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BACKGROUND

In response to high salt intake, transcription factor hypoxia-inducible
factor (HIF) 1a activates many antihypertensive genes, such as heme
oxygenase 1 (HO-7) 1 and cyclooxygenase 2 (COX-2) in the renal
medulla, which is an important molecular adaptation to promote extra
sodium excretion. We recently showed that high salt inhibited the
expression of HIF prolyl-hydroxylase 2 (PHD2), an enzyme that pro-
motes the degradation of HIF-1q, thereby upregulating HIF-1a, and
that high salt-induced inhibition in PHD2 and subsequent activation of
HIF-1ain the renal medulla was blunted in Dahl salt-sensitive hyperten-
sive rats. This study tested the hypothesis that silencing the PHD2 gene
to increase HIF-1a levels in the renal medulla attenuates salt-sensitive
hypertension in Dahl S rats.

METHODS

PHD2 short hairpin RNA (shRNA) plasmids were transfected into the
renal medulla in uninephrectomized Dahl S rats. Renal function and
blood pressure were then measured.

Salt-sensitive hypertension accounts for 50% of hyperten-
sion cases! and exhibits a much higher risk for development
of organ damage than salt-resistant hypertension.>* The
mechanism regulating salt sensitivity of blood pressure is
not very clear. Renal medullary function is well known to
play a critical role in the regulation of sodium excretion and
blood pressure, and it is known that dysfunction in the renal
medulla is involved in salt-sensitive hypertension.*> We have
recently shown that transcription factor hypoxia-inducible
factor (HIF) la-mediated activation of antihypertensive
genes in the renal medulla enhances the production of a
variety of protective factors in the renal medulla, which pro-
motes the excretion of extra sodium load and regulates the
renal adaptation to high salt intake.®

HIF-1a and many HIF-1a target genes, such as heme-
oxygenase 1 (HO-1), cyclooxygenase 2 (COX-2), nitric

RESULTS

PHD2 shRNA reduced PHD2 levels by >60% and significantly increased
HIF-1a protein levels and the expression of HIF-1a target genes HO-1 and
COX-2 by >3-fold in the renal medulla. Functionally, pressure natriuresis was
remarkably enhanced, urinary sodium excretion was doubled after acute
intravenous sodium loading, and chronic high salt-induced sodium reten-
tion was remarkably decreased, and as a result, salt-sensitive hypertension
was significantly attenuated in PHD2 shRNA rats compared with control rats.

CONCLUSIONS

Impaired PHD2 response to high salt intake in the renal medulla may
represent a novel mechanism for hypertension in Dahl S rats, and inhi-
bition of PHD2 in the renal medulla could be a therapeutic approach for
salt-sensitive hypertension.
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oxide synthase 2 (NOS-2), and endothelin 1, are highly
expressed in the renal medulla and significantly upregu-
lated in response to high salt intake.””!3 The products of
these HIF-1a target genes importantly participate in the
regulation of blood flow and/or tubular activity in the
renal medulla and play critical roles in sodium balance and
long-term control of arterial blood pressure as well as salt
sensitivity of blood pressure.”311-15 We have demonstrated
that high salt diet upregulates HIF-1a levels in the renal
medulla®'® and that blockade of HIF-1a function to inhibit
the expression of its target genes in the renal medulla
induces sodium retention after high-salt challenge, pro-
ducing a salt-sensitive hypertension.® These results suggest
that HIF-1a-mediated gene activation in the renal medulla
represents an important molecular adaptive mechanism to
maintain sodium balance in response to high salt intake.
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Interestingly, it has been shown that the above protective
genes regulated by HIF-1a are defective in Dahl salt-sensitive
hypertensive (Dahl S) rats!>131¢-18 and that the deficiencies of
these HIF-1a target genes in the renal medulla are considered
to be responsible for the development of hypertension in this
animal model.!>!317 We recently showed that upregulation of
renal medullary HIF-1a levels in response to high salt intake
was blunted in Dahl § rats,'®!® indicating that the abnor-
mal responses of the above protective genes may be due to
a defect of HIF-1a in the renal medulla and that impairment
in HIF-la-mediated gene activation in the renal medulla
may be responsible for salt-sensitive hypertension in Dahl
S rats. Indeed, correction of HIF-1a deficiency in the renal
medulla increased the expression of antihypertensive genes
in the renal medulla, enhanced the urinary sodium excretion,
reduced sodium retention, and consequently, attenuated salt-
sensitive hypertension in Dahl S rats.!’

Furthermore, it has been demonstrated that HIF pro-
lyl-hydroxylase 2 (PHD2), an enzyme that promotes the
degradation of HIF-1a, is the most abundant isoform of
PHDs in the kidneys®»*! and is highly expressed in the
renal medulla.’®2%2! We have shown that high salt intake
suppresses the expression of PHD2 in the renal medulla
and that this high salt-induced inhibition of PHD2 is an
upstream signal that increases HIF-la-mediated gene
expression in the renal medulla in response to high-salt
challenge.!'® Notably, the high salt-induced inhibition
in PHD?2 in the renal medulla is also defective in Dahl S
rats.!® This study sought to test the hypothesis that defi-
ciency in PHD2/HIF-la-mediated molecular adaptation
in response to high salt intake in the renal medulla may
be the pathogenic mechanism responsible for salt-sensitive
hypertension and that silencing the PHD2 gene to increase
the levels of HIF-1a and its target genes in the renal
medulla enhances the sodium excretion and attenuates
salt-sensitive hypertension in Dahl S rats. We first trans-
fected PHD2 short hairpin RNA (shRNA) plasmids into
the renal medulla and then detected the pressure natriure-
sis, the renal sodium excretion after sodium overload, and
the arterial blood pressure after high-salt challenge in Dahl
S rats. Our data showed that correction of the defect in
PHD2 response to high salt intake attenuated salt-sensitive
hypertension in Dahl S rats.

METHODS
Animals

Male Dahl S rats (Charles River, Wilmington, MA) that
weighed 250-350 g were used. Rats were kept on a low-salt
diet (0.4% NaCl), with some fed a high-salt diet (4% NaCl)
as indicated in the Results section. All animal procedures
were approved by the Institutional Animal Care and Use
Committee of the Virginia Commonwealth University.

Transfection of plasmids expressing rat PHD2 shRNA

The right kidney was removed 1 week before transfec-
tion, and the renal medulla of the left kidney was trans-
fected with designated plasmids using the transfection
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reagent in vivo-jetPEl (Polyplus Transfection, New
York, NY), a polyethylenimine derivative, as previously
described.®!?22 In brief, 50 pg of DNA was mixed with 8 pl
of in vivo-jetPEI in 5% glucose (600 pl) and then infused
into the renal medulla (20 pl/min). In the middle of and
after the infusion, an ultrasound transducer (Sonitron
2000, Rich-Mar, Inola, OK) was applied to the kidneys (1
MHz, 10% output) for a total of 60 seconds with 30-second
intervals on each side of the kidney. Fluorescent imaging
confirmed the localization of transfected plasmids within
the renal medulla using red fluorescent protein plasmids in
our previous pilot study.

Rat PHD2 small interfering RNA (siRNA) sequences
(sense: GUG UGA CAU GUA UAU AUU A; antisense:
UAA UAU AUA CAU GUC ACA C) were designed and syn-
thesized by QIAGEN. The target sequence was ATG TGT
GAC ATG TAT ATA TTA (accession No.: NM_178334).
After the confirmation of effective knocking down of PHD2
genes by these siRNAs in cultured renal cells, the sequences
were constructed into a pRNA-CMV3.2 vector (Genscript,
Piscataway, NJ) to produce shRNA. The effective gene silenc-
ing of renal PHD2 by shRNA in vivo was also verified in pre-
vious experiments.'® Plasmids expressing luciferase were
used in control rats.

Measurement of pressure natriuresis in response to the
elevations of renal perfusion pressure

After transfection of plasmids expressing PHD2 shRNA or
control plasmids, animals were maintained on low-salt diet
for 10 days and then subjected to the measurement of pres-
sure natriuresis, as previously described.'? In brief, after
equilibration, renal perfusion pressure (RPP) was acutely
increased by tying off the celiac and mesenteric arteries, and
the RPP was set to 160, 120, and 80 mmHg, respectively, by
an adjustable clamp placed on the aorta above renal arteries.
At each RPP level, after a 10-minute equilibration period,
urine samples were collected during a 20-minute clearance
period. Urinary volume and sodium excretion were meas-
ured and factored per gram of kidney weight. Renal cortical
and medullary blood flows in response to the elevations of
RPP were also measured using a laser Doppler flow meter, as
previously described.

Measurement of urinary sodium excretion in response to
acute sodium loading

Additional rats were transfected with PHD2 shRNA
or control plasmids and maintained on a low-salt diet for
10 days as above. Urinary volume and sodium excretion
after acute sodium loading were measured as previously
described.® In brief, after surgical preparation and equili-
bration, two 10-minute control-period urine samples were
collected and then a 5% body weight isotonic saline load
was administered intravenously within 30 minutes. Three
10-minute samples were collected over 30 minutes and three
more 10-minute postcontrol samples were taken. Urinary
volume and sodium excretion were measured and factored
per gram of kidney weight.
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Measurement of daily sodium balance

Additional rats were treated the same as above and then
housed in metabolic cages. Daily sodium balance was calcu-
lated by subtracting sodium excretion from sodium intake.
After 1 day of control measurements, rats were fed with 2%
NaCl water, and daily sodium balance was measured for 3
more days.®

Chronic monitoring of arterial blood pressure in
conscious rats

Blood pressure was measured using a telemetry system
as previously described.®!%122 Three-day baseline mean
arterial pressure (MAP) was recorded when the animals
remained on low-salt diet. Then rats were fed with a high-
salt diet (Dyets, Bethlehem, PA), and MAP was recorded for
an additional 2 weeks. Rats were divided into 3 groups: (i)
low-salt diet + control plasmids; (ii) high-salt diet + control
plasmids; and (iii) high-salt diet + PHD2 shRNA plasmids.
After MAP recording, kidneys were removed and saved for
the isolation of protein and RNA later.

Preparation of tissue homogenate and nuclear extracts
and Western blot analyses for protein levels of PHD2 and
HIF-1a

Renal tissue homogenates and nuclear proteins from the
renal medulla were extracted as previously described?***
and then subjected (50 pg) to Western blot analysis. Primary
antibodies were from Novus Biologicals (Littleton, CO):
antirat PHD2 (rabbit polyclonal, 1:300) and HIF-1a (mon-
oclonal, 1:300). The intensities of the blots were analyzed
using Image]J software (http://rsbweb.nih.gov/ij/). The levels
of B-tubulin were used as internal control.

RNA extraction and quantitative reverse-transcription
polymerase chain reaction analysis of PHD2, HO-1 and
COX-2 mRNA

Total RNA was extracted using TRIzol solution (Life
Technologies, Rockville, MD) and then reverse-tran-
scribed (cDNA Synthesis Kit; Bio-Rad, Hercules, CA).
The reverse-transcription products were amplified
using TagMan Gene Expression Assays kits (Applied
Biosystems, Grand Island, NY). The level of 18S riboso-
mal RNA was used as a control. The relative mRNA levels
were calculated in accordance with the AACt method and
expressed by the values of 2-42¢,

Statistical analysis

Data are presented as means + SE. The significance
of differences in mean values within and between mul-
tiple groups was evaluated using an analysis of variance
followed by a Duncan multiple range test. Student ¢ test
was used to evaluate statistical significance of differences
between 2 groups. P < 0.05 was considered statistically
significant.

RESULTS

Effect of PHD2 shRNA on HIF-1a levels and the expression
of HIF-1a target genes in the renal medulla

High-salt challenge did not significantly reduce PHD2
mRNA and protein levels and did not increase HIF-1la
protein levels in the renal medulla in control animals
(Figure 1), which was consistent with our previous stud-
ies.!®!” In animals treated with PHD2 shRNA to reduce
PHD2 levels (Figure la,b), however, the protein levels
of HIF-la were significantly upregulated after high salt
intake (Figure lc), which was accompanied by a signifi-
cant increase in the transcription of HIF-1la target gene
HO-1 in the renal medulla (Figure 1d). The mRNA levels
of another HIF-1a target gene, COX-2, were also similarly
increased by >3-fold (data not shown). These results veri-
fied a successful inhibition in PHD2 levels and activation
in HIF-la-mediated gene regulation in the renal medulla
by PHD2 shRNA.

Effects of PHD2 shRNA on sodium excretion and renal blood
flow in response to renal perfusion pressure

The urine flow (U-V) and sodium excretion (U, V) were
increased in response to the elevation of RPP. However, these
pressure diuretic and natriuretic responses were remark-
ably improved in PHD2 shRNA-treated rats compared with
control rats (Figure 2a,b). There was no difference in renal
cortical blood flows between the 2 groups, whereas RPP-
induced increase in renal medullary blood flow was signifi-
cantly enhanced in shRNA-treated rats (Figure 2¢,d), which
was consistent with our previous study that showed that the
HIF-1la-mediated pathway is of importance in determining
the RPP-induced elevation of renal medullary blood flow.®
Because renal medullary blood flow is one of the important
determinants to pressure natriuresis, enhanced renal medul-
lary blood flow may contribute to improved natriuresis in
response to RPP.

Effects of PHD2 shRNA on urinary sodium excretion after
acute sodium loading

Acute sodium loading increased U-V and Uy,-V. These
increases in U-V and U,V were significantly enhanced
in PHD2 shRNA-treated rats compared with control rats
(Figure 3a,b).

Effects of PHD2 shRNA on salt balance after chronic sodium
loading

High salt intake produced a positive daily and cumulative
salt balance. The daily positive salt balances were progres-
sively increased in the first 2 days and decreased on the third
day of high salt intake. The positive salt balances were signif-
icantly attenuated in PHD2 shRNA-treated rats compared
with control rats (Figure 3c,d). Western blot analysis con-
firmed the upregulation of HIF-1a in PHD2 shRNA-treated
rats (Figure 3e,f).
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Figure 1. Effects of prolyl-hydroxylase 2 (PHD2) short hairpin RNA (shRNA) transfection into the renal medulla on the levels of PHD2, hypoxia-inducible
factor 1a (HIF-1a), and HIF-1a target genes heme oxygenase 1 (HO-1) 1 and cyclooxygenase 2 (COX-2) in the renal medulla. (a) PHD2 mRNA levels.
(b) Representative Enhanced chemiluminescence (ECL) gel documents of Western blot analyses depicting the protein levels of PHD2 and summarized
intensities of PHD2 blots (ratio to 3-tubulin). (c) Representative ECL gel documents of Western blot analyses depicting the protein levels of HIF-1a and
summarized intensities of the HIF-1a blots (ratio to 3-tubulin). (d) MRNA levels of HO-1. *P < 0.05 vs. other groups (n = 5-7). Abbreviations: CoCl,, sample
from cells treated with CoCl, as positive control; Ctrl, control vectors expressing luciferase; HS, high salt; LS, low salt; sShRNA, PHD2 shRNA vectors.

Effects of PHD2 shRNA on high salt-induced hypertension

The baseline MAPs were not different among control and
PHD2 shRNA-treated rats when the rats were on a low-salt
diet. After the rats were fed with a high-salt diet for 2 weeks,
the MAPs were significantly increased in both control and
PHD2 shRNA groups. However, the high salt-induced
increase in MAP was substantially attenuated in PHD2
shRNA-treated rats compared with control rats by the end
of the experiment (Figure 4).

DISCUSSION

Our results demonstrated that silencing of PHD2 gene
expression induced HIF-la-mediated gene activation,
which stimulated the expression of antihypertensive genes
in the renal medulla and consequently enhanced the urinary
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sodium excretion in response to the elevations of RPP and
sodium overloading, reduced sodium retention, and as a
result, attenuated salt-sensitive hypertension in Dahl S rats.

Our results showed that local delivery of PHD2 shRNA
plasmids to silence PHD2 gene expression substantially
upregulated the levels of HIF-1a and enhanced the transcrip-
tion of its target genes in the renal medulla, which validated
the manipulation of HIF-1la-mediated gene expression by
PHD?2 in the renal medulla and allowed us to evaluate the
contribution of PHD2 in HIF-la-mediated gene activation
as well as in the development of hypertension in response to
high salt intake in Dahl S rats.

We first determined the effects of PHD2 gene silencing
to upregulate HIF-la-mediated gene activation on pres-
sure natriuresis. Several HIF-1a target genes, such as HO-1,
COX-2 and NOS-2, have been reported to play an important
role in the regulation of renal medullary function, including
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*P < 0.05 vs. control (n = 5). Abbreviations: Ctrl, control plasmids; kwt, kidney weight; CBF, cortical blood flow; MBF, medullary blood flow.
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Figure 3. Effects of prolyl-hydroxylase 2 (PHD2) short hairpin RNA (shRNA) transfection into the renal medulla on urinary sodium excretion in response

to acute sodium loading and on salt balances after chronic sodium loading. (a and b) Urinary volume (U-V) and urinary sodium excretion (Uy,"V) after
acute sodium loading. C, control; P, post sodium loading; S, sodium loading. (c and d) Daily sodium balance and cumulative sodium balance. (e and
f) Representative enhanced chemiluminescence gel documents of Western blot analyses depicting the protein levels of hypoxia-inducible factor 1a
(HIF-1a) and summarized intensities of the HIF-1a blots (ratio to 3-tubulin). Abbreviations: CoCl,, sample from cells treated with CoCl, as positive control;
Ctrl, control vectors expressing luciferase; HS, high salt; LS, low salt; shRNA, PHD2 shRNA vectors. *P < 0.05 vs. controls (n = 5).

pressure natriuresis.>?>-? Blunted pressure natriuresis has
been shown to be one of the mechanisms for Dahl S rats to
develop hypertension.’-% It has been reported that expres-
sion of the protective genes regulated by HIF-1a are much
lower in the renal medulla!”?%% and high salt-induced

upregulation in the expression of these protective genes is
diminished!*!7:183¢ in Dahl S rats compared with normal
rats. Furthermore, high salt-induced inhibition of PHD2
expression and subsequent activation of HIF-la is also
diminished in Dahl S rats.!® Therefore, silencing PHD2
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Figure 4. Effects of prolyl-hydroxylase 2 (PHD2) short hairpin RNA
(shRNA) transfection into the renal medulla on mean arterial pressure
(MAP) after 2 weeks of a high-salt diet. *P < 0.05 vs. others (n = 5-9).
Abbreviations: Ctrl, control plasmids; HS, high salt; LS, low salt; shRNA,
PHD2 shRNA plasmids.

gene expression to increase HIF-1a levels and subsequently
stimulate the expression of the above HIF-1a target genes in
the renal medulla would be expected to improve the pres-
sure natriuresis relationship. Our data showed that silencing
of PHD2 gene expression in the renal medulla significantly
enhanced the pressure natriuresis, suggesting that impaired
PHD2/HIF-1a pathway may be responsible for the renal
medullary dysfunction in Dahl S rats. Because the prod-
ucts of the protective genes regulated by HIF-1a have been
shown to exhibit vascular and/or tubular actions,>?>26:37
the effect of PHD2/HIF-1la-mediated pathway on pressure
natriuresis may be through regulating both vascular and
tubular function.

To further determine whether correction of the defects in
the renal medullary PHD2/HIF-1a pathway would improve
the salt handling in Dahl S rats, we examined the urinary
sodium excretion in response to acute sodium overload
and the sodium balance after chronic high-salt challenge.
Because the high salt-induced inhibition in PHD2 and
the consequent activation of HIF-1a in the renal medulla
is blunted in Dahl S rats,'¢ the deficiencies of those antihy-
pertensive factors, such as COX-2 and HO-1, in the renal
medulla are probably caused by the abnormal function of the
PHD2/HIF-1a pathway in this animal model. Correction of
the abnormal response in PHD2 after high-salt challenge in
the renal medulla would induce HIF-1a-mediated gene acti-
vation and improve the sodium excretion in Dahl S rats. The
results from these sodium overloading experiments showed
that restoration of high salt-induced inhibition in PHD2
expression in the renal medulla recovered the upregulation
in HIF-1a levels and remarkably improved the renal capabil-
ity of removing extra sodium load, thereby reducing sodium
retention. These results additionally indicate that impaired
sodium excretion may be attributed to the defects in the
PHD2/HIF-1a pathway in the renal medulla of Dahl S rats.
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Because renal medullary function, including pressure
natriuresis, is a key determinant to the long-term regulation
of blood pressure,>?>263%3 improvement in sodium excretions
in responses to elevation of RPP and sodium overloading by
PHD2 shRNA would eventually attenuate high salt-induced
hypertension in Dahl § rats. Indeed, our results showed that
high salt-induced increase in MAP was significantly reduced
in PHD2 shRNA-treated rats. It has been shown that activa-
tion of HIF-1a-mediated gene regulation after high salt intake
is considered an important molecular adaptation in the renal
medulla, which induces the production of various protective
factors and promotes the excretion of extra sodium load-
ing.%'® Therefore, abnormal response of PHD?2 facing high-
salt challenge may cause deficiency in HIF-1a-mediated gene
transcription, reduce the production of various protective fac-
tors, impair renal medullary function, and damage the capa-
bility of the kidneys to remove sodium overloading, which
consequently produces a salt-sensitive hypertension in Dahl S
rats. This defect in the PHD2/HIF-1a pathway may represent
an important mechanism in the pathogenesis of salt-sensitive
hypertension. To inhibit PHD2 in the renal medulla may
restore the impaired molecular adaptation facing high-salt
challenge and induce the production of different protective or
antihypertensive factors in the renal medulla, thereby attenu-
ating salt-sensitive hypertension.

This study focused on the improvement of impaired renal
capacity to remove extra sodium loading in Dahl S rats. On
the other hand, overproduction of those natriuretic factors
in the renal medulla may increase sodium excretion more
than the desired amount and damage renal capacity to retain
sodium when on a low-salt diet. Therefore, the role of renal
medullary PHD2/HIF-1a in sodium retaining and how to
properly manipulate the PHD2/HIF-1la pathway under
different situations need to be determined and detailed in
future studies.

In summary, our results demonstrated that silencing
PHD?2 gene expression to upregulate HIF-1a levels in the
renal medulla activated the transcription of antihypertensive
genes in the renal medulla and corrected the impairment in
PHD2/HIF-1a-mediated molecular adaptation in response
to high salt intake. Consequently, this correction enhanced
urinary sodium excretion, reduced sodium retention, and
attenuated salt-sensitive hypertension in Dahl S rats. It is
concluded that defects in the PHD2/HIF-1a pathway in the
renal medulla may be responsible for the development of
salt-sensitive hypertension in Dahl S rats and inhibition of
PHD?2 in the renal medulla may be a useful therapeutic strat-
egy for salt-sensitive hypertension.
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