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Cold temperatures are associated with increased prevalence of hypertension. Cold exposure increases
endothelin-1 (ET1) production. The purpose of this study is to determine whether upregulation of ET1
contributes to cold-induced hypertension (CIH). In vivo RNAI silencing of the ET1 gene was achieved by
adeno-associated virus 2 (AAV2) delivery of ET1 short-hairpin small interfering RNA (ET1-shRNA). Four
groups of male rats were used. Three groups were given AAV.ET1-shRNA, AAV.SC-shRNA (scrambled
shRNA), and phosphate-buffered saline (PBS), respectively, before exposure to a moderately cold envi-
ronment (6.7+2°C), while the last group was given PBS and kept at room temperature (warm, 24 +2°C)
and served as a control. We found that systolic blood pressure of the PBS-treated and SC-shRNA—treated
groups increased significantly within 2 weeks of exposure to cold, reached a peak level (145+4.8 mmHg)
by 6 weeks, and remained elevated thereafter. By contrast, blood pressure of the ET1-shRNA-treated
group did not increase, suggesting that silencing of ET1 prevented the development of CIH. Animals were
euthanized after 10 weeks of exposure to cold. Cold exposure significantly increased the left ventricle (LV)
surface area and LV weight in cold-exposed rats, suggesting LV hypertrophy. Superoxide production in
the heart was increased by cold exposure. Interestingly, ET1-shRNA prevented cold-induced superoxide
production and cardiac hypertrophy. ELISA assay indicated that ET1-shRNA abolished the cold-induced
upregulation of ET1 levels, indicating effective silencing of ET1. In conclusion, upregulation of ET1 plays
a critical role in the pathogenesis of CIH and cardiac hypertrophy. AAV delivery of ET1-shRNA is an
effective therapeutic strategy for cold-related cardiovascular disease.
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INTRODUCTION
COLD TEMPERATURES INCREASE the prevalence of

diseases and stroke peaks during the winter sea-
son.™® Therefore, the cold temperature is an inde-

hypertension and cardiovascular (CV) disease.
Clinical observations and epidemiological surveys
have established that people who live in the cold
regions have increased prevalence of hypertension
and related CV diseases (e.g., stroke and myocar-
dial infarction).!™ Cold exposure from everyday
life during winter is sufficient to induce significant
and prolonged hypertension in the general popu-
lation.® Indeed, cold temperatures increase blood
pressure (BP).”® Cold temperatures also increase
the severity of hypertension in hypertensive pa-
tients,” ! which may trigger myocardial infarction
and stroke. The mortality due to ischemic heart

pendent risk factor contributing to the high
incidence of hypertension and related CV disease
in cold regions or in winter even after adjusting for
age, sex, and other known factors.? Unfortunately,
a specific intervention for cold-related cardiovas-
cular disease is unavailable due to the unknown
mechanism.

Chronic or intermittent exposure to cold in-
creases blood pressure and causes cardiac and re-
nal hypertrophy in rodents, namely cold-induced
hypertension (CIH).>'2 There are numerous mod-
els of hypertension including genetically induced,
pharmacologically induced, and surgically induced
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hypertension; however, few studies focus on the
environmental effects of hypertension and cardio-
vascular hypertrophy. We found that CIH is a
natural form of experimentally induced hyperten-
sion, requiring no large doses of drugs or hormones
or genetic manipulations.® A series of studies
have been carried out to delineate the mechanism
of CIH.® We reported that the renin-angiotensin-
aldosterone system (RAS) and endothelial nitric
oxide synthase (eNOS) may be involved in the
pathogenesis of CIH.'2° We found that cold ex-
posure increased endothelin-1 (ET1) levels in small
vessels, hearts, and kidneys.?! Endothelin-1 (ET1)
is the most potent vasoconstrictor through binding
to ET receptors located on smooth muscle cells. It
is not known, however, whether ET1 is involved in
the pathogenesis of CIH. In this study we targeted
the ET1 mRNA to decrease availability of ET1 us-
ing the RNA interference (RNAi) approach. The
purpose of this study is to determine if silencing of
the ET1 gene provides protection against CIH.

METHODS
RNAi design and AAV packaging

Design of the RNAi sequence was done through
internet provided software (Invitrogen). Sequences
were obtained against CDS sequence of ET1. Three
ET1 and scrambled shRNA sequences were produced
by Geno-Mechanix and high performance liquid
chromatography purified. Optimization and specific-
ity was determined by naked and lipofectamine-
driven transfection into rat aortic smooth muscle
cells, generously provided by Dr. Peter Sayeski
(University of Florida), and protein levels confirmed
by Western blot and ELISA. The selected sequences
are GACAAGAAGTGCTGGAATT for ET1.

AAV2 carrying ET1 short-hairpin small inter-
ference RNA (ET1-shRNA) was constructed as we
described previously.'*?272% Briefly, AAV2 pack-
aging of shRNA was done by plating AAV-293 cells
into cell factories 2 days prior to packaging. Plas-
mid DNA containing shRNA sequences were mixed
with CaCls; and HEPES buffered saline and im-
mediately applied to cell factories. Cells were in-
cubated at 37°C for 6 h, at which point the medium
was replaced with fresh medium and returned to
37°C for 72 h. Cells were harvested into DMEM and
stored at —20°C until needed.

Vector purification was done using CaCly and
iodixanol/heparin. Harvested AAV-293 cells were
frozen and thawed two times and incubated with
0.1mg DNase I and RNase A (Roche Biochemicals)
for each 2.5 mLL DMEM for 30 min at 37°C. After
15min of centrifugation at 3000 rpm at 4°C the

supernatant was transferred into a new tube and
incubated with 0.5% deoxycholic acid (Sigma) for
30min at 37°C. The supernatant was filtered
through a 5 um pore size filter (Millipore) and a
0.8 um pore size filter (Millipore). The lysate was
applied to a heparin column and allowed to flow
at 1 drop/sec. After all the lysate had passed
through the matrix was washed twice with 25 mL
phosphate-buffered saline (PBS) containing 0.1 M
NaCl (0.254 M NacCl final concentration). The virus
was eluted with 15 mL PBS containing 0.4 M NaCl.
The virus was then readjusted to physiological
NaCl levels in PBS. Viral titer was determined by
quantitative RT-PCR using primers and probes
specific for Kanomyocin resistance gene.

AAV delivery and BP measurements

This study was performed according to the
guidelines of the National Institute of Health on
the care and use of laboratory animals, and was
approved by the Institutional Animal Care and Use
Committee of the University of Florida.

Four groups of male Sprague Dawley rats (8 rats
per group) were used. Systolic blood pressure (BP)
was measured using the tail cuff method as we
described previously.2* 2" After a stable BP was
obtained, three groups received intravenous injec-
tion of AAV.ET1-shRNA, AAV.SC-shRNA, and
PBS, respectively, before exposure to cold (6.4°C).
The remaining group was given PBS and kept at
room temperature (warm, 25°C) and served as a
control. Viral injections into the tail vein were
performed under isofluorane anesthesia (1.5%).
The viral particles were injected intravenous at the
dose of 1x 10° infectious units per animal (0.5 mL).
Following injection, BP was monitored twice dur-
ing a one-week period before animals were placed
in thermo-regulated chamber (6.4°C). BP was
measured weekly during exposure to cold.

Magnetic resonance imaging analysis
of heart size and function

Magnetic resonance imaging (MRI) analysis of
heart size was performed under isoflurane (1.5%)
anesthesia.?® Briefly, animals were placed feet first
and prone into a 4.7T magnet. Sinoatrial images were
taken from the apex of the heart to the tricuspid valve.
The heart images were acquired at both systole and
diastole. Images were converted to Digital Imaging
and Communication in Medicine (DICOM) format
and analyzed for left ventricle (LV) wall area, mass,
gjection fraction, stroke volume, and cardiac output
using a PIE software. MRI sessions were done for
each rat prior to injections, 2, 4, and 8 weeks post cold
exposure.
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Measurement of ET1

After 10 weeks of cold exposure, all animals
were euthanized with halothane. Blood was col-
lected for measuring plasma levels of ETI1.
Rats were perfused with cold PBS. The heart
and kidneys were removed and weighed. Aortas
and mesenteric arteries were dissected and
cleaned off extraneous tissue. A portion of these
organs were saved at —80°C for measuring tissue
levels of ET1.

Plasma and tissue levels of ET1 were measured
using an ET1 ELISA kits (Assay Design) according
to manufacturer protocol.?! ET1 levels were nor-
malized by total protein levels determined by pro-
tein assay (BioRad).

In situ superoxide production

A portion of the frozen heart samples were em-
bedded in optical cutting temperature for assessing
superoxide levels using dihydroethidium (DHE)
staining as described in our previous studies.!%?%-23:29
For quantification purposes, 0.10g of frozen heart
tissue was homogenized in buffer and incubated with
DHE at 37°C in a 96-well nonfluorescing plate. Sam-
ples were excited at 485/20nm and emissions were
read at 590/35 nm, sensitivity was set at 100 (Bio-Tek
Synergy HTTR-1E).

Statistical analyses
BP was analyzed using one-way ANOVA re-
peated over time. All other data were analyzed by
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Figure 1. AAV delivery of ET1-shRNA prevented the development of cold-induced hypertension. (A) Systolic blood pressure. (B) Body weight. Data shown as
means * standard error of the mean (SEM); n=8. AAV, adeno-associated virus; BP, blood pressure; ET1, endothelin-1; PBS, phosphate-buffered saline; shRNA,

short-hairpin small interference RNA.
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one-way ANOVA. The Newman—Keuls procedure
was used to assess the significance of differences
between groups. The significance was set at a 95%
confidence limit.

RESULTS
AAV delivery of ET1-shRNA prevented the
development of cold-induced hypertension
Systolic blood pressure did not differ among
groups during the control period at room temper-
ature (Fig. 1A). AAV delivery of ET1-shRNA did
not affect normal BP. Exposure to moderate cold
(6.7°C) resulted in a significant (p <0.05) increase
in BP in the PBS and scrambled shRNA groups
within one week. BP reached a peak level (145+
4.8 mmHg) by 6 weeks of exposure to cold and re-
mained elevated thereafter (Fig. 1A). Therefore,
rats developed hypertension in cold, namely cold-
induced hypertension (CIH). Interestingly, BP of
the AAV.ET1-shRNA-treated group did not in-
crease in response to cold exposure and remained
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at alevel of the warm-PBS groups throughout the
experiment (Fig. 1A), suggesting that AAV de-
livery of ET1-shRNA prevented the development
of CIH.

Body weights of the cold-exposed groups were
decreased in relative to the warm-PBS groups
(Fig. 1B). Treatment with AAV complexes did not
affect body weight, suggesting that AAV may not
have toxic effect on body weight gain.

In vivo MRI analysis of heart function
and LV area

MRI analysis was used to measure cardiac
function and monitor heart hypertrophy in vivo.
The LV surface area was significantly increased in
the PBS and Sc-shRNA groups by two weeks of
exposure to cold (Fig. 2A). The LV surface area
continued to increase at 4 weeks (Fig. 2B). By 8
weeks of exposure to cold, the LV area was in-
creased by almost 40% over the warm-PBS groups
(Fig. 2C). AAV delivery of ET1-shRNA significantly
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Figure 2. In vivo magnetic resonance imaging analysis of heart function and left ventricle (LV) area. (A) LV surface area by 2 weeks of cold exposure. (B) LV
surface area by 4 weeks of cold exposure. (C) LV surface area by 8 weeks of cold exposure. Data were calculated as fold changes of the pretreatment level.
Data shown as means+SEM; n=8. *p<0.05, **p<0.01, ***p<0.001 vs. warm-PBS group. *p<0.05, “"p<0.01 vs. the cold-SC-shRNA group.




194 CHEN AND SUN

attenuated the LV area gain at all time points of
exposure to cold (Fig. 2A-C).

Cardiac function was determined based on ejec-
tion fraction and cardiac output. The ejection
fraction was 72+ 6.8% in the warm-PBS group at 8
weeks. Cold exposure slightly but not significantly
decreased the ejection fraction (65+5.6%) in the
PBS or Sc-shRNA groups (data not shown). The
ejection fraction was 68 +4.8% for the ET1-shRNA
group. Cardiac output was not significantly different
between groups at any time points although ET1-
shRNA-treated animals showed a slightly higher
cardiac output in relative to the PBS and Sc-shRNA
groups by 8 weeks of exposure to cold. Thus, AAV
delivery did not affect cardiac output significantly,
suggesting the safety of the AAV complex.
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AAYV delivery attenuated cold-induced
cardiac hypertrophy

Cold increased heart weight significantly vs.
the Warm-PBS group (Fig. 3A), indicating car-
diac hypertrophy. ET1-shRNA slightly but not
significantly decreased heart weight. The LV was
dissected out and weighed. Interestingly, ET1-
shRNA significantly decreased the increase in LV
weight in cold-exposed rats (Fig. 3B), suggesting
that RNAi silencing of ET1 attenuates cold-
induced cardiac hypertrophy. Myocytes size was
measured in 5 um sections of the LV. Cold expo-
sure significantly increased the myocyte size
(Fig. 3C), indicating myocyte hypertrophy. ET1-
shRNA prevented cold-induced myocyte hypertro-
phy (Fig. 3C).
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Figure 3. AAV delivery attenuated cold-induced cardiac hypertrophy. (A) Heart weight. (B) LV:heart weight ratio. (C) Myocyte area. (D) Kidney weight.
These parameters were measured at 10 weeks after exposure to cold. Data shown as means+SEM; n=8. **p<0.01, ***p<0.001 vs. warm-PBS

group. "p<0.05, 7" p<0.01 vs. the cold-SC-shRNA group.
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Figure 4. AAV delivery ET1-shRNA attenuated the cold-induced increase in ET1 levels. Concentrations of ET1 in heart (A), aorta (B), mesenteric arteries (C),
plasma (D), renal cortex (E), and renal medulla (F). These parameters were measured at 10 weeks after exposure to cold. Data shown as means+ SEM; n=38.

*p<0.05, **p<0.01, ***p<0.001 vs. warm-PBS group. *p<0.05 vs. the cold-SC-shRNA group.
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Cold exposure also significantly increased kid-
ney weights (Fig. 3D), indicating renal hyper-
trophy. Unexpectedly, ET1-shRNA did not affect
cold-induced renal hypertrophy.

AAV delivery ET1-shRNA attenuated
the cold-induced increase in ET1 levels

ET1 protein levels were measured in several
tissues and plasma using ELISA. Cold exposure
significantly increased ET1 levels in the heart,
aorta, and mesenteric arteries (Fig. 4A-C), indi-
cating that cold exposure induces ET1 production.
ET1-shRNA prevented the cold-induced increases
in ET1 generation in these organs, suggesting ef-
fective silencing of ET1 gene. By contrast, plasma
concentration of ET1 was not affected by cold ex-
posure although it was decreased significantly by

A

Warm-PBS

Cold-SC-shRNA

@

g i

g

Heart Superoxide Level a
(DHE Fluorescence)

8

ET1-shRNA (Fig. 4D). ET1-shRNA abolished the
cold-induced increase in ET1 levels in the renal
cortex (Fig. 4E). The cold-induced increase in ET1
level in the renal medulla was also significantly
attenuated but not prevented by ET1-shRNA
(Fig. 4F).

AAV delivery ET1-shRNA attenuated
the cold-induced increase in superoxide
production

We assessed the levels of in situ superoxide
production in the heart. Frozen heart sections were
stained with DHE and visualized when excited.
Cold exposure increased superoxide levels
(brighter red ethidium fluorescence) which was
mitigated by ET1-shRNA (Fig. 5A). To further
quantify the amount of superoxide levels, we per-
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Figure 5. AAV delivery ET1-shRNA attenuated the cold-induced increase in superoxide production. (A) /n situ superoxide levels in the heart (red, DHE
staining). (B) Quantification of superoxide levels. These parameters were measured at 10 weeks after exposure to cold. Data shown as means+ SEM; n=8.

**n<0.01 vs. warm-PBS group. **p<0.05 vs. the cold-SC-shRNA group.
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formed an assay using freshly homogenized tissue
incubated with DHE and read in a fluorescent
plate reader. The data confirmed that ET1-shRNA
abolished the cold-induced increase in superoxide
production in the heart (Fig. 5B).

DISCUSSION

Cold temperatures have adverse effects on the
human cardiovascular system. The prevalence of
hypertension and ischemic heart disease is higher
in the cold regions, suggesting that cold tempera-
tures are an important risk factor for cardiovas-
cular disease. The mortality from cardiovascular
disease peaks in winter. Cold temperatures trigger
myocardial infarction and stroke which are largely
attributed to CIH. Unfortunately, there is no spe-
cific intervention recommended for CIH. We have
previously shown that ET1 levels are significantly
increased due to cold exposure.?! In this study, we
demonstrated that silencing of the ET1 gene by
RNA interference (RNAi) prevented the develop-
ment of CIH (Fig. 1). To the best of our knowledge,
this is the first report showing that upregulation of
ET1 production plays a critical role in the patho-
genesis of CIH. This finding is significant because
it provides a potential therapeutic target for CIH
and CIH-related cardiovascular disease. Interest-
ingly, one single dose of AAV.ET1-shRNA controls
hypertension for up to 10 weeks (length of the
study), indicating the long-lasting therapeutic ef-
fect of the AAV complex. The AAV vector can de-
liver target genes to the nuclei of cells, where the
therapeutic gene then integrates into the host ge-
nome.?® Therefore, AAV delivery of ET1-shRNA
provides a powerful and long-lasting therapy for
hypertension, overcoming the disadvantages of the
current pharmacological therapy.

The effect of ET1 is mediated by ET receptors.
There are two major types of ET receptors (ETA
and ETB), each has several subtypes.?>*! Activa-
tion of ETA and ETB receptors often has opposite
effects on blood pressure. The purpose of this study
is to investigate if the ET system plays a role in the
pathogenesis of CIH. Therefore, the best approach
for achieving this objective is to test whether in-
hibition of ET1 generation attenuates the devel-
opment of CIH. Future studies are required to
assess the contribution of individual ET receptors
to CIH.

ET1-shRNA effectively silenced the ET1 gene as
it abolished cold-induced upregulation of ET1 pro-
duction in hearts, aortas, and small arteries
(Fig. 4). Our previous studies showed that AAV is
an effective vector for delivering therapeutic genes

to cardiomyocytes, renal cells, and vascular
cells.'®3273% AAV-mediated delivery of mineralo-
corticoid receptor (MR) shRNA decreased MR
protein expression in renal tubules, attenuated
CIH, and improved kidney structure and func-
tion.?* In vivo expression of anti-aging gene Klotho
attenuated hypertension and improved kidney
function and structure in spontaneous hyperten-
sive rats.®® By contrast, AAV-based RNAi inhibi-
tion of brain klotho activates the sympathetic
nervous system and potentiates cold-induced ele-
vation of BP though the endothelin pathway,>?
implicating that there exists a cross-talk between
Klotho and ET1 in the pathogenesis of CIH.

We chose to use AAV to carry therapeutic genes
because AAV is safe, nonpathogenic, noninflam-
matory, and extremely stable.3°736 AAV has been
approved by the Food and Drug Administration as
a vector for clinical gene therapy.?"~** In this study
we found that the virus had no effect on growth
rate, food consumption (data not shown), or heart
function. There were no deaths following the tail
vein injection and the rats developed no abnor-
malities for the duration of the treatment.

In this study, we monitored the heart size by
measuring in vivo heart surface area using MRI.
Animals also developed cardiac hypertrophy dur-
ing exposure to cold as evidenced by significant
increases in LV surface areas and heart weight
(Figs. 2, 3). Cardiac hypertrophy is an important
risk factor for myocardial infarction. Interestingly,
RNA:I silencing of ET1 attenuated cold-induced LV
hypertrophy but does not significantly decrease the
heart weight, suggesting that LV hypertrophy is
likely due to increased afterload (i.e., hypertension).
This finding also suggests that cold-induced car-
diac hypertrophy is whole heart hypertrophy. It
was reported that increased thyroid hormone (TH)
secretion contributes to cold-induced cardiac hyper-
trophy.*> TH promotes protein synthesis and myo-
cyte growth.*® Cold-induced kidney hypertrophy was
not due to upregulation of ET1 because ET1-shRNA
did not attenuate the increase in kidney weight in
cold-exposed rats (Fig. 3).

Cold exposure activates the RAS and down-
regulates eNOS expression contributing to the
development of CIH.'*2° We found that the cold-
induced increase in ET1 production in the heart is
likely due to activation of the RAS via AT;4 re-
ceptors.” It was reported that an increase in ET1
suppressed eNOS expression because inhibition of
ET actions by Bosentan (ET receptor antagonist)
abolished the downregulation of eNOS expression
in diabetic rats.*® Thus, we believe that cold-
induced overactivation of the RAS increases ET1
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production which suppresses eNOS expression
thus playing a role in the pathogenesis of CIH.
Cold exposure increased superoxide levels in the
heart (Fig. 5), which is likely due to increased nico-
tinamide adenine dinucleotide phosphate (NADPH)
oxidase activity.'?> We reported that suppression of
superoxide production by inhibition of NADPH
oxidase attenuates the development of cardiac hy-
pertrophy,'? suggesting that overproduction of su-
peroxide contributes to cardiac hypertrophy. It is
noteworthy that silencing of ET1 abolished cold-
induced upregulation of superoxide production.
Thus, this study provides the first evidence that up-
regulation of ET1 is a critical mediator of cold-
induced generation of superoxide. It was reported
that ET1 activates NADPH oxidases.*” On the
other hand, cold exposure increases secretion of
thyroid hormones,*® which stimulates Nox1
NADPH oxidase activity.*® A future study is re-
quired to assess the relationship of ET1 and TH in
the regulation of NADPH oxidase activity and

Cold exposure increases ET1 levels in the heart,
aorta, small vessels, and kidneys. In vivo silencing of
the ET1 gene by AAV delivery of ET1-shRNA pre-
vented the development of cold-induced hyperten-
sion and cardiac hypertrophy. This study provides
the first evidence that upregulation of ET1 produc-
tion contributes to the pathogenesis of cold-induced
hypertension and cardiac hypertrophy. The finding
of this study will help develop an effective strategy
for the control of cold-related cardiovascular disease.
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