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To examine the effects of doxycycline on invasion-related

protein expression and proliferation of melanoma cells and to

evaluate its effect on microcirculation patterns in melanoma, we

injected murine melanoma B16 cell suspensions into the groin

areas of C57BL/6 mice that were randomly divided into treat-

ment and control groups. Eight days after tumor cell injection,

we administered doxycycline intraperitoneally (ip) at a dose of

0.15 mg/g/day in the treatment group and administered a

physiological saline solution to the control group. Animals were

sacrificed on Day 22, and we removed and weighed tumor

masses and counted the numbers of vasculogenic mimicry (VM)

and endothelium-dependent vessels. Immunohistochemical

staining was used to analyze the expression of matrix metal-

loproteinase-2 (MMP-2), matrix metalloproteinase-9 (MMP-9),

vascular endothelial growth factor (VEGF), and proliferating cell

nuclear antigen (PCNA). We prepared protein extracts of the

tumors, and we examined the activity of MMP-2 and MMP-9 in

different groups by gelatin zymography. Real-time polymerase

chain reaction (PCR) was used to detect MMP-2 and MMP-9

mRNA level in the fresh tumor tissue. Doxycycline treatment

partly suppressed the growth of engrafted B16 melanoma, with

an inhibition rate of 35.63%. There were more VM and

endothelium-dependent vessels in the control group than in

the treatment group. The expression level of MMP-2 and MMP-9

in the treatment group was lower than that in the control group

(P < 0.01, P < 0.05). Compared with the control group, VEGF

expression was increased with doxycycline treatment. The

enzyme activities of MMP-9, active-MMP-2, and MMP-2/pro-

MMP-2 in the treatment group were lower than those in the

control group (P < 0.01). MMP-2 and MMP-9 mRNA levels in the

treatment group were also lower than those in the control group

were. Doxycycline inhibits the growth of engrafted melanoma

and results in reduced expression of MMP-2, MMP-9, and VM

formations. Exp Biol Med 232:1300–1307, 2007
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Introduction

Angiogenesis plays an essential role in tumor growth,

and blood supply is critical for the delivery of adequate

oxygen and nutrients to tumor cells. Moreover, tumor

invasion and metastasis are angiogenesis dependent. In

1999, Maniotis et al. reported a new tumor microcirculation

pattern, vasculogenic mimicry (VM), in melanoma where

tumor cells mimic endothelial cells and form channels to

carry the blood supply to the tumor (1, 2). VM is associated

with a poor prognosis for cancer patients because the 5-year

survival rate of the patients with VM is nearly zero (3, 4).

There are three important elements in VM formation: the

plasticity of malignant tumor cells, remodeling of the

extracellular matrix (ECM), and the connection of the VM

channels to the host microcirculation system (5, 6).

The expression and secretion of matrix metalloprotei-

nases (MMPs) play an important role in ECM remodeling.

MMPs are Zn2þ-dependent endopeptidases. MMP-2 and

MMP-9 are members of the MMP family, and they can

functionally degrade collagen IV in ECM, a step essential

for tumor invasion and metastasis (7). Moreover, MMP-9

generates growth-proliferating signals and regulates tumor

cell proliferation (8). Pharmaceutical inhibitors of MMP

include members of the tetracycline family of antibiotics.

Doxycycline, a member of the tetracycline family, not only

inhibits MMP synthesis but also chelates Zn2þ (required by

MMPs) and thus suppresses the activity of MMP-2 and

MMP-9 (9, 10). However, doxycycline, belonging to

chemically modified tetracyclines (CMTs), has proven
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disappointing as an antibiotic because of its clinical side

effects (e.g., nausea, vomiting, and poor appetite). Never-

theless, its use as an anticancer agent has not been fully

explored. In this study, we report the effects of doxycycline

on the growth and microcirculation patterns of melanoma

and on VM channel formation. Our results suggest that

doxycycline may have potential as an additional tool in the

treatment of solid tumors.

Material and Methods

Cells and Animals. Frozen mouse melanoma B16/

F10 tissue was kindly provided by the Biochemical

Department of Tianjin Cancer Hospital and Institute

(Tianjin, China). Forty-seven female, 6-week old, 18–22 g

C57/BL mice were purchased from Animal Center Acad-

emy of Military Medical Science (License: SCXK [Jin]

2004–0001; Beijing, China). They arrived at the Animal

Centre of Tianjin Cancer Hospital 1 week before the

experiment and were bred under specific pathogen-free

(SPF) conditions.

Drugs and Reagent. Doxycycline-HCL powder

(purity 99.99%) was purchased from Sigma Chemical Co.

(St. Louis, MO) and stored at 48C. Doxycycline powder was

dissolved in sterile 0.9% NaCl at a final concentration of 20

mg/ml.

Mouse Tumor Model and Doxycycline Admin-
istration. Frozen mouse melanoma B16/F10 tissue was

incubated in 408C water for 15 mins and made into a cell

suspension (1 3 107/ml). A B16/F10 melanoma cell

suspension was injected into the left groin area of the mice

at 0.2 ml/mouse. Forty-seven mice were randomly divided

into a treatment group (24 mice) and a control group (23

mice). Eight days after tumor cells were engrafted, tumor

masses were detected, and doxycycline solution was

administered intraperitoneally (ip; 0.15 ml/mouse/day) in

the treatment group. Mice in the control group received an

equivalent 0.9% NaCl solution as a placebo. Mice were

sacrificed by cervical decapitation following 14 days of

continuous treatment, and the tumor masses were removed

and weighed. A part of the tumor without necrosis was

collected and stored at �808C, and the remainder of each

tumor was fixed with formalin and embedded in paraffin.

Tumor Growth Analysis. The length and width of

each tumor were measured with a vernier caliper each day

from Day 8 to Day 22 after inoculation. Tumor size was

determined using the following formula: [volume (mm3) ¼
(length 3 width2)/2]. The inhibition rate (IR) of the

engrafted tumor was determined using the following

formula:

IRð%Þ

¼ 1� tumor weight of treatment group

tumor weight of control group

� �
3 100%

ð1Þ

Immunohistochemical Staining and Quantifica-
tion. Polyclonal antibodies used in this study were rabbit

anti-MMP-2 (Boster, Wuhan, China; dilution 1:200), rabbit

anti-MMP-9 (Boster; dilution 1:200), rabbit antiproliferating

cell nuclear antigen (PCNA; Boster; dilution 1:100), and

rabbit antivascular endothelial growth factor (VEGF;

Boster; dilution 1:100). Four-micrometer sections from

formalin-fixed, paraffin-embedded tissue were mounted on

poly-L-lysine–coated slides. The slides were air-dried and

the tissue deparaffinized. Endogenous peroxidase activity

was blocked with 3% hydrogen peroxide in 50% methanol

for 10 mins at room temperature. The sections were

rehydrated and washed with phosphate-buffered saline

(PBS) and then pretreated with citrate buffer (0.01 M citric

acid, pH 6.0) for 20 mins at 1008C in a microwave oven.

After nonspecific binding sites were blocked by incubation

in 2% normal goat serum in PBS for 15 mins at 378C. The

sections were incubated overnight at 48C with the primary

antibody as indicated. The sections were then washed with

PBS and incubated with the second antibody for 30 mins at

378C. The sections were incubated with horseradish

peroxidase (HRP)–conjugated antibody for 30 min at 378C

after the PBS washes. Staining was performed by incubating

with fresh diaminobenzidine (DAB) buffer. The sections

were washed in running water and counterstained with

hematoxylin, followed by dehydration and coverslip

mounting. PBS was used in place of the first antibodies as

the negative control.

The sections were viewed at 3400, and 10 fields were

chosen randomly. Positive cell numbers were counted in

100 random melanoma cells in every field, and the average

number was used to determine the expression of the proteins

in a section.

Immunohistochemical and Periodic Acid-Schiff
(PAS) Histochemical Double-Staining Methods.
Antibodies used in this study were mouse monoclonal

anti-CD34 (Sigma Chemical), which was used at a 1:400

dilution. After CD34 immunohistochemical staining, the

sections were then washed with running water for 5 mins

and incubated with PAS for 15 mins. Finally, all of the

sections were counterstained with hematoxylin, dehydrated,

and mounted with a coverslip. Normal human stomach

mucous membrane was the positive control.

VM and Endothelium-Dependent Vessel Quan-
tification. The sections stained with PAS were viewed at

3400, and 10 fields were chosen randomly. The vessels

lined by endothelial cells, regardless of the presence of

basement membrane, were counted as endothelium-depend-

ent vessels. The channels defined as VM were enclosed by

melanoma cells and lined by PAS-positive material with red

cells in the center of the channels. The average number of

VM channel and endothelium-dependent vessels was

determined.

Gelatin Zymography. When the mice were sacri-

ficed, melanoma tissues were harvested, and the stroma was

eliminated. The melanoma tissues were stored at �808C.
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The frozen melanoma tissues were lysed with 10% sodium

dodecyl sulfate (SDS) in liquid nitrogen, and the lysates

were collected and centrifuged for 10 mins at 48C and

16,000 g to obtain soluble cell extract. Zymography was

performed as described by Mira et al. (11). SDS-

polyacrylamide gel electrophoresis (PAGE) was performed

in a Tris-glycine buffer system with a 3% stacking gel and

12.5% separation gel. After electrophoresis, gels were

incubated in 2.5% Triton X-100 for 1 hr and then digested

in 50 mM CaCl2 and 50 lM ZnCl2 for 48 hrs. The gels were

stained with 0.1% Coomassie brilliant blue G250, and the

location of proteolytic activity was detected as clear bands

in a background of uniform staining. Gels were documented

and analyzed using a graph analysis system. The area and

gray scale of a band were measured, and the decomposed

quantity of a band was counted using the following formula:

band decomposed quantity¼ band area 3 (band gray scale�
background gray scale) to indicate the activity of the MMPs.

Real-Time Polymerase Chain Reaction

(PCR). Total RNA was extracted with Trizol reagent

according to the manufacturer’s instructions. cDNA was

synthesized and amplified from total RNA using the Access

Reverse transcriptase (RT)-PCR system (TaKaRa Bio, Inc.,

Otsu, Japan). The primer sequences used for MMP-2

detection were 59-GATAACCTGGATGCCGTCGTG-39

(sense) and 59-CTTCACGCTCTTGAGACTTTGGTTC-39

(antisense) with a melting temperature (Tm) for MMP-2 of

548C, and a Tm for b-actin of 58.98C for 35 cycles. The

primer sequences used for MMP-9 detection were 59-

GCCCTGGAACTCACACGACA-39 (sense) and 59-TTGG-

AAACTCACACGCCAGAAG-39 (antisense) with a Tm of

53.18C. The resultant cDNA products of MMP-2, MMP-9,

and b-actin were 109, 86, and 174 bp, respectively. Real-

time PCR products were analyzed with the GeneAMP PCR

System 5700 Sequence Detector (Applied Biosystems,

Foster City, CA), and the cycle threshold (Ct) values were

evaluated.

Statistical Analysis. The data in this study were

analyzed with SPSS 11.5 for Windows (SPSS Inc., Chicago,

IL), and statistical significance was defined as ,0.05. A t
test was performed to compare the differences between

mRNA level, protein expression, and protein activity in the

two groups.

Results

Morphology of the Engrafted Melanoma. Eight

days after melanoma cell injection, engrafted tumors were

palpated on the mouse groin areas and detected tumors were

removed. Soft globular tumors were observed, and there

were numerous network vessels on the tumor surfaces.

Characteristically, the nuclei were extremely dark upon

staining, and the nuclear to cytoplasmic ratio approached

1:1 with numerous mitoses distributed in the tumor tissue.

Some melanoma cells invaded into the skeletal muscle and

showed a spindle configuration. Endothelium-dependent

vessels and VM channels were observed in the tumors.

CD34 and PAS double-staining revealed that there were

networks formed by PAS-positive substances in the tumors,

and the basement membrane of the endothelium-dependent

vessels was positive for PAS (Fig. 1A). Tumor cells formed

in the VM channels that were lined by PAS-positive and

basement membrane–like substances, and there were red

cells in the center of these channels (Fig. 1B). Moreover, no

necrosis or hemorrhage in the tumor tissue near the VM

channels was noted. Necrosis and hemorrhage occurred in

the treatment and control groups, but the area of necrosis in

the treatment group was larger than that observed in the

control group (Fig. 1C). There were many melanoma islands

separated by necrotic tissue in the doxycycline treatment

group, and some tumor cells exhibited degeneration

characteristics, with vacuoles within both cytoplasm and

nuclei (Fig. 1D).

The Effect of Doxycycline on Tumor
Growth. The engrafted melanomas in the doxycycline

treatment group grew slower than those in the control group

(Fig. 2). Fourteen days after doxycycline administration, the

average size of the tumors in the treatment group was 6.212

cm3, whereas, in the control group, the average size was

8.764 cm3. Results from weighing the tumor masses

indicated that the IR of doxycycline was 35.63%.

Figure 1. (A; upper left panel) Endothelium-dependent vessels (red
arrow) are lined by spindle-figure endothelial cells, and the basement
membrane of the vessels is positive for PAS staining. Magnification:
3400. (B; upper right panel) VM channel (red arrow) is formed by
tumor cells, and there are red cells in the center of the channels. Note
the absence of necrosis and hemorrhage in the tumor tissue near the
VM channel. PAS-positive substances line the channel and form a
basement membrane–like structure. Endothelium-dependent vessels
(yellow arrow) are also present with VM, CD34, and PAS double-
staining. Magnification: 31000. (C; lower left panel) Tumor in the
doxycycline-treatment group. There are several melanoma cells
islands separated by necrosis in the tumor. Hematoxylin and eosin.
Magnification: 3100. (D; lower right panel) Tumor cells in the
treatment group. Note the vacuoles within the cytoplasm and the
nuclei in the tumor cells, a feature of cell degeneration. Hematoxylin
and eosin. Magnification: 3400. A color version of the figure is
available in the online version of the journal.
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Analysis of VM Channel Formation. Counting the

microcirculation patterns in the tumors indicated that there

were fewer VM channels and endothelium-dependent

vessels in the treatment group than the control group (Table

1). The treated group had 1.42 6 0.55 endothelium-

dependent vessels and 1.46 6 0.6 VM channels compared

with 2.80 6 1.01 endothelium-dependent vessels and 2.00

6 0.67 VM channels in the control group (P , 0.05).

The Influence of Doxycycline on MMP-2 and
MMP-9 Expression. Both treated and control groups

contained MMP-2–positive and MMP-9–positive tumor

cells, and the cytoplasm was positive for MMP-2 and

MMP-9 staining in both groups (Fig. 3A–D). Interestingly,

the tumor cells adjacent to host tissue showed a high

expression of MMP-2 and MMP-9. As shown in Table 2,

tumors in the treatment group expressed less MMP-2 and

MMP-9 protein than the control group (P , 0.05).

The Effects of Doxycycline on VEGF and PCNA
Expression. Some tumor cells in both groups were

positive for VEGF as determined by immunohistochemical

staining. Compared with the control group, VEGF expres-

sion was upregulated in tumors obtained from the

doxycycline-treated group (Table 2). PCNA was also

expressed in the nuclei of both tumor groups, and at higher

tumor-cell densities, more PCNA-positive cells were

observed. As shown in Figure 3E and F and Table 2, the

number of tumor cells positive for PCNA staining in the

treatment group was less than that observed in the control

group. This indicates that the tumor cells in the treatment

group had a lower proliferating rate than those in the control

group.

Figure 2. Tumor growth curve in the treatment and control groups.
Tumor size was measured as described in the Materials and
Methods.

Table 1. Comparison of Endothelium-Dependent Vessels and VM Channels in the Treatment and
Control Groups

Group n
Endothelium-

dependent vesselsa P VMa P

Treatment group 24 1.42 6 0.55
P , 0.05

1.46 6 0.60
P , 0.05

Control group 23 2.80 6 1.01 2.00 6 0.67

a x̄ 6 SD.

Figure 3. (A) MMP-2 expression in the control group. All of the
melanoma cells are positive for MMP-2 as detected by immunohis-
tochemical staining, and the cytoplasm of positive cells is dark brown.
Immunohistochemistry (IHC). Magnification: 3400. (B) MMP-2
expression in the doxycycline-treatment group. Some melanoma
cells express MMP-2, and the intensity is weak compared with the
control group. IHC. Magnification: 3400. (C) MMP-9 expression in the
control group. Numerous melanoma cells express MMP-9, and the
cytoplasm of positive cells is dark brown. IHC. Magnification: 3400.
(D) MMP-9 expression in the treatment group. Some melanoma cells
express MMP-9, and the intensity is weak compared with the control
group. IHC. Magnification: 3400. (E) PCNA expression in the control
group. Positive melanoma cells with a diffuse brown nucleus. IHC.
Magnification: 3100. (F) PCNA expression in the doxycycline-
treatment group. Some melanoma cells express PCNA, and the
intensity is weak compared with the control group. IHC. Magnifica-
tion: 3100. A color version of the figure is available in the online
version of the journal.
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Analysis of MMP-2 and MMP-9 Activity. The

results of gelatin zymography revealed that there were three

clear bands in the SDS-PAGE gel in extracts obtained from

both groups of tumors (Fig. 4). These bands were identified

as the 92-kDa MMP-9, 72-kDa Pro-MMP-2, and 62-kDa

activated MMP-2. A 34-kDa MT1-MMP band was blurry

and difficult to quantify. Statistical analysis indicated that

the activities of MMP-9 and activated MMP-2 in the

treatment group melanoma were less than that in the control

group (P , 0.01), but as shown in Table 3, there was no

significant difference in the activity of Pro-MMP-2.

Results of Real-Time RT-PCR. Real-time PCR

demonstrated that the expression of MMP-2 and MMP-9

mRNA in the experiment group was decreased compared

with the control group. The Ct values of MMP-2 and MMP-

9 in the control and experiment groups are listed in Table 4.

The difference between MMP-2 and MMP-9 Ct values was

statistically significant (P , 0.01). The results suggested

that doxycycline could inhibit tumor growth via down-

regulating the MMP-2 mRNA level.

Discussion

It had been believed that endothelium-dependent

vessels were the only microcirculation mechanism present

in tumors, so endothelial cells have been the target of

traditional antiangiogenesis treatment for solid tumors (12,

13). However, VM, an endothelium-independent micro-

circulation pattern, has been demonstrated to exist in many

malignant tumor types. This finding suggests that the VM

channel should be an additional target in an antiangio-

genesis strategy to treat solid tumors (14, 15). In this study,

B16 melanoma tumor cell growth was reduced by

doxycycline treatment. Fourteen days after doxycycline

administration, IR for engrafted melanoma was 35.63%. In

support of this reduction of tumor size, we observed that the

doxycycline treatment group had less endothelium-depen-

dent vessels and fewer VM channels than those in the

control group, and the expression and activity of MMP-2

and MMP-9 were lower in the treatment group than in the

control group. These findings indicate that doxycycline

inhibited melanoma angiogenesis through inhibition/reduc-

tion of MMP activity. Furthermore, compared with the

tumors in the control group, large areas of necrosis were

observed in tumors in the treatment group. These results

support the hypothesis that the blood supply from

endothelium-dependent vessels and VM channels was

blocked by doxycycline administration, leading to necrosis

and tumor reduction.

Tetracycline is an efficient antibiotic drug, but it has

dose-dependent side effects (16, 17). In this study, mice

treated with doxycycline via IP had no obvious side effects,

demonstrating that these antibiotics may be useful as

anticancer agents at doses that exhibit fewer side effects.

Tetracycline can inhibit the activity and function of MMPs

(18), and doxycycline, a member of the tetracycline family,

has a potent effect on the synthesizing and activity of MMPs

(19–21). However, the molecular mechanism involved in

these effects of doxycycline is still not clear. There are

several possible explanations that should be considered: (i)

doxycycline may reduce the stability of MMP mRNA (22–

24); (ii) doxycycline chelates Zn2þ, which is required for

MMP activity; (iii) doxycycline may eliminate reactive

oxygen species (ROS) secreted by extracellular matrix cells

and thus block the activation of pro-MMPs; and (iv)

doxycycline may inhibit the activation of MMPs via the

MT1-MMP pathway (25–28). The precise mechanism by

which doxycycline functions awaits further experimenta-

tion.

MMP-2 and MMP-9 are both members of the MMP

family that are secreted as inactivated zymogens (72 kDa

and 92 kDa, respectively) and need to be activated by

proteolytic cleavage into active forms (62 kDa and 88 kDa,

respectively; Refs. 29, 30). The result of anti-MMP-2 and

MMP-9 immunohistochemical staining revealed that the

expression of these proteins in tumors from the doxycy-

cline-treated group was less than that observed in the control

group. This may be associated with a reduction of MMP

mRNA stability (31, 32). Moreover, there was no significant

difference in pro-MMP-2 levels between the 2 groups,

whereas the activity of MMP-2 and MMP-9 in the treatment

Table 2. Comparison of the Expression of MMP-2, MMP-9, VEGF, and PCNA in Tumor Cells of the Treatment
and Control Groupsa

Group n MMP-2 MMP-9 VEGF PCNA

Treatment group 24 0.330 6 0.086 0.345 6 0.086 0.425 6 0.075 0.322 6 0.106
Control group 23 0.569 6 0.868* 0.634 6 0.080* 0.337 6 0.120* 0.538 6 0.094*

a x̄ 6 SD.
* P , 0.05.

Figure 4. Gelatin zymography. Lanes 1–4, control group. Lanes 5–8,
the doxycycline-treatment group. The 92-kDa MMP-9, 72-kDa Pro-
MMP-2, and 62-kDa activated-MMP-2 are observed in both groups.
The 34-kDa MT1-MMP is blurry and was not analyzed. Enzyme
levels were determined as described in the Materials and Methods.
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group decreased as compared with the control group. This

suggests that doxycycline inhibited the activated MMP-2

and MMP-9 thus inhibiting tumor growth and angiogenesis.

Endothelium-dependent vessels and VM channels both

contribute to the microcirculation patterns in the B16

melanoma model described in this report. The presence of

both microcirculation systems not only meet the need for

oxygen and nutrients required for tumor growth but also

enhance metastasis (33). MMP family members, especially

MMP-2 and MMP-9, play important roles in endothelium-

dependent vessels and VM channel formation (34). MMPs

activate the angiogenesis switch, decompose ECM, and

provide the space for vessel formation. It is important for

endothelial cells to migrate through ECM and the fiber

network during endothelium-dependent vessels formation.

Collagen IV is a major constituent of basement membrane

ECM, and a major function of MMP-2 and MMP-9 is to

degrade collagen IV, resulting in promotion of angiogenesis

(34, 35). Furthermore, MMP-9 can induce VEGF secretion

into the ECM, resulting in enhanced tumor angiogenesis

(36).

Microarray analyses revealed that MMPs-1,�2,�9, and

MT1-MMP are all more highly expressed in aggressive

melanoma with VM channels compared with poorly

aggressive melanomas that lack VM channels (37).

Phosphoinositide-3 kinase (PI3K) is a key signal in VM

channel formation when pro-MMP-2 is activated, converted

into active MMP-2, which then cleaves laminin (38).

Laminins are major constituents of basement membrane

ECM and are thought to stabilize the organization of the

basement membrane. The degradation of laminin contrib-

utes to the integrin-mediated migratory behavior of

melanoma cells. Seftor et al. (35) suggested that the

fragments of activated MMP-2 from highly aggressive

melanoma cells induced VM channel formation in poorly

aggressive melanoma. Hence, inhibitors of MMP may have

a negative effect on melanoma invasion and metastases by

inhibiting VM formation. Seftor et al. (39) observed that

doxycycline reduced the lung metastases of human

melanoma C8161 in severe combined immunodeficiency

disorder (SCID) mice. They suggested that doxycycline

exerts a negative influence on melanoma aggression and

metastases through multiple mechanisms. Thus, inhibition

of MMPs represents an important molecular target in the

treatment of solid tumors.

In addition to the role of MMPs in the angiogenesis

process, VEGF is considered one of the most important

factors promoting angiogenesis. Many normal and tumor

cells can synthesize and secrete VEGF, resulting in

paracrine effects on the behavior and function of endothelial

cells (40). The interaction of VEGF with its receptor (flt-1 or

KDR/flt-1) on the surface of endothelial cells leads to the

migration and proliferation of those cells. The expression of

VEGF is regulated indirectly by oxygen concentration and

hypoxia, conditions that enhance the expression and

stability of VEGF mRNA (41). Rapid growth of tumors

results in the hypoxic conditions that stimulate VEGF

expression and promote tumor angiogenesis. In our study,

we observed that VEGF expression in the tumors increased

in the doxycycline-treated animals, whereas VM channel

and endothelium-dependent vessels were reduced as

compared with the control group. These data suggest that

microcirculation patterns were inhibited by doxycycline

administration, aggravating hypoxia, and increasing VEGF

expression.

Recently, it has been reported that doxycycline affects

the cell cycle and inhibits tumor cell proliferation (42).

Doxycycline blocks protein synthesis, reduces the supply of

ATP, and disturbs the energy metabolism of the tumor cell,

inhibiting tumor cell growth (43). PCNA is a protein

involved in mediating DNA replication, and the results from

our study demonstrated that the expression of PCNA

decreased after 14 days of doxycycline treatment. Thus,

our data are consistent with a model where doxycycline also

has a role in decreasing tumor cell proliferation.

In summary, in this report, we demonstrate that the

effects of doxycycline on the microcirculation patterns in

the B16 mouse melanoma involve inhibition of micro-

circulation formation and activity of matrix metalloprotein-

ases. The dose of 0.15 mg/g/day for IP in mouse is equal to

about 180 mg/day for an adult with oral administration. It is

Table 3. Comparison of the Activity of MMP-9, Pro-MMP-2, and MMP-2 in the Melanoma of the Treatment and
Control Groupsa

Group n MMP-9 Pro-MMP-2 MMP-2 MMP-2 to pro-MMP-2 ratio

Treatment group 24 24.99 6 2.30 121.35 6 8.53 7.40 6 1.82 6.10%
Control group 23 46.18 6 4.65* 126.07 6 4.73** 25.93 6 3.30* 20.65%

a x̄ 6 SD.
* P , 0.01; ** P , 0.05.

Table 4. Comparison of MMP-2 and MMP-9 mRNA
in Melanoma Between the Treatment and

Control Groupsa

Group n MMP-2 MMP-9

Treatment group 24 23.80 6 0.98 24.16 6 0.79
Control group 23 18.43 6 0.47* 20.28 6 0.81*

a x̄ 6 SD.
* P , 0.01.
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reported doxycycline at a dose of 200 mg/day/person

exhibits few side-effects, other than some discomfort of the

digestive tract (44). In this study, mice in the treatment

group showed neither poor appetite nor loss of weight.

Moreover, compared with the benefit of the anticancer

effect, the side effects are negligible. These data provide a

basis for considering tetracycline-based antibiotics for use in

antiangiogenesis treatment of solid tumors.

We thank Dr. Howard for his editorial assistance.
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