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Abstract

Vitamin D has long been known for its important role in regulating the levels
of calcium and phosphorus, and in mineralization of bone. The biological effects of
the hormonally active form of vitamin D (1,25(0H),Ds, or calcitriol) are mediated
by the binding to the vitamin D receptor (VDR) which in turn acts over specific
responsive elements (VDRE) in the promoter region of the vitamin D - target genes,
modifying their expression. In the last decades, it has been shown that VDR is
present not only in the classical vitamin D targets such as bone, kidney, and
intestine, but also in many other tissues, like skeletal, smooth, and heart muscles,
and in brain, skin, and liver. In addition to the control of the mineral homeostasis,
vitamin D exerts pleiotropic actions in a variety of cell types, influencing important
physiological processes such as cellular proliferation and differentiation, the
immune response as well as different pathological conditions like cancer,
cardiovascular, metabolic and autoimmune diseases. Moreover, together with its
endocrine effects, vitamin D has important autocrine/paracrine roles. In vascular
smooth muscle cells (VSMC), vitamin D regulates proliferation and calcification.
Both processes, together with VSMC senescence occur during the atherosclerotic
process. To be able to divide, VSMC need the energy of ATP produced by
mitochondria. Alterations in the mitochondrial function are related to increased
production of free radicals. In the artery wall, angiotensin II (Ang II) serves as a
potent mediator of oxidative stress, provoking stress-induced premature
senescence (SIPS). Ang II levels are controlled by renin, which gene expression is
regulated by vitamin D. Thus, a defect of vitamin D signalling could lead to an
increase in Ang II levels and its adverse effects in the artery wall.

When we cultured VSMC, obtained from VDR knockout (VDRKO) mice we
found an increment in the production of Ang II in the culture medium of these cells
in comparison with the wild type (WT), which was in accordance with the increased
activation of the renin-angiotensin system at systemic level, found in the VDR
mutant mice. Moreover, a decrease in the proliferation rates of VDRKO VSMC was
found in vitro and in vivo. This decrease was in parallel to an increase in the cell
volume. In quiescent state, VDRKO cells presented significantly increased
expression of p57¥P? together with elevated levels of p19*”, p21“P* and p27%"*!, and
lower levels of phosphorilated pRb and cyclins D and E, thus preventing their
proliferation. Furthermore, VDRKO cells showed an increase in the expression of
cathepsin D, an enzyme with renin-like activity, and of the Ang II receptor type 1.
Also, superoxide anion production was higher in the mutant cells, and was inhibited
with both, losartan and DPI. Moreover, the VDR ablated cells presented a significant
decrease in the expression of the mitochondrial antioxidant enzyme manganese
superoxide dismutase (SOD2) and the inducible nitric oxide synthase, which
produces the vasodilatator molecule NO. By high-resolution respirometry we found
that the mitochondria of VDRKO VSMC were less efficient which could explain the
lower content of ATP in these cells. All of these findings were associated with the
senescent phenotype, presented by around 20% of the VSMC lacking VDR in
culture.

In conclusion, the absence of VDR signalling in VSMC leads to SIPS due to the
increased local production of Ang II, with a subsequent increase in free radicals,
produced by the activation of the NADPH oxidase, which suggests a possible role of
the vitamin D system in vascular conditions which show hyperproliferation of VSMC.






Resumen

La vitamina D ha sido durante mucho tiempo conocida por su importante papel en la
regulacién de los niveles de calcio y fosforo, y en la mineralizacién del hueso. Los efectos
bioldgicos de la forma hormonalmente activa de la vitamina D (1,25(0H),Ds, o calcitriol)
estan mediados por la unidn al receptor de la vitamina D (VDR), que a su vez actla sobre los
elementos de respuesta a la vitamina D (VDRE) en el promotor de los genes diana,
modificando su expresién. En las Ultimas décadas, se ha demostrado que el VDR esta
presente no sélo en las dianas clasicas de la vitamina D, como los huesos, los rifiones y el
intestino, sino también en muchos otros tejidos, como los musculos esqueléticos, lisos, y
cardiacos, y en el cerebro, la piel y el higado. Ademas del control de la homeostasis mineral,
la vitamina D ejerce acciones pleiotropicos en diferentes tipos celulares, influyendo en
procesos fisiolégicos importantes tales como la proliferacion y diferenciacién celular, la
respuesta inmune, asi como diferentes condiciones patoldgicas como el céncer, las
enfermedades cardiovasculares, metabdlicas y autoinmunes. Ademas, junto con sus efectos
endocrinos, la vitamina D tiene papeles autocrinas/paracrinas importantes. En las células de
musculo liso vascular (CMLV), la vitamina D regula la proliferacion y la calcificacion. Ambos
procesos, junto con la senescencia de las CMLV surgen durante el proceso aterosclerético.
Para poder dividirse, las CMLV necesitan la energia del ATP producido por las mitocondrias.
Las alteraciones en la funcién mitocondrial estan relacionadas con una mayor produccion de
radicales libres. En la pared arterial, la angiotensina II (Ang II) actia como un potente
mediador de estrés oxidativo, provocando senescencia prematura inducida por estrés (SIPS).
Los niveles de Ang II son controlados por la renina, cuya expresién génica se regula por la
vitamina D. Por lo tanto, un defecto en la sefializacion de la vitamina D puede conducir a un
aumento en los niveles de Ang II y sus efectos adversos en la pared arterial.

Cuando se cultivaron CMLV, obtenidas de ratones knockout para VDR (VDRKO) se
encontré un aumento en la produccién de Ang II en el medio de cultivo de estas células,
comparando con el tipo salvaje (WT), lo que estaba de acuerdo con la mayor activacion de la
sistema renina-angiotensina a nivel sistémico, que fue encontrada en los ratones mutantes
de VDR. Por otra parte, una disminucién en la tasa de proliferacion de las VDRKO CMLV fue
encontrada in vitro e in vivo. Este descenso era en paralelo a un aumento en el volumen
celular. En estado de reposo, las células VDRKO presentaron un aumento significativo en la
expresién de p57¥P? junto con niveles elevados de p19*T, p21CP! y p27KP! v menores
niveles de pRb fosforilada y ciclinas D y E, asi previniendo su proliferacion. Ademas, las
células VDRKO mostraron un aumento en la expresién de la catepsina D, una enzima con
actividad parecida a la del renina, y del receptor de Ang II tipo 1. Ademas, la produccion del
anion superéxido fue mayor en las células mutantes, y fue inhibida tanto con losartan como
con DPI. Por otra parte, las células VDRKO presentaron una disminucién significativa en la
expresion de la enzima antioxidante mitocondrial superdxido dismutasa de manganeso
(SOD2) y la d6xido nitrico sintetasa inducible, que produce la molécula vasodilatadora NO. Por
respirometria de alta resolucién fue determinado que las mitocondrias de las CMLV VDRKO
fueron menos eficientes que podria explicar el menor contenido de ATP en estas células.
Todos estos factores se relacionaron con el fenotipo senescente, presentado por alrededor de
20% de las CMLV que carecian VDR en cultivo.

En conclusion, la ausencia de sefializacion por VDR en CMLV lleva a SIPS debido al
aumento en la produccién local de Ang II, con el consiguiente aumento de los radicales
libres, producidos por la activacién de la NADPH oxidasa, lo que sugiere un posible papel del
sistema de la vitamina D en enfermedades vasculares, que muestran una hiperproliferacién
de las CMLV.
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Resum

La vitamina D ha estat durant molt de temps coneguda pel seu important paper en la
regulacié dels nivells de calci i fosfor, i en la mineralitzacio de I'os. Els efectes biologics de la
forma hormonalment activa de vitamina D (1,25(0H),Ds, o calcitriol) estan mediats per la
unié al receptor de vitamina D (VDR), que alhora actua sobre els elements de resposta
especifics (VDRE) en el promotor dels gens diana de vitamina D, modificant-ne I'expressio.
En les ultimes décades, s'ha demostrat que el VDR no solament és present en les dianes
classiques de la vitamina D com els ossos, els ronyons i l'intesti, sind també en molts altres
teixits, com els musculs esquelétics, llisos, i cardiacs, i també en el cervell, la pell i el fetge.
A més del control de I'nomeostasi mineral, la vitamina D exerceix accions pleiotropiques en
diferents tipus cel-lulars, influint en processos fisioldgics importants com la proliferacid, la
diferenciacio cel-lular, la resposta immune, aixi com també en les diferents condicions
patologiques: el cancer, les malalties cardiovasculars, metaboliques i autoimmunes. A més,
juntament amb els seus efectes endocrins, la vitamina D té funcions importants
autocrines/paracrines. En les cél-lules de muscul llis vascular (CMLV), la vitamina D regula la
proliferacié i la calcificacid, aquests dos processos, juntament amb la senescéncia de les
CMLV es produeixen durant el procés aterosclerotic. Per poder-se dividir, les CMLV
necessiten I'energia de I'ATP produida per les mitocondries. Les alteracions de la funcio
mitocondrial estan relacionades amb una major produccié de radicals lliures. A la paret
arterial, I'angiotensina II (Ang II) actua com un potent mediador d'estrés oxidatiu, provocant
senescéncia prematura induida per I'estrés (SIPS). Els nivells d’Ang II sén controlats per la
renina, l'expressido de la qual es regulada per la vitamina D. Per tant, un defecte en la
senyalitzacié de la vitamina D pot conduir a un augment en els nivells d'Ang II i produir els
seus efectes adversos en la paret de |'artéria.

Quan es van cultivar les CMLV, obtingudes de ratolins knockout per VDR (VDRKO) es
va trobar un augment en la produccié d'Ang II en el medi de cultiu d'aquestes cél-lules en
comparacié amb el tipus salvatge (WT), que estava d'acord amb la major activacié del
sistema renina-angiotensina a nivell sistémic, que es va trobar en els ratolins mutants de
VDR. D'una banda, una disminucié en les taxes de proliferaciéo de les CMLV VDRKO es va
trobar in vitro i in vivo. Aquest descens va ser en paral-lel a un augment en el volum
cel-lular. En estat de repos, les cél-lules VDRKO presentaven un augment significatiu de
I'expressié de p57XP? juntament amb els nivells elevats de p19*™, p219Pt | p27XP! | nivells
inferiors de PRB fosforilada, ciclines D i E, i axi es prevé la seva proliferacié. A més, les
cél-lules VDRKO van mostrar un augment en I'expressié de la catepsina D, un enzim amb
activitat com renina, i del receptor d'Ang II tipus 1. A més, la produccié d'anié superoxid va
ser major en les cel-lules mutants, i va ser inhibida tant amb losartan com amb DPI. D'altra
banda, les cél-lules VDRKO presenten una disminucié significativa en I'expressié de I'enzim
mitocondrial antioxidant, la superoxid dismutasa de manganés (SOD?2) i I'0xid nitric sintetasa
induible que produeix la molécula vasodilatadora NO,. Per respirometria d'alta resolucié es va
determinar que les mitocondries de VDRKO CMLV van ser menys eficients que podria explicar
el menor contingut d'ATP en aquestes cél-lules. Tots aquests factors es van relacionar amb el
fenotip senescent, que presentaven al voltant del 20% de les CMLV sense VDR en cultiu.

En conclusid, I'abséncia de senyalitzacié per VDR en CMLV porta a SIPS causada per
I'augment en la produccié local d'Ang II, amb el consegiient augment dels radicals lliures,
produits per I'activacid de la NADPH oxidasa, el qué suggereix un possible paper del sistema
de la vitamina D en malalties vasculars, que mostren una hiperproliferacié de les CMLV.
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Pe3romMme

ButamnH [ e nsBecteH CbC CBOSITa BaXKHa pons B perysMpaHeTo Ha HMBaTa Ha
Kanumi n docdop, KakTo U B MUHEpanunsaumnsaTa Ha KocTtuTe. bnonormdHmnte edektm
Ha XOpPMOHANHO akTuBHaTta dopma Ha BuTamumH [ (1,25(0H),A3;, wan kanumnTpuon)
ce onocpeacTBaT OT CBbP3BAHETO C peuenTtopa Ha BuTamuH [ (PB/), KOnTO OT cBOS
CTpaHa Bb3AeNCTBa BbpXy cheunduyHu enemMeHTn, OTroBopsAwM Ha BUTaMuH [ B
NpoMoTOpa Ha BMUTaMUH [ TapreTHUTE reHu, NpoOMeHsnKku TaxHaTa ekcripecus. lMpes
nocnegHute gecetunetus 6ewe nokasaHo, 4ye PB/[l nmMa yCtaHOBEHO MPUCBCTBUE HE
CaMo B KJlaCM4yeckuTe Tapretm Ha BuTtamuH [, kato koctute, 6bbpeunTte n yepsaTa,
HO M B MHOIMo JApyrM TbKaHW, KaTo CKeJieTHaTa, rnagKkarta W cbpAedHaTta
MyCKynaTypa, U B MO3bKa, KoxaTa u 4yepHus aApob. B gonbfiHEHME KbM KOHTpOSa Ha
MUHepanHaTa XoMeocTasa, BMTaMuH [ okassa MNNEeOTPONHM AENCTBUSA B pPasfiMyHu
KNeTbYHM TUMOBE, BJIUSENKN BbPXY BaXHU OU3MONOIMMYHM Mpouecn KaTo
KnetbyHata nponudepauma n audepeHuMaums, Ha WMMYHHUS OTroBOpP, KaKTO U
pasfIM4YHM MaToONOMMYHN CbCTOSHWUSA, KaTo pak, CbpAeYHO-CbAOBW, MeTabonuTHuU u
aBTOUMYHHM 3abonsasaHnsa. OcBeH TOBa, 3aeAHO C eHAOKPUHHUTE edeKkTn, BUTaMUH
[ wma BaxHa aBTo/mapakpuHHa pons. ButamuH [ perynupa nponudepaumsta w
KanumdukaumsaTa Ha rnagkomyckynHute knetkm (I'MK), pgBaTta npoueca, KOWUTO
3ae4HO C K/eTbYHOTO CTapeeHe ce MNposiBABaT MO BpPEMe Ha aTepOCK/IepOTUYHMUS
npouec. 3a Aa Moxe fga ce pasgenu, MK ce Hyxaae OT eHeprudaTta Ha ATO,
npousseaeH OT MuUTOXoHApuuTe. [poOMeHuTe B MUTOXOHApManHata QyHKUMA ca
CBbp3aHW C YyBenuyaBaHe Ha MPOM3BOACTBOTO Ha cBob6boAHM paavkanu. B
apTepuanHaTta cteHa, aHruoteHsumH II (AHr II) cnyxum KaTto MOWEH MeauaTtop Ha
OKCMAaTUBEH CTpec, Npeau3BUKBaMKM  CTpec-UHAYUMpPaHO npeXxaeBpeMeHHO
ctrapeeHe (CUMC). HuBaTta Ha AHr II ce KOHTpoAupaT OT pPeHMHa, YMATO reHHaTta
ekcnpecus ce perynmpa oT BuTamumH [. Tlo To3uM HauuH, p[AedekT BbB
CUrHanusaumsaTa, meaumpaHa oOT BuTaMuH [1 MOXe Aa AoBede A0 MOBMLWIEHME Ha
HmBaTa Ha AHr II n HeroBuTe HebnaronpusaTHM edeKkTn BbB apTepuanHaTa CTeHa.

Korato kyntmsBmpaxme [MK, nonydyenm ot PBL Hokayt (PBA-/-) MuULIKMK
HamepuxMme yBeM4yeHo Npou3BOACTBOTO Ha AHr II B kneTbuyHaTa cpefa Ha Te3un
KNeTKn B cpaBHeHue c ameusa Tun (AT), KoeTo € B CbOTBETCTBME C yBenu4yeHaTta
aKTMBaLMA Ha pPEeHMH-aHIMOTEH3MHOBaTa CUCTEMA Ha CUCTEMHO paBHULLE, HAaMepeHa
BbB PB[] MyTaHTHM MUWKK. YCTaHOBEHO 6e& u HamaneHume B nponudepaumsita Ha
PBA-/- TMK, nH BMTPO U MH BMBO. ToBa HaManeHue 6e ycnopegHo C yBenu4daBaHe
Ha KkneTbyHMa o6eM. B naTteHTHO cbcTosiHMe, PBA-/- kneTkM npeacraBuxa
3HauMTeNHo noBuleHa ekcnpecus Ha p57XP? 3aegHo ¢ nosuweHu HMBa Ha pl19*T,
p21°Pt and p27“P!, W no-Huckn HuBa Ha docdopunaums Ha peTuHobnacToma
npoTenH n unknumuuTe [ n E, Bbanpensatcreariku nponndepaunsta nm. OceBeH TOBa,
PB/l-/- KNeTkn, nokasaxa yBe/IM4yeHne B eKCrpecusaTa Ha KaTencuH [, eH3uM ymsaTo
aKTUBHOCT € nogobHa Ha Ta3n Ha peHuHa, n Ha peuenTtopa 3a AHr II Tun 1. bewe
MaHepeHO CblO Taka M MNO-BMCOKO MNPOU3BOACTBO HA CYMNEepOKCUMAHW aHUOHWU B
MyTaHTHUTE KIeTKu, KoeTo 6e NMOTUCHATO KaKTo C flocapTaH Taka u C aAndeHuneH
nogoHmyMm. OcBeH TOBa, knetkute 6e3 PBJ[ npeacraBuxa 3HauuTeneH cnaj B
eKcnpecusaTa Ha MUTOXOHAPUANHNA aHTUOKCUAAHTEH €H3MM MaHraHoBa Cynepokcua
ancmyTtasza (COA2) wn wuHaoyumpyemaTa as30T-OKCMA CUMHTeTasa, npom3Bexzalla
BasogunaTtatopHata Monekyna NO,. Ype3 pecnupoMeTpuss C BUCOKa pe3onouus
OTKpUXMeE, ye MuToxoHapwumTe Ha PB[-/- TMK ca no-manko edeKkTuBHM, KOETO 6u
MO0 ga 065ICHM MO-HUCKOTO CbAbpXaHue Ha ATO B Te3nm kneTtku. Bcmukm Tesu
Haxo4KM Ca CBbpP3aHW CbC CEHeCeHTHUs deHoTun, npeacrtaBeH oT okosio 20% oT
MK nuwenn ot PB/] B KyNnTYpa.

B 3aknioueHne, nuncata Ha curHanmsauuma npes3 PB4 B MK Boan no CUTIC,
Ob/Kalo ce Ha YBEeM4YeHOTO MeCTHO npoumsBoAacTBO Ha AHr II, ¢ nocnepBauo
yBenunyeHme Ha cBoboAHMTE pagukKanu, nNpousBeAeHW Cfel aKTUBMPAHETO Ha
HAL®H okcuaasaTta, KOeTO npeanosiara eaHa eBeHTyanHaTa posid Ha cucTteMaTta Ha
BMTaMuH [1 B cbaoBUM 3abonasBaHnsa, nokassawm xunepnponndepauns Ha MMK.
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1. CHRONIC KIDNEY DISEASE

Chronic kidney disease (CKD) is a progressive and irreversible loss of the
renal functions, which grade is determined depending on the glomerular filtration
rate (the volume of the fluid filtered through the glomerular capillaries into the
Bowman’s capsule per unit time, ml/min). The normal values of GFR in humans,
adjusted for body surface area is similar in men and women, and is in the range of
100-130 ml/min/1.73m?. The compound usually used for the determination of the
GFR is the endogenously synthesized creatinine, a breake-down product of creatine
phosphate in muscle, which does not bind to serum proteins, and is able to pass
through the glomerular capillaries without being reabsorbed or secreted by the
renal tubules. When the GFR is less than 60 ml/min/1.73 m? this means that the
kidneys are loosing their capacity to eliminate the waste products, to concentrate
the urine, to keep the electrolytes and present some other alterations as a result of
retention of products of the cellular catabolism and the consequent acid-base
imbalance. CKD begins with progressive decrease in the GFR as a result of the
appearance of damaged nephrons, changes in the tubular homeostasis, failure in
kidney hormone functions and when the GFR decreases below 15%, the uremic
syndrome. Among the metabolical abnormalities associated with loss of renal
endocrine function are the functional alterations in the production of hormones and
mediators (per default 1,25(0OH),Ds and erythropoietin and per excess - renin) or
increased degradation (insulin and PTH).! In the Study to Evaluate Early Kidney
Disease (SEEK), it has been found that vitamin D deficiency (serum levels <22
pg/ml) was a normal finding at all estimated GFR levels: 13% in those patients with
eGFR >80 ml/min and more than 60% in CKD patients in stages 4 and 5 (eGFR
<30 ml/min), together with elevated PTH (>65pm/dl).? As the renal tubular cells
are the active sites of calcitriol synthesis, vitamin D deficiency could be a result of
the decreased kidney mass. Furthermore, adequate local concentrations of calcitriol
are needed for the maintenance of the kidney structure and function, thus the
lower levels of this hormone could be considered among the factors that cause the
initiation and support the progression of kidney damage, leading finally to CKD.

Usually, the diagnosis CKD is assigned after the routine examination of
patients with high blood pressure, anaemia, pericarditis or diabetes, as well as
people who smoke, elderly, Afro-Americans and narcotic users. The prevalence of
CKD worldwide is estimated to 7.2% in people around 30 years old, with an
increase from 23.4% to 35.8% in aged persons (64 years or older).? Otero et al.

have shown that the prevalence of CKD at any stage in Spain is relatively high
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(6.8%), thus being very similar to countries like Italy, Switzerland, Norway and

Iceland.?

2. MAIN COMPLICATIONS RELATED TO CKD

The main complications that the patients with CKD develop are uremic
syndrome, secondary hyperparathyroidism (2HPT) and cardiovascular disease
(CVD) in parallel to number of abnormalities of the calcium-vitamin D metabolic
pathway, such as hypocalcemia, hyperphosphatemia, and renal bone disease

(osteodystrophy) (Figure 1).

|cnrcw-|c renal msease]
1,25(0H),D 3 VDR
Reduced JDH actvatlon]

Abnormal Increased Irgn_n d
mineral nflammation U‘* oIt Ib“._.]q.rt.‘_-;lb

De-regulation of
ANP/BNP/MNPR-A
and RAAS

l homeoslass | e — — 1 b
Increased \A ‘/
H secretio ERrorenson
Lilt ventricular hyperrophy

~ Reduced vascular compliance
| Accelerated arterio/atherosclarosis

!

(r— —
| Increased CV-relatad mortality |

”d‘.-vL-.J ar
dystunction

Hypocalcemia | «——

Kidney International 72, 237-239 (August (1) 2007) | doi:10.1038/sj.ki.5002428

Figure 1. The main complications that the CKD patients suffer as a result of the
reduced kidney functioning (modified from Wu-Wong, 2007).

2.1. Uremic syndrome

The term “uremia” literally means "“urine in the blood” and usually
accompanies the severe renal failure, when the GFR falls to less than 10 ml/min.
Uremia is considered as a syndrome, associated with disruption in the fluid,
electrolyte and hormone balances and is due to the incapacity of the damaged
nephrons to secrete the urea and all the end-products of the protein metabolism.
Several metabolic abnormalities could be related to this syndrome, such as
malnutrition, anemia, acidemia, hyperkalemia, hypertension®® as well as disorders
characterized by hormone misbalance like disturbances in menstruation and fertility

in women and impotence in men,” and 2HPT.
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2.2. Hyperparathyroidism secondary to CKD

The secondary hyperparathyroidism is characterized by a functional disorder
of the parathyroid glands (PTG). The main function of the PTG is to control the
amount of calcium (Ca) and phosphorus (P) in the blood and within the bones. Ca is
a divalent ion that is present in millimolar concentrations in the extracellular fluid,
whereas in the parathyroid cell it is present in 10,000-fold lower concentrations.
This ion plays a very important role in the intracellular signalling, in the coagulation
and in the muscular function. The concentration of extracellular Ca is detected by
the calcium sensing receptor (CaR), expressed in a broad range of cells, including
parathyroid chief cells,® the C cells in the thyroid gland® and cells of the kidney
tubule.® In low Ca conditions, the CaR is relaxed, PTH is released and the activation
of a specific PTH receptor on bone and kidney occurs in order to release Ca and
complete the feedback loop. In contrary, the hormone that is released by the
parafollicular cells (C cells) of the thyroid gland, calcitonin, acts to decrease the Ca
concentrations. Moreover, in the PTG cells a membrane co-transporter of P that is
likely to function as a P sensor has been described.!!

In the kidney, PTH favours the activation of 25-hydroxyvitamin Ds-1-a-
hydroxylase (1aOHase), leading to un augment in the concentration of the active
form of vitamin D (1,25(0H),Ds). By their side, the high levels of Ca and
1,25(0H),D; exert a negative feedback control over the synthesis and secretion of
PTH (Figure 2).

* mobilizes Ca2+ and P,

« bone resorption
«
'~
(//\\dk’./)\ ,,,,,
N . .
’M%ﬁj -ICa2+ reabsorption (and Pi by 1,25(0H),D;)
E ?& f‘ .« | excretion of P,
trFeF23 e 1 P, reabsorption
«fCa2+ absorption . ' excretion of Ca2+
.T Pi absorption _ 't 1aOHase
""""""""""" t1,25(0H),D; =

Figure 2. Schematic representation of the effects of PTH and the control of its
secretion.
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In order to regulate the PTH, Ca and P affect post-transcriptionally the binding
of parathyroid proteins (trans factors) from the cytoplasm to a defined cis-sequence
in the PTH mRNA 3’-untranslated region (UTR), thereby determining the stability of
the transcript.'? Apart of the direct influence of P over the PTH mRNA stability, the
stimulatory effect of P over PTH could be indirect, mediated by the inhibition of
1,25(0OH),Ds synthesis trough fibroblast growth factor 23 (FGF23) - dependant
mechanism.!®* FGF23 is a circulating phosphaturic factor formed in the bone that
acts as a hormone in the kidneys. It has been shown that the serum levels of
FGF23 continuously increase as renal function declines in CKD, which has been
proposed to play a role in the development of 2HPT. In the principal cells of the
PTGs and in the kidneys, a permissive receptor cofactor for FGF23, called Klotho, is
abundantly expressed. Urakawa et al. have shown that Klotho directly converts the
canonical fibroblast growth factor receptor (FGFR1) into FGF23 receptor.'*

After the detection of low levels of Ca and vitamin D and prolonged high levels
of P, common findings in renal failure, an increase in PTH gene expression,
synthesis, and secretion, as well as in the proliferation of the parathyroid cells
occur. CKD patients suffer from this disorder for various reasons: the elimination of
phosphate is impaired, there is no vitamin D due to the disappearance of the renal
parenchyma, intestinal absorption of calcium is low and blood levels of calcium

decrease.®

2.3. Cardiovascular disease in CKD

Cardiovascular disease currently is the major social health problem in the
developed countries, and atherosclerosis is the most prominent contributor. Some
of the traditional risk factors to develop a vascular disorder are gender, race,
heredity, age, tobacco smoking, alcoholism, socioeconomic stress, dyslipidemia,
obesity, diabetes mellitus and hypertension.® Out of the general population, higher
prevalence of CVD was found in patients suffering CKD. Cardiovascular events are
common finding in these patients and usually are the cause of death. The CKD
patients are at high risk of CVD development because as a result of the kidney
failure they suffer more severe oxidative stress and inflammation. It has been
shown that CKD contributes to accelerated atherosclerotic disease in the coronary,
cerebral, and peripheral circulations. This could be due to the fact that CKD patients
have higher incidences of many major risk factors, such as diabetes or
hypertension. The main features of the cardiovascular complications in CKD are the

cardiomyopathy and the uremic arteriopathy.
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2.3.1. Left ventricular hypertrophy

The left ventricular hypertrophy (LVH) appears in parallel with the progression
of the CKD and is the result of the prolonged increase in the diastolic pressure, due
to a chronic enhancement of flow/volume and the high cardiac output, associated
with three factors - retention of salt and water, arteriovenose shunt and anaemia.
Among the major factors, found to contribute to the LVH is the activation of the
renin-angiotensin-aldosterone system (RAAS) and the main strategy to reduce the
LVH is by the administration of angiotensin converting enzyme inhibitors. In

patients with terminal kidney failure the LVH is very common (60% to 80%).”

2.3.2. Uremic arteriopathy

Uremic arteriopathy consists of two main events, atheromatosis and
arteriosclerosis. These processes affect the walls of medium and large arteries.
Atheromatosis is associated with fibrosis and calcifications of the innermost layer of
the artery, which lead to the narrowing of the diameter because of the formation of
atherosclerotic plaques (Figure 3). During this process the proliferation of vascular
cells, coming from the media layer of the wall, makes the plaque bigger and more
stable. If the cells lose irreversible their ability to divide, which is a common feature
of cellular senescence, or the number of apoptotic cells within the plaque increases,
the plague becomes more susceptible to rupture. Thrombus formation on disrupted

atherosclerotic plaques frequently causes acute coronary syndromes.
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Figure 3. Representation of a normal human artery wall and of an artery affected by
atherosclerosis.
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In arteriosclerosis, calcification together with vascular hypertrophy, are found
in both, the inner and medial layers, which make the artery wall thicker and harder,
and therefore more rigid. This change in the wall affects the pulse wave velocity,
used as a very valuable predictive factor in the population of the CKD patients.'®
This increase in the size of the artery wall is due mainly to the proliferation of the
smooth muscle cells and the production of extracellular matrix (ECM). Thus,
vascular smooth muscle cells (VSMCs) play a critical role in vascular remodeling
associated with hypertension, atherosclerosis, and restenosis, participating in the
vascular wall inflammation and lipoprotein retention, as well as to the formation of
the fibrous cap that provides stability to the plaque. Thus, the proliferation of VSMC
in pathological conditions could be considered beneficial, but several human and
experimental studies provided evidence for the positive effect of the therapeutic
inhibition of VSMC for in-stent restenosis, bypass graft failure and other vascular

proliferative disorders.*®

3. COMPONENTS OF THE ARTERY WALL
3.1. Structure
The normal structure of an artery consists of three well defined layers - tunica

intima (I), tunica media (M), and tunica adventicia (A) (Figure 4).

Tunica
adventitia
connective tiszue

S0

intima
endothelium

internal elastic lamina

external elaztic lamina

amooth muscle cellz
Tunica media

Figure 4. Structure of a normal artery (by Professor John McGeachi, University of
Western Australia).
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The intima is formed by a monolayer of endothelial cells (EC) and
subendothelium or the basal laminae, formed by connective tissue containing ECM
proteins like collagen, elastan, proteoglicans and other glicoproteins. This layer is
the luminal surface of the artery and is in contact with the blood. The medial layer,
formed by VSMCs provides the elasticity and the contractility of the artery wall. This
layer is bordered by elastic laminaes, which consist of elastic fibres. The elastic
laminaes possess fenestrations which permit the trafficking of substances and cells
in both directions. The outmost part of the artery, the adventitia, is formed by
connective tissue and beam of collagen, VSMC and fibroblasts. The connective

tissue is the one that communicate with the surrounded structures.

3.2. Vascular smooth muscle cells

VSMCs are the contractile component of blood vessels, and express a set of
smooth muscle (SM)-specific proteins such as SM a-actin and SM22a (SM lineage-
restricted protein), which are characteristic of their contractile, differentiated
phenotype.?® In contrast to skeletal and cardiac myocytes, VSMCs are not
terminally differentiated, and are able to undergo phenotypic changes both, in vivo
and in vitro in response to environmental signals. This process involves changes in
gene expression, which convert the cells from a non-proliferative contractile
phenotype to a proliferating synthetic one.?! It has been shown that VSMC can
adopt also osteoblast-like phenotype which is essential for mineralization within the
vascular wall.?>?® The last modification is driven by the upregulation of factors, like
core-binding factor 1a (Runx2), and bone morphogenetic protein-2, which control
the expression of a number of osteoblastic markers, such as osteocalcin, alkaline
phosphatase, and collagen-1. These markers were found to be elevated in the
vasculature of patients with CKD.?®* Vascular calcification is a very important
process because it leads to reduced elasticity of the arteries and is also found within
the advanced atherosclerotic plaques. Thus, the activated VSMC could participate in

the development and the progression of vascular pathologies.

3.2.1. VSMC proliferation
As commented above, a common finding in the CKD patients is the hardening
of the artery wall, which in part is due to the increase in the size of the wall

because of the dedifferentiation, migration, and proliferation of medial VSMCs in
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response to arterial injury. VSMC proliferation plays also a central role in the
repairing process. Under different environmental stimuli, like mechanical injury or
release of growth factors such as basic fibroblast growth factor (bFGF), insulin-like
growth factor (IGF) and platelet-derived growth factor (PDGF) by inflammatory
cells increased VSMC proliferation is observed in the vasculature. VSMCs can suffer
a switch to the so called “synthetic” phenotype, when they acquire characteristics of
embryonic VSMCs that are able to proliferate, migrate and synthesise ECM, with

morphology similar to the one of fibroblasts (fibroblast-like cells).?*

3.2.1.1. Cell cycle

“Cell proliferation” is the increase in the content of molecules and organelles
(cell growth) and the duplication of the genetic material with a following nucleus
and then cell division to two daughter cells, genetically identical. This is a
continuous and very finely controlled process, called cell cycle. Depending on the
cell type, the regulation of the cell cycle could be different, for example, the
terminally differentiated neuronal cells loose forever their ability to divide,
meanwhile the smooth muscle cells conserve their capacity to divide, but normally
are in quiescent state (Q). In general, in order to start the cytokinesis, the
quiescent cell, which is found in the so-called Go phase, needs a signal to go back
to the active presynthetic gap phase of the cell cycle, called G1. These signals could
be provided from several molecules like mitogens, growth factors or cytokines.
During this phase, the cell produces all the molecules and organelles, together with
the energy in the form of macroergic bounds of ATP, which are necessary for the
DNA-synthetic phase (S). In the S phase the DNA replication results in the
production of two identical sets of chromosomes. The DNA replication is a very
complex biochemical process that requires a lot of energy. In order to recover the
lost ATP, the cell enters in the second gap period, G2 (premitotic phase), where
new molecules of ATP are produced and the cell volume increases. Once the
interphase period (G1/S/G2) is finished, the cell starts the mitosis (M). The main
check points are the G1 to S and the G2 to M transitions (Figure 5).
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3.2.1.1.1. Positive regulators of the cell cycle

In the G1 phase of the cell cycle the cell decide whether to continue or exit
the cell cycle. G1 phase is under the control of so-called cyclin-dependent kinases
(CDKs). The constitutively expressed CDKs assemble with their regulatory co-
partners the cyclins, which are sequentially synthesized and degraded throughout
the cell cycle. For the complete activation of the complex CDK/cyclin, the kinase
should be phosphorylated by the so called CDK-activating kinase (CAK). The first
cyclin which expression is induced after the exposure of the cells to mitogenic
stimuli is cyclin D. On one hand, the extracellular-signal regulated kinase ERK1/2
increases the transcription of the cyclin D gene and post-translationally regulates
its assembly with the cyclin D-dependent kinases CDK4 or CDK6. The activated
serine/threonine protein kinase AKT/PKB, on the other hand, prevents cyclin D
degradation. The CDK4 and CDK6 after being bound to cyclin D initiate the
phosphorylation of retinoblastoma protein (pRb), which is part of the pocket protein
family. pRb, in its hypophosphorylated, active state, is bound to promoter-bound
members of the E2F family of transcription factors, thus inhibiting their
transcriptional activity and consequently the transcription of E2F-responsive genes.
These genes encode for many of the components of the replication machinery,
including cyclin E and DNA polymerase a. The hyperphosphorylated pRb, which
releases E2F, is finally achieved by the activity of the cyclin E/CDK2 complex. These
complexes phosphorylate, in addition to pRb, also several proteins such as the CDK

inhibitor p27¥"™!, which leads to its degradation.?®
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3.2.1.1.2. Inhibitors of the cyclin-dependent kinases

The negative cell cycle control is exerted by the members of two main families
of cyclin-dependent kinase inhibitors (CKIs) - INK and CIP/KIP families. INK
proteins (p15 N4*, p1 , pl
subunits of CDK4/6 and the CIP/KIP proteins (p21 ™, p27 K" and p57 ¥'*?) affect
the catalytic activity of cyclin D, E- and A-dependent kinases by binding to both,

6 INK4a 8 INK4c

, p19 NK4) gpecifically inhibit the catalytic

the catalytic and the cyclin subunit (Figure 5). The signals that provoke the
synthesis of INK4 proteins are different, as p15™*" is induced by TGF-B and

mediates its ability to induce G1-phase arrest;?” p16™¢*® accumulates progressively

81NK4C 9INK4d

during the cell aging,?® meanwhile p1 and p1 are expressed during foetal
development and may play a role in the terminal differentiation.?® In VSMCs, the
CDK inhibitors p27¥"* and p21“™* have been implicated in terminating VSMC
proliferation in intimal lesions®° and the p57'"? has been found to participate in the
inhibition of the G1 to S transition. Moreover, microsatellite variants in the p57¥"2
promoter were positively correlated with myocardial infarction in patients with
atherosclerotic vessels.>!

Furthermore, the CKIs expression is also controlled by environmental

conditions that modulate cell growth, including exposure to reactive oxygen species

(Figure 5), y-irradiation, cell-cell contact, and cytokine stimulation.

3.2.2. VSMC hypertrophy

VSMC hypertrophy is an irreversible modulation of the VSMC phenotype,
defined as an increase in the cell size in parallel to cell cycle progression block. This
process is accompanied by elevated extracellular matrix deposition and could be the
cause of systolic hypertension, altered coronary perfusion, and hypertrophy of the
left ventricle. This modulation of the VSMC phenotype is also seen in the end stages
of renal failure.®?> VSMC hypertrophy is found in large capacitance arteries such as
the aorta of hypertensive animals or humans and is associated with the
development of polyploidy, which occurs when the cells replicate their DNA but do
not complete mitosis.>* Braun-Dullaeus et al. provided evidence that p27¥""! acts as
a molecular switch in determining whether VSMCs undergo hypertrophy or
hyperplasia. Their experiments showed that after both, serum and angiotensin II
(Ang II) treatments of VSMCs various cyclins and CDK were up-regulated, but
meanwhile the serum downregulated the expression of the CKI p27¥"! and thus
promoted cell proliferation, Ang II induced hypertrophy and protein synthesis was

associated with no decline in the p27¥'"? |evels. Moreover, the acute ablation of this
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CKI blocked the hypertrophy and promoted hyperplasia in VSMC upon incubation
with angiotensin II.3* Furthermore, the VSMC response to Ang II by hyperplasia vs.
hypertrophy, is determined by the autocrine expression of transforming growth
factor beta (TGFB).>®> Ang II stimulates the production of biologically active TGFB1
which, in turn, exerts an antiproliferative influence on the growth stimulatory
effects of Ang II. Consequently, the net growth response to Ang II is hypertrophy
without hyperplasia thus Ang II does not increase DNA synthesis in VSMCs, but
increases protein synthesis and causes hypertrophy.®* The hypertrophy of VSMC
induced by Ang II is an important feature of hypertension, and the structural

changes in the vessel wall contribute to an increase in the vascular resistance.>?

3.2.3. VSMC senescence

One phenomenon that has been implicated both in ageing and in development
of vascular pathologies is the cellular senescence. This stable form of cell cycle
arrest has been shown to be related also to decrease in the proliferation of
damaged cells and could be considered as a natural barrier to cancer progression.
For the first time this phenomenon has been described by Hayflick and Moorhead
(1961).%° Replicative senescence is observed after a certain number of cell divisions
in culture, when the cells stopped their growth process. In general, primary cells,
freshly removed from an organism to be grown in culture, initially present tendency
to divide rapidly and then the rate of division become slower until it reaches a

division arrest.?”

When the cell enters the senescent state, it cannot be stimulated
by physiological mitogens to enter again into the cell cycle.*® Some typical
morphological alterations could be also found - increased cell volume, flattened
stella-like shape, nuclear changes, different gene expression, like the stable

° metabolism as well as the resistance to cell

repression of the E2F target genes,>
death by apoptosis. At mechanistic level, the replicative senescence has been linked
to the erosion of telomeres. Telomeres in the vasculature shorten with age and this
erosion is more pronounced in atherosclerotic-prone areas. Oxidative stress also
can induce or accelerate the development of senescence. The pro-oxidant stimuli
induce an acute form of senescence, which doesn’t need extensive cell proliferation
and is normally considered to be unrelated to telomere damage.*® This form was

called “stress-induced premature senescence” (SIPS) (Figure 6).
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Figure 6. Pathways leading to replicative and stress-induced premature senescence
(modified from Gorenne et al., 2006 *!),

Senescent VSMCs express genes, highly expressed in osteoblasts, such as
alkaline phosphatase and collagen type I, pointing to a posible osteoblastic
transition during the senescence, which could impair the main function of VSMCs,
thus contributing to cardiovascular dysfunction.*> Another characteristic of the
senescent vascular cells is the increased interleukin-8 (IL-8) release and decreased
endothelial nitric oxide synthase (eNOS) expression and activity, resulting in lower
NO levels and mitochondrial membrane potential.****

In the vasculature cells exhibiting the typical senescence morphology are
found within the advanced atherosclerotic plaque. These cells proliferate at very low
levels, due to the decreased cyclin D/E expression, increased p16™¢4, p21“™! and
hypophosphorylated pRb and show increase in the marker senescence-associated B-
galactosidase (SA-B-Gal) activity.*> Furthermore, higher levels of ROS were found in
all layers of the diseased arterial wall, and particularly in the plaque itself.*®* No
matter which is the source of these free radicals, NAD(P)H oxidases, xanthine
oxidase, myeloperoxidase or the mitochondrial oxidative metabolism, the pro-
oxidant milieu in the atherosclerotic plague may account for the appearance of

more DNA lesions,*!

which modulate vascular cell life span leading to the onset of
cellular senescence.

As commented above, the appearance of non-proliferating VSMCs in the
plaque core is related to decreased stability with higher plaque susceptibility to

rupture and subsequent thrombotic occlusion of the affected artery.*” One of the
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factors that induces premature senescence in human VSMCs trough a p53/p21°*!-

dependent pathway in vitro as well as pro-inflammatory cytokines production in

mouse model of atherosclerosis is angiotensin I1.%®

3.2.4. Oxidative phosphorylation system

In mammalian cells, the mitochondria are partially autonomous organelles
with very high dynamics which possess their own genome (mtDNA) with
transcriptional and translational machinery.** The human mtDNA lacks the
protection of the histones and some of the nuclear repair mechanisms which make
it vulnerable to damage by the produced also there free radicals.”® It has been
found that mutations in the mtDNA and mitochondrial dysfunctions are associated
with increased arterial blood pressure and thus CVD and accumulate with age. In
some in vitro studies with vascular cells (VSMCs and ECs) an increase in the mtDNA
damage, decrease in the levels of mtDNA - encoded mRNA and protein synthesis,
membrane potential, and total cellular ATP pools were observed when these cells
were subjected to oxidative stress.®’ In 1971 it has been shown that the circular
mitochondrial DNA of mammalian cells included a short segment of three strands
called displacement loop (D-loop), which is located in the main non-coding control
region of the molecule, where the replication of the mitochondrial DNA starts.>* The
region contains promoters for the transcription of genes from the two strands of
mitochondrial DNA®? for genes like ND subunits 1 to 6 and the ATP synthase subunit
6 and 8 genes. In this D-loop putative glucocorticoid (GRE), vitamin D (VDRE),
thyroid hormone (TRE), and retinoic acid (RARE) responsive elements have been

found to be present.>*

3.2.4.1. Electron transport chain

In aerobically growing cells, the mitochondria play a very important role in the
generation of the bigger part of the cellular energy through the oxidative
phosphorylation system (OXPHOS). OXPHOS consists of four respiratory chain
complexes (I-IV), two electron carriers (coenzyme Q10 and cytochrome c¢) and
F1FO-ATP synthase, sometimes described as complex V, and the complex I is the
largest and most complicated one. Thirteen of the around 80 essential OXPHOS
subunits are encoded by maternally inherited mitochondrial DNA and the remainder
by nuclear DNA. The first two complexes are where the electrons enter the chain.
Complex I (NADH-ubiquinone reductase) accepts the substrate NADH from the citric
acid cycle and donates electrons to the chain. Complex II (succinate-ubiquinone

reductase) accepts electrons from FADH2 and pass them to Complex III
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(ubiguinolcytochrome c¢ reductase) via CoQ 10. From Complex III the electrons go
to Complex IV (cytochrome c oxidase) trough cytochrome C. On acceptance of
electron, complex IV then converts H* and O, to water (Figure 7). If electron flow
through the cytochrome pathway is compromised, the alternative oxidase branched
at the level of ubiquinone is activated. The transfer of electrons through the
complexes generates energy, stored in the form of proton gradient across the inner
membrane, the mitochondrial transmembrane potential (A%m) which couples the
electron transport chain to the oxidative phosphorylation. The energy formed by the
protons entry from the inter-membrane space into the matrix of the mitochondria
finally is used for ATP synthesis from adenosine diphosphate (ADP) and inorganic

phosphate by oxidative phosphorylation, accomplished through complex V.>®

INTERMEMERANE SPACE

NADH NAD" FADH, FAD*

MATRIX

Figure 7. Schematic representation of the respiratory chain. I: Complex I, II: Complex
II, III: Complex III, IV: Complex IV, Q: ubiquinone pool, AOX: alternative oxidase,
c: cytochrome ¢, Extl and Ext2: external NAD(P)H dehydrogenase (modified from Annie
SAINSARD-CHANET). Some respiratory inhibitors are represented: antimycin A as a complex
III inhibitor and oligomycin as a complex V inhibitor.

ATP is then released into the cytosol via the adenine nucleotide transporter
(ANT) and the voltage-dependent anion channel. Once cytosolic, ATP is converted
to ADP during ATP-dependent processes in the cell and re-enters the mitochondrial
matrix. Cellular stresses that inhibit ATP production or increase its consumption
activate the adenosine monophosphate activated kinase (AMPK). AMPK is a redox
sensor of the change in the AMP/ATP ratio and regulator, promoting ATP-producing
and inhibiting ATP-consuming pathways in various tissues. AMPK is a heterotrimer
composed of alpha-catalytic and beta and gamma-regulatory subunits. The binding
of AMP to the gamma subunit of AMPK leads to conformational changes that
activate AMPK by phosphorylation at Thr172. AMPK is predominantly involved in the

regulation of lipid metabolism, stimulating fatty acids oxidation and inhibits their

32



Introduction

synthesis. Moreover, AMPK is also involved in the increasing of the glucose uptake
and utilization with potential impact over the energy expenditure. Due to its roles in
fuel regulation, the AMPK pathway is regarded as a potential therapeutic target for
diabetes type II, obesity and metabolic syndrome. As a note, drugs used in the

treatment of insulin resistance and diabetes can activate AMPK.

3.2.4.2. Complex I deficiency

A number of specific mitochondrial disorders have been associated with
mitochondrial malformations, which appear in early childhood (e.g. Leigh disease)
to severe diseases of adulthood (e.g. Parkinson’s disease, Alzheimer’s disease,®
type II Diabetes mellitus®’). Complex I (CI) is the most common site for
mitochondrial abnormalities, representing as much as one third of the respiratory
chain deficiencies. CI is a giant multiheteromeric enzyme located in the inner
membrane of mitochondria, consisting of a mitochondrial matrix protruding domain,
and a membrane-embedded domain. CI contains seven mitochondrial DNA
(mtDNA)-encoded NADH-dehydrogenase (ND) subunits (ND subunit 1, 2, 3, 4, 4L,
5 and 6) and at least 38 nuclear-encoded subunits.®® The big importance of
mutations in these genes on neurodevelopment and patient survival is related to
critical alterations in cell metabolism, energy homeostasis and reactive oxygen
species (ROS) production.®® Moreover, the very low CI activity has been related to
high ROS levels and a fragmented mitochondrial morphology. Recent investigations
suggest that CI is a potent source of ROS®® (superoxide as well as hydrogen
peroxide) during both, forward electron transfer (very small amounts of
superoxide)®! and reverse electron transfer (from the reduced ubiquinol pool back
to CI to reduce NAD* to NADH) with up to 5% of electrons being diverted to
superoxide formation.®? Furthermore, ROS levels were also tightly related to cellular
NAD(P)H levels, which is indicative of substrate accumulation due to impaired CI
function (Figure 8). Obviously, structural integrity of CI is essential to maintain its
functionality. Therefore, changes in one of its “building bricks” may provoke
catalytic problems or instability of the complete assembly. The nuclear-encoded
NDUFA9 (39kDa) is an accessory subunit of CI and is believed not to be involved in
catalysis, but in the stabilization of the multiprotein complex I after the binding of

NADPH, and is used as a marker of fully assembled CI.536
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Figure 8. Affected cellular pathways in CI deficiency (by Distelmaier et al, 2009 °°).

The ATP production is a Ca®*-dependant prossess, as the entry of Ca ions from
the cellular cytosol stores into the mitochondrial matrix is necessary to occur. It has
been shown that in patients with CI-deficiency this process have been disrupted.®®
Furthermore, it has been shown that the ATP content in calcium deficient hearts
was significantly decreased which associates the overall deficiency in energy
production trough OXPHOS with chronic calcium deficiency secondary to vitamin D
deficiency. In the study of Mukherjee et al.®® the treatment of vitamin D deficient

chicks with vitamin D3, returned the respiration rate to normal levels.

4. RENIN-ANGIOTENSIN SYSTEM

Angiotensin II is the major effector molecule of the renin-angiotensin system
(RAS). The main function of RAS is the regulation of the blood pressure, as well as
the electrolyte and volume homeostasis, but it is also involved in some pathological
conditions like fibrogenesis, hypertrophy, cell growth and senescence.®’” Moreover,
Ang II can act as an endocrine hormone or, when synthesized locally in kidney,
heart or brain, as an autocrine or paracrine effector. Renin, a protease synthesized
in the renal juxtaglomerular cells from the precursor, pro-renin, cleaves liver-

derived a-2-globulin angiotensinogen (Agt) in a rate-limiting step to produce
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angiotensin I, which is then further converted in the lungs by the dipeptidyl
carboxypeptidase angiotensin-converting enzyme (ACE) into Ang II. The main renin
secretion stimuli are the blood flow reduction of the glomerular afferent arteriole,
sympathetic stimuli and local factors such as vasodilating nitric oxide (NO)®,
prostaglandins®® and adrenomedullin.’® Other factors mediating renin expression
are renal perfusion pressure, tubular sodium load and vasoconstrictors like
vasopressin’! and the product Ang II itself via a negative feedback loop.”> Renin
expression can be suppressed by endothelin-1 signalling via phospholipase C and
the release of intracellular calcium.”® Ang II is an octapeptide hormone that could
be produced not only systemically via the circulating, also termed renal RAS, but
also alternatively, by local proteinases, such as cathepsin D, chymase,
carboxypeptidase and cathepsin G, which form the alternative pathways for Ang II
production that occurs in some extrarenal tissues (Figure 9).”*’> Cathepsin D, a
lysosomal aspartic protease with high homology to renin, converts Agt to Ang I,

I’°, and chymase and

meanwhile cathepsin G converts the Agt directly to Ang I
cathepsin A convert Ang I to Ang II. However, although the chymase is also present
in atherosclerotic lesions, Ang II co-localises with ACE rather than with chymase,
suggesting that Ang II generation in the atherosclerotic vessel depends
predominantly on ACE.”” In addition, Ang I can be transformed to the heptapetide
Ang II (1-7) by tissue endopeptidases. Ang II (1-7) is likely to be a naturally
occurring antagonist of Ang II. Furthermore, the degradation of Ang II to Ang III

and Ang 1V is performed by aminopeptidases.”®
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Figure 9. Canonical and alternative pathways for Ang II synthesis and its principle
functions, mediated by the activation of the main Ang II receptors, AT1 and AT2 (modified
from Medscape®).

4.1. Angiotensin II (Ang II) receptors

Ang II exerts its effects mainly through the activation of the G protein-coupled
receptors AT1-R and AT2-R, which are localized in the vessels within the adventitia,
on VSMCs (AT1-R), and on ECs (AT2-R). In rodents, two subtypes called, AT1a-R
and AT1b-R, sharing 94% sequence homology, have been characterised, meanwhile
there is only one AT1-R in humans.”® Most of the vascular effects of Ang II are
mediated by AT1-R, a glycoprotein composed of 359 amino acids that activates
phospholipase C (PLC) via a heterotrimeric Gq protein.”® In the vessel wall, AT1-Rs
are localized mainly in VSMCs and the density of AT1-R increases in the media of
diseased vessels compared to healthy animals.®’ The levels of this receptor in the
tunica adventitia are low, whereas endothelial cells present even less amounts of
AT1-R.” The AT2-R is also a seven-transmembrane protein, but its sequence
homology with the AT1-R is low, around 32%. It is a 363 amino acid protein

expressed at high levels in foetal tissues and decreases rapidly after birth.®' In
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healthy blood vessels, only 10% of the total angiotensin receptors are of the AT2-
type.”” AT2-R seem to be localised predominantly in adventitia and endothelial
cells.®? Until now, it has been considered that the functions of AT2-R antagonize the
vasoconstrictor actions of the AT1-R by the inhibition of the proliferative and
growth-promoting effects of AT1-R.”®

In their study, Abdalla et al. have shown that in the co-expression of AT1-R
and AT2-R the cellular effects of AT1-R are abrogated after the direct binding of
AT2-R to AT1-R, leading to their heterodimerization which induces an AT1-R
conformation that can not undergo the conformational change necessary for G-
protein activation.®®* In fibroblasts, obtained from failing hearts, the elevated
expression of AT2-R has been shown to inhibit the mitogenic stimuli of Ang II.%
Similar findings are found in the study of Nakajima et al. with cultured smooth
muscle cells, where AT2-R transfection reduced proliferation and inhibited mitogen-
activated protein kinase activity.®® Further, Warnecke et al. provide evidence that
the impairment of the effect of Ang II in cultured porcine cardiac fibroblasts
overexpressing AT2-R is mediated by the inhibition of the phosphotyrosine
phosphatase 1B (PTP1B) which doesn't affect the Ang II-induced TGFB1-mediated
collagen type I expression. The inhibition of the PTP1B could result in an increase in
the insulin response and sensitivity, thus linking the AT2-R to the insulin
signalling.®®

Thus it has been postulated that the activation of AT2-R has beneficial effects,
but some recent data have shown that the AT2-R stimulation may be even harmful,
mediating cell growth, fibrosis and hypertrophy, as well as being pro-atherogenic
and pro-inflammatory.®” Furthermore, the AT1a-R deficiency has been associated
with increase longevity, due to decreased cardiac, vascular and renal injury as well
as less oxidative stress. Thus, the AT1-R blockage by antagonists (Losartan) could

improve the life expectancy.®®

4.2. Role of Ang II in the development of cardiovascular disease

Atherosclerosis is now considered to be a chronic inflammatory disease,
initiated by accumulation of lipid-laden macrophages and endothelial dysfunction.®
In the vascular wall, the pro-inflammatory effects of Ang II have been shown,
which includes the production of reactive oxygen species and inflammatory

cytokines.®
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Table 1. Direct vascular effects of angiotensin II (modified from Dzau et al., 2001 %)

Effect Manifestation

Vasoconstriction | Stimulates Ang II type 1 receptor

Releases endothelin and norepinephrin.

Reduces NO bioactivity and produces peroxynitrit

Activates NADH/NADPH oxidase and produces superoxide anion.

Inflammation Induces expression of MCP-1, VCAM, TNF-a, IL-6
Activates monocytes/macrophages

Remodeling Stimulates smooth muscle migration, hypertrophy, and replication
Induces PDGF, bFGF, IGF-1, TGF-b expression
Stimulates production of matrix glycoproteins and metalloproteinases

Thrombosis Stimulates PAI-1 synthesis and alters tPA/PAI-1 ratio
Activates platelets with increased aggregation and adhesion

Ang II actions in VSMCs extend far beyond vasoconstriction (Table 1). The
stimulation of phospholipase D by Ang II in VSMCs has been involved in the
activation of NADPH oxidase,®* ERK,%? AKT,3 and cell growth®*. Furthermore, Ushio-
Fukai et al. have shown that the phosphoinositol-3 kinase (PI3K) and the
serine/threonine protein kinase AKT pathway are essential for Ang II-induced VSMC
hypertrophy.®®> Moreover, Ang II is critically involved in generation of ROS in the
vessel wall. The most important source of ROS in the vessel is NAD(P)H oxidase,
xanthine oxidase, lipoxygenases, cytochrom P450 monooxigenases and
myeloperoxidase.’®®” The Ang II-induced enhanced ROS production leads to
endothelial dysfunction and oxidation of the low density lipoprotein (LDL), rich in
the so called bad cholesterol. The oxidised LDL (oxiLDL) chemoattract monocytes
and T-lymphocytes, thus being involved in the inflammation of the vessel. The
subsequent ingestion of oxLDL by tissue macrophages result in the formation of

foam cells, a major constituent of atherosclerotic plaques.”’

4.3. Mitogen activated protein kinases

Ang II stimulation of the AT1-R in VSMCs leads to the activation of the
mitogen activated protein kinases (MAPK). MAPK are ubiquitously expressed
serine/threonine kinases involved in the control a variety of physiological processes,
including cell growth, differentiation and apoptosis. For activation, these kinases
need dual phosphorylation on threonine and tyrosine. Inactivation occurs by the

action of specific MAPK phosphatases. In this way, the balance between
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phosphorylation and dephosphorylation regulates MAPK activity, allowing the cell to
rapidly adjust to environmental changes.’® There are three well characterised
subfamilies of MAPK:

+ Extracellular-signal regulated kinases Erk 1 and Erk 2. Erk 1/2 is essentially

involved in proliferation after stimulation with mitogenic agents.

e c-Jun N-terminal kinases (JNK) 1, 2 and 3. JNKs are stress-activated protein
kinases that activate the transcription factor c-Jun, a component of the AP-1
transcription factor.

+ Four p38 isoenzymes termed p38a, B, y and 0. p38 is activated by a similar
range of stimuli than JNK, and seems to overlap with JNK in some but not all

functions.

In VSMC, Ang II leads to a rapid activation of all three MAPK subfamilies.®®

5. ANTIOXIDANT DEFENCES OF VSMC

5.1. Nitric oxide (NO) synthase and NO in the vasculature

Nitric oxide is a molecule, synthesized from the amino acid L-arginine under
the catalytic activity of the enzyme nitric oxide synthase (NOS). In the vascular wall
the three isoforms are present, the endothelial (eNOS), inducible (iNOS) and the
neuronal (nNOS). In VSMCs the main form is the iINOS. The NO has vasodilator
effects, permitting the adaptation of the arteries to blood flow changes. Moreover,
NO protects the vessels from endogenous injury, preventing leucocyte and platelet
adhesion and inhibiting VSMC proliferation.?®!®* It has been shown that the
endothelial dysfunction causes decrease in the NO production with subsequent
structural and functional changes in the vasculature, due to the decrease in the
vasodilator tone control, even in the absence of vasoconstriction, and is translated
to the appearance of arterial hypertension, seen in CKD and chronic heart failure
(CHF).1%2 One of the early processes participating in the development of endothelial
dysfunction in CVD is the oxidative stress. The free radicals such as superoxide
anion react with NO forming peroxynitrites, thus reducing the NO bioavailability,
leading to vasoconstriction (Figure 10).'°® Moreover, NO is produced also in
mitochondria and is an important modulator of superoxide production.®® At
physiological concentrations, NO modulates mitochondrial oxygen consumption by

inhibiting cytochrome c oxidase in a reversible process. It has been demonstrated
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that ROS produced initially in mitochondria or in the cytoplasm by enzymes such as
NAD(P)H oxidase act in a positive feedback, leading to more ROS production from

mitochondria in a process termed “"ROS-induced ROS release”.
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Figure 10. Role of the nitroso-redox balance in cardiovascular system (Modified from
Hare JM., 2004 1°3)

Normally during some metabolic reactions and throughout the electron
transport chain in the mitochondria minimal amounts of ROS are produced, but on
pathological conditions like inflammation, CKD and CHF, the activation of NADPH
oxidase increases the quantity of ROS.!%® The pro-inflammatory cytokines induces
the expression of iNOS during the inflammatory response, and the increased NO

concentrations could cause hypetension.

5.2. Superoxide dismutase

The mitochondrial respiratory chain reduces oxygen to water during the
aerobic metabolism. However, the leakage of reactive species such as superoxide
anion (O7,) from the respiratory chain is an important threat, inducing
mitochondrial damage. The mitochondria are protected from oxidative stress from
one hand by low oxygen levels and by other, trough complex defense systems
against ROS. The TRX system (TRX, TRX reductase, and NADPH) is thiol antioxidant

system of the cardiovascular system that regulates the reduction of intracellular
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ROS.!% It has been demonstrated that the upregulation of thioredoxin-interacting
protein (Txnip) and subsequent impairment of thioredoxin antioxidative system
through p38MAPK and FOXO1 may participate in the intracellular ROS increase.®’
VSMCs produce several superoxide scavenger enzymes, superoxide dismutase
(SOD) which constitutes a family of antioxidant enzymes that catalyze the
conversion of superoxide to hydrogen peroxide (H,0,), which is further converted
to water by the mitochondrial glutathione peroxidase, using reduced glutathione
(GSH) as the hydrogen donor, or to water and oxygen by catalase, which is present
only in the mitochondria from the heart. The copper- and zinc-containing SOD
(SOD1) is located principally in the cytoplasm, nucleus, and a small fraction located
in the intermembrane space of mitochondria forming until 80% of the SOD in the
blood vessel. The manganese-containing SOD (SOD2) that is located in the
mitochondrial matrix to capture superoxide released during respiration is presented
in fewer quantities in VSMC and abundantly in endothelial cells. The SOD3 has
extracellular localization and is predominantly produced by VSMC.!°® The SOD1-
and SOD-2 partial deficiency in VSMCs, together with the H,0, provokes an
activation of ERK1/2, p38MAPK,% meanwhile the mitochondrial-dependently H,0O-
activates in a mitochondria-dependant way the IJNK and the AKT!® (Figure 11).
Moreover, mitochondrial dysfunction that appears as a result from SOD2 deficiency

is considered an early event in the initiation of atherosclerosis.
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Figure 11. Schematic representation of the anti-oxidant enzymes in VSMC (modified
from Mendez et al., 2005 '°8), EGFR, epidermal growth factor receptor; SOD, superoxide
dismutase; CAT, catalase; GPX, glutathione peroxidise.
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6. VITAMIND

In the recent decades a number of basic and clinical studies point to the
important role that vitamin D plays in various physiological and pathological
processes throughout the body and the beneficial role of its active form is believed
to be due to the anti-proliferative (cancer), anti-inflammatory, anti-oxidant, anti-

fibrotic and anti-thrombotic actions of vitamin D.

6.1. Vitamin D metabolism

Vitamin D has been discovered in the cod liver oil, used occasionally for the
treatment of rickets in the late 18" century. McCollum and his collaborators in 1789
concluded that the anti-rachitic substance in this oil was different than vitamin A
and that this new substance possesses specific properties to regulate the
metabolism of bone. In the sequence of discovered vitamins, this was the fourth
one, so they called it vitamin D, but later it has been shown that vitamin D is a fat
soluble pre-hormone with seco-steroid nature. Vitamin D shows structural
characteristics that make it conformationally flexible, because one of the rings of its
cyclopentanoperhydrophenanthrene ring structure is cleaved (Cy—C;o bond of ring
B). Therefore, it possesses the possibility of facile rotation about its C4-C; single
carbon bond which lead to the generation of potential ligand shapes (6-s-cis or 6-s-
trans analogs).'! Vitamin D in humans is delivered from the diet (vegetal
ergocalciferol, or vitamin D, and animal cholecalciferol, or vitamin D3). Vitamin D
enters the plasma as a chylomicron/liproprotein complex after intestinal

absorption.!*?

However, the main source of vitamin D is the endogenously
synthesized from the precursor molecule 7-dehydrocholesterol in the skin by the
photolytic action of the solar UVB light. Once pre-vitamin D is formed, it undergoes
a spontaneous temperature-dependent isomerisation to vitamin Ds, which is then
transported into the circulation, bound to the vitamin D binding protein (DBP). At
this metabolic stage, vitamin D does not have biological activity. DBP drives vitamin
Ds; subsequently to the liver and then to the kidney for bioactivation as well as

carries away inactive metabolites for catabolism and excretion (Figure 12).
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Figure 12. Basic metabolism of vitamin D from the precursor molecule 7-
dehydrocholesterol to the biologically most active form, 1,25(0OH),Ds. The structure of the
catabolic product 24,25(0H),Ds is also shown.

In the first activation step, vitamin Ds is hydroxylated by the cytochrome P450
enzyme 25-hydroxylase (CYP27A1) to 25-hydroxyvitamin D3 (25(0OH)D3) mainly in
the liver, but also in the kidney, intestine, brain, lung, skin, prostate gland, blood
vessels and macrophages.'!® This enzyme 25-hydroxylates both vitamin D, and Ds.
This first hydroxylation is poorly regulated, that's why the level of 25(0OH)Ds in
serum increases in proportion to vitamin D; intake. 25(OH)Ds; has a long half-life
and being the most abundant form, its levels are used as a marker for the vitamin
D status. Vitamin D deficiency is considered when 25(0OH)Ds levels are below 15
ng/ml, being normal levels between 30 and 100 ng/ml. Serum levels of 25(0OH)D;
are low in many people of all ages who live at northern latitudes and lower altitude,
especially in the winter.!'*

In the second step, the biologically active hormone 1,25-dihydroxyvitamin Ds
(1,25(0H),D3) is generated by the mitochondrial enzyme l1aOHase. 1aOHase is a
monooxygenase attached to the inner mitochondrial membrane, with a molecular
mass of approximately 52 kDa. In order to exert its actions, this enzyme requires
molecular oxygen and NADPH-reducing equivalents from a group of iron-sulfur
proteins called ferredoxins. The affinity of 1aOHase for 25(0OH)D; differs between
species and tissues with Km values ranging from 1 to 16 pM.!!® The hydroxylation
at carbon 1 in the vitamin D molecule occurs mainly in the kidney. Thus, expression
of this enzyme is found in both the proximal (endocrine function) and distal
convoluted tubules (autocrine/paracrine function), but also in numerous other

tissues (lung, brain, liver, intestine, bone, stomach, spleen, colon, thymus, lymph
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nodes, skin, placenta, monocytes, dendritic cells, vascular smooth muscle cells,
endothelial cells, etc).!!® 7 However, in humans, these extrarenal sources of
1,25(0H),D5 only contribute significantly to circulating 1,25(0H),Ds levels during
pregnancy, in chronic renal failure (CRF), and in pathological conditions such as
tuberculosis, granulomatous disorders, and rheumatoid arthritis. Nevertheless, local
production of 1,25(0H),D5 could be important as a autocrine or paracrine regulator
of certain cell functions.

Circulating levels of 1,25(0OH),Ds are tightly regulated. However, low levels
can be found in several conditions like CRF and pseudo-vitamin D-deficiency
rickets (PDDR). However, the pathophysiology of PDDR is different because in CRF,
the compromised renal mass reduces 1aOHase activity, whereas in PDDR there is a
hereditary defect in the gene that code for the 1aOHase. Some of the factors that
influence the expression of the enzyme are parathyroid hormone (PTH), calcitonin,
interferon gamma, calcium, phosphorus, and the active form of vitamin D by itself.
1,25(0OH),Ds represses directly 1aOHase expression by a feedback loop as well as
by suppressing the synthesis and secretion of PTH, which is the primary tropic
hormone that stimulates the 1aOHase expression.!&115

Under conditions of adequate plasma Ca®* levels, the 24-hydroxylation of both
25-(OH)Ds and 1,25-(0H),D3 occurs under the enzymatic activity of 24-hydroxylase
(240Hase). The CYP24 is a mitochondrial enzyme (~53 kDa) that is found mainly in
kidney, but also in intestine, skin, bone, placenta, and macrophages.!'® The
expression of this catabolic enzyme is very tightly regulated at transcriptional level
by the active form of vitamin D in almost all tissues where VDR expression could be
found, thus making possible the negative feedback mechanism.'*® The
concentration of 25(0OH),D; that gives half-maximal activity (Km) for the 24-
hydroxylation range from 0.5 to 3 pM, but the preferred substrate for 240Hase is
1,25(0H),D3, even though its Km values are approximately 10-fold lower (0.1-
0.25uM), making the enzyme very important in control of the ambient 1,25(0H),D5
levels. The 24,25(0H),Ds; is the major circulating dihydroxy metabolite and is
believed to have some biological activity in the intramembranous bone formation
and the early stages of the fracture repair.!'° It is known that 1,25(0OH),D5 can be
rapidly metabolized either to 1,24,25(0OH)sD3 and then to calcitroic acid or to the
25(0OH)Ds-lactone. The first pathway consists of five sequential steps - C24
hydroxylation, C24 ketonization (C24-oxo) and C23 hydroxylation (C23-OH/C24-
oxo), followed by an oxidative reaction in which 24,25,26,27-tetranor-1-
alpha,23(0OH),D; is formed and finally the calcitroic acid, a water-soluble

metabolite, which is filtered in the kidney and excreted in the urine. The other
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pathway involves C26 hydroxylation, C23 hydroxylation and lactonization to form
(23S,25R)-1,25(0H),D5-26,23-lactone.'?! Similar C23/C24 oxidation pathways exist
for 24,25(OH)2D3

6.2. Vitamin D receptor

There are two known proteins with structurally different ligand binding
domains that could specifically bind the biologically most active form of vitamin D:
vitamin D receptor (VDR) (Kd =1.2 nM) and DBP (Kd = 60 nM).??

VDR is a member of the superfamily of nuclear trans-acting hormone
receptors that regulate gene expression in a ligand-dependent manner. VDR has
nearly ubiquitous tissue distribution (kidney, bone, paratiroid gland, intestine,
lymphocytes, macrophages, tumour cells, etc). Biochemical and in situ
immunocytochemical localization studies have shown that VDR is predominantly a
nuclear protein, even in the unoccupied state.'?*> Unliganded VDR in the nucleus is
likely bound to a corepressor related to the so called silencing mediator for retinoid
and thyroid hormone receptors (SMRT). VDR-SMRT complex is linked to histone
deacetylase that maintains chromatin in a repressed state, thus repressing the
transcription of target genes.'?* Other studies reported that VDR mainly resided in
the cytoplasm in the absence of VDR ligands and the binding of 1,25(0H),Ds or
some of its analogues, makes the VDR move from the cytoplasm into the
nucleus.!?®> Some authors believe that the initiation of the rapid cellular responses
to vitamin D occurs through a putative plasma membrane-associated receptor
(mVDR). Candidates for the mVDR have been suggested, including annexin II,%®
the MARRS binding protein*?’ and the classical VDR or a slightly truncated form of
VDR, associated with caveolae.?® It has been proposed that the conformation of
the ligand (6-s-cis versus 6-s-trans) mediates to certain extend the type of
response, either rapid or genomic, as 6-s-cis configuration of the ligand favors
activation of the nongenomic pathway, whereas the 6-s-trans mediates
preferentially genomic responses.!!! However, numerous studies have confirmed
that the presence of functional VDR is necessary for both the genomic and the

nongenomic rapid responses to the active vitamin D; metabolite.!?®
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Figure 13. Schematic representation of the chromosomal localization and the domain
organization of the human VDR gene: DNA Binding Domain (DBD), “hinge” and Ligand
Binding Domain (LBD), together with the positions of the five frequently studied single
nucleotide polymorphism (SNP) sites.

The human VDR is a product of a single chromosomal gene which locates on
chromosome 12. The gene is comprised of at least 14 exons and span
approximately 75 kb '*° (Figure 13). Six exons (1A to 1F) occupy the 5 -noncoding
region, and eight additional exons (exons 2-9) encode the structural component of
the VDR. In kidney, at least three VDR mRNA transcripts are produced, possibly by
differential splicing of 5"- noncoding exons. Most of the variant transcripts produce
the same classical VDR protein of 427 amino acids with a molecular mass of ~
48kDa. VDR expression is regulated at both transcriptional and posttranslational
levels. Single-nucleotide polymorphisms (SNP) in the VDR locus can be used to
predict the susceptibility to suffer several disorders like osteoporosis, cardiovascular

° The most frequently studied

diseases and different types of cancer.!?
polymorphisms in the VDR gene are the restriction fragment length polymorphisms
(RFLP) for Bsml, Apal and Tagl, found in intron 8/exon 9 at the 3'- end of the
gene, together with the FokI polymorphism in exon 2 and the Cdx2 polymorphism
in the promoter region of the gene **(Figure 13).

As a nuclear receptor, VDR has several functional domains. In the amino
terminal there is the A/B domain 20 (AA long). The DNA-binding domain (DBD, C
domain), locates between amino acids 21 and 92. As other nuclear receptors, all
VDRs described to date possess a conserved DNA binding domain consisting of two
zinc finger motifs (residues 24-90 in hVDR), an a-helix resides on the C-terminal

side of each zinc finger, with helix A and helix B constituting the DNA-recognition
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and phosphate backbone binding helices, respectively. One unique feature in the
DNA binding domain of VDR is the presence of a cluster of five basic amino acids in
the intervening sequence between the two zinc fingers (residues 49-55). Another
interesting finding is that the DBD possesses a site (ser-51) for hVDR
phosphorylation by protein kinase C. This posttranslational modification makes the
receptor unable to bind DNA. The flexible linker region locates approximately
between amino acids 93 and 123, followed by the E- or ligand binding domain
(LBD) between amino acids 124 and 427. The C-terminal LBD is a globular
multifunctional domain. It is responsible for hormone binding, strong receptor
dimerization and interaction with co-repressors and co-activators, which are critical
for the regulation of transcriptional activities. The LBD is formed by 12 a-helical
structures. The twelve helix contain a transactivation function 2 (AF-2) domain
which suffers conformational change upon ligand binding and the orientation of the
helix 12 determine the state of the receptor - silent or activated.!3?

The ligand-bound VDR controls gene expression heterodimerizing with retinoid
X receptor (RXR) and associating with specific genomic sequences in the promoter
region of its target genes, known as vitamin D responsive elements (VDRE).
However, some studies suggest that VDR represses some genes using a different
than RXR co-partner !*3, Several VDRE have been described in a variety of genes
(Table 2).

Table 2. List of some of the vitamin D responsive genes in normal and malignant
cells. The genes with described vitamin D response element (VDRE) are shown like
positively (+) or negatively (-) regulated genes, and the ones which transcription vitamin D
regulates by antagonizing other transcription factors are presented as TFA genes.

Gene Species Type of VDRE Reference
CYP24 Human DR3 (++) 134
Atrial natriuretic factor Rat DR3 (+) 135
Osteopontin Mouse DR3 (+) 1
Carbonic anhydrase II Chicken DR3 (+) 3
NPT2 Human DR3 (+) 138
Osteocalcin Rat DR3 (+) 1
p216Pt Human DR3 (+) o
Cyclin C Human DR3 (+) et
Integrin Bs Chicken DR3 (+) 142
5-Lipoxygenase Human DR3 (+) 143
VEGF Rat DR3 (+) e
PPARB/® Human DR3 (+) 145
IGFBP-3 Human DR3 (+) e
IGFBP-5 Human DR3 (+) -
TGFB, Human DR3 (+) 18
PTH Human DR3 () 149
PTHrP Rat DR3 ) 150
Growth hormone Human DR3 (=) 1ot
RelB Human DR3 () 152
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Type al collagen Rat DR3 (=) 3
hTERT Human DR3 (=) 134
Calbindin D28k Mouse DR4 (+) 135
MYC Human DR4 () 156
Phospholipase C-y1 Human DR6 (+) 7
Fibronectin Mouse DR6 (+) 158
Calbindin D9k Mouse 1P9 (+) 1>
c-fos Mouse IP9 (+) 160
CYP3A4 Human ER6 (+) 161
1a-hydroxylase Human VDIR (=) 162
Renin Mouse TFA e
IL-2 Human TFA 164
IL-12 Human TRA Lk
GM-CSF Human TFA 8

The typical responsive element has two hexameric half-sites with consensus
sequence of RGKTCA (R=A or G, K=G or T). An example of a response element,
formed by direct repeat (DR) of two hexameric core binding motifs spaced by three
nucleotides (DR3-type) is the one found in the proximal promoter of the human 24-
hydroxilase (CYP24). Moreover, VDRE with direct repeats spaced by four
nucleotides (DR4-type) and six nucleotides (DR6-type) have been described.'®’
Another important type of VDRE, the IP9-type, has an inverted palindromic
structure with nine intervening nucleotides.*®® Another type of noncanonical VDRE
are the everted repeat of hexanucleotide motif with a spacer of 6 bp (ER6 motif),
described in the promoter region of human Cyp3A4 gene,!®! coding for one of the
most important enzymes involved in the metabolism of xenobiotics in the body.

It has been shown that VDR binds to the 3’ - half-site of the VDRE, while its
heteropartner RXR interacts with the 5°- half-site.'®® Haussler et al. proposed that
in order to influence the gene expression of the targets genes VDR could reside on
both, the 3°- and the 5’- half-elements of the VDRE. Moreover, in the positive
VDRE VDR is situated on the 3'- half-element, meanwhile in the negative VDRE,
VDR may have a reverse orientation, residing on the 5" - half-element.**®

Vitamin D can influence the expression of its responsive genes in two main
ways - directly interacting with positive or negative VDRE in the promoter region
and indirectly, antagonizing the action of some transcription factors.

Ligand binding induces conformational change in the VDR which initiates a
series of events that promotes the tight association of the receptor to its responsive
element, enhances receptor dimerization and generates new surfaces on the
receptor that allows the binding of co-activator molecules, which are essential
factors in the gene activation cascade.!’® However, some authors report that ligand
binding occurs in the cytoplasm, induces VDR-RXR heterodimerization and then

translocation of the complex into the nucleus where a recruitment of various co-
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regulatory molecules occurs with a final binding to VDRE.'”! Co-activators mediate
induction of transcription, whereas the members of the family of co-repressors bind
to the nonliganded nuclear receptors thus suppressing the expression of the target
genes. The releasing of nucleosomal repression occurs trough the replacement of
the repressor by the co-activator complex, thus leading to the initiation of gene
transcription.!”?

The presence of co-repressors mediates the silencing of the receptor (non-
agonistic conformation) in which histone deacetylases are recruited which
deacetylate the lysine residues present in the N-terminally located histone tails,
resulting in chromatin compaction and silencing of genes. The 1,25(0OH),D3 binding
to VDR provokes conformational changes in the helix 12 of the LBD making it to be
closed, which characterize the activation state (agonistic conformation). In this
state the receptor promotes the dissociation of co-repressor molecules like the
nuclear receptor corepressor (N-CoR) and Alien and the subsequent interaction of
coactivators like the members of the p160 family (steroid receptor co-activator,
SRC). The subsequent recruitment of VDR-SRC or a VDR-histone acetyltransferase
activity complex to a responsive promoter facilitates the destabilization of the
nucleosomal core. These co-activator complexes probably act in a two-step process.
Firstly, co-activator complex with histone acetyltransferase activity (CBP/p160)
modifies chromatin and is then replaced by another co-activator complex
(DRIP/TRAP) that lacks this enzyme activity but interacts with RNA polymerase II.
The unwound DNA then becomes a target for the VDR-DRIP (VDR-interacting
proteins) complex, which contains mediator factors that are required for interaction
with basal transcription factors and polymerase I1.17}'73 These protein complexes
act as a direct link between the ligand activated receptor and RNA polymerase II
holoenzyme complex and possibly recruit limiting components into the preinitiation
complex.

In the 240Hase gene two VDRE are reported. In the absence of 1,25(0H),D3,
the heterodimer VDR/RXR binds to one or both VDRE to recruit a co-repressor.
Upon ligand binding to VDR, the co-repressor is replaced by a co-activator. When
elevated levels of 1,25(0OH),Ds are present, both VDREs are used synergistically in
order to induce high levels of 240Hase which in turn leads to efficient inactivation
of the hormone. There are some factors like the PKC, that could inhibit or enhance
the 1,25(0H),D5 induction of 240Hase promoter activity.!!®

In the promoter of PTH and PTH-related peptide (PTHrP) genes, VDR binds to
a negative VDRE (nVDRE). This kind of VDRE is shown to be structurally different

due to the fact that it contains a homologous sequence to only one of the two
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hexameric DNA sequences that form the VDRE for positive gene regulation by
vitamin D '’4. In the case of the rat PTHrP two VDRE were reported by Falzon et al.
to be responsible for the negative modulation of this gene.!””

A negative VDRE was found also in the 1aOHase (CYP27B1) gene promoter.
However, a direct binding of VDR/RXR to this VDRE was not detected. In their
study, Murayama et al. have shown that vitamin D suppresses the transcription of
laOHase via interaction with the bHLH-type transcription factor called VDR
interacting repressor (VDIR). VDIR was found to be a direct sequence-specific
activator of negative VDRE. The interaction between liganded VDR and VDIR
induces p300 dissociation and association of histone deacetylase and corepressors
to directly mediate transcriptional repression.!®?

One example for indirect regulation of gene expression is the negative action
of vitamin D over the renin gene expression. Liganded VDR inhibits nuclear cAMP
response element-binding (CREB) binding to the cAMP response elements (CRE)
located in enhancer of the renin gene by directly interacting with CREB in ligand-
binding domain, thus blocking the formation of CRE-CREB-CBP complex leading to
reduction in renin gene expression.'®® Another example could be the suppression of
the IL-2 expression after the inhibition of the formation of lymphoid cell-specific
transcription factor NFAT-1/AP-1 transcriptional complex in the IL-2 gene promoter
by the ligand-VDR-RXR binding.’®* In a similar way, after the binding of
1,25(0H),D3;, VDR represses the activated transcription of the granulocyte-
macrophage colony-stimulating factor gene.

It has been shown that the transcriptional activity of VDR can be modulated in
a positive and negative way in response to phosphorylation. The dihydroxy
metabolite of vitamin D has an essential role in this process activating different
signalling pathways, including several kinases. For example, 1,25(0OH),D3; provokes
the translocation of the protein kinase C (PKC-B) to the nucleus and enhance its
activity . Furthermore, Hsieh at al. have shown that PKC-B plays a role in the
control of VDR - mediated transcription, phosphorylating the hVDR in the region
between the two zinc finger DNA-binding motifs (Ser-51).}”” VDR is also a target of
casein kinase II (CK-II), but in this case the phosphorylation of VDR is 1,25(0H),D;
- independent.!”® The phosphorylation at Ser-208 by CK-II leads to an increase in
the transcriptional activation capacity of hVDR.!”° The phosphorylation in the region
between the DBD and the LBD (at serine-182) in the hVDR has been shown to be
achieved by protein kinase A and that this post-translation modification leads to an
attenuation of both RXR heterodimerization and transactivation of 1,25(0H),Ds

target genes.'®
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It has been shown that there are many other factors in addition to VDR that
are important for the regulation of the hormone responsiveness. Among them we
can find the DBP and some "“acceptor” proteins that promote internalization of
steroid hormones, such as megalin (multiligand endocytosis receptor) and cubulin
(endocytic glycoprotein receptor), both colocalized in the brush border of the renal

proximal tubule epithelium.8!

Even if assembled for maximal transcriptional
effectiveness, the transactivating complex must be able to interact with a specific
promoter element in order to achieve its transcriptional potential. It has been
shown the existence of a group of cis-acting proteins that compete with VDR-RXR
for binding to VDRE, called VDRE-binding protein (VDRE-BP). These BP have high
capacity and relatively high affinity (2-20 nM) for 25-hydroxylated vitamin D
metabolites and the VDRE-BP2 is capable to squelch to a higher extend vitamin D-
mediated transactivation. It has been shown that in the absence of liganded VDR,
the VDRE-BP normally occupies VDRE and then the liganded VDR should compete
with VDRE-BP for binding to the proximal promoter of target genes.

Moreover, there is a group of hsp-70-related intracellular transporters for
vitamin D, called “co-integrator” chaperone proteins that direct the intracellular
trafficking of vitamin D metabolites by one hand to the mitochondria for their
bioactivation and by other hand, directly to VDR. Thus more ligand for VDR is
available, that could activate the receptor for heterodimerization with RXR, and
thus formed complex be able to compete more efficient with the so called VDRE-

binding proteins.'??

6.3. Physiological functions of vitamin D

The metabolically active form of vitamin D, 1,25(0H),Ds; regulates several
functions in the body. Classically, the main role of 1,25(0OH),Ds is to regulate the
calcium and phosphorus concentrations in serum via actions in bone, parathyroid
gland, kidney and intestine. 1,25(0OH),Ds is able to elevate serum calcium and
phosphorus levels. In addition, 1,25(0OH),Ds is able to generate several other
biological responses (nonclassical actions of vitamin D) that are not related to the

control of mineral homeostasis.

6.3.1. Control of mineral homeostasis

Ambient calcium is highly regulated in order to support its roles in bone
mineralization and cellular processes that include neuromuscular activity,
intracellular signal transduction, and blood coagulation. The principal function of
1,25(0OH),D3, together with the parathyroid hormone (PTH) and FGF23 is to control
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the calcium and phosphorus status in order to ensure the availability of these
minerals for biological functions as well as skeletal mineralization. This is achieved
by coordinated actions of the parathyroid gland, kidney, intestine and bone. The
most critical role of 1,25(0H),D3 in mineral homeostasis is to enhance the efficiency
of the small intestine to absorb dietary calcium and phosphorus, together with the
bone calcium and phosphorus resorption, and renal calcium and phosphate
reabsorption, thus increasing the blood CaeP0O4 ion product. Calcium absorption
occurs by both vitamin D-dependent active process in the ileum and passive
diffusion process that can be positively affected by vitamin D. The active calcium
absorption pass trough three primary components - epithelial calcium channels,
intracellular calbindins and ATP-activated basolateral membrane calcium pump. It
has been already shown that 1,25(0H),Ds positively regulates the synthesis of all of
these three components.!®® Thus, 1,25(0OH),D; increases the entry of calcium
through the plasma membrane into the enterocytes and enhances the movement of
calcium through the cytoplasm and across the basolateral membrane into the
circulation. Furthermore, 1,25(0OH);D; is capable of reducing the excretion of
calcium in urine by increasing the reabsorption of calcium in the kidneys. Moreover,
1,25(0H),D5 is able to increase the mobilization of calcium from bone into the
circulation through the enhancement of osteoclastogenesis and osteoclastic activity.

In relation to the ability of vitamin D to control the levels of phosphorus, one
possible mechanism is the induction of phosphate translocating proteins in kidney
(renal sodium-phosphate cotransporter-2, NPT2) and probably in the small
intestine. It has been shown that in hypophosphatemic conditions a stimulation of
1aOHase occurs in order to produce adequate levels of the active form of vitamin
D. On the one hand, 1,25(0OH),Ds; suppresses the PTH levels and by other hand
induces both, the PEX (phosphate-regulating gene with homologies to
endopeptidases located on the X-chromosome) and the NPT2 genes. NPT2 has a
direct effect over the phosphate reabsorbtion and the PEX enzyme is able to
destroy the phosphatonin (a novel phosphaturic humoral factor).'!® Indeed,
1,25(0OH),Ds has an essential role in bone development, mineralization and in the
maintenance of the dynamic nature of the bone by controlling the availability of
calcium and phosphorus and regulating the level of PTH, PTH related protein
(PTHrP) and insulin-like growth factor (IGF). Increased levels of 1,25(0H),Ds and
calcium in a coordinated manner suppress PTH synthesis and secretion, being thus

a negative feedback mechanism for the development of hypercalcemia.

52



Introduction

In addition, it is also involved in the synthesis of bone matrix proteins such as
type I collagen, alkaline phosphatases, osteocalcin, osteopontin and matrix-Gla

protein.8

6.3.2. Nonclasical functions of vitamin D
Recently, it has been shown that vitamin D exerts pleiotropic effects in a

variety of target cells, controlling the VSMC proliferation and calcification,8>186:187

S!8 and, in general, participate in cardiovascular health.'®® Vitamin D

regulating RA
regulates negatively the growth of breast, prostate and colon cancer cells. This
effect may be related to the ability of the hormone to arrest the neoplastic cells in
the G; phase of the cell cycle by influencing the regulator proteins, such as p21°!

and p27%P!,1% to control the proto-oncogenes c-myc and c-fos'®®

or to provoke
apoptosis, downregulating Bc/-2 gene.*!

It is known that vitamin D functions as a general suppressor of the immune
system, including the activated B- and T- lymphocytes, especially the T-helper
cells. Most immune cells possess express VDR as well as the enzymes responsible
for its methabolism - 1aOHase and CYP24. Dendritic cells (DC) are also targets for
the immunosuppressive activity of 1,25(0OH),D3; which role is to inhibit their
differentiation and maturation.’®?> In some in vitro experiments with DC, the
1,25(0H),D5 treatment leads to downregulated expression of the costimulatory
molecules CD40, CD80, CD86 as well as to decreased production of the
proinflamatory IL-12 and enhanced production of the IL-10 that has potent anti-
inflammatory properties. By other hand, the short treatment with vitamin D is able
to induce DC with tolerogenic properties and thus increasing the number of the
CD4+CD25+ suppressor T cells that are able to mediate transplantation tolerance.
In addition, 1,25(0H),Ds inhibits the secretion of IL-2 by impairing the formation of
the transcription factor complex NF-AT and of the IFN-y through VDRE mediated
pathway.!®3

There are some studies showing that 1,25(0OH),D5 also affects several major
endocrine processes, such as TRH/TSH action and pancreatic insulin secretion with
subsequent regulation of glucose homeostasis. Vitamin D improves both, insulin
secretion and insulin sensitivity which is associated with lower incidence of type II
diabetes mellitus. This effect of vitamin D is mediated by the presence of its
receptor and the enzyme that catalyze the formation of its active form (1aOHase)
in the pancreatic B-cells. Vitamin D also influences the expression of the human
insulin gene as well as to the one of its receptor (InsR) and enhances insulin-

mediated glucose transport in vitro.!**
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1,25(0OH),D5 is likely to be an autocrine or paracrine factor for epidermal
differentiation since it is produced by the keratinocytes. Cultured keratinocytes
contain the enzymes required for the synthesis of 1,25(0OH),Ds; from 7-
dehydrocholesterol. In keratinocytes, the active form of vitamin D, together with
calcium trough a PLC-y1l-dependent pathway, regulate the differentiation by turning
on and off the corresponding genes and activating those enzymes involved in the
differentiation. It has been shown that during the differentiation of the
keratinocytes VDR binds sequentially to two major coactivator complexes, DRIP
(mainly the subunit DRIP205/TRAP220) and SRC with a hypotetical transition from

DRIP in proliferating cells to SRC in more differentiated cells.!®®

Moreover,
1,25(0OH),D;s increases the expression of calcium receptor, thus making the cell
more responsive to calcium.!'? In keratinocytes, vitamin D is able to either promote
or inhibit proliferation. The antiproliferative effects are accompanied by an increase
in TGF-B!*® and a reduction in the number of high-affinity receptors for epidermal
growth factor and c-myc'®” mRNA levels.

The anti-oxidative effects of vitamin D have been suggested by
epidemiological and many in vitro and in vivo laboratory studies. It is likely that 7-
dehydrocholesterol and both, vitamin D, and vitamin D3, as well as the
metabolically active form, 1,25(0OH),D;, are able to stabilize the membrane of
normal cells against iron-dependent lipid peroxidation via an interaction between
their hydrophobic rings and saturated and unsaturated residues of the phospholipid
fatty acid side chains, which decreases the fluidity of the membrane.'?® In a recent
study Bao et al. showed that the active form of vitamin D can protect nonmalignant
prostate cells from oxidative stress-induced cell death by elimination of ROS-
induced cellular injuries through transcriptional activation of glucose-6-phosphate
dehydrogenase activity, a key antioxidant enzyme, dose- and time-dependently
induced by calcitriol.?®® By other hand, the anti-oxidant activity of vitamin D could
be due to the fact that the supplementation with this hormone increases the
activities of two antioxidant enzyme - superoxide dismutase (SOD) and catalase to
an extend, comparable to the one of vitamin E.?®® In studies on cancers, a pro-
oxidant activity for vitamin D was revealed, but in this case one should consider the
fact that this finding was made in a group of unhealthy people.?’’ It has been
shown an accumulation of oxidative stress-induced modification in proteins, lipids
and DNA in tissues during the aging process. There are some studies which have
shown that vitamin D deficiency is associated with a normal aging process, whereas
excessive levels of vitamin D are associated with an accelerated aging process.?%?

Moreover, it has been described that higher vitamin D concentrations are
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associated with longer leukocyte telomere length, which underline the potentially
beneficial effects of this hormone on aging and age-related diseases.?** Clinical and
experimental data showed that vitamin D regulates also some physiological brain
functions like neuroprotection, regulation of behaviour, antiepileptic effects and
motor functions. It has been shown that vitamin D is able to induce the expression
of some neurotrophic hormones like glial cell-derived neurotrophic factor, leukemia
inhibitory factor, neurotrophin-3 mRNA and nerve growth factor.*®

The fact that the active vitamin D metabolite exerts a variety of actions
throughout the body, affecting different organs and systems, led to its usage in the
treatment of several disorders like secondary hyperparathyroidism, osteoporosis,
psoriasis, autoimmune diseases and different type of cancer (breast, prostate,
colon). The targets of vitamin D therapy in CKD involve renal inflammation, RAS
and glomerular (mesangial cells and podocytes) and tubulointerstitial (tubular
epithelial cells and interstitial fibroblasts) fibrosis. Active vitamin D has been shown
to inhibit multiple pathogenic pathways in renal fibrosis. Active vitamin D (1) has
anti-inflammatory effects; (2) inhibits mesangial and podocyte proliferation; (3)
down-regulates the RAS by inhibiting renin production; (4) prevents glomerular
hypertrophy as measured by glomerular volume in 5/6 subtotal nephrectomized
rats; (5) decreases proteinuria in different animal models of CKD; (6) decreases
fibrogenic cytokine production in the kidney by regulating Smad3 and TGF-$
pathways; (7) has the potential to block the EMT and myofibroblast activation.?®*

However, the therapy with vitamin D has some limitations because of the
hypercalcemic and phosphataemic activity of this compound with main unwanted
side effect, the soft tissue calcification. In the last decades special attention has
been paid to the development of structurally modified analogs that influence to a
less extend the mineral metabolism, but the beneficial properties of vitamin D are
retained.?®® Calcitriol (1a,25(0H),D;) and VDRAs such as paricalcitol (19-nor-
1a,25(0H),D,) and doxercalciferol (1a(OH)D,) and calcimimetics are currently used

to manage secondary hyperparathyroidism (SHPT) associated with CKD.?%®

6.4. Effects of vitamin D in the vascular wall
VDR is nearly ubiquitously expressed and in the last decades great attention
has been paid to the presence of VDR, together with all the components of the

vitamin D system, in the vascular wall.
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6.4.1. Distribution of VDR and vitamin D metabolic enzymes in the
vasculature

There is growing interest in the potential role of vitamin D metabolites in the
vasculature. Both ECs and VSMCs express high-affinity receptors for 1,25(0H),Ds.
Recent publications indicated that 1aOHase is expressed in endothelial cells, in
which it appears to modulate cell growth and increase monocyte adhesion. Given
the high ciculating levels of 25(0OH)Ds, the precursor of 1,25(0H),Ds3, it is possible
that a locally expressed 1aOHse system might enable VSMCs to regulate the
concentrations of 1,25(0OH),Ds in an autocrine and/or paracrine manner so it can be
governed by local factors and provide intracellular ligands for the vitamin D
receptor. The mitochondria of the vascular cells possess also a functional 240Hse
that regulates the first step of its catabolism. Thus, local production of 1,25(0H),D3
is considered to be important as an auto/paracrine regulator of certain vascular cell

functions.

6.4.2. Specific functions of vitamin D in the vascular wall
In previous studies from our laboratory it has been found that 1,25(0OH),Ds
increases the proliferation and calcification of VSMC through a vitamin D response

)185,144 and via

element in the promoter of vascular endothelial growth factor (VEGF
RANK-BMP4 - dependent pathway,'®” respectively. 1,25(0H),D; induces the
proliferation of VSMC in vitro in dose-dependent manner in parallel with an
increased expression of vascular endothelial growth factor (VEGF). Furthermore,

inhibition of VEGF activity neutralizes proliferation induced by 1,25(0H),Ds.

6.4.3. Beneficial effects of vitamin D and its synthetic analogs for the
cardiovascular health
Vitamin D status has been proved to be an independent predictor of
cardiovascular morbidity and mortality and vitamin D sufficiency is believed to
promote cardiovascular health. Blood vitamin D levels depend mainly on solar
exposure, but geographic and social factors can also influence.** Moreover, various
pathological conditions like CKD, Crohn disease, rheumatoid arthritis, systemic
lupus erythematosus and type 2 diabetes mellitus are associated with prevalence of
low vitamin D levels with consequent cardiovascular complications. Thus,
supplementation with vitamin D is now an important point in the treatment
guidelines for these disorders.
One of the effects of vitamin D that mediates its beneficial role in the

vasculature is the negative regulation of renin production, the rate-limiting
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component of RAS. Li et al. have shown that vitamin D suppresses renin gene
expression by targeting the cyclic AMP signalling pathway that is known to be the
major stimulator of the renin production in the juxtaglomerular cells.'® 207
However, kidney is not the only source of Ang II. It has been shown that the
vasculature possesses the components needed for the local production of Ang II,
and that their expression is increased in the atherosclerotic vessel. By inhibiting the
rate-limiting step in RAS, vitamin D analogs might have some advantages over the
ACE inhibitors and Ang II receptor blockers, as Ang II can be generated through
ACE-independent pathways, and one Ang II receptor antagonist cannot completely
block the effects of Ang II, as Ang II has multiple receptors.

As a putative positive vitamin D response element has been described within
the mitogen activated kinase phosphatase MKP5 promoter, one of the beneficial
aspects of the vitamin D treatment could be because MKP5
dephosphorylates/inactivates the stress-activated protein kinase p38MAPK.
Activation of p38MAPK has like a downstream effector the production of IL-6, which
is a proinflammatory agent in VSMC. Thus, 1,25(0H),D; treatment could inhibit the
IL-6 production in normal cells via p38MAPK inhibition.%®

Moreover, it has been described that higher vitamin D concentrations, which
are easily modifiable through nutritional supplementation, are associated with
longer leukocyte telomere length, which underscores the potentially beneficial
effects of this hormone on aging and age-related diseases.?®> The anti-oxidative
effects of vitamin D have been suggested by epidemiological and many in vitro and
in vivo laboratory studies. The active form of vitamin D can protect honmalignant
prostate cells from oxidative stress-induced cell death by elimination of ROS-
induced cellular injuries through transcriptional activation of Glucose-6-phosphate
dehydrogenase (G6PD) activity, a key antioxidant enzyme, which is a primary
target of 1,25(0OH),D5.1%°

7. KNOCKOUT MODELS FOR STUDYING THE ROLE OF VITAMIN D/VDR
SIGNALLING

7.1. VDR knockout mice
Gene knockout studies in mice and VDR mutations in humans have provided
considerable insights into the physiological functions of vitamin D. Four groups have

created VDR knockout animals (Table 3),209:210:211,212
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Table 3. Strains of VDRKO mice

Year Strain of VDR Authors Modified Encoded region
null mice exon

1997 Tokyo Yoshizawa et al. 2 First zinc finger

1997 Boston Li, Y. C. et al. 3 Second zinc finger

2001 Leuven Van Cromphaut et al. 2 First zinc finger

2002 Munich Erben et al. 2 First zinc finger

VDR null mice were phenotypically normal at birth, but developed growth
retardation, hypocalcemia, hypophosphatemia, hyperparathyroidism, high serum
concentrations of alkaline phosphatase, rickets/osteomalacia, alopecia, bone growth
retardation with loss of bone density, few whiskers, flat face and short nose after
weaning, similar to the symptoms that occur in people with VDR mutations in
vitamin D-dependent rickets type II (vitamin D resistance, hypocalcaemia,
hypophosphataemia, secondary hyperparatiroidism, osteomalacia). These findings
were accompanied by serum levels of 1,25(0OH),D; found to be around 10 times
higher than in the WT, meanwhile the 24, 25(0OH),Ds; were almost undetectable at 4
weeks.?® VDR knockout mice were also found to have impaired insulin secretory
capacity (77) and showed gonad insufficiencies. In females a uterine hypoplasia
and impaired folliculogenesis were observed and in males the lack of the receptor
was associated with decreased sperm count and motility.?!3

Interestingly, feeding the VDR null mice with a diet rich in calcium,
phosphate, and lactose all the symptoms were normalized, except the hair
abnormalities. These observations suggest that increased intestinal calcium
absorption is critical for 1, 25(0OH),Ds action on bone and calcium homeostasis. The
calcium homeostasis defect could be explained by the reduced expression of
duodenal epithelial calcium channels CAT1 and CAT2 in VDR null mice.

Moreover, increased platelet aggregation, down-regulated expression of
antithrombin and anticoagulant glycoprotein thrombomodulin along with
upregulation of critical coagulation factor tissue factor expression in both hypo- and
normocalcemic VDRKO mice can all contribute to the enhanced thrombogenicity,
found in VDRKO mice. ?!* In a study with LPS-induced disseminated intravascular
coagulation rat model, a beneficial effect of the active form of vitamin D3 against
thrombosis has been demonstrated.?**

The study of Li et al., investigating the effect of VDR gene ablation in mice on

the renin-angiotensin system revealed significant up-regulation of renin expression
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in VDRKO mouse kidney. Blood diastolic and systolic blood pressure in VDRKO mice
were significantly elevated, as was the heart weight / body weight ratio, a potential
indication for the onset of hypertension-induced cardiac hypertrophy. Treatment of
WT mice with active vitamin D and in vitro experiments on mouse glomerular AS4.1
cells, transfected with human VDR and a reporter gene fused to the murine renin 5’
promoter region, showed VDR-mediated suppression of renin expression.'®® The
disruption of this suppressing mechanism in VDRKO mice explains the up-regulation

of renin expression in VDRKO mouse kidney.

7.2. 1aOHase knockout mice
Mutations in the gene coding for 1a-OHase lead to severe disorders including

)26, PDDR is an autosomal recessive

pseudovitamin D-deficiency rickets (PDDR
disease characterized by growth retardation, failure to thrive, hypocalcemia,
osteomalacia, and rickets. Recently, the genetic association of 1a-OHase with PDDR
has been confirmed by deletion of the 1-OHase gene in mice.?'”?'® 1a-OHase

knockout mice were rescued by 1,25(0H),D5 depletions or high dietary Ca** intake.

7.3. 240Hase knockout mice

In order to examine the physiological role of the enzyme 240OHase and
address the putative role of 24,25(0H),Ds;, St-Arnaud et al. have generated
240Hase knockout mice (240HaseKO).?'? Initial reports suggest that 240HaseKO
mice showed poor viability and tendency to hypercalcemia, hypercalciuria and
nephrocalcinosis during the neonatal period. The mice that managed to reach
adulthood presented elevated plasma 1,25(0OH),D; levels after exogenous
1,25(0H),D5 administration. Unexpectedly, 240Hse mutated animals showed lower
baseline levels of circulating 1,25(0H),Ds than wild-type controls and it has been
proven that the surviving 240HaseKO mice owe their survival in part to down-
regulation of laOHase gene expression.??® It has been postulated that these
animals may use an alternative pathway of 24,25(0H),D; catabolism to regulate

circulating levels of the hormone.
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Objectives

HYPOTHESIS

Vitamin D trough its nuclear receptor VDR increases the proliferation and
migration of vascular smooth muscle cells, thus being involved in the
development of atherosclerosis. Lacking the signalling via VDR would affect the

proliferation rates in VSMC.

OBJECTIVES

1. Determine the effect of absence of VDR over the proliferation of

vascular smooth muscle cells.

2. Study the metabolic activity of the VDR ablated VSMC.

3. Find the factors that could mediate the differential behaviour of

the mutant cells at molecular level.

4. Determine how the sustained activation of Angiotensin II

affects the proliferation of VDRKO vascular smooth muscle cells.
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Materials and Methods

The work, presented here, was carried out in the Experimental nephrology
laboratory, part of the Nephrology department of University Hospital Arnau de
Vilanova, Lleida under the direction of Dr José Manuel Valdivielso and Dr Elvira

Fernandez.

1. CHEMICALS AND STOCK SOLUTIONS, USED IN THE EXPERIMENTAL
WORK
The following chemical substances were utilized as a ready to use solution or a

solution that was ex tempore made from an already prepared stock solution:

+ 1a,25-Dihydroxyvitamin D3 (SIGMA, cat. N2 076K4067) - 1mM stock
solutions of 1a,25(0H),Ds; were prepared in 100% ethanol and stored in 10
Ml aliquots at —20°C;

+ 2-butyl-4-chloro-1-[p-(o-1H-tetrazol-5-ylphenyl) benzyl] imidazole-
5-methanol monopotassium salt (Losartan) (SIGMA, cat.N? 61188) - 50
mM stock in water;

+ 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT):
5 mg/ml stock and kept at -20°C;

« Basic fibroblast growth factor (bFGF) (PeproTech, cat. N 100-18B) - the
recombinant substance was reconstituted in 5mM TRIS-HCL solution, pH 7.6
to 0.1 mg/ml;

 Charcoal/dextran treated FBS (charcoal stripped serum, CSS) (HyClone,
cat. N2 SH30068.02) - this serum is obtained after activated carbon
absorption of non-polar lipophilic substances such as certain growth factors,
hormones and cytokines from the whole FBS. CSS was used in the
determination of the growth curves of WT and VDRKO cells;

+ Dihydroethidium (DHE) - was prepared as 15.85 mM stock solution in
DMSO and was used in the measurements of the superoxide production in
WT and VDRKO cells;

+ Diphenyleneiodonium sulfate (DPI, SIGMA, cat. N2 D2926) - DPI (gift
from Dr Jordi Boada) was dissolved in DMSO to 5mM stock concentration;

« DNA molecular weight marker (Roche, cat. N2 11721933001) following
the instructions of the manufacturer, using Oringe G (SIGMA) as a stain;

+ Dulbecco’s modified Eagle’s medium (DMEM, GIBCO, cat. Ne 41965) -
the medium was kept at 4°C and used always pre-heated at 37°C;

« Fibronectin (SIGMA, cat. N° F1141) was reconstituted with sterile
destilated water to 100 pg/ml and kept in 500 pl aliquots at -20°C;
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Foetal bovine serum (FBS, GIBCO, cat. N2 10500) was aliquoted and
stored at —20°C. For experiments, 10% concentration was used;
Hoechst 33258 (Bisbenzimide H, SIGMA, cat. N2 B2883) - stock solutions

of 200 uM were prepared in water and kept in dark at -20°C;

Orange G (SIGMA, cat. 03756) loading buffer - the salt was dissolved in
water solution of 10mM EDTA, 10mM TRIS and 30% glycerol;
Paraformaldehyde (4%) - 80g of paraformaldehyde were dissolved in 800
ml H,O under high temperature and stirring in a hood. When the
temperature is 60°C, few drops of 5M NaOH were put, until the solution
became transparent. Then the solution was cooled the volume of adjusted to
1L, and pH to 7.4. Then the paraformaldehyde solution was mixed with 1L
0.2M phosphate buffer and the pH adjusted again to 7.4;

Penicillin & streptomycin solution (SIGMA, cat. Ne P4458) - aliquots of
10 ml (one for a bottle of DMEM, 500 ml) were and frozen at - 20°C;
Phosphate buffer (0.2M) - 13.79g NaH,PO, in 500 ml H,O, 53.39¢g
Na,HPO,4x2 H,0 in 1500 ml H,0. First, the dibasic sodium phosphate solution
was prepared to pH 7.0 and then the other phosphate solution was added
slowly, until pH 7.4;

Phosphate buffered saline (PBS) - 17.52g NaCl, 400mg KCI, 100ml 0.2M
phosphate buffer, H,0 to 2L;

Propidium iodide (PI, SIGMA, cat. N2 P4170) - the solution of PI (25 mg of
PI were dissolved in 10 ml 20x SSC and 490 ml H,O) at 50 upg/ml, was
covered with aluminium paper in order to project it from the sunlight, and
was kept at 4°C;

Sodium saline citrate (SSC, 20x) - 3M NaCl, 0.3M sodium citrate, H,0 to

1L, pH 7.0;
Tiron - antioxidant, stock solution of 1M, kept at -20°C (gift from Dr Xavier
Dolcet);

Trypsin (0.05% Trypsin-EDTA 1x, Gibco, cat. N2 25300) was used for the

detachment of the cells.

2. EXPERIMENTAL ANIMALS

The animal experiments were done in accordance with the following legal

directives:
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+ Decret 214/1997, 30th of July, that develops the upper law.
» Real Decreto 1201/2005, 10th of October, for protection of the animals used

for experimental work and other scientific purposes.

We bred VDR knockout (VDRKO) mice, initially generated by targeted
ablation of exon 2,2°° using wild type (WT) littermates as a control in all the
experiments. A breeding colony of heterozygous for VDR (VDRHZ) mice was
established from 10 mice (males and females), a generous gift by Dr. Kato.
C57BI/6 mice strain was used like genetic background for these KO mice. On day
21 postpartum pups were weaned and assigned to different cages based on their

genotype and gender.

2.1 Diets

Mice were fed the standard rodent chow (0.6% calcium and 0.8%
phosphorus, and 0.6 IU/g vitamin D3 with 2.9Kcal/g (Harlan Teklad) and housed in
the animal facility of the University of Lleida at temperature of 21°C with 12 hours
dark/light cycle with food and water freely available. In order to normalize mineral
homeostasis and thus exclude hypocalcaemia as a factor in our experiments,
VDRKO mice only were fed on a “rescue diet” upon weaning, containing 20%
lactose, 2.0% calcium, 1.25% phosphorus, 2.2 IU/g vitamin D3 diet with 3.5 Kcal/g
(Harlan Teklad, TD.96348). We used 3 months-old mice for all experiments.

2.2. Genotyping

Mice were identified by polymerase chain reaction (PCR) with tail genomic
DNA as template, obtained by a standard digestion with proteinase K (High Pure
PCR Template Preparation Kit, Roche, cat. N2 11796828001). Four primers were
used to amplify a 140 bp VDR band and a 455-bp Neo band from the inserted

targeting vector:

WT forward: 5°-ATG GAG GCA ATG GCA GCC AGC ACC TC-3~
reverse: 5°- GAA ACC CTT GCA GCC TTC ACA GGT CA-3~

VDRKO forward: 5°- GCC TGC TTG CGC AAT ATC ATG GTG GA-3°
reverse: 5" - AGC CAG GTG AGT TTA CCT ACC ACT TCC-3~

The PCR mixture consists of 1x PCR buffer minus Mg, 1.5 mM MgCl,, 0.2 mM
dNTP mixture, 0.2 uM of each primer and 1 U/ul Tag DNA polymerase (cat. N°

18038-034), all from Invitrogen, and the reaction conditions were: 35 cycles at
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94°C for 15s, 66°C for 30s, 72°C for 1 min, with a final extension at 72°C during 10
min. 22, Then, the reaction product together with DNA molecular weight marker in
Orange G loading buffer, were visualized after running a 1.5% low melting agarose
(Conda laboratories, cat. Ne 8050) gel. SYBR green was used as a DNA staining.
The VDRKO mice and their WT littermates were subjected to several in vitro and

in vivo experiments.

3. IN VITRO STUDIES

3.1. Cell cultures

In order to achieve the purpose of our work, we employed primary aortic
mouse VSMCs, as these cells are widely used and accepted in cardiovascular

research.

3.1.1. Primary culture of mouse VSMC

3.1.1.1. Explant method

Primary aortic VSMCs of 3-month-old WT and VDRKO mice were obtained by
explants outgrowth culture, as previously described with slight modifications ?%2. In
brief, WT and VDRKO mice were anesthetized with isoflurane, administered in
conjunction with pure oxygen; the thoracic and the abdominal aorta was extracted
and stored in ice-cold sterile phosphate-buffered saline (PBS) on ice. The following
steps were carried out under a laminar flow hood in sterile conditions. After three
washes in PBS and excision of the lateral vessels, aorta was cut into small
fragments (<1 mm?) and placed in 6-well culture plate, previously coated with 100
Hug/mil fibronectin. The explants were maintained in DMEM, supplemented with 20%

(vol/vol) heat-inactivated FBS, 2 mM glutamine, penicillin (100 U/ml) and
streptomycin (100 pg/ml), in a humid atmosphere at 37°C with 5% CO,. Two weeks

later, the cells migrated from the tissue had occupied the culture plate. Then, the
explants were removed with a sterile pancetta and the cells were detached by
trypsinization with subsequent planting in a new plate with bigger size (60 mm).
The cells obtained by this method were identified as VSMC by the following
criteria: the characteristic for VSMC morphology at confluence ("hill-and-valley"
pattern) and by positive indirect fluorescent immunocytochemistry for smooth

muscle a-actin.
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3.1.1.2. Fluorescent immunochemistry for smooth muscle a-actin

In order to confirm the vascular smooth muscle origin of the primary cultures,
WT and VDRKO cells at passage 2 were grown in 6-well plates. When the cells
reached 80% of confluence they were washed with DMEM without FBS and 1 ml of
ITC medium, containing insulin and transferin (100x, GIBCO, cat. Ne 41400),
supplemented with 0.25mM ascorbic acid and 0.01nM FeCLs. Cells were left to grow
in this medium for three days. Then, the cells were rinsed with cold PBS three times
five minutes each, fixed with ice-cold 100% methanol for 15 minutes at 4°C and
washed with cold PBS. The fixed cells were then incubated in blocking solution (4%
FBS in PBS) for one hour at room temperature (RT) on a rocking platform. After
washing with cold PBS, a monoclonal anti-smooth muscle a-actin, alkaline
phosphatase conjugated antibody (SIGMA, clone 1A4, cat. N2 A5691) was added in
a 1:50 dilution in blocking solution for one hour at RT. Some wells were incubated
only with blocking solution (negative control). The wells were washed three times
with PBS and a fluorescent rabbit anti-mouse (Table 7) was added in a 1: 200
dilution in blocking solution for one hour at RT. Finally, after the last washing in
PBS, 50 pl of SlowFade component A (Molecular Probes, cat. N S7461) were put,
together with 0.5 pug/ml Hoechst 33258 dye, covered with cover slip and viewed
under a microscope equipped with epifluorescence (OLYMPUS 1X70) and
photographed.

3.1.1.3. Maintainance of primary VSMC cultures

Cells were passaged twice a week. All the mediums and solutions were pre-
wormed at 37°C. Growth medium was removed and cells were washed once with
PBS and then 1 ml (for 35 mm) or 2 ml (for 100 mm) of Trypsin/EDTA solution
were added. The cells were brought back to the incubator for approximately 5
minutes to allow the detachment of the cells. After one washing in DMEM,

containing 10% FBS, cells were subcultured in 1:3 ratio in 100 mm plates.

3.1.1.4. Freezing, storage and thawing of VSMC

For freezing, VSMCs were trypsinized, spun down and resuspended in ice-cold
freezing medium containing 0.1 ml DMSO plus 0.9 ml FBS per vial. The cell
suspension was placed in cryotubes and first frowzen at -80°C during three days
before the long time storage at -196°C in liquid nitrogen. For thawing, cells were
warmed to 37°C and immediately dissolved in pre-warmed culture medium. After
centrifugation, cells were resuspended in culture medium and placed in 100 mm

plate for overnight incubation.
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3.2. Cell culture treatments

For all experiments VSMCs between passage 2 and 8 were cultured in 4, 6, 24
or 96-well plates and used at 70-80% confluence. In order to synchronize the cell
population in Go phase of the cell cycle, before each experiment cells were serum
starved during 24h in DMEM supplemented with 0.2% FBS, after which cells were
switched to DMEM supplemented with 0.2%FBS again or to 10%FBS DMEM. The
culturing in 0.2% FBS was used to maintain the VSMC in quiescent state, the one
that they have in natural conditions, being part of the artery wall. When a reference
to this state is made, the term "“basic conditions” is usually used. As FBS is a
classical mitogen, 10%FBS was utilized in the induction of cellular proliferation.

To check if there was a difference in the responsiveness of WT and VDRKO
VSMCs to molecules that influence different cell events, the following substances
were used:

- 10% CCS, that has very low concentrations of any liposoluble substances,
among them growth factors, was used in the experiments in which the growing
curves of WT and VDRKO cells were obtained.

- 100 nM (107M) 1,25(0OH),D; was added first to both, WT and VDRKO
cells, but as the mutant cells were unresponsive to the treatment, the effects of
vitamin D over mouse WT cells only are listed in the Results chapter;

- 0.4mM H,0, was added to the cells during one hour in order to provoke

oxidative stress;

- 2 ug/ml Oligomycin was used in order to induce phosphorylation of adenosine
monophosphate — activated protein kinase (AMPK) in WT and VDRKO cells;

- 10 pM Losartan was used as an inhibitor of the activation of Ang II
receptor type 1 (AT1) in WT and VDRKO cells;

- 10 uM DPI, inhibitor of the enzyme NADPH oxidase, was used in both cell
population in the monitoring of the superoxide production by FACS analysis;

- 10 uM Tiron was added to the cells, because of its antioxidant properties.

3.3. In vitro experiments with mouse VSMC
The differences in the cell cycle regulation and some metabolical
characteristics of WT and VDRKO VSMCs were determined in vitro.
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3.3.1. Determination of the proliferation rates of WT and VDRKO
VSMC

In order to test the effect of the activation of VDR on VSMC growth WT and
VDRKO VSMCs were proceeded in the following assays:

3.3.1.1. BrdU incorporation

The incorporation of 5-bromo-2’-deoxyuridine (BrdU) into the new
synthesized DNA was detected using a commercial colorimetric enzyme-linked
immunosorbent assay (5-bromo-2’-deoxy-uridine Labeling and Detection Kit III,
Roche Diagnostics, cat. N® 1444611). In brief, WT and VDRKO VSMCs were cultured
in 96-well microtiter plates (3x103 cells/well). After reaching 60-80% of confluence,
VSMCs were serum starved for 24 hours and then the medium was changed to
fresh 0.2% FBS (basic condition) or 10% FBS DMEM (stimulated condition) for an
additional period of 24h. After that time, the cells were incubated with 10 uM BrdU
overnight at 37°C and fixed. After washing with 10% FBS DMEM three times, the
cells were partially digested by incubation with nuclease working solution during 30
minutes in an incubator without CO, at 37 °C. Then, the cells were washed and a
working solution of peroxidase-conjugated anti-BrdU antibody was added for 30
minutes at 37 °C. Finally, the cells were washed three times, and the peroxidise
substrate was added. Optical density (OD) was measured at 405 nm against a
reference wavelength of 490 nm using a microplate reader (BIO RAD, model 680).
Measurements were done on six wells for each condition. The cell humber was
determined in three wells for each cell culture (WT and VDRKO) before fixation, in

order to normalize the amount of incorporated BrdU.

3.3.1.2. Determination of the growth curves

The growth curves of WT and VDRKO VSMCs were obtained using 6-well
plates (1x10° cells/well) in DMEM supplemented with 10% FBS or 10% Charcoal
CSS. Cells were left to reach 50% of confluence, the medium was changed and
then, considering this moment as a start point, the cells were harvested by
trypsinization and the cell number was count manually in triplicate at 3, 6, 12, 18,
24, 32 and 48 hours, using a Neubauer hemocytometer.

In experiment with the AT1-R antagonist Losartan, 3x10* WT and VDRKO
cells/well were cultured in 6-well plates in triplicate, the cell number was counted

after the addition of 10 yuM Losartan to complete DMEM, and the growing curves

were done. In this experiment the medium + losartan was changed every 24 hours.
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3.3.2. Cell volume measurement

To measure the cell volume WT and VDRKO cells were cultured in 100 mm
plates (5x10° cells/ plate) in 10% DMEM. The cells were left to attach overnight,
then FBS deprivation was done during 24 hours and past this time, the culture
medium was changed to 10%FBS DMEM. Starting from this moment (point 0), 18,
32 and 48 hours later the cells were trypsinized. The cell pellet was resuspended in
0.5 ml of PBS, previously passed through a 0.2 um filter. Then, a 1:100 solution in
0.9% saline, also filtered, was made. The cell volume was recorded using a Coulter
Z2 particle count and size analyzer (Beckman), equipped with a 100-pm-aperture
for determination of cell volume. The Coulter method of sizing is based on the
sensation of the small aperture from the cells that passed through it, displacing a
volume of liquid, and measuring it as a voltage pulse, which is converted and

shown as volume histograms.

3.3.3. Flow cytometry study of the cell cycle distribution

We analyzed the distribution of WT and VDRKO VSMC in the different phases
of the cell cycle using fluorescence-activated cell sorter (FACS). Cells were cultured
in 100 mm plates (2x10°cells/well) and left to reach 50% of confluence, time point
that we considered as a zero moment. Then, the culture medium was changed and
the cells were trypsinized and fixed with 70% ethanol overnight at 4°C. Ethanol
was removed and the cells were incubated with 1 mg/ml RNase solution for 30 min
at 37°C. Then, the cell nuclei were stained during 30 min with 50 pyg/ml propidium
iodide. Cell fluorescence distributions in the cell cycle phases were obtained using
Coulter Epics XL flow cytometer (Beckman). PI is a dye that intercalates into DNA.
The intensity with which a cell's nucleus emits fluorescence light is directly
proportional to the amount of PI and therefore to the cell’'s DNA content. Flow
cytometry permits the evaluation of every cell that pass a laser beam in a single
file.

3.3.4. Gene expression analysis

3.3.4.1. RNA extraction

In order to assess the expression of genes of interest, we scrapped and lysed
the cells, usually grown in 6-well plates, directly in 1 ml of TRIzol®Reagent
(Invitrogen, cat. Ne 15596-018). To homogenize the cells we passed the lysate
several times through the pipette tip. After five minutes incubation at room
temperature (RT) which permit the complete dissociation of nucleoprotein

complexes, 0.2 ml of chloroform was added and the samples were centrifuged at
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12,000%xg during 15 minutes at 4°C (Eppendorf centrifuge, 5415R). The total RNA
was then separated in the colourless upper aqueous phase which was transferred to
a new tube. Precipitation of the RNA from the aqueous phase was done by mixing
with 0.5 ml isopropanol per 1 ml of TRIZOL® Reagent used for the initial
homogenization. The samples were incubated at RT for 10 minutes, forming an
invisible RNA precipitate, and centrifuged at 12,000xg for 10 minutes at 4°C. To
the RNA pellet 1 ml of 75% ethanol was added, mixed at Vortex to dissolve the
pellet in the ethanol and centrifuged at 9,400xg for 5 minutes at 4°C. Then, the
supernatant was removed and the pellet was air-dried for 15 minutes. Afterwards,
the RNA pellet was dissolved in diethyl pyrocarbonate (DEPC) - treated water
(RNase-free water) and stored at -80°C. The total RNA concentration was
quantified by its absorption maximum at 260 nm, using a spectrophotometer
(NanoDrop 2000, Thermo Scientific). The ratio of the absorbance at 260 to 280 was
used to assess the RNA purity and a sample with Ays/Argg Of 1.8+2.0 was
considered to be pure RNA.

3.3.4.2. DNA microarray

For this analysis, WT and VDRKO cell were cultured at 100mm plates (four
plates per each). The cells were left to attach 24 hours in 10%FBS DMEM, and
afterwards, the medium was switched to 0.2% FBS. The cultures were grown in
quiescent conditions during 24/48 hours. At the end of the experiment, the cells
were collected in Tryzol. In order to obtain a pure RNA which was necessary for the
DNA microarray, the RNeasy mini kit (QIAGEN) was used, following the protocol,
provided by the manufacturer. The DNA microarray (Mouse WMG 4X44K (Agilent
microarray design ID 014868, P/N G4122F) and the consequent retrieval and
significance analysis of the microarray data were carried out in the Unidad de

Gendmica, Centro Nacional de Investigaciones Oncoldgicas (CNIO), Madrid.

3.3.4.2.1. Microarray design

Labeling-hybridization-scanning methodology

Samples: total RNA fraction. RNA Integrity Numbers were in the range 8.1 to
9.5 when assayed by Lab-chip technology on an Agilent 2100 Bioanalyzer.

Label protocol: Amount of nucleic acid labeled: 1ug. Amplification: by RNA
polymerases. Commercial "Two-Color Microarray-Based Gene Expression Analysis
(Quick Amp Labeling)" kit by following manufacturer instructions. Briefly, MMLV-RT
retrotranscription of sample from a T7 promoter primer is followed by a T7 RNA pol

catalysed in vitro transcription reaction in the presence of either Cy3-CTP or Cy5-
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CTP fluorophores. Labeled samples are purified with silica-based RNeasy spin
columns (Qiagen).

Hyb protocol: Chamber type: SureHyb hybridization chamber (Agilent).
Quantity of each labeled extract used: 825 ng; Volume: 100 ulL; Temperature:
65°C; Duration: 17 hours.

Scan protocol: Scanned on an G2565C DNA microarray scanner (Agilent).
Images were quantified using Agilent Feature Extraction Software (ver. 10.1.1).

Analysis: Hybridized microarray images were analyzed and backgound
subtracted with Agilent FeatureExtraction (FE) Software. Raw data was
subsequently normalized with GeneSpring software. The term "raw" signal values
refer to the linear data after thresholding and summarization.

Significance analysis: In order to derive some statistical confidence and
depending on the experimental grouping, either t-test, LIMMA or ANOVA are
performed. Two important factors used to estimate whether a gene is differentially
expressed are the magnitude of the difference between groups and the variability of
the gene. Sample size, data noise and signal distribution are additional factors that
affect the output of statistical tests. Since the P-value is only statistically valid when
a single score is computed, a 'multiple testing correction' is used to adjust the
statistical confidence measures to the number of tests performed. P-value
adjustment changes the raw p values (individual genes) into a false discovery rate

for the whole experiment.

Table 4. To find changes in the expression profile of VDRKO and WT celld, RNA
from 4 VDRKO cell cultures were hybridised in 5 microarray experiments against a reference
RNA from WT. RIN, RNA integrity humber

Dye CNIO ID Sample ID RIN Microarray ID
Cy3 116WT_(1+2+3+4) pool WT 8,9 251486830228 3
Cy5 116-5 VSMC VDRKO 1 8,1
Cy3 116WT_(1+2+3+4) pool WT 8,9 251486830228 4
Cy5 116-6 VSMC VDRKO 2 9,4
Cy3 116WT_(1+2+3+4) pool WT 8,9 251486830230_1
Cy5 116-7 VSMC VDRKO 3 9,5
Cy3 116WT_(14+42+4+3+4) pool WT 8,9 251486830230_2
Cy5 116-8 VSMC VDRKO 4 9,1
Cy3 116KO_(5+6+7+8) pool KO 9 251486830230_3
Cy5 | 116WT (1+2+3+4) pool WT 8,9
Experiment grouping
Samples Comparison
poolWT vs poolVDRKO_251486830230_1_3.txt dye swap
VDRKO1 vs poolWT_ 251486830228 1 3.txt VDRKO vs WT
VDRKO2 vs poolWT_ 251486830228 1 4.txt VDRKO vs WT
VDRKO3 vs poolWT_251486830230_1_1.txt VDRKO vs WT
VDRKO4 vs poolWT _251486830230_1_2.txt VDRKO vs WT
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3.3.4.3. cDNA synthesis

The reverse transcription was performed, using “1st-strand DNA synthesis kit
for RT-PCR (AMV)” (Roche Diagnostics, cat.Ne 11483188001). 1 pug of RNA was
used for the copy DNA (cDNA) conversion. After the reaction mix was prepared
according to the manufacture’s instructions, one hour at 42°C was run before
inactivating the reverse transcriptase at 99°C for 5 min in a thermal cycler (TC-
412, Techne, Cambridge, Ltd). The obtained in this way cDNA was used as a

template in a real time polymerase chain reaction (RT-PCR).

3.3.4.4. Real time polymerase chain reaction

Tagman real-time PCR method was used in order to determine the relative
mMRNA levels of the target genes. The reaction mix consists of Tagman universal
PCR Mastermix (Applied Biosystems, 4324018), specific primers, already prepared
as stock solutions, and water. The primers for all the genes of interest and the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), used as a house-keeping
gene, were purchased from Applied Biosystems (Table 5). This gene was used as a
control, because it has been found that its expression is not affected by vitamin D
and many studies related to vitamin D, present the expression levels of their genes
of interest as ratio to GAPDH. Moreover, in our DNA microarray there was no
statistically significant difference between VDRKO and WT cell expression of Gapdh.
We used optical 96-well reaction plates with barcode (MicroAmp®, Applied
Biosystems, 4306737). Forty cycles at 95°C for 15s and 60°C for 1 min were
performed with an ABI Prism 7000 Sequence Detection System (Applied
Biosystems). The relative RNA amount was calculated by the “delta delta Ct
method”. Threshold cycle (Ct) is the fractional cycle number at which the
fluorescence crosses the threshold. For every gene, one of the control samples was
selected to have value equal to 1 and the values of the other samples were related
to it.

Table 5. List of primers, used for the RT-PCR analysis

Assay ID Gene Gene name RefSeq Species Amplicon
symbol length
MmO00437297_m1 vdr Vitamin D receptor NM_009504.3 Mus 95
musculus
Mm99999915_g1 Gapdh Glyceraldehyde-3- NM_008084.2 Mus 107
phosphate musculus
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dehydrogenase
Mm01303209_m1 Cdknla Cyclin-dependent NM_007669.4 Mus 62
kinase inhibitor 1A musculus
(p21)
MmO00438170_m1 Cdknlc Cyclin-dependent NM_001161624 Mus 115
kinase inhibitor 1C ML e musculus
(p57)
Mm01546133 m1l Acta2 Actin, alpha 2, NM_007392.2 Mus 88
smooth muscle, aorta musculus
MmO00483888_m1 Colla2 Collagen, type I, a2 NM_007743.2 Mus 67
musculus
MmO00441724_m1 Tgfb1l Transforming growth NM_011577.1 Mus 99
factor, beta 1 musculus
Mm02342887_mH Renl Renin 1 structural NM_031192.2 Mus 143
musculus
MmO00515587_m1 Ctsd Cathepsin D NM_009983.2 Mus 88
musculus
Mm01165918_g1 Cyp27b1 | Cytochrome P450, NM_010009.2 Mus 73
family 27, subfamily b musculus
Mm01166161_m1 Agtrla Angiotensin II NM_177322.3 Mus 63
receptor, type la musculus
Mm01341373_m1 Agtr2 Angiotensin II NM_007429.4 Mus 86
receptor, type 2 musculus

3.3.5. Protein/DNA ratio

WT and VDRKO VSMCs were serum starved by incubation in DMEM
containing 0.2% FBS for 24 hours before being grown in DMEM with FBS. 24 hours
later, the cells were harvested by trypsinization and each sample was then split in
two separate tubes and spun by centrifugation. Lysis buffer was added to the pellet
of one of these two tubes. The pellet in the other tube was subjected to genomic
DNA extraction, using the kit, mentioned in the genotyping section. Protein was
measured using the method of Lowry et al. with albumin as a standard, as explain
in the next section. DNA concentration was measured spectrophotometrically. After
measuring the protein and DNA concentrations, the protein/DNA ratio was

calculated, as a sign of average cell size and presence of hypertrophy.

3.3.6. Protein analysis
3.3.6.1. Solutions
Before the initiation of the protein analysis, the following stock or ready to use

solutions were prepared:
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» Lysis buffer: 2% SDS, 125 mM TRIS, pH 6.8 (Store at RT). Just before use

for every 1 ml buffer 5 pyl of the DMSO protein inhibitors cocktail solution (PIC,

SIGMA, cat. N° P8340) and 10 pl of 1mM Phenylmethylsulfonyl fluoride (PMSF,

SIGMA, cat. N2 P7626), dissolved in 100% ethanol.

« 5x SDS sample buffer:

144mM B-mercaptoethanol, 0.1% bromophenol blue.
+ TRIS-HCI - 0.12g TRIS were dissolved in 20 ml 0.9% NaCl, and the pH was
adjusted to 8.8 or 6.8 with 5% HCI;

Table 6. Components of the polyacrylamide gels

50mM TRIS-HCI (pH 6.8), 2% SDS, 10% glycerol,

Resolving gels

Stacking gels

separation (kDa)

15% 12% 10% 8% 5% 4%
30%AA:0.8% bis AA, ml 4 3.2 2.6 2.2 0.845 0.163
1.5MTRIS-HCI pH 8.8, ml 2 2 2 2 = =
0.5MTRIS-HCI pH 6.8, ml = = = = 1.25 0.313
10% SDS, ml 0.081 0.081 0.08 0.081 0.1 0.0125
10% APS, ml 0.081 0.081 0.08 0.081 0.1 0.0125
TEMED, ml 0.00325 | 0.00325 0.008 0.00485 0.01 0.0025
H>0, ml 1.86 2.65 3.28 3.75 2.86 0.76
Linear range of 50-10 | 200-20 | 200-25 200 - 50

+ Electrophoresis buffer: 1.92M glycin, 250mM TRIS, 10% SDS, pH 8.3;

« Blotting buffer (10x): 1.92M glycine, 250mM TRIS. Ex tempore to 1x buffer

methanol at 10% (8% and 10% resolving gels) or at 20% (12% and 15%

running gels) was added.

+ 20x TBS/T - 146.1g NaCl, 48.44g TRIS, and H,0 until 1L, pH 7.4; Ex

tempore to 1L of 1x TBS, 1 ml of Tween 20 was added;

« Stripping solution: 0.2M glycin, pH 2.5

» Coomassie staining solution: 0.1% Acid violet (SIGMA, cat. N2 210579-50Q),

10% Acetic acid, 25% isopropanol and 10% acetic acid;

« Coomassie distaining solution: mixture of 10% Acetic acid, 10% isopropanol,

used in the estimation of the protein load in western blot;

3.3.6.2. Protein extraction

Cell extracts were collected in lysis buffer, supplemented ex tempore with PIC

and PMSF. The cell lysate was subjected to three freeze-thaw cycles. Then, an
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ultrasonication was carried out three times, 10” each (Digital sonifier model 450,
Branson). Insoluble materials were cleared through centrifugation at 4°C for 10
minutes at 10,000xg, the supernatant was removed by aspiration and stored at -
80 °C. Protein concentrations were determined by an improved Lawry’s method
(DC protein assay, BioRad, cat. N2 500-0116).

3.3.6.3. Western blotting

For western blot (WB) analysis 20 g of total protein per well were used. After
boiling 5 min in the sample buffer, the proteins were separated in SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions according
to Laemmli. Pre-stained protein ladder (Invitrogen, cat. N°® 10748-010) was run in
parallel. After running, the separated proteins were blotted to 0.45 um pore size
polyvinylidine fluoride membranes (Immobilon®-P transfer membrane, Millipore,
cat. N2 IPVHO00010) during one hour at 70 V. Blocking of non-specific binding was
achieved by placing the membrane during one hour in solution of 3% nonfat dry
milk in TRIS-buffered saline with 0.1% Tween 20 (TBST), except for retinoblastoma
protein (pRb), where bovine serum albumin (BSA) was used. Then, blots were
incubated with primary antibodies (Table 7) overnight at 4°C on RP. After washing
with TBST, appropriate horseradish peroxidise-conjugated secondary was added for
an extra hour. Binding was detected with ECL™ Advance Western Blotting Detection
Kit (Amersham Biosciences, cat. N? RPN2135) or EZ-ECL chemiluminescence
detection kit for HRP (Biological industries, cat. N 20-500-120), according to the
recommendations of the manufacturer, using VersaDoc Imaging system Model 4000

(BioRad). Signals were quantified with the Quantity One software (BioRad).

Table 7. Primary and secondary antibodies used for western blotting analysis

Protein Source | Dilution Storage Band, Company

of use kDa
VDR rabbit 1: 1000 4°C 51 Santa Cruz Biotechnology
Rb protein mouse 1: 250 - 20°C 110-115
Cyclin D rabbit 1: 200 - 20°C 36, 34
Cyclin E rabbit | 1: 500 -20°C 52 gfﬁ;ﬁt‘filgfetaf;"nrg
p21¢irt rabbit 1: 500 - 20°C 21 Dr Carme Gallego
p27%irt mouse 1: 500 - 20°C 27
p57%ir2 rabbit 1: 500 - 20°C 57
p19ARF rabbit 1: 1000 - 20°C 19 Upstate
Cathepsin D rabbit 1: 5000 - 20°C 46,28 Abcam
AT, rabbit 1: 1000 4°C 43 Santa Cruz Biotechnology
AT, rabbit 1: 1000 4°C 43 Santa Cruz Biotechnology
NOS Type I1 rabbit 1: 1000 - 20°C 130 BD Transduction Laboratories
AMPKa rabbit 1: 1000 - 20°C 62 Generous gift from
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Phosphor-AMPKa | rabbit 1: 1000 - 20°C 62 Dr Jordi Boada
p38 rabbit 1: 2000 4°C 38 eBioscience
P-p38 rabbit 1: 2000 4°C 38 eBioscience
SOD1 rabbit 1: 2500 - 20°C 2x 16.6 Chemicon

SOD2 mouse 1: 2500 - 80°C 25 StressGen
Complex I mouse 1: 2000 4°C 39

Complex II mouse 1: 2000 4°C 70 .

Complex III mouse | 1: 2000 4°C 48.5 Generous gift from Dr R.
Complex IV mouse | 1: 8000 4°C 35 SRR
Porine mouse 1: 5000 4°C 32

ERK1/2 mouse 1: 1000 - 20°C 44-42 Cell signalling

P- ERK1/2 rabbit 1: 1000 - 20°C 44-42 Cell signalling
a-tubulin mouse 1: 30000 - 20°C 50 SIGMA

Rabbit IgG goat 1: 10000 - 20°C - Cell signalling

+ HRP

Mouse IgG goat 1: 10000 - 20°C - Jackson Immuno Research
+ HRP Laboratories
Goat IgG bovine 1: 10000 4°C - Santa Cruz Biotechnology
+ HRP

Sheep IgG donkey 1: 10000 - 20°C = Abcam

+ HRP

Alexa Fluor 488: - 20°C = Molecular
Mouse IgG rabbit probes

Rabbit IgG goat

+ fluorescein

3.3.6.4. Stripping of an already probed membrane

When incubation with another primary antibody was needed, a previous
stripping of the blot was made using a low pH stripping solution. Then, one hour of
blocking was done, and after three washings, the membrane was incubated with
another Ab. For example, in order to assess the loading, we probed the membranes

with anti-tubulin antibody.

3.3.6.5. Coomassie blue staining

In order to control equal loading and transfer of proteins, the membranes
were stained with Coomassie blue staining solution after the last revealing. In brief,
gels were incubated in the staining solution for one hour and subsequently washed

3 times for one hour each in distaining solution.

3.3.7. Morphological studies of WT and VDRKO cells

3.3.7.1. Hoechst staining

WT and VDRKO cells were planted in 4-well plates and left to attach overnight.
Then, the cells were cultured during 48 hours in 10%FBS DMEM. After 24 hours of
serum deprivation the medium was removed, the cells were washed once in PBS
and fixed with 4% paraformaldehyde in PBS for 30 min. Subsequently, the cells
were stained with 0.5 pg/ml bisbenzimidazole (Hoechst 33258 dye) during 30 min

and were mounted with glass coverslips using 70% glycerol. Hoechst 33258 is a cell

81



Materials and Methods

permeable adenine-thymine specific fluorescent dye, used to stain DNA. It gives a
bright blue staining of the condensed chromatin. The nuclear fluorescence was
detected by Olympus IX70 microscope, equipped with epifluorescence optics and a
camera Olympus OM-4 Ti. From each sample, at least 500 nuclei were counted, and

the data is present as mean values £ SE of the percentage of picnotic nuclei.

3.3.7.2. Transmission electron microscopy

The ultrastructure of the studied VSMC was determined by transmission
electron microscopy (TEM). The samples were washed with PBS, fixed for 6 h with
2.5 % glutaraldehyde in 0.1 mol/l phosphate buffer (pH 7.4) at 4°C, post-fixed with
1 % osmium tetroxide in solution of potassium ferricianide for 2h, and dehydrated
with increasing concentrations of ethanol - water mixtures. After embedment in
resin (Embed-812 Epon), ultrathin sections (70-80 nm) were stained with uranyl
acetate and Reynold ‘s lead citrate and were observed under TEM (ZEISS, EM910,
80Kv). (Electron microscopy facility, SCT-ME, University of Lleida).

3.3.8 Metabolic studies of VSMC

The metabolic activity of WT and VDRKO VSMC were determined by the
assessment of the mitochondrial function, measured by the conversion of MTT to
formazan, high resolution respirometry, and the concentration of ATP, produced by
the cells. The expression of the complexes of the mitochondrial electron chain was

checked by WB analysis.

3.3.8.1. MTT viability assay

The viability and the metabolic activity of WT and VDRKO VSMC were
determined by the mitochondrial reduction of the yellow-coloured MTT to the purple
formazan. The cells were grown in 96-well plates (10* cells per well) and left to
attach overnight. Then a 24 hours starving (0.2% FBS) was made in order to
synchronize the cells. After this period, a working solution of MTT (1 mg/ml) in
DMEM without FBS was added to each well for one hour in CO, incubator at 37°C.
The produced formazan was dissolved in 50ul DMSO, protected from light, and the
spectrophotometric absorbance was taken at 540 nm wavelength, using microplate
reader (BIO RAD, model 680). The levels in the control wells were designated as
100% viability.
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3.3.8.2. High-resolution respirometry

The oxygen flux of WT and VDRKO VSMC (2x10° cells/ml) was measured at
37°C in DMEM culture medium with 10% FBS by high-resolution respirometry,
using Oroboros® Oxygraph-2k. The chamber volumes were set at 2 mL and the
stirring speed at 400 rpm. DatLab software (Oroboros Instruments, Innsbruck,
Austria) was used for data acquisition (2 s time intervals) and analysis, which
includes calculation of the time derivative of oxygen concentration and correction
for instrumental background oxygen flux.??*> The experimental regime started with
routine respiration, which is defined as respiration in cell culture medium without
additional substrates or effectors. After observing steady-state respiratory flux in
the time interval between 15 and 20 minutes after closing the chamber, the ATP
synthase (complex 5) was inhibited with oligomycin (1 pg/ml), followed by
uncoupling of oxidative phosphorylation by stepwise titration of carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP) up to optimum concentrations in the
range 4-5 uM. After the addition of FCCP, protons entered the mitochondrial matrix
via complex 5, provoking maximal respiratory stimulation. Finally, respiration was
inhibited by addition of antimycin A at 2.5 pM (inhibiting complex III of the
mitochondrial electron transport chain). This titration method was completed within
60 min. In order to avoid oxygen limitations, all the experiments were performed
above 50% oxygen saturation. Oxygen consumption was normalized by cell humber
and citrate synthase activity.

The respiratory control ratios: RCR, UCR and RCRp were calculated from the
titrations with oligomycin and the uncoupling agent FCCP, where routine respiration
(R), inhibitited by oligomycin (40) and the respiration after the FCCP-induced
uncoupling; total mitochondrial capacity (3u) were used:

+ Respiratory control ratio, RCR=3u/40
* Uncoupling control ratio, UCR=3u/R
+ Phorphorylation respiratory control ratio, RCRp=(R-40)/3u.

There were strong arguments to replace the conventional UCR and RCR by the

inverse ratios:

1/UCR = Routine respiration / Uncoupled respiration

1/RCR = Oligomycine inhibited / Uncoupled respiration
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3.3.8.2.1. Citrate synthase activity measurement

The cell pellets, obtained by the WT and VDRKO samples, used for the
measurement of the oxygen flux, were homogenized on ice in 0.1 M Tris buffer
containing 0.1% Triton X-100, pH 8.35. Citrate synthase activity, a marker of the
mitochondrial mass, in a specific tissue is frequently constant when expressed per
mitochondrial protein. Some metabolic mitochondrial parameters, therefore, may
be expressed per citrate synthase for specific applications.??*%?® The activity of
citrate synthase in the cell homogenate supernatants was measured
spectrophotometrically at 412 nM and 30°C in a medium containing 0.1 mM 5,5-
dithiobis-(2-nitrobenzoic) acid, 0.5 mM oxaloacetate, 50 mM EDTA, 0.31 mM acetyl
coenzyme A, 5 mM triethanolamine hydrochloride and 0.1 M Tris-HCI, pH 8.1, as

described previously.??”

3.3.8.3 Measurement of ATP content

In order to determine ATP content, WT and VDRKO cells were seeded on 100
mm culture plates. After reaching a confluence of 50-75%, the cells were washed
with cold PBS and 0.5 ml of ice-cold extraction buffer (0.1 M Tris-acetate, 2 mM
EDTA, pH 7.8) were added to the plates. The cells were detached with scrapper and
heated at 90-95°C during 90 sec. The cell extracts were centrifuged and the
supernatants were immediately frozen at -80°C until the assay. ATP was measured
with the Adenosine 5'-triphosphate (ATP) Bioluminescent Assay Kit (SIGMA, cat. N°
FLAA), according to the manufacturer instructions, in a Tecan microplate reader.
Briefly, samples were neutralized to pH 7.4 with 10 yl 4 M TRIS and 10 ul were
added to a new tube with 90 pl ATP-free water. The luciferase reagent was added 1
s before the 5-s measurement in the luminometer, as described by the supplier. For
each sample the amount of the produced light was immediately measured with a
luminometer and was compared with the light of the ATP standard standards in
order to calculate the ATP concentration. The protein content of the test samples
was measured and used for normalization of the ATP concentration, expressed in

nmol per mg protein.

3.3.9. Cytochemical staining for SA-B-Gal activity

In order to measure SA-B-gal activity, WT and VDRKO VSMC from passage
two, four and six, were cultured in 6 well plates (1x10° cells/well) in 10% DMEM.
When the cells reached 50% of confluence they were washed once in PBS (pH 7.2),
fixed during 4 min (RT) in 0.5% glutaraldehyde and then rinsed again in PBS (pH
7.2, supplemented with 1mM MgCl,). Finally, the cells were incubated overnight at
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37°C (without CO;) with a freshly prepared SA-B-Gal staining solution: 1mg/ml 5-
bromo-4-chloro-3-indolyl B-D-galactoside (FLUCA, cat.Ne 16665) (stock = 20mg per
ml in DMSQO)/ 5 mM potassium ferrocyanide/ 5 mM potassium ferricyanide/ 2 mM
MgCl, in PBS, pH 6.0. For control, cells were stained at pH 4.0. After the removal of
the staining solution, the cells were washed twice in PBS. For counting, the cells

were covered with 70% glycerol, containing Hoechst 33258 dye.

3.3.10. Angiotensin II measurement

VSMC of WT and VDRKO mice were grown in 6-well plates with 10%DMEM for
24 hours. The cells were then washed twice with PBS and serum starved for un
additional period of 24 hours. Then, three wells per condition were incubated in 1
ml of either serum free DMEM or DMEM with 10%FBS for 24 hours. The conditioned
culture medium was then collected and centrifuged at 1000xg for 10 minutes, and
the supernatant (medium) was collected. The cells were washed twice with ice-cold
PBS, scraped in 75 ul lyses buffer, and disrupted by sonication. The cell
homogenates were centrifuged at 10 000xg for 10 minutes, and the supernatants
were collected. The conditioned medium and cell extracts stored at -80°C until
analysis for Ang II by EIA. The Ang II concentration in the condition medium of WT
and VDRKO VSMC was determined using a commercial EIA kit (SPI-bio, cat. N¢
A05880) according to the manufacturer’s instructions. In brief, in a 96-well plate,
pre-coated with mouse anti-Ang II IgG, an immunological reaction with Ang II from
the culture medium occurred and after washing, the trapped molecule was
covalently linked to the plate by 0.5% glutaraldehyde treatment. After washing and
denaturing treatment with borane-trimethylamine in 2N HCl/methanol (1:1) leading
to epitope release, Ang II reacted with the acetylcholinesterase-labelled mAb
(AChE) used as tracer. The plate was then washed and the sustrate/chromogen
Ellman's reagent was added to the wells. The AChE tracer acts on the Ellman's
reagent to form a yellow compound. The intensity of the colour was measured
spectrophotometrically at 405 nm. Results are calculated by interpolation from the
standard curve. The total protein concentration was measured by the Lawry’s
method, as explained before in order to normalize the amount of Ang II per mg

protein.

85



Materials and Methods

3.3.11. Intracellular superoxide anion detection

3.3.11.1. Ethidium fluorescence

Quiescent WT and VDRKO cells were trypsinized, washed in PBS and counted
manually in a Neubauer chamber. Equal amount of cells from both cell population
were put in cuvettes for fluorescence measurements with 1 ml of PBS and the basal
fluorescence was measured by fluorimeter (RF-5000, Shimadzu) at A= 520 nm
and A= 590 nm. Then, 10uM DHE, dissolved in DMSO, were added to the cell
suspension and the fluorescence was measured every 5 minutes until 30 minutes.
DHE is freely permeable to alive cells and can be directly oxidized by superoxide
anion (0O°,) to ethidium bromide (EtBr), that intercalates with DNA and emits red

fluorescence, which corresponds to the levels of O°,, produced by the cells.

3.3.11.2. FACS analysis

For more precise measurements, the O°, levels in our VSMC model were
analysed also by fluorescent activated cell sorter analysis, using the same method
of detection (DHE). In one set of experiments, the DHE was added to the cells after
one hour of treatment of normally growing WT and VDRKO cells with 0.4mM H,0, in
complete DMEM. Being an oxidant, it has been shown that H,O, is able to induce
superoxide production. The cells were incubated with DHE at 37°C 20 minutes.
After trypsinization and several washings in PBS, the cells, resuspended in 800 pl of
PBS were subjected to FACS analysis. The flow cytometry was carried out in BD
FACSCanto™ II flow cytometer (FL2 channel) and FACSDiva Version 6.1.1 software
was used to acquire and analyze the data. Simultaneous staining of two types
control samples was done. First, staining with propidium iodide (2ug/ml) of WT and
VDRKO cells was made in order to assess the cell viability and to set the gate of the
cell populations. Second, samples without DHE staining were proceeded to
determine the autofluorescence of VSMC to which the fluorescence of the test
samples was normalized.

In order to find the source of the superoxide in another set of experiments WT
and VDRKO cells were maintained for 48h in DMEM, containing 10% FBS. After
quick detachment from the plate, cells were resuspended in PBS, for the control
cells, or in 0.5 ml PBS containing one of the following compounds, 10 uM losartan
or 10 yM DPI. Then, the cells were transferred into 5-ml polystyrene round bottom
tubes (Becton Dickinson), protected from light and kept at 37°C for 30 min. During
the last 20 min of incubation, dihydroethidium (DHE, 10 pM) was added. After the
end of the incubation, the cells were washed twice in PBS in order to remove the

unspecific staining and kept cold until subjected to analysis. The histogram
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represents the fluorescence of 10 000 cells. The results are expressed as median =+
SEM. All the FACS analysis were done with the help of a experienced fellow Anais
Panosa Borras, PhD in the Flow Cytometry and Confocal Microscopy Facility,
IRBLLEIDA.

3.3.12. Determination of the migration of VSMC

We determined the ability of VSMC to migrate by the study of “wound healing”
in vitro. Two lines on the bottom of 6-well plates were made in order to facilitate
the subsequent measurements as shown in the figure 14.
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Figure 14. Plate, prepared for “wound healing” assay in vitro.

WT and VDRKO cells were seeded in thus prepared 6-well plates (3x10°
cells/well) in 10%FBS DMEM. When the cells reached 100% confluence, the
medium was switched to 0%FBS DMEM for 24 hours. After washing in PBS, with a
tip for 0.2 ml micropipette, a scratch ("wound”) in the cell monolayer was made.
The, 0% FBS DMEM was added to the wells. One picture at that time (point 1) was
used to compare with the one made 24 hours later (point 2). During these hours,
the cells were left to migrate towards the “wound”. At the end of the experiment,
the two areas (A; and A,) for each sample were quantified, using a computer
image analysis programme (Leica IM50 Image Manager). The results were achieved

at mm? and displayed as the percentage of the “healed” area (Ay), calculated as:

AHO/O =(A1 - Az)/ A]_ * 100

4. IN VIVO STUDIES

4.1. Carotid artery injury

The surgery was done with the help of a surgery fellow (Dr Luis Perez-Ruiz,
PhD), assisted by experienced animal technicians (Roser Pane Doménech and
Jessica Pairada Montero), using a dissecting microscope (Zeiss, Germany) at a

d 228

magnification of x1.6. The recently described mouse carotid injury metho was
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used, with minor modifications. In brief, on day 0, WT and VDRKO mice were
anesthetized with isoflurane, administered in conjunction with pure oxygen and the
left external carotid artery (CA) was exposed via midline neck incision. The primary
bifurcation of the CA was located and two ligatures were placed around the external
branch. Afterwards, the distal ligature was tied and the proximal was used to loop
the common and internal carotid arteries for temporary vascular control during the
procedure. A transverse arteriotomy was made in the CA and a 0,014 inch flexible
angioplasty guide wire (Abbott Laboratories) was passed along the vessel three
times with a rotating motion, with care taken to use the identical injury procedure
for each animal. The wire increased the lumen size by overstretching and denuding
the endothelium from the vessel. The wire was removed, the proximal CA silk
secured, and the incision closed with a 5-0 nylon suture (Ethicon). Animals were
returned to appropriate cages and allowed to awaken under a warming lamp. A 200
ul of 0,003 mg/ml Buprex® (0.3 mg/ml buprenorphine, dilute 1/100 with sterile

water for injections, 0.024 ug/g) were injected intraperitonially.

4.1.1. Tissue harvest and histology

21 days after carotid injury, animals were re-anesthetized, the injured CA
located and looped. Mice were killed by placement of a 22-gauge butterfly
angiocatheter in the left ventricle and in situ fixation with 3% glutaldehyde in 0.2 M
phosphate buffer, pH 7.3. The artery was harvested and left in the fixative solution
for an additional period of 48h at 4°C. Each artery was imbedded in paraffin,
assigned a number and various sections were cut. Parallel sections were subjected

to standard hematoxylin & eosin staining.

4.1.2. Hematoxylin & eosin staining

Hematoxylin is a basic stain and has affinity to the acid structures of the cell,
thus staining the nucleus in blue-violet. The eosin has the opposite affinity and
stains the cell cytoplasm in red. Prior to staining, paraffin slides must be baked at
temperature of around 70°C to inhibit detachment of sections during the staining
procedure. Then, the samples should be rehydrated by passing trough a sequence
of xilol, 100% ethanol, 96% ethanol, 70% ethanol. After washing in water (2x 5
min), the slides were left in Harri’s hematoxylin (Panreac) for 15 minutes. The
following washing in tap water from helps thew oxidation of hematoxylin over the
nucleus, giving it blue colour. One washing in the mixture of 1.2% HCI in 80%
ethanol was made and again the slides were washed in running tap water during 10

minutes. Then 5 minutes incubation in eosin was made. The eosin has affinity to

88



Materials and Methods

basic structures and stains the cell cytoplasm in red. Finally, the samples were
dehydrated in ethanol - xilol series (70% ethanol, 96% ethanol, 100% ethanol,
xilol, xilol - eucalyptus oil). The cover slips were mounted in DPX (BDH Laboratory

Supplies).

4.1.3. Morphometry

The injured vessels were analyzed for the development of maximum
narrowing. Vessel dimensions were measured at original magnification 200x, using
an image analysis program (Leica IM50 Image Manager). For each artery section,
two types of measurements were made: area inside the innermost elastic lamina
and area inside the adventitial (outermost) elastic lamina. The area of the media
was calculated by subtracting the measured area inside the innermost internal

elastic lamina from the area within the outermost elastic lamina.??°

4.2. Matrigel plug assay

The Matrigel plug assay was used to check the ability of endothelial cells in WT
and VDRKO mice to form microcapillaries as a feature of the angiogenesis process.
High concentration basement membrane matrix (BD Biosciences, cat. Ne 354248)
was used for in vivo formation of a plug. Ex tempore, aliquots of Matrigel were
supplemented with 500ng bFGF and kept on ice few minutes until use. The mixture
(0.5 ml) was injected in the back of anesthetised WT and VDRKO mice (isoflurane,
administered in conjunction with pure oxygen). After one week, a 0.25 mg.ml*
solution of FITC-dextran (SIGMA, cat. N? 056K5312) was injected i.v. trough the
tail vein of re-anesthetised animals. Twenty minutes later, a blood sample (around
0.2 ml) was taken by cardiac punction made with a “heparin syringe” (insulin
syringe, trough which a small amount of heparin was passed, enough to avoid the
coagulation of the blood). 5 pl of the total blood were kept in a separate tube to be
used for measurement of the haemoglobin (Hb) concentration. The rest of the
blood was centrifuged 10 min at 10.000 rpm in order to obtain plasma in which to
measure the FITC fluorescence. Then, post-mortem, the skin of the back of each
animal was taken off and the plug (as clean as possible, without hair) was placed in
a pre-weight tube in order to measure its weight. The plugs were kept overnight at
4°C. On the next day, the plugs were homogenized 10 min on ice (Ultra-turrax T8,
IKA-WERKE, Gmb&Co). After a centrifugation of 6 min at 10.000xg, the

supernatant was poured in a new tube.
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4.2.1. Fluorescence measurements

The blood sample was diluted 100x in H,O and the supernatant, obtained after
the plug homoginization, was used directly. The fluorescence was measured against
a standard curve of FITC-dextran (0.4 - 25 pg.ml?) in a black 96 well plate (BD,
cat. N2 353948) at 486/528 nm in a fluorescence reader (FLx800, Bio-Tek

instruments, INC).

4.2.2. Hemoglobin determination
The determination of the hemoglobin (Hb) concentration was carried out in a

96 well plate with a standards (0, 25, 50, 100, 150, 200 pg/ml), prepared with
haemoglobin from bovine blood (SIGMA, cat. N® H2625-256). Simultaneously, 25 pl
of plug supernatant and standard samples were put in duplicate. Then, 25 ul of
tetramethylbenzidine solution, TMB (SIGMA, cat. N2 T8665) were added and the
plate was incubated 20 minutes over a rocking platform at RT. The reaction was
stopped with 75 ul 2N H,S0O4. After an additional period of 5 minutes, the

absorbance at 450 nm was taken.

5. STATISTICAL ANALYSIS

All results, if not specially indicated, are expressed as mean = S.E.M.
Differences between means of two groups were assessed by Student’s t-test. A
probability of less than 0.05 was considered statistically significant in all tests. To
indicate a significant difference (p value from 0.01 to 0.05) we used *, and for very
significant (p value: 0.001 to 0.01) and extremely significant (<0.001) ** or ***,

respectively.
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Results

1. Phenotype of VDRKO mice

During the first month of age, all the pups of a couple of VDRHZ mice
presented the same size. After weaning, VDRKO mice fed on regular rodent diet
exhibited severe growth retardation, alopecia, impaired bone formation, infertility,
and usually die within 3 months of age. When VDRKO mice fed on a rescue diet,
containing higher contents of calcium, phosphorus and lactose, were able to reach
the same size and weight of their WT littermates, as well as to reproduce. Another
very obvious finding was the almost complete lack of intra-abdominal fat in the
mutant mice. As shown by others, the alopecia was not able to be recovered by the

calcium rich diet (Figure 15).

Figure 15. The photograph represents the typical appearance of WT and VDRKO mice
at the same age. The smaller size and the severe alopecia are the phenotypical features that
differentiate the mutant mice from the wild type. The VDRHZ mice are phenotipically
identical to the WT. The genotypes of the mice, from left to right, are WT, VDRHZ, and
VDRKO 2,

In order to detect the different genotypes, and especially to separate the
knockout animals and give them the rescue diet as soon as possible after weaning,
we performed a PCR with genomic DNA as a template. In figure 16, a

representative agarose gel is shown.

TTemeee T

Figure 16. SYBR green - stained 1.5% agarose gel which represents the genotyping of
5 mice. Between the littermates, the three genotypes were present - WT (140 bp), VDRKO
(455 bp) and VDRHZ (140bp and 455 bp)
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2. Characterisation of aortic VSMCs obtained from WT and VDRKO

mice

VSMC were obtained from WT and VDRKO mice aortas by the explant method,
as described in the Materials and Methods section. The cells were spindle shaped
and displayed the classic "hill-and-valley" pattern of growth at confluence, as shown
in figure 17A and B. Figure 17C and 3D shows that the isolated cells stained with
FITC-labelled anti-a-smooth muscle actin, exhibited a bright green fluorescence,
identifying them as VSMC.

Figure 17. Appearance of WT (A) and VDRKO (B) cells in culture, stimulated to grow
with 10%FBS. Immunocitochemistry for a-smooth muscle actin of WT (C) and VDRKO (D)
cells. Hoechst 33258 dye was used to stain the cell nuclei.

Very obvious features of the knockout cell population were their lower rate of
proliferation and the enlarged size of the cells. Moreover, the VDRKO cells were

more resistant to the effect of growth factors (FBS) withdrawal.

3. Expression of the main components of the VDR system

By RT-PCR and WB analysis the absence of VDR in the mutant cells was
confirmed. In order to check if the signalling through VDR is abrogated in these
cells, the expression of the two main enzymes, regulating the vitamin D

metabolism, which levels are under the transcriptional control of the active form of
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vitamin D, 1,25(0H),D;, were determined. As shown in figure 18, the three
principal proteins were expressed in our VSMC cultures - VDR (only in WT),
1aOHase and 240Hase. The levels of 1aOHase were higher in VDRKO cells, which is
due to the lack of the metabolic negative feedback that 1,25(0H),D3 exerts trough
its receptor. The catabolic enzyme 240Hase was expressed at very low level in the
mutant cells. This finding was not expected because this protein has positive VDRE
in its promoter. Thus, the lack of activation of VDR explains the low levels of
240Hase.
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Figure 18. Expression of the main components of the VDR system in WT (grey bars) and
VDRKO (black bars) vascular smooth muscle cells (A), assessed by RT-PCR, * p< 0.05.
Representative Western blots of the VDR protein levels in the control and in the mutant cells
(B). Tubulin was used as a loading control.

4. VSMC proliferation

VSMC replication and migration result from the combined action of several
cytokines, growth factors, and extracellular matrix components. The proliferation of
both VSMC cultures (WT and VDRKO) was assessed in several assays in which a

significant reduction in the proliferation rates of the mutant cells was confirmed.
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4.1. BrdU-ELISA

Starting with the same number of cells, we checked the levels of growth of
both cell populations - WT and VDRKO. Since VSMC proliferate asynchronously
under standard culture conditions, pre-synchronization by serum deprivation was
done during 24 hours. The absence of mitotic signals (serum deprivation) leads to a
rapid exit from the cell cycle into a non-dividing state, termed Gy, characterized by
low metabolic activity. Then, VSMC were grown either in medium containing
0.2%FBS, referred as “basic condition” or stimulated to grow with the standard
10%FBS DMEM for an additional period of 24 hours. The proliferation rate,
determined by the overnight incorporation of BrdU in the newly synthesized DNA,
was found to be significantly lower in the VSMC from VDRKO mice in comparison to
WT (Figure 19). Serum reduction led to rapid decrease in the number of dividing
cells in both cell cultures. When the growth factors containing bovine serum was
added, both populations increased significantly their cell number being significantly

lower (p< 0.05) in the mutant cells.
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Figure 19. BrdU-incorporation of WT (grey bars) and VDRKO (black bars) cells was
determined with a commercial ELISA kit. Starting with the same number of cells, in 24 hours
after the addition of the growing conditions (0.2% or 10%FBS) the mutant cells incorporated
significantly less BrdU, * p< 0.05.

4.2. Growth curves

The term cell growth in these experiments was used in the context of cell
division (reproduction). We evaluated the proliferation characteristics of WT and
VDRKO cells stimulated to grow with 10%FBS by manually counting them in
Neubauer chamber at different time point in triplicate wells until 48 hours. The

mean values of the cell number were plotted on a graph as a function of time
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(hours). Wild type VSMC had a significant increase in the cell number after 48
hours in culture compared with that from VDRKO VSMC (4.2 + 0.14 x10° vs 2.2 +
0.11 x10% p < 0.05). We found that the growth of WT cells followed a typical
exponential curve (y = 87.445e%9322x R2 = 0,936), meanwhile the one of the
VDRKO cells was nearly linear (y = 108.92e%°54, R2 = 0.949) (Figure 20A). The
exponential, also sometimes called geometric growth is faster than the linear or
also called arithmetic growth. The growth curves revealed that the primary culture
of VDRKO VSMC showed a slower growth pattern than the WT cells with significant
differences in the mean cell numbers observed over 18 hours after the addition of
10% serum to the culture medium. When a charcoal stripped serum (CSS) was
used as a mitogen, a decrease in the growth rate of WT was seen (y =
64.763e%922% R2 = 0.883), meanwhile the mutant cells kept the same pattern (y =
58.214e%016x R2 = 0,762) (Figure 20B).
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Figure 20. Growth curves of WT and VDRKO VSMC upon serum stimulation. Quiescent
VSMC were stimulated with 10%FBS (A) or 10%CCS (B) for 3, 6, 18, 24 and 48 hours. Cells
were harvested and manually counted, as described in Materials and Methods section. Each
graph shows one representative experiment out of three. Values given are means, and error
bars indicate SEM (n=3). WT cells are presented in grey and the VDRKO in black coloured
triangles, the curve colour is grey for WT and black for VDRKO cells, * p< 0.05.

4.3. Protein/DNA ratio

Under bright light microscopy, the mutant cells appeared to be larger than
their controls. For this reason we decided to check their relative size. In the same
sample (WT and VDRKO, n =3) both, total protein and DNA concentrations were

measured. Then, the ratio between the protein and the DNA content was calculated
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and presented according to the control (WT=100%) (Figure 21). A slight increase in
this ratio (118,4%) was seen in the VDRKO cells, without reaching statistical
significance. This finding led us to thing that the lack of signalling trough VDR

probably leads to an increase in the size of the mutant cells.
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Figure 21. The total protein [pg/ul] to DNA [pg/ul] ratio was measured as an indicator
of changes in the cell size in both cell populations (WT, +/+) and VDRKO (-/-).

The hypertrophy of vascular smooth muscle cells (VSMC) is critical event in
vascular remodelling associated with hypertension, atherosclerosis, and restenosis.
Further, we decided to measure directly the cell volume in order to clarify the

tendency found by the protein/DNA ratios.

4.4, Cell volume

One typical feature of the cell response to mitogenic stimuli is the increase in
the size of the cell, during the interface of the mitosis. To determine whether there
were significant differences in cell size, the mean cell volume of both cell
populations was measured. As it is shown in figure 22, from 0 to 48 hours in
culture, both WT and VDRKO cells increased their volume, but at any moment the

mutant cells were significantly larger.
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Figure 22. The mean cell volume was measured by Coulter Z2 cell counter at 4 time
points. At any moment a significant difference in the cell volume of WT (grey bars) and
VDRKO (black bars) cells was seen, * p< 0.05.

The lower cell number in the VDRKO population, together with the increase in
the mean cell volume led us to thing that the mutant cells probably are stopped in

the G,/S transition check point of the cell cycle.

4.5. Fluorescence activated cell sorting for cell cycle distribution

In order to clarify if really there was a G;-arrest of the VDRKO cells, a flow
cytometry assay for the distribution of the cells in the cell cycle phases was
performed. The first finding of the FACS analysis was the evident difference in the
forward light scatter (FSC) and side light scatter (SSC) cell frequency profile, which
was in accordance with the bigger VDRKO cell size and point to an increased

granularity of our mutant cells (Figure 23).
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Figure 23. Representative FSC (cell volume) versus SSC (granularity) cell frequency

dot-plots of WT (right) and VDRKO (left) VSMC, grown in the presence of 10%FBS. Each plot
represents a minimum of 10 000 cellular events.
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With respect to the distribution of the cells in the cell cycle phases, FACS analysis
revealed that VDRKO cells after 48h in 10%FBS culture medium presented 72.9 + 6
% in G; phase, 3.9 £ 0.4 % in S phase and 16.8 £ 3.9% in Gy/M phase in
comparison to WT cells with 64.4 £ 3.9%, 15 £ 0.6%, 15.9 £ 3.5% in G;, S and
G,/M phase, respectively (Figure 24). Thus, the difference between the WT and the
VDRKO cells was mainly in the G; and S phases, meanwhile a constant percentage
(approximately 14% of the cells) showed the 4n DNA content characteristic of the
G,/M phase. The very low percentage of knockout cells in the synthetic phase of the
cell cycle points to a possible arrest of the mutant cells in the G;/S transition, even

in the presence of 10% FBS.
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Figure 24. FACS analysis: frequency histograms of the distribution of WT (A) and VDRKO
(B) cells in the phases of the cell cycle. The percentage in each cell-cycle phase was assayed
for cells whose DNA content was between diploid (2n) for Go/G; phase and tetraploid (4n) for
G,/M phase, as detected by propidium iodide fluorescence of RNase-treated cells.
Representative graphic of WT (grey bars) and VDRKO (black bars) cell ranges of cell cycle
distributions (C), * p< 0.05.
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5. Nuclear morphology

In order to evaluate whether the lower cell number in the VDRKO populations
was due to an increase in the cell death events, the nuclear morphology of both cell
cultures was assessed by Hoechst 33258 staining. Following the guidelines of the
Nomenclature Committee on Cell Death (NCCD) from 2009 2° one of the criteria to
considered a cell dead is when the cell, including its nucleus presents complete
fragmentation into discrete (“apoptotic”) bodies. The observation of the cell nuclei
under fluorescent microscope revealed a similar percentage of cells with nuclear
condensation of the chromatin between the WT and the cells lacking VDR, grown in
parallel in 10%FBS DMEM during 48 hours and then serum deprived for 24 hours
(Figure 25).
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Figure 25. Fluorescence micrograph of cells stained with Hoechst 33258 dye to reveal
nuclei. The white arrow shows chromatin condensation. The percentage of cells with
condensed pyknotic nuclei for WT (grey bars, +/+) and VDRKO (black bars, -/-) VSMCs are
presented in the graph. From each sample at least 500 nuclei were scored. Data are mean +
SEM for two independent experiments.

6. Expression of factors, involved in the regulation of the VSMC

proliferation

6.1. Expression of cell cycle regulators

It is widely accepted that mitogens promote cell cycle progression of quiescent
cells via accumulation of D-type cyclins in the early G1 phase. An important
negative regulator of G1l-cell cycle progression is pRb, the product of the
retinoblastoma tumor-suppressor gene. Unphosphorylated pRb binds members of
the E2F family of transcription factors, and thus inhibits the transcription of E2F-

responsive genes necessary for cell cycle progression. In order to be inactivated by
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phosphorylation, pRb needs the full activity of the cyclin D and cyclin E, together
with their corresponding cyclin-dependent kineses (CDK4/6 and CDK2,
respectively). The hyperphosphorylation of pRb by cyclin-dependent kinases leads
to dissociation of pRb from E2F, allowing transcription of E2F regulated genes. The
activity of the complexes is regulated by the so called cyclin-dependent kinase
inhibitors (CKI). By Real Time PCR we checked the relative mRNA expression of two
CKI - p21°P! and p57XP2, They were both found to be significantly higher in VDRKO
cells (Figure 26 A and B). After the addition of growth factors containing FBS,

difference in the levels of p57¥P? only was still present between WT and VDRKO cell.
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Figure 26. The relative mRNA expression of two of the CKI, p21%P! (A) and p57%?
(B) was assessed by Real time PCR. The levels of the WT cells are presented as grey bars,
and of the VDRKO in black bars, *p< 0.05 (n=3).

These findings were confirmed at protein level (Figure 27). Several studies have
shown that even though the members of the Cip/Kip family are potent inhibitors of
cyclin E- and A-dependent kinases, rate-limiting and essential for DNA replication,
they act as positive regulators of cyclin D-dependent kinases that starts the
phosphorylation of pRb. In the mutant cells the levels of cyclin D were similar,
meanwhile of the cyclin E were found to be decreased (Figure 27). Cyclin D with its
co-partner CDK4/6, that is constitutively expressed, phosphorylates pRb, but in
order to be hyperphosphorylated, pRb needs the activity of cyclin E. Thus, it was
normal to expect that the levels of hyperphosphorylation of pRb were lower than in
the control cells. By western blot we checked also the expression of p27¥P! and
p19*T (Ink4a-Arf family). There was a strong increase in their expression in the

VDRKO cells, which was reduced when the cells were stimulated to grow (Figure
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27). Therefore, it seemed possible that the lack of signalling trough VDR may
influence the cell cycle arrest through upregulation of the cell cycle inhibitors p21©P!
and p57%P2,
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Figure 27. Expression pattern of cell cycle regulatory molecules in WT (+/+) and
VDRKO (-/-) cells. The control of loading was done against a-tubulin. Panel depicts one
representative western blot for every protein.

As p57%P? was found to be differentially expressed at any moment during the
VDRKO culturing we decided to search such genes that could intermediate the

effect over p57X?? expression, found in the VSMC lacking VDR.

6.2. Expression of transforming growth factor beta and two of its
responsive genes in VSMC

6.2.1. TGF-B1 relative mRNA expression

Cell enlargement or hypertrophy plays a prominent role in the postnatal
growth of many tissues, as well as in physiological and pathological hypertrophy of
a variety of tissues. One possible candidate for a substance that might elicit

hypertrophic response in smooth muscle cells is transforming growth factor-3
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(TGF-B).?*! In a study after unilateral nephrectomy, p57X?? was found to mediate
the TGFB -induced hypertrophy.?*?

As we already had found a significant increase in the p57X?? expression, we
decided to check the relative mRNA level of TGFB1 in our model. By Real Time PCR
we found a significantly higher expression of TGFB1l in VDRKO cells under
deprivation conditions. When the cells were switched to normal growth medium
containing FBS, the TGFB1 levels decrease significantly in both cell populations and

the difference found in basic conditions was lost (Figure 28).
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Figure 28. Relative mRNA TGFB1 expression in WT (grey bars) and in VDRKO (black
bars) VSMC, cultured under deprivation conditions (without FBS) and stimulated to grow
(10%FBS).

6.2.2. TGFB1 effectors genes: collagen type I and a-SMC

An important physiological characteristic of TGF-B is the de novo synthesis of
ECM proteins. Moreover, TGF-B has been shown to inhibit the expression of matrix
metalloproteinases, a family of proteins that degrade ECM proteins **3. TGF-B,
together with serum response factor (SRF), are the two major regulators of the a-
smooth muscle actin (a-SMA) gene expression through CArG boxes for SRF and
TGF-B-control elements (TCE).?** TGF-B which expression was increased in the
airways of individuals with severe asthma, increased cell size and total protein
synthesis, expression of a-smooth muscle actin and smooth muscle myosin heavy
chain and thus hypertrophy in primary bronchial smooth muscle cells.?3*

As these two proteins - collagen and a-SMA are very important molecules in
the biology of VSMC we decided to check their levels in our model. We found

differences in the expression of TGFB1 only in basal conditions that’s why the
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expression of its responsive genes was checked also when the cells (WT and
VDRKO) were cultured without FBS. For both genes, the expression levels in VDRKO
cell were significantly higher (Figure 29).

Relative mRNA expression

0-Smooth muscle actin Collagentypel

Figure 29. Relative mRNA expression of two TGFB1 genes in WT (grey bars) and in
VDRKO (black bars) VSMC, cultured under deprivation conditions (without FBS) and
stimulated to grow (10%FBS).

It has been shown that the arteries from hypertensive patients and animals
have a greater SMC content than normotensive individuals. The arterial thickening
is thought to be an important adaptive response to the elevated wall stress
provoked by the increased blood pressure 2*®, As the renin-angiotensin-aldosteron
(RAAS) has a leading role in the maintenance of the blood pressure, great number
of studies explored the role of angiotensin II (Ang II) in the mediation of VSMC
hypertrophy in large vessels during chronic hypertension. For this reason we
decided to check the production of Ang II in the culture medium of both VSMC

cultures.

7. Angiotensin II production

7.1. Cathepsin D expression

In VDRKO mice a higher renin expression was found and its increased activity
was the reason for the elevated plasma angiotensin II levels 88, VSMCs from these
mice we were not able to find transcripts encoding for renin by RT-PCR. In contrast,
VSMCs from both genotypes contained cathepsin D mRNA (an enzyme with renin-
like activity), the abundance of which was significantly (P<0.05) higher in quiescent
cells from VDRKO mice than in those from WT controls. When 10%FBS was added,

the expression of cathepsin D in the mutant cells was reduced to the levels found in
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the control cells. In WT cells the withdrawal of growth factors didn’'t play a role,

because the mRNA levels of cathepsin D were similar in 0.2% and 10% (Figure 30).

Relative mRNA expression
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Figure 30. RT-PCR (up) and Western blot (down) analysis detected cathepsin D
expression in WT (grey bars, +/+) and VDRKO (black bars, -/-) VSMC at mRNA and protein
levels, respectively. The abundance of cathepsin D was significantly greater in quiescent
(grown in medium without serum) VDRKO cells.

It has been demonstrated that this lysosomal aspartic proteinase cathepsin D
has renin-like activity, being able to catalyze the hydrolysis of angiotensin I from
angiotensinogen. Studies with spontaneously hypertensive rats have shown
increased expression of cathepsin D, together with higher endogenous production
of angiotensin II.2>” Moreover, cathepsin D induction was related to the cell

response to oxidative stress, cytokines, and aging.

7.2. EIA for Ang II

The finding that the VDRKO cells are larger than the WT controls and they
express higher levels of TGFB1, collagen, and a-SMA was the reason to measure
the production of Ang II in the culture medium of the studied cells. In quiescent
cells, the differences in the concentrations of Ang II in WT and VDRKO cells were
extremely higher with a p value less than 0.001 compared to the levels in growth
medium, containing 10%FBS. Moreover, the mutant cells showed a significant
increase in the Ang II content in quiescent state, as well as when they were

stimulated to grow by FBS in comparison to the WT (Figure 31).
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Figure 31. The Ang II concentrations (pg/ml) in the culture medium of WT and VDRKO
cells were checked by a commercial EIA kit. WT (grey bars), VDRKO (black bars), **
statistical significance was considered at p< 0.01.

When the concentration of Ang II was normalized to the protein content, as a
determinant of the cell mass, very similar results were obtained. As the graphic was

the same it is not presented here.

7.3. Angiotensin II receptors expression

In order to exert its biological actions, Ang II interacts with a family of
angiotensin receptors, and especially with the two main - angiotensin II receptor
type I (AT1-R) and type 2 (AT2-R). In our model, we found higher mRNA levels of
both, AT1a-R and AT2-R receptors in the mutant cells in quiescent conditions. After
the incubation of the cells with 0.2%FBS the expression of both receptors was also
higher in the VDRKO cells at protein level (Figure 32 panel A). When the cells were
stimulated to grow, the elevated expression of AT1a-R in VDRKO cells was no more
detectable, even became lower than in the control cells, meanwhile the expression
of the other Ang II receptor (AT2-R) was maintained higher in the mutant cells

(Figure 32 panel B).
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Figure 32. Messenger RNA (mRNA) and protein levels of both Ang II receptors, ATla and
AT2, in quiescent (A, C) and growing (B, D) WT (grey bars, +/+) and VDRKO (black bars,
-/-) VSMC, * p< 0.05. In the mRNA measurements GAPDH was used like a housekeeping
gene, and the a-tubulin expression was used as a loading control in the WB analysis.

8. IL-6 expression

Apart of the pro-fibrotic actions of Ang II, another very important feature are
its pr-inflammatory effects in the cardiovascular system. Among the cytokines that
mediate the inflammatory response in VSMC interleukin 6 (IL-6) play a central role.
Funakoshi et al. have shown that exogenous Ang II treatment dose-dependently
increases the expression of IL-6 sustained to 24 hours after stimulation.?*® The
induction of IL-6 is also found to be mediated by TGBp.?%°

In VDRKO cells the expression of pro-inflammatory IL-6 was measured by RT-
PCR (Figure 33) and a significant increase in its expression was found in

comparison to the WT cells.
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Figure 33. Expression of IL-6 checked by Real Time PCR in WT (grey bars) and
VDRKO (black bars), * p< 0.05.

9. Expression of the inducible nitric oxide synthase (iNOS)

The inorganic molecule NO has been well documented as an inhibitor of total
protein synthesis and of the expression of extracellular matrix proteins (collagen)?*°
as well as a pro-inflammatory mediator. Studies with the TGF-beta family of
cytokines and the enzyme nitric oxide synthase (NOS) have suggested that the
interaction of these molecules represent a central homeostatic mechanism with
implications for a variety of human diseases. Studies with several cell types in vitro
indicate that TGF-betal negatively controls the inducible nitric oxide synthase
(iNOS) by reducing its expression and activity at multiple levels. It has been shown
that 1,25-dihydroxyvitamin D3 is also a potent stimulus for NO production in
macrophage-like HL-60 line.?** But in the literature the role of vitamin D over the
iNOS expression is still controversial as others in vitro and in vivo studies report
inhibitory actions of 1,25(0H).D5 on iNOS levels.?*?

As we already have found decrease in the proliferation rates in our mutant
cells, together with increased TGFB1 expression, we decided to check the
expression levels of iINOS by Western blot. After the densitometry analysis, we
found that when the cells were stimulated to grow with 10%FBS, there was a
minimal expression of iNOS in both cell cultures. Then, the serum starvation
significantly increased the iNos expression, but this increase was significantly lower

in the mutant cells (Figure 34).

111



Results

1 2 3 4 5 6 7 8 9 10 11 12

iNos -‘i _.ﬂ-’.ﬂ -

OTubulin| e S e ———— - —— ]

2,57
2
e
S 24 s
2
Q *
5 1,5 1
2
14 *
3 o #
>
S 05 - T
< 0 ‘ : :
VDR ++ +/+ -/- -/-
FBS - + - +

Figure 34. Expression of iNos in WT (lines 1,2,3; grey bars) and VDRKO (lines 7,8,9;
black bars) quiescent cells, and cell, stimulated to grow (WT: lines 4,5,6) and (VDRKO: lines
10,11,12), *<0.05, **< 0.001 vs growth arrested WT, and # vs growth arrested VDRKO.

10. Treatments of wild type VSMC

In previous work of our laboratory it has been found that 1,25(0OH),D;
(5-100 nM) induces a dose-dependent increase in rat VSMC proliferation in both
quiescent cells and cells stimulated to grow. This increase in the proliferation was
achieved by shortening the G; phase '®°. In these experiments a dose of 10’M was
found sufficient in order to induce 1,25(0OH),D5 gene regulation.?*?

In the present work, after a 24 hours growth factor starvation, we treated
only WT cell with 100nM 1,25(0H),D5 during 24 hours in basal conditions (without
FBS). For two genes that are known to be vitamin D responsive, VDR and 240Hase,
we found a significant increase after the stimulation with 1,25(0H),Ds. The genes
which we observed to be upregulated in VDRKO cells (p21“P!, p57%P?, collagen type
I, a-smooth muscle actin) the active form of vitamin D was able to reduce their
expression significantly to almost 50% (Figure 35). A decrease in the expression of

cathepsin D was also found, without reaching statistical significance.
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Figure 35. Reprisentative RT-PCR analysis of some vitamin D responsive genes. The
control cells are presented as grey bars and the cells with 100nM 1,25(0OH),D3 treatment in
red bars. The expression of all genes of interest in the control cells was considered as 1 and
the one of the treated cells - as fold change in relation to the expression of the control, *
p<0.05. The data is presented as mean £ SEM.

11. Metabolic studies

11.1. Senescence associated pB-Galactosidase activity

The pre-aged phenotype of the VDRKO mice and the enlarged stella-like shape
of the aortic VSMC, obtained from these mice, together with the decreased
proliferation rates in culture and their different gene profile, made us check if these
cells suffered cellular aging. To confirm the presence of senescence in our VDRKO
cultures, we investigated the expression of the senescence biomarker senescence-
associated [-galactosidase (SA-B-Gal). Dimri et al. described at pH 6.0 B-
galactosidase activity was found specifically in senescent human fibroblast cultures,
but not in quiescent or terminally differentiated cells.?** We performed a
cytochemical staining for SA-B-Gal activity at pH 6.0 in WT and VDRKO and the SA-
B-galactosidase positive cells was determined by the blue cells under bright field
illumination, and then the total number of cells in the same field under phase
contrast. Representative fields were photographed. We found that some of the
mutant cells presented blue perinuclear staining even in passage 4, meanwhile WT
cells stayed negative until passage 10. In figure 36 we present some typical cell of

both types.
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Figure 36. Cytochemical staining of SA-B-gal activity in VDRKO (A) and WT (B) after
20 hours in the X-gal solution at pH 6.0.

11.2. MTT assay

Starting with the same cell nhumber on day 0, 72 hours later, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was added for one hour and
during this time the alive adherent cells present in the well formed water-insoluble
crystals of formazan which were dissolved in DMSO and colorimetrically detected at
540 nm. Absorbance readings were proportional to the number of living and
metabolically active cells. In parallel wells, the cell number of both WT and VDRKO
cells was determined. The decrease in the absorbance at 540nm seen in the VDRKO
cells was associated with a lower number of adherent viable cells. But even when
the absorbance was normalized to the cell number, there still was a significant

decrease, probably due to the impaired mitochondrial function (Figure 37).
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Figure 37. Starting with the same cell number on day 0, after synchronization of the
cells in the Go of the cell cycle and 24 hours in quiescent conditions afterwards, VDRKO
(black bars) cells presented lower conversion of the MTT to formazan in comparison to the
WT (grey bars)* p< 0.05.

12. Analytical cytology by transmission electron microscopy (TEM)

The morphology of growing subconfluent WT and VDRKO was analyzed by
transmission electron microscopy. The nucleus of the VDRKO cells was irregular
with wrinkled membrane, predominantly found in the central area. Its chromatin
appeared clear, with levels of heterochromatin lower than in WT. In some of the
mutant cells, the heterochromatin was agglomerated and stuck against the inside
of the nuclear membrane. Also, the number of vacuoles of various sizes and
lysosomes were notably increased in the cytoplasm of these cells in comparison to
the control. Moreover, the cytoplasm was occluded with electron dense substances
and contained more vesicles. Besides, double-membrane bound autophagosomal
vacuoles were also observed. We observed that the VDRKO cells contained swollen
mitochondria with damaged cristae (Figure 38). The mitochondria of the mutant
cells were either dispersed in this central area or aggregated close to the nucleus
and appearing very contracted and oxidized. Some of these altered mitochondria
were found inside the autophagic vacuoles. The morphology of our mutant cells
were to a great extend similar to the one observed in senescent keratinocytes

which displayed altered mitochondria and nuclei.?*®
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Figure 38. Transmission electron microscopy analysis. Representative photographs of
VSMC from WT (panel A, C, E) and VDRKO (panel B, D, F) mice showed stronger staining
and swelling mitochondria in the mutant cells. Bars are 5um (A, B), 0.23 um (C, E, F) and
0.93 um (D).

The mitochondrial damage, seen in the TEM analysis, made us check if there
were any differences in the mitochondria at functional level, as a possible free

radical source.
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13. Western blot analysis for the complexes forming the mitochondrial
respiratory chain

Representative subunits of mitochondrial respiratory complexes I to IV were
analyzed by Western blotting and representative blots are presented in figure 25A.
In our experimental model, the only complex that showed different expression in
the mutant cells was complex I. Complex I, or NADH ubiquinone oxidoreductase,
provides the input from the NAD-linked dehydrogenases of the citric acid cycle to
the respiratory chain. The complex couples the oxidation of NADH and the reduction
of ubiquinone, to the generation of 4H*/NADH across the coupling membrane, thus
forming a proton gradient which is used for ATP synthesis. The channel-forming
protein porin is localized in the outer membrane of mitochondria where it forms the
primary pathway of metabolites across the membrane. After the densitometry
analysis and normalization to the expression of porin as a control for variations in
mitochondrial protein loading, this decrease was found to be significant (Figure
39B).
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Figure 39. Representative western blots of the mitochondrial Complexes I to 1V,
together with the porin expression in WT (lines 1, 2, 3) and VDRKO (lines 4, 5, 6) cells (A).
The expression of Complex I was determined by densitometry and normalized by porin

signals (Complex I/Porin). Results are presented in grey (WT) and black (VDRKOQO) bar
graphs as means + SE. ¥, p <0.05.
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It has been shown excessive reactive oxygen species production in families with
cardiomyopathy, cataracts, and complex I deficiency of the mitochondrial
respiratory chain.?*® For this reason, we decided to measure the respiration of the
VDRKO cells and compare it to the one of the WT.
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14. ATP content

In order to estimate the bioenergetic state of the VSMC, we determined its
ATP content. The ATP content in VDRKO cells was lower than in WT cells, indicating
a metabolic dysfunction, either a higher ATP consumption or an impaired ATP

production (Figure 40).
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Figure 40. ATP content (nmol/mg protein) of WT (grey bars) and VDRKO (black
bars). Bars represent the means + SD for 4 parallel experiments, * p <0.05 with respect to
WT cells.

In order to confirm the lower content of ATP in the mutant cells we performed
an immunoblotting, in which the levels of the phosphorylation of adenosine
monophosphate (AMP)-activated protein kinase or AMPK were measured. This
enzyme is a sensor of cellular energy status, activated by a variety of cellular
stresses that deplete ATP, which increasing the AMP/ATP ratio. After
synchronization of the cells by overnight serum starvation, we treated both, WT
and VDRKO cells with 0.4mM H,0,, 2ug/ml oligomycin, and 10%FBS for a period of
one hour. We used oligomycin which is a mitochondrial ATP synthase inhibitor
(complex V) and as an additional control H,O,, because it has been shown that this
compound also induces AMPK activation 2*”* 28, Then, the cell lysates were probed
with anti-AMPK, basal and phosphorylated, antibodies. As it can be seen in the
representative WB (Figure 41) after the normalization of the phosphorylated levels
of AMPK to its basal expression VDRKO presented higher activation of the enzyme,
with was in accordance with the lower ATP content. Moreover, in the same samples,
the phosphorylation of ERK1/2 was checked. It has been shown that some

metabolic inhibitors rescued cell death in vitro, activating ERK pro-survival
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signalling, which is known to be induced by growth factors addition. The treatment
with oligomycin slightly induced the phosphorylation of ERK in WT cells, meanwhile

in the mutant cells had the opposite effect, decreasing its phosphotylation.

WT cells VDRKO cells

H,0, 0.2%FBS 0%+Oligomycin 10%FBS  H,0, 0.2%FBS 0%+Oligomycin  10%FBS

|a-Tubulin

Figure 41. Representative western blot with anti P-AMPK and P-ERK antibodies of WT
(grey bars) and VDRKO (black bars) cells grown in 0,2%FBS DMEM, and treated with 0.4mM

H202, 2 ug/ml Oligomycin or 10%FBS during 1 hour. Data is means + SD.

15. Respiratory flux measurements

To assess the second hypothesis about the impaired ATP production and
because mitochondria are the main source of cellular ATP, we measured the
mitochondrial function by high resolution respirometry. The experimental work with
the Oroboros® Oxygraph-2k and the analysis of the data, using the specific
software, were kindly done by Dr Jordi Boada. As it is shown in figure 42, the
experiments started with the registration of the routine respiration of the cells,
followed by the inhibition of complex V of the mitochondria electron chain by

oligomicin to the final inhibition of the complex III with antimycin A.
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Figure 42. Representative traces of oxygen concentration and respiration in the closed
respirometer chamber at 37°C. Arrows show two steps of the titration, the initial with
oligomycin, leading to the inhibition of ATP synthase, thus achieving an ADP-independent
state, followed by maximal stimulation by FCCP and the final one with antimycin A.

The results of the high-resolution respirometry normalized to the cell number

showed that the respiration per cell is lower in VDRKO, both coupled and uncoupled

(Figure 43).
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Figure 43. Representative respiration of WT (grey bars) and VDRKO (black bars)
cells in various states of mitochondrial respiratory control. Bars represent the means £ SD
for 6 parallel experiments. Values were normalized by cell number, * p <0.05 and **, P

<0.01 with respect to WT cells.

As we already knew that the mutant cells had bigger size, we normalized the

respiration by the activity of the enzyme citrate synthase, which reflects the
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mitochondrial mass of the cell. As a result, the former difference in oxygen flux
was lost (Figure 44). The only type that was still significantly higher was the

residual respiration after the inhibition with actinomycin A.
5 -

Oxygen consumption (pmol/s-Unit)
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Figure 44. Respiration of WT and VDRKO cells in various states of mitochondrial
respiratory control. Respiration of WT (grey bars) and VDRKO (black bars) cells. Bars
represent the means + SD for 6 parallel experiments. Values were normalized by citrate
synthase activity that was determined in parallel, * p <0.05 and **, P <0.01, with respect
to WT cells.

However, when the same data were used to calculate the mitochondrial
respiratory control ratios, an estimation of the mitochondria efficiency, the

differences between WT and VDRKO cells were significant again (Figure 45).

1/RCR 1/UCR 1/RCRp

Figure 45. Respiration of WT and VDRKO cells in various states of mitochondrial
respiratory control. Calculated inverse control ratios of WT (light bars) and VDRKO (dark
bars) cells. RCR, respiratory control ratio; UCR, uncoupling control ratio; RCRp,
phosphorylating control ratio. *, P < 0.05 and **, P <0.01, with respect to WT cells.
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These findings, together with the lower ATP content in VDRKO cells, indicated
that the mitochondria of VDRKO cells are less efficient. Moreover, the significantly
higher residual respiration in the mutant cells in the presence of antimycin A is
probably due to extra-mitochondrial consumption of oxygen which could be

associated with increased production of reactive oxygen species (ROS).

16. Superoxide levels measurements

Reactive oxygen species (ROS) are derivatives of O, metabolism, including
superoxide anions, hydrogen peroxide, hydroxyl radicals and nitric oxide. In
vascular cells, ROS are important intracellular signalling molecules that regulate
vascular function, modulating cell growth/apoptosis, migration and extracellular
matrix protein turnover, thus contributing to vascular remodelling. Cardiovascular
diseases, such as hypertension, are associated with increased ROS formation 2%.
In the literature is shown by one hand that the VDRKO mice develop hypertension
and due to the increased expression of renin and subsequently systemical Ang II,
we decided to check the levels of superoxide anion in the VSMC obtained from
these mice. We resuspended cell pellets of quiescent WT and VDRKO cells with
equal cell number in PBS and the fluorescence at A = 520ex/590em nm was
measured, which then was used as basal or auto fluorescence of the cells. Then,
after the addition of 10uM dehydroethidium (DHE) we measured the fluorescence of
the samples at different time point until 30 minutes. The mean fluorescence of both
cell populations at the indicated below time point were plotted to a graph,
presented in figure 46. The resulted curves of the increase of ethidium, result of the
oxidation of DHE by the intracellular superoxide anion, showed that the mutant

cells had higher tendency to produce superoxide.
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Figure 46. Change in the oxi-ethidium fluorescence, produced by the oxidation of
dehidroethidium by the intracellular superoxide anion during the 30 minutes of incubation in
WT (grey curve) and VDRKO (black curve) cells.

Oxidative stress in the vasculature reduces the levels of the vasodilator nitric
oxide, causes tissue injury, promotes protein oxidation and DNA damage, and

induces proinflammatory responses.

17.Stress-induced protein kinases

In order to check if our mutant cells were subjected to oxidative stress, due to
the increased levels of superoxide anion, the activation of stress-induced kinases
was determined by WB. The p38 kinase belongs to the MAP kinase superfamily
which transduces signals from the cell membrane to the nucleus in response to
various stimuli. Furthermore, generation of ROS in response to various external
stimuli is known to activate MAP kinases, e.g. angiotensin II stimulates p38MAP
kinase by a redox sensitive mechanism in vascular smooth muscle cells, which
mediates VSMC hypertrophy. For Ang II-induced hypertrophy in these cells, the
mitogen activated protein kinase (MAPK) ERK'2 has also shown to be implicated *°.
Therefore, we performed western blot analysis using antibodies against both
phosphorylated kinases. As depicted in Figure 33, in quiescent conditions, VDRKO
cells showed increase phosphorylation of the above-mentioned kinases and this

difference was lost when the cells were stimulated with FBS.
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Figure 47. Quiescent VSMC were treated with fresh 0.2%FBS or 10%FBS for 24 hours
and lysates were prepared as described in Materials and Methods. Representative western
blots out of three for phosphorylated P-p38 and P-Erk1/2 kinases. Top panels show the
phosphorylated form and the lower panels show the total (pan) levels of these kinases in WT
(+/+) and VDRKO (-/-) cells.

18. Western blot analysis of superoxide dismutases, SOD1 and SOD2

The members of the superoxide dismutase (SOD) family are involved in ROS
detoxification, catalyzing the dismutation of superoxide radical (O,") into hydrogen
peroxide (H,0;) and oxygen (0O,). In order to check the antioxidant levels in our
VSMC cultures, we performed immunoblotting against the two main forms of SOD -
the cytosolic Cu-Zn SOD1 and the intramitochondrial Mn SOD2. In figure 48 a
representative out of three WB is shown. In quiescent conditions, the expression of
both enzymes presented a significant increase in the WT cells; meanwhile in VDRKO
cells the levels of expression of SOD1 were without change and of SOD2 showed a
strong decrease when the cells were serum starved. In general the comparison
between WT and VDRKO revealed that the expression levels of both enzymes were
lower in VDRKO cells in quiescent conditions, and when the growth factors were
added, this difference was lost. This finding could be explained with the possibility
that during the basal growth of the cells there some factors that inhibits or prevent

the expression of the antioxidant enzymes.
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Figure 48. Representative western blots of the citoplasmic Sod1l and the mitochondrial
Sod2. The graphic represents the densitometry analysis in which the expression of the
enzymes in WT (grey bars, +/+) and VDRKO (black bars, -/-) was related to the tubulin
levels.

19. Treatments with H,0,
Since the superoxide anion is rapidly dismutated to hydrogen peroxide (H,0,),
we decided to treat our cells with this pro-oxidative compound in order to check if

there were differences in the way how our cells react to the induced stress.

19.1. Expression of iNOS
In quiescent conditions we found increase in the expression of iNos. In order to
check if this expression is somehow related to the levels of pro-oxidant substances,
we added 0.4mM H,0, to the basal medium during one hour. As it is shown in
figure 35, the expression of iNos was decreased in the presence of H,0, in both cell
cultures, WT and VDRKO, although that in the VDRKO cells this decrease was not
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significant. As we already have shown in figure 34, in the mutant cells the
expression of iNos was significantly lower. The fact that the in oxidant conditions
the expression of iNos was inhibited is in accordance with the statement that the
ROS are able to reduce the expression of the enzyme and thus the production of

NO which is believed to have protective role, counteracting the ROS.
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Figure 49. Expression of iNos in quiescent WT (lines 1, 2, 3; grey bars) and VDR (7,
8, 9; black bars) cell without treatment and after the addition of 0.4mM H,0, of WT (lines 4,
5, 6; grey bars) and VDRKO (lines 10, 11, 12; black bars) cells.

19.2. AKT phosphorylation

The same samples from 18.1 were probed with anti-phospho and anti-pan AKT
antibodies. The western blot revealed that the mutant cells had significantly higher
levels of AKT phosphorylation in quiescent conditions, and that the pro-oxidant

treatment increases it significantly in both cell cultures (Figure 50).
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Figure 50. Expression of P-Akt and pan-Akt in quiescent WT (lines 1, 2, 3; grey bars)
and VDRKO (7, 8, 9; black bars) cell without treatment and after the addition of 0.4mM H,0,
of WT (lines 4, 5, 6; grey bars) and VDRKO (lines 10, 11, 12; black bars) cells. The
phosphotylation was calculated over the pan levels of Akt and the tubulin is shown like a
loading control.

19.3. Superoxide production

In another set of experiments, H,0,-treated cells were processed by FACS
analysis in order to measure the levels of superoxide anion. The auto fluorescence
of both WT and VDRKO cells was low and similar. We used dehidroethidium (DHE),
a probe useful in detecting oxidative activities in live cells, which fluoresces upon
exposure to oxidants. Cellular redox status, monitored by flow cytometry clearly
indicated the presence of “basal” differences between VSMC from WT and VDRKO
mice in terms of redox balance. In fact, in the mutant cells O,  production was
significantly higher than in the control VSMCs (Figure 51A). Moreover, in the
presence of H,0O, the superoxide production was not changed in WT cells (Figure
51B), meanwhile this one hour of treatment with 0.4mM H,0, was enough for the

further increase in the superoxide levels in the mutant cells (Figure 51C).
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Figure 51. Representative cytofluorimetric histograms of superoxide anion production
in (A) untreated WT (black curve) and VDRKO (red curve) cells and after 0.4 mM H,0,
treatment in (B) WT (black dotted line), and (C) VDRKO (red dotted line).

These results confirmed that VDRKO cells are exposed and are more
susceptible to oxidative stress. VDRKO displayed a sort of “physiological oxidative
imbalance” when compared with basal WT. The mutant cells produced more
superoxide anions and had a major decrement of antioxidant defences in terms of

the antioxidant enzymes superoxide dismutase with respect to WT.

20. Inhibition of the increased superoxide anion levels in VDRKO cells

It has been previously demonstrated that in cultured VSMC, the hypertrophic
agent Ang II caused a delayed, sustained superoxide production by activating a
membrane-associated NADH/NADPH oxidase. This enzyme appears to be the major
source of O, in this cell type and is believed to play a role in Ang II-induced
hypertrophy.®® In order to find the source of the increased basal levels of
superoxide anion in the VDR mutant cells, we used an Ang II receptor 1 (AT1-R)
blocker, losartan and the inhibitor of the flavoprotein component of the neutrophil
NADPH oxidase, diphenylene iodonium (DPI). WT cells showed a low concentration
of ethidium fluorescence, whereas, there was a significant increase in ROS in
VDRKO cells. The inhibition of either AT1-R or NADPH oxidase provoked a decrease
in the levels of superoxide anion in the VDRKO cells, reaching the levels in the WT

control (Figure 52).
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Figure 52. The higher mean fluorescent intensity of oxi-ethidium in VDRKO cells was
inhibitited by 10 pM of both losartan and DPI. WT (grey bars), VDRKO (black bars).
Statistical significance, p <0.05 * versus the correspondent WT control, # vs VDRKO control.

21. Oxidative stress and cell cycle

21.1. Expression levels of p21°P! and p57¥P? after challenge with
antioxidant
In order to check if the increased oxidative stress in the mutant cells could be the
reason of the decreased proliferation rates in these cells, we treat both cell
populations with the membrane-permeant non-enzymatic O, scavenger. After
reaching 50% confluence, WT and VDRKO VSMC were serum starved during 24h,
and then cultured in 0.2%FBS DMEM with or without Tiron at 10uM concentration.
Then, we checked the expression levels of two CDI, p21“?* and p57%P?, by RT-PCR.
We saw that in the WT cells neither p21“P! nor p57X? expression was affected by
the antioxidant treatment. Meanwhile in the mutant cells, decreasing the oxidative
levels we were able to downregulate significantly the expression of p57¢P?,

meanwhile in the p21“?! there was not a difference (Figure 53).
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Figure 53. Quiescent WT (gray bars) and VDRKO (black bars) were treated with 10uM
Tiron during 24 hours and the relative mRNA levels of two cell cycle inhibitors, p21°Pt and
p57%P2 was measured by RT-PCR. p<0.05, * vs WT control, # vs VDRKO control.

21.2. p57%P2 after blocking the activation of AT,

In our FACS analysis we found that blocking the activation of Ang II receptor
type 1 (AT1-R) by Losartan treatment, we were able to decrease the production of
superoxide anion and by the treatment with the antioxidant Tiron, the expression of

the cell cycle inhibitor p57X? was decreased.

21.2.1. Expression levels of p57X*2 after Losartan treatment
In order to determine if the activation of AT1-R is involved in the regulation of
the cell cycle, we treated quiescent VDRKO cells in parallel with Tiron or Losartan,
both at 10puM concentration. The blocking of the AT1 receptor reduced significantly

the levels of p57X?2 to a similar extend as Tiron (Figure 54).
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Figure 54. The relative mRNA expression of p57Kip2 was assessed in VDRKO cells in
parallel treatment with the superoxide scavenger Tiron and AT1 inhibitor Losartan. # p<0.05
vs VDRKO cells without treatment.

21.2.2, Effect of Losartan treatment over the proliferation of VSMC

Then, we decided to determine how the activation of AT1-R affects the
proliferation rates in VDRKO cells incubating both WT and VDRKO cells with losartan
up to 96 hours. Every day fresh losartan containing medium was added to the cells.
At 72 hours after the beginning of the experiment we were able to see a significant
decrease in the proliferation of the treated WT cells. In contrary, when the receptor
for Ang II (AT1-R) was blocked, the VDRKO presented significantly higher cell

numbers in comparison with the untreated mutant cells (Figure 55).
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Figure 55. Effect of losartan over the proliferation of VSMC in FBS-stimulated cells.
The growth rates of WT (grey curve) and VDRKO (black curve) without treatment or after the
addition of Losartan at 10uM (dotted grey curve for WT and dotted black curve for VDRKO)
were determined after manually counting of the cell number. The curves were fit with a
polynomial equation (order = 3). Statistical significance was considered at p <0.05, * vs the
WT control and # vs VDRKO control. The graphic is one representative experiment.

The deceased proliferation rates of VDRKO VSMC are likely due to the activation of

the AT1-R with a subsequent elevation in the production of free radicals.

22, Migration of VSMC in vitro

As the migration of VSMC is a critical component of VSMC response to injury,
we decided to determine if this process is also impaired in the mutant cells. In
quiescent conditions we performed an in vitro “wound” in the cell monolayer. 24
hours later, the WT cells had reoccupied 34.4 + 4.4% of the “wound”, meanwhile
the VDRKO cells only 7.6 £ 1,9% (Figure 56).
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Figure 56. In vitro wound-healing motility assay in WT (grey, +/+) and VDRKO
(black, -/-) cells was done as described in Materials and Methods. In contrast to control cells,
the VDRKO cells showed a decreased migration into the denuded area and in vitro closure of

the “wound”.

23. In vivo studies
A part from our in vitro studies, we assessed the in vivo behaviour of the

vascular cells in our knockout mouse model, using the WT mice as a control. We
performed two approaches - in vivo angiogenesis in which the endothelial cells took
a part, and carotid artery injury, which permitted us to speculate about the

proliferative capacity mainly of the medial vascular smooth muscle cells.
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23.1. Matrigel plug assay

In order to confirm our finding about the reduced capacity of the mutant cells
to migrate in vitro, we decided to perform an in vivo study of angiogenesis.
Angiogenesis involves a combination of endothelial cell and pericyte migration,
proliferation, and appropriate spatial orientation to form new tubular formations for
the passage of blood under the stimulus of different factors. The process is
important physiologically during embryological development and in wound repair,
and is also relevant in the pathological conditions like atherosclerosis, tumor
vascularization, and diabetic retinopathy.

In this assay, WT (n=6) and VDRKO (n=6) were used. The microcapillaries
formation was assessed in a Matrigel plug, containing 500ng basic fibroblast growth
factor (bFGF) by measure both, the haemoglobin (Hb) content and the fluorescence
of the plug. The Hb content as an indicator of the blood passing trough the newly
formed capillaries in the plug was measured and presented in relation to the whole
blood Hb concentration, normalized to the weight of the plug. After the in vivo
perfusion of the animals with FITC-labeled dextrans, which were distributed
throughout the whole body, including the Matrigel plug, the resulted fluorescence of
the plug was measured and, as in the case of the Hb, was presented in relation to
the total fluorescence of the plasma. The picture in figure 57 represents the
appearance of the newly formed blood tubules inside the plug, viewed under
fluorescence microscopy. The quantity of blood passing through the plug measured
by the FITC florescence was half of that found by the measurement of the Hb
content, because the first parameter was determined in plasma, which volume is
known to be around 50% of the whole blood volume. By both measurements the
blood content of the plug in the VDRKO mice was lower. Measuring the fluorescence
of the plug gave significantly lower levels in the VDRKO mice, and by the
quantification of the Hb concentration the tendency was the same, even that was

not found to be statistically significant.
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Figure 57. Representative picture of the newly formed capillaries of plug in WT
mouse. The graphic presents the quantification of the in vivo angiogenesis in WT (grey bars)
and VDRKO (black bars) mice, measured by the plasma or blood quantity (ml) of the
Matrigel plugs.

23.2. Carotid artery injury

Intimal thickening, induced after endothelial denudation of an artery is though
to be due to migration and proliferation of smooth muscle cells (SMC). After
vascular injury, VSMC rapidly leave their quiescent state and enter back to the cell
cycle 8. In vivo experiments have shown that after arterial injury the expression of
the endogenous p27%P! protein in the VSMC is diminished, thus triggering VSMC
proliferation 2°!.

In our model of artery injury, the carotid artery of age-matched WT (n=6) and
VDRKO (nh=6), was damaged by the insertion of a wire and denudation of the
endothelium. 21 days after the procedure, the carotid arteries were perfuse with
3% glutaraldehyde solution and embedded in paraffin. The observation of the
hetatoxilin-eosin sections of the arteries revealed that the artery injury provoked a
disorganization and increase in the medial layer, which reflects the ability of the
VSMC to migrate and proliferate. The quantification of this increase showed that the
VSMC of the VDR mutant mice proliferated in a significantly lower rate than the WT

controls (Figure 58).
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Figure 58. The proliferation capacity of WT (panel A) and VDRKO (panel B) VSMC in
vivo was assessed in a carotid artery injury model. The morphology of the carotid artery in
the uninjured vessels is presented by the autofluorescence of the arteries in the upper
picture of each panel. The hematoxylin&eosin staining shows the increased medial layer 21
days after the injury, which is better visible by the autofluorescence of the elastic laminae,
presented in the last picture of both panels. The graphic represents the medial area of the
injured vessels in WT (grey bars) and VDRKO (black bars) mice. * p <0.05 vs the WT
control.
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24. Main cell functions affected by VDR ablation, detected by DNA-
microarray

In our in vitro and in vivo studies we found that the lack of signalling trough
the vitamin D receptor in VSMC affects processes that are physiologically very
important. In order to complete our findings about the VDRKO VSMC and open new
fields for our future work, a DNA microarray was performed, in which the
differential expression of around 41000 genes was assessed in quiescent VDRKO
cells, compared to the WT control. Probe sets were filtered by Present-Marginal
(PM) flags and analyzed by a T-test against zero. After the statistical analysis,
14000 genes have been found to be significantly up- or down- regulated in the
mutant cells. Using the IPA software the gene annotations were found, as well as
the main functions/pathways for the most significantly up- and down-regulated
genes. Among these candidate genes, a big part has functions in the regulation of
the immune system (antimicrobial and inflammatory response); cellular growth and
proliferation; cell-to-cell signalling and interaction; lipid metabolism, ion transport,
or were reported to be induced in cancer, cardiovascular diseases, hypertension or
by hypoxia. The main cell functions, affected by the lack of vitamin D receptor in

VSMC, together with some of the candidate genes are listed below.

«  VDR/RXR activation
Down-regulated: cathelicidin antimicrobial peptide (CAMP); S100 calcium binding
protein G; semaphorin 3B (SEMA3B); Wilms tumor 1 (WT1).
Up-requlated: chemokine (C-C motif) ligand 5; insulin-like growth factor binding
protein 5 (IGFBP-5); protein kinase C zeta; homeobox A1 (HOXA10); PTHrP.

« Ion transport and calcium homeostasis

Down-regulated: calbindin D9K; ATPase, Ca++-sequesterin

« Steorid/cholesterol metabolism

Down-regulated: 3-hydroxy 3-methylglutaryl-Coenzyme A synthase 1; 3-hydroxy-

3-methylglutaryl-Coenzyme A reductase

Up-regulated: apolipoprotein E

+ Lipid metabolism and energy supply
Down-regulated: fatty acid synthase; lipin 1, lipoprotein lipase; Na+/K+-ATPase.
Up-regulated: monoglyceride lipase.
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+ Regulation of cell cycle and proliferation
Down-regulated: Vascular endothelial growth factor B, Dual specificity phosphatase
10.
Up-regulated: p27, pl19, CDC28 protein kinase 1b, S-phase kinase-associated

protein 2 (p45), vascular endothelial growth factor A, cyclin C; dualspecific

phosphatase 6.

+ VEGEF signalling

Down-regulated: actinin, alpha 3

Up-regulated: actin, alpha 1, skeletal muscle; actin, alpha, cardiac muscle 1; actin,

gamma 2, smooth muscle, enteric.

+ Apoptosis
Down-regulated: Bcl2

Up-regulated: Nur77

 Atherosclerosis

Down-regulated: collagen, type V; alpha 3, interleukin 1 beta;

matrixmetallopeptidase 3.
Up-requlated: arachidonate 5-lipoxygenase; chemokine (C-C motif) ligand 11;
platelet derived growth factor D; WNT1 inducible signalling pathway protein 2.

+ Hypertension and cardiac hypertrophy

Down-regulated: calcipressin-1

Up-requlated: connective tissue growth factor, atrial natriuretic peptide type B,

« Immune response

Down-regulated: actinin, alpha 3; matrix metallopeptidase 3; matrix

metallopeptidase 8; matrix metallopeptidase 10; matrix metallopeptidase 12;
claudin 10; claudin 19; calgranulin A

Up-regulated: actin, alpha 1, skeletal muscle; actin, alpha, cardiac muscle 1; actin,
gamma 2, smooth muscle, enteric; claudin 1; claudin 3; cadherin-associated
protein; ICAM-1; VCAM-1;
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« Chemopreventive and genoprotective effects
Down-regulated: GADD45A, Glutathione peroxidise 1, Thioredoxin reductase 1

« Mitochondrial disfunction

Down-regulated: Components of complex I (Nduf s1, Nduf v1)

Up-regulated: Synuclein a (provokes increase in ROS by one hand and

mitochondrial structural abnormalities, thus leads to MD)

*  Nuclear factor-erythroid 2-related factor 2 -mediated oxidative
stress response

Down-regulated: glutathione S-transferase; Sod2; Nfr2; catalase; thioredoxin

reductase 1

Up-regulated: flavin containing monooxygenase 1 (FMO1); Sod3; thioredoxin

To summarize, gene expression profiling of VDRKO cells found in the DNA
microarray, compared to the WT cells, showed impairments in the regulation of
different physiological functions and biochemical pathways. The high number of
differentially expressed genes coding for proteins that participate in lipid
metabolism and blood pressure control is in accordance with the possible
association between vitamin D action and metabolic disorders, which could explain
the increase in the gene expression of markers for inflammatory diseases and

cardiac hypertrophy.
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The active vitamin D metabolite (1,25(0OH),D3, calcitriol) plays a central role in
phosphorus and calcium homeostasis and is essential for the development and the
maintenance of bone tissue. In order to control these processes, 1,25(0H),D;
coordinates different actions in its classical targets, the kidney, intestine, bone and
parathyroid glands. Together with the control of the rapid (seconds to minutes)
changes in the ion channels activity, vitamin D exerts genomic effects, mediated by
the interaction of 1,25(0OH),Ds in a ligand dependent manner with its nuclear
receptor VDR, which functions as a transcription factor.'!®252 It has been proved
that for all actions of vitamin D (genomic and nongenomic) the presence of a
functional VDR is required.'?® The expression of VDR has been shown in several
nonclassical targets like the skin, muscle, pancreas, reproductive organs, both
white and brown adipose tissue, where vitamin D and its metabolites are stored,?*3
vascular wall and in the haematopoietic, immune and nervous systems.?** In these
tissues, 1,25(0H),D5 exerts different biological actions, including the control of cell
proliferation and differentiation, modulates hormonal secretion of some endocrine
glands, regulates reproductive function and protects from neuronal degeneration.
The effect of 1,25(0OH),Ds on proliferation is well studied in different cell types such
as colon, prostate, breast cancer, osteoblasts and parathyroid gland cells. In all
these cells, 1,25(0H),D5 acts as a potent inhibitor of proliferation and inductor of
differentiation. However, in previous studies from our laboratory, it has been
demonstrated that vitamin D has a positive effect in the VSMC proliferation'®® and
calcification in a VEGF- and RANK-BMP4-dependent pathways, respectively. As the
role of 1,25(0H),Ds in the proliferation of VSMC is still controversial, we decided to
use mice, in which the VDR is mutated and thus the signalling trough it is
disrupted. Nowadays, four different strains of VDRKO mice are in use,209:210:211.212 1y
our group we maintain a colony of so called “Tokyo strain” VDRKO mice. Ablation of
the functional vitamin D receptor in mice created an excellent model of hereditary
type hypocalcemic vitamin D resistant rickets (HVDDR) also known as vitamin D-
dependent rickets type II, which is caused by mutations in the human VDR gene,
and provided options to study the molecular biology of vitamin D signalling.

After mating of HZ mice, offspring of all three genotypes, WT, HZ and VDRKO,
were obtained. Usually the number of knockout mice was not as expected by the
Mendelian ratio, probably because of higher prenatal mortality of the mice with this
genotype. Under regular rodent dietary conditions, VDRKO mice displayed a lean
phenotype, similar to HVDDR, characterized by alopecia, hypocalcemia,
hypophosphatemia, hyperparathyroidism, impaired growth and bone formation,

absence of abdominal adipose tissue, hyperphagia, enhanced thrombogenicity and
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infertility, and usually die within the first three months.?%%:21%21% Following the
standard therapy of HVDDR, these mice were fed on diet enriched in calcium,
lactose and phosphorus.®®® This diet has been previously shown to prevent
hypocalcemia and elevation in PTH levels in vitamin D-deficient rats.?®®

The use of primary cell cultures obtained from these mice provides a good tool
to study different processes, related to the vasculature in which vitamin D is
involved. In the literature there are plenty of studies, in which different cell types,
obtained from VDRKO mice are used.?®7:2%8:259.260 Tq our knowledge, a study with
VSMC from VDRKO mice is still missing. For this reason we obtained primary VSMC
from age-matched VDRKO and WT mice, as a control.

The absence of VDR expression in the mutant cells was confirmed at mRNA
and protein levels. It has been shown that a truncated form of vitamin D receptor
was found in the Tokyo strain,?®* which could explain the bands seen in the Western
blot. In order to check if the signalling through VDR is really abrogated in VDRKO
cells, the expression of the two genes, which levels are under the transcriptional
control of the active form of vitamin D were determined. Both cell populations, WT
and VDRKO, express 1aOHase and 240Hase. The higher levels of 1aOHase, found
in the VDRKO vascular cells, point to the increased production of the active form of
vitamin D at local level. It has been shown that VDRKO mice have dramatically
elevated systemic levels of 1,25(0H),D; (WT: 380 = 60 pmol/l and VDRKO: 7705 +
360 pmol/l).%°?

The almost null expression of 240Hase in the VDRKO cells was expected,
because the stimulating effect of 1,25-(OH),D; on 240Hase gene activation is
mediated by the activation of VDR, trough the functional vitamin D-responsive
elements in its promoter.'**?%3 In a study with VDRKO mouse keratinocytes it has
been shown that VDR ablation leads to a loss of basal 240Hase gene expression
even in the presence of 1,25(0H).D3.%®* In our study, when we treat WT VSMC with
100nM 1,25(0H),D3 a significant increase in the expression of 240Hase was found.
The expression of VDR and both enzymes that participate in vitamin D metabolism
shows that the vitamin D system is present in mouse VSMC and VDRKO VSMC
could be an usufull tool for understanding the role of VDR in the vasculature.

Very obvious features of the knockout cell population were their lower rate of
proliferation and the enlarged, stella-like shape of the cells. These findings made us
look at the molecules that are involved in the regulation of the cell cycle, as well as
in the control of the metabolism.

In general, we used two main groups, cells growing in basic conditions (serum

starved) and cells growing after the administration of growth factors (10%FBS).
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The withdrawal of mitotic signals induces the cell to exit from the cell cycle into a
non-dividing state, termed Gy, characterized by low metabolic activity. In contrary,
in the presence of growth factors, the cell goes back and progresses trough the
cycle and its metabolic activity is increased. The proliferation of both VSMC cultures
(WT and VDRKO) was assessed in a number of assays in which a decrease in the
proliferation rates of the mutant cells was confirmed. The incorporation of the
synthetic thymidine analog BrdU in the newly synthesized DNA, marker of the
number of dividing cells, was found to be significantly lower in the VSMC from
VDRKO mice in comparison to WT in both growth-arrested and stimulated cells.
These experiments showed that the VDRKO VSMC proliferate less, and that this
effect is independent of the amount of serum in the incubation medium. This
finding was confirmed by manually counting the cell humber of both populations in
the presence of 10% bovine serum. In cell culture, serum provides a wide variety of
proteins, low molecular weight nutrients, carrier proteins for water - insoluble
components, and other compounds necessary for in vitro growth of cells, such as
hormones and attachment factors. As shown in the growth curves, VDRKO cells
followed almost a linear profile and as soon as 18 hours, the differences in cell
number between them and the WT cells reached statistical significance. When we
used serum processed with activated charcoal for global removal of hormones we
found that the WT cells were not able to grow at the same rate like when the
complete serum was used, indicating that the steroid hormones with vitamin D
among them, are necessary for their normal growth. However, the proliferation of
the mutant cells seemed to be not affected by the reduced amount of sterols. The
fact that the growth of the VDRKO cells was similar in both complete and stripped
FBS made us use complete FBS for all further in vitro studies.

The study of the cell cycle distribution of the cells by FACS analysis showed that
the VDRKO cells presented very low percentage in the S phase meanwhile the
percentage of cells in G1 was higher than in the control cells. The FSC and SSC cell
frequency profile of the mutant cells pointed to an increase in their size and
granularity. By the measurements of the cell volume we found that at all studied
time points the mutant cells were larger. Thus, the VDRKO cell probably was
preparing itself for an entrance in the cycle, increasing its size as the biosynthetic
activities of the cell usually increase in G1,?° but then it was not able to overcome
the G1/S check point. These results support those previously published by our
group in which the treatment with the active form of vitamin D in rat VSMC has
been shown to induce a dose-dependent increase in VSMC proliferation in both,

quiescent and cells stimulated to grow and that this increase was achieved by a
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shortening of the G1 phase.'®> The increase in the proliferation was in parallel with
the upregulation of VDR at 1,25(0OH),D5; concentration of 100 nM. Thus, with the
measurements of the proliferation rates in cells that lack functional VDR, we
provide additional evidence for the importance of this nuclear receptor for the
proliferation of VSMC.

In order to check if the lower cell number was due to higher cell death events,
we performed staining of the cell nuclei with Hoechst 33258 in FBS-deprived cells.
The fluorescent staining showed a slight increase in the number of cells with
pyknotic nuclei among the mutant cell population, without reaching statistical
significance. Furthermore, the PI staining of intact WT and VDRKO cells analyzed by
FACS didn "t show differences between both cell populations. By WB we cheched for
the presence of the cleaved product of the acticated pro-apoptotic caspase 3, but
neither in the WT not in the VDRKO cells we were able to detect it (data not
shown).

Having established that VSMCs from VDRKO mice present a defect in the
proliferation, we analyzed the proteins involved in the cell cycle entry into S phase.
The entry into S phase is finely regulated by series of positive (cyclin-CDK
complexes) and negative (CKI) regulators. All signals relevant for G1 progression
into S-phase finally culminate in the pRb hyperphosphorylation. Its
hipophosphorylated form joins the transcription factor E2F preventing its movement
to the nucleus. Once hyperphosphorylated, pRb liberates E2F, thus initiating the
transcription of factors needed in the S phase. By immunoblotting, we found that
the VDRKO cell expression of cyclin D was lower in the resting phase but when the
cells enter the cell cycle after stimulation with 10%FBS this difference was lost.
Cyclin D, together with its co-partner Cdk 4/6 plays a role in mid-G1-phase and is
responsible for the initiation of the phosphorylation of pRb. In order to complete the
inactivation of pRb, cyclin E-cdk2 activity is needed. In the mutant cells the
expression of cyclin E was decreased which was in accordance with the lower
phosphorylation of pRb, seen during the proliferation of these cells. The inhibition of
the cyclin E expression was probably due to the increased levels of the CKI. By real
time PCR and WB we found a significantly higher expression of p21°?!* and p57¥? in
quiescent conditions. The treatment of WT cells with 100nM 1,25-(0OH),D5 during 24
hours was able to reduce significantly the mRNA expression of both, p21“P! and
p57¥P2, The p27¥P! and p19*™ were found to be also upregulated in the mutant cells
by western blot. After the addition of FBS only the difference in the levels of p57XP?
was still present between WT and VDRKO cell. Therefore, we can speculate that

during the quiescent state, the one in which the VSMC are present in the normal
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arteries, the VDRKO cells are in G1 phase growth arrest, due to increased cell cycle
repressor protein levels, and probably they have more difficulties to pass the cell
cycle check point and phosphorylate pRb.

Even after the stimulation with growth factors, the CKI p57%P? protein presents
extremely higher levels in the mutant cells than in the control. Nakano et al. 2%¢
studied the effects of p57XP? overexpression on the cell cycle of VSMC proliferation.
They found that the supplemental overexpression of p57XP? inhibited the activations
of G1 cyclin/CDKs and subsequent hyperphosphorylation of pRb as well as G1/S
transition of cell cycle. In addition, mice lacking p57P? die soon after birth,
demonstrating multi-organ dysplasia and growth retardation with hyperproliferation
and marked apoptosis.2®’

A similar pattern of cell cycle regulators expression has been demonstrated
during the development of the compensatory tubular cell hypertrophy, following
unilateral nephrectomy?®® 2%° and that p57“°? is the one that mediates the TGFpB-
induced compensatory hypertrophy after subtotal nephrectomy in the remaining
kidney.?3? Moreover, it has been demonstrated that TGFB might elicit hypertrophic
response in smooth muscle cells.?! The medial hypertrophy in the aorta of
spontaneously hypertensive rats was found to be due almost exclusively to
hypertrophy of pre-existing VSMCs, without changes in VSMC number, and was
implicated in the pathogenesis of the disease ?’°. It has been shown by several in
vivo studies that the lack of VDR leads to ventricular hypertrophy and hypertension
2’1 and we found that the VDRKO VSMCs were larger and proliferate less than the
WT. Further, we decided to check the expression of TGFB in the VDRKO cells. This
cytokine is a natural growth inhibitor of a variety of cell types, including epithelial,
endothelial, and hematopoietic cells, but its effect on VSMC proliferation and
apoptosis are controversial. TGF-B-mediated growth arrest occurs by blocking all
cycle transits at mid- and late-G; phase of the cell cycle and the mechanism of this
arrest is cell-type specific. In epithelial cells, TGFB can trigger cell cycle arrest by

5INK4B 272 3nd p21©P1.273 Studies related to hematopoietic cell

up-regulating CKI p1
cycle arrest and stem cell quiescence have proven that neither p21“P! nor p27%P!
appears to be required for the inhibition by TGFB treatment.?’* Scandura et al. have
identified p57¥""? as an immediate-early target of TGFB in normal human CD34pB
hematopoietic stem cells, required for TGFB-mediated cell cycle arrest of these cells

7KIP2

as the basal expression of p5 restrains their proliferation. Using Hela cells and

truncation mutant plasmids, these authors had identified a region in the p57¢*?
gene promoter just upstream of the TATA box (extending from - 165 to - 77) to be

critical for TGFB-mediated activation. It is known that this region is highly
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conserved in the mouse, rat, and human promoters. Thus, TGFB induces
transcription of p57¥"2, They also used siRNA technique to knock-down expression

7KIP2

of p5 in M091 cells (acute myelogenous leukemia-derived cell line) and

observed marked reduction in the cytostatic response to TGF[, indicating that

p5

7XIP2 is a critical downstream mediator of TGFB in these cells.?”®

As expected, in basal conditions VDRKO cells showed higher mRNA levels for
TGFB1, meanwhile treating WT cells with 100 nM 1,25(0OH),D3;, the mRNA
expression of TGFB1 was significantly down-regulated. It has been shown that TGF-
B family could play an integral role in the development of fibrosis, characterized by
uncontrolled fibroblast growth and a disproportional accumulation of extracellular
matrix proteins (collagen and fibronectin) as a result from the cardiac
hypertrophy.?’® This finding was not limited only to the myocardium. The lung
fibrosis developed secondary to myocardial infarction was also associated with up-
regulation of TGF-B; and TGF-B5; mRNA.?”” An important physiological characteristic
of TGF-B is the de novo synthesis of ECM proteins. Moreover, TGF-B has been shown
to inhibit the expression of matrix metalloproteinases (MMP), a family of proteins
that degrade ECM proteins.?*® Collagen and elastin are the main ECM proteins
involved in the maintenance of the aortic wall mechanical properties and resistance.
By RT-PCR we found significant increase in the mRNA for collagen type I in
quiescent VDRKO cells. It has been found that the components of the ECM play an
important role in the regulation of VSMC proliferation. For example, the
polymerized collagen type I can arrest VSMCs in the G1 phase, inhibiting the
phosphorylation of cyclin-dependent kinase 2 (cdk2).?”® Thus, the higher expression
of collagen type I found in the VDRKO cells could be one of the factors that regulate
their capacity to proliferate.

The gene profile and the increased cell size of the VDRKO VSMCs, together with
the in vivo found cardiac hypertrophy, point to the possible hypertrophic phenotype
of these cells. According to one theory, VSMC hypertrophy would involve an
increase in the “contractile” protein content.?’”® A study with primary human
bronchial smooth muscle cells has shown that TGF- increases the cell size and
total protein synthesis, especially the expression of a-smooth muscle actin (a-SMA)
through TGF-B-control elements (TCE) in its promoter?** and smooth muscle
myosin heavy chain, thus the hypertrophy in these cells.?*®> By RT-PCR analysis
together with the increased TGF-1, the aorta smooth muscle actin a2 was found to
be significantly up-regulated in VDR ablated VSMC in basal conditions. Moreover,
the treatment of WT cells with the active form of vitamin D for 24 hours was able to
reduce the mRNA level of TGFB1 and both, a-SMA and collagen type 1.
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One of the factors that has been shown to induce the expression of TGF-B1,
collagen, and a-SMA in VSMC is angiotensin I1.%%° Using VDRKO mice, Li et al. have
explored the mechanism underlying the relationship between vitamin D and the
renin-angiotensin system and its role in the cardiac hypertrophy and hypertension,
found in these mice.?” They showed that plasma Ang II levels were significantly
elevated in both VDRKO and 1aOHaseKO mice, while no differences were found in
the angiotensinogen expression in the liver in comparison to the WT mice,
indicating that plasma Ang II elevation was likely to be due to increased renin
activity. Further, in their studies Li et al. demonstrated that vitamin D deficient
mice also had increased renin production, whereas 1,25(0OH),Ds; treatment of
normal mice resulted in renin suppression.'® Moreover, Nagpal et al. performed a
study with captopril-treated VDR ablated mice, and they found a reduction of the
elevated blood pressure, thus confirming that the hypertension in VDR null animals
was due to activation of the renin-angiotensin system (RAS)."!

The renal RAS play an fundamental role in the control of the hypertension, but it
is has been shown that in the vasculature an alternative pathway for Ang II

production exists,?8!

including enzymes like cathepsin D, cathepsin G and chymase.
When the sequence of porcine cathepsin D, renin, and pepsin were aligned, 32.7%
of the residues were found to be identical and the three-dimensional structures of
all three molecules to be similar.?®> Moreover, except of the structural homology,
cathepsin D exerts renin-like activity, being able to catalyze the hydrolysis of
angiotensin I from angiotensinogen. Studies with VSMCs obtained from
spontaneously hypertensive rats have shown that although the renin expression
was absent, these cells presented elevated production of Ang II, due to the
increased expression of angiotensinogen, cathepsin D and angiotensin-converting
enzyme.**’

In our VSMC model, we didn‘t find renin expression either, but we do find
transcripts encoding for cathepsin D. Quiescent VDRKO cells showed higher levels
of this lysosomal aspartic protease than the WT cells in the same condition.
Moreover, 1,25(0OH),D; treated WT cells presented lower, even not statistically
significant, cathepsin D expression in comparison to the untreated WT cells.

It has been shown that the cathepsin D expression is controlled by both
hormonal and mitogenic factors like transforming growth factor a, epidermal
growth factor and insulin-like growth factor-I. One more factor found to influence
the expression of cathepsin D in MCF-7 breast cancer cells is the cAMP analog 8-
bromo-cAMP.283 Moreover, it has been shown that the 8-bromo-cAMP increase also

the expression of renin mRNA. In the renin promoter a cAMP responsive element
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(CRE) was found and it has been shown that cAMP plays an important role at
several control points for renin release, mRNA synthesis and mRNA stability. The
intracellular production of cAMP enhances renin secretion, and cAMP is a critical
second messenger that determines renin secretory rate.?®® Yuan et al. have
demonstrated that vitamin D is a negative endocrine regulator of the renin
expression by being able to block the formation of CRE-CREB-CBP complex and
thus the activity of the cyclic AMP responsive element in the renin gene
promoter.'®® Thus, we could speculate that it is highly likely that there is a CRE in
the cathepsin D gene, susceptible to the same negative regulation by active vitamin
D as the one reported in the renin gene.

As expected, when we collected the culture medium of both quiescent and cells
stimulated to grow we found significantly elevated concentrations of Ang II in the
VDRKO, in comparison to the WT culture medium, where they were slightly
detectable. Ang II exerts its actions trough G protein-coupled receptors. The main
Ang II receptors, AT type 1 (AT1-R in humans and AT1a-R in rodents) together with
type 2 (AT2-R) have been shown to play a crucial role in most Ang II - mediated
responses. Following birth, the level of AT2-R declines rapidly, but in certain
pathological conditions such as vascular injury, the AT2 receptor is reexpressed.®®

In basal conditions, when the effect of all the components of the FBS is
excluded and we could monitor the real effect of the VDR ablation, VDRKO VSMC
produce higher levels of Ang II with subsequent increase in the expression of both
receptors, AT1a-R and AT2-R It has been shown that the acutely increased levels of
Ang II, achieved by its exogenously addition, lead to an increased level of AT1-R
activation; however, chronic exposure to Ang II downregulates its own receptors. In
the case of endogenous production it is difficult to determine the exact moment in
which Ang II is produced, but the fact that we have found its hypertrophic, pro-
fibrotic and pro-oxidant effect over the mutant cells confirm the notion that in the
absence of VDR, the local RAS is active. The changes in the mRNA expression of
AT1a-R in VDRKO cells in complete medium further support the functioning of RAS
in these cells.

Ang II has been found to exert pleiotropic effects being hypertrophic, pro-
fibrotic, pro-inflammatory and pro-oxidant agent for VSMCs. The hypertrophic
actions of Ang II, mediated by the increase of TGFB and subsequently in collagen
type I and a-SMA, were also seen in VDRKO cells in deprivation state with a decline
when the growth factors were added. The pro-inflammatory effects of Ang II have
been demonstrated in several studies in different cell types. For example, in a study

with pancreatic cell line AR42] it has been shown that Ang II induces the expression
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of IL-6, together with the activation of extracellular-regulated kinase (ERK)1/2 and
superoxide generation, and that this increase was reversed by the AT1 receptor

antagonist losartan.?®

Funakoshi et al. have shown that exogenous Ang II
treatment of rat VSMCs dose-dependently increases the IL-6 levels sustained to 24
hours after stimulation,?*® which mediates the pro-inflammatory effects of Ang II as
IL-6 has been found to play a central role in the inflammatory response of VSMCs.
Moreover, the induction of IL-6 is also found to be mediated by TGFB 23° which
mMRNA levels were found to be higher in quiescent VDRKO cells. Furthermore, it has
been shown that IL-6 itself is able to increases angiotensinogen expression via
STAT3 pathway in renal proximal tubular cells 26,

A significant increase in the IL-6 mRNA was found in the VDRKO cells in
comparison to the WT cells which is in accordance with the anti-inflammatory
effects that vitamin D exerts trough the VDR activation. These effects could
mediate the beneficial role of vitamin D over the cardiovascular system, as
atherosclerosis is considered to be a chronic inflammatory disease state as in its
development an interaction between immune (macrophase/T-lymphocytes) and
non-immune cells (endothelial and VSMC) occur. Moreover, the inflammatory
pathways promote thrombosis, a late complication of atherosclerosis responsible for
myocardial infarctions and most strokes 2%’. It has been described that the
inflammatory cytokines, released during vascular injury, increased the expression
of the inducible NOS (iNOS) in the VSMCs and that the NO released from either
source decreases vascular tone, inhibits VSMC proliferation, induces apoptosis,
attenuates platelet aggregation, and reduces cell adhesion to vascular walls.?%®

By western blot analysis we found that the expression of iINOS was very low in
the growing cells with an increase when the cells were serum starved. The
induction of iNOS in the VDRKO cells was significantly lower in comparison to the
one found in quiescent WT cells. This finding could be explained by the fact that
1,25-dihydroxyvitamin D3 is also a potent stimulus for NO production,
demonstrated in macrophage-like HL-60 line. In the study with HL-60 cells, iNOS
mMRNA was not detected in unstimulated cells, but was weakly expressed at 24 h
and strongly expressed at 96 hours after vitamin D treatment.?*! But in the
literature the role of vitamin D over the iINOS expression is still controversial as
others studies in vitro and in vivo report inhibitory actions of 1,25(0OH),D3 on iNOS
levels.?*?

In order to check if the iINOS expression in VSMC is affected by the presence
of oxidant agents, we performed experiments with one hour pulse of 0.4mM H,0,.

It has been shown that this treatment also induces the phosphorylation of AKT,
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which we used as a marker of the efficiency of the H,0, treatment. By western blot
we found that the VDRKO cells presented higher levels of phosphorylated AKT at
basal conditions than the WT and the pro-oxidant treatment further increased it,
meanwhile the expression of iNOS in the mutant cells after this treatment was even
lower than in the untreated VDRKO cells. Thus, if the pro-oxidant conditions lead to
even lower expression of iNOS in both cell populations we could give the role for
the decreased iINOS expression also to a possible altered redox state in the mutant
cells.

Redox imbalance is usually seen during the normal cell and whole body aging
process. At cellular level, two types of aging, called senescence have been
described - replicative senescence that appears as a result of exhausting of the cell
potential to divide and maintain the telomere structures, and the oxidative stress
induced premature senescence (SIPS). Many biomarkers of replicative senescence
appear in SIPS: typical cell morphology, irreversible growth arrest, sharp decrease
of the DNA synthesis, and an increase in cells positive for the senescent-associated
B-galactosidase activity (SA B-gal). The phenotype of the VDRKO mice resembles
premature aging that has been found in mice with hypervitaminosis Ds;. The
wrinkled thinner skin and the hair and hearing loss in the VDR-ablated mice made
us check if the cells, obtained from these mice, would exhibit the typical for cellular
aging appearance and markers (SA-B-gal activity). As expected, many of the
mutant cells presented the typical flatten, stella-like shape with plenty of vacuoles,
and around 22% (22 * 2.3%) of them, the blue perinuclear staining after the
overnight incubation with the chromogenic substrate for SA-B-gal at early passage,
meanwhile the WT from the correspondent passage were negative. Dimri et al.
described a pH 6.0 B-galactosidase activity, which was found specifically in
senescent human fibroblast cultures, but not in quiescent or terminally
differentiated cells.?** In comparison to quiescence which is a reversible process
involving the capacity of the cells to re-enter to the cell cycle, senescence is
characterized by a lack of response to mitogenic stimuli such as growth factors.?%°
The results of Kurz et al. demonstrated that the pH 6.0 B-galactosidase activity
detected in senescent cells as well as their flow cytometric SSC characteristics are
consequence of the increased lysosomal mass in these cells.?® In our FACS analysis
we also found an increase in the SSC profile of VDRKO cells. Apart of the increased

cell size and granularity, many studies have reported the importance of p19™K4,

p21-77, p2
considered as biological markers of cell senescence for their higher expression and

1CIP1 7KIP1 7KIP2

and p5 genes in cellular senescence. These molecules are

accumulation in aged cells.??*2°22%3 \We found all of these genes to be up-regulated
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in the VDRKO cells. Some environmental stress can also lead to the overexpression
of these genes, which may induce premature senescent cells.?®*?°> A long term
overexpression of p21°P! with the subsequent hypophosphorylation of pRb was
observed in SIPS induced by H-,0,.2°® Moreover it is well known that in the
atherosclerotic lesions there are vascular cells that exhibit the morphological
features of cellular senescence.?®” These cells also show impaired function, such as
the decreased expression of endothelial NOS and the increased expression of
proinflammatory molecules, two findings that we already discussed to be found in
VDRKO mice. Furthermore, vasodilation has been found to be impaired with age
due to the decreased endothelial production of vasodilators such as nitric oxide
(NO) as well as to reduced responsiveness of VSMC to vasodilators.?*® The
increased expression of proinflammatory and prothrombogenic molecules was also
observed in vascular cells of aged arteries. Moreover, it has been shown that the
arterial components of the Ang II signalling cascade increase with aging and
contribute to the pathogenesis of atherosclerosis.?®® In this context, the impaired
expression of iNOS, the higher expression of IL-6 and the elevated concentration of
Ang II could be related to the senescent phenotype, found in some VDRKO cells.
The higher levels of p21“P!, measured by RT-PCR and detected by immunoblotting,
could mediated the effects of endogenously produced Ang II leading to the
appearance of premature senescence in VDRKO cells.*®

Senescent cells are metabolically active, but they lack the capacity to
replicate, therefore are unable to perform DNA synthesis and continue to grow. This
finding was confirmed for our mutant cells by the MTT assay. As the chemical
reaction that leads to the formation of formazan is performed by mitochondrial
enzymes, the lower absorbance measured in the VDRKO cells could be due to
impaired mitochondrial function. The observation of the ultrastructure of the
mutant cells in the TEM pictures gave us more evidence for the senescent
phenotype of these cells. The wrinkled membrane of the irregular nucleus, the
abundance of vacuoles and lysosomes and the mitochondria with damaged cristae
pointed to the possibility that VDRKO cells are exposed to higher oxidative stress.
Oxidative stress alters proteins and organelles and the proper cytoplasmic protein
turnover influencing autophagic process.?®® This could explain the finding of
autophagic vacuoles in the cytoplasm of VDRKO cells. Nowadays some authors
consider autophagy to be a survival pathway that the cells bring into play in
unfavorable microenvironmental conditions *°'.

The presence of pro-oxidant conditions in the VDRKO cell environment was

suspected by the decrease expression of NADH-ubiquinone oxireductase (complex I
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of the mitochondrial respiratory chain) sununit ND1a subcomplex 9 (39kDa) found
by WB. This subunit is important for the assembly of the complex I, a requisite for
normal functioning. It has been shown that complex I and III are the possible
places where a premature electron leakage occurs, thus being one of main sites of
production of harmful superoxide. Complex I translocates four H* across the inner
membrane per molecule of oxidized NADH, thus providing sources for the formation
of the electrochemical potential, used to produce ATP. Thus, if complex I is not
performing well, because of its lower expression, we could expect lower ATP
production.

After the estimation of the bioenergetic state of the studied VSMCs we found
that the mutant cells possessed lower levels of ATP than the WT, which indicated a
metabolic dysfunction, either a higher ATP consumption or an impaired ATP
production. The lower content of ATP was confirmed also indirectly by the
increased phosphorylation of the cellular sensor of the energy status adenosine
monophosphate (AMP)-activated protein kinase (AMPK). AMPK is activated in
conditions that lead to depletion of cellular ATP (reflected as increased AMP),
including glucose deprivation, exercise, hypoxia and ischaemia. After the oxidative
stress produced in our cells by the addition of 0.4mM H,0, or the inhibition of
F1FOATPase (comlex V of the mitochondrial oxidative phosphorylation system) with
2ug/ml oligomycin, which enables the synthesis of ATP, we found that the mutant
cells presented higher AMPK phosphorylation which is in accordance with the lower
ATP level. It has been shown that some metabolic inhibitors, like oligomycin,
rescued cell death in vitro, activating ERK pro-survival signalling, which is known to
be induced by growth factors addition. The treatment with oligomycin slightly
induced the phosphorylation of ERK1/2 in WT cell. From the fact that the inhibition
of ATP synthesis leads to an activation of ERK1/2 and the finding that the mutant
cells present higher levels of P-ERK1/2 in quiescent state than the controls, we
could speculate that the reason for this activation in the VDRKO cells probably is a
signal for survival. Moreover, it has been demonstrated that Ang II induces AMPK
activation in an AT1-R-dependent manner, and this activation leads to the
inhibition of Ang II-induced ERK1/2 phosphorylation, which has as a consequence
the inhibition of the Ang II- stimulated VSMC proliferation.?*’

The higher activation of AMPK in the VDRKO cells could be considered as a
consequence of the lower ATP content, which the VDRKO cells used during the G1
phase arrest. Thus, the larger VDRKO cells nheed more ATP to maintain their vital
functions. Once activated, AMPK phosphorylates downstream substrates, with an

overall effect of switching off ATP consuming pathways (e.g. fatty acid and
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302 and to switch on catabolic

cholesterol synthesis) as well as cell proliferation
pathways that generate ATP (e.g. fatty acid oxidation and glycolysis). The overall
decrease in the fatty acid synthesis is obvious from the VDRKO mice lean
phenotype and very few amount of adipose tissue.

In a study with human fibroblasts as a model of in vitro senescence Zwerschke
at al. showed that senescent fibroblasts entered into a metabolic imbalance leading
to strong reduction in the levels of ATP, which was required for nucleotide
biosynthesis and proliferation. They attributed the ATP depletion in senescent cells
to deregulations of the glycolytic enzymes, which leads to a drastic increase in
cellular AMP, which induces premature senescence 33,

In order to assess the hypothesis that the lower ATP content is because of an
impaired ATP production, as a result of mitochondrial disfunction, the respiratory
flux in WT and VDRKO cells was assessed by high resolution respirometry. The
experiments started with the registration of the routine respiration of the cells.
Respiratory capacity per cell, measured during the routine stady state phase and
after uncoupling with FCCP was decreased in the VDRKO cells, meanwhile the
inhibition of the ATPase with oligomycin decrease the respiration to a similar
extend in VDRKO and WT cells. When the respiration was totally blocked by the
inhibition of complex III, the residual respiration was even higher in the mutant
cells. Huntter at al. showed that the senescent cells present higher expression of
CS protein when equal cell numbers were used, which reflects the increased cell
volume, total protein content and cellular respiration that occur with replicative
age. Their results indicated that the increased mitochondrial respiration of the
senescent cells was due to the increased mitochondrial content 2%°.

When we normalized the oxygen flux to the activity of CS, neither the coupled
nor the uncoupled respiration was found to be different in the VDRKO cells. The
only situation when the VDRKO cells consumed significantly more oxygen was
during the residual respiration after the inhibition with actinomycin A, a finding
found also after the normalization of the respiration per cell. Further, the
respiratory control ratios were determined from the titrations with oligomycin and
the uncoupling agent FCCP. Significantly increased mitochondrial inverse
respiratory (1/RCR), uncoupling (1/UCR) and phosphorylating (1/RCRp) control
ratios in VDRKO cells in comparison to the WT were found. These ratios are related
to the control of the electron flux trough the respiratory chain to the ATP synthase.
The higher inverse ratios of the VDRKO control ratios pointed to a lower efficiency
of these cells. Huntter et al. had attributed the lower RCR and UCP ratios of the

senescent cells to a partial uncoupling. They found that the senescent cells were
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able to enhance the electron transport as a compensatory mechanism for the
increased electron leakage.?”® In our case however, no electron leakage is
detected, because the routine respiration is similar in WT and VDRKO cells.

The lower efficiency of the mitochondrial electron transport chain (ETC)
resulting in lower ATP content in the VDRKO cells, could be due to the decreased
expression/deficiency of complex I. It has been shown that the mitochondrial
oxidation of NADH is diminished when a significant decline in the activity of
complex I is present.** In this case flavin adenine dinucleotide (FADH2), produced
after the oxidation of succinate to fumarate by complex II in the Krebs cycle, could
give an alternative supply of reducing equivalents and maintain the oxidative
phosphorylation as the electrons from FADH, enter the ETC distal to complex I
(trough complex II). This phenomenon is observed during the reperfusion of an
ischemic myocardium, where a switch to fatty acid oxidation, as a fuel, has been
described. The usage of FADH2 as electron carrier is thermodynamically less
efficient because it requires more electrons and more oxygen, but produces a fast
flux of ATP. It has been calculated that the oxidation of NADH to NAD" pumps 3
protons which charges the electrochemical gradient with enough potential to
generate between 2,5 and 3 ATP molecules, meanwhile the oxidation of FADH2 to
FAD* pumps 2 protons which is calculated to be enough for the generation of 1.5
equivalents of ATP.

Moreover, the significantly higher residual respiration of the mutant cells in
the presence of antimycin A is probably due to extra-mitochondrial consumption of
oxygen which could be associated with increased production of reactive oxygen
species (ROS). ROS are derivatives of O, metabolism, including superoxide anions,
hydrogen peroxide, hydroxyl radicals and nitric oxide. In vascular cells, ROS are
important intracellular signalling molecules that regulate vascular function,
modulating cell growth/apoptosis, migration and extracellular matrix protein
turnover, thus contributing to vascular remodelling. Cardiovascular diseases, such
as hypertension, are associated with increased ROS formation.?*® Oxidative stress
in the vasculature reduces the levels of the vasodilator nitric oxide, causes tissue
injury, promotes protein oxidation and DNA damage, and induces proinflammatory
responses.

By FACS analysis of the superoxide anion levels in the studied cells we found
a significant increase in the content of this free radical in the VDRKO cells. The fact
that the quiescent VDRKO cells were exposed to pro-oxidant conditions was

suspected also by the increase phosphorylation of two stress-induced MAPK, p38
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and ERK1/2 in comparison with the WT, but this difference was no more detectable
after the addition of growth factors containing FBS. It has been shown that p38
MAPK together with forkhead box O1 transcriptional factor (FOXO1) are involved in
the expression of thioredoxin interacting protein (Txnip) that inhibits the
thioredoxin (Trx). The TRX system (TRX, TRX reductase, and NADPH) is thiol
antioxidant system in the cardiovascular system that regulates the reduction of
intracellular ROS %, It has been demonstrated that the upregulation of Txnip and
subsequent impairment of thioredoxin antioxidative system through p38MAPK and
FOXO1 may participate in the intracellular ROS increase '°’. The mitochondria are
protected from oxidative stress by both low oxygen levels and complex defence
systems against reactive oxygen species (ROS). Another family of enzymes that are
involved in ROS detoxification by catalysing the dismutation of superoxide radical
(0y) into hydrogen peroxide (H,0,) and oxygen (0O,) is the superoxide dismutase
(SOD) family. It has been shown that in prostatic primary cultures 1,25(0OH),D;
induced the expression of thioredoxin reductase 1 and superoxide dismutase 2. By
WB analysis of the protein expression of SOD1/SOD2 in quiescent cells we found
that the cytosolic Cu-Zn SOD1 protein and the intramitochondrial Mn SOD2 were
down-regulated in quiescent VDRKO cells, meanwhile in FBS-stimulated cells their
was no difference. This finding could be explained with the possibility that during
the basal growth of the cells the lack of signalling trough VDR impedes the
activation of the SOD genes.

After the induction of oxidative stress by one hour treatment with 0.4mM H,0,,
the FACS frequency diagrams showed that the WT cells didn't react to this
treatment; meanwhile the exposure of the VDRKO cells to the pro-oxidant
compound provoked a further increase in the superoxide anion levels. This reaction
of the mutant cells could be due the lower expression and subsequently activity of
the upper-mentioned anti-oxidant enzymes. Thus, the reduced anti-oxidant defence
of the VDRKO cells could be one of the reasons for the increased levels of
superoxide anion in these cells. These results confirmed that VSMC that lack the
vitamin D signalling because of the VDR disruption are exposed and are more
susceptible to oxidative stress, displaying a sort of “physiological oxidative
imbalance” when compared with WT, a fact that was expected because of the well
known antioxidant activities of vitamin D.

In the vascular wall there are some potential sources of superoxide
production such as NAD(P)H oxidase, xanthine oxidase, lipooxigenase, etc. and
NADPH oxidase is considered as the main one 3% and is believed to play a role in

Ang II-induced hypertrophy °. Further, it has been demonstrate that this increase
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in cell volume is mediated via the AT1 subtype receptor. In the study of Herbert at
al. it has been found that the Ang II - induced ROS provoke senescence by two
mechanisms: acute stress-induced premature senescence SIPS, the one that is
telomere independent and replicative senescence, that depends on the telomere
306 Kunieda et al. reported that in VSMC Ang II induces both,

premature senescence and inflammation via a p21“?P* pathway by 3 days of

shortening

treatment without telomere shortening. They found that p21P* activates both, pro-
inflammatory transcription factors and small G proteins that positively regulate
NADPH oxidase activity, thus increasing the production of ROS *®. Recent study has
show that Ang II via its receptor ATl produces senescence in rat VSMC by
increasing the NADPH oxidase activity and superoxide production 3%,

By blocking either the AT1l-mediated signalling with losartan or the NADPH
oxidase with DPI, we confirmed that the origin of the elevated superoxide anion
levels was the Ang II, produced and functioning in the VDRKO cells by an
auto/paracrine mechanism. Moreover, the oxidant milieu of the VDRKO cells could
be the reason for the induction of the CDI p57X?? as its levels were significantly
reduced, even not to the levels in the WT cells, by the superoxide scavenger Tiron.
The expression of this regulator of the cell cycle in the VDRKO was decreased to a
similar extant and after the blocking of the Ang II-AT1-R action. The WT expression
of neither p21“P! nor p57¥*? was affected by the antioxidant treatment; meanwhile
the inhibition of the AT1 receptor in 72 hours was able to decrease significant the
proliferation of the treated WT cells, measured by the changes in the cell humber.
In contrary, when the AT1 receptor for Ang II was blocked, the VDRKO presented
significantly higher cell numbers in comparison with the untreated mutant cells.

The in vitro migration of the VDRKO cells, assessed by “wound healing”
assay was also found to be impaired, finding that was confirmed by our in vivo
studies. First, in the angiogenesis model, the capacity of endothelial and pericyte
cells to migrate, proliferate, and produce appropriate spatial orientation to form
tubular formations in the Matrigel plug was found to be reduced in the VDR ablated
mice. Reidy et al. have shown that the initiation of the neointima formation is a
result of VSMC migratory rather than proliferation. The migration and proliferation
of smooth muscle cells (SMC) were induced by endothelial denudation of the carotid
artery. In our carotid artery injury model the increase in the thickness of medial
layer of the artery wall of the VDRKO mice was significantly lower than in the
control mice. In vivo, VSMCs are in quiescent state under normal conditions, and
their entry into the cell cycle occurs in various situations. As a result of damage to

the vessel, VSMCs are stimulated to proliferate in response to mitogens that cause
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entry into S phase of cell cycle. Three critical processes has been shown to be
important for the proliferation of VSMCs after injury - dedifferentiation and growth
of medial VSMCs; migration, transdifferentiation and proliferation of adventitial
fibroblasts and recruitment of progenitor cells. This proliferation is in order to
produce the repair of the vessel, after which the cells enter again in a quiescent
state. The uncontrolled proliferation of VSMCs has been linked to diseases such as
hypertension and atherosclerosis. Moreover, it has been found that the proliferating
and producing extracellular matrix components VSMCs play an essential role in the
maintenance of the stability of an atherosclerotic plaque, preventing its rupture.
Thus, as a general conclusion of this work, the deceased proliferation rates of
VSMC lacking functional vitamin D receptor are likely due to the increased
endogenous production of Ang II that after the activation of the AT1-R upregulates
NADPH oxidase with a subsequent elevation in the production of free radicals that
are widely implicated in vascular inflammation and fibrosis and participate in the
uncoupling of the cell growth from the proliferation, leading to growth arrest and

senescence of VDRKO cells with increased expression of p57X?? and hypertrophy.
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Conclusions

Based on our results we can conclude that:

1. Vascular smooth muscle cells, obtained from mice lacking functional VDR

present impaired proliferation capacity in vitro and in vivo.

2. The decreased proliferation of VDRKO VSMC is due to increased expression
of cyclin dependent kinase inhibitors p19*™, p21°P!, p27XP! and especially of
p57Kip2.

3. The VDRKO VSMC showed increased levels of angiotensin II production,

related to the elevated levels of cathepsin D.

4. VDRKO vascular cells show hypertrophic changes due to the elevated Ang II

levels.

5. The sustained signalling trough AT1 receptor in VDRKO cell leads to the
activation of NADPH oxidase with subsequent elevation in the intracellular

levels of superoxide anions.

6. The ablation of VDR in VSMC reduces their mitochondrial anti-oxidant

capacity, decreasing the expression of manganese superoxide dismutase.

7. The mutant cells showed decreased expression of the assembling 39kDa

subunit of the mitochondrial complex I and reduced efficiency.
8. All these findings in VDRKO vascular cells are associated with the presence

of stress-induced premature senescence.

Thus, our results point to the important role of vitamin D trough its nuclear
receptor in the prevention of VSMC hypertrophy and senescence, two processes

that occur during the development of the atherosclerotic lesions.
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Conclusiones

1. Las células de musculo liso vascular, obtenidas de ratones que carecen VDR
funcional presentan una capacidad de proliferacion disminuida in vitro e in

vivo.

2. La disminucién en la proliferacion de las CMLV VDRKO se debe al incremento
en la expresién de los inhibidores la quinasas dependientes de ciclina, p19™,

p21°Pl p27KPl y especialmente de p57XiP2,

3. Las CMLV VDRKO mostraron un aumento de los niveles de produccion de

angiotensina II, relacionado con niveles elevados de catepsina D.

4, Las células vasculares VDRKO muestran cambios hipertroficos, debido a los

niveles mas altos de Ang II.

5. La sefalizacion sostenida a través del receptor AT1 en la celulas VDRKO
conduce a la activacion de la NADPH oxidasa con posterior elevacion en los

niveles intracelulares del anién superdxido.

6. La carencia de VDR en CMLV reduce su capacidad antioxidante mitocondrial,

disminuyendo la expresidn de la superoxido dismutasa de manganeso.

7. Las células mutantes mostraron una disminucion en la expresién de la

subunidad de montaje del complejo I de 39kDa y una efficiencia reducida.
8. Todos estos encuentros en las células vasculares VDRKO se asocian con la

presencia de senescencia prematura inducida por estrés.

Por lo tanto, nuestros resultados apuntan a la importancia de la vitamina D a través
de su receptor nuclear en la prevencion de la hipertrofia de CMLV y la senescencia,

dos procesos que ocurren durante el desarrollo de las lesiones aterosclerdticas.
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Conclusions

1. Cél-lules de muscul llis vascular, obtingudes a partir de ratolins que no tenen
VDR funcional presenten una capacitat de proliferacié disminuida in vitro i in

vivo.

2. La disminucid de la proliferacié de les CMLV VDRKO es deu a l'increment en
I'expressié dels inhibidors de quinasa depenents de ciclina p19”™, p21°Pt,

p27XPl v especialment de p57¢P2,

3. Les CMLV VDRKO van mostrar un augment dels nivells de produccid

d'angiotensina II, relacionat amb els nivells de catepsina D.

4. Les CMLV VDRKO van mostrar uns cambis hipertrofics que es deu a

I'increment en els nivels de Ang II.

5. La senyalitzacié sostinguda a través del receptor AT1 en ceél-lules VDRKO
condueix a l'activacio de la NADPH oxidasa amb una elevacié posterior dels

nivells intracel.lulars de I'anié superoxid.

6. L’ausencia de VDR en CMLV redueix la seva capacitat antioxidant
mitocondrial, disminuint I'expressié de la dismutasa de superoxid de

manganeés.

7. Les ceél-lules mutants van mostrar una disminucié de l'expressio de la

subunitat de muntatge del complex I de 39kDa i una eficiencia disminuinta.

8. Totes aquestes troballes en cél-lules vasculars VDRKO s associen amb Ia

preséncia de senescéncia prematura induida per estres.

Per tant, els nostres resultats apunten a la importancia de la vitamina D a través
del seu receptor nuclear en la prevencio de la hipertrofia de CMLV i la senescéncia,
dos processos que ocorren durant el desenvolupament de les lesions

aterosclerotiques.
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3aK/ro4YeHns

CbAooOBM TNAaAKOMYCKY/THUTE KETKW, MOMYYEHU OT MULLIKKA JIULWLIEHU OT
(byHKUMOHaneH PB[ npeacTaBAT HapylweH NponudepaumoHeH KanaunTteT MH

BUTPO N NH BUBO.

HamaneHata nponudepaumnsa Ha PBA-/- TMK ce pbnxum Ha nosuweHaTta
eKCrpecus Ha MHXMBUTOPU Ha UMKIUH 3aBUCMMUTE KuHasu, pl9AT, p21CPt

p27XPl 1 ocobeHHo Ha p57KP2,

PB-/- TMK noka3sBaT MoOBULUEHM HMBA Ha NPOM3BOACTBO Ha aHMMOTEH3MH II,

KOEeTO € CBbP3aHO C NOBULIEHUTE HMBA Ha KaTencuH .

PBL-/- TMK un3gassBaTt xunepTpodnyHM NPOMEHU, CBbP3aHU C YBEIMYEHUTE

HuBa Ha AHr II.

MocTtosiHHaTa curHanmsaumsa npe3 AT1 peuentopute B PB[-/- Knetka Boau
00 akTtuBumpaHeto Ha HAL®H okcupaasata C nocneasawo yBesMdeHue Ha

BbTPEKNETBYHOTO HUBO HA CynepPOKCUAHN aHUNOHN.

NMpemaxBaHeTo Ha PB4 B [MK HaMangesa TexHMs MWUTOXOHApUAseH
AaHTUOKCUMAAHTEH KanauuTeT, MOHMXAaBaMKW eKcnpecusitTa Ha MaHraHosaTa

Ccynepokcua AncMyTasa.

MyTUpaHUTE KJIETKM MNOKasBaT HaMalleHa eKcrnpecuss Ha cybeauHuuaTa oT
MUTOXOHApPUanHMsa Kkomnnekc I ¢ ronemuHa 39kDa vydacTtBawa B

crnobsaBaHeToO Ha KOMMEeKCa N NOHMXKEHa ereKTMBHOCT.

Bcuukn Tesn Haxoakum B PBL-/- cbaoBu KneTku ca CBbp3aHN C HAJIMYMUETO Ha

CTpec MHAYLUMPAHO NpPEeXAEBPEMEHHO CTapeeHe.

Taka, nonyyeHwuTe pe3ynTaTWM HacouBaAT KbM BaXHaTa pond Ha BuUTaMuH [
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NocpeacTBYM SIIPEHUS CU PELENTOp 3a NMpPeAoTBpaTABAHETO Ha Xxuneptpodus wu
CTapeeHe Ha rNaAKOMYCKY/HUTE KJIETKU, ABa Mpoleca, KOUTO Ce c/y4yBaT Mo

BpeME Ha pa3BUTUETO Ha aTEPOCKNEPOTUYHU NE3NN.
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