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Abstract. The aim of the present study was to investigate the 
effects of thalidomide, a drug known for its anti‑angiogenic 
and antitumor properties, at its cytotoxic dose previously 
determined as 40  µg/ml (according to four  cytotoxic test 
results). The effect of the drug alone and in combination with 
radiotherapy using Cobalt 60 (60Co) at 45 Gy on the enzymatic 
activity of substance‑P degrading A disintegrin and metallo-
proteinase (ADAM)10 and neprilysin (NEP) was investigated 
in the mouse breast cancer cell lines 4T1 and 4T1 heart 
metastases post‑capsaicin (4THMpc). Thalidomide (40 µg/ml) 
exerted differing effects on the activities of ADAM10 and 
NEP enzymes. In 4T1 cells, 40 µg/ml thalidomide alone did 
not alter ADAM10 enzyme activity. 60Co irradiation at 45 Gy 
alone caused a 42% inhibition in ADAM10 activity, however, 
the inhibition increased to 89% when combined therapy was 
used. By contrast, in the 4THMpc cell line, 40 µg/ml thalido-
mide alone induced a 66.6% increase in ADAM10 enzyme 
activity. Radiotherapy alone and thalidomide with 60Co 
combined therapy caused a 33.3 and 40% inhibition of 
ADAM10 activity, respectively. In 4T1 cells, thalidomide 
alone caused a 40.9% increase in NEP activity. Radiation 
therapy alone or in combination with the drug caused a 40.7% 
increase in NEP activity. In more aggressive 4THMpc cells, 
thalidomide alone caused a 26.6% increase in NEP activity. 
Radiotherapy alone and combined therapy caused a 33.3 and 
37% increase in enzyme activity, respectively. To the best of 
our knowledge, the present study is the first to demonstrate 
that thalidomide alone or in combination with radiotherapy 
exhibits significant cytotoxic effects on 4T1 and 4THMpc 
mouse breast cancer cell lines indicating that this drug affects 
the enzymatic activity of ADAM10 and NEP in vitro. 

Introduction

Thalidomide, a derivative of glutamic acid that exists as an 
equal mixture of its enantiomers was first introduced in Europe 
for the treatment of morning sickness in pregnant females. Due 
to its teratogenicity, it was subsequently withdrawn in the late 
1960s (1). However, in 1994, D'Amato et al (2) suggested that 
thalidomide inhibited limb development by inhibiting angiogen-
esis via the inhibition of basic fibroblast growth factor (bFGF) 
and/or vascular endothelial growth factor (VEGF). Following 
this study, Kenyon et al  (3) demonstrated that thalidomide 
inhibited bFGF‑ and VEGF‑induced corneal neovascular-
ization in mice. Bauer et al  (4) revealed that thalidomide 
inhibits microvessel formation in a rat aortic ring angiogenesis 
assay and slows human aortic endothelial cell proliferation. 
Furthermore, thalidomide has been demonstrated to inhibit 
tumor necrosis factor‑α (TNF‑α) synthesis by inducing TNF‑α 
mRNA degradation, inhibiting the activation of nuclear factor 
κB (NF‑κB) through a mechanism involving the inhibition of 
IκB kinase activity and reducing the level of free radicals that 
cause oxidative DNA damage (5). The anti‑angiogenic activity 
of thalidomide suggested that it may be effective in the treat-
ment of solid tumors and other angiogenesis‑related diseases, 
as angiogenesis in solid tumors is vital for advanced tumor 
growth and metastasis (6). Currently, thalidomide is one of the 
most well known teratogens in medical history and clinically 
recognized as an efficient therapeutic agent for different types 
of cancer, however, the anti‑angiogenic mechanism of thalido-
mide remains to be elucidated.

Angiogenesis refers to the formation of new blood vessels 
from the endothelium of existing vasculature; this process is 
fundamental for tumor growth, progression and metastasis. 
In previous years, the inhibition of angiogenesis has been 
demonstrated as a promising strategy for the treatment of 
cancer and has been successfully transferred from preclinical 
to clinical applications (7). In the 1970s, Folkman hypoth-
esized that targeting the blood supply by inhibiting blood 
vessel formation may lead to arrest of tumor growth or even 
tumor shrinkage. The physiological basis of this hypothesis 
is that tumors cannot exceed 1‑2 mm3 in an avascular state. 
Following this, intensive and successful studies investigating 
the molecular mechanisms of tumor angiogenesis were initi-
ated (8).

Thalidomide combined with irradiation 
alters the activity of two proteases
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The angiogenic switch is considered to be controlled by 
a balance between pro‑ and anti‑angiogenic molecules in the 
solid tumor microenvironment. The switch occurs as a result 
of a net balance of positive and negative regulators. When 
pro‑angiogenic factors overcome the effect of anti‑angiogenic 
molecules, the tumor acquires an angiogenic phenotype that 
leads to the formation of new blood vessels (9).

Cancer cells can stimulate angiogenesis by producing 
several angiogenic factors, including VEGF, angiopoetins, 
bFGF, epidermal growth factor, interleukin 8 and transforming 
growth factor β (7). The presence of angiogenic factors alone is 
not sufficient to initiate new vascular growth. Pro‑angiogenic 
factors are counterbalanced by a number of natural anti‑angio-
genic molecules, including thrombospondin‑1, angiostatin and 
endostatin (10). Anti‑angiogenic substances can be divided 
into agents that directly target endothelial cell recruitment, 
endothelial cell proliferation or tube formation, whereas indi-
rect inhibitors target tumor cell production of pro‑angiogenic 
growth factors or interfere with their receptors or intracel-
lular signaling pathways (11). Multiple studies have reported 
that thalidomide has anti‑angiogenic properties, however, the 
underlying mechanisms remain to be elucidated (12).

The angiogenesis‑related peptide, substance P (SP) is a 
member of the tachykinin family, encoded by the preprot-
achykinin A (PPT‑A) l gene (13). SP is a major neuropeptide 
involved in neurogenic inflammation, however, it is also the 
most significant neuropeptide in cancer. The PPT‑A gene is 
expressed in a number of other cell types, including monocytes, 
human fibroblasts, keratinocytes, lymphocytes, platelets and 
tumor cells. SP also induces angiogenesis and local inflam-
matory responses, which may increase cancer progression and 
metastases (14). SP appears to exert a bidirectional effect on 
inflammation, tumor growth and carcinogenesis; these effects 
may be due to the counter‑balancing effects of SP fragments 
and the intact peptide, such that intact peptide is tumorigenic 
and induces inflammation, whereas the fragments produced by 
peptidases are antitumorigenic and anti‑angiogenic (15).

The peptidases, neprilysin (NEP) and A disintegrin and 
metalloproteinase  (ADAM)10 degrade SP  (16,17). NEP is 
a membrane‑bound, 90‑110  kDa, zinc‑dependent metal-
lopeptidase that cleaves amide bonds on the amino side of 
hydrophobic amino acids and is normally expressed in a wide 
range of tissues and cells. Decreased NEP activity has been 
linked to increased growth of certain cancer cells, however, 
whether its activity is associated with the growth of cells has 
yet to be elucidated (18).

Erin et al (17) revealed that ADAM10 is a multifunctional, 
membrane‑bound, cell surface glycoprotein, which has 
numerous functions in cell growth, differentiation and motility. 
The authors demonstrated that ADAM10 hydrolyzes SP; 
specifically, ADAM10 produces the same growth‑inhibitory 
products as SP (i.e. SP 1‑7), similarly to NEP.

It is well established that solid tumors frequently contain a 
substantial number of cells that are hypoxic. Harrison et al (19)
reported that the hypoxia exists in tumors. Numerous studies 
have demonstrated that hypoxic cells are common in the 
majority of solid tumors, including malignant brain tumors, 
melanomas, soft tissue sarcomas, prostate cancer, cervical 
cancer and invasive breast cancer (20-25). In a clinical setting, 
particularly for the treatment of breast cancer, radiotherapy 

can be successfully used in combination with other treatments, 
including chemotherapy, however, the precise mechanism is 
not clear (26). For this reason, it is important to determine 
the effects of thalidomide plus radiotherapy as a combined 
therapy.

Our initial study demonstrated the cytotoxic effects of 
thalidomide alone and in combination with radiotherapy in 
mouse breast cancer cell lines 4T1 and 4T1 heart metastases 
post‑capsaicin (4THMpc) using four cytotoxic tests  (data 
unpublished). Based on these findings, the present study was 
designed to investigate the association between SP degrading 
two enzymes and treatment with thalidomide alone or thalido-
mide in combination with radiotherapy.

Based on the results, it is hypothesized that thalidomide 
may activate NEP and ADAM10 enzymatic activity in vitro 
and this process may be responsible for its anti‑angiogenic 
properties.

Materials and methods

Cell culture. The 4T1 breast cancer cell line, which was 
originally derived from a breast carcinoma that arose sponta-
neously in a Balb‑c mouse and the 4THMpc cell line derived 
from cardiac metastases of 4T1 cells were used in the present 
study. The two cell lines were provided by Dr Nuray Erin at 
Akdeniz University, Medicine Faculty (Antalya, Turkey).

The 4T1 and 4THMpc cell lines were grown in Dulbecco's 
modified Eagle's medium  (DMEM)/F12  (Invitrogen Life 
Technologies, Carlsbad, CA, USA) supplemented with 5% fetal 
bovine serum (FBS), 2 mM L‑glutamine, 1 mM sodium pyru-
vate and 0.02 mM non‑essential amino acids at 37˚C with 5% 
CO2 in a humidified atmosphere. Confluent cells (90%) were 
used in all experiments. All cell lines used in the present study 
were assessed and demonstrated to be free of mycoplasma 
contamination.

Determination of the cytotoxic dose. The cytotoxic effect of 
thalidomide alone or in combination with radiotherapy on 
4T1 and 4THMpc mouse breast cancer cell lines was deter-
mined via four cytotoxic assessments. The viability of the 
control and treated cells was determined using an MTT colo-
rimetric assay (Promega Corporation, Madison, WI, USA), 
the trypan blue dye exclusion method (Sigma, St. Louis, MO, 
USA) and the LIVE/DEAD® cell viability assay (Invitrogen 
Life Technologies) after 24, 48 and 72 h of incubation. An 
EnzCheck® caspase‑3 enzyme activity assay (Invitrogen Life 
Technologies) was performed to determine whether thalido-
mide causes apoptosis.

Determination of ADAM10 enzyme activity. Confluent cells 
were trypsinized in a solution of trypsin‑versen and resus-
pended in DMEM/F12  (Biochrom AR, Berlin, Germany) 
medium with 5% FBS  (Biochrom). Cells were subse-
quently seeded into 100x20 mm petri dishes at a density of 
3x105 cell/ml. After 24 h, 40 µg/ml thalidomide was added 
and after a further 4 h, radiotherapy labeled petri dishes were 
irradiated with 45 Gy 60Co. Cells were incubated for an addi-
tional 24 h.

Following the incubation period, media was removed and 
cells were harvested using 1 ml sterile phosphate‑buffered 



MOLECULAR MEDICINE REPORTS  11:  1535-1541,  2015 1537

saline (PBS) and centrifuged at 1,720 x g for 2 min. An assay 
buffer (200 µl) containing 0.1% (v/v) Triton‑X 100 was added 
to each cell pellet, incubated at 4˚C for 10 min and subse-
quently centrifuged for 10 min at 3,100 x g. The supernatant 
was collected and the protein content of samples was deter-
mined using the protein assay kit (Bio‑Rad, Hercules, CA, 
USA) with bovine serum albumin as standard based on the 
Bradford method. Samples were stored at ‑80˚C prior to use.

The ADAM10 enzyme activity was determined with 
a f luorimetric assay using a SensoLyte™ 520 TACE 
(α‑Secretase) Activity Assay kit  (Ana Spec Inc., San Jose, 
CA, USA) according to the manufacturer's instructions. A 
sterile black 96 well plate was used for measuring the fluo-
rescence intensity. Each sample contained 100 µg/ml protein 
and TNF‑α converting enzyme substrate solution to a total 
volume of 100 µl, which was added to wells according to test 
procedure. The fluorescence intensities were measured at a 
wavelength of 495/510 nm (excitation/emission) with a fluores-
cence/luminescence spectrometer (Model LS55; PerkinElmer 
Ltd., Beaconsfield, UK).

Western blot analysis of ADAM10. The alterations in ADAM10 
protein expression were analyzed by standard western blotting 
techniques. Briefly, 25 µg of homogenate protein was separated 
on a 10% polyacrylamide gel by SDS‑PAGE and then trans-
ferred onto polyvinylidene difluoride membranes (Hybond‑P, 
Amersham Pharmacia Biotech, Piscataway, NJ, USA) with a 
semi‑dry transfer apparatus. The membranes were blocked 
with Tris‑buffered saline (TBS)‑5% milk and incubated at 
room temperature with a 1:1,000 dilution of a rabbit poly-
clonal anti‑ADAM10 antibody (cat no. AB19026; Millipore, 
Billerica, MA, USA). The primary antibody was detected with 
a 1:10,000 dilution of an anti‑mouse peroxidase‑conjugated 
secondary antibody (sc‑2005; Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA) and the blots were visualized using 
a chemiluminescent substrate  (ECL Plus; GE Healthcare, 
Amersham, UK) and exposure to film (Sigma Aldrich).

Determination of NEP enzyme activity. NEP enzyme 
activity was measured using a f luorometric assay for 
the generation of free dansyl‑D‑Ala‑Gly  (DAG) from  
N‑dansyl‑Ala‑Gly‑D‑nitro‑Phe‑Gly  (DAGNPG), the 
substrate for NEP. Confluent cells were trypsinized using 
Trypsin‑versen and resuspended in DMEM/F12 (Biochrom) 
medium with 5% FBS  (Biochrom). Cells were subse-
quently seeded into 100x20 mm petri dishes at a density 
of 3x105 cell/ml. After 24 h, 40 µg/ml thalidomide was added 
and following a further 4 h, radiotherapy‑labeled petri dishes 
were irradiated with 45 Gy 60Cobalt. Cells were incubated 
for an additional 24  h. Following the incubation period, 
media was removed and cells were mechanically harvested 
using 500 µl sterile PBS and a cell scraper (BD Falcon™; 
BD Biosciences, Franklin Lakes, NJ, USA). Cells were 
homogenized in 250 µl of 50 mM Tris‑HCl buffer pH 7.4. 
The homogenate was centrifuged at 1,000 x g for 10 min at 
4˚C to remove crude debris and the supernatant was reserved 
as a sample for the assay. Substrate solutions consisting of 
1 mM DAGNPG and 10 mM enalapril in 50 mM Tris‑HCl 
in the absence and presence of 10 mM phosphoramidon were 
prepared. The substrate solutions were preincubated at 37˚C 

for 10 min. The samples (50 µl) were subsequently incubated 
at 37˚C for 10 min with 100 ml of each substrate solution. The 
reaction was stopped by incubating for 10 min at 90˚C. The 
samples were then diluted 1:10 with 50 mM Tris‑HCl and 
spun for 5 min in a microfuge at 13, 190 x g. The fluorescence 
of the supernatant was measured using a LS 55 fluorescence 
spectrophotometer (Perkin‑Elmer Inc.) at an emission wave-
length of 562 nm and an excitation wavelength of 342 nm. 
Samples and DAG standards were assayed in triplicate. The 
protein concentration of the samples was determined using 
a Bio‑Rad protein assay kit (Bio‑Rad) and measured against 
bovine serum albumin standards.

Western blot analysis for NEP. In order to elucidate whether 
changes in NEP activity in 4T1 and 4THMpc cells were due 
to changes in NEP protein content, cell homogenates were 
analyzed using standard western blotting techniques  (27). 
The membranes were subsequently blocked with TBS‑5% 
milk and then incubated at room temperature with a 1:2,000 
dilution of a rabbit polyclonal antibody known to react with 
mouse NEP (cat no. AB5458; Millipore). The primary anti-
body was detected with 1:20,000 dilution of an anti‑mouse 
peroxidase‑conjugated secondary antibody (sc‑2005; Santa 
Cruz Biotechnology, Inc.) and the blots were visualized using 
a chemiluminescent substrate (ECL Plus; GE Healthcare) and 
exposure to film (Sigma Aldrich).

Statistical analysis. All data are presented as the mean ± stan-
dard error of the mean. Data analysis was performed using 
INSTAT version 3.0 software (Graph Pad Software, San 
Diego, CA, USA). Analysis of variance  (ANOVA) with 
Dunnett's multiple comparisons post‑hoc test and Student's 
t‑test (for comparisons between two groups) were used for 
intergroup comparisons. Statistical analyses for the SP quan-
tity were performed using either ANOVA followed by the 
Tukey‑Kramer multiple comparison test or Student's paired 
t‑test on the percentage of alteration values. The graphs were 
drawn using Sigma Plot version 10.0 (SPSS, Inc., Chicago, IL, 
USA) and CorelDRAW version X4 (Corel, Co., Minneapolis, 
MN, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Determining the cytotoxic effects of thalidomide alone or 
in combination with radiotherapy. In our previous study, 
10 concentrations of thalidomide and different fractions of irra-
diation (0,0001‑40 µg/ml thalidomide and 5‑45 Gy 60Co) were 
used to determine the cytotoxic effects of the drug alone or in 
combination with radiotherapy (data not shown). According to 
four cytotoxicity test results, 40 µg/ml thalidomide alone or 
in combination with 45 Gy 60Co irradiation exhibits the most 
significant cytotoxic effect on 4T1 and 4THMpc cell lines. The 
optimum combination for enzyme activity and SP experiments 
were selected to be 40 µg/ml thalidomide and 45 Gy 60Co 
irradiation.

Determination of ADAM10 enzyme activity. The effects of 
40 µg/ml thalidomide alone or in combination with 45 Gy 60Co 
irradiation on ADAM10 enzyme activity in the 4T1 cell 
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line is shown in Fig. 1. Thalidomide (40 µg/ml) alone did 
not alter the basal level of ADAM10 activity in 4T1 cells 
compared with the control group. By contrast, 60Cobalt 
irradiation (45 Gy) alone caused a significant decrease in 
ADAM10 enzyme activity (P<0.01). Combined therapy also 
significantly decreased the ADAM10 enzyme activity in this 
cell line (P<0.01; Fig. 1).

ADAM10 enzyme activity was higher at a basal level in 
the 4THMpc cell line compared with 4T1 cells. By contrast 
to the 4T1 cells, thalidomide increased the activity of the 
ADAM10 enzyme in 4THMpc cells. In the 4THMpc cell line, 
thalidomide increased the activity of the ADAM10 enzyme 
in the control group. However, 60Co irradiation (45 Gy) alone 
or in combination with 40 µg/ml thalidomide decreased the 
level of ADAM10 enzyme activity to the basal level (Fig. 2).

Determination of NEP enzyme activity. The basal level of 
NEP enzyme activity was higher in 4T1 cells compared 
with 4THMpc cells. As shown in Fig. 3, thalidomide and 
60Co irradiation alone and the combined therapy caused an 
approximately equal increase in NEP enzyme activity in 
4T1 cells.

In the 4THMpc cell line, thalidomide and 60Cobalt 
irradiation alone had a similar effect and caused an equal 
increase in the activity of NEP, however, the enzyme activity 
was increased further when the combined therapy was 
used (Fig. 4).

Western blot analysis for ADAM10 and NEP enzymes. To 
determine whether the changes in NEP and ADAM10 activi-
ties of 4T1 and 4THMpc cells were due to alterations in NEP 

Figure 1. Effects of thalidomide and irradiation on ADAM10 enzyme activity 
in 4T1 cells. ADAM10, A disintegrin and metalloproteinase 10; 4T1HMpc, 
4T1 heart metastases post‑capsaicin.

Figure 2. Effects of thalidomide and irradiation on NEP enzyme activity in 
4T1HMpc cells. NEP, neprilysin; 4T1HMpc, 4T1 heart metastases post‑cap-
saicin.

Figure 3. Effects of thalidomide on NEP enzyme activity in 4T1 cells. NEP, 
neprilysin; RFU, relative fluorescence units; THA, thalidomide; Rx, radio-
therapy; Inh, inhibitor of enzyme. 

Figure 4. Effects of thalidomide on NEP enzyme activity in 4THMpc cells. 
NEP, neprilysin; RFU, relative fluorescence units; THA, thalidomide; 
4THMpc, 4TI heart metastases post‑capsaicin; Rx, radiotherapy; Inh, 
inhibitor of enzyme.
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and ADAM10 protein concentration, cell homogenates were 
analyzed by standard western blotting techniques. As shown 
in Figs. 5 and 6, determined enzyme activities were corrected 
with western blot analysis. The density of the bands correlated 
with the activities of the two enzymes.

Discussion

Following the identification of the teratogenic effects of 
thalidomide in pregnant females, the drug was subsequently 
demonstrated to destroy blood vessels in the fetus (28). Due to 
this property, thalidomide was investigated as an anti‑angio-
genic drug and its potential anti‑angiogenic and antitumoral 
properties have been demonstrated in an animal model (29). 
Currently, thalidomide is successfully used for the treatment 
of multiple myeloma, prostate cancer and kidney cancer. 
Research into the potential use of of thalidomide in other 
types of cancer continues (30).

Breast cancer is one of the most important global health 
concerns, with >1,500,000 new cases and >400,000 mortali-
ties annually, worldwide  (27). Thalidomide alone is not 
effective in the treatment of metastatic breast cancer, there-
fore, it must be combined with another cytotoxic drug or an 
alternative treatment (1). For a number of years, combining 
a cytotoxic agent with radiotherapy has been of interest to 
oncologists. Radiotherapy is the most widely used treatment, 
particularly in the treatment of solid tumors. In previous 
years, significant results for breast cancer patients were 
derived from the use of postoperative systemic therapies 
and radiotherapy. Although these two modalities have been 
extensively used, the exact mechanisms of their effects in 
combination remain to be elucidated. The aim of the present 
study was to investigate the effect of thalidomide in combi-
nation with radiotherapy on mouse breast cancer cell lines 
4T1 and 4THMpc.

Angiogenesis, the formation of new blood vessels by 
the extension or elaboration of pre‑existing blood vessels, 
is significant in tumor growth, progression and metastasis. 
The inhibition of tumor angiogenesis is a promising strategy 
for the treatment of cancer, which has been successfully 
transferred from preclinical to clinical applications in recent 
years.

Numerous drugs are utilized clinically as anti‑angiogenic 
agents and act in different pathways in angiogenesis. One 
of the main targets of anti‑angiogenic drugs is to inhibit 
proteases released from cancer cells. Proteases are a class of 
enzymes, which degrade proteins, generating peptides and 
amino acids. Cancer cells release proteases and degrade the 
extracellular matrix proteins to facilitate migration, metas-
tases and angiogenesis. These proteases are termed matrix 
metalloproteases (MMPs) (31).

ADAMs are a subfamily of MMPs and exist in multiple 
organisms from protozoa to humans. ADAMs are critical 
for multiple signal transduction pathways and degrada-
tive membrane proteins alter them to their soluble mature 
forms. One of the most important ADAMs members is 
ADAM10 (32). An increase in ADAM10 protein expression 
is associated with prostate and breast cancer, however, the 
underlying mechanism remains to be elucidated.

In 4T1 cells, thalidomide (40 µg/ml) alone did not alter 
the activity of ADAM10. 60Co irradiation  (45  Gy) alone 
caused 42% inhibition in ADAM10 activity and the inhibi-
tion increased to 89% when combined therapy was used. 
By contrast, in the 4THMpc cell line, thalidomide (40 µg/
ml) alone induced a 66.6% increase in ADAM10 enzyme 
activity. Radiotherapy alone and thalidomide with 60Co 
combined therapy caused a 33.3 and 40% inhibition in 
ADAM10 activity, respectively. These results were supported 
by western blot analysis.

NEP, also known as neutral endopeptidase, is a metal-
lopeptidase with a zinc‑binding motif  (33). NEP is an 
important peptidase in neuropeptide metabolism. NEP has 
been demonstrated to activate bombesin, calsistonine, neuro-
tensin and vasoactive intestinal peptit and is also important 
in tumor growth in lung and prostate cancer (34).

In 4T1 cells, thalidomide alone caused a 40.9% increase 
in NEP activity. Radiation therapy alone or in combination 
with the drug caused a 40.7% increase in NEP activity. 
Therefore, it is suggested that there is no synergistic effect 
between radiotherapy and thalidomide.

In the more aggressive 4THMpc cells, thalidomide alone 
led to a 26.6% increase in NEP activity. Radiotherapy alone 
and combined therapy caused 33.3 and 37% increases in 
enzyme activity, respectively. At the same dosage, thalidomide 

Figure 5. Western blot analyses of A disintegrin and metalloproteinase 10 enzyme. NEP, neprilysin; RFU, relative fluorescence units; THA, thalidomide; Rx, 
radiotherapy; Inh, inhibitor of enzyme.

Figure 6. Western blot analyses of the NEP enzyme in 4T1 and 4THMpc cells. NEP, neprilysin; RFU, relative fluorescence units; THA, thalidomide; Rx, 
radiotherapy; Inh, inhibitor of enzyme.
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did not affect the activity of ADAM10, however, NEP enzyme 
activity was increased. This result may assist in elucidating the 
mechanism of action of the drug. However, in 4THMpc cells, 
combined therapy did not alter NEP activity. 4THMpc cells 
are more aggressive than 4T1 cells and ADAMs are associated 
with angiogenesis, thus, the increased activity of ADAM10 in 
4THMpc cells compared with 4T1 cells was unexpected.

It is possible that ADAM10 or NEP may degrade SP. SP 
and its receptor, neurokinin‑1, are associated with mitogenesis, 
angiogenesis, migration and metastases. SP was classified as a 
neurotransmitter in the 1950s and has an important function in 
inflammation and cancer (35,36).

Associations between SP and pancreas, breast and colon 
cancer have been reported. SP exists in neuronal cells and 
cancer cells  (37-39). Based on the hypothesis that all solid 
tumors require angiogenesis for nutrition, the new blood vessel 
formation triggered by SP and its receptor is the most impor-
tant link between angiogenesis and cancer (40). Therefore, 
eradication of SP or its receptors is a novel strategy for cancer 
treatment.

According to the present results, thalidomide at its toxic 
dose was determined to exert a significant effect on the activi-
ties of ADAM10 and NEP enzymes in 4T1 and 4THMpc mouse 
breast cancer cell lines in vitro.

To the best of our knowledge, the present study is the first to 
demonstrate that thalidomide alters the activities of ADAM10 
and NEP enzymes causing significant alterations to the mouse 
breast cancer cell lines, 4T1 and 4THMpc. It is hypothesized 
that thalidomide may exert its anti‑angiogenic property by 
altering the activity of the two proteases. However, further 
studies are required to elucidate this mechanism.
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