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57 ABSTRACT

Methods and compositions to suppress renin expression and
blood pressure in mammals are disclosed. Vitamin D and its
analogues and derivatives, including Gemini compounds, are
negative regulators of renin synthesis and blood pressure.
Renin expression and plasma angiotensin II production were
increased several fold in vitamin D receptor (VDR) null mice,
leading to hypertension, cardiac hypertrophy and increased
water intake. Vitamin D or its analogue-mediated regulation
of renin expression and blood pressure is independent of
calcium metabolism. Vitamin D analogues or derivatives are
novel preventive or therapeutic anti-hypertension agents.
Assays to identify novel vitamin D analogues or derivatives as
anti-hypertensive agents are disclosed.
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VITAMIN D AND VITAMIN D ANALOGS OR
DERIVATIVES AS NEW
ANTI-HYPERTENSIVE AGENTS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a divisional of copending U.S.
application Ser. No. 10/962,215, filed Oct. 8, 2004, which is
acontinuation in part of U.S. application Ser. No. 10/865,624,
filed Jun. 10, 2004, now abandoned, which claims priority
from U.S. provisional application No. 60/477,900, filed Jun.
12, 2003, the contents of which applications are incorporated
herein by reference in their entireties.

[0002] The U.S. Government has rights in the present
invention due to partial support of the Digestive Disease
Research Center Grant DK42086 and NIH grant DK 59327.

BACKGROUND OF THE DISCLOSURE

[0003] The renin-angiotensin system is involved in blood
pressure, electrolyte and volume homeostasis. Inappropriate
activation of the renin-angiotensin system may lead to hyper-
tension, which is a risk factor for stroke, myocardial infarc-
tion, congestive heart failure, progressive atherosclerosis and
renal failure. The mechanisms of renin-angiotensin processes
are not well understood.

[0004] Renin, a protease synthesized and secreted pre-
dominantly by the juxtaglomerular (JG) apparatus in the
nephron is a rate-limiting component of the system. Renin
cleaves angiotensin (Ang) I from liver-derived angiotensino-
gen, which is then converted to Ang II by the angiotensin-
converting enzyme. Ang II, through binding to its receptors,
exerts diverse actions that affect the electrolyte, volume and
blood pressure homeostasis. Inappropriate stimulation of the
renin-angiotensin system has been associated with hyperten-
sion, heart attack and stroke.

[0005] Renin-producing granulated cells are mainly
located in the afferent glomerular arterioles in the kidney.
Renin secretion is regulated by renal perfusion pressure, renal
sympathetic nerve activity and tubular sodium load. Renin
secretion is stimulated by factors such as prostaglandins, NO
and adrenomedullin, and inhibited by other factors, including
Ang 11 (feedback), endothelin, vasopressin and adenosine.
Stimulation of renin secretion is often mediated by an
increase in intracellular cAMP and is accompanied by
increases in renin gene transcription.

[0006] Relationships have been suggested between the
vitamin D pathways and blood pressure. Vitamin D is a pri-
mary regulator of calcium homeostasis. Genetic inactivation
of either the vitamin D receptor (VDR), a member of the
nuclear receptor superfamily that mediates the action of'1,25-
dihydroxyvitamin D;1,25(0OH),D;], or 25-hydroxyvitamin
D; la-hydroxylase, the rate-limiting enzyme for the biosyn-
thesis of 1,25(0OH),D;, results in impaired calcium homeo-
stasis, leading to hypocalcemia, secondary hyperparathyroid-
ism and rickets. However, the mechanism underlying the
relationship between vitamin D, blood pressure and plasma
renin activity is unknown.

SUMMARY OF THE DISCLOSURE

[0007] Vitamin D and vitamin D analogs or derivatives
disclosed herein are new anti-hypertensive agents to control
renin production and blood pressure. Vitamin D is a negative
regulator of renin expression in vivo.

[0008] Disruptionofthe vitamin D signaling pathway leads
to a deregulated elevation of renin expression, and an increase
in serum vitamin D levels leads to a suppression of renin
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expression. Vitamin D is an endocrine suppressor for renin
biosynthesis. Mutant mice that lack a vitamin D receptor have
much higher production of renin and angiotensin II and
develop hypertension and cardiac hypertrophy, whereas
injection of 1,25-dihydroxyvitamin D3 into normal mice
reduces renin synthesis. Vitamin D analogs with less calcemic
effect and higher potency than vitamin D are used for sup-
pressing rennin biosynthesis and regulating blood pressure.
[0009] A cell culture system for vitamin D analog screen-
ing was developed to identify a group of vitamin D analogs,
including Gemini compounds that have more potent renin-
suppressing activity than 1,25-dihyroxyvitamin D3 were
identified. Gemini compounds suppress renin expression, and
afew are 10to 100 times more potent that 1,25 (OH),D; (FIG.
4, and FIGS. 1 and 2). Some of the vitamin D analogs that
exhibit renin suppressing activity are shown in TABLES 1
and 2.
[0010] A method of suppressing renin expression in a
mammal includes the steps of:

[0011] (a) obtaining a pharmaceutical composition that

includes a vitamin D analogue or derivative; and

[0012] (b) administering the pharmaceutical composi-
tion to the mammal.

[0013] A method of reducing blood pressure in a mammal
includes the steps of:

[0014] (a) obtaining a pharmaceutical composition that
includes a vitamin D analogue or derivative; and

[0015] (b) administering the pharmaceutical composi-
tion to the mammal.

[0016] The pharmaceutical composition may have an
acceptable carrier and other sustained/extended release for-
mulations. More than type of one vitamin D analogue or
derivative can also be formulated as a pharmaceutical com-
position and administered to mammals including humans.
[0017] Inanaspect,avitamin D analogue or derivative may
include a Gemini compound. The Gemini compound may
have two side chains at C20. Exemplary Gemini compounds
include vitamin D analogues or derivatives such as (1,25-
dihydroxy-21(3-methyl-3-hydroxy-butyl)-cholecalciferol)
(#4);  (1,25-dihydroxy-21(3-methyl-3-hydroxy-butyl)-19-
nor-cholecalciferol) (#9); (1,25-dihydroxy-20R-21(3-hy-
droxy-3-methylbutyl)-23-yne-26,27-hexafluoro-cholecal-
ciferol)  (#10);  (1,25-dihydroxy-20S-21(3-hydroxy-3-
methylbutyl)-23-yne-26,27-hexafluoro-cholecalciferol)
(#11); (1,25-dihydroxy-20R-21(3-hydroxy-3-methylbutyl)-
23-yne-26,27-hexafluoro-19-nor-cholecalciferol) (#12);
(1,25-dihydroxy-20S-21(3-hydroxy-3-methylbutyl)-23-yne-
26,27-hexafluoro-19-nor-cholecalciferol) (#13); (1,25-dihy-
droxy-21(2R,3-hydroxy-3-methylbutyl)-20R-cholecalcif-
erol) (#17); and (1,25-dihydroxy-21(2R,3-hydroxy-3-
methylbutyl)-20S-cholecalciferol) (#18).
[0018] A method of reducing blood pressure in a mammal
without inducing hypercalcemia includes the steps of:
[0019] (a) obtaining a pharmaceutical composition that
includes vitamin D or a vitamin D analogue or derivative
that does not induce hypercalcemia; and
[0020] (b) administering the pharmaceutical composi-
tion to the mammal.
[0021] An assay for screening vitamin D analogues or
derivatives including Gemini compounds to suppress renin
expression in a mammal comprising:
[0022] (a) treating (or exposing or adding) a cell culture
with vitamin D analogues or derivatives including
Gemini compounds;
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[0023] (b) comparing renin expression in the cell culture
treated with the vitamin D analogues or derivatives
including Gemini compounds to a control cell culture;
and

[0024] (c) determining if the vitamin D analogues or
derivatives including Gemini compounds suppress renin
expression.

[0025] An assay for screening vitamin D analogues or
derivatives including Gemini compounds to regulate blood
pressure in a mammal includes the steps of:
[0026] (a) treating a cell culture with vitamin D ana-
logues or derivatives including Gemini compounds;

[0027] (b) comparing renin expression in the cell culture
treated with the vitamin D analogues or derivatives
including Gemini compounds to a control cell culture;
and

[0028] (c) determining that the vitamin D analogues or
derivatives including Gemini compounds regulate blood
pressure if renin expression is suppressed.

[0029] In an aspect, the cell culture expresses vitamin D
receptor (VDR) and renin.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIG.1 shows an evaluation of the activity of vitamin
D analogues to suppress renin expression. Vitamin D ana-
logues listed in TABLE 1 were used to treat As4.1-hVDR
cells at 107'°, 10~ and 10~® M. Renin mRNA was analyzed
by Northern blot. 36B4 is a control mRNA and represents a
mouse acidic ribosomal phosphoprotein.

[0031] FIG. 2 shows an evaluation of vitamin D analogues
by luciferase reporter assays, confirming the super-potency of
the Gemini analogues (#4) and (#9) in suppressing the renin
promoter activity. As4.1-hVDR cells were transfected with
pGL-4.1 kb-Luc, and treated with ethanol (E), 10=° M of
1,25(0H),D, (VD3) and different analogues as indicated.

[0032] FIG. 3 shows chemical structures of 1,25(OH),D;,
and Gemini analogues. All the Gemini compounds listed in
TABLES 1 and 2 are derivatives of the two-side chain struc-
ture.

[0033] FIG. 4 is an histogram of evaluation of Gemini
analogues by Northern blot analysis. The 11 Gemini com-
pounds listed in TABLE 2 (indicated) were used to treat
As4.1hVDR cells at 107'°, 107°, and 10~® M for 24 hours.
Renin mRNA was quantitated by Northern blots. The quan-
titative data obtained at 107'° and 10~° M are shown in A and
B. The # of each compound corresponds to the number shown
in TABLE 2. E, ethanol-treated control, VD, 1,25(0OH),D;.

[0034] FIG. 5 shows the effects of VDR inactivation on
renin expression and plasma Ang II production. A. Renin
mRNA expression in the kidney. Kidney total RNAs were
isolated from wild type (+/+) and VDR~ (-/-) mice and
analyzed by Northern blot. The same membrane was sequen-
tially hybridized with mouse renin and 36B4 cDNA probes.
Each lane represents an individual animal. B. Quantitative
results of the Northern blot analyses shown in A. Values
represent the ratio of renin mRNA to 36B4 mRNA. *, P<0.
001 vs. +/+ mice. C. Immunohistochemical staining of the
kidney cortex from wildtype (+/+) and VDR~ (/=) mice
with anti-renin antiserum. Arrows indicate the afferent glom-
erular arterioles in the juxtaglomerular region. Scale bar, 25
um. D. Plasma Ang II concentrations in wildtype (+/+) and
VDR™" (~/-) mice. *, P<0.001 vs. +/+ mice, n=15 in each
group. E. Liver angiotensinogen mRNA expression in wild-
type (+/+) and VDR~ (-/-) mice determined by northern
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blot. The membrane was sequentially hybridized with mouse
angiotensinogen and 36B4 cDNA probes. Each lane repre-
sents an individual mouse.

[0035] FIG. 6 shows the effects of VDR inactivation on
blood pressure and heart weight/body weight ratio. A. Sys-
tolic and diastolic blood pressures of wildtype (open bar) and
VDR~ (closed bar) mice. *, P<0.01 vs. corresponding +/+
mice. n=9 for +/+ mice; n=8 for —/- mice. B. Ratio of heart
weight to body weight of wildtype (+/+) and VDR™™ (-/-)
mice. *, P<0.05 vs. +/+ mice; n=9 in each genotype. C. Mean
blood pressure (BP) of wildtype (open bar) and VDR™~
(closed bar) mice untreated or treated with captopril for 5
days. *, P<0.05 vs. corresponding untreated +/+ mice. n=4 in
each genotype in each group.

[0036] FIG. 7 shows the effects of high sodium load and
volume depletion on renin mRNA expression and plasma
Ang 11 production in wildtype (+/+) and VDR (~/-) mice.
A. Northern blot analysis of renal renin mRNA from mice
treated with the normal rodent diet supplemented with 8%
NaCl for different days as indicated. Each lane represents an
individual mouse. control, untreated. B. Plasma Ang II con-
centrations in the 8% NaCl diet-treated animals. open bar, +/+
mice; closed bar, /- mice; *, P<0.01 vs. corresponding +/+
mice at the same time point; **, P<0.05 vs. untreated control
+/+ mice; n=3 in each genotype at each time point. C. North-
ern blot analysis of renal renin mRNA expression in mice
dehydrated for 24 hrs (24 hr). Each lane represents an indi-
vidual mouse. control, untreated. D. Plasma Ang II levels in
untreated control and dehydrated (24 hr) mice. open bar, +/+
mice; closed bar, /- mice; *, P<0.01 vs. corresponding +/+
mice; ¥**P<0.01 vs. untreated control +/+ mice; n=3 in each
genotype in each group.

[0037] FIG. 8 shows the elevation of renin expression in
strontium-treated wildtype mice. Two-month old wildtype
mice were fed the normal diet supplemented with 2.5% stron-
tium chloride for 7 weeks before sacrifice. A. Northern blot
analysis of renin mRNA expression in the kidney from non-
treated and strontium-treated wildtype mice. Each lane rep-
resents an individual animal. B. Quantitative results of the
northern analysis. C. Blood ionized calcium concentration
determined at the end of the treatment (n=5 in each group). In
both b and ¢, NT, non-treated; STR, strontium-treated, *,
P<0.01 vs. NT value.

[0038] FIG. 9 shows that 1,25-dihydroxyvitamin D5 sup-
presses renin expression in wildtype mice. A. Wildtype mice
(3 month old) were injected intraperitoneally with 2 or 5
doses of 30 pmole of 1,25(0OH),D; (VD) dissolved in propy-
lene glycol or vehicle (V). The 2 doses were given in two
consecutive days at 9 am. The 5 doses were given in three
consecutive days at 9 am and 7 pm for the first two days, and
at 9 am on the third day. Total renal RNA was isolated 6 hr
after the last injection. Renin, calbindin-D9k (CaBP-D9k)
and 36B4 mRNA levels were determined by Northern blot
analysis. B. Quantitation of renin mRNA levels. Closed bar,
vehicle treatment; Open bar, 1,25(0OH),D; treatment. n=3 in
each group. *, P<0.05 vs. vehicle treatment.

[0039] FIG. 10 shows that renin up-regulation is indepen-
dent of the calcium status. A. Blood ionized calcium levels in
wildtype (open bar) and VDR ™" (closed bar) mice at 20 days
of age (20 d), 3 months of age (3 m) or treated with the
HCa-Lac diet for 5 weeks (5 wCa). *, P<0.01 vs. correspond-
ing +/+ value. nZ5 in each group. B. Serum intact PTH
(iPTH) concentrations of 20 d, 3 m and 5 wCa wildtype (open
bar) and VDR ™~ (closed bar) mice. *, P<0.01 vs. correspond-
ing +/+ mice; n=5 in each group. Note the open bars are
barely visible on this scale. C. Northern blot analysis of renal
renin mRNA from 20-day old wildtype (+/+) and VDR~
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(/=) mice. D. Quantitative data of the northern blot analyses
from 20-day old mice. *, P<0.001 vs. +/+ mice. E. Northern
blot analysis of renin mRNA expression in the kidney of
wildtype (+/+) and VDR ™~ (-/=) mice treated with the HCa-
Lac diet for 5 weeks. F. Quantitative result of the northern blot
analysis of the 5 wCa mice. *, P<0.001 vs. +/+ mice. G.
Plasma Ang II concentrations of the 5 wCa mice. *, P<0.01
vs. +/+ mice; n=5 in each genotype.

[0040] FIG. 11 shows suppression of renin mRNA expres-
sion by 1,25(OH),D; in As4.1 cells. A. As4.1 cells were
transiently transfected with (+) or without (=) pcDNA-hVDR
plasmid containing the full-length human VDR ¢DNA and
then treated with 5x10~® M 0f 1,25(0OH),D; (+) or ethanol (-)
for 24 hrs. Total cellular RNA was isolated and analyzed by
northern blot with renin and 36B4 cDNA probes. B. Quanti-
tative results of northern blot analyses obtained from three
independent experiments. C, ethanol-treated; VD, 1,25(OH)
,Ds-treated; T, transfected with pcDNA-hVDR and treated
with ethanol; T/VD, transfected with pcDNA-hVDR and
treated with 1,25(0OH),D;. *, P<0.001 vs. C, VD or T value.
[0041] FIG. 12 shows that 1,25(OH),D; suppresses renin
gene transcription. A. Expression of hVDR mRNA in stable
As4.1 clones. P, parental As4.1 cells; #57, As4.1 clone 57
stably transfected with pcDNA-hVDR; V, As4.1 clone stably
transfected with the empty vector pcDNA3.1. B. Renin
mRNA expression in As4.1 clone V (Vector) and #57 treated
with ethanol (E) or different doses of 1,25(0OH),D; as indi-
cated. c. As4.1-hVDR cells (clone #57) were transfected with
pGL3-Control, pGL-4.1 kb or pGL-117 bp luciferase reporter
plasmid and then treated with ethanol (closed bar) or 10° M
of 1,25(0OH),D; (open bar). Luciferase activity was deter-
mined 48 hr after transfection. Similar results were obtained
in other stable clones.

[0042] FIG. 13 shows renin expression in Gem2 null mice.
A. Northern blot of renin expression; B, quantification of
renin expression; C. Calcium levels in the Gem?2 null mice.
[0043] FIG. 14 shows the outline of the interaction between
the vitamin D endocrine system and the RAS. Under normal
physiological conditions 1,25(OH),D; functions as an endo-
crine suppressor to maintain the homeostasis of renin produc-
tion. Renin is also feedback suppressed by Ang II. The
mechanism of PTH regulation of renin is unclear. Other stud-
ies suggest that vitamin D and PTH may also directly affect
the cardiovascular functions (dashed lines).

[0044] FIG. 15 shows that (#9) reduces renin expression in
vivo. Mice were injected i.p. with compound #9 (at 12 pug/kg
body weight) or vehicle for 7 days. Kidney RNAs were iso-
lated and renin RNA levels were quantified by Northern blot-
ting. n=4; p<0.05.

[0045] FIG. 16 shows that a Gemini compound inhibits
renin expression in normal mice without inducing significant
hypercalcemia. (A) Blood ionized calcium levels. Normal
mice (n=5) were treated with vehicle (control), 1,25(0OH),D3
(VD3) or compound #9 at a daily dose of 1.5 pg/kg body
weight for one week. Arrow indicates that 2 out of 5 VD3-
treated mice died at day 7. (B) Renin mRNA levels in the
kidneys of treated mice, as determined by quantitative North-
ern blots. *, P<0.01.

[0046] FIG. 17 shows that a Gemini compound at varying
doses can efficiently inhibit renin production in normal mice.
Normal mice (n=4 to 6) were treated with compound #9 for
one week at a daily dose of 5 pg/kg body weight (A) or 12
ng/kg body weight (B), and renin mRNA expression in the
kidneys were determined by Northern blots after the treat-
ment. As a control for vitamin D action, Calbindin-D9k
stimulation was measured. Quantitative data were presented
below the Northern blot gels. A 54% and 76% reduction in
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renin mRNA levels after the treatment with the vitamin D
analog was observed. *, P<0.001.

[0047] FIG. 18 shows renin mRNA expression in wild-type
(+/+) and VDR(~/-) mice treated with losartan or captopril.
Total kidney RNAs were separated on agarose gels (20
ng/lane). Membranes were hybridized sequentially with 32P-
labeled renin and 36B4 cDNA probes. The relative amount of
renin mRNA was quantitated after being normalized with
36B4 mRNA levels. (A) Representative Northern blot for
renin mRNA levels in untreated and losartan-treated mice.
(B) Quantitative results from Northern blots in (A). (C) Rep-
resentative Northern blot for renin mRNA levels in untreated
and captopril-treated mice. (D) Quantitative results from
Northern blots in (C). open bar, +/+ mice; filled bar, —/- mice.
* P<0.001 vs. corresponding +/+ values; **, P<0.001 vs.
corresponding untreated values of the same genotype.
[0048] FIG. 19 shows that treatment with captopril reduces
cardiac hypertrophy and ANP up-regulation in VDR(-/-)
mice. (A) Heart to body weight ratio of VDR(+/+) and VDR
(-/-) mice untreated or treated with captopril for two weeks.
*, P<0.001 vs. VDR(+/+) mice; n=8. (B) Cardiac ANP
mRNA levels in VDR(+/+) and VDR(-/-) mice untreated or
treated with captopril for two weeks, quantified by Northern
blot analysis. *, P<0.05 vs. VDR(+/+) mice, n=4.

[0049] FIG. 20 shows the expression of the cardiac renin-
angiotensin system in VDR(+/+) and VDR(-/-) mice. Total
RNAs were isolated from hearts of VDR(+/+) and VDR(-/-)
mice untreated or treated with captopril for two weeks, and
the mRNA levels of cardiac renin (A), angiotensinogen
(AGT) (B), and AT-1a receptor (C) were quantified by real
time RT-PCR. The relative mRNA level of each gene was
normalized to GAPDH. *, P<0.01 as compared with corre-
sponding +/+ control; ** P<0.001 as compared with
untreated control of the same genotype. n=4 or 5.

DETAILED DESCRIPTION

[0050] Vitamin D and its analogs and derivatives including
Gemini compounds suppress renin expression and regulate
hypertension in mammals. Vitamin D, and its analogs and
derivatives including Gemini compounds are novel anti-hy-
pertensive agents.

[0051] A physiological function of the renin-angiotensin
system is to maintain vascular resistance and extracellular
fluid volume homeostasis, accomplished by the regulatory
actions of Ang II on the peripheral vasculature, heart, central
nerve system, kidney and adrenal glands. The renin-angio-
tensin cascade, a rate-limiting component of renin secretion
and production, is mostly stimulated by volume or salt deple-
tion, reduction in renal vascular perfusion pressure and sym-
pathetic nerve activity.

[0052] VDR null mice have a sustained elevation of renin
expression while still maintaining a normal level of blood
electrolytes. The augmentation of renin synthesis leads to
increased plasma Ang II production from angiotensinogen,
which drives VDR null mice to increase water intake and
intestinal salt absorption, because Ang II is a very potent
thirst-inducing agent that acts on the central nervous system,
as well as a potent stimulator of intestinal sodium absorption.
The mutant mice have to excrete more urine and salt to main-
tain volume and electrolyte homeostasis. As a potent vaso-
constrictor, Ang Il augmentation also leads to the develop-
ment of hypertension and cardiac hypertrophy in VDR null
mice. Thus, a new steady state of the renin-angiotensin sys-
tem is established in VDR null mice, in which the basal renin
expression is higher but still responds appropriately to the
same tubular salt load and volume stimuli as in the normal
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state. It is believed that the up-regulation of renin expression
is a primary defect in VDR null mice.

EXAMPLES
Example 1

VDR Null Mice Maintain a High Level of Renin
Expression

[0053] Renin expression in VDR null mice, which reacts to
high salt load or dehydration indicates that the mechanism
underlying the sustained renin elevation is independent of the
pathways activated by tubular salt load or volume depletion.
The involvement of COX-2 implicated in mediating macula
densa-mediating renin release, in renin elevation in VDR null
mice is unlikely, because the same low COX-2 protein level
was observed in the kidney of both VDR null and wildtype
mice. Because adult VDR null mice develop hypocalcemia
and secondary hyperparathyroidism, the up-regulation of
renin expression could be due to VDR inactivation per se,
hypocalcemia and/or high PTH. However, vitamin D regula-
tion of renin gene expression is direct and independent of the
calcium status because: (1) Pre-weaned VDR null mice that
have not yet developed hypocalcemia already show an
elevated renin expression; (2) When the blood ionized cal-
cium of adult VDR null mice is normalized by the HCa-Lac
diet, their renin expression and Ang 11 level are still elevated;
(3) Conversely, Gem2 null mice, which are as hypocalcemic
as VDR null mice, do not manifest elevated renin expression;
(4) In wildtype mice, reduction of 1,25(OH),D; biosynthesis
also results in elevated renin expression, whereas injection of
1,25(0OH),Dj; leads to reduced renin expression; and (5) 1,25
(OH),D; directly suppresses renin gene transcription in
As4.1 cells by a VDR-mediated mechanism. Vitamin D is a
potent negative endocrine regulator of renin expression in
vivo.

[0054] Secondary hyperparathyroidism may also contrib-
ute to the renin up-regulation in VDR null mice, because the
serum PTH level in the normocalcemic pre-weaned or HCa-
Lac diet-treated VDR null mice is still significantly higher
than that of the wildtype mice (even though it is much lower
than that of the untreated adult VDR null mice). PTH may
indirectly regulate renin expression in vivo.

Example 2

1,25(0H),D, Exerts its Actions by Binding to the
VDR

[0055] Inmostcases where 1,25(0OH),D; acts as a positive
regulator, the liganded VDR heterodimerizes with the RXR
and binds to specific DNA sequences (VDRE) in the pro-
moter of target genes to regulate gene expression. 1,25(OH)
,Dj; also acts as a negative regulator. VDR-mediated tran-
scriptional repression 1,25(OH),D; appears to suppress renin
gene expression through a cis-DNA element(s) in the renin
gene promoter.

[0056] FIG. 3 shows the structure of 1,25-dihydroxyvita-
min D3, the most active, hormonal form of vitamin D, and the
basic structure of the Gemini compounds and some Gemini
analogues. As used herein, vitamin D analogs or derivatives
include all structures that resemble vitamin D and include
Gemini compounds and their analogues or derivatives.

Example 3

Screening Assay for Identifying Gemini Compounds
in Suppressing Renin Expression

[0057] The results of vitamin D analog screening using the
cell culture system are summarized in TABLE 1. Of the 9
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compounds, two compounds (as indicated by an *) are found
as active as, or more active than, 1,25-dihydroxyvitamin D3.
Both the active compounds are Gemini compounds. The
results of more vitamin D analog screening are summarized
in TABLE 2. At least 8 compounds either were as active or
more potent than 1,25-dihydroxyvitamin D3 in suppressing
renin gene expression. These compounds are suitable for
animal testing. Some of these active compounds (e.g. 10, 11,
12, 13, 17, 18) were at least 10- to 100-fold more potent than
1-25-dihydroxyvitamin D3, whereas they are known to have
less side effects than 1,25-dihydroxyvitamin D3, rendering
them candidates for further testing.

[0058] These results demonstrated the feasibility of using
the screening system of the present invention to screen poten-
tially a large number of vitamin D analog compounds to
identify the most promising ones for animal and human trials.
The renin-angiotensin system (RAS) is a direct target for
vitamin D to regulate blood pressure. RAS as a vitamin D
target plays arole in regulating hypertension. RAS can also be
targeted by vitamin D analogues or derivatives including
Gemini compounds and their analogues and derivatives.

Example 4

Renin Expression and Plasma Ang I Production are
Elevated in VDR Null Mice

[0059] Renin expression was increased in VDR (vitamin D
receptor) null mutant mice because of the disruption of the
vitamin D signaling pathway. Quantitative northern blot
analysis, showed that the renin mRNA level in the kidney of
adult VDR ™'~ mice was more than 3-fold higher than that of
wildtype littermates (FIG. 5A-B). Immunohistochemical
analysis of the renal cortex with an anti-renin antibody con-
firmed an dramatic increase in renin immunoreactivity in the
afferent glomerular arterioles of the JG region in VDR™~
mice (FIG. 5C). The plasma Ang 11 level of VDR ™~ mice was
also increased more than 2.5-fold as compared with wildtype
mice (FIG. 5D). However, the expression of angiotensinogen,
the precursor of Ang I1, in the liver of VDR~ mice was the
same as wildtype mice (FIG. 5E), suggesting that the increase
in plasma Ang II was mainly due to the increase in renin
activity. Vitamin D negatively regulates renin expression.

Example 5
VDR Null Mice Exhibited Increased Blood Pressure

[0060] Ang II is a potent vasoconstrictor. The blood pres-
sure of VDR ™~ and wildtype mice were compared. Both the
systolic and diastolic pressures of VDR~ mice were signifi-
cantly higher (>20 mmHg) than those of wildtype littermates
(FIG. 6A), indicating that VDR ™~ mice are hypertensive. The
heart weight to body weight ratios of the mutant mice were
also significantly higher (FIG. 6B), suggesting that the adult
VDR™™ mice developed cardiac hypertrophy. When the mice
were treated with captopril, an angiotensin-converting
enzyme inhibitor, the blood pressure of both wildtype and
VDR~ mice was reduced. However, no difference was seen
between the blood pressures of the treated wildtype and
VDR~ mice (FIG. 6C). This result demonstrated that the
increase in the blood pressure of VDR ™~ mice is due to renin
and plasma Ang II elevation.

Example 6
VDR Null Mice Show Abnormal Drinking Behavior

[0061] Ang II is known to be a very potent stimulus for
thirst and salt craving as well as an inducer of intestinal water
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and sodium absorption. Water and food intake as well as
blood and urinary electrolyte parameters were measured. As
shown in TABLE 3, VDR ™~ mice ingested about twice the
amount of water as the wildtype littermates, and conse-
quently, excreted approximately twice the amount of urine.
The abnormal drinking behavior is not due to diabetes,
because the blood glucose and insulin levels of VDR ™~ mice
were normal (TABLE 4). Food intake of VDR~ mice was
similar to wildtype mice, but they excreted 37% and 19%
more Na* and K* in the urine, respectively (TABLE 3), while
maintaining a normal concentration of blood Na* and K*
(TABLE 4). Thus, VDR~ mice appeared to have an increase
in the intestinal salt absorption due to the Ang II elevation.

Example 7

VDR Null Mice Respond to Salt Load or Volume
Change

[0062] Renin production is very sensitive to changes in
tubular salt load or extracellular fluid volume. The effect of
high salt diet or dehydration on the expression of renin in
VDR~ and wildtype littermates was investigated. When
placed on a normal diet supplemented with 8% NaCl, both
VDR™" and wildtype mice responded by reducing the
expression of renin mRNA, but VDR ™~ mice still maintained
a significantly higher renin mRNA level even after 7 days on
the high salt diet (FIG. 7A). Similar changes were seen in the
plasma Ang II levels in these animals (FIG. 7B). When the
mice were dehydrated for 24 hr, which leads to hypovolemia,
they responded by increasing renin mRNA synthesis, but the
increase in wildtype mice was more dramatic than in VDR ™"~
mice (FIG. 7C), indicating that the basal renin production in
VDR™" mice was already near the maximal capacity. The
changes of plasma Ang II concentrations in the dehydrated
mice were consistent with the changes in the renin expression
(FIG. 7D). These observations indicated that, despite a high
basal renin synthesis, the regulatory mechanisms activated by
tubular saltload changes or volume depletion are still intact in
VDR™~ mice. These data also indicate that the elevation of
the basal renin expression in VDR ™" mice is through a dif-
ferent mechanism than the physiological inducers.

Example 8

Inhibition of 1,25-dihydroxyvitamin D5 Biosynthesis
Leads to Renin Up-Regulation

[0063] Dietary strontium has been shown to block the bio-
synthesis of 1,25(OH),D; and is widely used to render ani-
mals vitamin D-deficient. To confirm that the disruption of the
vitamin D signaling can lead to renin up-regulation, wildtype
mice were treated with strontium. The blood ionized calcium
was monitored, instead of the blood 1,25(OH),D; level, dur-
ing the treatment because of the extreme difficulty to measure
the serum 1,25(OH),D; concentration in live mice. As shown
in FIG. 8, after seven weeks of treatment, the wildtype mice
became hypocalcemic (FIG. 8C), indicating that the concen-
tration of 1,25(OH),D; was already reduced, since 1,25(OH)
,D; is required to maintain the calcium homeostasis. The
treated mice showed a significant increase in renin mRNA
expression (FIG. 8 A-B), consistent with the suppressive role
of 1,25(0OH),D; in renin expression.

Example 9

1,25-dihydroxyvitamin D; Treatment Suppresses
Renin Expression in Wildtype Mice

[0064] 1,25(OH),D, indeed suppressed renin expression in
vivo. Wildtype mice were treated with 1,25(0OH),D; or

Sep. 2, 2010

vehicle and then the renin mRNA level in the kidney was
determined. Aftertwo doses of 1,25(OH),D; (30 pmole/dose)
in two consecutive days, renal renin expression was
decreased by 35%, and after five doses in three days, the
expression was decreased by 50% (FIG. 9A-B). As a control,
the mRNA of renal calbindin-D9k, a vitamin D target gene,
was significantly increased by the 1,25(OH)?D3 treatment
(FIG.9A). Thus, the data obtained from VDR™™ mutant mice
and from strontium- and 1,25(0OH),D;-treated wildtype mice
confirm the existence of a negative regulatory interaction
between vitamin D and the renin-angiotensin system in vivo.

Example 10

Elevation of Renin Expression is Independent of
Hypocalcemia

[0065] Because vitamin D is a primary regulator of calcium
homeostasis, changes in the vitamin D status altered the blood
levels of calcium and PTH in animals. Adult VDR~ mice
developed hypocalcemia and secondary hyperparathyroid-
ism. As shown in FIG. 10, their blood ionized calcium level
was decreased by 30% and serum PTH concentration
increased about 150-fold at 3 months of age (FIG. 10A).
Whether the effect of VDR inactivation on renin expression in
vivo is direct, or is only secondary to changes in the blood
calcium or PTH level was investigated. Because hypocalce-
mia may reduce the intracellular calcium concentration and
cause the renin up-regulation, and high PTH may also stimu-
late renin secretion, calcium and PTH levels were measured.
20-day old VDR ™~ mice that were still normocalcemic (FIG.
10A), but already showed a six-fold increase in the serum
PTH level (FIG. 10B), likely due to the lack of the VDR-
mediated vitamin D inhibition of PTH biosynthesis were
examined. A significant increase in renin expression was seen
in these pre-weaned VDR ™~ mice (FIG. 10C). Adult VDR~
mice treated with the HCa-Lac diet that contains 2% calcium,
1.25% phosphorus and 20% lactose were examined. Five
weeks of dietary treatment normalized the blood ionized cal-
cium level in VDR™" mice (FIG. 10A), and reduced the
serum PTH concentration of VDR™" mice to about seven
times the wildtype value (FIG. 10B), but had no effects on the
concentration of blood electrolytes (TABLE 4). However,
renin mRNA and plasma Ang II levels in these normocalce-
mic adult VDR ™"~ mice were still significantly elevated (FIG.
10D-E). Similarly, their water intake and urinary excretion
were also significantly higher. In addition, renin expression
was still elevated in VDR™"~ mice whose alopecia was res-
cued by targeted expression of human VDR in the skin, indi-
cating that the up-regulation of renin expression is not due to
alopecia.

[0066] To exclude the possibility that hypocalcemia may
increase renin expression, renin expression was examined in
Gem2~'~ mice that lack the parathyroid glands (Gem2 is a
master regulatory gene for parathyroid gland development),
but have normal circulating PTH (derived from the thymus)
and 1,25(0OH),D; concentrations (FIG. 13). Although the
blood ionized calcium of Gem2~'~ mice was as low as that of
VDR™" mice, no increase in renin mRNA expression was
detected in Gem2~'~ mice (FIG. 13A-C). These data demon-
strated that the elevation of renin expression is not due to
hypocalcemia, but resulted from VDR inactivation per se
and/or hyperparathyroidism.

Example 11
Vitamin D Directly Suppresses Renin Expression

[0067] Vitamin D directly suppressed renin gene expres-
sion. The effect of 1,25(0OH),D; treatment was examined on
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renin mRNA expression in As4.1 cells, a JG cell-like cell line
that was derived from kidney tumors of SV40 T antigen
(Simian Virus 40) transgenic mice and maintains a high level
of renin synthesis. Treatment with 5x107® M of 1,25(0OH),D,
caused a moderate reduction in renin mRNA expression;
however, when the cells were transiently transfected with the
pcDNA-hVDR plasmid that contained the full-length coding
sequence of human VDR ¢cDNA, the same 1,25(OH),D;
treatment reduced renin mRNA expression by about 90%
(FIG. 11). Thus, 1,25(OH),D; directly suppresses renin
expression in a VDR-dependent manner.

Example 12

Vitamin D Suppressed Renin Gene Promoter Activ-

1ty

[0068] In the As4.1 cells, which have lost expression of
some nuclear receptors such as LXR, the VDR mRNA tran-
script was undetectable by northern blot. As4.1 clones stably
transfected with the pcDNA3.1 vector or pcDNA-hVDR
were established (FIG. 12A). When the stable clones were
treated with 1,25(OH),D;, a dose-dependent suppression of
renin expression was seen in As4.1-hVDR cells, but not in
As4.1-pcDNA cells (FIG. 12B). The level of renin mRNA
was reduced by about 90% in As4.1-hVDR cells treated with
1078 M of 1,25(0OH),D;. Time-course studies showed that the
suppression of renin mRNA was evident after 6 hr of 1,25
(OH),D; treatment. The VDR-mediated suppression was at
the transcriptional level. This was determined by measuring
the activity of the renin gene promoter was measured in As
4.1-hVDR cells. As shown in FIG. 12C, transfection of the
cells with the pGL-4.1 kb reporter plasmid containing the 4.1
kb 5'-flanking sequence of the murine renin gene (Ren-1°)
resulted in a 25-fold increase in luciferase activity; treatment
of'the transfected cells with 1,25(OH),D; reduced the activity
of'the 4.1 kb renin gene promoter by more than 80%, but had
no effect on the activity of the SV40 promoter in pGL3-
Control plasmid. Thus, the suppression of the renin gene
promoter by 1,25(OH),Dj is potent and specific. The 117 by
5'-flanking fragment had very low activity. These results dem-
onstrated that 1,25(OH),D; directly and negatively regulates
renin gene transcription through a VDR-mediated mecha-
nism.

Example 13

Gemini Compounds Effectively Inhibit Renin
Expression in Normal Mice In Vivo without Induc-
ing Significant Hypercalcemia

[0069] Germini compounds (analogues and derivatives)
that show potent activity to suppress renin expression in vitro,
need to work in vivo in order for them to be used as therapeu-
tic renin inhibitors or as pharmaceutical compositions. The
Gemini compound #9 was tested as a model compound in
normal mice. As shown in FIG. 16, when this compound and
1,25(0OH),D; were used to treat mice in parallel, 1,25(OH)
,Dj; induced severe hypercalcemia within four days at a rela-
tively low dose (1.5 png/kg body weight), resulting in the death
of 2 animals out of the 5 mice on day 7 (FIG. 16A). In
contrast, the same dose of (#9) only caused a minimal
increase in blood calcium level (FIG. 16A). Renin mRNA
expression in the kidneys was reduced by these treatments
(FIG. 16B). A higher dose of compound #9 (5 pg/kg body
weight or 12 pg/kg body weight) was used to treat the mice,
which reduced renin expression in the kidneys even more
dramatically (FIGS. 17A and B).
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[0070] Thus, renin expression was significantly reduced in
vivo in normal mice treated with compound #9 without a
significant increase blood calcium levels. Vitamin D ana-
logues/derivatives including Gemini compounds or their
derivatives such as compound #9 can be used as anti-hyper-
tensive agents.

Example 14

Effect of Angiotensin II type I Receptor Antagonist
and Angiotensin-Converting Enzyme Inhibitor on
Vitamin D Receptor Null Mice

[0071] The relationship between RAS activation and the
abnormalities in electrolyte and volume homeostasis was per-
formed by analyzing the eftects of AT1 receptor antagonist
losartan and angiotensin-converting enzyme inhibitor capto-
pril on VDR-null mice. Treatment with losartan or captopril
normalized the water intake and urine excretion of VDR-null
mice. However, the increase in salt excretion in VDR-null
mice was not affected by either drug, indicating that this
abnormality is independent of the RAS. Northern blot and
immunohistochemical analyses revealed that both drugs
caused a drastic stimulation of renin expression in both wild-
type and VDR-null mice, but renin expression in the treated
VDR-null mice remained much higher than in the treated
wild-type mice as shown in FIG. 18, indicating that the angio-
tensin (Ang) II feedback mechanism remained intact in the
mutant mice. VDR(-/-) mice had more than 3-fold increase
in renin mRNA expression as compared to wild-type mice
(FIG. 18A-D). After losartan or captopril treatment, renin
mRNA levels in both wild-type and VDR(-/-) mice were
drastically increased (approximately 5- to 8-fold higher than
the respective untreated levels). The treated VDR(—/-) mice
still expressed 2 to 3 times more renin mRNA transcripts than
the treated wild-type mice (FIG. 18A-D). The level of renin
protein, as assessed by renin-specific antibody in immuno-
histochemical staining, was consistent with the mRNA level.
[0072] These data support a causative relationship between
RAS over-stimulation and the abnormal volume homeostasis
in VDR-null mice, and demonstrated that the vitamin D
repression of renin expression is independent of the Ang II
feedback regulation in vivo. The increase in renin expression
seen in the treated animals is due to the disruption of the Ang
1I feedback regulation caused by the drug treatment, although
changes in other physiological parameters (such as perfusion
pressure, sympathetic output and/or tubular sodium load) that
may also affect renin expression. These results support that
the regulatory mechanisms for renin production, including
the Ang II feedback regulation, are functionally intact in
VDR(~/-) mice. Thus, Ang II feedback repression and vita-
min D repression of renin expression are independent nega-
tive regulatory pathways to maintain the homeostasis of the

Example 15

Cardiac Hypertrophy in Vitamin D Receptor Knock-
out (VDRKO) Mice

[0073] Cardiac hypertrophy, usually characterized by
enlarged left ventricular myocytes, is a common and often
lethal complication of arterial hypertension. At the molecular
level, cardiac hypertrophy is often accompanied by activation
of the so-called fetal gene program in the left ventricle. This
program includes the genes encoding atrial natriuretic pep-
tide (ANP), a-skeletal actin, and f-myosin heavy chain.
These genes are normally expressed in late fetal and early
neonatal heart tissues and are extinguished in adult ventricu-
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lar myocardium. The increase of ANP is regarded as a cardio-
protective response because of the associated natriuretic,
anti-hypertrophic, anti-fibrotic and anti-hypertensive activi-
ties.

[0074] As disclosed herein, 1,25-dihydroxyvitamin Dj is
an endocrine suppressor of renin biosynthesis. Genetic dis-
ruption of the vitamin D receptor (VDR) resulted in over-
stimulation of the renin-angiotensin system (RAS), leading to
high blood pressure and cardiac hypertrophy. Consistent with
the higher heart-to-body weight ratio, the size of left ventricu-
lar cardiomyocytes in VDR knockout (KO) mice was
increased compared to wild-type mice. The levels of atrial
natriuretic peptide (ANP) mRNA and circulating ANP were
also increased in VDRKO mice. Treating VDRKO mice with
captopril reduced cardiac hypertrophy and normalized ANP
expression (FIG. 19). The expression of renin, angiotensino-
gen and AT-1a receptor in the heart was examined by real-
time RT-PCR and immunostaining to analyze the role of the
cardiac RAS in the development of cardiac hypertrophy. In
VDRKO mice, the cardiac renin mRNA level was increased,
and this increase was further amplified by captopril treatment
(FIG. 20). Intense immunostaining was detected in the left
ventricle of captopril-treated WT and VDRKO mice using an
anti-renin antibody. Levels of cardiac angiotensinogen and
AT-1a receptor mRNAs were unchanged in the mutant mice.
The captopril treatment had little effect on the heart to body
weight ratio in WT mice, but significantly reduced the heart to
body weight ratio in VDR(—/-) mice (FIG. 19A). Similarly,
the treatment also reduced ANP mRNA expression in VDR
(-/-) mice to the levels detected in WT mice (FIG. 19B).
These results indicate that the cardiac hypertrophy and
increased ANP gene expression in VDR(-/-) mice are largely
a consequence of elevated Ang II production resulting from
RAS activation.

[0075] Rrenin, AGT and AT-1aR mRNA levels were mea-
sured within the hearts of VDR(-/-) mice by real-time RT-
PCR. As shown in FIG. 20, the mRNA level of cardiac renin
was increased by more than 2.5-fold in VDR(-/-) mice com-
pared to WT mice (FIG. 20A). Interestingly, captopril treat-
ment dramatically induced cardiac renin mRNA expression
in both WT and VDR(-/-) mice, and renin mRNA levels in
the treated VDR(-/-) mice remained much higher than those
seen in the treated WT mice (FIG. 20A).

[0076] These data support the notions that the cardiac
hypertrophy seen in VDRKO mice is a consequence of acti-
vation of both the systemic and cardiac RAS, and that 1,25-

dihydroxyvitamin D, regulates cardiac functions, at least in
part, through the RAS.

TABLE 1

Renin suppressive activity of Vitamin D analogues

Vitamin D Analogues Suppressive Activity

#1) -
#2) -
#3) -

#7) -
(#8) +
#9)* +++

*Indicates Gemini analogues.
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TABLE 2

Renin suppressive activity of Gemini Analogues

Gemini analogue Relative inhibitory activity*

(#4) ++
(#9) +++
(#10) +++
(#11) +H++
(#12) +++
(#13) +H++
(#14) +-
(#15) +
(#16) +-
(#17) +++
(#18) ++
(#19) +
(#20) -
1,25-dihydroxyvitamin D3 ++
#21)

*The inhibitory activity was determined by measuring the renin mRNA level by Northern
blot analyses after treating As4.1-hVDR cells with each Gemini compound for 24 hours at
10-8, 10-9 and 10-10 M. The relative activity is based on that of 1,25-dihydroxyvitamin D3,
which is arbitrarily set at ++.

#refers to the compound number in FIG. 4.

TABLE 3

Twenty-four hr water and food intake, urinary volume and urinary
electrolyte concentrations in VDR~/— mice compared to wild-type.

Wild-type VDR~ P value
Water 2.7+03(n=29) 54+04(m=29) <0.01
(ml/mouse/day)
Food 1389122 (n=29) 142.9=+13.1 (n=29) ns
(g/kg BW/day)
Urine 1.1£04(n=9) 1.8£05(1n=9) <0.01
(ml/mouse/day)
Urinary Na*/Cr 2.9+ 0.6 (n=9) 39+£07(n=9) 0.09
Urinary K*/Cr 3.8x04(n=9) 45+04(n=9) <0.01
BW, body weight;
Cr, creatinine;
ns, not significant;
n = number of animals.

TABLE 4

Blood parameters under normal and high-calcium dietary conditions in
VDR-/— mice compared to wild-type.

Wild-type VDR~ P value

Normal diet

Na* (mmol/L)

K* (mmol/L)
Creatinine (mg/dL)
Glucose (mg/dL)
Insulin (ng/ml)
HCa-Lac diet for 5

1487 +49 (n=10) 1483 +2.6(1n=8) ns
52+09@m=10) 48+0.6(n=8) s
029+01@mn=10) 024+0.1(1n=8) ns
116241 (n=3) 115133 (n=5) ns
04202 (n="6) 038+0.1(n=8) ns

weeks
Na* (mmol/L) 143.7+39(m=5) 143.1=1.7(n=5) ns
K* (mmol/L) 4409 @1m=35) 42+03(@m=5) s

Creatinine (mg/dL) 0.26 0.1 (n=5) 025+0.1(n=5) ns

N, not significant;
n = number of animals.
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TABLE §

Chemical formulae for the vitamin D analogue compounds

Compound # Compound chemical name

1,25-dihydroxy-16-ene-cholecalciferol

1,25-dihydroxy-16-ene-23-yne-cholecalciferol

1,25-dihydroxy-20-cyclopropyl-cholecalciferol

1,25-dihydroxy-21(3-methyl-3-hydroxy-butyl)-

cholecalciferol

1,25-dihydroxy-19-nor-cholecalciferol

1,25-dihydroxy-16-ene-19-nor-cholecalciferol

1,25-dihydroxy-16-ene-23-yne-19-nor-cholecalciferol

1,25-dihydroxy-20-cyclopropyl-19-nor-cholecalciferol

1,25-dihydroxy-21(3-methyl-3-hydroxy-butyl)-19-nor-

cholecalciferol

10 1,25-dihydroxy-20R-21(3-hydroxy-3-methylbutyl)-23-
yne-26,27-hexafluoro-cholecalciferol

11 1,25-dihydroxy-20S-21(3-hydroxy-3-methylbutyl)-23-
yne-26,27-hexafluoro-cholecalciferol

12 1,25-dihydroxy-20R-21(3-hydroxy-3-methylbutyl)-23-
yne-26,27-hexafluoro-19-nor-cholecalciferol

13 1,25-dihydroxy-20S-21(3-hydroxy-3-methylbutyl)-23-
yne-26,27-hexafluoro-19-nor-cholecalciferol

14 3-Epi-1,25-dihydroxy-21(3-hydroxy-3-methylbutyl)-
cholecalciferol

15 1,25-dihydroxy-21(3-hydroxy-3-methylbutyl)-5,6-trans-
cholecalciferol

16 1-a-Fluoro-25-hydroxy-21(3-hydroxy-3-methylbutyl)-
cholecalciferol

17 1,25-dihydroxy-21(2R,3-hydroxy-3-methylbuty!l)-20R-
cholecalciferol

18 1,25-dihydroxy-21(2R,3-hydroxy-3-methylbutyl)-20S-
cholecalciferol

19 1,25-dihydroxy-21(2R,3-hydroxy-3-methylbuty!l)-20R-
19-nor-cholecalciferol

20 1,25-dihydroxy-21(2R,3-hydroxy-3-methylbutyl)-20S-
19-nor-cholecalciferol

21 1,25-dihydroxyvitamin D5

B oW~

O 0~ O

Materials and Methods

[0077] Animals and treatment. The generation and charac-
terization of VDR~ and Gem2~'~ mice have been described
by Li et al. (1997) and Gunther et al. (2000). VDR~ and
Gem2~'~ mice were generated through breeding of heterozy-
gous mice and identified by PCR with tail genomic DNA as
the template, and the wild-type littermates were used as con-
trols. Mice were housed in a pathogen-free barrier facility in
a 12 hr light/12 hr dark cycle, and fed an autoclaved standard
rodent chow. To normalize the blood ionized calcium level of
VDR™~ mice, two-month old animals were placed on the
HCa-Lac diet (Teklad, Madison, Wis.) that contained 2%
calcium, 1.25% phosphorus, 4 U/g vitamin D, and 20%
lactose for 5 weeks. To increase the sodium load, mice were
fed the normal rodent diet supplemented with 8% NaCl for 1,
3, 5 and 7 days. In dehydration experiments, mice were
restricted from water, but had free access to food, for 24 hr
before sacrifice. To block 1,25(0OH),D; synthesis, 1.5-month
old wildtype mice were placed on the normal diet supple-
mented with 2.5% strontium chloride until hypocalcemia was
detected. Wild-type mice were injected (i.p.) with vehicle or
30 pmole of 1,25(0OH),D; dissolved in propylene glycol.
Mice were sacrificed by exsanguination under anesthesia and
the blood was collected into ice-cold tubes for serum isola-
tion, or into ice-cold tubes containing 50 pl of EDTA (pH 8.0)
and 100 U/ml aprotinin for plasma isolation. The determina-
tion of water and food intake, as well as urine collection, were
carried out by using metabolic cages.

[0078] Measurement of blood and urine parameters. The
concentration of' blood ionized calcium was determined using
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a Ciba/Corning 634 Ca*™*/pH analyzer (Chiron Diagnostics,
East Walpole, Mass.) from 50 pl of whole blood obtained
from tail snipping. Blood glucose concentrations were deter-
mined by using One Touch Sure Step test strips (Life Scan,
Milpitas, Calif.). Serum intact parathyroid hormone (iPTH)
was determined using a commercial ELISA kit (Immutopics,
San Clemente, Calif.). The concentration of serum and uri-
nary Na*, K*, and creatinine was determined by a Beckman
Coulter CX5 Autoanalyzer as described by Li et al. (2001).
[0079] Measurement of Ang II. Mouse plasma Ang II con-
centrations were determined by radioimmunoassays (RIA),
using a commercial RIA kit (Phoenix Pharmaceutical, Moun-
tain View, Calif.) according to the manufacturer’s instruc-
tions.

[0080] Measurement of blood pressure. Mouse blood pres-
sure was determined as described by Liu etal. (1996). Briefly,
mice were anesthetized by an intraperitoneal injection of
sodium pentobarbital (50 mg/kg body weight). The left
carotid artery was isolated from surrounding tissues, and
cannulated with a polyethylene catheter filled with sterile
phosphate-buffered saline containing heparin (50 U/ml)
under a dissecting microscope. Arterial blood pressure was
measured using a Harvard Apparatus pressure transducer and
recorded. To investigate whether the increase in blood pres-
sure in VDR ™~ mice was directly due to the increase in the
Ang II level, wildtype and VDR™~ mice were treated with
captopril (100 mg/day/kg body weight, dissolved in drinking
water) for 5 days before blood pressure was determined.
Wildtype and VDR ™~ mice fed normal drinking water were
used as controls.

[0081] Immunohistochemistry. Kidneys freshly dissected
from wildtype and VDR™" mice were fixed overnight with
4% formaldehyde in PBS (pH 7.2), processed, embedded in
paraffin and cut into 5-um sections with a Leica microtone
2030. The slides were stained with a rabbit polyclonal anti-
renin antiserum (1:1600 dilution) (provided by Dr. T. Inag-
ami, Vanderbilt University). After incubation with a peroxi-
dase-conjugated anti-rabbit IgG (KPL, Gaithersburg, Md.),
the renin signal was visualized with a DAB peroxidase sub-
strate kit (Vector Laboratories, Burlingame, Calif.), followed
by a light hematoxylin counterstaining.

[0082] RNA isolation and northern blot. The kidney and
liver were dissected and immediately placed into the Trizol
Reagent (Invitrogen, Grand Island, N.Y.) for total RNA iso-
lation according to the manufacturer’s instruction. To deter-
mine renin or angiotensinogen mRNA expression, total RNA
(20 pg/lane) was separated on a 1.2% agarose gel containing
0.6 M formaldehyde, transferred onto a Nylon membrane
(MSI, Westborough, Mass.) and crosslinked in a UV
crosslinker (Bio-Rad, Hercules, Calif.). Hybridization was
performed as described by Li et al. (2001). Mouse renin and
angiotensinogen cDNA probes were labeled with >*P-dATP
(ICN, Costa Mesa, Calif.) using the Prime-a-gene Labeling
System (Promega, Madison, Wis.). After hybridization and
washing, membranes were exposed to X-ray films at —-80° C.
for autoradiography. The relative amount of mRNA was
quantitated using a Phospholmager (Molecular Dynamics,
Sunnyvale, Calif.) and normalized with 36B4 mRNA.

[0083] As4.1 cell culture and transfection. As4.1 cells
(ATCC, Manassas, Va.) were cultured in DMEM supple-
mented with 10% FBS at 37° C. and 5% CO,. For transient
transfection, the cells were grown in 10-cm dishes to 50%
confluence and transfected with pcDNA3.1, pcDNA-hVDR
or pcDNA-PTH/PTHrPR plasmid (10 pug DNA/dish) by the
standard calcium phosphate method. Twenty-four hr after
transfection, the cells were treated for 24 hr with 5x10~% M of
1,25(0OH),Dj; or ethanol in serum-free media, or with differ-
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ent doses of bovine PTH(1-34) as indicated. Total RNA was
isolated and analyzed for renin mRNA expression by north-
ern blot. For stable transfection, As4.1 cells were transfected
with pcDNA3.1 or pcDNA-hVDR plasmid by the use of
Superfect reagent (Qiagen, Valencia, Calif.) and selected with
350 pg/ml of G418 for two weeks. Individual colonies were
picked, expanded and selected for VDR expression. The As4.
1-hVDR stable clones were treated with different doses of
1,25(0OH),D; for 24 hr in serum-free media, and total RNA
were analyzed by northern blot to examine renin expression.

[0084] Real-time RT-PCR. The mRNA levels of renin,
AGT, and type la Ang II receptor (AT-1aR) in the heart were
quantified by real-time RT-PCR. Briefly, first strand cDNAs
were synthesized from 5 pg of total heart RNAs in a 50 ul
reaction using M-MLYV reverse transcriptase (Invitrogen Life
Technologies) and oligo-dT12-18 as the primer. The cDNAs
were thenused as the template (5 pl per reaction) for real-time
PCR amplification. Real-time PCR was carried out using a
Cepheid Smart Cycler (Cepheid, Sunnyvale, Calif.) and a
SYBR Green PCR Reagents kit (Applied Biosystems, Foster
City, Calif.). The PCR primers for mouse renin, AGT,
AT-1aR, and GAPDH genes were designed based on cDNA
sequences deposited in GenBank database. GAPDH was
used as the internal control for each reaction. All primers were
tested for their specificity by conventional PCR before being
used for the real-time PCR quantitative studies. The Ct value
for each gene was obtained from the real-time PCR reactions,
and the starting amount of each target mRNA was calculated
based on a calibration curve and the Ct value. The relative
amount of mRNA was normalized to GAPDH mRNA.

[0085] Therapeutic compositions: Pharmaceutical compo-
sitions used in the practice of the foregoing methods can be
formulated into pharmaceutical compositions comprising a
carrier suitable for the desired delivery method. Suitable car-
riers include materials that when combined with the thera-
peutic composition retain the anti-tumor function of the
therapeutic composition. Examples include, but are not lim-
ited to, any of a number of standard pharmaceutical carriers
such as sterile phosphate buffered saline solutions, water, and
the like. Therapeutic formulations can be solubilized and
administered via any route capable of delivering the thera-
peutic composition to the tumor site. Potentially effective
routes of administration include, but are not limited to, intra-
venous, parenteral, intraperitoneal, intramuscular, intratu-
mor, intradermal, intraorgan, orthotopic, and the like. A for-
mulation for intravenous injection comprises the therapeutic
composition in a solution of preserved bacteriostatic water,
sterile unpreserved water, and/or diluted in polyvinylchloride
or polyethylene bags containing sterile sodium chloride for
injection. Therapeutic protein preparations can be lyo-
philized and stored as sterile powders, preferably under
vacuum, and then reconstituted in water (containing for
example, benzyl alcohol preservative) or in sterile water prior
to injection. Dosages and administration protocols will gen-
erally depend on a number of other factors appreciated in the
art.

[0086] Renin gene promoter analysis. Plasmid pR1C-4.
1CAT that contains 4.1 kb 5'-flanking sequence of mouse
Ren-1° gene (Petrovic et al. 1996) was provided by Dr. K. W.
Gross (Roswell Park Cancer Institute, Buffalo, N.Y.). To gen-
erate pGL-117 bp reporter plasmid, the 123 by renin minimal
promoter fragment (+6 to —117) was released from pR1C-4.
1CAT with Xbal and BamH]I and inserted into the HindIIT site
of pGL3-basic vector (Promega, Madison, Wis.). To generate
pGL-4.1 kb reporter plasmid, the BamHI fragment (-4.1 kb
to —=118 bp) from pR1C-4.1CAT was inserted into the Bglll
site of pGL-117 bp. To analyze the activity of renin gene
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promoter, As4.1-hVDR cells were transfected with the
reporter plasmids by electroporation according to Shi et al.
(2001) using a Bio-Rad Gene Pulser (Bio-Rad, Hercules,
Calif.). pCMV-f-gal plasmid was co-transfected as an inter-
nal control. pGL3-control plasmid (Promega) was used as the
positive control. The transfected cells were treated with etha-
nol or 10~® M of 1,25(0OH),D, in Opti-MEM medium (Invit-
rogen) containing 2% charcoal-treated FBS four hr after elec-
troporation, and luciferase activity was determined at 48 hr
after initial transfection, using the Luciferase Assay System
(Promega). Luciferase activity was normalized to -gal activ-
ity obtained from the same electroporation, and presented as
fold induction based on the basal activity of pGL3-basic
empty vector determined in the same experiment.

[0087] Statistical analysis. Data were presented as
mean+SD and analyzed with student’s t-test to assess signifi-
cance. P values of 0.05 or lower were considered statistically
significant.

[0088] Structural compounds. Structural formulations for
Vitamin D analogues or derivatives, Gemini compounds and
Gemini analogues are as described in U.S. Pat. Nos. 6,030,
962, 6,559,138; 6,329,538; 6,331,642, 6,452,028; and 4,225,
525, each of which is herein incorporated by reference. As
disclosed herein, analogues or derivatives of Vitamin D
include Gemini compounds and Gemini analogues and any
other molecule that structurally resembles Vitamin D.
[0089] An exemplary Vitamin D analog or derivative has a
structure that resembles:

R; B Ry

A Y
[0090] wherein:
[0091] X is H, or CH,;
[0092] Y is hydrogen, hydroxy or fluorine;
[0093] Z is hydroxy;
[0094] R, and R, are a (C,-C,)alkyl or fluoroalkyl, or R,

and R, together with C, 5 form a (C5-Cy)cycloalkyl or cyclof-
luoroalkyl;

[0095] R, and R, are a (C,-C,)alkyl or fluoroalkyl, or R,
and R, together with C, 5, form a (C,-C)cycloalkyl or cyclof-
luoroalkyl;

[0096] A is a single bond or a double bond;

[0097] B, is a single bond, an E-double bond, a Z-double
bond or a triple bond; and

[0098] B, is a single bond, an E-double bond, a Z-double
bond or a triple bond. Data.
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We claim:

1. A method of reducing blood pressure in a mammal in
need thereof, by suppressing renin expression, the method
comprising:

(a) obtaining a pharmaceutical composition comprising

vitamin D or a vitamin D analogue or derivative of
formulae

®
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OH
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where R' is in each instance independently selected from
hydrogen or halogen; R is hydrogen and X is —CH,, or
R is hydroxy and X is H, or —CH,; and

Ais —C=C—,

\_ /S N\_/

C=—C C=—C

or —CH,—CH,—, provided that when A is —CH,—
CH,—, R' is hydrogen;
(i)

HO‘\\““

where each R'! is independently selected from the group
consisting of ethyl, propyl, butyl, isopropyl and t-butyl;
R is hydrogen and X is —CH,, or R'° is hydroxy and
X is H, or —CH,; and
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Alis—C=C_—,

/C ==C /C = C\
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or —CH,—CH,—;

(1ii)

OH

o™ OH

where R*! and R** are each independently hydrogen or
alkyl, or R*! and R** and the attached carbon form cyclo-
propyl; R* and R** are each independently selected
from the group consisting of alkyl, hydroxyalkyl and
fluoroalkyl; and

A?is —C=C—,

\_/\_/
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or —CH,—CH,—;
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where R*!, R*?, R*3, and R** are each independently
selected from the group consisting of hydrogen,
hydroxy and fluoro; provided that at least one of R*?,
R?2, R*?, or R** is hydroxy; and n is 2 or 3;
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HO Y

where X® is H, or=CH,;Y is hydrogen, hydroxy or fluoro;
R>! and R*? are each independently C,-C,, alkyl or fluo-
roalkyl, or R>! and R** together with the attached carbon
form a C,-C, cycloalkyl or cyclofluoroalkyl; R** and
R>* are each independently C,-C, alkyl or fluoroalkyl,
or R>® and R** together with the attached carbon form a
C,-C, cycloalkyl or cyclofluoroalkyl; B* and B are each
independently selected from the group consisting of a
single bond, an E-double bond, a Z-double bond or a
triple bond; and B? is a single or a double bond,;

(vi)

L R63

B4 \’<OR54

R62

ORGI

where B* is a single or a double bond; R% and R%* are each
independently selected from the group consisting of
hydrogen, alkyl, acyl, and a hydroxy protecting group,
provided that at least one of R%* and R** is acyl; R%* and
R are each independently alkyl or haloalkyl, or R®* and
R together with the attached carbon form a cycloalkyl;
and L is selected from the group consisting of —CH,—
CH,—CH,—, —CH,—CH—CH—, —CH,—
C=C—, —CH,—CH,—C(0)—, and —CH—CH—
CH—CH—;

or a pharmaceutically acceptable salt thereof; and

(b) administering the pharmaceutical composition to the
mammal.

2. The method of claim 1, wherein the mammal is a human.
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3. The method of claim 1, wherein the risk of stroke,
myocardial infarction, congestive heart failure, cardiac
hypertrophy, progressive atherosclerosis and renal failure is
reduced.

4. The method of claim 1, wherein the pharmaceutical
composition is a sustained release formulation.

5. The method of claim 1, wherein the pharmaceutical
composition comprises an angiotensin-converting enzyme
inhibitor.

Sep. 2, 2010

6. The method of claim 1, wherein the pharmaceutical
composition comprises an angiotensin II type I receptor
antagonist.

7. The method of claim 1, wherein the vitamin D is a

hormonal form of vitamin D designated as 1,25-dihydroxyvi-
tamin D3.



