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Abstract
Bone marrow-derived endothelial progenitor cells (EPCs) constitute an important endogenous
system in the maintenance of endothelial integrity and vascular homeostasis. Cardiovascular risk
factors are associated with a reduced number and functional capacity of EPCs. Here we
investigated the effect of transplantation of bone marrow-derived cells from Dahl salt-resistant rat
into age-matched Dahl salt-sensitive (DS) rat on blood pressure, endothelial function, and
circulating EPC number. The recipient DS rats were fed a normal (0.5% NaCl, NS) or high salt
(4% NaCl, HS) diet for 6 weeks after BMT. DS rats on a NS or a HS diet without BMT were used
as controls. Hypertensive DS (HS-DS) rat (systolic blood pressure: 213 ± 4 mmHg vs. 152 ± 4
mmHg in NS, p<0.05) manifested impaired endothelium-dependent relaxation to acetylcholine
(EDR), increased gene expression of vascular oxidative stress and proinflamamtory cytokines, and
decreased eNOS expression. BMT on HS-DS rat significantly improved EDR and eNOS
expression, reduced oxidative stress without reduction in SBP (206 ± 6 mmHg). Flow cytometry
analysis showed that there was no difference in the number of circulating EPCs, demonstrated by
expression of EPC markers CD34, cKit, and vascular endothelial growth factor, between
hypertensive and normotensive rats. Surprisingly, BMT resulted in a 5–10 fold increase in the
above-mentioned EPC markers in hypertensive, but not normotensive rat. These results suggest
that DS rat has an impaired ability to increase bone marrow-derived EPCs in response to HS diet
challenge, which may contribute to endothelial dysfunction.
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Introduction
It is increasingly recognized that vascular endothelium plays an important role in the
maintenance of cardiovascular health1,2. Impaired endothelium function is predictable for
the development of cardiovascular diseases. Endothelial injury has been implicated in
atherosclerosis, thrombosis, and hypertension. The balance between endothelial injury and
endothelial recovery is of paramount importance for reducing cardiovascular events1,3. Bone
marrow-derived EPCs play an integral role in the regulation and protection of the
endothelium. Peripheral circulating EPC number and function are robust biomarkers of
vascular risk for cardiovascular diseases4,5. An increasing body of evidence suggests that
cardiovascular risk factors affect the number and properties of EPCs, and that the number
and functional activity of EPCs correlate inversely with cardiovascular risk factors including
hypertension, smoking, hyperlipidemia, and diabetes mellitus2,4,5.

Endothelial dysfunction contributes to the pathogenesis and progression of hypertension and
is an independent predictor of cardiovascular risk. Experimental and Clinical studies have
indicated that hypertension is inversely correlated with EPC reduction and dysfunction6,7.
The Dahl salt-sensitive (DS) rat is an animal model of salt-sensitive (SS) hypertension in
humans. Others and we have shown that DS rat exposure to high-salt diet develops
hypertension and exhibits a vascular diathesis characterized by the impairment of
endothelial nitric oxide-dependent vasorelaxation, upregulation of vascular tissue
angiotensin II action and reactive oxygen species production, increased vascular and
systemic inflammation, accompanied by severe cardiovascular and renal injury3,8,9.
Whereas, its counter-partner, Dahl salt-resistant (DR) rat, is resistant to blood pressure and
preserves endothelial and vascular function when under high salt diet10,11. In the present
study, we used this animal model to test hypothesis that dysfunctional or inadequately
increased bone marrow-derived EPCs in response to high salt diet challenge contribute to
the pathogenesis of hypertension and vascular endothelial dysfunction in hypertensive DS
rat.

Methods
Animals and experimental protocols

The animals were housed in facilities accredited by the American Association for
Accreditation of Laboratory Animal Care. The Institutional Animal Care and Use
Committee at the Miami Veterans Affairs Medical Center approved the studies. Six-week-
old inbred DS (DS/JR) or DR (DR/JR) male rats were purchased from Harlan Sprague
Dawley Inc. (Indianapolis, IN) and maintained under controlled conditions of light,
temperature, and humidity. Both DS and DR rats are developed from Sprague-Dawley
stocks by sister and brother inbred breeding based on their salt-sensitivity. After 2-week
acclimatization to the new environment, DR rat was used as donor rat for the extraction of
bone marrow cells (BMCs), BMCs were harvested from the femurs and tibias of 8-week-old
DR rats and the nucleated cells were enriched by lysing red blood cells with ACK buffer.
The recipient DS rats were lethally irradiated with a single dose of 9 Gy using a cobalt-60
gamma source on the day of transplantation. BMCs (2 × 107) were injected via tail vein into
recipient rats 4 hours after irradiation12. The irradiation at the lethal dose kills all recipient's
BMCs, and the recipient rat survives only if they receive enough fresh replacement BMCs
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from the donor. As a routine procedure, we performed the same lethal irradiation on the rats
who received an injection of PBS instead of donor cells after the radiotherapy. All rats (5)
received PBS died within one week after irradiation therapy. Whereas only six from total 16
recipient DS rats received BMCs died with first week after BMT, the method for BMT has
been accepted12–14. Ten survived recipient DS rats were fed a NS (0.5% NaCl) or HS (4%
NaCl) diet for 6 weeks (5 rats/each group). DS rats on a NS or HS diet without BMT were
used as controls (n=6). Systolic blood pressure (SBP) was measured in conscious rats by the
tail-cuff method as described in our previous studies. At the end of the study, peripheral
blood (0.2 ml) was withdrawn from tail vein for FACS analysis. The rats were sacrificed by
decapitation and the heart, kidneys, and aorta were harvested. Heart weight (normalized by
body weight) and aortic weight/cm (arch of thoracic aorta to the origin of mesenteric artery)
were used as indices of cardiac hypertrophy and aortic hypertrophy.

Organ chamber bath experiments
Endothelial function was examined in aortic rings using an organ chamber bath, as
previously described8. Endothelium-dependent relaxation (EDR) to acetylcholine (Ach, 10−9

to 10−5mol/L) was studied in aortic rings pre-contracted to 70% of maximal contraction to
norepinephrine as previously described8.

Flow cytometry analysis of EPCs
The peripheral blood was withdrawn from rat tail vein into tubes containing 15% EDTA.
Red blood cell lysis buffer (1.2 ml, Sigma) was added into the tubes containing 0.1 ml blood
and incubated at 37°C for 5 minutes followed by addition of 10 ml PBS and centrifugation
to remove the lysed red blood cells. The cells (106 cells/ml) were resuspended in 100μl
protein blocking solution with 5 μl fluorescent conjugated antibodies, anti-CD34-FITC,
anti-cKit-PE, and anti-VEGFR2 (vascular endothelial growth factor)—APRC-Cy7, and
incubated at 4°C for 1 hour. The fluorescence on the cell surface was determined by flow
cytometry (FACS)13 using cells labeled with isotype IgG as control. A morphologic gate
was used to exclude granulocytes. Then, CD34+, cKit+, or VEGF2+ cells were gated.
Double-positive cells of CD34+cKit+, CD34+VEGF2+, or cKit+VEGF2+ were identified at
the intersection of two cell gates.

Real-Time PCR
Primers and probes for rat endothelial nitric oxide synthasis (eNOS), NADPH oxidase
subunits gp91phox, p22phox, monocyte chemoattractant protein-1 (MCP-1) and tumor
necrosis factor (TNF) α were designed by using Primer Express Software (Applied
Biosystems (ABI)). Real-time PCR was performed in a 50 μl reaction mixture containing an
appropriately diluted cDNA solution, 0.1 μmol/L of each primer, 0.2 μmol/L of probe, and
PCR Master Mix assay (ABI) under the following conditions: at 50 °C for 2 min, at 95 °C
for 10 min, and 40 cycles at 95 °C for 15 seconds and at 60 °C for 1 min. A housekeeping
gene (GADPH) was determined as an internal control. The data was expressed as fold
increase vs. NS group.

Data Analysis
The results were expressed as mean ± SEM. The maximal response (Emax) to acetylcholine
and the concentration of acetylcholine required for a half-maximal CR response (ED50) was
determined from the concentration-response curves, using the best fit to a logistic sigmoid
function. Statistical analyses were performed by ANOVA with Bonferonni's correction for
multiple comparisons, followed by Scheffe's test. Significance was assumed at P< 0.05.
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Results
SBP, body weight, aortic and heart weight

HS diet for 6 weeks significantly increased SBP in DS rats compared with NS-DS control
(213 ± 5 mmHg in HS vs. 152 ± 5 mmHg in NS; P<0.05). BMT from DR rat into DS rat did
not reduce SBP in both hypertensive (206 ± 6 in HS/BMT, p>0.05) and normotensive (155
± 7 mmHg in NS/BMT, P>0.05) DS rats (Fig. 1). Hypertensive DS rat exhibited a slight
inhibition of body weight gain (−8%), and a significant increase in aortic (21%) and heart
(22%) weight compared with NS control. BMT resulted in a significant inhibition of body
weight gain in both of hypertensive (24%) and normotensive (11%) DS rats, but did not
significantly affect aortic and cardiac hypertrophy (Fig. 2).

EPC markers
There was no difference in circulating blood EPC number, identified by single-positive EPC
marker expressing CD34+, cKit+ or VEGFR2+, or by double-positive EPC markers
expressing CD34+/ckit+, CD34+/VEGFR2+, or cKit+/VEGFR2+, between DS and DR rats.
There was also no difference in circulating blood EPC number between normotensive and
hypertensive DS rats. Surprisingly, DS rat receiving BMCs from DR rat and a HS diet for 6
weeks (HS/BMT) exhibited 5–10 times increase in the circulating EPC number, compared
with DS rat on a HS diet without BMT (Table 1 & Fig. 3). However, BMT did not affect the
expression of the EPC markers in DS rat on a NS diet (NS/BMT).

EDR to acetylcholine
As shown in our previous studies3,8, EDR to acetylcholine was significantly attenuated in
the aortic rings of hypertensive DS rats. BMT from DR rat into DS rat resulted in a
significant improvement in EDR to acetylcholine in hypertensive DS rat (HS/BMT), as
demonstrated by improvement in Emax (77 ± 7 % in HS/BMT vs. 60 ± 5% in NS, p<0.05 )
and ED50 (7.2 ± 0.1 in HS/BMT vs. 6.9 ± 0.2 -log molar in HS, p<0.05). BMT did not
significantly affect EDR to acetylcholine in normotensive DS rats (Fig. 4).

Vascular gene expression
Hypertensive DS rat manifested increased mRNA expression of aortic NADPH oxidase
subunits gp91phox and p22phox and reduced expression of eNOS, compared with that of
normotensive DS rat. BMT on HS-DS rat significantly reduced the expression of aortic
gp91phox and p22phox, improved eNOS expression, compared with that of normotensive
rat. mRNA expression of the proinflammatory cytokines, including MCP1 and TNFα, in
hypertensive DS rats, was higher than that of normotensive DS rats. BMT did not affect the
expression of the proinflammatory genes in HS-DS rat (Fig. 5).

Discussion
A growing evidence supports the concept that bone marrow-derived EPCs enter the
circulation and contribute to postnatal angiogenesis, neovascularization, and endothelial
renewal, which may play an important role in the maintenance of vascular homeostasis15,16.
Several clinical studies have shown that age and cardiovascular disease risk factors reduce
the availability of circulating EPCs and impair their function to varying degrees17,18,
whereas protective interventions, including statin therapy and exercise, appear to increase
the supply of these cells4,7,17. These studies suggest that circulating EPCs may participate
not only in forming new blood vessels but also in maintaining the integrity and function of
vascular endothelium, thereby mitigating disease processes such as atherosclerosis and
hypertension13,17,19.
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It is well established that endothelial dysfunction underlies all of the major cardiovascular
diseases20. Regeneration of endothelium is a fundamental process in vascular repair14.
Mature endothelial cells have limited ability to regenerate damaged endothelium because
these cells are terminally differentiated. Bone marrow-derived EPCs have the potential to
differentiate into mature, functional endothelial cells, and may play a significant role in
vascular repair and healing21,22.

Hypertension is a vascular disease characterized by impaired endothelium-dependent
relaxation3,8. Hypertension is a strong predictor of EPC dysfunction and migratory
impairment6,7. Clinical studies has shown that circulating EPCs are inversely correlated with
blood pressure5,7,23. Giannotti et al6 have shown that endothelial repair capacity from EPCs
is reduced in patients with prehypertension and hypertension, which is associated with
impairment of endothelial function. DS rat is a paradigm of salt-sensitive hypertension in
humans11, and we and others have shown that DS rat on HS diet developed hypertension
and severe endothelial dysfunction, whereas DR rat had normal blood pressure and
preserved endothelial function during HS intake8. It is still unclear whether endothelial
dysfunction is related to impairment of bone marrow-derived EPCs in this genetic
hypertensive animal model. Our data showed that there was no difference in peripheral
circulating EPC number between normotensive DS and DR rats, and there was also no
difference in EPC number between normotensive and hypertensive DS rats, although
hypertensive DS rat had severe endothelial dysfunction. Surprisingly, DS rat that received
BMCs from DR rat and was maintained on a HS diet resulted in a 5–10 fold increase in
peripheral circulating EPCs. Transplantation of BMCs from DR rat into DS rat improved
endothelial function in hypertensive DS rat without significant reduction in SBP. However,
the EPCs in DS rat that received BMT and was maintained on a NS diet were not changed.
These results suggest that hypertensive DS rat may need higher level of EPCs to maintain
endothelial renewal and endothelial function in response to a HS diet challenge although it
has normal circulating EPCs, and that DS rat has an impaired ability to increase EPCs in
response to environmental challenges such as high salt intake or hypertension. In addition,
Our data showed that transplantation of EPCs from DR rat into DS rat reduced vascular
NADPH oxidase-derived oxidative stress and increased eNOS expression, which may at
least in part contribute to improvement of endothelial function in hypertensive DS rats.

In summary, our data for the first time demonstrates that bone marrow therapy from DR rat
into DS rat increase circulating EPCs and partially improve endothelial function in
hypertensive DS rat, suggesting that dysfunction of bone marrow derived EPCs play an
important role in endothelial dysfunction of this genetic salt-sensitive hypertension.

Limitation: The findings in EPCs may be limited by identification of EPCs markers. EPCs
are defined by constitutive and inducible markers. Constitutive agents, such as CD31, CD34,
ckit, VEGFR2, CD133 and CD144 are used for EPCs marker24,25. However, these markers
are not solely restricted to endothelial progenitor cells and can, likewise, be detected on
hematopoietic lineage and stromal cells. In the present study24,25, we used three different
combinations: CD34+/cKit+, CD34+/VEGFR2+, cKit+/VEGFR2+ to represent the EPC level
and minimize non-EPC phenotype identification.
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Figure 1. Effects of bone marrow transplantation (BMT) on systolic blood pressure (SBP)in the
recipient DS rats
High salt diet intake for 6 weeks significantly increased SBP in DS rats, compared with
normotensive DS rats. BMT from DR rat into DS rat did not affect SBP in both
normotensive (NS/BMT) and hypertensive (HS/BMT) DS rats. N=5–6. *P<0.05 vs. NS
group, #p<0.05 vs. HS group.
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Figure 2. Effects of BMT on body weight (BW, A), aortic weight (AW, B), and heart weight
(HW/100 g BW, C) in the recipient DS rats
Hypertensive DS rats had a slight but significant inhibition in body weight gain compared
with NS-DS rats. BMT from DR rat into DS rat further inhibited body weight gain in both
normotensive (NS/BMT) and hypertensive (HS/BMT) DS rats. Hypertensive DS rats
manifested an increase in AW (aortic hypertrophy) and HW (cardiac hypertrophy) compared
with normotensive DS rats, BMT did not affect AW and HW in both normotensive and
hypertensive DS rats. N=5–6, *P<0.05 vs. NS group, #p<0.05 vs. HS group.
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Figure 3. The circulating endothelial progenitor cell (EPC) number in DR and recipient DS rats
EPCs were characterized by flow cytometry using double markers: CD34+/cKit+ (A),
CD34+/VEGFR2+(B), cKit+/VEGFR2+ (C). There is no significant difference in EPCs
markers including CD34+/cKit+, CD34+/VEGFR2+, or cKit+/VEGFR2+ among DR,
normotensive or hypertensive DS rats. BMT from DR rats into DS rats significantly
increased all EPCs markers in hypertensive DS rats (HS/BMT) but not in normotensive DS
rats (NS/BMT). N=4–5. *P<0.05. ND: no significant difference.
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Figure 4. Effects of BMT on endothelium-dependent relaxation (EDR) in the recipient DS rats
EDR to acetylcholine was significantly reduced in hypertensive DS rats, compared with
normotensive DS rats. BMT from DR rats into DS rats significantly improved EDR in
hypertensive DS rats but did not affect EDR in normotensive DS rats. N=5–6, *P<0.05.

Yu et al. Page 11

J Am Soc Hypertens. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Effects of BMT on aortic gene expression in the recipient DS rats
Hypertensive DS rats had a significant increase in mRNA expression of gp91phox (A),
p22phox (B) compared with normotensive DS rats', BMT significantly reduced mRNA
expression of gp91phox and p22 phox in hypertensive but not in normotensive DS rats.
Hypertensive DS rats exhibited a reduction in eNOS (C) expression and an increase in the
expression of proinflammatory cytokine TNFa (D) and MCP1 (E), BMT normalized eNOS
expression but not inflammatory cytokines in hypertensive DS rats. N=4, *P<0.05 vs. NS
group, #p<0.05 vs. HS group.
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