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Impaired blood flow in the tumor vascular bed caused by structurally
and functionally abnormal blood vessels not only hinders the deliv-
ery of chemotherapeutic agents but also aggravates tumor hypoxia,
making the tumor cells further resistant to antineoplastic drugs.
Therefore, normalization of tumor blood vessels may be an impor-
tant approach to increase therapeutic efficacy in the treatment of
cancer patients. As blood vessels are supplied by sympathetic nerves
containing dopamine (DA), and DA regulates functions of normal
blood vessels through its receptors present in these vessels, we
investigated the effect of DA on tumor vasculature. Here we report
loss of sympathetic innervation andendogenous DA in abnormal and
immature tumor blood vessels inmalignant colonandprostate tumor
tissues. In contrast, exogenous administration of DA normalizes the
morphology and improves the functions of these vessels by acting on
pericytes and endothelial cells, the twomajor cellular components of
blood vessels. DA acts through its D2 receptors present in these cells
to up-regulate directly the expression of angiopoietin 1 (Ang1) in
pericytes and the expression of the zinc finger transcriptional factor,
Krüppel-like factor-2 (KLF2) in tumor endothelial cells. Importantly,
this vessel stabilization by DA also significantly increases the concen-
tration of anticancer drug in tumor tissues. These results show a re-
lationship between vascular stabilization and a neurotransmitter and
indicate that DA or its D2 receptor-specific agonists can be an option
for the treatment of cancer and disorders in which normalization of
blood vessels may have therapeutic benefits.

It now is well established that tumor blood vessels are struc-
turally and functionally abnormal (1–4). In contrast to normal

blood vessels, which are well organized and lined by quiescent
adult endothelial cells and supporting mature pericytes, tumor
vessels are highly disorganized and made up of active endothelial
cells (1–6). Moreover, in these tumor vessels pericytes are lacking
or immature pericytes attach loosely to the endothelial cells (1–
3). This vascular immaturity in turn causes destabilization of
vessel structure, impairment of endothelial barrier function, and
decreased blood flow leading to increased hypoxia in tumor tis-
sues (1–3). In addition, the impaired blood flow in abnormal
tumor blood vessels not only compromises the delivery of anti-
cancer drugs but also aggravates tumor hypoxia, making tumor
cells more resistant to these agents (1–3). Thus, stabilization or
normalization of tumor vessels can be an important approach to
increase the therapeutic efficacy of anticancer drugs (1, 7).
Dopamine (DA) is a monoamine catecholamine neurotrans-

mitter, which acts through its D1 and D2 class of receptors
present in the target organs (8, 9). In addition to its conventional
role in the brain, recent reports indicate that DA also controls
several functions in the periphery (8, 9). DA has been shown to
regulate behavior, movement, and cardiovascular, renal, endo-
crine, gastrointestinal, and immune functions (8–10). Normal
blood vessels are supplied by sympathetic nerves, and neuro-
transmitters released from these nerve endings regulate many
critical vascular functions (8, 11–15). Because DA is one of the

catecholamine neurotransmitters in the sympathetic nerve end-
ings and regulates important vascular functions such as vessel
tone and blood pressure by acting through its receptors present in
blood vessels (8, 9, 13–20), we investigated whether DA has other
effects on abnormal tumor blood vessels.

Results
Loss of Sympathetic Innervation of Tumor Blood Vessels Is Associated
with Abnormal Tumor Blood Vessel Morphology and Leakiness. To
investigate the regulatory role of DA on tumor blood vessels, we
first determined the morphology and leakiness of tumor vascula-
ture in mice bearing orthotopic human prostate (PC3) and human
colon (HT29) tumors (21, 22). Blood vessels from both tumors
showed aberrant architectural patterns with increased dilation
and tortuosity in comparison with the normal organs. Because
normal blood vessels are supplied by sympathetic nerves (11, 12),
we examined the sympathetic nerve supply to blood vessels in PC3
and HT29 tumor tissues. Using confocal microscopy, we observed
the absence of tyrosine hydroxylase, a well-established marker of
sympathetic nerves, in tumor blood vessels visualized by injecting
FITC-lectin to the tumor-bearing animals (Fig. 1A); this finding
indicates the absence of sympathetic nerves in the blood vessels of
these tumors (23–26). Then, to determine the effect of sympa-
thectomy on the status of DA in these tumor tissues, we measured
the concentration of DA in tumor tissues by HLPC with electro-
chemical detection (27). Our results indicated complete loss of
DA in PC3 and HT29 tumor tissues (Fig. 1B) (28, 29).
Next, the morphology of tumor blood vessels was examined by

confocal microscopy after tumor-bearing animals were injected
with FITC-lectin (3). The permeability or leakiness of blood
vessels in these tumor tissues was determined after FITC dextran
perfusion using confocal microscope (30) and also by modified
miles assay (31). The tumor vascular network displayed a chaotic
vascular architecture that was tortuous, dilated, and showed ex-
tensive leakiness with complete loss of hierarchy (Fig. 2 A–D).
These data indicate an association between the absence of sym-
pathetic nerves, loss of dopamine, and abnormal tumor vessels.

DA Acts Through D2 Receptors to Stabilize the Morphology of Blood
Vessels and Inhibit Leakiness of Tumor Vasculature. Because abnor-
mal tumor blood vessels were associated with the absence of
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sympathetic nerves and DA (Fig. 1 A and B), and as DA has been
shown to regulate several important blood vessel functions (8, 9,
13–15), we investigated the effect of exogenous DA treatment on
the morphology of tumor blood vessels. DA was administered i.p.
to orthotopic PC3 and HT29 tumor-bearing animals at a low
nontoxic dose (50 mg·kg−1·d−1, corresponding to ∼5% of the me-
dian LD50 in mice) for 7 d (32) when tumors were detected in these
animals. In contrast to untreated tumor blood vessels, blood vessels
of PC3 and HT29 tumors on day 8 after completion of DA treat-
ment resembled normal vessels in regard to leakiness and distri-
bution (Fig.2 A–D). However, this effect of DA was abrogated
completely when these tumor-bearing animals were pretreated
with a dopamine D2 receptor antagonist, eticlopride (10mg/kg i.p.)
(Fig. 2 A–D), thus indicating that this action of DA is mediated
through D2 receptors. The other two catecholamines, epinephrine
and norepinephrine, and the DA D1 receptor-specific antagonist
SCH23390 had no effect on themorphology of tumor blood vessels
(Fig. S1 A and B). These results demonstrated that, among the
catecholamines, only DA, by acting specifically through its D2
receptors, could normalize tumor blood vessel morphology and
thus reduce leakiness of blood vessels.
Finally, to confirm further the role of DA D2 receptors in

regulating the morphology and leakiness of tumor blood vessels,
we performed our experiments in DAD2 receptor- KOmice using
Lewis lung carcinoma cells (LLC) (SI Results and Fig. S2) (33).

DA Improves Blood Flow and Reduces Hypoxia in Tumor Tissues.
Several reports have indicated that improper vasoregulation within
abnormal tumor vessels leads to chaotic and compromised blood
flow, resulting in an hypoxic tumor microenvironment (1–3). It has
been shown further that correction of these structural abnormali-
ties improves blood flow and consequently reduces hypoxia in tu-
mor tissues (1–3). We therefore reasoned that DA, by stabilizing

aberrant tumor vessels, would decrease hypoxia and increase blood
flow in these tissues. Indeed, we observed hypoxia to be reduced
significantly in DA-treated PC3 and HT29 tumors in comparison
with untreated controls, and this reduction in hypoxic fraction
within the tumor tissues was visualized by the formation of pimo-
nidazole adducts (Fig. S3A–C) (34). In addition, tumor blood flow
in DA-treated animals, measured noninvasively by laser Doppler
flowmetry (LDF), increased significantly in comparison with un-
treated controls (Fig. S3 D and E) (35). Since animals need to be
stabilized for at least 30min before blood flow ismeasured, and the
process requires nearly 1 h to complete, we determined the effects
of DA on tumor blood flow in animals bearing s.c. implanted
PC3 and HT29 tumors, because animals bearing orthotopic tu-
mors do not survive 1 h after surgical exposure (35). This reduction
in tumor tissue hypoxia and increase in tumor blood flowwas noted
even on day 15 after DA treatment (Fig. S4 A–C).

DA Significantly Increases the Concentration and Hence the Efficacy
of Anticancer Drug in Tumor Tissues. Because normalization of
blood flow in tumor blood vessels has been reported to increase
the concentration of anticancer drugs in tumor tissues (1–3, 7), we
investigated whether the DA-mediated increase in tumor blood
flow could increase the concentration of 5-fluorouracil (5-FU),
a drug commonly used in the treatment of colon cancer (36).
Mice bearing s.c. HT29 tumor (100 mm3) were divided into two
groups. One group was treated i.p. with DA (50 mg·kg−1·d−1 for
7 d), and the other group was the untreated control. On day 8,
animals from both the groups were selected for further study. A
single dose of 5-FU (20 mg/kg i.p.) was administered to the ani-
mals in both groups. Tumor tissues were collected 30 min after
administration of 5-FU because it has been reported that the
concentration of 5-FU in tumor tissues peaks at ∼30 min (37).
The level of 5-FU in these tumor tissues was quantified by liquid
chromatography electrospray ionization tandem mass spectrom-
etry (38). We observed that 5-FU concentrations in tumor tissues
were increased significantly (∼2.2 times) in DA-treated animals
as compared with controls treated only with 5-FU (Fig. 2E). This
result shows that DA treatment can significantly increase the
concentration of anticancer drugs in tumor tissues.
Because treatment with DA increases 5-FU concentration in

tumor tissues (Fig. 2E), we decided to determine if this increased
concentration of 5-FU following DA treatment is more effective in
inhibiting tumor growth than treatment with 5-FU alone. Mice
bearing s.c. HT29 tumors were treated with DA (50 mg·kg−1·d−1
i.p.) for 7 d. Starting on day 8, tumor-bearing DA-treated animals
were treated either with 5-FU (20 mg·kg−1·d−1 i.p.) for 5 consecu-
tive days or remained as controls without any further treatment. In
addition, DA-untreated mice bearing HT29 tumors of similar size
also were divided into two additional treatment groups: vehicle and
5-FU (20mg·kg−1·d−1 i.p.) for 5 consecutive days. The animals were
killed after completion of 5-FU treatment. At the end of treatment
on day 14, tumor volumes in the vehicle, 5-FU–only, and DA-only
treatment groups were 538.33 ± 27.46 mm3, 310.07 ± 21.09 mm3,
and 323.42± 26.17mm3, respectively. Treatment withDA followed
by 5-FU showed maximum inhibition of tumor growth (85.96 ±
13.45 mm3) in comparison with the groups treated with vehicle, 5-
FU only, and DA only (Fig. S3F). These results confirmed that the
DA-mediated increase in 5-FU concentration in tumor tissues
resulted in a significant increase in the therapeutic efficacy of 5-FU
that correlates well with increased blood flow and decreased hyp-
oxia in tumor tissues following DA treatment.

DA D2 Receptors Are Present in Pericytes and Tumor Endothelial Cells.
Pericytes and endothelial cells are the two major cell types that
not only form blood vessels but also regulate critical vascular
functions, including blood flow (1, 3, 39–44). Abnormalities in the
distribution and function of these cells in blood vessels lead to the
development of defective vessel phenotypes and functions (1, 3,
40–42). Acting through its D2 receptors, DA could reverse ab-
normal tumor vessel morphology, reduce hypoxia in tumor tis-
sues, and improve blood flow (Fig. 2 and Fig. S3). We therefore

Fig. 1. Loss of sympathetic innervations in tumor blood vessels. (A) Confocal
microscopic images of blood vessels perfulsed with FITC-lectin (green) and
positive for tyrosine hydrolase (red), awell-establishedmarker of sympathetic
nerves (white arrows) in normal prostate and colon tissues (Upper). In con-
trast, tumor blood vessels show lack of tyrosine hydroxylase staining, thereby
indicating loss of sympathetic nerves (Lower). (Scale bars, 50 μm.) (B) Con-
centration of DA in mouse colon and prostate tissues determined by HPLC
with electrochemical detection. Orthotopic colon and prostate tumor tissues
show complete loss of DA (≤0.01 ng/mL). Results are mean ± SE; n = 15.
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confirmed the presence of DA D2 receptors in pericytes and
tumor endothelial cells (TEC) by confocal microscopy (Fig. 3A).

DA Treatment Promotes Mature Pericyte Coverage in Tumor Blood
Vessels. In the tumor vascular bed, the supporting pericytes that
surround the endothelial cells develop multiple morphological
and architectural abnormalities (1–4, 40–42) as well as altered
expression of marker proteins (3). Because DA treatment was
associated with the reversal of abnormal tumor vessel morphol-
ogy, leakiness, and blood flow in PC3 and HT29 tumor tissues
(Fig. 2 and Fig. S3), we investigated the effect of DA treatment
on the pericyte coverage in tumor blood vessels. We observed
that the majority of pericytes in untreated PC3 and HT29 tu-
mors were immature pericytes expressing PDGF receptor β
(PDGFRβ) and regulator of G protein signaling 5 (RGS5) (3). In
contrast, mature pericytes predominantly expressing α smooth
muscle actin (αSMA) or neural/glial antigen 2 (NG2) were
demonstrated in the blood vessels of DA-treated PC3 and HT29
tumors (Fig. 3 B–G) (3). Similar pericyte coverage also was
demonstrated in animals treated with the DA D2 receptor-spe-
cific agonist quinpirole (10 mg·kg−1·d−1 i.p.) for 7 d (Fig. S5).

Acting Through its D2 Receptors, DA Directly and Specifically Up-
Regulates Angiopoietin 1 Expression in Pericytes. Several reports
indicate the importance of angiopoietin 1 (Ang1) as a pericyte-
derived vessel-stabilizing signal (39, 42–44). Because DA was
shown to stabilize abnormal tumor vessels (Fig. 2 and Fig. S3),

we investigated the effect of DA treatment on Ang1 expression
in the pericytes of tumor tissues. Although Ang1 was not ex-
pressed in the pericytes of tumor tissues in untreated controls,
we observed striking Ang1 expression in the pericytes of tumor
tissues collected from animals treated with DA (Fig. 4A). In
contrast, this DA-mediated up-regulation of Ang1 expression
was lost when these animals were treated with the D2 receptor-
specific antagonist eticlopride before treatment with DA (Fig.
4A), indicating that this action of DA is mediated specifically
through its D2 receptors present in the pericytes (Fig. 4A).
Next, to elucidate whether DA had any direct and specific

effect on Ang1 expression in pericytes, we demonstrated DA D2
receptor and Ang1 expressions in human brain vascular pericytes
(HBVP) (41). Because there was loss of sympathetic nerve
supply in tumor blood vessels (Fig. 1A) and as 1 μM of DA is
present in the extracellular fluid surrounding neural synapses
(45), we used this concentration of DA for our in vitro experi-
ments. Our results showed significant increase of Ang1 expres-
sion in these cells when serum-starved HBVP were treated with
DA (1 μM) or the DA D2 receptor-specfic agonist quinpirole
(1 μM) (Fig. 4B). However, pretreatment of these cells with
eticlopride (1 μM) abrogated this action of DA, thus indicating
that this action of DA is mediated through its D2 receptors
(Fig. 4B). This result was confirmed further, because the DA D1
receptor-specific agonist SKF 38393 also failed to increase Ang1
expression in these cells (Fig. 4B). Western Blot analysis dem-
onstrated the presence of DA D2 receptors in HBVP (Fig. 4C).

Fig. 2. DA restores normal vessel morphology in PC3 and HT29 tumors. (A) Confocal images of vessels perfused with FITC-lectin in control (Tumor), DA-
treated (Tumor + DA), and eticlopride + DA-treated (Tumor + Eti + DA) tumors. (B) Mean vessel diameters were quantified in control, DA-treated, and
eticlopride + DA-treated tumor groups (five fields per tumor). (C) Vessels perfused with FITC-dextran in PC3 and HT29 tumors. Untreated tumor vessels exhibit
dilation, tortuosity, and extensive leakiness visualized by massive extravasation of dextran. In contrast, treatment with DA markedly reduced dilation, tor-
tuosity, and leakiness. Pretreatment with the DA D2 receptor antagonist eticlopride abolishes the effects of DA. (D) Modified Miles assay shows significantly
decreased vessel leakiness in PC3 and HT29 tumors following DA treatment. This effect of DA was lost after pretreatment with eticlopride. Vascular per-
meability was assessed colorimetrically by the degree of extravasation of Evans blue dye from tumor vessels. (E) Nude mice bearing s.c. HT29 tumors treated
with DA and then with FU show significantly increased concentration of intratumoral 5-FU 30 min after 5-FU injection. (Scale bars, 50 μm.) *P < 0.05. All error
bars represent SEM; n = 15 for each experimental group.
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In addition, these experiments performed in serum-starved
HBVP suggested that the effect of DA on Ang1 expression in
pericytes is direct and is not the result of its actions on other
growth factors. Furthermore, because there are reports in-
dicating that up-regulation of Ang1 in pericytes stimulates mi-
gration of these cells (46, 47), we examined the action of DA on
HBVP migration (SI Results and Fig. S6).

DA Induces Krüppel-Like Factor-2 Expression in TEC by Acting Through
D2 Receptors.Adult endothelial cells in normal vasculature usually
are in the quiescent state to maintain endothelial integrity and
barrier functions of these vessels (5, 6). In contrast, endothelial
cells in tumor blood vessels are active, resulting in loss of these
functions (5, 6). Because DA treatment normalized tumor blood
vessels, and since Krüppel-like factor-2 (KLF2), a member of
Krüppel-like factor family of transcription factors, has been
reported to induce quiescence in endothelial cells (48, 49), we
determined the expression of this transcription factor in TEC
isolated and collected from PC3 and HT29 tumor-bearing mice,
using techniques we had used before (36, 50). In these experi-
ments TEC were pooled from tumor-bearing mice. Although
KLF2 was absent in TEC collected from untreated controls,
significantly higher expression of KLF2 was demonstrated by
Western blot and confocal microscopy in TEC collected from
DA-treated animals (Fig. 5 A and B). However, this action of DA
in TEC was abrogated when animals were treated with eti-
clopride, before treatment with DA (Fig. 5 A and B), thus in-
dicating that this action of DA was mediated specifically through
its D2 receptors. Our Western blot data further confirmed that
TEC isolated from PC3 and HT29 tumor tissues express DA D2
receptors (Fig. 5C).

DA-Mediated KLF2 Expression in Endothelial Cells Is Direct and Occurs
Specifically Through D2 Receptors Present in These Cells. To confirm
the direct effect of DA on KLF2 expression in endothelial cells,
serum-starved human umbilical vein endothelial cells (HUVEC)
expressing the DA D2 receptor (Fig. 5D) were treated with DA
(1 μM)or with aDAD2 receptor-specific agonist, quinpirole (1 μM).
In contrast to the low levels of KLF2 expressed in untreated
control HUVEC, as detected by Western blot and confocal mi-
croscopy, KLF2 expression was increased significantly 6 h after
DA or quinpirole treatment in these cells (Fig. 5 E and F).
However, pretreatment of these cells with eticlopride (1 μM),
inhibited these effects of DA or quinpirole, thus indicating that
this effect of DA occurs through its D2 receptors (Fig. 5 E and F).
In addition, these experiments performed in serum-starved

HUVEC indicate that the effect of DA on KLF2 expression in
endothelial cells is direct and independent of its actions on growth
factors. These results thus confirm that DA directly can induce
KLF2 expression and quiescence in endothelial cells by acting
specifically through its D2 receptors present in these cells. Since
KLF2 plays a prominent role in preventing vascular leakage, and
because KLF2 can inhibit hydrogen peroxide (H2O2)-induced
permeability in HUVEC, we investigated the effect of DA
treatment on H2O2-induced permeability in these cells (SI Results
and Fig. S7) (51).

Activation of ERK5 by Stimulation of DA D2 Receptors Is Associated
with Increased Expression of KLF2 in Endothelial Cells. ERK5 is a
member of the MAPK family (52–54). Because ERK5 activation

Fig. 3. DA D2 receptors are present both in peri-
cytes and tumor endothelial cells, and DA increases
the number of mature pericytes in tumor blood
vessels. (A) Immunofluorescence staining for DA D2

receptors (red) in pericytes (RGS5, green) and tu-
mor endothelial cells (CD31, green) of PC3 and
HT29 tumor tissues. (B–E) Confocal images from
control and DA-treated PC3 and HT29 tumor tis-
sues labeled with anti-RGS5 (red) (B), anti-PDGFRβ
(red) (C), anti-NG2 (red) (D), and anti-αSMA (red)
(E). Endothelial cells stained with anti-CD31
(green) show DA D2 receptors in RGS5+ pericytes as
well as in tumor endothelial cells of PC3 and HT29
tumors. For these images a 40× objective was used.
(F and G) The ratio of the total area of red staining
(pericyte marker) to green staining (EC = CD31) is
provided (five fields per tumor). A quantitative
decrease is seen in the number of RGS5+ and
PDGFRβ+ pericytes (B, C, F, and G), and a significant
increase is seen in the number of NG2+ and αSMA+

pericytes in tumor blood vessels after treatment
with DA (D–G). (Scale bars in A, B, C and D, 20 μm.)
All error bars represent SEM. *P < 0.001. n = 15 for
each experimental group.

Fig. 4. DA directly and specifically up-regulates Ang1 expression in peri-
cytes. (A) Confocal images showing up-regulation of Ang1 in pericytes fol-
lowing DA treatment of PC3 and HT29 tumors. Pretreatment with the DA D2

receptor antagonist eticlopride abrogates this effect of DA. Western blot
analysis shows the expression of Ang1 in HBVP. (Scale bars, 50 μm.) (B)
Treatment with DA (1 μM) or the DA D2 receptor agonist quinpirole (1 μM)
significantly up-regulates Ang1 expression in HBVP. Treatment with the DA
D1 receptor agonist SKF 38393 fails to up-regulate Ang1 expression in HBVP.
(C) The effect of both DA and quinpirole (Quin) is lost after pretreatment
with eticlopride (1 μM). Western blot shows the presence of DA D2 receptors
in HBVP but not in control S180 cells. Results shown are representative of
six separate experiments.
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is absolutely necessary for KLF2-mediated endothelial cell ho-
meostasis, we investigated the effect of DA on ERK5 function
and its correlation with DA-induced KLF2 expression in endo-
thelial cells (SI Results and Fig. S8) (52–54).

Discussion
Blood vessels in solid tumor are structurally and functionally ab-
normal in all aspects, with impaired blood flow that leads to a
hostile hypoxic microenvironment within the tumor (1–4). In the
present investigation, an association between these structural and
functional abnormalities of tumor blood vessels and the loss of
sympathetic nerve supply to tumor blood vessels and subsequent
depletion of neurotransmitter DA was observed in colon and
prostate tumor tissues. This relationship was strengthened further,
because treatment with a low, nontoxic dose of exogenous DA
could normalize these tumor vessels by correcting the structural
defects, increasing blood flow, and decreasing hypoxia in tumor
tissues. The mechanism was attributed to DA D2 receptor-medi-
ated direct and specific effects on both pericytes and endothelial
cells in the tumor vascular bed. Thus, as a consequence of this
action, the concentration and efficacy of the anticancer drug 5-FU
was increased considerably in DA-treated tumor tissues.
Angiopoietin ligands (Ang1 and Ang2) and their receptor,

TEK tyrosine kinase endothelial (Tie2), are critical for vessel
formation and stabilization (39–44). Ang1, on binding to the Tie2
receptor, activates it by inducing dimerization, which results in
phosphorylation of the kinase domain of Tie2. Ang2 also binds to
Tie2 but does not induce phosphorylation of Tie2 at physiolog-
ical concentrations and has been suggested to work as a naturally
occurring antagonist of Ang1 (39–44). It has been reported that
Ang1 produced by the pericytes imparts stabilizing signals to the
endothelium that increase the higher-order structure and func-
tion of blood vessels (39–44). Furthermore Ang1-null mice die at
midgestation from cardiovascular failure, and their blood vessels
show reduced pericyte coverage (39). Overexpression of Ang1,
on the other hand, leads to a stabilized vasculature (39–44). Also,
treatment with recombinant Ang1 has been shown to rescue
retinal defects caused by pericyte loss (39, 46). Here we report
that DA can induce overexpression of Ang1 directly in the per-
icytes and also can regulate the mobilization and recruitment of
these cells, in turn mediating normalization of tumor blood
vessels. This action of DA is direct and independent of its action
on vascular endothelial growth factor.
KLF2 is a member of Krüppel-like factor family of transcrip-

tion factors, a multigene family of transcription factors with a
zinc finger domain (55). KLF2 expression in endothelial cells has
been shown to modulate vessel stabilization, and this transcrip-
tion factor also is a critical regulator of various functions of en-
dothelial cells, including differentiation and proliferation (48, 51,
56). Furthermore, KLF2 has been shown to induce quiescence in
endothelial cells so that endothelial barrier and other normal
functions of the blood vessels are maintained (48, 49, 51, 56).
Our results show that DA can directly and specifically induce
KLF2 expression in endothelial cells and thereby regulate

endothelial permeability. This action of DA also is independent
of its action on VEGF. These results indicate that this neuro-
transmitter can mediate remodeling of blood vessels by regulat-
ing endothelial cell quiescence, vessel stabilization, and normal
vascular barrier function.
Furthermore ERK5, also known as big MAPK1, belongs to the

MAPK family (52–54), and it is the most critical factor con-
trolling the expression of KLF2 in endothelial cells (52). It dif-
fers from other MAPKs in possessing a transcriptional activation
domain (52–54). In the present study, we demonstrate that DA
can regulate the expression of KLF2 in endothelial cells directly
and specifically through the ERK5 pathway, because silencing
ERK5 in these cells abolishes the effects of DA.
It has been reported that reduced blood flow in tumor blood

vessels resulting from abnormal vascular architecture not only
lowers the concentration of anticancer drugs in tumor tissues but
also induces hypoxia in these tissues, thereby making the tumor
cells further resistant to these drugs (1–3). Therefore, in the treat-
ment of cancer patients, normalization of tumor blood vessels
may be an important approach to increase the efficacy of anti-
cancer drugs (1, 3, 7). Our present study demonstrates that DA, by
stabilizing tumor blood vessels, significantly increases tumor
blood flow and decreases hypoxia in tumor tissues. In addition, we
also observed that DA, by increasing tumor blood flow and re-
ducing tumor hypoxia, improves the efficacy of anticancer drugs in
tumor-bearing animals. Thus, this effect of DA is unique. In our
previous study, DA was administered simultaneously with an an-
ticancer drug. Therefore, DA-mediated increase in the efficacy
of the antineoplastic drug in that study was not caused by a DA-
induced normalization of tumor vessels (36). Furthermore, our
findings also confirm that the other two catecholamines, epi-
nephrine and norepinephrine, have no effect on the process of
normalization of tumor blood vessels. DA acts directly and spe-
cifically through its D2 receptors present in both pericytes and
endothelial cells in the tumor vascular bed to promote vascular
maturation, and DAD1 receptors are not involved in this process.
Most importantly, these results show improved drug delivery in
tumor tissues through a newly identified, neurotransmitter-me-
diated mechanism.
Finally, our study not only establishes an important role for a

neurotransmitter in vascular remodeling but also indicates a use
for DA or its D2 receptor-specific agonists in patients with cancer
and/or other disorders in which normalization of dysfunctional
blood vessels may improve the therapeutic response (1–3, 7, 57).

Materials and Methods
A detailed description of the protocol is provided in SIMaterials andMethods.
All reagents and additional procedures used in this study, including cell and
reagents, mice, tumor transplantation, treatment, blood vessel morphology
and permeability assay, laser Doppler flowmetry, tissue hypoxia study, con-
focal microscopy, quantification of drug concentration in tumor tissues, tu-
mor growth measurement, isolation of tumor endothelial cells, wound assay,
Western blot analysis, and statistical analysis are described in SI Materials
and Methods.

Fig. 5. DA treatment up-regulates KLF2 expression in TEC.
Western blot (A) and confocal images (B) show high ex-
pression of KLF2 in TEC isolated from DA-treated PC3 and
HT29 tumors. TEC isolated from mice receiving treatment
with the DA D2 receptor antagonist eticlopride before
treatment with DA did not show this high expression of
KLF2. (C) Western blot analysis confirming the presence of
DA D2 receptors in TEC isolated from PC3 and HT29 tumors
but not in control S180 cells. (D) Western blot shows the
presence of DA D2 receptors in HUVEC. (E) Western blot
analysis and (F) confocal images show up-regulation of
KLF2 in HUVEC following treatment with DA and the DA D2

receptor-specific agonist quinpirole (Quin) for 6 h. How-
ever, the up-regulation of KLF2 expression was abrogated
by prior treatment of HUVEC with eticlopride. (Scale bars in
B and F, 50 μm.)
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