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Asiatic acid enhances intratumor delivery and the antitumor
effect of pegylated liposomal doxorubicin by reducing
tumor-stroma collagen
Luo Fang1,2, Si-si Kong1, Li-ke Zhong1, Can-ming Wang1, Yu-jia Liu1, Hai-ying Ding1, Jiao Sun1, Yi-wen Zhang1, Fan-zhu Li3 and
Ping Huang1

Tumor-targeted drug delivery systems (Tt-DDSs) are proposed as a promising strategy for cancer care. However, the dense collagen
network in tumors stroma significantly reduces the penetration and efficacy of Tt-DDS. In order to investigate the effect of asiatic
acid (AA) on antitumor effect of pegylated liposomal doxorubicin (PLD) by attenuating stroma-collagen, colon cancer xenograft
mice (SW620 cell line) were treated by PLD, AA, or combined regimes, respectively; the collagen levels were estimated by Sirius red/
fast green dual staining and immunohistochemistry (IHC) staining; the intratumor exposure of doxorubicin was visualized by ex vivo
fluorescence imaging and quantified by HPLC/MS analysis. In addition, the impact of AA on collagen synthesis of fibroblast cell
(HFL-1) and cytotoxic effect of PLD and doxorubicin to cancer cell (SW620) were studied in vitro. In the presence of AA (4 mg/kg),
the intratumor collagen level was restricted in vivo (reduced by 22%, from 4.14% ± 0.30% to 3.24% ± 0.25%, P= 0.051) and in vitro.
Subsequently, doxorubicin level was increased by ~30%. The antitumor activity of PLD was significantly improved (57.3% inhibition
of tumor growth and 44% reduction in tumor weight) by AA combination. Additionally, no significant improvement in cytotoxic
effect of PLD or doxorubicin induced by AA was observed. In conclusion, AA is a promising sensitizer for tumor treatment by
enhancing intratumor drug exposure via stromal remodeling.
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INTRODUCTION
Tumor-targeted drug delivery systems (Tt-DDSs) were developed
as a breakthrough strategy for cancer care by improving patient
benefits from cytotoxic agents [1]. However, the clinical effective-
ness of Tt-DDSs was questioned because no difference in efficacy
was found between the approved liposomal and conventional
chemotherapies [2]. For example, pegylated liposomal doxorubi-
cin (PLD), the first approved “steal” liposome characterized as a
long-circulation and tumor-targeting liposome, reduced the risk of
many side effects of doxorubicin (DOX), including cardiac toxicity,
but failed to show significant superiority in clinical benefit or
transfer to wide use in clinical practice compared with conven-
tional DOX [3, 4].
Most recently, accumulated evidence suggested that impaired

distribution of anti-neoplastic agents from vessels to cancer cells
due to dense stroma is a crucial contributor to the compromised
effect of anti-neoplastic agents, especially macro-molecular agents,
such as Tt-DDSs [5–7]. The extracellular matrix of the tumor
consists of highly compact, sheet-like collagen networks, which
separate cancer cells from microvessels and limit the convection
and diffusion of Tt-DDSs by increasing the interstitial fluid
pressure, narrowing the matrix space, and elongating the diffusion

path with a tortuous interstitial space [8–10]. Several interventions
for matrix degradation, such as relaxin hormone [11, 12], matrix
metalloproteinases [13], bacterial or bovine hyaluronidases [14,
15], losartan [16], and Smo inhibitor [17], were proven to enhance
intratumor delivery of macro-molecular vectors. Therefore, reduc-
tion of structural collagens is proposed as a novel concept to
improve chemotherapeutic effect by enhancing the permeability
of Tt-DDSs from the microvessels to cancer cells.
However, most of the aforementioned interventions encounter

difficulty in meeting the requirements of translational medicine
for high risk of toxicity. Moreover, most previous research studies
were focused on the permeability profile of nano-vectors instead
of the antitumor effect of approved DDSs. Rakesh and colleagues
reported a pilot result of improved efficacy for single-cycle PLD
in vivo by losartan [16]. However, more convincing evidence of the
stroma-modulator boosting effect of full cycles of chemotherapy
with approved DDSs are still needed. Therefore, we evaluated the
role of a natural source anti-desmoplastic agent, i.e., asiatic acid
(AA), in full-course chemotherapy of PLD.
AA is a pentacyclic triterpene isolated from the traditional

Chinese medicine Centella asiatica with antioxidant, anti-inflam-
matory, neuro-protection, antidiabetes, and antitumor activities
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[18–22]. AA displayed robust inhibition of fibrosis by inhibiting
collagen matrix expression [18–21]. In the current study, we
investigated whether AA could alleviate over-expression of
intratumor collagen, increase intratumor accumulation of PLD,
and ultimately boost the antitumor effect in mice bearing
xenografts of SW620 colon cancer.

MATERIALS AND METHODS
Chemicals and reagents
The pegylated liposomal DOX injection solution (Libod®, 10mL:
20mg) was supplied by Shanghai Fudan-zhangjiang Bio-Pharma-
ceutical (Shanghai, China). AA, DOX, paraformaldehyde, and
dimethyl sulfoxide were purchased from Sigma (St Louis, MO,
USA). DMEM:F12 (1:1) media and fetal bovine serum (FBS) were
supplied by Thermo Fisher Scientific. Phosphate-buffered saline
(PBS), trypsin-EDTA (0.25%, 1×), and penicillin-streptomycin
(10000 U/mL) were obtained from Solarbio Life Sciences (Beijing,
China). Antibodies of collagen type I (ab34710) and IV (ab6586)
were obtained from Abcam (Cambridge, UK), except for GAPDH
(Mab5465), which was obtained from Hangzhou MultiSciences
Biotech, Co., Ltd., Hangzhou, China. The Sirius red/fast green
collagen staining kit was purchased from Chondrex (Catalog # 9046,
Redmond, USA). Other reagents were purchased from Sinopharm
Chemical Reagent Co. Ltd (Shanghai, China).

Cell line culture and treatment
Human colorectal adenocarcinoma (SW620) and fibroblast (HFL-1)
cell lines were obtained from Professor Peihua Luo (Zhejiang
Province Key Laboratory of Anti-Cancer Drug Research, Hangzhou,
China) and the Shanghai Cell Bank of the Chinese Academy of
Sciences (Shanghai, China), respectively. The SW620 cells were
cultured in DMEM:F12 (1:1) containing 10% FBS, 100 U/mL
streptomycin, and 100 U/mL penicillin at 37 °C in a humidified
5% CO2 atm. The HFL-1 cells were activated and maintained in
SW620-derived conditioned medium (CM) collected as follows.
The supernatant of used medium from SW620 cells at >80%
confluency was collected by centrifugation, passed through a
0.22 µm filter, and diluted with DMEM:F12 (1:1) containing 20%
FBS at a ratio of 1:1. The DMEM:F12 (1:1) medium supplemented
with 10% FBS served as the control medium. The HFL-1 cells were
treated with varying concentrations of AA (0.5, 1, or 2.00 µM, three
predetermined 20% viability-inhibitory concentration of AA to
HFL-1, data not shown), and the total RNA and proteins were
extracted for quantitative real-time polymerase chain reaction
(qRT-PCR) and western blot analysis, respectively.

Cytotoxicity assay
To determine the impact of AA on the antitumor effect of PLD
in vitro, the viability profiles of SW620 treated by PLD combined
with AA were estimated via CCK-8 assay according to the
manufacturer’s instructions. SW620 cells were seeded into 96-
well plates at 80% confluence, cultured for 24 h, and additionally
treated for 72 h with varying concentrations of PLD (0, 0.3125,
0.625, 1.25, 2.5, 5, 10, 20, 40, and 80 μM) or DOX (0, 0.0015, 0.006,
0.024, 0.098, 0.39, 1.56, 6.25, 25, and 100 µM) alone or combined
with varying concentrations of AA (0.5, 1.0, or 2.0 µM). The
absorbance at 450 nm was measured using a Microplate Spectro-
photometer (Epoch 2, BioTek®, Vermont, USA)

qRT-PCR analysis
HFL-1 cells were seeded on six-well plates and cultured for 24 h.
Total RNA was extracted from the cells using TRIzol® reagent
(InvitrogenTM, Carlsbad, CA, USA) 24 h after treatment with
various concentrations of AA (0, 0.5, 1.0, or 2.0 µM). Total RNA
(100 ng) was detected using a NanoDropTM 2000 (Thermo
ScientificTM) instrument. Complementary DNA was generated
using the PrimeScript® RT reagent Kit with gDNA Eraser and

SYBR® Premix DimerEraserTM (Takara Biotechnology Co., Ltd,
Dalian, China). The qRT-PCR analysis was performed using SYBR®

Premix DimerEraserTM (Perfect Real Time) and LightCycler® 480
(Roche Diagnostics, Penzberg, Germany). The annealing was
performed at 60 °C for 30 s. Ultimately, relative gene expression
was evaluated using the 2−ΔΔCt method with GAPDH as the
internal control.
The following primers were used (forward 5′–3′, reverse 5′–3′):
GAPDH, 5′-GTCATCCATGACAACTTTGG-3′ and 5′-GAGCTTGA

CAAAGTGGTCGT-3′; COL1A1, 5′-CTGGCAGCCCTGGTGAAAAT-3′
and 5′-GGCAGCACCAGTAGCACC-3′; COL4A1, 5′-CCGGATCACATT
GACATGAAACC-3′ and 5′-CGAGAGGAACAATGCCTTGAG-3′.

Western blot analysis
Western blot analysis was conducted using standard protocols.
HFL-1 cells were seeded on six-well plates and cultured for 24 h.
After a 3-day treatment with various concentrations of AA (0, 0.5,
1.0, or 2.0 μM), the cells were washed three times with ice-cold
PBS and directly extracted into lysis buffer. The primary antibodies
of COL1A1, COL4A1, and GAPDH (loading control) were used at a
dilution ratio of 1:1000.

Immunofluorescence
HFL-1 cells were cultured in covered six-well glass-bottom plates
for 24 h followed by 72-h treatment with AA (0, 0.5, 1.0, or 2.0 μM).
The cells attached to the glass bottom were fixed with 4%
formaldehyde at 4 °C for 20min, permeabilized with PBS contain-
ing 0.2% Triton X-100 for 20min, and blocked with 5% w/v bovine
serum albumin (BSA) in PBS/T (PBS containing 0.1% Tween-20) at
37 °C for 1 h. An overnight incubation with primary antibodies of
COL1A1 and COL4A1 at 4 °C followed by 1-h treatment with
fluorescence-conjugated secondary antibodies and 4′,6-diami-
dino-2-phenylindole was performed before the cells were
observed and imaged.

Xenografts and treatment
Female BALB/c nude mice (weighing 16–22 g, animal license
number SCXK (Shanghai) -2015000521727) obtained from Shang-
hai Laboratory Animal Center (Shanghai, China) were fed at the
Center for Drug Safety Evaluation in Zhejiang University (Hang-
zhou, China, number of animal laboratory license, SYXK (Zhejiang)
2012-0178) and xenografted s.c. in the right flank with 1 × 107

SW620 cells. Once the tumor volumes reached approximately
100mm3, the mice were randomly divided into five groups (five
mice in each group) according to their tumor volumes on the day
before treatment and assigned to treatment with saline (control
group by intravenous injection), PLD (4 mg/kg on day 8, 11, 14,
and 17 by intravenous injection), AA (4 mg/kg once daily by i.g.),
PLD (4 mg/kg) combined with low dosage of AA (LD-AA, 1 mg/kg,
i.g.) or high-dosage AA (HD-AA, 4 mg/kg, i.g.) at the same
administration schedule of monotherapy (Fig. 1). Animal studies
were conducted according to the National Research Council’s
guidelines and were approved by the Animal Experiment Ethics
Committee of Zhejiang Cancer Hospital and Center for Drug
Safety Evaluation of Zhejiang University (16031). All animals were
sacrificed at day 18. The tumor tissues were harvested, weighed,
and subjected to evaluation of the intratumor concentration of
DOX by in vivo fluorescence imaging. Each tissue sample was cut
into two halves, one for quantitative analysis of DOX by high-
performance liquid chromatography-mass spectrometry (HPLC-
MS/MS) and the other for collagen protein evaluation by Sirius
red/fast green dual staining or immunohistochemistry (IHC)
staining after embedding in paraffin.

Expression of intratumor collagen proteins
The collagen IV and total collagen levels in the tumor were
evaluated by IHC staining and Sirius red/fast green dual staining,
respectively.
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IHC staining. The expression of collagen type IV in the tumor was
detected by IHC staining according to the reported method [23].
In brief, the de-paraffinized and de-hydrated paraffin tumor
sections were treated with an initial 5-min blockage with 3%
hydrogen peroxide followed by a 1-h blockage with 5% BSA and
PBS at 4 °C, a 12-h incubation with a primary antibody (Anti-
Collagen IV antibody, Abcam, USA. Ab6586), a 1-h incubation with
a secondary antibody, a 15-min incubation with streptavidin
peroxidase, and 1min hematoxylin staining.

Sirius red/fast green dual staining. In brief, tumor sections (15 µm
thick) were de-paraffinized, de-hydrated, and stained with Sirius
red and fast green (30 min). The unbound dye was washed with
redistilled water, which was removed by vigorous shaking. The
bound dyes were extracted from the stained tissues with dye
extraction solution and detected using a microplate reader
(Bioteck®, Vermont, USA) to evaluate the amounts of collagen
and non-collagenous proteins based on OD540 nm (for Sirius red)
and OD605 nm (for fast green), respectively. The ratios of
collagenous to non-collagenous proteins in each section were
calculated according to the manufacturer’s instructions.

Estimation of DOX level within tumors
The intratumor exposure of DOX was evaluated by ex vivo
fluorescence imaging and quantified by HPLC/MS analysis.

Ex vivo fluorescence Imaging. The harvested tumors were
subjected to the Maestro Ex Vivo Imaging System (CRi, Woburn,
MA, USA) for collection of fluorescence images of PLD. Two filter
sets (blue: excitation at 500–720 nm with an exposure time of
300ms; red: excitation at 670–900 nm with an exposure time of
150ms) were used to detect the DOX-related fluorescence and
tumor tissue-derived autofluorescence, respectively. The two sets
of fluorescence images, the DOX-related fluorescence and
autofluorescence spectra, were unmixed based on their spectral
patterns using Maestro 2.6 software (CRi, Woburn, MA, USA).

HPLC-MS/MS analysis. The DOX distribution in the tumor tissues
was analyzed by LC-MS/MS. Samples were pretreated and
analyzed according to previously validated methods [24]. In brief,
tumor tissues (0.2 mg) were homogenized with 0.1% formic acid
(v/v) at 4 °C to achieve a final homogenate containing 0.1 g
tissue/mL. Homogenized tissue (100 μL) was mixed with 400 μL of
ice-cold acetonitrile containing an internal standard (125 ng/mL of
daunorubicin) and vortexed for 3 min. After centrifugation at
13 000 rpm and 4 °C for 10 min, the supernatant was diluted with
0.1% formic acid solution (1:1, v/v), and 20 µL of mixture was
injected into the LC-MS/MS for quantitative analysis.
Analysis was performed on an Agilent 1290/6460 LC-MS

equipped with a triple quadrupole mass spectrometer using a
Zorbax SB C8 column (3.5 μm, 150 mm× 2.1 mm). A 9min
gradient elution consisting of 0.1% formic acid solution (v/v)

and acetonitrile (15% at the first 0.5 min, 15–45% at 0.5–5.0 min,
45–60% at 5.0–6.0 min, 60–15% at 6.0–6.5 min, and 15–30% at the
last 2.5 min) was performed at a flow rate of 0.4 mL/min at 35℃.
The MS analysis was performed using an electrospray ionization
source in positive ion mode at the following settings: capillary
voltage of 3000 V; gas temperature of 325℃; gas flow of 5 L/min;
nebulizing pressure of 45 psi; sheath gas temperature of 350℃;
and sheath gas flow of 11 L/min. Multiple reaction monitoring
scan mode monitored the ion pair of DOX at m/z 544.0→ 361.0
and 544.0→ 397.1 and daunorubicin at m/z 528.0→ 321.0 and
528.0→ 363.1.

Antitumor effect in vivo
The length and width of the tumor were measured twice every
week using a caliper. The volume (TVn, mm3) and relative volume
(RTVn, %) of the tumor at day n were calculated according to the
formulas TVn= [length × width2]/2 and RTV= TVn/TV0 (TV0, tumor
volume at day 0), respectively. The bodyweights of mice were
monitored daily and followed as a general index of systemic
toxicity. The inhibition ratio (IR, %) of the tumor volumes was used
as the index of the antitumor effect, which was calculated as
follows: IR (%)= (1− RTVtreated/RTVcontrol) × 100%, where RTVtreated
and RTVcontrol represent the average tumor volumes of the
treatment group and control group, respectively.

Statistical analysis
Student’s t-test, linear regression, and the repeated measure test
were appropriately applied. The profile of the tumor growth
during the study was examined using the repeated measure test.
The level of P < 0.05 was accepted to determine statistical
significance. All calculations were performed using SPSS Statistics
17.0 (SPSS Inc., Dublin, Ireland) and Graphpad Prism 7 (GraphPad
Software, La Jolla, California, USA).

RESULTS
AA improves the in vivo antitumor activity of PLD
Combination therapy with AA achieved an increased inhibition
rate of tumor growth (IR= 57.3%), significantly greater than that
of AA (IR= 5.5%, P < 0.001) or PLD (IR= 35.9%, P= 0.043, Fig. 2a,
c) alone. Similarly, significant tumor shrinkage (44% reduction in
tumor weight) was observed in the HD-AA+ PLD group compared
with the mono-PLD group (0.84 ± 0.22 vs. 1.50 ± 0.16 g, P= 0.043,
Fig. 2c), although the shrinkage was not significant in the
LD-AA+ PLD arm (1.18 ± 0.10 vs. 1.50 ± 0.16 g, P= 0.262). The
relative weight of mice varied from to 96.7 to 105.4% in various
groups (Fig. 2d). In addition, no significant improvement was
noted in the cytotoxic effect of PLD or free DOX when combined
with AA in vitro (Fig. 2e, f). The half maximal inhibitory
concentration (IC50) of AA combined PLD (IC50: 1.05, 1.75, and
1.88 µM at AA doses of 0.5, 1.0, and 2.0 µM) or DOX (IC50: 0.41,
0.47, and 0.46 µM at AA doses of 0.5, 1.0, and 2.0 µM) were

Fig. 1 Schedule of treatment

Asiatic Acid Improves PLD Effect by Remodeling Tumor-stroma
L Fang et al.

541

Acta Pharmacologica Sinica (2019) 40:539 – 545



comparable or even higher than that of PLD alone (IC50= 1.02 µM)
or DOX alone (IC50= 0.43 µM).

AA acutely increases deposition of DOX in SW620 xenograft
tumors
Figure 3 shows an image of intratumor DOX. The fluorescence
intensity of intratumor DOX was significantly elevated by AA
pretreatment, particularly HD-AA, which induced a nearly 30%
elevation compared with PLD alone (8.88 ± 0.72 vs. 6.86 ±
0.23 µg/g, P= 0.027). In contrast, the DOX level in the LD-AA
combination group was 7.53 ± 0.28 µg/g, closer to that of the
mono-PLD treatment group (P= 0.098).

AA reduces intratumor deposition of collagenous proteins
The fraction of collagen IV proteins in paraffin-embedded tumor
sections was visualized by IHC staining and hematoxylin and eosin

staining (Fig. 4a). A significant shrinkage of the stromal region and
a reduction in collagen IV deposition were observed in the
presence of AA. The relative fraction of collagen in mono-PLD-
treated tumors was significantly reduced by 22% (from 4.14% ±
0.30% to 3.24% ± 0.25%, P= 0.051) with HD-AA or by 11% (to
3.69% ± 0.27%, P= 0.133) with LD-AA. In contrast, no significant
differences were observed in the amount of collagen deposited
between the samples treated with PBS and PLD (4.41% ± 0.33% of
PBS and 4.14% ± 0.30% of PLD, P= 0.576, Fig. 4b). The intratumor
level of DOX was found to be related to the total collagen level
(r= 0.651, P= 0.009, Fig. 4c).

AA inhibits fibroblast-derived collagenous protein levels
Compared with AA-free CM, the mRNA levels of collagen I
(COL1A1) and IV (COL4A1) were significantly reduced (P < 0.0001)
by 66.4% ± 7.6% to 87.4% ± 3.9% and 71.7% ± 4.6% to 87.2% ±
1.3%, respectively (Fig. 5a). A significant attenuation of collage-
nous proteins was observed in the western blot analysis (Fig. 5b)
and IHC staining (Fig. 5c).

DISCUSSION
PLD was the first long-circulation liposome approved by the Food
and Drug Administration for treatment of AIDS-related kaposi
sarcoma, multiple myeloma, and advanced ovarian cancer.
Paradoxically, the clinical benefit of PLD is not superior to that
of conventional DOX in various solid tumors [3]. The meaningfully
restricted delivery of a vector from the blood vessels to cancer
cells induced by the dense stroma network was considered a
potential contributor to the compromised effect [25], especially for
large-size nanoparticles (diameter > 50 nm) [26]. Therefore, allevia-
tion of the stroma was proposed as a novel strategy to boost the
clinical benefit of DDSs.
In the current study, AA treatment was conducted to alleviate

the stroma level and facilitate penetration of PLD from the
microvessels to the cancer cells to boost its efficacy. The results
showed that HD-AA enhanced the in vivo response to four cycles

Fig. 2 Antitumor effect of combined treatment with PLD and AA in SW620 xenograft nude mice and SW620 cell line. In vivo, the combined
regime of PLD and AA displayed an enhanced antitumor effect with smaller tumor volume (a, b), lower tumor weight (c), and comparable
bodyweight (d) compared with PLD (4 mg/kg) alone. However, in vitro, no significant improvement was observed in the cytotoxic effect of
PLD (e) and DOX (f) by AA

Fig. 3 Doxorubicin accumulation in SW620 xenograft tumor. (a) Ex
vivo fluorescence imaging. The intensity of doxorubicin in the HD-
AA combined group was significantly increased compared with
mono-PLD treatment. (b) Concentration of doxorubicin quantified
by HPLC-MS/MS. The intratumor level of doxorubicin was signifi-
cantly increased by combination with high-dosage AA (4mg/kg, red
diamond) compared with mono-PLD treatment (black square,
P= 0.005), whereas low-dosage AA (1mg/kg, pink star) failed to
enhance intratumor exposure of doxorubicin
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Fig. 4 Intratumor-stroma alleviation by AA in SW620 xenograft mouse models. (a) H&E staining and IHC staining of tumor sections treated
with PBS and AA (4 mg/kg). The fraction of stroma and collagen IV was reduced in the AA-treated group compared with the PLD-treated
group. (b) Relative fraction of total collagen proteins in tumor tissue evaluated using the semi-quantitative kit. AA significantly reduced the
level of collagen IV. (c) A correlation between the intratumor level of doxorubicin and total collagen was observed (r= 0.663, P= 0.007)

Fig. 5 AA reversed the increased mRNA and protein levels of COL1A1 and COL4A1 in HFL-1 cells induced by SW620-derived conditioned
medium. The mRNA levels of COL1A1 and COL4A1 were analyzed using fluorescent quantitative RT-PCR (a). Error bars represent standard
deviations (SDs). Type I and IV collagen proteins were detected by Western blotting (b) and visualized by immunofluorescence (c). Scale bar,
25 μm
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of PLD with ~60% elevation of the tumor inhibition rate. To the
best of our knowledge, losartan was the only agent reported to
improve the antitumor effect of PLD but only in a pilot study for
PLD. Although 50% tumor shrinkage was observed by combina-
tion with losartan, detailed information, including intratumor
exposure improvement of PLD and its correlation with collagen
level, was not reported [16]. In addition, a comparable effect of AA
and PBS on tumor growth inhibition was observed in our study.
Moreover, no significant synergy of AA and DOX was observed in
the cytotoxic effect. In contrast, the IC50 values of AA combined
with PLD or DOX were comparable to those of PLD or DOX
administration alone.
The synergetic effect might be attributed to the stroma-

remodeling effect of AA. According to our findings, AA
significantly reduced the intratumor deposition of collagen by
22% in vivo. AA also significantly inhibited the activation of
fibroblasts induced by cancer cells and reduced the collagenous
levels (mRNA levels reduced by ~90%) in vitro. Two methods of
stroma modulation with potential translational potency were
reported by Diop-Frimpong et al. [16] and Olive et al. [17].
However, only Diop-Frimpong reported a quantitative effect of
collagen alleviation in vivo in which approximately 20–65% of
collagen I was eliminated in xenografts by losartan (60 mg/kg/day)
[16]. The efficiency of AA disclosed in our study was comparable.
AA serves broad-spectrum functions of anti-fibrosis in the liver,
kidney, and skin via inhibition of collagen matrix expression by
fibroblasts [19, 20, 27, 28]. A wide range of doses from 0.5 to
16mg/kg was adopted [19, 27, 28]. However, considering that AA
was found to be a potential anti-neoplastic agent at high doses
(≥30mg/kg/day [29, 30]) and that our objective was simply to
estimate its stroma-remodeling effect on the PLD efficacy, it was
preferably administered at low doses to avoid the potentially
direct antitumor effect of high-dose AA in the current study. The
antifibrotic effect in the tumor might be associated with its
general mechanism of action via improved Smad7 expression,
activation of PPAR-γ, or blockage of the phosphorylation of p38
MAPK and ERK1/2 of fibroblasts [19, 20]. However, the specific
mechanisms involved in tumor-stroma remodeling must be
further disclosed.
A reasonable approach to increasing the antitumor efficacy of

DOX is to elevate its intratumor level. According to our findings,
the intratumor concentration of DOX was 6.86 µg/g, comparable
to previous reports of bone metastatic breast carcinoma that
received PLD with a concentration of 6.5 µg/g at a dose of
50mg/m2 and 1.4 µg/g at a dose of 35 mg/m2 [31]. An adverse
correlation was found between the total collagen fraction
and the intratumor DOX level (r= 0.651, P= 0.009). The AA-
induced reduction in collagen elevated the DOX level by 30%
(8.88 µg/g). As reported, the inhibition of stromal collagen
could lead to increased delivery of nanoparticles (nanoparticles
100 nm in diameter) by 1.5-fold in HSTS26T and 4-fold in
Mu89 [17].
Although our study confirmed the clinical benefit of stroma

remodeling, its limits should also be mentioned. AA enhanced the
antitumor effect of PLD to a significantly higher but less than
optimal level. This result could be partially attributed to a stroma-
limited microenvironment of the cell line-derived xenograft.
Therefore, a stroma-rich animal model such as a patient-derived
xenograft might serve as a better model for further research.
Moreover, we can only state that “AA enhances the intratumor
delivery and antitumor effect of PLD by attenuating tumor-stroma
collagens” can be addressed. It was difficult to determine whether
this effect is a Tt-DDS-specific effect or not due to the absence of
data from the “AA+ DOX” group. Therefore, a further study will be
conducted to confirm whether the impact of AA-induced stroma
remodeling on anti-neoplastic agents is Tt-DDS-specific or not.
Additionally, all animals were sacrificed on the day after the last
PLD administration to obtain tumor tissue for determination of the

intratumor levels of PLD in the presented paper. Therefore, the
impact of AA on the survival outcome of PLD in animals was not
evaluated in this study.

CONCLUSION
The dense matrix in the tumor-stroma was identified as one of
negative factors for patient benefits from Tt-DDSs. The current
study investigated the role of AA in reducing the stroma to
improve the antitumor effect of PLD. Pretreatment with AA
induced a significant reduction in stromal collagens and increased
accumulation of PLD in the tumor, with an improved in vivo effect
of PLD. In conclusion, the study revealed that AA is an efficient
agent for tumor-stroma remodeling and chemotherapy sensitiza-
tion, thus offering a potential strategy to sensitize chemotherapy
for cancer care.
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