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Abstract. Hepatocellular carcinoma (HCC) is a highly vascular 
tumor, and treatment options for patients of advanced-stage are 
limited. Nitric oxide (NO), which is derived from endothelial 
nitric oxide synthase (eNOS), provides crucial signals for angio-
genesis in the tumor microenvironment. Tetrahydrobiopterin 
(BH4) is an essential cofactor eNOS and represents a critical 
determinant of NO production. To examine whether treatment 
of 2,4-diamino-6-hydroxypyrimidine (DAHP) inhibits angio-
genesis of HCC, BALB/c-nu mice were injected with HepG-2 
cells with DAHP. Supplemental DAHP treatment decreased 
K-ras mRNA transcripts, inhibition of phosphorylation of 
eNOS and Akt, inhibition of guanosine triphosphate cyclohy-
drolase (GTPCH), and decreased significantly NO synthesis, 
and then inhibited angiogenesis, compared with the results 
observed in the saline group. Histopathology demonstrated 
angiogenesis and tumor formation were significantly inhibited 
in HCC. DAHP downregulates GTPCH protein expression, 
corresponding to decreased levels of BH4 and the contents of 
NO. In addition, DAHP downregulates eNOS and Akt protein 
expression, corresponding to decreased eNOS phosphoryla-
tion at Ser1177 and Akt phosphorylation, compared with the 
saline control. We suggest that DAHP, recognized as a specific 
competitive inhibitor of GTPCH, can decrease tumor BH4 and 
NO by the inhibition of the wild-type Ras-PI3K/Akt pathway, 
and then inhibiting angiogenesis, and may provide a novel and 
promising way to target BH4 synthetic pathways to inhibit 
angiogenesis and to control potential progression of HCC. 
Whether DAHP has a therapeutic potential will require more 
direct testing in humans.

Introduction

A process of generation of new blood vessels has been proved 
to be necessary for sustained tumor growth and cancer 
progression. Inhibiting angiogenesis pathway has long been a 
significant hope for the development of novel, effective and 
target orientated antitumor agents arresting the tumor prolif-
eration and metastasis (1).

Nitric oxide (NO) is a free radical involved in physi-
ological as well as in pathophysiological processes, and 
synthesized from the conversion of L-arginine to citrulline by 
three distinct forms of NO synthase (NOS): endothelial NOS 
(eNOS), inducible NOS and neuronal NOS in different cell 
types and tissues (2).

One of the many physiological functions of NO is as an 
important modulator of endothelial function pertaining to 
angiogenesis (3). NO has been shown to stimulate and inhibit 
the proliferation, migration and differentiation of endothelial 
cells in vitro and angiogenesis in vivo (4). In tumor biology, 
NO was demonstrated to promote either tumor invasion and 
angiogenesis or tumor regression (5), chiefly increasing DNA 
synthesis, cell proliferation and migration of endothelial cells 
to promote tumor angiogenesis (6).

Specifically, eNOS was shown to modulate cancer-related 
events (angiogenesis, apoptosis, cell cycle, invasion and 
metastasis) and genetic studies showed that eNOS gene poly-
morphisms are associated with the development of multiple 
types of cancers (7,8). The present study found a positive corre-
lation between the expression of nitric oxide synthase (NOS) 
and tumor progression; treatment with inhibitors of NOS, 
NG-methyl-l-arginine (NMMA) and NG-nitro-l-arginine 
methyl ester (L-NAME), had antitumor and antimetastatic 
effects that were partly attributed to reduced tumor cell 
invasiveness (9). The above suggests that eNOS-derived NO 
signaling is one of the key factors in regulating endothelial 
function and inducing tumor angiogenesis.

Tetrahydrobiopterin (BH4) is an essential cofactor required 
for the activity of eNOS. Suboptimal concentrations of BH4 in 
the endothelium reduce the biosynthesis of NO, and preferen-
tially produces superoxide (10) and contributes to angiogenesis 
regulation (11). In vivo, de novo BH4 biosynthesis is regulated 
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by the ratelimiting enzyme guanosine triphosphate cyclo-
hydrolase I (GTPCH; EC 3.5.4.16), which converts GTP to 
dihydroneopterin triphosphate. BH4 is produced through 
further steps, which are catalyzed by 6-pyruvoyl tetrahydrop-
terin synthase and sepiapterin reductase (12). Recent evidence 
suggests an important role for BH4 synthesis in angiogenesis 
by the activation of eNOS for NO production, which is main-
tained by a phosphatidylinositol 3-kinase (PI3K)/Akt positive 
feedback loop through effects on wild-type Ras in endothelial 
cells (13). Theoretically, BH4 biosynthesis has been directly 
associated with activation of Akt and eNOS phosphorylation in 
inducing angiogenesis (14). However, impacts of downregula-
tion of endogenous BH4 by GTPCH pathway on angiogenesis 
and the mechanism is not known in hepatocellular carcinoma 
(HCC).

In the present study, we investigated the effects of down-
regulation of BH4 by 2,4-diamino-6-hydroxypyrimidine 
(DAHP) on anti-angiogenesis and explored the mechanism via 
a BALB/c-nu mouse HCC xenograft model. On the basis of 
our results, we propose that downregulation of BH4 could be a 
promising novel therapeutic strategy, and GTPCH could be a 
new target of the treatment for HCC.

Materials and methods

Reagents. 6R-5,6,7,8-Tetrahydrobiopterin dihydrochloride (BH4) 
and DAHP were purchased from Sigma-Aldrich (Shanghai, 
China), and dissolved in phosphate-buffered saline (PBS).

Cell culture. Primary human umbilical vein endothelial cells 
(HUVECs) were purchased from American Type Culture 
Collection (ATCC; Manassas, VA, USA) and grown in endo-
thelial cell growth medium-2 (EGM-2) with bullet kit at 37˚C 
in 5% CO2. HUVECs were used at passages 4-10. Before 
experiments, the cells were deprived of fetal bovine serum 
(FBS) for 3-4 h for addition of reagents. All samples were 
determined in triplicate.

HepG-2 cells purchased from the Institute of Yunnan 
Provincial Tumors (Kunming, China) and grown in RPMI‑1640 
with 10% FBS and with bullet kit at 37˚C in 5% CO2 in our 
laboratory. All samples were determined in triplicate.

Tubulogenesis. Ninety-six-well culture plates were coated with 
50 µl/well of growth factor-reduced Matrigel (BD Biosciences, 
Shanghai, China). HUVECs (1x105/well) were incubated with 
2% FBS for 24 h. Then, the cells were incubated with 30 µg/well 
of DAHP for 48 h. The number of loops was counted in images 
captured at a magnification of x20.

Animals. BALB/c-nu mice used in the present study were 
obtained from Vital River Laboratory Animal Technology 
Co. Ltd. (Beijing, China) and were maintained on a standard 
12 h:12 h light-dark cycle with free access to food and water. 
Male mice, aged 4-6 weeks and weighing 18-22 g were used 
in the experiments. All of the animal procedures were in 
accordance with the institutional guidelines of Kunming 
Medical University.

Animal procedures and experimental groups. In the axillary 
region, mice received subcutaneous implants of 1x107 HepG2 

cells. Cells (107) suspended in 100 µl of PBS (BD Biosciences) 
were subcutaneously injected into flanks of BALB/c-nu 
mice and resultant tumors measured twice weekly. Mice 
were treated with 80 mg/kg (i.p.) DAHP once a day for two 
weeks once tumors reached a volume of 100 mm3 as previ-
ously described (15). Equal volumes of saline were injected 
in control mice. The long and short diameter of tumor was, 
respectively, recorded as A and B two weeks after the treat-
ment, and then the volume of the tumor was calculated via the 
formula V = 0.5 x A x B2.

Histopathology. Samples were respectively harvested after a 
period of time. The tumor were fixed using 4% formaldehyde 
and were embedded using paraffin then serially sectioned 
(5 mm) in toto. Every third slide was stained with hematoxylin 
and eosin (H&E) for histomorphometric analyses. One or 
two images/slide were captured with a microscope (Olympus, 
Japan) at a magnification of x200 and at a resolution of 
640x480 pixels.

Immunohistochemistry for CD31. Paraffin-embedded tissue 
blocks from formalin-fixed tumor samples were sectioned, 
dewaxed and rehydrated following standard protocols. Sections 
were incubated for 2 h at room temperature with the anti-CD31 
monoclonal antibody (Proteintech, Wuhan, China), followed 
by incubations with saturating amounts of biotin‑labeled 
secondary antibody and streptavidin-peroxidase for 20 min 
each. After incubation in a solution containing 0.06  mM 
diaminobenzidine (Dako) and 2 mM hydrogen peroxide in 
0.05% PBS (pH 7.6) for 5 min, slides were washed, dehydrated 
with alcohol and xylene, and mounted with coverslips. Sections 
were examined with a microscope (Olympus) and images were 
acquired at a magnification of x400. For quantification, the 
product of the proportion of positive cells in quartiles (0-4) 
and the staining intensity (0, no staining; 1, weak; 2, moderate; 
and 3, strong) was calculated, yielding a total immunostaining 
score ranging from 0 to 12.

Western blotting. Thirty micrograms of cytosolic protein 
was electrophoresed on 12% acrylamide sodium dodecyl 
sulfate gels and was transferred to nitrocellulose membranes 
(Schleicher & Schuell, Keene, NH, USA). To block non-specific 
binding, 5% non-fat dry milk in PBS-Tween (0.1%) was added 
to the membrane for 1 h at room temperature. Membranes 
were washed in PBS-Tween then incubated overnight with 
mouse mAbs for eNOS, p-eNOS, AktT, p-AkT and GTPCH 
(dilution 1:1,000; Santa Cruz Biotechnology, Shanghai, China), 
and a rabbit anti-mouse polyclonal antibody for mouse β-actin 
(dilution 1:100; Kangwei Shiji Biotechnology, Peking, China) 
followed by incubation with a secondary antibody for 1 h. After 
repeat washings with PBS-Tween, membranes were developed 
using the SuperSignal detection system (Pierce Chemical, 
Rockford, IL, USA) and were exposed to film. Quantification 
of the western blot analyses for eNOS, p-eNOS, Akt, p-Akt 
and GTPCH was performed using gel analysis software.

Quantitative real-time RT-PCR for K-ras mRNA. Total RNA 
was extracted from frozen tumor tissue by homogenization in 
1 ml of TRIzol solution (Sigma-Aldrich). The tumor was incu-
bated for 5 min in 1 ml of TRIzol, and the residual tissue was 



ONCOLOGY REPORTS  36:  669-675,  2016 671

removed. Total tissue RNA (1 µg), dissolved in RNase-free 
water was used in RT-PCR (Maxima® QuantiTect SYBR-
Green RT-PCR kit; Fermentas, Shanghai, China) using the 
following primers for various K-ras mRNA transcripts (5'-3'): 
mouse K-ras forward, TGCAAACTGTCAGCTTTATCTCAA 
and reverse, CTTCATTATCCTGCTTCCCATC; mouse 
β-actin forward, CGTGCGTGACATCAAAGAGAAG and 
reverse, CCAAGAAGGAAGGCTGGAAAA. Quantitative 
fluorescent real-time RT-PCR analysis was performed to 
compare relative quantities of mRNA in mouse tumor tissue 
using the ABI PRISM 7300 system (Applied Biosystems Inc., 
Foster City, CA, USA). Samples were processed in triplicate, 
with a reverse transcriptase (RT) negative control reaction 
for each sample. For K-ras RT-PCR analysis, standards were 
prepared using 10-fold dilutions of BALB/c-nu/nu mouse 
tumor total RNA. Quantification was performed using 
DataAssist™ v3.0 software (Applied Biosystems Inc.) to 
generate standard curves, expressing relative quantities of 
PCR products in the experimental samples in arbitrary units 
relative to the standard curve. Mean values were calculated 
from triplicate samples to produce 1. Results from at least six 
animals per group were pooled to produce the mean and SEM.

NO content. Tumor tissue nitrite and nitrate levels were 
determined using a commercially available kit (Beyotime 
Biotechnology, Shanghai, China).

Biopterin measurements. Total biopterin (BH4, BH2 and 
biopterin) and BH4 (BH4=total biopterin, BH2-biopterin) 
levels were measured using high-performance liquid 
chromatography (HPLC) analysis with fluorescent detection 
after differential iodine oxidation of tissue extracts in either 
acidic or alkaline conditions as previously described (16).

Statistical analysis. The data are expressed as the 
mean ± SEM. Statistical significance of differences between 
means was assessed using independent sample t-test. SPSS 
for Windows version 18.0 (SPSS, Inc., Chicago, IL, USA) was 
used to complete all of the analyses, and a P-value of <0.05 
was considered to indicate a statistically significant result.

Results

Effects of the administration of DAHP on tubulogenesis 
of HUVEC in vitro. We firstly determined the effects of the 
administration of DAHP on tubule formation of HUVEC 
in vitro. The relative tubule length was significantly less in the 
DAHP group (0.99±0.03) than in the saline group (0.26±0.03; 
P<0.01) (Fig. 1). This confirms that the administered DAHP 
inhibits tubule formation of HUVEC in vitro.

Effects of the administration of DAHP on BH4 levels in the 
tumor tissue. We next determined whether the administra-
tion of DAHP resulted in downregulation of BH4 in tumor 
tissues. Total tumor biopterin and BH4 tissue levels were 
assessed by HPLC. Values are expressed as mean ± SEM 
(n=6 animals/group) in µg/ml. BH4 levels was significantly 
lower in the DAHP group (BH4: 0.12±0.01) than in the saline 
group (BH4:0.17±0.01; P<0.01) (Fig. 2A). This confirms that 
the administered DAHP decreases BH4 levels of the tumor 
tissue.

Effects of the administration of DAHP on NO production. NO 
content was assessed using tumor tissue nitrite/nitrate levels as 
indirect parameters. Nitrite/nitrate levels in the tumor tissue 
were determined by the Greiss reaction. Nitrite/nitrate levels 
in the tumor tissue were significantly decreased by ~2-fold in 

Figure 1. DAHP impaired tubule formation of HUVEC in vitro. Treatment 
with DAHP inhibited tubule formation of HUVEC.
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the DAHP group (nitrite/nitrate: 11.70±0.62) compared with 
that observed in the saline group (nitrite/nitrate: 24.77±0.54; 
P<0.01) (Fig. 2B). These findings suggest that treatment with 
DAHP decreases NO synthesis of the tumor tissue.

Morphology and histopathology. The tumor volume was 
significantly lower in the DAHP group (122.87±5.39) than in 
the saline group (325.45±7.25; P<0.01) (Fig. 3A). Histological 
findings determined by H&E staining were quantified using 
Image Pro Plus software. Treatment with DAHP (449.20±43.46) 
led to a significantly decreased number of cancer cells 
compared, respectively, with the saline group (1,171.20±51.67; 
P<0.01) (Fig. 3B). These findings suggest that treatment with 
DAHP inhibits growth of tumors in HCC.

Effects of the administration of DAHP on the expression of 
CD31 protein. Tumor angiogenesis was assessed by CD31 
immunostaining. CD31 in the tumor tissue was significantly 
lower in the DAHP group (1.40±0.11) compared with that 
observed in the saline group (1.94±0.15; P<0.01)  (Fig. 4). 
These findings suggest that treatment with DAHP inhibits 
tumor angiogenesis.

Effects of the administration of DAHP on the activation of 
wild-type Ras protein. We next invetigated the effects of 
downregulation of BH4 levels on K-ras mRNA by comparing 
with the saline control. K-ras mRNA in the tumor tissue was 

significantly lower in the DAHP group (0.99±0.10) compared 
with the saline group (3.14±0.13; P<0.01) (Fig. 5A). These 
findings suggest that treatment with DAHP decreases K-ras 
mRNA of the tumor.

Effects of the administration of DAHP on GTPCH expres-
sion in angiogenesis. We investigated the effects of DAHP 
specifically on the expression of GTPCH by comparing 
saline‑treated mice. GTPCH in the tumor tissue was signifi-
cantly lower in the DAHP group (0.78±0.04) compared 
with the saline group (0.86±0.06; P<0.05) (Fig. 5B). These 

Figure 2. DAHP modulates BH4 levels and NO content in tumor tissue. 
(A) Total tumor biopterin and BH4 tissue levels were assessed by HPLC. 
The administered DAHP decreases BH4 levels of tumor tissue in HCC. 
(B) Nitrite/nitrate levels in the tumor tissue was determined by the Greiss 
reaction. These levels indirectly measure NO content. The administration of 
DAHP significantly decreased nitrite/nitrate levels in tumor tissue.

Figure 3. DAHP inhibits tumor formation in BALB/c-nu mice. (A) Volume 
of tumor significantly decreased in DAHP group compared with the saline 
group. (B) Treatment with DAHP inhibited formation of the tumor.
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findings suggest that treatment with DAHP decreases the 
expression of GTPCH, with a corresponding decrease in the 
BH4 levels.

Effects of the administration of DAHP on phosphorylation 
of eNOS and Akt via PI3K pathway. We next investigated 
the effects of downregulation of BH4 levels specifically 
on phosphorylation of eNOS and Akt via PI3K pathway by 
comparing saline-treated mice. Expression of p-eNOS (Ser1177) 
and p-Akt (Ser473) in the tumor tissue were significantly lower 
in the administration with DAHP group compared with that 
observed in the saline group (p-eNOS: 0.60±0.03 vs. saline: 
0.87±0.06; P<0.01; p-Akt: 0.67±0.03 vs. saline: 0.91±0.05; 
P<0.01) (Fig. 6).

These results showed that DAHP inhibits PI3K-dependent 
phosphorylation of Akt/eNOS, with a corresponding decrease 
in the angiogenesis markers such as CD31. Moreover, the 
consequent descension of NO is paralleled by inhibition of 
intracellular wild-type Ras and PI3K signaling.

Discussion

There are many treatment options for patients with early-stage 
hepatocellular carcinoma (HCC), but the treatment options in 
advanced-stage HCC are limited, and the survival rate is dismal. 
HCC is a highly vascular tumor, its growth is dependent on the 
formation of new blood vessels (17). Anti-angiogenic therapies 
with sorafenib were the first systemic therapy to demonstrate 
improved survival in patients with advanced‑stage HCC (18). 
This important development in the treatment of HCC raises 
hope, but cannot meet the needs of the patients. Thus, novel 
therapeutic approaches are desperately needed.

Figure 5. DAHP inhibits the expression of K-ras mRNA and GTPCH in tumor 
tissue. (A) K-ras mRNA in tumor tissue was measured by quantitative real‑time 
RT-PCR. Treatment with DAHP decreased K-ras mRNA of the tumor. 
(B) Lysates of tumor tissue were fractionated by SDS-PAGE and immunob-
lotted with monoclonal antibody to GTPCH. 

Figure 4. DAHP affects intratumoral expression of angiogenesis marker CD31. 
CD31 staining score for endothelial cells was notably lower in DAHP groups 
compared to the saline group, indicating less angiogenic activity, which is 
consistent with the downregulation of K-ras, GTPCH, p-eNOS and p-Akt.
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As previously described, multiple Ras family members 
directly bind to and activate the p110 catalytic subunit of the 
class I PI3Ks (19). Ras driven tumors exploit the functions of 
PI3K pathways in mitosis, apoptosis, motility, proliferation 
and differentiation. PI3K and Akt may regulate tumor angio-
genesis by the induction of NOS (20). Tumor angiogenesis is 
regulated by the tumor microenvironment composed of tumor, 
vascular endothelial and stromal cells. In addition to cancer 
cells, the microvascular endothelial cells recruited by the 
tumor are important for cancer development (21,22). PI3K/Akt 
pathway also controls the tumor microenvironment, including 
endothelial cells (23). PI3K can regulate endothelial migration, 
proliferation and survival through the effect of its downstream 
targets such as NOS, to regulate tumor angiogenesis (24). Our 
data suggested that inhibiting BH4 synthesis can decrease 
K-ras mRNA, and activation of phosphorylation of eNOS and 
Akt, and inhibited the produces of NO. This is corresponding 
to the descending levels of angiogenesis markers such as  
CD31.

Previous studies have shown that increasing BH4 synthesis 
can promote endothelial cell proliferation, migration and tubule 
formation in cultures in vitro (25). Moreover, the present study 
demonstrates also that BH4 synthesis via either the pterin salvage 
or the de novo pathway induces angiogenesis in tumor xeno-
grafts. These effects correlated with increases in eNOS produced 
NO that depended, in turn, on the activation of wild-type Ras and 
its downstream PI3K/Akt effectors (26). BH4 synthesis increases 
phosphorylation of eNOS at Ser1177 and Akt phosphorylation 
resulted in eNOS-derived NO rather than superoxide (27,28). 
Theoretically, downregulation of BH4 synthesis could inhibit 
tumor angiogenesis, and GTPCH would be a therapeutic target 
of anti-angiogenesis for HCC. Our data suggested that down-
regulation BH4 synthesis via DAHP can inhibit K-ras mRNA 
and activation of phosphorylation of eNOS and Akt.

In the present study, we showed that in DAHP-treated 
tumors, BH4 and NO levels remain lower compared with 
the saline controls, and CD31 are lower than in controls. We 
suggested that there were inhibitory effects of DAHP on tumor 
angiogenesis, dependent on downregulation of BH4 synthesis. 
We found that DAHP downregulates eNOS and Akt protein 
expression, corresponding to decreased eNOS phosphorylation 
at Ser1177 and Akt phosphorylation. It is well-known that 
DAHP is recognized as a specific competitive inhibitor of 
GTPCH as it has structural similarity to GTP (29). It also acts 
indirectly on GTPCH by directly binding to a GTPCH feedback 
regulatory protein to negatively inhibit GTPCH activity (30). 
Our data suggested that DAHP downregulates GTPCH protein 
expression, with a corresponding decrease of the BH4 levels 
and contents of NO. Indeed, in the present study, decreased 
CD31 indicated that tumor angiogenesis was inhibited in  
HCC.

Taken together, our data suggested that DAHP, recognized as 
a specific competitive inhibitor of GTPCH, can decrease tumor 
BH4 and NO by the inhibition of the wild-type Ras-PI3K/Akt 
pathway, and then inhibiting angiogenesis. Therefore, we now 
give proof-of-principle that strategies targeting BH4 synthetic 
pathways may be a rational way to inhibit angiogenesis, and to 
control potential progression of HCC. Clearly, our recognition of 
DAHP in anti-angiogenesis in HCC is incomplete. In the future, 
we must investigate the precise mechanisms responsible for 
these findings to develop the most suitable treatment strategy for  
HCC.
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Figure 6. DAHP inhibits the phosphorylation of eNOS and Akt by downregulation of BH4 synthesis depending on PI3K signaling in tumor tissue. Lysates 
of tumor tissue were fractionated by SDS-PAGE and immunoblotted with monoclonal antibody to p-eNOS (Ser1177) and p-Akt (Ser473). Band intensity of 
p-eNOS and p-Akt were quantified on Quantity One 4.6 software. Treatment with DAHP inhibited the expression of p-eNOS and p-Akt in the tumor. 
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