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Metastatic breast cancer (MBC) is one of the most common and knotty diseases in female population
which could place them in a life-threatening condition. For malignant proliferation and migration, can-
cer cells require a large amount of glucose and energy to meet the demand of rapid metabolism. Hence,
efficiently diminishing the utilization of energy substances by cancer cells is emerging as validated ther-
apeutic strategies for cancer therapy. Herein, a nanoplatform with dual-inhibition of glucose uptake and
oxidative phosphorylation (OXPHOS) was designed, which consisted of albendazole (ABZ) and atovaquone
(ATO) by simple carrier-free self-assembling. The introduction of ABZ could evidently decrease glucose
uptake to reduce the main “energy fuel” of cancer cells. Meanwhile, as a blocker of OXPHOS, ATO would
reduce adenosine triphosphate (ATP) production and ameliorate hypoxia microenvironment by suppress-
ing mitochondrial respiratory chain. Under such dual inhibition of energy metabolism, AA NPs exerted
synergistic energy exhaustion effect and outstanding hypoxia improvement function, efficiently inhibit-
ing tumor growth and metastasis. This research not only illustrates the feasibility of energy metabolism
therapy by co-inhibiting glucose uptake and OXPHOS, but also provides an ingenious tactic to diminish
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Metastatic breast cancer (MBC) has the highest mortality rate
in breast cancer, which poses severe threats to female population
[1,2]. Recently, high viability and metastasis have been widely ac-
knowledged as its main characteristics, as well as major obstacles
of incurability [3,4]. In clinical treatment, surgery is the first choice
for MBC therapy, which usually combined adjuvant therapy to en-
hance curative efficiency, such as chemotherapy, radiotherapy, en-
docrine therapy and targeted therapy [5-7]. However, the mortality
rate of MBC still remains high and new approaches urgently need
to be explored.

Over the decades, many attempts have been made to elimi-
nate cancer cells proliferation and migration, particularly, disturb-
ing cancer cells metabolism has attracted broad attention [8-10].
As a metabolism disease, a large amount of glucose is required
to provide “energy fuel” for cancer cells malignant growth and
metastasis, which also makes great contributions to the synthesis
of adenosine triphosphate (ATP) [11,12]. Therefore, many strategies
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were conceived to combat cancer cells via the regulation of glu-
cose, such as delivering glucose oxidase, glycolysis inhibitor and
glucose analogue into tumor site [13-15], which initiated us the
expectation of developing glucose uptake inhibitor for anti-tumor
therapy.

Unfortunately, since cancer cells could compensatively utilize
substances, such as lactate, glutamine and amino acid in microen-
vironment as substituted “energy fuels” to support cancer cells sur-
vival [16-18], only relying on curbing glucose uptake is inadequate
to achieve clinical application. Hence, to augment the therapeu-
tic efficiency, the energy supply of cancer cells needs to be sup-
pressed more comprehensively. Although the energetic materials
of cancer cells are extensive, mitochondrion is the main site that
converted “energy fuels” into ATP through oxidative phosphoryla-
tion (OXPHOS) [19]. Therefore, the inhibition of OXPHOS could be
expected to simultaneously block multiple energy supply and im-
prove the efficacy of energy metabolism therapy. What is more,
as the site of aerobic respiration, the restriction of OXPHOS could
also help to elevate cellular oxygen content, which is beneficial for
alleviating tumor hypoxic environment and inhibiting metastasis
[20,21]. Therefore, we hypothesize that dual inhibition of glucose
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Scheme 1. (A) The fabrication of AA NPs. (B) The effect of AA NPs to increase tumor
cells apoptosis and reduce lung metastasis. (C) The mechanism of AA NPs to inhibit
cellular ATP synthesis and alleviate hypoxia.

uptake and OXPHOS might play synergetic effects on restraining
cancer cells proliferation and provide an ingenious method to di-
minish metastasis of breast cancer.

In this study, we constructed a simple carrier-free self-
assembled nanosystem (AA NPs) consisted of albendazole (ABZ)
and atovaquone (ATO) to inhibit glucose uptake and energy sup-
ply for restraining the growth and metastasis of breast cancer
(Scheme 1A). ABZ could evidently decrease glucose uptake, thus
reducing the main “energy fuel” of cancer cells [22]. In addi-
tion, as a mitochondrial OXPHOS blocker, ATO could concurrently
block ATP synthesis and reduce endogenous oxygen consumption
(Scheme 1C) [23,24]. As a result, with the dual-regulation of ABZ
and ATO, AA NPs exhibited synergistically intensified ATP depletion
and caspase-3 expression effects both in vitro and in vivo, leading
to greatly increased tumor cells apoptosis. Besides, the oxygen con-
tent assay demonstrated that AA NPs exerted outstanding oxygen
elevation performance, which was conducive to obviously dimin-
ish the metastasis of lung (Scheme 1B). These results prompt us to
believe that dual-inhibition of glucose uptake and energy supply
could improve therapeutic efficiency of energy metabolism ther-
apy, which also provides a handy and effective method for better
treatment of MBC.

Through the investigation of combination index (CI) value, we
found various ratios of ABZ and ATO had synergistic effect on
4T1 cells (ABZ/ATO =1:1, 2:1, 3:1), demonstrating its potential for
individualized therapy with different ratios of drugs. Then, the
ABZ/ATO molar ratio of 1:1 was chosen as our final preparation
because it exerted optimum efficiency at the 90% effective dose
(EDgg) (Fig. 1A). Based on that, AA NPs were fabricated by nano-
precipitation method without carrier (Fig. 1B) [25,26]. The ultra
violet (UV)-spectra (Fig. 1C) and Fourier transform infrared spec-
troscopy (FT-IR) spectra (Fig. S1 in Supporting information) re-
vealed that the characteristic peaks of AA NPs were synchronized
with ABZ and ATO, confirming the successful fabrication of AA
NPs [27]. According to the dynamic light scattering (DLS) measure-
ments in Fig. 1D and Fig. S2 (Supporting information), the dynamic
size of AA NPs was 154+ 1.87 nm, which was smaller compared
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with ABZ NPs and ATO NPs, indicating that the combination of ABZ
and ATO could compress nanoparticles (NPs). Moreover, transmis-
sion electron microscope (TEM) image revealed that AA NPs ex-
hibited monodisperse homogeneous spherical structure. Then, the
zeta potentials of ABZ NPs, ATO NPs and AA NPs were —2.15,
—20.15 and -8.94mV, respectively, meaning that they would not
cause hematolysis (Fig. 1E) [28]. In addition, ABZ NPs, ATO NPs and
AA NPs could maintain stable size in saline, PBS and DMEM at 4 °C
for 7 days, implying they could achieve long-term stability (Fig. S3
in Supporting information). Then, we prepared uniform NPs with
different feed molar ratios of ABZ and ATO (Fig. S4 in Supporting
information) and evaluated drug encapsulation efficiency (DEE) by
high-performance liquid chromatography (HPLC) (Fig. S5 in Sup-
porting information). The results showed that AA NPs possessed
an ideal DEE (>98%), which was higher than that of ABZ NPs and
ATO NPs, proving the advantage of this self-assembled system over
ABZ and ATO (Table S1 in Supporting information). Then, to ex-
plore the formation mechanism of NPs, various concentrations of
NaCl, Triton X-100, SDS-Na, Urea and Tween-20 were added and
mixed with NPs, respectively. According to the changed diameters
of Triton X-100, SDS-Na and Tween-20 mixed NPs, we inferred that
the main force to keep NPs stable was hydrophobic force (Fig. S6
in Supporting information) [29].

Afterwards, we detected cell viability of 4T1 and MCF-7 cells af-
ter treated with different formulations at 24 and 48 h, respectively.
As shown in Fig. 2A, Figs. S7 and S8 (Supporting information), the
therapeutic efficiency of AA NPs was better than ABZ NPs and ATO
NPs, meaning that ABZ and ATO could possess synergistic antitu-
mor effects. In addition, AA NPs performed superior therapeutic
effects than ABZ+ATO (free ABZ and ATO mixture) with time de-
pendent manner, which exhibited great potential in cancer therapy.
Furthermore, we explored cell viabilities of 4T1 cells in hypoxia
and glucose deficient environment, respectively. Hypoxic condition
inhibits OXPHOS progression, and low-glucose environment means
the role of glycolysis is limited. As shown in Figs. 2B and C, hy-
poxia environment could elevate the cytotoxicity of ABZ and low-
glucose environment would increase the cytotoxicity of ATO, sig-
nifying that dual-inhibition of glucose uptake and OXPHOS could
improve the efficacy of energy metabolism on anti-tumor. Besides,
we also found that the cytotoxicity of ABZ+ATO and AA NPs in
hypoxia or low-glucose environment was enhanced than in nor-
moxia and high-glucose environment, demonstrating that intensi-
fied energy suppression could further facilitate energy metabolism
therapy. Besides, the calculated half maximal inhibitory concen-
tration (ICsq) value and Calcein-AM/PI staining were used to fur-
ther illustrate the desired therapeutic effect of AA NPs (Table S2 in
Supporting information and Fig. 2D). Afterwards, we observed the
anti-metastasis capability of AA NPs through transwell migration
assay [30]. As shown in Fig. 2E and Fig. S9 (Supporting informa-
tion), compared with ABZ NPs or ATO NPs treated cells, there were
fewer 4T1 cells traversed polycarbonate membrane of transwell af-
ter AA NPs treatment, inferring that ABZ and ATO played synergis-
tic anti-metastasis effect in vitro and AA NPs could have positive
effect on MBC therapy. The same conclusion could also be obtained
from the result of wound healing assay in Fig. S10 (Supporting in-
formation). These results not only declare that AA NPs have ex-
cellent anti-tumor and anti-metastasis efficiency in vitro, but also
demonstrate the necessity of dual-regulation in energy metabolism
therapy.

Furthermore, we elucidated the therapeutic mechanism of AA
NPs. As a glucose uptake inhibitor, ABZ could promote the de-
ficiency of energy. Simultaneously, as an OXPHOS inhibitor, ATO
could curb endogenous ATP generation and elevate cellular oxygen
content during treatment (Fig. 3A) [24]. To demonstrate the effect
of AA NPs to inhibit ATP synthesis and alleviate hypoxia, a series
of experiments were conducted. As shown in Fig. 3B, glucose con-
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Fig. 2. Synergistic anti-tumor activity against 4T1 cells in (A) high glucose/normoxia, (B) high glucose/hypoxia and (C) low glucose/normoxia (n=3). (D) Calcein AM/PI
double staining of 4T1 cells after different treatments. (E) Cell migration assays of 4T1 cells (n=3, *P < 0.05, **P < 0.01, ***P < 0.001).

tent was greatly decreased after ABZ NPs treatment, demonstrat-
ing the strong glucose uptake inhibition ability of ABZ. In addition,
ATP content assay was exhibited to evaluate energy exhaustion ef-
fect of AA NPs. Expectedly, the synthesis of ATP was eliminated
after treated with ABZ or ATO, and their combination displayed
favorable synergistic action, implying AA NPs could efficiently re-
duce cellular energy supply through the synergetic effect of ABZ
and ATO (Fig. 3C). After that, we investigated the impact of AA NPs
on improving oxygen content. As revealed in Fig. 3D, the dissolved
oxygen content was tremendously supplemented under the treat-
ment of ATO NPs, ABZ+ATO and AA NPs, demonstrating the effect
of ATO to reduce oxygen consumption. In contrast, when treated

with ABZ NPs, the oxygen content was evidently diminished, pre-
sumably because down-regulated glycolysis amplified OXPHOS and
intensified hypoxia, emphasizing the necessity of dual-regulation
on energy metabolism [31].

As vital organelles to modulate endogenous ATP synthesis
and oxygen consumption, the structure and function of mito-
chondria were further studied. First, we detected the expression
of mitochondrial-related apoptotic protein caspase-3 and results
showed that both ABZ NPs and ATO NPs could promote its ex-
pression, especially ABZ+ATO and AA NPs groups, indicating that
the depletion of cellular energy could facilitate tumor cells apopto-
sis (Fig. 3E). In addition, mitochondrial membrane potential (MMP)
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Fig. 3. (A) Schematic illustration of the mechanism to exhaust energy and alleviate hypoxia by AA NPs. The content determination of (B) glucose and (C) ATP (n=3, *P < 0.05,
**P < 0.01, ***P < 0.001). (D) The dissolved oxygen content determination in media. (E) Western blot analysis of caspase-3. (F) MMP detection with JC-1 fluorescent probe.
(G) TEM images of mitochondria before and after AA NPs treatment. The yellow arrows represent for the damaged mitochondrial membrane.

was further investigated by JC-1 dye to evaluate the damage of mi-
tochondria [32]. As shown in Fig. 3F, MMP was decreased after
being treated with ABZ NPs and ATO NPs, which presumably be-
cause it has been reported that ABZ could increase cellular ROS
level and ATO could inhibit OXPHOS [33,34]. Therefore, both of
them could lead to the damage of mitochondrial membrane. Be-
sides, the combination of ABZ and ATO declined MMP more vis-
ibly, which implied that the mitochondrial membrane permeabil-
ity was further increased and would be more conducive to acti-
vate mitochondrial apoptosis pathway [35]. Furthermore, the se-
rious damage of mitochondria was investigated in a more intu-
itive manner by TEM images. As shown in Fig. 3G, the mitochon-
dria of Control group were integrated, of which the inner boundary
membranes appeared fenestrated laminar cristae and were invagi-
nated into tubular periodically. However, after being treated with
AA NPs, the mitochondria membrane was broken and the structure
of cristae was disappeared, demonstrating the severe disruption of
AA NPs to mitochondria and its potential for energy metabolism
therapy.

Motivated by favorable experimental results in vitro, more as-
says were performed on 4T1 subcutaneous tumor-bearing mice
via intratumoral injection with various formulations. The ani-

mal experiments were approved by the Ethics Committee of
China Pharmaceutical University. The treatment process followed
the protocol described in Fig. S11 (Supporting information). Af-
ter treatments, the body weight of all groups had no obvi-
ous change, illustrating that all preparations possessed preferable
safety (Fig. 4A). Consistent with results in vitro, both ABZ NPs
and ATO NPs played anti-tumor activity and AA NPs exhibited
an enhanced efficiency (Fig. 4B and Fig. S12 in Supporting in-
formation). As revealed in Fig. 4C, the tumor growth inhibition
rates with each treatment were 26.2% (ABZ NPs), 46.4% (ATO NPs),
49.7% (ABZ+ATO) and 67.7% (AA NPs), respectively. In addition, as
shown in Figs. 4D and E, compared with Control group, the anti-
metastasis effect was elevated after treating with ABZ NPs or ATO
NPs, meaning that both ABZ and ATO could diminish lung metas-
tasis in vivo. Specially, AA NPs further lessened lung nodules un-
der the combination effect of ABZ and ATO, showing its supe-
rior therapeutic efficacy for MBC therapy. Furthermore, to uncover
the anti-tumor and anti-metastasis mechanisms generated by AA
NPs, immunofluorescence analysis of TUNEL (apoptosis related), Ki-
67 (proliferation related) and E-cadherin (metastasis related) were
conducted on harvested tumor sections. As illustrated in Fig. S13
(Supporting information), TUNEL positive and E-cadherin positive
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Fig. 4. (A) Body weight changes, (B) tumor growth curves and (C) tumor inhibition rates of 4T1 tumor-bearing mice treated with different formulations (n=5). (D) The
numbers of lung metastasis nodules (n=>5). (E) Representative images of H&E staining in lung sections. The black circles represent for the metastatic area. (F) Immunofluo-
rescence of tumor sections with Hypoxyprobe. (G) Relative expression of HIF-1« and caspase-3 in tumor tissue (n=3). (H) Determination of glucose content in tumor tissue
(n=3). (I) Determination of ATP content in tumor tissue (n=3). *P < 0.05, **P < 0.01, ***P < 0.001.

cells were more easily observed in treated groups, especially in AA
NPs treated tumor. In addition, Ki-67 positive cells were thimbleful
detected after treated with AA NPs. These results implied that AA
NPs had pro-apoptosis, anti-proliferation and anti-metastasis ca-
pacities to MBC. Then, to assess the safety of the treatments in
vivo, we evaluated the morphology of major organs via H&E stain-
ing and detected serum biochemical indexes of liver and kidneys.
As displayed in Figs. S14 and S15 (Supporting information), the re-
sults showed that there had no apparent histological damage in
major organs and the serological indices relevant to the kidney and
liver functions had no notable variation, demonstrating its negligi-
ble systemic toxicity as expected.

Then, in vivo hypoxia improvement effect was detected by
Hypoxyprobe [36]. As shown in Fig. 4F, compared with Control
group, the green fluorescence was decreased after treated with
ATO, which proved the function of mitochondria to reduce en-
dogenous oxygen consumption and alleviate hypoxia. Notably, the
hypoxia environment was also alleviated after treating with ABZ
NPs. To explore the mechanism, we detected the expression of
hypoxia-inducible factor (HIF-1¢e). As shown in Fig. 4G and Fig. S16
(Supporting information), the expression of HIF-1ox was obviously

down-regulated after being treated with ABZ NPs, presumably be-
cause it has been reported that ABZ could reduce the expression of
HIF-1¢ in hypoxia environment [37]. In addition, we also evaluated
the expression of caspase-3, which was consistent with in vitro as-
say and demonstrated that AA NPs possessed preferable apopto-
sis promotion ability in vivo. Furthermore, Figs. 4H and I mani-
fested the significantly reduced glucose and ATP content after be-
ing treated with AA NPs. Taken together, these results displayed
that AA NPs exhibited satisfactory synergistic effect of exhausting
energy and alleviating hypoxia in vivo, which further facilitated the
efficacy on combating tumor cells proliferation and metastasis.

In this work, a simple carrier-free self-assembled nanosystem
named AA NPs was rationally engineered to boost energy exhaus-
tion and hypoxia alleviation efficiency via a handy preparation
process with ABZ and ATO. Notably, the combination of ABZ and
ATO could reduce the diameter of nanoparticles and enhance DEE,
which was beneficial for anti-tumor therapy. After being ingested
by tumor cells, the released ABZ would inhibit glucose uptake, thus
reducing the main “energy fuel” of tumor cells. Meanwhile, the
released ATO could concurrently restrict ATP production and al-
leviate hypoxic environment due to its destruction on mitochon-
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dria. Ultimately, AA NPs significantly increased tumor cells apop-
tosis by energy-deficiency and obviously diminished lung metasta-
sis by hypoxia microenvironment alleviation, performing outstand-
ing therapeutic effect on MBC therapy. Moreover, because ABZ and
ATO have been approved by the U. S. Food and Drug Adminis-
tration (FDA), which possess well-known safety and pharmacoki-
netic profiles of drugs, they have more economically attractiveness
compared with de novo drug discovery and development. Overall,
this study not only proposes a dual-regulation strategy of energy
metabolism via simultaneously inhibition of glucose uptake and
OXPHOS, but also puts forward a facile hypoxia improvement tactic
and provides an excellent candidate for clinically therapeutic appli-
cations in MBC therapy.
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