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                        ORIGINAL ARTICLE    

 Gold(III) porphyrin 1a prolongs the survival of melanoma-bearing 
mice and inhibits angiogenesis      

    CHING TUNG     LUM  1, †   ,       LONGFEI     HUO  1, †   ,       RAYMOND WAI-YIN     SUN  1  ,  
     MING     LI  1  ,       HSIANG FU     KUNG  2  ,       CHI-MING     CHE  1,∗   &       MARIE C. M. LIN 1,3,∗        

  1  Department of Chemistry and Open Laboratory of Chemical Biology of the Institute of Molecular Technology for Drug 
Discovery and Synthesis, The University of Hong Kong, Pokfulam Road, Hong Kong, China,   2  Center for Emerging 
Infectious Diseases, The Chinese University of Hong Kong, Shatin, Hong Kong, China and   3  Division of Neurosurgery, 
Department of Surgery, The Chinese University of Hong Kong, Shatin, Hong Kong, China                              

 Abstract 
  Background . Gold(III)  meso -tetraphenylporphyrin (gold-1a) has previously been shown to prolong the survival of hepatocel-
lular carcinoma (HCC)-bearing rats and nasopharyngeal carcinoma (NPC) metastasis-bearing mice. It has also been proved 
to inhibit the tumor growth of mice bearing NPC, neuroblastoma and colon carcinoma. Mechanistically, gold-1a induces 
apoptosis, inhibits cell migration and invasion. In this study the effi cacies of gold-1a in inhibiting melanoma and angio-
genesis were investigated.  Material and methods . A mouse melanoma model was used to investigate the effi cacy of gold-1a 
in inhibiting angiogenesis, tumor growth and prolonging the survival of the tumor-bearing animals. The model was estab-
lished by inoculation of 2 � 10 5  B16-F1 mouse melanoma cells into the right back fl anks of the mice by subcutaneous 
inoculation. When the tumors grew to 0.2 – 0.4 cm in diameters, the mice were treated with gold-1a, solvent control or 
dacarbazine (DTIC) for comparison. Tumor sizes and animal survivals were monitored throughout the experiment. Tumor 
tissues were collected and immunohistochemically stained with CD31 antibodies for evaluation of intra-tumoral microves-
sel density (iMVD).  Results and conclusion . Gold-1a signifi cantly prolonged the survivals, reduced angiogenesis and tumor 
growth rates of melanoma-bearing mice. The compound induced necrosis and apoptosis in the mouse melanoma tissues. 
Gold-1a also downregulated the expression of genes playing roles in angiogenesis. Gold-1a may potentially be used to treat 
melanoma in patients.   

 Melanoma, the most malignant type of skin cancer, 
is tumor of the melanocytes. The estimated new 
cases and deaths of melanoma in the United States 
are 68 130 and 8700 respectively in 2010 [1]. Surgi-
cal resection remains the primary treatment for 
early-stage melanoma. For patients at more advanced 
stages, adjuvant therapy is needed. DTIC was the 
fi rst drug approved by Food and Drug Administra-
tion for the treatment of advanced-stage melanoma. 
The overall response rate of DTIC in melanoma 
patients was 22% but the drug failed to improve 
survival [2]. Other adjuvants against melanoma in 
use to date include interleukin-2 (IL-2) and inter-
feron alpha-2b (IFN α -2b). In a phase III random-
ized trial, the overall response rate of patients to 

a combination of three chemotherapeutic agents: 
cisplatin, vinblastine and DTIC (CVD) was 25%, 
whereas the overall response rate of patients to a 
combination of CVD plus IL-2 and IFN α -2b was 
48%. However, in both cases, there was no improve-
ment in survival. To date, there is no effective thera-
peutic regimen for melanoma management. As a 
result, it is urgent to develop new agents for the 
treatment of advanced melanoma. 

 Gold compounds have long been shown to own 
promising medical values [3,4], notable examples are 
the anti-arthritic activities of gold(I) phosphine com-
pound auranofi n and its derivatives [5]. Their anti-
cancer properties were exposed since Lorber and 
co-workers had studied the anti-proliferative activity 
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of auranofi n in HeLa cells in 1979 [6,7]. Moreover, 
gold(III) ion is isoelectronic with platinum(II) ion and 
forms similar square-planar complexes as in cisplatin, 
which has been used in treating a variety of cancers. 
This fact instigated the investigations on the use of 
gold compounds in cancer treatment. However, due 
to the tendency of gold(III) metal center to reduce to 
gold(I) and metallic gold under physiological condi-
tions, only a few of them exhibited satisfactory stabil-
ity. By using various kinds of dianionic tetradentate 
ligands, we have synthesized a series of gold(III) com-
plexes which are stable against demetallation under 
physiological conditions [8,9]. Among them, gold-1a 
was effective in prolonging the survival of HCC-
bearing rats [10] and NPC metastasis-bearing mice 
[11]. The compound also inhibited tumor growth in 
mice bearing NPC [12], neuroblastoma [13] and 
colon carcinoma [14]. Mechanistically, gold-1a has 
been shown to induce apoptosis [10,12,14,15]; inhibit 
tumor cell migration and invasion [11]. 

 The anti-cancer properties of gold(III) complexes 
have been known for three decades [6,7]. Neverthe-
less, their anti-angiogenic properties are completely 
unknown. Angiogenesis is the formation of new 
blood vessels from the pre-existing ones. It plays a 
pivotal role in tumor growth and metastasis [16], as 
tumor cells need oxygen and nutrient supply from 
blood vessels [17]. Inhibition of angiogenesis is thus 
one of the most important approaches in anti-cancer 
treatment. 

 In the present study, we employed a B16-F1 
melanoma model to examine the anti-cancer activ-
ity of gold-1a as compared to DTIC in treating 
melanoma  in vivo . The  in vivo  and  in vitro  anti-
angiogenic properties of gold-1a were also exam-
ined. Moreover, genes potentially playing roles in 
gold-1a-mediated anti-angiogenic activities were also 
studied.  

 Materials and methods  

 Cell lines, growth media, growth conditions and drugs 

 MS1 mouse pancreatic islet endothelial cell line 
and B16-F1 mouse melanoma cell line were pur-
chased from the American Type Culture Collection 
(Manassas, VA). Dulbecco ’ s modifi ed Eagle ’ s medium 
(DMEM), fetal bovine serum (FBS) and trypsin-
EDTA were products of Invitrogen (Carlsbad, CA). 
The MS1 and B16-F1 cells were maintained as 
monolayer culture in DMEM supplemented with 
5% FBS and DMEM supplemented with 10% FBS 
respectively at 37 ° C, 5% CO 2 . Gold-1a was synthe-
sized as reported previously [18]. DTIC was pur-
chased from Sigma-Aldrich (St. Louis, MO). Gold-1a 
and DTIC were reconstituted in dimethyl sulfox-
ide (DMSO). The reconstituted compounds were 

further diluted with phosphate-buffered saline (PBS) 
before injecting into the mice. Cisplatin was pur-
chased from Sigma-Aldrich and was dissolved in 
DMSO.   

 Animal model of melanoma and experimental 
conditions 

 Female C57BL/6 mice, 6 – 9 weeks old, weighing 
18 – 22 g, were purchased from the Charles River 
Laboratories (Wilmington, MA) and cared for accord-
ing to the guidelines of the Laboratory Animal Unit 
of the University of Hong Kong (HKU). All animal 
experiments were conducted under the guidelines 
approved by the Committee on the Use of Live Ani-
mals in Teaching and Research of HKU. Tumors were 
established by inoculation of 2 � 10 5  B16-F1 cells 
suspended in 100  μ l PBS into the right back fl anks of 
the mice by subcutaneous injection. When the tumors 
grew to about 0.2 – 0.4 cm in diameters, the mice were 
randomly divided into the following fi ve groups with 
fi ve mice per group for the survival study and another 
three mice per group for tissue collection: (1) solvent 
control (DMSO diluted in PBS); (2) DTIC (40 mg/kg); 
(3) DTIC (80 mg/kg); (4) gold-1a (0.125 mg/kg) and 
(5) gold-1a (0.25 mg/kg). The mice were administered 
with solvent control, DTIC or gold-1a by intraperito-
neal injection for ten consecutive days according to the 
body weight stated in the respective groups, combined 
with intratumoral injection for once on the fi rst day of 
treatment according to the body weight (20 mg/kg 
for both groups treated with DTIC and 0.1 mg/kg 
for both groups treated with gold-1a). The fi nal con-
centration of DMSO was less than 2% in PBS when 
administered to the mice. For the survival study, the 
mice were either allowed to die naturally or sacrifi ced 
when the tumor burden was greater than 10% of 
the body weight. In both cases the numbers of days 
they had survived after tumor inoculation were 
recorded.   

 Pathological and histological analysis 

 Tumor volume and body weight were monitored 
once every three days until the 20th day after tumor 
inoculation. Tumor volume (V) was calculated by the 
formula V  �  ab 2   �  0.52, where a and b were the 
longest and the shortest diameters of the xenografted 
tumor. Mice used for tissue collection were sacrifi ced 
20 days after tumor inoculation. Xenografted tumors 
from the mice were excised, fi xed in 4% paraformal-
dehyde for 16 hours, and then embedded in paraffi n 
for histological studies. Paraffi n-embedded tissues 
were sectioned into slices of 5  μ m thick for histo-
logical studies by hematoxylin and eosin (H  &  E). 
The tissue sections were monitored under an inverted 
microscope at 200 �  magnifi cation. For the detection 
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of apoptotic cells in the tumor tissues,  in situ  Cell 
Death Detection Kit (Roche, Penzberg, Germany) 
was used and the procedure was described previously 
[10]. The tissue sections were monitored under an 
inverted microscope at 320 �  magnifi cation. The 
number of apoptotic cells per microscopic fi eld was 
counted. Intra-tumoral microvessel density (iMVD) 
was determined by immunohistochemical staining 
for CD31. Antibody against CD31 was purchased 
from Novus Biologicals (Littleton, CO). Dewaxed 
and rehydrated tissue sections were gone through 
antigen retrieval processes. After blocking, the sec-
tions were incubated with anti-CD31 antibody for 
1 hour. After washing with PBS, they were further 
incubated with horse radish peroxidase-conjugated 
secondary antibody for 30 minutes. The sections 
were counterstained with haematoxylin, mounted 
under glass coverslips and observed under an inverted 
microscope at 100 �  magnifi cation. Ten fi elds were 
randomly chosen and the numbers of microvessels 
were counted. The number of microvessels per micro-
scopic fi eld was taken as the value of iMVD. The data 
were shown as mean  �  standard error of the mean 
(SEM) from three mice in each group.    

 In vitro angiogenesis assay 

 Endothelial cell growth supplement (ECGS) was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, 
CA).  In vitro  Angiogenesis Assay Kit was a product of 
Millipore (Billerica, MA). MS1 mouse pancreatic islet 
endothelial cell line was employed as a model in the 
 in vitro  angiogenesis assay. ECMatrix ™  Solution and 
10 �  Diluent Buffer (both provided in the kit) were 
mixed in a ratio of 9:1 and 50  μ l of the mixture was 
transferred to each well of a 96-well plate. The matrix 
solution was incubated at 37 ° C for one hour to allow 
polymerization to occur. Eighty thousand MS1 cells 
were then premixed with gold-1a or cisplatin in 
100  μ l of DMEM supplemented with 5% FBS and 
0.05 mg/ml ECGS, and were added to the top of the 
polymerized matrix. The concentration of DMSO was 
identical in all wells and its fi nal concentration was 
 �  0.2%. The cells were then incubated at 37 ° C, 5% 
CO 2  for two hours. At the end of the incubation, 
10  μ l of 5 mg/ml methylthiazolyldi-tetrazolium bro-
mide (MTT) (USB Corporation, Cleveland, OH) 
solution was added to each well and the incubation 
was allowed to continue for another hour. Tube forma-
tion was then monitored under an inverted light 
microscope at 100 �  magnifi cation.   

 Cell viability assay 

 MS1 cells were seeded at a density of 2  �  10 4  cells 
per well in 100  μ l of medium in a 96-well plate 
24 hours before gold-1a treatment. The cells were 

treated with gold-1a or cisplatin for the same time 
(two hours) and at the same concentrations as those 
applied in the  in vitro  angiogenesis assay. The con-
centration of DMSO was identical in all wells and 
its fi nal concentration was  �  0.2%. At the end 
of the incubation period, 10  μ l of 5 mg/ml MTT 
solution was added to each well, and the cells were 
incubated at 37 ° C for two hours. Two hundred 
microliters of acidic isopropanol (0.04 M hydro-
chloric acid in isopropanol) was then added to each 
well to dissolve the formazan complexes. Finally, the 
absorbance of the converted dye was measured at a 
wavelength of 570 nm with background subtraction 
at 620 nm. Each condition was done in triplicate 
and the data were shown as mean  �  SEM from three 
independent experiments.    

 Quantitative reverse transcriptase-polymerase chain 
reaction (qRT-PCR) 

 MS1 cells were seeded to 80% confl uent in 10 ml 
DMEM medium with 5% FBS in a 10-cm dish 24 
hours before gold-1a treatment. Cells were untreated 
or treated with 2  μ M gold-1a for 24 or 48 hours. 
The concentration of DMSO was identical in all 
dishes (0.02%). Total RNA was then extracted using 
RNeasy  ®   Mini Kit (Qiagen, Valencia, CA). Oligos 
were purchased from Integrated DNA Techno-
logies (Coralville, IA). The expression profiles of 
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) 
were used to normalize those of the target genes. 
Forward and reverse primers for mouse Gapdh 
were 5′ TGGTGCTGCCAAGGCTGTGG 3 ′  and 
5′    TCTCCAGGCGGCACGTCAGA 3 ′  respectively. 
Forward and reverse primers for mouse stanniocalcin 
1 (Stc1) were 5′ GCAGCATCGCCAAGCGCAAC 3′   
and 5′ TGGCCATGTTGGGCCCGATCT 3′ res-
pec tively. Forward and reverse primers for mouse vas-
cular endothelial growth factor receptor 2 (Vegfr2) 
were 5′   ACGGACCGTTAAGCGGGCCA 3 ′  and 
5′ GGCAAGCGTTCACAGCGCTC 3′ respectively. 
Two hundred nanograms of each total RNA sample 
was reverse transcribed to cDNA using SuperScript ™  
II Reverse Transcriptase (Invitrogen). The resulting 
fi rst strand cDNA was diluted 5-fold and 1  μ l of the 
diluted cDNA was then subjected to quantitative 
poly merase chain reaction (qPCR), using SYBR  ®   
GreenER ™  qPCR SuperMix for ABI PRISM  ®   (Invi-
trogen). The data were shown as mean  �  SEM from 
fi ve independent experiments.   

 Statistical analysis 

 Animal survival was analyzed by log-rank test using 
the GraphPad Prism software (GraphPad Software 
Inc., San Diego, CA). Number of apoptotic cells, 
iMVD and relative expression levels were compared 
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by two-tailed Student ’ s t-test (MS Excel). P  �  0.05 
was considered statistically signifi cant.    

 Results  

 Gold-1a prolonged the survival of B16-F1 
melanoma-bearing mice 

 To investigate the  in vivo  anti-cancer efficacy of 
gold-1a, a B16-F1 mouse melanoma model was 
employed. The anti-cancer effi cacy of gold-1a was 
compared to DTIC, the most widely used chemo-
therapeutic drug for treating melanoma [19]. Our 
results indicated that the median survival rates of 
mice in the (1) solvent control; (2) DTIC (40 mg/kg); 
(3) DTIC (80 mg/kg); (4) gold-1a (0.125 mg/kg) 
and (5) gold-1a (0.25 mg/kg) groups were 20 days, 

20 days, 26 days, 26 days and 32 days after tumor 
inoculation respectively (Figure 1A). Gold-1a at 
both dosages signifi cantly prolonged the survival of 
the melanoma-bearing mice compared to solvent 
control (p  �  0.05), whereas DTIC was effective 
only at a relatively high dose (80 mg/kg) (p  �  0.05). 
The result indicated that gold-1a was more effective 
than DTIC, the most widely used chemotherapeutic 
drug in melanoma, in prolongation of survival of 
B16-F1 melanoma-bearing mice.   

 Gold-1a inhibited melanoma growth in mice 

 To investigate the effi cacy of gold-1a in inhibiting 
melanoma growth, tumor sizes of melanoma-bearing 
mice were measured once every three days through-
out the experiment. Tumors of mice in the solvent 
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  Figure 1.     (A) Survival curves of melanoma-bearing mice in different treatment groups. The median survival times of mice in the (1) solvent 
control; (2) DTIC (40 mg/kg) (DTIC-40); (3) DTIC (80 mg/kg) (DTIC-80); (4) gold-1a (0.125 mg/kg) (Gold-0.125) and (5) gold-1a 
(0.25 mg/kg) (Gold-0.25) groups were 20 days, 20 days, 26 days, 26 days and 32 days after tumor inoculation respectively.  ∗ p  �  0.05, 
compared to solvent control and DTIC-40 groups. #p  �  0.05, compared to all other four groups. (B) Morphologies of melanoma-bearing 
mice and sizes of the tumors in different experimental groups. (C) A plot of tumor volume versus the number of days post tumor 
inoculation of melanoma-bearing mice in different groups.  ∗ p  �  0.05, compared to solvent control and DTIC-40 groups. Data were shown 
as mean  �  SEM from fi ve mice in each group. (D) A plot of body weight versus the number of days post tumor inoculation of mice in 
different groups. There was no signifi cant difference in the body weights of mice in different groups. Data were shown as mean  �  SEM 
from fi ve mice in each group.  
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control and the DTIC (40 mg/kg) groups reached 
the size of over 3000 mm 3  20 days after tumor inoc-
ulation (Figure 1B and C). In contrast, tumors of 
mice in the DTIC- (80 mg/kg) and gold-1a- (both 
dosages) treated groups were only slightly over 1000 
mm 3  at the same time point, and it is noteworthy 
that the difference in the tumor volumes in these 
three groups were statistically signifi cant compared 
to mice in the solvent control and the DTIC (40 mg/
kg) groups (Figure 1B and C). The data indicated 
that gold-1a inhibited melanoma growth and its 
effect was superior to that of DTIC. In addition, 
there was no obvious difference in body weights 
between mice in different groups (Figure 1D), imply-
ing that both DTIC and gold-1a, when applied at the 
dosages used in the current study, had no adverse 
effect to the growth of the mice.   

 Gold-1a induced necrosis and apoptosis in the tumor 
tissues of B16-F1 melanoma-bearing mice 

 We investigated whether gold-1a induced necrosis and 
apoptosis  in vivo  by H  &  E staining and  in situ  label-
ing of apoptosis-induced DNA strand breaks respec-
tively. H  &  E staining showed that mice treated with 
gold-1a at 0.125 mg/kg or 0.25 mg/kg contained larger 
areas of necrosis in the tumor tissues when compared 
to those treated with solvent control (Figure 2A). In 
contrast, DTIC induced obvious necrosis only at a 
relatively high dose (80 mg/kg). At a lower dosage of 
40 mg/kg, only a few small necrotic areas could be seen 
in the tumor tissues. In addition, greater numbers of 
apoptotic cells were found in the tumor tissues of mice 
in the gold-1a treated groups (both the higher and the 
lower doses) compared to the solvent control group 
(Figure 2B). In contrast, DTIC could only induce apo-
ptosis to a similar extent to gold-1a when applied at a 
relatively high dose (80 mg/kg), whereas when applied 
at a lower dose (40 mg/kg) only very few apoptotic cells 
could be seen (Figure 2B).   

 Gold-1a inhibited angiogenesis in vivo 

 To investigate whether gold-1a inhibited angiogene-
sis  in vivo , the melanoma tissue sections were immu-
nostained with CD31 antibodies. Fewer numbers of 
CD31-positive microvessels were found in the mela-
noma tissues of mice treated with either DTIC or 
gold-1a, compared to those of mice treated with sol-
vent control. Notably, iMVD in the melanoma tissues 
of the gold-1a (0.25 mg/kg) group was signifi cantly 
lower than that of the solvent control group. Although 
DTIC (when applied at 40 mg/kg or 80 mg/kg) also 
decreased iMVD, the difference was not signifi cant 
compared to solvent control. Our data indicated that 
gold-1a was more effective than DTIC in inhibiting 
angiogenesis  in vivo .   

 Gold-1a inhibited tube formation by MS1 mouse 
endothelial cells 

 To further confi rm that gold-1a posed anti-angiogenic 
activity, an  in vitro  angiogenesis assay was employed. 
Cisplatin was included for comparison due to the 
structural similarities between cisplatin and gold-
1a [8]. Gold(III) is isoelectronic with platinum(II) 
in cisplatin and forms similar square-planar com-
plexes [8]. Our result showed that gold-1a was 
more effective than cisplatin in inhibiting tube 
formation by MS1 cells. As shown in Figure 3A, 
gold-1a at the dosage of 2  μ M signifi cantly inhibited 
tube formation by MS1 cells, whereas the same phe-
nomenon could not be observed when treated with 
cisplatin at a dosage up to 80  μ M. A noteworthy point 
is that gold-1a at this dosage did not cause signifi cant 
toxicity to the cells, as shown by their ability to 
metabolize MTT into an insoluble purple formazan 
(Figure 3A). Moreover, cell viability assay showed 
that treatment of MS1 cells with the compounds at 
the dosages and for the time period identical to those 
applied in the tube formation assay did not induce sig-
nifi cant cell death (Figure 3B).   

 Gold-1a downregulated the expressions of Stc1 and 
Vegfr2 in MS1 mouse endothelial cells 

 To evaluate the possible molecular mechanism(s) 
through which gold-1a inhibited angiogenesis, we 
studied the expression profi les of genes playing roles 
in angiogenesis in MS1 mouse endothelial cells in 
response to gold-1a treatment by qRT-PCR. We 
found that gold-1a signifi cantly downregulated Stc1 
and Vegfr2 in a time-dependent manner (Figure 3C 
and D). Stc1 plays roles in angiogenesis [20] and was 
highly upregulated in an  in vitro  model of angiogen-
esis [21]. Vegfr2 is a signal transducer for cancer-
related angiogenesis [22].    

 Discussion 

 Thus far, gold-1a has been shown to prolong the 
survival of HCC-bearing rats [10] and NPC metas-
tasis-bearing mice [11], and inhibited tumor growth 
in mice bearing NPC [12], neuroblastoma [13] and 
colon cancer [14]. The major mechanism of gold-1a ’ s 
anti-tumor action was induction of apoptosis [10,12,
14,15] and inhibition of tumor cell migration and 
invasion [11]. In this study, gold-1a has been shown 
to signifi cantly prolong the survival and inhibit tumor 
growth in melanoma-bearing mice. More importantly, 
gold-1a signifi cantly inhibited angiogenesis  in vivo . 
As expected, gold-1a also induced apoptosis in the 
tumor tissues of the melanoma-bearing mice. The 
effect was stronger than that of DTIC, the standard 
chemotherapeutic drug in melanoma. Notably, in 
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  Figure 2.     (A) H  &  E staining of tumor tissues in different treatment groups. Larger necrotic areas were found in the tumor tissues of 
gold-1a treated (at both doses) melanoma-bearing mice, compared to those in the solvent control group. DTIC was effective in inducing 
tumor tissue necrosis only when treated at a relatively high concentration (80 mg/kg), but not at a lower concentration (40 mg/kg). Pictures 
were taken at 200 �  magnifi cation. Arrows point to necrotic areas. DTIC-40: DTIC (40 mg/kg); DTIC-80: DTIC (80 mg/kg); Gold-0.125: 
gold-1a (0.125 mg/kg); Gold-0.25: gold-1a (0.25 mg/kg). (B)  In situ  cell death detection in the tumor tissues in different treatment groups. 
The numbers of apoptotic cells in the gold-1a-treated (both 0.125 mg/kg and 0.25 mg/kg) groups were obviously higher compared to 
those in the solvent control group. DTIC was effective in inducing apoptosis only when treated at a relatively high concentration (80 mg/kg), 
but not at a lower concentration (40 mg/kg). Pictures shown were taken at 320 �  magnifi cation. Arrows point to apoptotic nuclei. DTIC-
40: DTIC (40 mg/kg); DTIC-80: DTIC (80 mg/kg); Gold-0.125: gold-1a (0.125 mg/kg); Gold-0.25: gold-1a (0.25 mg/kg). Data are 
shown as mean  �  SEM of three mice per treatment group.  ∗ p  �  0.05, compared to solvent control. (C) Immunohistochemical detection 
of CD31 in the melanoma tissues of mice in different treatment groups. iMVD was signifi cantly lower in the gold-1a (0.25 mg/kg) group, 
compared to the solvent control group. Pictures shown were taken at 100 �  magnifi cation. Arrows point to CD31-positive microvessels. 
DTIC-40: DTIC (40 mg/kg); DTIC-80: DTIC (80 mg/kg); Gold-0.125: gold-1a (0.125 mg/kg); Gold-0.25: gold-1a (0.25 mg/kg). Data 
are shown as mean  �  SEM of three mice per treatment group.  ∗ p  �  0.05, compared to solvent control.  
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the present study, the body weights of gold-1a-treated 
mice were more or less the same as the solvent con-
trol-treated mice. In our previous study, gold-1a also 
did not cause an evident drop of body weight in 
HCC-bearing rats and did not increase the plasma 
aspartate aminotransferase level [10], indicating that 
there was no observable side-effect of gold-1a. What 
is more, our previous acute toxicity evaluation 
revealed that the median lethal dosage of gold-1a 
was 4.4 mg/kg [23,24], whereas our data showed 
that melanoma was highly sensitive to gold-1a at 
0.25 mg/kg. Moreover, there was no observable 
damage in the major organs including the kidney, 
lung, heart, brain and reproductive organs of the 

mice used in the acute toxicity evaluation study [24]. 
The difference in the lethal and effective dosages 
creates a safe therapeutic window for gold-1a and 
thus warrants gold-1a to be developed as a promising 
anti-melanoma agent. 

 Inhibition of angiogenesis is one of the most 
important cancer therapeutic approaches. We demon-
strated that gold-1a exhibited anti-angiogenic activi-
ties both  in vivo  and  in vitro . Gold-1a decreased 
iMVD in the mouse melanoma tissues. In the  in vitro  
angiogenesis assay, the anti-angiogenic action of gold-
1a was not due to its cytotoxic activity, since most of 
the cells remained viable after having exposed to the 
compound, as demonstrated by the ability of the cells 
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  Figure 3.     (A)  In vitro  angiogenesis assay. Gold-1a signifi cantly inhibited tube formation by MS1 mouse endothelial cells at 2  μ M. In 
contrast, high concentration of cisplatin (80  μ M) did not inhibit tube formation. Data shown are representative pictures from two 
independent experiments. (B) Treatment with gold-1a or cisplatin at the concentrations the same as those used in the tube formation 
assay for two hours did not cause signifi cant death of MS1 cells. MTT assay was performed to determine the percentages of viable cells. 
A 570 -A 620  values obtained from untreated cells were normalized as 100%, and the data were shown as mean  �  SEM from three 
independent experiments. NS, not statistically signifi cant. (C and D) Expression profi les of Stc1 and Vegfr2 in MS1 cells in response to 
gold-1a treatment, as determined by qRT-PCR. Cells were treated either with solvent control or with 2 (M of gold-1a for 24 or 48 hours. 
The relative expression levels were compared to those of Gapdh. Data are shown as mean  �  SEM from fi ve independent experiments. 
 ∗ p  �  0.05, compared to solvent control.  
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to metabolize MTT, as well as by the corresponding 
cell proliferation assay. A noteworthy point is that cis-
platin at the dosage as high as 80  μ M could not cause 
signifi cant inhibition of tube formation. The detailed 
molecular mechanism through which gold-1a inhib-
ited angiogenesis is not clear, but we found that Stc1, 
believed to have a role in angiogenesis [20], was sig-
nifi cantly downregulated in a time-dependent man-
ner in response to gold-1a in MS1 cells. Stc1 was 
highly upregulated in an  in vitro  model of angiogen-
esis [21]. Its expression was also closely parallel to 
that of CD31, an endothelial marker, in a mouse 
femoral artery ligation model of angiogenesis [21]. 
Vegfr2, a transmembrane receptor that plays roles in 
development of endothelial cells [25] was also sig-
nifi cantly downregulated by gold-1a in MS1 cells in 
a time-dependent manner. Vegfr2 was overexpressed 
in lung, colon, uterus, ovarian and breast cancers 
[26]. Downregulation of Stc1 and Vegfr2 in endothe-
lial cells might represent part of the molecular events 
through which gold-1a inhibited angiogenesis. 

 In summary we have demonstrated that gold-1a 
could prolong the survival of melanoma-bearing 
mice. The compound exhibited higher inhibitory 
effect of melanoma growth  in vivo  compared to the 
clinically-used DTIC. It also inhibited angiogenesis 
both  in vivo  and  in vitro . Gold-1a might potentially 
be used clinically to treat melanoma patients.       
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