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Vasoactive intestinal polypeptide suppresses 
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ABSTRACT. The physiology of hepatic hematopoiesis is largely 
unknown, although studies have indicated that vasoactive intestinal 
polypeptide (VIP) is involved in this disease. To validate this 
hypothesis, we assessed the effects of VIP on human cord blood CD34+ 
cells. We also measured VIP levels and the capacity of vasoactive 
intestinal polypeptide receptor (VIPR) to bind to VIP in the rat liver 
during different developmental phases. VIP inhibited the proliferation 
of cord blood-derived CD34+ cells from concentrations of 10-7-10-12 
M. The highest suppression was achieved with 10-8 M VIP at day 10. 
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Intracellular levels of tumor necrosis factor (TNF)-α and transforming 
growth factor (TGF)-β1 in CD34+ cells treated with VIP were increased 
by 50.70 and 43.46%, respectively. Variations in VIP levels in the rat fetal 
liver generally increased rapidly with the stage of fetal development. In 
addition, the affinity of VIPR for VIP increased from relatively low 
levels in the rat fetal liver and peaked at birth, after which it gradually 
decreased. VIP had a suppressive effect on the proliferation of human 
cord blood-derived CD34+ cells, partially by increasing the production 
of TNF-α and TGF-β. Low VIP levels in the fetal liver and gradually 
increasing levels after birth may in part be responsible for suppressing 
hematopoietic stem cell and progenitor proliferation in the liver.
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INTRODUCTION

Vasoactive intestinal polypeptide (VIP), a 28-amino acid neuropeptide, is secreted 
from endocrine cells in the gastrointestinal tract and is delivered to the liver through the portal 
bloodstream. After being captured and internalized by hepatocytes, VIP is degraded by lyso-
somes (Misbin et al., 1982). VIP induces multiple biological effects, including immune system 
regulation, indicating its potential therapeutic use (Smalley et al., 2009). VIP has been shown 
to be involved in the regulation of organ development such as the lungs, brain, and intestines 
(Leister et al., 2005).

However, the physiological functions of VIP in the liver remain unclear. Hepatic he-
matopoiesis begins during the 6th week of gestation and continues for approximately the first 6 
months of embryo development. Hepatic hematopoiesis is also controlled by the intrinsic micro-
environment and humoral factors from the liver (Si-Tayeb et al., 2010), which is similar to hema-
topoiesis in the bone marrow after birth. Although a few genes have been identified as relevant to 
this process, including a number of transcription factors (Tober et al., 2008; Khurana et al., 2010) 
and some neurotransmitters (Turtzo et al., 2001; Sreepriya and Bali, 2006), the mechanisms reg-
ulating liver hematopoiesis remain unknown. We hypothesized that VIP plays an important role 
in regulating hepatic hematopoiesis during fetal life, based on findings that specific VIP recep-
tors (VIPRs) are expressed in fetal liver cells before morphological and functional differentiation 
of these cells (Kim et al., 2011). The biological functions of VIP are mediated by 2 receptors 
[vasoactive intestinal peptide receptor type 1 (VPAC1R) and type 2 (VPAC2R)]. The VIP-VIPR 
dimer in the liver may be a humoral effector that regulates hematopoiesis in the fetal liver.

To elucidate the possible function of VIP on hepatic hematopoiesis, the present study 
examined the variation in expression of VIP in rat livers at different phases of development, 
and the effects of VIP on hematopoietic stem/progenitor cells derived from human cord blood 
in vitro. The study identified that VIPR-1 was expressed in both fetal liver and cord blood-
derived CD34+ cells, suggesting that VIP plays an important role in fetal liver via binding 
with VIPR-1. Due to obvious ethical reasons, the experiments performed in rats could not be 
performed in human fetal livers. However, the rat fetal liver has proven to be a suitable model 
for hematopoiesis research, since they have the same function of hematopoiesis as human fetal 
livers (Fiegel et al., 2003; Sato et al., 2004; Schmelzer et al., 2008).
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MATERIAL AND METHODS

Human umbilical cord blood samples

Thirty human umbilical cord blood samples were obtained from the Second West Chi-
na Hospital affiliated with the Sichuan University. Informed consent was obtained from all pa-
tients after gaining approval from the Clinical Committee of the hospital. Umbilical cord blood 
from normal delivery was collected in a sterile bag containing citrate-phosphate-dextrose.

Animals

Sprague-Dawley rats were provided by the Experimental Animal Center of Sichuan 
University. Rats were divided into 4 groups (N = 6/group) representing 4 different phases of 
development: 14-day fetuses (fetuses), 1-day neonates (neonate), 6 weeks after birth (prema-
ture), and 4 months after birth (adult). Livers were removed directly from fetal or neonatal rats 
without anesthesia, or were removed from young and adult rats after anesthesia with methyl 
ether. Samples were rapidly frozen at -80°C after removal from rats. All animal experiments 
were approved by the Experimental Animal Review Board of Sichuan University.

Reagents

VIP-28 was purchased from Saxon Biochemicals GmbH (Hanover, Germany). The 
BIAcore sensor chip CM-5 was obtained from BIAcore AB (Uppsala, Sweden). The [125I]-VIP 
radioimmuno kit was provided by Haikerui, Ltd. (Beijing, China). All reverse transcription 
(RT)-polymerase chain reaction (PCR) reagents were obtained from Fermentas (Hanover, Ger-
many) or Invitrogen (Carlsbad, CA, USA). In this study, we also used the following reagents: 
rhSCF, rhFLT3-L, and IL-3 (PeproTech; Rocky Hill, NJ, USA), StemSpan serum-free me-
dium and Methocult GF H4434 methylcellulose medium (StemCell Technologies; Vancouver, 
Canada), anti-CD34, anti-CD33, anti-CD38, anti-CD13, anti-CD14, anti-CD71, anti-CD41, 
anti-CD19, anti-CD4, and anti-CD8 antibodies (BD Biosciences; Franklin Lakes, NJ, USA).

Preparation of CD34+ cells

Cord blood was diluted by adding HANKS buffer, pH 7.4, and was then carefully 
added onto Ficoll-Hypaque (1.077 g/cm3), followed by density gradient centrifugation at 2012 
g for 25 min. Mononuclear cells (MNCs) were aspirated from the interface between the plasma 
and Ficoll and were washed 2 times in phosphate-buffered saline (PBS).

CD34+ cells were purified from cord blood MNCs by automated magnetic cell sorting 
for positive selection (Miltenyi Biotec; Bergisch Gladbach, Germany). MNCs were mixed 
with anti-CD34+ microbeads at 4°C, and were passed through mini columns twice according 
to manufacturer instructions. The number of purified CD34+ cells was determined. Cell viabil-
ity was determined by trypan blue staining. Cells were then incubated with PE-anti-CD34, and 
the purity of the enriched CD34+ cells was tested using flow cytometry.

Colony forming unit (CFU) assay

Automated magnetic cell sorting-enriched CD34+ cells (0.25 x 105/mL) were cultured 
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on 24-well plates in methylcellulose medium (Methocult GF H4434), containing 30% fetal 
calf serum, 1% bovine serum albumin, 10-4 M 2-mercaptoethanol, 2 mM L-glutamine, 1% 
methylcellulose - Iscove’s Modified Dulbecco’s Medium, 50 ng/mL recombinant human Stem 
Cell Factor, 2 ng/mL recombinant human Interleukin-3, 10 ng/mL recombinant human Gran-
ulocyte-Macrophage Colony-Stimulating Factor, and 3 U/mL Erythropoietin, VIP concentra-
tions in the medium varied from 10-12-10-7 M. Cells were cultured at 37°C and 5% CO2 in a 
humidified atmosphere. A single blinded observer counted colonies at days 7, 10, and 14. The 
inhibition ratio of CFU (%) was determined in 6 samples taken from each different develop-
ment group and were counted in triplicate.

Serum-free liquid culture

CD34+ cells were cultured on 24-well plates in Stemspan serum-free medium. The 
starting cell concentration was 1 x 104/mL, with a VIP concentration of 10-8 M. Human growth 
factors used included 50 ng/mL stem cell factor (SCF), 50 ng/mL flt3-L, 50 ng/mL GM-CSF, 
10 ng/mL IL-3, and 3 U/mL EPO. Cells were cultured at 37°C and 5% CO2 in a humidified 
atmosphere and analyzed on days 7, 10, and 14 using 6 samples for each group in duplicate.

Measurement of tumor necrosis factor (TNF)-α and transforming growth factor 
(TGF)-β in human CD34+ cells by enzyme-linked immunosorbent assay (ELISA)

Cells were harvested from serum-free liquid culture with or without 10-8 M VIP after 
7 days of culture. Cells were subjected to repeated freezing and thawing. Cell-free extracts 
were collected after centrifugation at 1200 rpm for 5 min and stored at -70°C. The superna-
tant was also collected and stored at -70°C. Before the assay, samples were thawed at room 
temperature and a human TNF-α/TGF-β ELISA kit (DSL, Inc.; Webster, TX, USA) was used 
according to the manufacturer protocol. Optical density values were assessed at 450 nm using 
a spectrophotometer (M550; Bio-Rad; Hercules, CA, USA). Measurements were performed in 
triplicate for each sample. TNF-α and TGF-β concentrations were determined from a standard 
curve established using standards of known concentrations.

Measurement of VIP in liver tissue by radioimmunology assay 

Preparation of tissue homogenate

To prepare the tissue homogenate, 100 mg rat liver samples were mixed with 0.5 mL 
1 N acetic acid, homogenized using an ultrasound homogenizer (Sonics and Materials, Inc.; 
Newtown, CT, USA), and then neutralized with 0.5 mL 1 N NaOH. The entire process was 
carried out on ice. Samples were vortexed and centrifuged at 3000 rpm for 30 min at 4°C. The 
supernatant was removed and stored at -80°C.

Radioimmunoassay

Briefly, 0.3 mL tissue homogenate from each sample was added to 0.1 mL anti-VIP 
monoclonal antibody. The mixture was incubated for 48 h at 4°C. Next, 100 µL [125I]-VIP 
was added, the mixture was incubated for 48 h at 4°C, and 0.6 mL precipitation solution was 
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added. Samples were mixed and placed on ice for 20 min followed by centrifugation at 3000 
rpm for 15 min. The supernatant was discarded and the precipitate was assessed using a γ 
counter. VIP concentration was determined using the γ counter analysis software. All assays 
were performed in triplicate.

Measurement of VIPR in liver tissue

Extraction of total protein

Total protein was extracted from 100 mg liver tissue, quantified, and stored at -80°C. 
Briefly, 100 mg liver samples were homogenized in ice-cold PBS and centrifuged to pellet 
the hepatocytes. The cell pellet was resuspended in 1 mL total protein extracting buffer (50 
mM Tris, pH 7.4, 150 mM NaCl, 5 mM ethylenediamine tetraacetic acid, 1% Triton X-100) 
containing 20 µL protease inhibitor, and 5 µL/mL phenylmethyl sulfonyl fluoride. The mix-
ture was incubated on ice for 30 min followed by centrifugation at 12,000 rpm for 20 min at 
4°C. The supernatant containing proteins was transferred to a fresh tube, 10 µL protein was 
sampled, and the concentration was determined on 96-well polystyrene plates (M550; Bio-
Rad). Bovine serum albumin was used as a standard (Sigma; St. Louis, MO, USA).

VIPR analysis with a biomolecular interaction analysis system

A biomolecular interaction analysis system (BIAcore X; Amersham Biosciences; Up-
psala, Sweden) was used to measure the binding capacity between VIP and its receptors. Pure 
28-amino acid VIP was immobilized onto BIAcore sensor chips CM-5 after activation using a 
1:1 mixture of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide, 
according to manufacturer instructions. The remaining active groups on the matrix were 
blocked with 1 M ethanolamine-HCl at pH 8.5. Interaction studies were performed in running 
buffer [PBS containing 1% (v/v) dimethyl sulfoxide and 0.05% (v/v) Tween 20]. Protein sam-
ples were injected onto an immobilized VIP protein chip at a flow rate of 30 µL/min. The raw 
data from individual binding experiments were measured using the BIAevaluation software 
(Amersham Biosciences). BIAcore sensor chips CM5 were used throughout all experiments, 
and all solutions were filtered (0.22 µm; Millipore; Billerica, MA, USA) and degassed before 
use. Baseline fluctuations were ± 5 resonance units (RU). Data were normalized to RU/µg 
protein. Specific binding = total binding - nonspecific binding.

RT-PCR for VIPR subtype

Total RNA was isolated from 50-100 mg liver tissue and from cord blood-derived 
CD34+ cells using TRIzol reagent according to manufacturer instructions. Next, 2 µg total 
RNA was reverse-transcribed using 6 µg random primers and 200 U M-MLV RT in reac-
tion buffer supplemented with 10 nM dithiothreitol, 40 U Rnasin, and 0.5 mM deoxyribo-
nucleotides. Next, 4 µL RT reaction products were then PCR-amplified using specific primers. 
Primer sequences were: rat VIPR-1: sense 5ꞌ-CAG CCC GCA GCA CGA GT-3ꞌ, antisense 
5ꞌ-AGC AGC CAG AAG AAG TT-3ꞌ; rat VIPR-2: sense 5ꞌ-GCG AGA CTG AGG AAA TC-3ꞌ, 
antisense 5ꞌ-GTC CCA GCA ACC TGT GTC TTC TA-3ꞌ (Usdin et al., 1994; Ohnami et al., 
1999). The PCR protocol was denaturation at 94°C for 5 min, followed by 35 cycles at 96°C 
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for 1 min, 55°C for 1 min, 72°C for 1 min, and then a final temperature of 72°C for 10 min. 
Signals were normalized against β-actin. Primers for β-actin were: sense 5ꞌ-GAC TAC CTC 
ATG AAG ATC CT-3ꞌ, antisense 5ꞌ-GCG GAT GTC CAC GTC ACA CT-3ꞌ.

Human primer sequence were: VIPR-1 sense 5ꞌ-CTT CTG GTC GCC ACA GCT ATC 
CTG-3ꞌ, antisense 5ꞌ-ACT GCT GTC ACT CTT CCT GAT ATC-3ꞌ; VIPR-2 sense 5ꞌ-CGT 
CAC GGT GCC CTG CCC AAA AGT-3ꞌ, antisense 5ꞌ-GCC CCT CAC AGC AGC CAG AAG 
A-3ꞌ (Park et al., 1996). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as 
an internal control. Primers for GAPDH were: sense 5ꞌ-GGT GAA GTT CGG AGT CAA 
CGG A-3ꞌ, antisense 5ꞌ-GAG GGA TCT CGC TCC TGG AAG A-3ꞌ (Sanfilippo et al., 2000). 
The PCR protocol was: denaturation at 94°C for 3 min, followed by 40 cycles at 94°C for 1 
min, 60°C for 2 min, and 72°C for 3 min.

PCR products were visualized by electrophoresis on 1.5% agarose gels and stained 
with ethidium bromide. Partial PCR products were directly sequenced using an ABI 3100 
sequencer (Applied Biosystems; Foster City, CA, USA).

Statistical analysis

Data are reported as the means ± standard deviation (SD). Statistical comparisons were 
conducted by one-way analysis of variance. P < 0.05 was considered to be statistically significant. 
All statistical analyses were carried out using the SPSS 17.0 (SPSS Inc.; Chicago, IL, USA).

RESULTS

Purity of CD34+ cells

The average number of CD34+ cells for each cord blood sample was 5 x 104-5 x 105. 
The proportion of viable cells was determined by trypan blue staining and was greater than 
96% in all samples. The purity of CD34+ cells detected by fluorescence-activated cell sorting 
(flow cytometry) was greater than 98% in all samples (Figure 1).

Figure 1. Flow cytometry analysis of CD34+ cell purity. A. Negative control. B. Labeled human cord blood CD34+ 

cells. M1: rate of CD34+ cells.
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Effects of VIP on CD34+ cells proliferation

Purified CD34+ cells grew well in liquid culture and in clonogenic culture. After incu-
bation with VIP, the CFUs of CD34+ cells were markedly decreased. Inhibiting factors were 
VIP concentration (ranged from 10-7-10-12 M) and time (7-14 days) (Figure 2A). VIP at 10-8 
M at day 10 showed the highest suppression. At this concentration, the proliferation rates 
of CD34+ cells were 11.78 ± 4.39, 16.71 ± 2.98, and 21.69 ± 3.28 at days 7, 10, and 14, re-
spectively. These values were significantly lower (P < 0.05) than those of the control group 
(CD34+ cells without VIP: 20.13 ± 3.32, 25.64 ± 3.81, and 28.33 ± 2.61, at days 7, 10, and 14, 
respectively) (Figure 2B).

Figure 2. Effects of vasoactive intestinal polypeptide (VIP) on the proliferation of human CD34+ cells. A. Inhibitive 
effects of VIP on CFUs of CD34+ cells. CD34+ cells were cultured for CFUs in methylcellulose medium with 
different concentrations of VIP. Presented as the means ± SD from 6 separate experiments in triplicate. B. Effects 
of VIP on the proliferation of CD34+ cells. CD34+ cells were cultured in a liquid system with/without VIP. Data are 
reported as the means ± SD from 6 separate experiments in duplicates. *P < 0.05 vs CD34+ cells incubated with VIP.

Effects of VIP on TNF-α and TGF-β1 levels in CD34+ cells

Levels of intracellular TNF-α and TGF-β1 in CD34+ cells treated with VIP were in-
creased by 50.70 and 43.46%, respectively, compared with control cells (P < 0.05). Similarly, 
the levels of TNF-α and TGF-β1 in the supernatant were increased by 31.70 and 42.64%, re-
spectively, compared with controls (P < 0.05) (Table 1).

Group                                                   TNF-α (N = 3)                                                     TGF-β1 (N = 3)

 Intracellular Extracellular Intracellular Extracellular

Control 247.59 ± 6.80 646.52 ± 4.78 168.41 ± 8.65 200.13 ± 3.24
VIP   373.11 ± 7.40*   851.48 ± 5.01*   241.60 ± 7.67*   285.47 ± 5.33*

VIP = vasoactive intestinal polypeptide. Control: unstimulated cells. *P < 0.05 vs control.

Table 1. TNF-α and TGF-β1 levels in CD34+ cells stimulated by VIP (pg/mL).
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Variation of hepatic VIP concentrations and VIPR binding capacity during rat 
development

VIP concentrations (ng/g tissue) in liver tissues from 4 phases of rat development 
were 13.49 ± 2.20 in fetuses, 14.40 ± 3.94 in neonates, 26.90 ± 2.28 in prematures, and 19.12 
± 4.53 in adults. Hepatic VIP concentrations in the fetal and neonatal phase were significantly 
lower than those in the premature or adult phase (P < 0.05). Among all 4 phases, hepatic VIP 
levels were the highest during the premature phase. The livers of adult rats contained less VIP 
than did the livers of premature rats, but still showed a significant increase in VIP levels com-
pared with the livers of fetal and neonatal rats (P < 0.05) (Figure 3A).

Figure 3. Variations in hepatic vasoactive intestinal polypeptide (VIP) levels and vasoactive intestinal polypeptide 
receptor (VIPR) binding during rat development. A. Extracts of rat liver tissue homogenates during the 4 development 
stages were collected to determine VIP levels using a radioimmunology assay. *P < 0.05 vs other phases. B. VIPR 
binding value with VIP was measured with a biosensor assay. Total protein containing VIPR was extracted from 
the liver tissue. RU = resonance units counted from surface plasmon resonance in the biomolecular interaction 
analysis system. Data show the average of 3 separate experiments in which duplicate determinations were made. #P 
< 0.05 vs other phases. C. Raw binding curves of VIP-VIPR binding from rat liver tissue generated by the BIAcore 
software. Pure VIP was immobilized on BIAcore sensor chips CM-5 after activation. Total proteins containing VIPR 
extracted from the liver tissue were injected onto an immobilized VIP protein chip. The raw data from individual 
binding experiments were determined using the BIA evaluation software. Each experiment generated a non-specific 
binding value and a total binding value before and after the protein was injected. Specific binding = total binding - 
nonspecific binding. The data were normalized to RU/µg protein.
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Ligand-receptor binding curves plotted using the BIAcore biosensor system displayed 
specific binding for VIP in all rat hepatic tissues (Figure 3B). The binding capacities (RU/µg 
protein) of VIPR in the different phases of development were 806.67 ± 58.47 in fetuses, 952.5 
± 121.48 in neonates, 762.5 ± 97.15 in prematures, and 425 ± 119.38 in adults. The binding 
capacities of hepatic VIPR in the developmental phases before maturation were significantly 
higher than those in the adult phase (P < 0.05). Neonatal rat livers expressed the highest levels 
of VIPR during development (Figure 3C).

Determination of VIPR subtype in rat liver and human CD34+ cells

RT-PCR analysis revealed 2 products of 612 base pairs (bp) and 313 bp (Figure 4A). 
The former was sequenced and was shown to be VIPR-1, while the latter was β-actin. No 
product was detected using primers specific for VIPR-2. The β-actin transcript was used as a 
control. These results showed that liver tissue samples from all phases of rat development only 
expressed VIPR-1 mRNA.

Figure 4. Semi-quantitative RT-PCR for VIP receptors in liver tissue and CD34+ cells. A. RT-PCR for VIPR-1 and 
VIPR-2 were performed in RNA extracted from the rat liver tissue of 4 different developmental stages. Lane a = 
product cDNA at 612 bp. Lane b = VIPR-2 PCR product. Lane c = product cDNA of β-actin at 313 bp. B. RT-PCR 
with purified human cord blood-derived CD34+ cells for VIPR-1 and VIPR-2. Lane a = VIPR-1 PCR product at 
534 bp. Lane b = VIPR-2 PCR product. Lane d = GAPDH PCR product at 240 bp. Three separate experiments were 
performed in duplicate. 

In human CD34+ cells, 2 products of 534 and 240 bp were detected (Figure 4B). The 
former was sequenced and found to be VIPR-1. No product was detected for VIPR-2. GAPDH 
was used as a control. These results show that human cord blood-derived CD34+ cells ex-
pressed VIPR-1 mRNA.

DISCUSSION

Hematopoietic stem cells and progenitors (HSCs/HPs) give rise to all blood and im-
mune cells, and both play an important role in the human body. They are involved in the 
development, maintenance, and regeneration of blood cells (Rossi et al., 2008). HSCs/HPs 
have no specific morphological features, and cell surface antigens are the only way to distin-
guish HSCs/HPs from other cell types (Seita and Weissman, 2010). The CD34 antigen is a 
major surface marker of HSCs/HPs. Self-renewing HSCs express CD34 for life, whereas self-
renewing HPs express CD34 for only 6-8 weeks (Shizuru et al., 2005; Nielsen and McNagny, 
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2009). CD34+ and CD38- cells are considered the best markers of HSCs because these cells 
have the ability to reconstitute blood constituents (Ojeda-Uribe et al., 2004; Pierre-Louis et 
al., 2009; Kuranda et al., 2011). However, most CD34+ cells co-express the CD38 antigen. The 
bone marrow contains only 5-10% of CD34+ cells (Hanazono et al., 2002), and these cells are 
rarely CD38- (Yahata et al., 2008), limiting their use in research and in the clinical setting. It 
is well-known that CD34+ cells, including HSCs/HPs, can reconstitute blood in rats and hu-
mans. These cells are abundantly present in umbilical cord blood and are located in the fetal 
liver and spleen before migrating to the bone marrow (Ghanem et al., 2012). These cells have 
been widely used in clinical hematopoietic cell transplantation (HCT). Hence, in this study, 
we chose human cord blood-derived CD34+ cells as our cell model and purified CD34+ cells 
using CD34+ magnetic beads.

The first major finding of the present study was that VIP exerts inhibitory effects on 
the proliferation and colony formation of cord blood-derived HSCs/HPs, with VIP acting di-
rectly on the CD34+ progenitors; this effect reached a maximum at 10-8 M VIP. This result is 
in accordance with those described in a previous report (Rameshwar et al., 2002) showing that 
VIP inhibited the proliferation of bone marrow progenitors. Although cytokines are known to 
be very important molecules affecting the proliferation of HSCs/HPs and are considered to be 
regulators of HSCs/HPs, few cytokines have been reported to inhibit hematopoiesis, such as 
TNF-α, TGF-β, and PF4 (Lambert et al., 2009; Sharma et al., 2011; Wang et al., 2012). In this 
study, we not only confirmed the inhibitory effect of VIP on the amplification of CD34+ cells 
purified from human cord blood samples, but also revealed that VIP upregulated the intrinsic 
levels of TNF-α and TGF-β1 in CD34+ cells. Therefore, VIP can be considered to be a negative 
humoral regulator of HSC/HP proliferation. Because of the negative effects of VIP on HSC/
HP proliferation, it is important to measure hepatic VIP levels during different developmental 
phases.

The second major finding of this study was that we described the changes in hepatic 
VIP levels from the embryo to adult stages. VIP concentrations in the liver were relatively low 
in fetuses but high in neonates, showing a rapid increase during development. After birth, he-
patic VIP levels peaked during the premature stage. In addition, the affinity of VIPR for VIP in 
the liver increased from relatively low in fetuses to a high level in neonates, reaching a maxi-
mum at birth and then gradually decreasing thereafter. This may result in low VIP levels in the 
fetal liver, but gradually higher levels after birth. Taken together, the relatively low VIP levels 
in the fetal liver may be beneficial for liver hematopoiesis. As hepatic VIP levels increased 
rapidly after birth, these changes in VIP levels may be partly responsible for the suppression of 
HSC/HP proliferation in the liver after birth. The hepatic microenvironment, which was rich in 
VIP from the neonate to the premature phase, would not be suitable for HSC/HP proliferation. 
Although increased VIP levels observed in neonates were not maintained in adults, the levels 
were greater than in fetuses, and may contribute to the inhibition of hepatic hematopoiesis 
during adult life.

The VIPR family includes 2 subtypes: VIPR-1 and VIPR-2 (Gozes and Furman, 
2004). Both are G protein-coupled receptors that can activate adenylate cyclase. In this study, 
VIPR-1 was detected in both the fetal liver and in HSCs/HPs, strongly suggesting that VIP ex-
erts its functions via VIP-VIPR binding. The present study showed that VIPR-1 was detected 
in the rat liver throughout every stage of development. VIP receptors are widely distributed in 
many different rat tissues (Harmar et al., 2004; Erdling et al., 2013). Quantification of VIPR 
activation is difficult because of the low sensitivity and specificity of techniques established. 
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Therefore, various studies have instead detected VIPR mRNA. To obtain more accurate data 
on liver VIPR levels during rat development, a biomolecular interaction analysis system using 
the surface plasmon resonance technique (de Mol, 2012) was used in this study to detect active 
VIPR binding to VIP. It has been reported that VIPR mRNA was detected as early as rat em-
bryonic day 11 in the neuronal epithelium, foregut, heart, and blood vessels. From embryonic 
days 14-18, VIPR mRNA was detected in tissues derived from all 3 germ layers (Pei, 1997). 
These data suggest that binding of VIP to VIPR may play an important role not only in rat em-
bryonic development, but also in the process of vascular development (Erdling et al., 2013). 
Low VIPR levels in fetal livers observed in the present study may facilitate the development 
of liver vessels, which is also necessary for the hematopoietic microenvironment and therefore 
may indicate hepatic development.

In summary, this study demonstrated that VIP suppressed the proliferation of human 
cord blood-derived CD34+ cells in part by increasing the production of TNF-α and TGF-β. 
Low VIP levels in the fetal liver and gradually higher levels after birth may be responsible 
for the suppression of HSC/HP proliferation in the liver. VIP was identified as an inhibitor of 
hepatic hematopoiesis.
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