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Nanoparticle-encapsulated thia-
zole antibiotic, thiostrepton, has 

been shown to be an effective agent for 
inhibiting tumor growth in solid tumor 
models through the inhibition of pro-
teasomal activity by the induction of 
apoptosis in cancer cells. Here, we show 
the efficacy of thiostrepton-micelles in 
inhibiting tumor growth in a DEN/
PB-induced liver cancer model. We also 
demonstrate an enhanced anticancer 
effect of the combination treatment of 
thiostrepton with bortezomib, another 
proteasome inhibitor in this liver cancer 
model.

Hepatocellular carcinoma (HCC) is one of 
the leading causes of cancer-related deaths 
worldwide. Thiostrepton, a natural antibi-
otic derived from Streptomyces, has been 
shown to have anticancer effects through 
mechanisms of proteasome inhibition and 
FOXM1 suppression.1,2 The combination 
of thiostrepton and bortezomib induced 
potent apoptosis and inhibition of long-
term colony formation in a wide variety of 
human cancer cell lines.3 The formulation 
of thiostrepton into micellar nanoparticles 
has been demonstrated to be an effective 
nanomedicine against tumor growth in 
liver cancer and breast cancer xenograft 
models.4 Furthermore, combination treat-
ment with another proteasome inhibitor, 
bortezomib, has shown extended abil-
ity to reduce tumor growth in xenograft 
cancer models.5 Being nanoparticular in 
nature, thiostrepton-micelles have phar-
macodynamic affinity for accumulation 
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into xenograft tumors and into the liver.4 
Consequently, the primary target for drug 
accumulation in the mouse is the liver. In 
this report, we demonstrate the ability of 
thiostrepton-micelles to accumulate in 
the livers of hepatocellular tumor-bear-
ing mice and show its efficacy in reduc-
ing tumor growth. We further show the 
improved therapeutic effect of thiostrep-
ton-micelles administered in combination 
with the proteasome inhibitor bortezomib, 
an FDA-approved drug.6,7 Spontaneous 
induction of hepatocellular neoplasia was 
achieved by intraperitoneal (IP) injection 
of the carcinogen Diethylnitrosamine 
(DEN) into 2-week-old neonatal male 
FBV mice (5 μg of DEN/g body weight in 
50 μl PBS). Phenobarbitol (PB; 0.67mg/
mL) was administered in the drinking 
water from week 4 onwards for enhanced 
carcinogenesis. Thirty-two weeks fol-
lowing the DEN/PB protocol, animals 
were separated into treatment groups of, 
(1) non-treated control, (2) thiostrepton-
micelle only 30 mg/kg, IV, (3) bortezomib 
only 0.5 mg/kg, IP and (4) combination 
of thiostrepton 30 mg/kg and bortezomib 
0.5 mg/kg. Animals were treated once 
every other day (3 times a week) for 5 
weeks before sacrifice, after which livers 
were removed. To study the pharmacodis-
tribution of thiostrepton-micelle nanopar-
ticles in mouse liver cancer models, two 
animals were administered with fluores-
cently labeled thiostrepton-micelles (30 
mg/kg, IV). Four hours post-injection, it 
was found that over 90% of micelle-asso-
ciated fluorescence was accumulated in the 
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Figure 1. Analysis of hepatocellular tumor-bearing mouse livers after treatment with thiostrepton-micelles and/or bortezomib. Liver tumor models 
were prepared in FBV mice following the DEN/PB protocol, where neonatal pups were injected with DEN, followed by continuous exposure to PB 
by doping of drinking water. Thirty-two weeks post-DEN injection, treatment groups were administered with either 30 mg/kg thiostrepton-micelle, 
0.5 mg/kg bortezomib or the combination of 30 mg/kg thiostrepton-micelle and 0.5 mg/kg bortezomib. Treatment continued for 5 weeks, after which 
animals were sacrificed and their livers prepared for histological examination. (A) Biodistributional studies of rhodamine-labeled micelle-thiostrepton 
(30 mg/kg) in liver tumor-bearing animals. Organ-associated fluorescence was examined 4 h post-administration using the Xenogen IVIS imaging 
equipment and demonstrated that the majority of micelle-thiostrepton accumulation was found in the liver of the animals. The spectral unmixing 
algorithm was used to differentiate between rhodamine and non-specific background autofluroescence. (B) Light microscopic evaluation of right liver 
lobe sections from control and treated animals. Black arrows point to the adenomas. (C) Post-treatment, the number of hepatocellular tumors in tissue 
sections was determined microscopically. Thiostrepton/bortezomib combination-treated animals exhibited significantly less number of adenomas 
compared with non-treated controls and single drug treated animals. (D) Thiostrepton-micelle, bortezomib and combination treatment did not cause 
significant weight loss in treated animals.
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compared with that of non-treated ani-
mals, indicating that the toxicity profiles 
of the single thiostrepton-micelle or bort-
ezomib treatment and of the combined 
thiostrepton/bortezomib treatment were 
low (Fig. 1D).

The data presented in this communi-
cation is a further demonstration of the 
previously shown anticancer efficacy of 
thiostrepton-micelles as nanomedicine 
against liver cancer.4 Results also indi-
cate that co-administration of thiostrep-
ton-micelle with another proteasome 
inhibitor, bortezomib, leads to enhanced 
tumor suppression not only in xenograft 
cancer models,5 but in the current DEN/
PB-induced liver cancer model as well. It 
is likely that the inhibition of FOXM1, 
an oncogenic transcription factor overex-
pressed in hepatocellular cancer, by pro-
teasome inhibitors plays a role in their 
anticancer effect. Previous studies in this 
HCC model have shown similar effects 
on tumor inhibition by another FOXM1-
inhibitor, ARF-peptide, through its sup-
pression of FOXM1 oncogenic activity.11 
In addition to FOXM1 suppression,4 the 
liver-targeting biodistributional proper-
ties of thiostrepton-micelles as a nanopar-
ticular drug formulation provides for 
liver-specific delivery and consequent low 
toxicity (Fig. 1A).4 These features high-
light the clinical potential of thiostrepton-
micelle nanoparticles in combination with 
bortezomib to be adopted as a treatment 
option for solid tumors and particularly 
for liver cancers.
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livers of treated animals (Fig. 1A). This 
occurrence is likely to be associated with 
the diffusion of nanoparticular species 
through the fenestrations within the sinu-
soidal capillaries of the liver vasculature.8,9 
This organ-specific phenomenon renders 
nanoparticle drug delivery of anticancer 
drugs to liver cancers advantageous.

Livers were fixed in 4% paraformal-
dehyde, and the right lobe was paraf-
fin-embedded, sectioned at 5 μm and 
stained with H&E for light microscopic 
evaluation. Histologically, the majority 
of hepatocellular tumors in all treatment 
groups were adenomas (Fig. 1B). Single 
carcinomas were detected in two indi-
viduals (one untreated control and one 
thiostrepton-micelle only treated). It was 
found that animals treated with either 
thiostrepton-micelle alone, bortezomib 
alone or with the combination of the two 
exhibited fewer hepatocellular neoplasms 
than non-treated animals (Fig. 1C). More 
specifically, while treatment with either 
thiostrepton-micelle or bortezomib alone 
resulted in the suppression of the number 
of adenomas compared with non-treated 
animals, the combined treatment with 
both drugs resulted in greater (up to 75% 
of control) suppression of tumor growth 
(Fig. 1C). Thiostrepton and bortezomib 
are both proteasome inhibitors, and their 
complementary anticancer activities have 
been described in xenograft cancer mod-
els.5 The potential differential binding of 
thiostrepton and bortezomib to the prote-
asome, resulting in the inhibition of both 
chymotrypsin and caspase-like cleavage 
sites likely accounts for this complemen-
tary effect.10 The body weights of treated 
animals did not decrease significantly 




