2) the rapid release of
API responding to tumor environment; (3) active cellular uptake of the API into the tumor
cell. P-THP is just such a sample designed and developed by these three criteria. Namely,
P-THP has the potential to be an intelligent nanomedicine for the treatment of malignant
tumors with a low toxicity by its following characteristics: (1) the selective accumulation
in the tumor tissue, which is about 30 times higher than normal tissue due to the EPR
effect [16]; (2) the hydrazone bond in P-THP as the acidic tumor environment-responsive
linker, resulting in rapid low pH environment of the tumor tissue (5.5 to 6.5 compared to
7.4 in normal tissue) [16]; (3) the rapid intracellular uptake of free THP that is 30 to 50 times
faster than DOX [28], which is contributed to, at least partly, the active transport systems,
such as the glucose transporter in tumor cells that is 10 times higher than in normal cells.

In contrast, nanomedicines that could not satisfy the above criteria may suffer from
an insufficient effect. For example, the block copolymer micelle-containing DOX (NK911,
Nippon Kayaku Co., Ltd.; Tokyo, Japan) that encapsulates DOX via the noncovalent bond
showed low stability in the blood stream, which releases 50% of the APIs within two hours,
resulting in a relatively short plasma half-life (t1/2); consequently, it could not behave as
a nanomedicine completely, thus exhibiting an insufficient therapeutic effect [29]. On the
contrary, Doxil® shows very high stability, having a very low rate of DOX release from the
liposome, though it does exhibit high EPR effect-based tumor accumulation, and thus the
therapeutic outcome is not fully satisfied [6,30].

Another important potential of P-THP, besides its superior antitumor effect, is its low
toxicity/high safety. THP itself has 38% less cardiotoxicity than DOX, and its maximum
cumulative-tolerated dose (MCTD) is 650 mg/m2 [31]. By taking advantage of the EPR-
based tumor selective accumulation, P-THP’s toxicity is much less than THP, as evidenced
by many previous studies using solid tumor models [16,28]. The present study also clearly
suggested the high safety of P-THP in all tumor models, as the P-THP treatment did not
induce any apparent loss of body weight (Figure 3B,E,G). Future study will focus on the
determination of the maximum cumulative-tolerated dose (MTD) of P-THP, the acceptable
safety level and safety profile of P-THP, and the safety and efficacy of P-THP monotherapy
or combination therapy in recurrent or newly diagnosed disease, such as leiomyosarcoma,
for the clinical development of P-THP.

In conclusion, the history of gynecologic oncology has proven that multidisciplinary
treatment over the tumor heterogeneity and drug resistance is required for eradicating
the malignancies. Continuing development of various types of antitumor agents such as
immunotherapies, precision medicine, radiotherapy, and cytotoxic agents are warranted.
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The present study shows that P-THP, utilizing the EPR effect, may improve survival rates
without major complications, even in refractory patients. With the potential of tumor
targeting and nontoxic properties, we anticipate the application of P-THP for gynecological
malignancies. Further extensive studies of P-THP are necessary and warranted.

Author Contributions: Conceptualization, S.Y., J.F. and H.K.; methodology, S.Y., J.F., R.I. and S.G.;
software, S.Y. and R.I.; validation, S.Y., J.F., R.I. and S.G.; formal analysis, S.Y., J.F., R.I. and S.G.;
investigation, S.Y., R.I. and S.G.; resources, J.F. and H.K.; data curation, S.Y. and J.F.; writing—original
draft preparation, S.Y., J.F. and H.K.; writing—review and editing, S.Y., J.F. and H.K.; visualization,
S.Y. and J.F.; supervision, H.K.; project administration, S.Y. and J.F.; funding acquisition, S.Y. and H.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported partly by a Grant-in-Aid for Scientific Research on Scientific
Research (C) (JSPS KAKENHI grant numbers 19K09806).

Institutional Review Board Statement: All animal experiments were carried out according to the
Guidelines of the Laboratory Protocol of Animal Handling, Sojo University, and approved by the
Animal Ethics Committee of Sojo University (no. 2020-P-009, approved on 1 April 2020).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank, for supplying the cells with MES-SA, MEA-SA C9, and MEA-
SA C9 high: Yoji Hosoda, Department of Regenerative Medicine and Tissue Engineering, National
Cerebral and Cardiovascular Center Research Institute, Suita, Japan; Yoshio Yoshida, Department of
Obstetrics and Gynecology, Fukui Medical University Matsuoka-Cho, Yoshida-Gun, Fukui-ken 910-
1103, Japan; Tetsuya Mizutani, Department of Biochemistry, Faculty of Medical Sciences, University
of Fukui, Fukui 910-1193, Japan. The authors also thank Michiko Uchikoba and Taku Sakasegawa for
their assistance with our experimentations.

Conflicts of Interest: None of the authors have a conflict of interest.

References
1. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Parkin, D.M.; Pineros, M.; Znaor, A.; Bray, F. Cancer statistics for the year 2020: An

overview. Int. J. Cancer 2021, 149, 778–789. [CrossRef] [PubMed]
2. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
3. Moore, K.; Colombo, N.; Scambia, G.; Kim, B.G.; Oaknin, A.; Friedlander, M.; Lisyanskaya, A.; Floquet, A.; Leary, A.; Sonke, G.S.;

et al. Maintenance olaparib in patients with newly diagnosed advanced ovarian cancer. N. Engl. J. Med. 2018, 379, 2495–2505.
[CrossRef] [PubMed]

4. Ray-Coquard, I.; Pautier, P.; Pignata, S.; Perol, D.; Gonzalez-Martin, A.; Berger, R.; Fujiwara, K.; Vergote, I.; Colombo, N.;
Maenpaa, J.; et al. Olaparib plus bevacizumab as first-line maintenance in ovarian cancer. N. Engl. J. Med. 2019, 381, 2416–2428.
[CrossRef]

5. Pujade-Lauraine, E.; Wagner, U.; Aavall-Lundqvist, E.; Gebski, V.; Heywood, M.; Vasey, P.A.; Volgger, B.; Vergote, I.; Pignata, S.;
Ferrero, A.; et al. Pegylated liposomal doxorubicin and carboplatin compared with paclitaxel and carboplatin for patients with
platinum-sensitive ovarian cancer in late relapse. J. Clin. Oncol. 2010, 28, 3323–3329. [CrossRef]

6. Gabizon, A.; Catane, R.; Uziely, B.; Kaufman, B.; Safra, T.; Cohen, R.; Martin, F.; Huang, A.; Barenholz, Y. Prolonged circulation
time and enhanced accumulation in malignant exudates of doxorubicin encapsulated in polyethylene-glycol coated liposomes.
Cancer Res. 1994, 54, 987–992.

7. Zamboni, W.C. Liposomal, nanoparticle, and conjugated formulations of anticancer agents. Clin. Cancer Res. 2005, 11, 8230–8234.
[CrossRef]

8. Nakanishi, T.; Aoki, D.; Watanabe, Y.; Ando, Y.; Tomotsugu, N.; Sato, Y.; Saito, T. A Phase II clinical trial of pegylated liposomal
doxorubicin and carboplatin in Japanese patients with platinum-sensitive recurrent ovarian, fallopian tube or primary peritoneal
cancer. Jpn. J. Clin. Oncol. 2015, 45, 422–426. [CrossRef]

9. Nomura, H.; Aoki, D.; Michimae, H.; Mizuno, M.; Nakai, H.; Arai, M.; Sasagawa, M.; Ushijima, K.; Sugiyama, T.; Saito, M.; et al.
Effect of taxane plus platinum regimens vs doxorubicin plus cisplatin as adjuvant chemotherapy for endometrial cancer at a high
risk of progression: A randomized clinical trial. JAMA Oncol. 2019, 5, 833–840. [CrossRef]

10. Makker, V.; Colombo, N.; Casado Herraez, A.; Santin, A.D.; Colomba, E.; Miller, D.S.; Fujiwara, K.; Pignata, S.; Baron-Hay, S.;
Ray-Coquard, I.; et al. Lenvatinib plus pembrolizumab for advanced endometrial cancer. N. Engl. J. Med. 2022, 386, 437–448.
[CrossRef]

http://doi.org/10.1002/ijc.33588
http://www.ncbi.nlm.nih.gov/pubmed/33818764
http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1056/NEJMoa1810858
http://www.ncbi.nlm.nih.gov/pubmed/30345884
http://doi.org/10.1056/NEJMoa1911361
http://doi.org/10.1200/JCO.2009.25.7519
http://doi.org/10.1158/1078-0432.CCR-05-1895
http://doi.org/10.1093/jjco/hyv016
http://doi.org/10.1001/jamaoncol.2019.0001
http://doi.org/10.1056/NEJMoa2108330


J. Pers. Med. 2022, 12, 814 12 of 12

11. Marabelle, A.; Le, D.T.; Ascierto, P.A.; Di Giacomo, A.M.; De Jesus-Acosta, A.; Delord, J.P.; Geva, R.; Gottfried, M.; Penel, N.;
Hansen, A.R.; et al. Efficacy of pembrolizumab in patients with noncolorectal high microsatellite instability/mismatch repair-
deficient cancer: Results from the Phase II KEYNOTE-158 study. J. Clin. Oncol. 2020, 38, 1–10. [CrossRef] [PubMed]

12. Ott, P.A.; Bang, Y.J.; Berton-Rigaud, D.; Elez, E.; Pishvaian, M.J.; Rugo, H.S.; Puzanov, I.; Mehnert, J.M.; Aung, K.L.; Lopez, J.; et al.
Safety and antitumor activity of pembrolizumab in advanced programmed death ligand 1-positive endometrial cancer: Results
from the KEYNOTE-028 study. J. Clin. Oncol. 2017, 35, 2535–2541. [CrossRef] [PubMed]

13. Hensley, M.L.; Maki, R.; Venkatraman, E.; Geller, G.; Lovegren, M.; Aghajanian, C.; Sabbatini, P.; Tong, W.; Barakat, R.;
Spriggs, D.R. Gemcitabine and docetaxel in patients with unresectable leiomyosarcoma: Results of a phase II trial. J. Clin. Oncol.
2002, 20, 2824–2831. [CrossRef] [PubMed]

14. Seddon, B.; Strauss, S.J.; Whelan, J.; Leahy, M.; Woll, P.J.; Cowie, F.; Rothermundt, C.; Wood, Z.; Benson, C.; Ali, N.; et al.
Gemcitabine and docetaxel versus doxorubicin as first-line treatment in previously untreated advanced unresectable or metastatic
soft-tissue sarcomas (GeDDiS): A randomised controlled phase 3 trial. Lancet Oncol. 2017, 18, 1397–1410. [CrossRef]

15. Dozono, H.; Yanazume, S.; Nakamura, H.; Etrych, T.; Chytil, P.; Ulbrich, K.; Fang, J.; Arimura, T.; Douchi, T.; Kobayashi, H.; et al.
HPMA copolymer-conjugated pirarubicin in multimodal treatment of a patient with stage IV prostate cancer and extensive lung
and bone metastases. Target. Oncol. 2016, 11, 101–106. [CrossRef]

16. Nakamura, H.; Etrych, T.; Chytil, P.; Ohkubo, M.; Fang, J.; Ulbrich, K.; Maeda, H. Two step mechanisms of tumor selective
delivery of N-(2-hydroxypropyl)methacrylamide copolymer conjugated with pirarubicin via an acid-cleavable linkage. J. Control.
Release 2014, 174, 81–87. [CrossRef]

17. Maeda, H. The 35th Anniversary of the Discovery of EPR Effect: A new wave of nanomedicines for tumor-targeted drug
delivery-personal remarks and future prospects. J. Pers Med. 2021, 11, 229. [CrossRef]

18. Nakamura, H.; Koziolova, E.; Etrych, T.; Chytil, P.; Fang, J.; Ulbrich, K.; Maeda, H. Comparison between linear and star-like
HPMA conjugated pirarubicin (THP) in pharmacokinetics and antitumor activity in tumor bearing mice. Eur. J. Pharm. Biopharm.
2015, 90, 90–96. [CrossRef]

19. Omura, G.A.; Blessing, J.A.; Major, F.; Lifshitz, S.; Ehrlich, C.E.; Mangan, C.; Beecham, J.; Park, R.; Silverberg, S. A randomized
clinical trial of adjuvant adriamycin in uterine sarcomas: A gynecologic oncology group study. J. Clin. Oncol. 1985, 3, 1240–1245.
[CrossRef]

20. Beller, U.; Quinn, M.A.; Benedet, J.L.; Creasman, W.T.; Ngan, H.Y.; Maisonneuve, P.; Pecorelli, S.; Odicino, F.; Heintz, A.P.
Carcinoma of the vulva. FIGO 26th annual report on the results of treatment in gynecological cancer. Int. J. Gynaecol. Obs. 2006,
95 (Suppl. S1), S7–S27. [CrossRef]

21. Pujade-Lauraine, E.; Hilpert, F.; Weber, B.; Reuss, A.; Poveda, A.; Kristensen, G.; Sorio, R.; Vergote, I.; Witteveen, P.;
Bamias, A.; et al. Bevacizumab combined with chemotherapy for platinum-resistant recurrent ovarian cancer: The AURELIA
open-label randomized phase III trial. J. Clin. Oncol. 2014, 32, 1302–1308. [CrossRef] [PubMed]

22. Markman, M.; Hall, J.; Spitz, D.; Weiner, S.; Carson, L.; Van Le, L.; Baker, M. Phase II trial of weekly single-agent paclitaxel in
platinum/paclitaxel-refractory ovarian cancer. J. Clin. Oncol. 2002, 20, 2365–2369. [CrossRef] [PubMed]

23. Matsumura, Y.; Maeda, H. A new concept for macromolecular therapeutics in cancer chemotherapy: Mechanism of tumoritropic
accumulation of proteins and the antitumor agent smancs. Cancer Res. 1986, 46, 6387–6392. [PubMed]

24. Fang, J.; Nakamura, H.; Maeda, H. The EPR effect: Unique features of tumor blood vessels for drug delivery, factors involved,
and limitations and augmentation of the effect. Adv. Drug Deliv. Rev. 2011, 63, 136–151. [CrossRef] [PubMed]

25. Islam, R.; Maeda, H.; Fang, J. Factors affecting the dynamics and heterogeneity of the EPR effect: Pathophysiological and
pathoanatomic features, drug formulations and physicochemical factors. Expert Opin. Drug Deliv. 2022, 19, 199–212. [CrossRef]
[PubMed]

26. Desmaele, D.; Gref, R.; Couvreur, P. Squalenoylation: A generic platform for nanoparticular drug delivery. J. Control. Release 2012,
161, 609–618. [CrossRef]

27. Rammal, H.; Al Assaad, A.; Dosio, F.; Stella, B.; Maksimenko, A.; Mura, S.; Van Gulick, L.; Callewaert, M.; Desmaele, D.;
Couvreur, P.; et al. Investigation of squalene-doxorubicin distribution and interactions within single cancer cell using Raman
microspectroscopy. Nanomedicine 2021, 35, 102404. [CrossRef]

28. Nakamura, H.; Koziolová, E.; Chytil, P.; Tsukigawa, K.; Fang, J.; Haratake, M.; Ulbrich, K.; Etrych, T.; Maeda, H. Pronounced
Cellular Uptake of Pirarubicin versus That of Other Anthracyclines: Comparison of HPMA Copolymer Conjugates of Pirarubicin
and Doxorubicin. Mol Pharm. 2016, 13, 4106–4115. [CrossRef]

29. Matsumura, Y.; Hamaguchi, T.; Ura, T.; Muro, K.; Yamada, Y.; Shimada, Y.; Shirao, K.; Okusaka, T.; Ueno, H.; Ikeda, M.; et al.
Phase I clinical trial and pharmacokinetic evaluation of NK911, a micelle-encapsulated doxorubicin. Br. J. Cancer 2004, 91,
1775–1781. [CrossRef]

30. Prabhakar, U.; Maeda, H.; Jain, R.K.; Sevick-Muraca, E.M.; Zamboni, W.; Farokhzad, O.C.; Barry, S.T.; Gabizon, A.; Grodzinski,
P.; Blakey, D.C. Challenges and key considerations of the enhanced permeability and retention effect for nanomedicine drug
delivery in oncology. Cancer Res. 2013, 73, 2412–2417. [CrossRef]

31. Ewer, M.S.; Yeh, E.T.H. Cardiac complications of cancer treatment. In Holland-Frei Cancer Medicine, 6th ed.; Kufe, D.W., Pollock,
R.E., Weichselbaum, R.R., Bast, R.C., Gansler, T.S.G., Holland, J.F., Frei, E., Eds.; BC Decker Inc.: London, UK, 2003.

http://doi.org/10.1200/JCO.19.02105
http://www.ncbi.nlm.nih.gov/pubmed/31682550
http://doi.org/10.1200/JCO.2017.72.5952
http://www.ncbi.nlm.nih.gov/pubmed/28489510
http://doi.org/10.1200/JCO.2002.11.050
http://www.ncbi.nlm.nih.gov/pubmed/12065559
http://doi.org/10.1016/S1470-2045(17)30622-8
http://doi.org/10.1007/s11523-015-0379-4
http://doi.org/10.1016/j.jconrel.2013.11.011
http://doi.org/10.3390/jpm11030229
http://doi.org/10.1016/j.ejpb.2014.10.007
http://doi.org/10.1200/JCO.1985.3.9.1240
http://doi.org/10.1016/S0020-7292(06)60028-3
http://doi.org/10.1200/JCO.2013.51.4489
http://www.ncbi.nlm.nih.gov/pubmed/24637997
http://doi.org/10.1200/JCO.2002.09.130
http://www.ncbi.nlm.nih.gov/pubmed/11981009
http://www.ncbi.nlm.nih.gov/pubmed/2946403
http://doi.org/10.1016/j.addr.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20441782
http://doi.org/10.1080/17425247.2021.1874916
http://www.ncbi.nlm.nih.gov/pubmed/33430661
http://doi.org/10.1016/j.jconrel.2011.07.038
http://doi.org/10.1016/j.nano.2021.102404
http://doi.org/10.1021/acs.molpharmaceut.6b00697
http://doi.org/10.1038/sj.bjc.6602204
http://doi.org/10.1158/0008-5472.CAN-12-4561

	Introduction 
	Materials and Methods 
	Materials 
	In Vitro Cytotoxicity Assay 
	Intracellular Uptake Analysis of THP and P-THP 
	In Vivo Antitumor Effect of P-THP 

	Results 
	Cytotoxicity Assay for Gynecological Malignancies of P-THP In Vitro 
	Intracellular Uptake of THP and P-THP 
	In Vivo Therapeutic Effects of P-THP against Gynecological Malignancies 

	Discussion 
	References

