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Abstract	  	  

The	  mechanisms	  by	  which	  dietary	  flavanols	  mediate	  their	  vascular	  effects	  are	  not	  well	  

understood.	   Accumulating	   data	   support	   the	   evidence	   that	   flavanol-‐rich	   foods	   like	  

cocoa	  are	  able	  to	  improve	  endothelium-‐dependent	  vasorelaxation	  in	  healthy	  subjects,	  

as	   well	   as	   in	   pathological	   conditions.	   Proposed	   mechanisms	   include	   an	   increase	   in	  

nitric	   oxide	   (NO)-‐bioavailability	   by	   direct	   activation	   of	   the	   endothelial	   NO	   synthase	  	  

(eNOS)	   or	   by	   affecting	   the	   redox	   state	   of	   vascular	   cells.	   (-‐)-‐Epicatechin	   is	   the	   most	  

abundant	   flavanol	   monomer	   in	   cocoa	   and	   seems	   to	   be	   the	   active	   component	  

responsible	   for	   those	  effects.	  However	   a	  direct	   link	  between	   the	  eNOS/NO	   signaling	  

pathway	  and	  vascular	  response	  to	  (-‐)-‐epicatechin	  in	  vivo	  has	  never	  been	  demonstrated	  

so	  far.	  The	  transcription	  factor	  nuclear	  factor	  (erythroid-‐derived	  2)-‐like	  2	  (Nrf2)	  is	  a	  key	  

master	  switch	  controlling	  the	  expression	  of	  enzymes	  involved	  in	  the	  regulation	  of	  the	  

cellular	   redox	   state,	   is	   activated	   by	   electrophilic	   compounds,	   and	   it	   is	   a	   potential	   in	  

vivo	  target	  of	  (-‐)-‐epicatechin	  or	  its	  circulating	  metabolites.	  	  	  

This	  work	  aimed	  at	  investigating	  the	  role	  of	  eNOS	  and	  Nrf2	  in	  the	  vascular	  response	  to	  

(-‐)-‐epicatechin	   in	   living	  mice.	  This	  study	  provides	  novel	  evidence	  that	  both	  eNOS	  and	  

Nrf2	   are	   required	   to	   improve	   vascular	   function	  by	   (-‐)-‐epicatechin	   in	   vivo	  and	   indeed	  

are	  targets	  of	  circulating	  (-‐)-‐epicatechin	  metabolites	  in	  vascular	  tissue.	  The	  underlying	  

mechanisms	   include	   an	   activation	   of	   eNOS	   by	   phosphorylation	   and	   increased	   NO-‐

bioavailability	   as	   assessed	  by	   increases	   in	   the	   secondary	  messenger	  cyclic	   guanosine	  

monophosphate	  (cGMP),	  and	  activation	  of	  cGMP-‐dependent	  kinase	  (PKG)-‐dependent	  

vasodilator-‐stimulated	   phosphoprotein	   (VASP)	   phopsphorylation,	   along	   with	  

regulation	  of	   glutathione	   (GSH)	   levels	   and	  Nrf2-‐dependent	   expression	  of	   antioxidant	  

response	  genes	  and	  redox	  state	  in	  the	  heart	  and	  in	  the	  lung	  of	  the	  mice.	  These	  effects	  

are	  absent	  by	  administration	  of	  NOS	  inhibitors,	  and	  in	  mice	  lacking	  eNOS	  (eNOS-‐/-‐)	  or	  

Nrf2	   (Nrf-‐/-‐).	   In	   addition,	   novel	   potential	   pathways	   targeted	   by	   (-‐)-‐epicatechin	   were	  

identified	   in	  vascular	   tissue	  by	  global	   transcriptional	  profiling,	   including	   regulation	  of	  

the	  xenobiotic	  defense	  pathway	  controlled	  by	  the	  aryl	  hydrocarbon	  receptor	  (AhR)	  as	  

well	   as	   calcium	   signaling/handling	   in	   the	   smooth	   muscle	   cell.	   In	   conclusion	   both,	  

increased	   NO	   production	   by	   eNOS	   and	   reduced	   NO	   consumption	   by	   Nrf2	  mediated	  

antioxidant	  defense	  can	  increase	  NO-‐bioactivity	  in	  the	  vascular	  wall.	  	  
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Zusammenfassung	  

Die	  Mechanismen	  für	  die	  vaskulären	  Effekte	  von	  Nahrungsflavanolen	  sind	  weitgehend	  

unbekannt.	  Immer	  mehr	  Daten	  deuten	  darauf	  hin,	  dass	  favanolreiche	  Nahrungsmittel,	  

wie	   beispielsweise	   Kakao	   in	   der	   Lage	   sind	   die	   endothelabhängige	   Gefäßfunktion	   im	  

Menschen	   unter	   physiologischen	   und	   pathophysiologischen	   Bedingungen	   zu	  

verbessern.	   Es	   wird	   angenommen,	   dass	   eine	   Erhöhung	   der	   Stickstoffmonoxid	   (NO)	  

Verfügbarkeit	   durch	   Aktivierung	   der	   endothelialen	   NO	   Synthase	   (eNOS),	   und	   eine	  

Regulation	   des	   Redoxsystems	   vaskulärer	   Zellen	   zu	   den	   zugrundeliegenden	  

Mechanismen	  gehören.	   (-‐)-‐Epicatechin	   ist	  die	  häufigste	  monomere	  Flavanol	  Substanz	  

im	  Kakao	  und	  scheint	  als	  solche	  aktiv	  für	  die	  Effekte	  von	  Flavanolen	  verantwortlich	  zu	  

sein.	   Allerdings	   wurde	   der	   direkte	   Zusammenhang	   zwischen	   der	   eNOS/NO	  

Signalkaskade	   und	   der	   (-‐)-‐Epicatechin	   vermittelten	   vaskulären	   Antwort	   noch	   nicht	  

gezeigt.	  Der	  Transkriptiosfaktor	  nuclear	  factor	  (erythroid-‐derived	  2)-‐like	  2	  (Nrf2)	  ist	  ein	  

Master-‐Regulator	   für	   die	   Kontrolle	   des	   zellulären	   Redoxstatus	   durch	   Regulation	   der	  

Expression	   beteiligter	   Enzyme.	   Nrf2	   kann	   durch	   elektrophile	   Substanzen	   aktiviert	  

werden,	   potentiell	   auch	   durch	   (-‐)-‐Epicatechin	   oder	   entsprechende	   zirkulierende	  

Metabolite.	  

Das	  Ziel	  dieser	  Arbeit	  war	  es	  daher	  die	  Rolle	  von	  eNOS	  und	  Nrf2	  in	  der	  Gefäßantwort	  

auf	   (-‐)-‐Epicatechin	   in	   vivo	   zu	   untersuchen.	   Diese	   Arbeit	   zeigt,	   dass	   sowohl	   eNOS	   als	  

auch	  Nrf2	  notwendig	   sind,	  um	  die	  Gefäßfunktion	   in	  vivo	   zu	  erhöhen,	  und	  dass	  diese	  

Faktoren	   an	   den	   Mechanismen	   im	   vaskulären	   Gewebe	   beteiligt	   sind.	   Zu	   den	  

zugrundeliegenden	  Mechanismen	  gehören:	  Eine	  Aktivierung	  der	  eNOS	  durch	  Erhöhung	  

der	   Phosphorylierung;	   Eine	   Erhöhung	   der	   NO	   Verfügbarkeit	   gemessen	   als	   Erhöhung	  

des	   sekundären	   Botenstoffes	   zyklisches	   Guanosinmonophosphat	   (cGMP)	   und	  

Aktivierung	   der	   cGMP-‐abhängigen	   Proteinkinase	   (PKG),	   gezeigt	   als	   Erhöhung	   der	  

vasodilatator-‐stimulierten	   Phosphoprotein	   (VASP)	   phosphorylierung.	   Darüber	   hinaus	  

wurde	   eine	   Regulation	   des	   Redoxsystems	   im	   kardiovaskulären	   Gewebe	   wie	   dem	  

Herzen	  und	  der	  Lunge	  als	  Erhöhung	  der	  Glutathion	  (GSH)	  Level	  nachgewiesen.	  Wichtig	  

ist,	  dass	  diese	  Effekte	  in	  eNOS-‐/-‐	  und	  Nrf-‐/-‐	  Mäusen,	  und	  mit	  NOS-‐Inhibition	  nicht	  länger	  

nachweisbar	  waren.	   Des	  weitern	  was	   es	   durch	  Microarray	   Analysen	   in	   dieser	   Arbeit	  

möglich	  neue	  potentielle	  Signalwege	  für	  die	  vaskulären	  Effekte	  von	  (-‐)-‐Epicatechin	  zu	  
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identifizieren,	   darunter	   Signalkaskaden	   zum	   Abbau	   xenobiotischer	   Substanzen	   unter	  

Kontrolle	   des	   Aryl-‐Hydrocarbon-‐Rezeptors	   (AhR),	   sowie	   die	   Regulation	   der	   Kalzium-‐

Homöostase	   in	   vaskulären,	   glatten	   Muskelzellen.	   Zusammenfassend	   sind	   eine	  

Erhöhung	   der	  NO	   Produktion	   durch	   eNOS	   und	   ein	   erniedrigter	   NO	  Abbau	   durch	   die	  

Nrf2	  vermittelte	  antioxidative	  Antwort	  maßgeblich	  für	  Erhöhung	  der	  NO	  Verfügbarkeit	  

in	   der	   Gefäßwand.
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Introduction	  
Flavanols	  and	  cardiovascular	  health	  

Cardiovascular	  disease	  and	  endothelial	  dysfunction	  

Cardiovascular	  disease	   is	  a	   leading	  cause	  of	  death	  worldwide.	  Risk	   factors	  of	  modern	  

life-‐style	  for	  experiencing	  an	  initial	  or	  recurrent	  cardiovascular	  event	  are	  obesity,	  lack	  

of	  physical	  activity,	  smoking	  and	  alcohol	  consumption	  (Wang	  et	  al.	  2009).	  Heart	  failure,	  

coronary	   artery	   disease,	   hypertension	   and	   others	   are	   associated	   with	   endothelial	  

dysfunction	  (Widlansky	  et	  al.	  2003).	  A	  dysfunctional	  endothelium	  is	  characterized	  by	  a	  

loss	  of	  endothelial	  control	  over	  vascular	  tone,	  impairment	  of	  endothelium-‐dependent	  

vasorelaxation,	   alteration	   of	   the	   anticoagulant	   and	   anti-‐	   inflammatory	   properties	  

leading	   to	   thrombosis,	   and	   vessel	   wall	   remodeling	   (impaired	   regulation	   of	   vascular	  

growth)	  (Widlansky	  et	  al.	  2003,	  Seals	  et	  al.	  2011).	  	  

A	  growing	  number	  of	  therapeutic	  interventions	  known	  to	  decrease	  cardiovascular	  risk,	  

including	   exercise,	   lipid	   lowering,	   smoking	   cessation,	   weight	   reduction,	   medication	  

with	   angiotensin-‐converting	   enzyme	   inhibitors	   and	   statins	   and	   also	   dietary	  

interventions,	   have	   been	   shown	   to	   improve	   endothelial	   function	   (Widlansky	   et	   al.	  

2003).	  The	  daily	  diet	  can	  play	  a	  major	  role	  in	  prevention	  of	  vascular	  disease	  initiation	  

and	   progression	   (Eyre	   et	   al.	   2004).	   Besides	   regulation	   of	   fat	   consumption,	   blood	  

pressure	   and	   blood	   glucose	   levels	   current	   dietary	   recommendations	   include	   the	  

consumption	   of	   fruits	   and	   vegetables	   (Lichtenstein	   et	   al.	   2006)	   proven	   by	  

epidemiological	  studies	  demonstrating	  a	  lower	  risk	  for	  cardiovascular	  disease	  (He	  et	  al.	  

2007)	  (Bhupathiraju	  et	  al.	  2013).	  Despite	  the	  fact	  that	  they	  are	  low	  in	  calories	  and	  fat	  

and	  have	  a	  favorable	  mineral	  ratio	  the	  mechanisms	  by	  which	  these	  diets	  mediate	  their	  

beneficial	  effects	  on	  health	  still	  are	  not	  well	  understood	  (Dauchet	  et	  al.	  2009).	  

There	   is	   epidemiological	   evidence	   that	   flavonoids	   mediate	   beneficial	   cardiovascular	  

effects	   and	   lower	   the	   risk	   for	   vascular	   diseases	   and	  mortality	   (Mulvihill	   et	   al.	   2010,	  

McCullough	  et	  al.	  2012,	  Toh	  et	  al.	  2013).	  The	  group	  of	  flavanoids	  includes	  a	  number	  of	  

various	   substances	   with	   different	   chemical	   properties	   including	   flavanols,	   flavonols,	  

flavones,	   isoflavones,	   flavanones,	   and	  anthocyanins	   (Fig.	  1).	   This	   can	   result	   in	   severe	  

differences	   in	   their	   absorption,	   metabolism	   and	   bioactivities	   (Erdman	   et	   al.	   2007).	  

Moreover	   since	   the	   distribution	   of	   these	   flavonoids	   varies	   considerably	   in	   different	  
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fruits	  and	  vegetables	  (Erdman	  et	  al.	  2007)	  it	  is	  difficult	  to	  estimate	  an	  average	  dietary	  

consumption	  in	  human.	  	  

	  

subgroup of the flavonoid family (Figure 1), are a focus of attention
as epidemiological investigations have shown an independent
inverse correlation between the dietary intake of flavanol-rich
foods and CAD mortality.10 While the epidemiological findings
are provocative, no randomized controlled trials with hard clinical
endpoints have been published that corroborate a cause and effect
relationship between the intake of flavanols and vascular health.

However, several controlled human dietary intervention studies
with flavanol-rich foods and beverages have demonstrated positive
effects, including the recovery of endothelial function,11–15

improvements in insulin sensitivity, decreased blood pressure,16,17

and reductions in platelet aggregation.18–20 The pharmacological
mechanisms of action of flavanols have yet to be identified, but
they likely include an enhancement in nitric oxide (NO) bioactivity,
modulation of the immune system, and enhanced endothelial
homeostatic vascular repair.21 While it has been speculated that
the intrinsic antioxidant capacity of flavanols, and flavonoids in
general, underlies their positive vascular effects (refs 22,23 and
references therein), this is as unlikely, although select flavonoids
may influence the overall level of oxidative stress through second-
ary mechanisms.24,25

Quantitatively, flavanols represent a major group of flavonoids in
the western diet.26 Major sources include chocolate and cocoa
(up to 920–1220 mg/100 g), apples (up to 120 mg/200 g), and

tea (up to 300 mg/infusion), however, it must be noted that
the profile of flavanols (e.g. (2)-epicatechin, (+)-epicatechin,
(2)-catechin, (+)-catechin) in these foods can vary considerably,
and it can be changed as a consequence of food processing.27

Importantly, the methodologies that are typically used to
measure flavanols in foods, as well as in biological fluids, do not
provide information on the profile of flavanol stereoisomers. The
average daily flavanol intake of an adult has been approximated
to be in the range of 50–100 mg.7 However, there is considerable
confusion in the literature, as many authors when reporting
dietary intakes do not make a distinction between flavanols
per se (which are by definition monomers) and procyanidins,
which are oligomers of flavanols.7 Generally, when viewed as a
composite, the flavanol monomers ((2)- and (+)-epicatechin,
(2)- and (+)-catechin) are approximately 10%26,28 of the com-
bined monomer and oligomer total. We suggest that the pooling
of monomers and procyanidins when presenting dietary intake
data is inappropriate, given that while monomers and dimers are
absorbed in the small intestine,29,30 the longer oligomers are
not absorbed. Thus, the longer oligomers are unlikely to have
direct effects on the vascular endothelium, although we note
they may have biological effects within the intestinal track (e.g.
they might influence the microbiota, or act as immune
modulators). Depending on many factors, peak monomer and

Figure 1 (A) Basic structures and examples of the main subclasses of dietary flavonoids. (B) Whereas the majority of flavanols are present as
oligomers in food (i.e. cocoa), metabolized flavanol monomers are the dominant flavanols in blood and may be partly responsible for the
observed vascular effects.

C. Heiss et al.2584

	  

Fig.	  1:	  Groups,	  structures,	  and	  examples	  of	  flavonoid	  substances	  and	  their	  food	  distribution.	  
(Taken	  from	  Heiss	  and	  Kelm,	  2010	  (Heiss	  et	  al.	  2010)).	  

	  

The	  absorption	  and	  metabolism	  of	  cocoa	  flavanols	  and	  pure	  flavanol	  compounds	  such	  

as	   (-‐)-‐epicatechin	   in	  vivo	   is	   studied	   in	  humans	   (Schroeter	  et	  al.	  2006,	  Ottaviani	  et	  al.	  

2011)	  and	  also	  in	  animal	  models	  (Piskula	  et	  al.	  1998,	  Baba	  et	  al.	  2001,	  Donovan	  et	  al.	  

2006).	  There	  is	  evidence	  that	  the	  majority	  of	  circulating	  compounds	  found	  in	  blood	  are	  

monomeric	   (-‐)-‐epicatechin	   compounds,	   which	   are	   methylated,	   glucuronidated,	   or	  

sulfated	   (Schroeter	   et	   al.	   2006,	  Ottaviani	   et	   al.	   2011).	  However	   adsorption	   sites	   and	  

kinetics	  are	  still	  not	  completely	  understood,	  tissue	  distribution	  and	  the	  metabolic	  and	  

biological	   fate	   of	   flavanols,	   their	  monomeric	   compounds	   and	   respective	  metabolites	  

are	  under	  active	  investigation.	  It	   is	  likely	  that	  the	  physiological	  effects	  are	  induced	  by	  

fewer	  monomeric	  compounds.	  Among	  cocoa	  flavanols,	  the	  most	  abundant	  monomeric	  
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compound	  is	  (-‐)-‐epicatechin	  (Gu	  et	  al.	  2004,	  Heiss	  et	  al.	  2010).	  It	  has	  been	  shown	  that	  

administration	  of	  pure	   (-‐)-‐epicatechin,	  accounts	   for	   the	  beneficial	  effects	  of	   flavanols	  

on	   endothelial	   function	   and	   the	   increase	   of	   circulating	   NO	   metabolites	   in	   humans	  

(Schroeter	   et	   al.	   2006)	   and	   is	   the	   single	   stereoisomer	   capable	   of	   mediating	   such	  

significant	  vasodilatory	  responses	  (Ottaviani	  et	  al.	  2011).	  	  

	  

Flavanols	  and	  control	  of	  endothelial	  function:	  a	  role	  of	  eNOS	  ?	  

The	   health	   and	   functionality	   of	   the	   vascular	   system	   is	   strongly	   correlated	   to	   the	  

functionality	   of	   the	   endothelium,	   which	   lines	   the	   luminal	   side	   of	   the	   vessels.	   The	  

endothelial	   cell	   layer	   controls	   many	   biological	   events	   occurring	   either	   on	   the	  

endoluminal	   or	   the	   interstitial	   side	   of	   the	   vasculature.	   Many	   processes	   including	  

haemostasis,	   haematopoiesis,	   inflammatory	   reactions	   and	   immune	   response	   require	  

close	  interactions	  between	  circulating	  cells	  or	  cytokines	  and	  the	  vascular	  endothelium	  

(Mantovani	  et	  al.	  1997).	  One	  of	  the	  most	  important	  signal	  transduction	  cascades	  is	  the	  

release	  of	  a	  vasodilating	  factor	  by	  endothelial	  cells	  in	  response	  to	  blood	  flow	  mediated	  

shear	   stress	   (Furchgott	   et	   al.	   1980,	   Smiesko	   et	   al.	   1993).	   The	   identification	   of	   this	  

“endothelium-‐derived	   relaxing	   factor”	   as	   nitric	   oxide	   (NO)	   over	   20	   years	   ago	   is	   a	  

milestone	   of	   cardiovascular	   research	   and	   was	   awarded	   with	   the	   nobel	   price	   in	  

medicine	  (Furchgott	  et	  al.	  1987,	  Ignarro	  et	  al.	  1987,	  Palmer	  et	  al.	  1987).	  One	  year	  later	  

the	   source	  of	   this	  endothelial	  NO	  production	  was	   found	   to	  be	   the	   type	  3	   isoform	  of	  

nitric	  oxide	  synthase	  or	  endothelial	  nitric	  oxide	  synthase	  (eNOS)	  (Palmer	  et	  al.	  1988).	  

Meanwhile	  the	  mechanism	  and	  signal	  transduction	  cascade	  leading	  to	  vasodilation	  by	  

endothelial	  NO	  release	  is	  well	  investigated	  (Nausch	  et	  al.	  2008,	  Morgado	  et	  al.	  2012).	  

Endothelial	  NOS	  derived	  NO	   is	   released	   from	   the	  vascular	  endothelium	   into	  vascular	  

smooth	  muscle	  cells	  where	  it	  activates	  the	  enzyme	  soluble	  guanylate	  cyclase	  (sGC)	  and	  

thereby	   production	   of	   the	   secondary	   messenger	   cyclic	   guanosine	   monophosphate	  

(cGMP).	  	  Cyclic	  GMP	  increases	  the	  activity	  of	  a	  cGMP	  dependent	  protein	  kinase	  (PKG),	  

which	  directly	  activates	  a	  myosin	  phosphatase	  and	  inhibits	  intracellular	  calcium	  (Ca++)	  
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The	  balanced	  production	  and	  release	  of	  vasodilators,	  most	   importantly	  eNOS	  derived	  

NO	   maintains	   vascular	   homeostasis	   and	   regulates	   vascular	   tone.	   In	   addition	   to	   its	  

vasodilating	   feature,	   endothelial	   NO	   has	   antiatherosclerotic	   properties,	   such	   as	  

inhibition	   of	   platelet	   aggregation,	   leukocyte	   adhesion,	   smooth	   muscle	   cell	  

proliferation,	  and	  expression	  of	  genes	  involved	  in	  atherogenesis	  (Li	  et	  al.	  2000).	  Thus	  a	  

decrease	  in	  NO-‐bioavailability	  (Kleinbongard	  et	  al.	  2003,	  Heiss	  et	  al.	  2006,	  Rassaf	  et	  al.	  

2006)	   and	   alterations	   in	   eNOS	   activity	   and	   expression	   are	   strongly	   associated	   with	  

endothelial	  dysfunction	  and	  cardiovascular	  disease	  (Widlansky	  et	  al.	  2003,	  Seals	  et	  al.	  

2011).	  	  

Flavanols	  and	  vascular	  function	  

The	   oral	   intake	   of	   cocoa	   flavanols	   and	   pure	   (-‐)-‐epicatechin	   has	   beneficial	   effects	   in	  

particular	  on	   improvement	  of	  endothelium-‐dependent	  vascular	   function	  as	  has	  been	  

shown	  by	  work	  conducted	  by	  our	  and	  other	  groups	  (Heiss	  et	  al.	  2003,	  Schroeter	  et	  al.	  

2006,	  Heiss	  et	  al.	  2007).	  Further	  an	   improvement	  of	   insulin	   sensitivity,	  a	  decrease	   in	  

blood	  pressure	  (Hooper	  et	  al.	  2012)	  and	  a	  reduced	  platelet	  aggregation	  (Ostertag	  et	  al.	  

2010)	   are	   reported	   for	   dietary	   cocoa	   flavanols.	   The	   pharmacology	   and	   mechanistic	  

action	  of	  flavanols	  in	  vivo	  are	  not	  well	  understood,	  but	  they	  likely	  include	  a	  modulation	  

of	  the	  immune	  response	  as	  shown	  for	  the	  cocoa	  compound	  procyanidin	  (Kenny	  et	  al.	  

2007),	  an	  activation	  of	  angiogenic	  cells	  by	  flavanol-‐rich	  cocoa	  drinks	  (Heiss	  et	  al.	  2010).	  

Most	   importantly	   cocoa	   flavanols	   and	   (-‐)-‐epicatechin	   enhance	   NO-‐bioavailability	   in	  

health	  (Schroeter	  et	  al.	  2006,	  Heiss	  et	  al.	  2007,	  Loke	  et	  al.	  2008)	  and	  state	  of	  increased	  

cardiovascular	   risk	   including	   hypertension	   (Grassi	   et	   al.	   2005),	   age	   (Holt	   et	   al.	   2012)	  

and	  smoking	  (Heiss	  et	  al.	  2005,	  Heiss	  et	  al.	  2007).	  	  

Importantly	  the	  oral	   intake	  of	  a	  pure	  (-‐)-‐epicatechin	  drink	  improved	  vascular	  function	  

assessed	   as	   flow-‐mediated	   dilation	   (FMD)	   of	   the	   brachial	   artery	   in	   healthy	   male	  

subjects	   with	   a	   maximum	   response	   after	   two	   hours	   (Schroeter	   et	   al.	   2006).	   Also	   a	  

longer	   intake	   of	   a	   high-‐flavanol	   drink	   containing	   (-‐)-‐epicatechin	   gradually	   increased	  

FMD	  after	  one,	  three,	  five	  and	  seven	  days	  in	  healthy	  smokers	  (Heiss	  et	  al.	  2007)	  and	  in	  

healthy	  adults	  (Engler	  et	  al.	  2004).	  Long-‐term	  improvement	  of	  FMD	  by	  cocoa	  flavanols	  
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has	   also	   been	   shown	   in	   pathological	   state	   for	   patients	  with	   coronary	   artery	   disease	  

(Heiss	   et	   al.	   2010),	   diabetes	   (Balzer	   et	   al.	   2008),	   obesity	   (Njike	   et	   al.	   2011)	   and	  

hypertension	  (Grassi	  et	  al.	  2005).	  	  

The	  underlying	  mechanisms,	  which	  mediate	  the	  beneficial	  action	  of	  cocoa	  flavanols	  on	  

vascular	   health	   are	   not	   well	   understood	   and	   are	   very	   poorly	   investigated	   in	   vivo.	  

Proposed	  mechanisms	  include	  an	  increase	  in	  NO-‐bioavailability	  by	  direct	  activation	  of	  

eNOS	  or	  by	  affecting	  the	  redox	  state	  of	  vascular	  cells.	  	  Endothelial	  NOS	  activity	  can	  be	  

regulated	  by	  post-‐translational	  modifications,	  most	   importantly	  phosphorylation,	  but	  

the	   enzyme	   can	   also	   be	   regulated	   on	   the	   transcriptional	   level	   (Forstermann	   et	   al.	  

1998).	   Studies	   mostly	   in	   cultured	   vascular	   endothelial	   cells	   suggest	   that	   red	   wine	  

polyphenols	  (RWPs)	  and	  (-‐)-‐epicatechin	  are	  able	  to	  activate	  the	  eNOS	  enzyme	  (Leikert	  

et	   al.	   2002,	  Wallerath	   et	   al.	   2003,	   Ndiaye	   et	   al.	   2005,	   Ramirez-‐Sanchez	   et	   al.	   2010,	  

Ramirez-‐Sanchez	  et	  al.	  2011).	  However,	  in	  vitro	  findings	  cannot	  be	  directly	  transferred	  

to	   the	   in	   vivo	   situation	   because	   of	   the	   distinct	   limitations	   such	   as	   1)	   lack	   of	  

metabolism,	   2)	   lack	  of	   systemic	   action	   and	  3)	   lack	  of	   the	  direct	   interaction	  between	  

vascular	   endothelium	   and	   vascular	   smooth	   muscle	   which	   is	   mandatory	   for	   vessel	  

function.	  In	  human	  it	  is	  not	  possible	  to	  directly	  measure	  eNOS	  and	  NO-‐signaling	  to	  the	  

vessels.	  The	  in	  vivo	  effect	  in	  rodents	  is	  poorly	  investigated	  and	  limited	  to	  studies	  in	  rats	  

with	  RWPs	  (Andriambeloson	  et	  al.	  1997,	  Benito	  et	  al.	  2002,	  Agouni	  et	  al.	  2009)	  and	  (-‐)-‐

epicatechin	   (Gomez-‐Guzman	   et	   al.	   2012)	   demonstrating	   elevated	   level	   of	   NO	   and	  

cGMP	  in	  the	  aorta.	  

	  

Regulation	  of	  vascular	  antioxidant	  state	  by	  dietary	  flavanols	  

The	   occurrence	   of	   endothelial	   dysfunction	   in	   pathophysiological	   state	   is	   not	   only	  

correlated	  to	  reduced	  NO	  production	  but	  also	  to	  increased	  oxidative	  stress	  within	  the	  

tissue.	   For	   instance,	   the	   decline	   in	   NO-‐bioavailability	   observed	   in	   a	   dysfunctional	  

endothelium	  seems	  to	  be	  determined	  by	  an	  accelerated	  degradation	  of	  NO	  by	  reactive	  

oxygen	   species	   (ROS)	   during	   oxidative	   stress,	   as	   well	   as	   by	   decreased	   activity	   or	  
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expression	  of	  eNOS	  (Weseler	  et	  al.	  2010,	  Seals	  et	  al.	  2011).	  In	  the	  vasculature,	  oxidant	  

molecules	   can	   originate	   from	   extracellular	   or	   intracellular	   sources	   and	   can	   be	  

produced	  by	  enzymatic	  or	  non-‐enzymatic	  reactions.	  The	  blood	  is	  an	  excellent	  external	  

carrier	   of	   oxidants	   and	   ROS	   as	   it	   is	   in	   permanent	   contact	   with	   vascular	   endothelial	  

cells.	  Within	   the	   vascular	  wall	   intracellular	   sources	   are	   the	  mitochondrial	   respiratory	  

chain	   and	   enzymes	   catalyzing	   oxidative	   reactions	   such	   as:	   Nicotinamide	   adenine	  

dinucleotide	   phosphate	   oxidase	   (NAPDH),	   xanthine	   oxidase,	   lipooxygenase,	  

myeloperoxidase	  and	  also	  uncoupled	  NOS	  (Sugamura	  et	  al.	  2011).	  

However,	   in	  particular	   vascular	   cells	   are	  not	  defenseless	   and	  are	  able	   to	  protect	   the	  

tissue	  against	  oxidative	  damage	  e.g.	  by	  deactivation	  of	  radical	  species	  (Sies	  1993).	  One	  

of	  the	  most	  abundant	  and	  important	  cellular	  antioxidants	  is	  the	  tripeptide	  glutathione	  

(GSH)	  which	  synthesis	  is	  mainly	  controlled	  by	  gene	  regulation	  (Janssen-‐Heininger	  et	  al.	  

2013)	   ,	   while	   the	   most	   important	   cellular	   sensor	   for	   pro-‐oxidative	   molecules	   is	   the	  

transcription	  factor	  (erythroid-‐derived	  2)-‐like	  2	  or	  Nrf21	  (Zhu	  et	  al.	  2008).	  

GSH	  exerts	  its	  antioxidant	  activity	  by	  directly	  scavenging	  free	  radicals	  and	  other	  ROS	  or	  

as	   a	   cofactor	   in	   enzymatic	   reactions	   in	   which	   GSH	   is	   oxidized	   to	   form	   GSSG	   (GSH	  

disulfide)	   (Sies	   1999).	   The	   GSH-‐mediated	   antioxidant	   defense	   mechanism	   of	  

endothelial	   cells	   includes	   several	   enzymes	   participating	   in	   the	   synthesis	   and	  

metabolism	  of	  GSH: glutamate-‐cysteine	   ligase	   (GCL)	  and	  GSH	  synthetase	  mediate	  de	  
novo	  synthesis	  of	  GSH	  while	  glutathione	  peroxidase	  (GPX),	  glutathione	  reductase	  (GSR)	  

and	   glutathione-‐S-‐transferase	   (GST)	   metabolise	   GSH	   using	   H2O2	   and	   NADPH	   as	  

reducing	  agents	  (Sies	  1993,	  Sies	  1999).	  

In	  addition	  an	  adaptive	  response	  is	  activated	  to	  prevent	  further	  damage	  in	  eukaryotic	  

cells.	  The	  redox-‐sensitive	  transcription	  factor	  Nrf2	  activates	  protective	  proteins,	  which	  

are	  able	  to	  prevent,	  deactivate	  and	  repair	  oxidative	  stress	  and	  oxidative	  damage.	  Most	  

prominent	  targets	  of	  Nrf2	  are	  phase	  II	  detoxifying	  enzymes	  including	  NAD(P)H	  quinone	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Gene	  ID:	  4780	  (homo	  sapiens),	  18024	  (mus	  musculus);	  Official	  name:	  nuclear	  factor,	  erythroid	  2-‐like	  2;	  Official	  symbol:	  NFE2L2	  
alias	  Nrf2	  (homo	  sapiens),	  Nfe2I2	  alias	  Nrf2	  (mus	  musculus).	  According	  to	  the	  scientific	  consense	  this	  work	  uses	  Nrf2	  when	  
speaking	  of	  the	  functional	  protein.	  
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oxidoreductase	   1	   (NQO1),	   heme	   oxygenase-‐1	   (HO-‐1),	   GST	   and	   GCL,	   but	   also	   other	  

antioxidants,	  proteasomes	  and	  drug	  metabolizing	  proteins	  (Kaspar	  et	  al.	  2009,	  Baird	  et	  

al.	  2011).	  The	  transcriptional	  activity	  of	  Nrf2	  can	  be	   induced	  by	  molecules,	  chemicals	  

and	   compounds	   with	   electrophilic	   properties	   (Baird	   et	   al.	   2011).	   Many	   of	   plant	  

phytochemicals,	   which	   are	   abundantly	   contained	   in	   human	   diet	   possess	   such	  

electrophilic	  chemical	  structures,	  including	  flavanols.	  

Besides	  the	  supposed	  effects	  on	  the	  NO-‐pathway	  a	  controversial	  discussion	  describes	  

the	  antioxidant	  properties	  of	  flavanoids	  and	  their	   impact	  on	  cellular	  and	  tissue	  redox	  

state.	  However	  investigations	  at	  non-‐physiological	  conditions	  ex	  vivo	  (Rice-‐Evans	  et	  al.	  

1996,	   Galleano	   et	   al.	   2010)	   and	   the	   use	   of	   cell	   culture	   systems	   (Romeo	   et	   al.	   2009,	  

Martin	   et	   al.	   2010,	   Rodriguez-‐Ramiro	   et	   al.	   2011,	  Martin	   et	   al.	   2013,	   Ruijters	   et	   al.	  

2013)	   including	   the	   reaction	  with	  medium	   additives	   (Long	   et	   al.	   2010)	   contribute	   to	  

strongly	   limit	   the	   impact	   of	   these	   results	   for	   interpretation	   of	   the	   physiological	  

mechanisms.	  

Even	  though	  there	  is	  no	  direct	  evidence	  for	  antioxidant	  effects	  of	  cocoa	  and	  green	  tea	  

polyphenols	  from	  controlled	  human	  interventional	  studies	  (Scheid	  et	  al.	  2010,	  Ellinger	  

et	   al.	   2011),	   some	   studies	   report	   an	   increase	   in	   plasma	   antioxidant	   capacity	   and	   a	  

decrease	  in	  plasma	  oxidation	  products	  associated	  with	  elevated	  plasma	  (-‐)-‐epicatechin	  

concentrations	   (Rein	   et	   al.	   2000,	   Wang	   et	   al.	   2000).	   Furthermore	   an	   impact	   of	   (-‐)-‐

epicatechin	  has	  been	  demonstrated	  on	  the	  redox-‐state	  in	  hepatic	  and	  neuronal	  cells	  in	  

vitro	  (Martin	  et	  al.	  2010,	  Martin	  et	  al.	  2013)	  and	  in	  tissue	  of	  the	  rat	  in	  vivo	  (Litterio	  et	  

al.	   2012,	   Seymour	   et	   al.	   2013).	  Whether	   or	   not	   these	   potential	   indirect	   antioxidant	  

properties	   regulate	   the	   actual	   vascular	   functionality	   in	   vivo	   is	   not	   clear.	   Also	   the	  

molecular	  mechanisms	  underling	  these	  effects	  are	  not	  well	  understood.	  	  

As	  reported	  the	  transcription	  factor	  Nrf2	  is	  a	  redox-‐sensitive	  sensor	  of	  oxidative	  stress	  

and	   can	   be	   activated	   by	   numerous	   oxidative	   and	   electrophilic	   species,	   including	  

reactive	  oxygen	  and	  nitrogen	  species,	  aldehydes	  and	  metals	  (Zhu	  et	  al.	  2008,	  Baird	  et	  

al.	  2011).	  In	  this	  paradigm	  flavanol	  compounds	  may	  directly	  interact	  with	  Nrf2	  due	  to	  

their	  chemical	  structure	  and	  electrophilic	  properties.	  In	  vitro	  (-‐)-‐epicatechin	  is	  able	  to	  
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activate	  Nrf2	  in	  cultured	  neuronal	  cells	  (Shah	  et	  al.	  2010).	  In	  vivo	  studies	  in	  mice	  and	  

rats	  further	  support	  the	  contribution	  of	  Nrf2	  to	  prevention	  of	  stroke	  damage	  and	  heart	  

failure	  by	  (-‐)-‐epicatechin	  (Shah	  et	  al.	  2010,	  Leonardo	  et	  al.	  2013).	  However,	  the	  role	  of	  

Nrf2	   in	   the	   vascular	   effects	   of	   dietary	   (-‐)-‐epicatechin	   has	   never	   been	   investigated	   in	  

vivo	  so	  far.	  	  

	  

In	  vivo	  assessment	  of	  endothelial	  function	  

In	  human	  endothelial	  function	  is	  assessed	  as	  FMD	  of	  the	  brachial	  artery	  in	  the	  forearm	  

(Pyke	  et	  al.	  2005).	  The	  measurement	  of	  vascular	  function	  in	  living	  mice	  is	  challenging	  

and	  not	  applied	  so	  far.	  	  

A	   wide	   range	   of	   animal	   models	   of	   cardiovascular	   disease	   is	   available,	   including	  

hyperlipidemic	  mice	   and	   rats,	   spontaneously	   hypertensive	   rats,	   genetically	  modified	  

mice	  lacking/overexpressing	  specific	  apolipoproteins,	  hypertensive	  mice	  lacking	  eNOS	  

and	   surgical	   models	   of	   vessel	   lesion	   (Getz	   et	   al.	   2012).	   However,	   there	   are	   only	   a	  

limited	   number	   of	   methods	   available	   for	   measuring	   vascular	   reactivity	   and	  

functionality	   in	   vivo	   in	   living	   animals.	   The	   molecular	   mechanisms	   responsible	   for	  

modification	   of	   vascular	   function	   are	   classically	   studied	   in	   aortic	   rings	   isolated	   from	  

animals,	   maintained	   in	   an	   organ	   bath,	   and	   pre-‐constricted	   with	   phenylephrine.	  	  

Vasodilation	  is	  determined	  as	  a	  decrease	  in	  tension	  or	  increase	  in	  diameter	  during	  the	  

addition	  of	  vasoactive	  substances	  (Furchgott	  et	  al.	  1980)	  (Hutchison	  et	  al.	  1999)	  (Zhu	  

et	   al.	   2003)	   (Woodman	   et	   al.	   2000).	   This	   methodology	   was	   also	   applied	   to	   other	  

vessels	   including	   femoral	   (Stoen	   et	   al.	   2001),	   iliac	   (Cooke	   et	   al.	   1991),	   mesenteric	  

(Akata	  et	  al.	  1995),	  and	  renal	  arteries	  (Ruiz-‐Nuno	  et	  al.	  2004)	  from	  various	  species.	  The	  

results	   obtained	   for	   these	   conduit	   arteries	   were	   similar	   and	   showed	   predominantly	  

endothelium-‐	  and	  NOS-‐dependent	  vasodilation	  in	  response	  to	  acetylcholine,	  as	  well	  as	  

similar	   dose-‐response	   curves	   for	   endothelium-‐independent	   vasodilators,	   e.g.	  

nitroglycerine	   	   (NTG)	   (Ruiz-‐Nuno	   et	   al.	   2004).	   The	   other	   frequently	   used	  method	   to	  

determine	   vascular	   reactivity	   is	   the	   assessment	   of	   changes	   in	   perfusion	   pressure	   or	  

flow	   in	   the	   coronary	   circulation	   of	   isolated	   hearts	   as	   a	   response	   to	   vasoactive	  
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substances	   (Kanatsuka	   et	   al.	   1992,	   Godecke	   et	   al.	   1998).	   A	   decrease	   in	   perfusion	  

pressure	  or	  increase	  in	  flow	  predominantly	  reflects	  dilation	  of	  the	  resistance	  arteries.	  

These	  ex	  vivo	  experiments	  have	  enabled	  very	  powerful	  reductionist	  approaches	  to	  the	  

study	  of	  vascular	  reactivity	  although	  isolated	  vessel	  systems	  are	  greatly	  limited	  due	  to	  

the	  absence	  of	  blood	  and	  their	  removal	  from	  the	  context	  of	  the	  whole	  organism	  (e.g.,	  

endocrine	   factors,	   hemodynamics,	   or	   nervous	   system).	   Moreover,	   they	   do	   neither	  

allow	  assessment	  of	  experimental	  intra-‐individual	  effects	  nor	  longitudinal	  studies.	  	  

Similar	  to	  the	  assessment	  of	  perfusion	  flow	  in	  isolated	  systems	  in	  order	  to	  determine	  

vascular	  reactivity,	  detection	  of	  tissue	  perfusion	  can	  also	  be	  used	  in	  vivo	  as	  a	  reliable	  

readout	   for	   vascular	   function.	   	   Post	   occlusive	   reactive	   hyperemia	   (PORH)	   is	   the	  

physiological	   increase	   of	   blood	   flow	   to	   the	   tissue	   following	   ischemia	   after	   transient	  

arterial	   occlusion.	   PORH	   has	   also	   been	   applied	   for	   testing	   endothelial	   function	   of	  

conduit	   vessels	   in	   humans,	   e.g.	   by	  measurement	   of	   FMD	   (Frick	  M	   2002,	   Pyke	   et	   al.	  

2007),	   of	   venous	   occlusion	   plethysmography,	   or	   of	   skin	   microcirculation	   by	   laser	  

Doppler	   flowmetry	  or	   imaging	   (Kubli	   et	   al.	   2000,	  Keymel	  et	   al.	   2010).	   Scanning	   laser	  

doppler	   perfusion	   imaging	   (LDPI)	   has	   been	   applied	   in	   clinical	   settings	   to	   assess	  

functional	   responses	   of	   the	   cutaneous	   microcirculation	   to	   vasoactive	   molecules	   or	  

PORH	   in	   patients	   with	   endothelial	   dysfunction	   in	   hypertension	   (Farkas	   et	   al.	   2004),	  

peripheral	   arterial	   disease	   (Kluz	   et	   al.	   2013),	   coronary	   artery	   disease	   (Keymel	   et	   al.	  

2010),	  diabetes	  (Jarnert	  et	  al.	  2012),	  smoking	  (Petschke	  et	  al.	  2006)	  (Fujii	  et	  al.	  2013)	  

or	  age	   (Algotsson	  et	  al.	  1995).	   In	   swine	  and	  dog	  animal	  models	  LDPI	  was	  applied	   for	  

measuring	  revascularization	  in	  wound	  healing	  (Mauskar	  et	  al.	  2013)	  (Karayannopoulou	  

et	  al.	  2010),	  mucosal	  microcirculation	  (Kaner	  et	  al.	  2013)	  or	  retinal	  capillary	  blood	  flow	  

(Gelatt-‐Nicholson	  et	  al.	  1999).	  In	  rodents	  and	  especially	  in	  mice	  LDPI	  is	  classically	  used	  

to	   study	   angiogenesis	   and	   neovascularization	   after	   hindlimb	   ischemia	   (Long	   et	   al.	  

2013)	  (Sachdev	  et	  al.	  2013)	  (Rivard	  et	  al.	  1999,	  Limbourg	  et	  al.	  2009),	  but	  it	  has	  never	  

been	   applied	   for	  measuring	   reactive	   hyperemic	   responses	   in	  mice.	   Scanning	   LDPI	   is	  

based	  on	  the	  physical	  phenomenon	  defined	  as	  the	  doppler	  effect,	  which	  is	  a	  change	  in	  

the	   frequency	   of	   a	   wave	   occurring	   when	   the	   source	   and	   observer	   are	   in	   motion	  

relative	   to	   each	   other.	  When	   laser	   light	   penetrates	   a	   tissue,	   it	   is	   backscattered	   and	  
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returns	  to	  its	  source	  without	  change	  of	  frequency.	  But	  if	  the	  laser	  light	  is	  backscattered	  

by	   moving	   objects	   (i.e.	   blood	   cells)	   it	   undergoes	   a	   shift	   in	   frequency	   directly	  

proportional	  to	  their	  concentration	  and	  velocity	  (Wardell	  et	  al.	  1993).	  The	  measuring	  

depth	   of	   the	   laser	   depends	   on	   the	   energy	   and	   wave	   length	   of	   the	   laser,	   on	   the	  

measuring	   distance	   and,	   most	   importantly,	   on	   characteristics	   and	   vascularization	   of	  

the	   tissue	   influencing	   its	   backscattering	   properties,	   including	   pigmentation,	   density,	  

biophysical	   composition,	   presence	   of	   hairs,	   density	   and	   diameter	   of	   the	   vessels	  

(macrocirculation,	   microcirculation,	   resistance	   vessels),	   amount	   of	   blood	   cells	   etc.	  

(Jakobsson	  et	  al.	  1993).	  

A	  direct	  measurement	  of	  FMD	  in	  animal	  models	  has	  been	  previously	  demonstrated	  in	  

rats	   (Heiss	  et	  al.	  2007)	  but	  was	  never	  applied	   in	   living	  mice.	   Similar	  PORH	  has	  never	  

been	  assessed	  in	  mice	  in	  vivo.	  	  
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Aim	  of	  the	  study	  

The	  mechanisms	  by	  which	  dietary	  flavanols	  mediate	  their	  vascular	  effects	  are	  not	  well	  

understood.	   Accumulating	   data	   support	   the	   evidence	   that	   flavanol-‐rich	   foods	   like	  

cocoa	  are	  able	  to	  improve	  endothelium-‐dependent	  vasorelaxation	  in	  healthy	  subjects,	  

as	   well	   as	   in	   pathological	   conditions.	   Proposed	   mechanisms	   include	   an	   increase	   in	  

nitric	  oxide	  (NO)-‐bioavailability	  by	  direct	  activation	  of	  the	  endothelial	  NO	  synthase	  or	  

by	   affecting	   the	   redox	   state	   of	   vascular	   cells.	   (-‐)	   Epicatechin	   is	   the	   most	   abundant	  

flavanol	   monomer	   in	   cocoa	   and	   seems	   to	   be	   the	   active	   component	   responsible	   for	  

those	  effects.	  However	  a	  direct	   link	  between	   the	  eNOS/NO/cGMP	  signaling	  pathway	  

and	  vascular	  response	  to	  (-‐)-‐epicatechin	   in	  vivo	  has	  never	  been	  demonstrated	  so	  far.	  

The	   transcription	   factor	   nuclear	   factor	   (erythroid-‐derived	   2)-‐like	   2	   (Nrf2)	   is	   a	   key	  

master	  switch	  controlling	  the	  expression	  of	  enzymes	  involved	  in	  the	  regulation	  of	  the	  

cellular	   redox	   state,	   and	   is	   activated	  by	  electrophilic	   compounds,	   and	  potentially	   (-‐)-‐

epicatechin	  or	  its	  circulating	  metabolites.	  	  	  

This	  work	  aims	  at	  investigating	  the	  vascular	  effects	  of	  dietary	  (-‐)-‐epicatechin	  in	  vivo	  by	  

raising	  following	  questions:	  1)	  Is	  eNOS	  required	  for	  the	  beneficial	  vascular	  effects	  of	  (-‐)-‐

epicatechin	  in	  vivo	  ?	  2)	  are	  maintenance	  of	  NO-‐bioavailability	  and	  redox	  state	  essential	  

for	  the	  effects	  of	  (-‐)-‐epicatechin	  ?	  3)	  Is	  Nrf2	  required	  for	  the	  beneficial	  vascular	  effects	  

of	  (-‐)-‐epicatechin	  in	  vivo	  ?	  4)	  What	  other	  potential	  targets/pathways	  in	  vascular	  tissue	  

are	  activated	  and	  regulated	  by	  administration	  of	  (-‐)-‐epicatechin	  ?.	  

As	   a	   proof	   of	   concept	   adsorbtion	   and	  metabolism	   of	   (-‐)-‐epicatechin	   in	  mice	   will	   be	  

assessed	  by	  analyzing	  plasma	  concentrations	  of	  (-‐)-‐epicatechin	  and	  its	  metabolites.	  To	  

determine	  whether	  eNOS	  or	  Nrf2	  are	  required	  for	  the	  beneficial	  vascular	  effects	  of	  (-‐)-‐

epicatechin	   in	   vivo,	   vascular	   function	   will	   be	   assessed	   in	   mice	   treated	   with	   a	   NOS	  

inhibitor,	   and	   in	   mice	   lacking	   eNOS	   (eNOS-‐/-‐)	   or	   Nrf2	   (Nrf2-‐/-‐)	   by	   scanning	   LDPI	   and	  

high-‐resolution	   ultrasound.	   To	   test	   whether	   eNOS	   dependent	   NO-‐bioactivity	   is	  

regulated	   in	  vascular	   tissue	  eNOS	  expression,	  eNOS	  phosphorylation	  and	  cGMP	   level	  

will	   be	   assessed	   in	   the	   aorta	   of	   the	   mice.	   To	   determine	   whether	   (-‐)-‐epicatechin	  

regulates	  the	  redox	  state	  in	  vivo	  GSH-‐level	  and	  expression	  of	  antioxidant	  enzymes	  will	  

be	   assessed	   in	   tissue	   of	   the	   cardiovascular	   system	   from	   wildtype	   and	   Nrf2-‐/-‐	   mice.	  

Finally	   to	   identify	   novel	   potential	   targets	   of	   (-‐)-‐epicatechin	   in	   the	   vasculature	  
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bred	  in	  the	  animal	  facility	  to	  obtain	  a	  population	  with	  Nrf2+/+,	  Nrf2+/-‐	  and	  Nrf2-‐/-‐	  genetic	  

background.	  Mice	  were	  kept	  in	  groups,	  at	  19-‐21	  °C	  in	  50-‐60	  %	  humidified	  atmosphere	  

in	  a	  12	  h	  day/night	  rhythm.	  All	  mice	  were	  fed	  a	  standard	  diet	  ad	  libitum	  (SNIFF,	  S.P.A,	  

Italy),	   with	   low	   content	   in	   NO3
-‐	   an	   NO2

-‐.	   For	   all	   physiological	   in	   vivo	  measurements	  

mice	  were	  anesthetized	  with	  isoflurane	  (3	  %	  induction	  and	  1.8-‐2	  %	  maintenance).	  For	  

final	  anesthesia	  1	  mg/g	  body	  weight	  urethane	  was	  administrated	  intraperitoneal	  (i.p.).	  

Genotyping	  

The	  genotype	  of	   transgenic	  animals	  was	  determined	  and	  confirmed	  by	  RT-‐PCR	  using	  

custom	  designed	  primers.	  For	  genotyping	  of	  the	  mice	  fresh	  or	  freshly	  frozen	  biopsies	  

were	  used	  from	  the	  tail	  or	  ear.	  To	  isolate	  genomic	  DNA	  the	  tissue	  was	  lysed	  in	  300	  µl	  

50	  mM	  NaOH	  for	  40	  minutes	  at	  95	  °C.	  The	  lysates	  were	  neutralized	  with	  25	  µl	  1M	  Tris-‐

HCl	   pH	   4.5	   and	   centrifuged	   at	   14.000	   rpm	   at	   4°C	   for	   10	   minutes.	   The	   supernatant	  

containing	   genomic	   DNA	   was	   directly	   used	   for	   PCR	   or	   stored	   at	   -‐20	   °C.	   For	   the	  

detection	   of	   the	   wildtype	   or	   disrupted	   Nrf2	   allele	   HPLC-‐grade	   oligonucleotides	  

purchased	   from	   Eurofinsgenomics	   (Luxemburg)	   were	   used:	   Nrf2:	   5’-‐

TGGACGGGACTATTGAAGGCTG-‐3’,	  Nrf2:	  5’-‐GCCGCCTTTTCAGTAGATGGAGG-‐3’,	  lacZ:	  5’-‐

GCGGATTGACCGTAATGGGATAGG-‐3’.	   The	   DNA	   was	   amplified	   using	   the	   KAPA2G™	  

Robust	   PCR	   Kit,	   a	   ready	   master	   mix	   containing	   Hot	   Start	   polymerase	   and	   dNTPs	  

(peqlab,	   Erlangen,	   Germany),	   following	   the	  manusfacturer´s	   instructions.	   Briefly,	   for	  

one	  PCR	  reaction	  5.5	  µl	  H2O,	  12.5	  µl	  TaqMix	  and	  2	  µl	  of	  each	  primer	  were	  added	  to	  1	  µl	  

of	  template.	  A	  standard	  PCR	  program	  (step	  1:	  95°C,	  15	  sec.;	  step	  2:	  60°C,	  15	  sec.;	  step	  

3:	  72°C,	  15	  sec.)	  was	  run	  with	  the	  primer	  mix,	  water	  and	  the	  KAPA2G™	  Robust	  PCR	  Kit.	  

Respective	   bands	   were	   identified	   on	   a	   commercial	   prestained	   2	   %	   agarose	   E-‐Gel®	  

system	  from	  Invitrogen	  (Carsbad,	  USA).	  	  

Collection	  of	  mice	  blood	  and	  organs	  

For	  final	  collection	  of	  blood	  samples	  up	  to	  1.5	  ml	  blood	  was	  drawn	  from	  anesthetized,	  

heparinized	  mice	  (40.000	  IU/kg	  heparin	  i.p.)	  via	  heart	  puncture	  with	  closed	  chest	  using	  

a	   1	  ml	   nozzle	   with	   Ø	   0.2	  mm	   cannula	   and	   collected	   into	   heparin	   (50	   µL)	   tubes.	   To	  
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separate	   plasma	   blood	   was	   centrifuged	   at	   3000	   g	   for	   2	   min.	   at	   4	   °C	   and	   the	  

supernatant	  was	  directly	  shock	  frozen	   in	   liquid	  nitrogen	  before	  storage	  at	  -‐80	  °C.	  For	  

explanations	  of	  the	  organs	  the	  abdominal	  and	  thoracic	  cavities	  were	  opened	  by	  ventral	  

incision,	  the	  vena	  cava	  was	  cut	  and	  the	  organs	  were	  perfused	  via	  heart	  injection	  with	  

ice	  cold	  PBS	  until	  the	  lung	  and	  liver	  was	  cleared	  of	  blood.	  After	  harvesting	  heart,	  lung	  

and	  liver	  the	  complete	  aorta	  including	  ascending,	  descending	  and	  abdominal	  part	  was	  

carefully	   removed	   in	  one	  peace	   into	   ice	   cold	  PBS,	   carefully	   stripped	  of	   adventicia	   or	  

blood	  coagulate	  and	  directly	  frozen	  in	  liquid	  nitrogen	  prior	  to	  storage	  at	  -‐80	  °C.	  In	  case	  

of	  transgenic	  animals	  a	  tail	  biopsy	  was	  harvested	  for	  a	  re-‐genotyping	  procedure.	  

	  

Experimental	  setup	  

Oral	  administration	  of	  (-‐)-‐epicatechin	  to	  mice	  

A	   dose	   of	   2	   mg/kg	   and	   10	   mg/kg	   (-‐)-‐epicatechin	   (Sigma-‐Aldrich,	   St.Louis,	   USA)	   was	  

administrated	   by	   enteral	   gavage	   feeding	   or	   ad	   libitum	   in	   drinking	   water.	   For	   acute	  

treatment	  mice	  were	  fed	  a	   low	  flavanol	  diet	   for	  one	  week	  and	  fastened	  overnight.	  A	  

single	  dose	  of	  150	  µl	  (-‐)-‐epicatechin	  was	  administrated.	  The	  solution	  was	  prepared	  by	  

dissolving	   (-‐)-‐epicatechin	   in	   ethanol	   (stock:	   20	   µg/µl)	   and	   dilution	   to	   a	   final	  

concentration	  of	  0.4	  µg/µl	  in	  drinking	  water.	  Mice	  were	  measured	  and	  sacrificed	  after	  

one	  hour.	  For	   longer-‐term	  administration	  a	  daily	  drinking	  volume	  of	  5	  ml	  per	  mouse	  

per	  day	  was	  defined	  and	  the	  required	  amount	  of	  a	  100	  mM	  (29	  mg/ml)	  (-‐)-‐epicatechin	  

stock	   solution	   was	   calculated	   and	   added	   in	   100	   ml	   drinking	   water.	   The	   water	   was	  

changed	   daily	   for	   five	   days.	   Respective	   vehicle	   preparations	  with	   ethanol	   and	  water	  

were	  used	  in	  control	  groups.	  The	  dietary	  treatment	  of	  mice	  with	  (-‐)-‐epicatechin	  had	  no	  

effect	  on	  the	  body	  weight	  or	  daily	  drinking	  volume	  of	  the	  mice.	  

Inhibition	  of	  nitric	  oxide	  synthase	  (NOS)-‐	  and	  cyclooxygenase	  (COX)	  

NOS-‐inhibition	  was	  accomplished	  by	  administration	  of	  1.6	  mg/ml	  (=270	  mg/kg/d)	  Nω-‐

nitro-‐L-‐arginine	  (L-‐NNA)	  in	  100	  ml	  drinking	  water	  for	  six	  days	  (Stock:	  160	  mg/ml	  in	  1	  M	  
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HCL).	  When	  (-‐)-‐epicatechin	  effects	  were	  investigated	  L-‐NNA	  was	  added	  simultaneously	  

to	   the	   drinking	  water.	   Indomethacine	  was	   used	   for	   chronic	   inhibition	   of	   COX	   for	   six	  

days	  in	  a	  concentration	  of	  30	  µg/ml	  (=5	  mg/kg/d)	  dissolved	  in	  100	  ml	  drinking	  water.	  

Corresponding	   vehicle	   controls	   were	   used	   in	   separate	   animal	   groups. All	   chemicals	  

were	  purchased	  by	  Sigma-‐Aldrich.	  

Treatment	  with	  vasoactive	  drugs	  

All	  stock	  solutions	  were	  freshly	  prepared	  on	  the	  experimental	  day	  with	  warm	  (37	  °C)	  

saline	   as	   a	   vehicle.	   The	  effects	   of	   injection	  of	   the	   vehicle	   control	  were	   tested	   in	   the	  

same	   groups	   of	   animals	   before	   injecting	   the	   vasoactive	   substances.	   Measurements	  

were	  performed	  in	  n	  =	  4	  animals,	  as	  indicated.	  

Nitroglycerin	   (NTG).	   NO-‐dependent	   and	   endothelium-‐independent	   vasodilation	   was	  

induced	  by	  bolus	  intraperitonal	  (i.p.)	  administration	  of	  12	  mg/kg	  NTG	  in	  100	  µl	  vehicle	  

(0.9%	   NaCl)	   (stock:	   1	   mg/ml,	   G.Pohl-‐Boskamp,	   Hohenlockstedt,	   Germany).	   Readings	  

were	  taken	  immediately	  after	  injection	  as	  described.	  	  	  

Adenosine.	   To	   pharmacologically	   mimic	   the	   blood	   flow	   increase	   during	   reactive	  

hyperemia,	   a	  0.1	  mg/kg	  bolus	  dose	  of	  adenosine	  was	  administered	   in	  100	  µl	   vehicle	  

(stock	  10-‐4	  mol/l;	  Sigma-‐Aldrich)	  into	  the	  tail	  vein.	  	  

Epinephrine.	  To	   induce	  vasoconstriction,	  a	   local	   subcutaneous	   injection	  of	  0.7	  mg/kg	  

epinephrine	  was	  used	  in	  100	  µl	  vehicle	  (stock	  10-‐3	  mol/l;	  Sigma-‐Aldrich)	  into	  the	  upper	  

thigh.	  

Acetylcholine	   (ACH).	   	   To	   induce	   endothelium-‐dependent	   vasodilation,	   0.07	   mg/kg	  

acetylcholine	   in	  100	  µl	  vehicle	  (stock	  10-‐4	  mol/L;	  Sigma-‐Aldrich)	  was	   injected	   into	  the	  

tail	  vein.	  	  
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In	  vivo	  measurements	  in	  mice	  

LDPI	  Measurements	  

In	  order	   to	  determine	  perfusion	   in	  mouse	  hindlimb	  scanning	   laser	  doppler	  perfusion	  

imaging	   (LDPI)	   measurements	   were	   performed	   by	   using	   a	   PeriScan	   PIM	   3	   System	  

(Perimed-‐Instruments,	  Järfälla,	  Sweden)	  provided	  with	  a	  monochromatic	  670-‐690	  nm	  

wavelength	   laser	  with	   standard	   fiber	   separation	   (0.25	  mm).	  Mice	  were	   anesthetized	  

with	  isoflurane	  (3	  %	  induction	  and	  2	  %	  maintenance)	  and	  were	  positioned	  and	  fixed	  on	  

a	  heated	  platform	  (set	  to	  39°C,	  body	  temperature	  approx.	  36-‐37	  °C)	  lying	  on	  the	  back	  

(Fig.	  5).	  The	  hindlimb	  was	  prepared	   for	  measurements	  by	  clearing	   the	   inner	   thigh	  of	  

hair	  using	  depilation	  cream.	  The	  scanning	  head	  is	  adjusted	  to	  a	  measuring	  distance	  of	  

10	   cm	   (as	   assessed	   by	   the	   laser).	   A	   5x3	   cm	   scanning	   area	   is	   rapidly	   scanned	   (1	  

image/sec)	   and	   the	   signal	   is	   quantified	   as	   arbitrary	   perfusion	   units	   (MPU	   =	   Mean	  

Perfusion	  Units).	  Measurements	  were	  started	  after	  a	  15	  min.	  equilibration	  period	  and	  

after	  achieving	  stable	  baseline	  values.	  Image	  analysis	  was	  performed	  off-‐line	  using	  the	  

LDPIwin	   software	   (Perimed-‐Instruments).	   As	   depicted	   in	   Fig.	   5C,	   the	   scanning	   LDPI	  

signal	  is	  mainly	  dependent	  on	  the	  penetration	  depth	  of	  the	  laser	  and	  on	  the	  blood	  flow	  

in	  the	  vessels	  encountered	  by	  the	  laser	  within	  the	  tissue.	  The	  femoral	  artery	  was	  found	  

at	   0.4	   cm	   penetration	   depth,	   as	   visualized	   by	   high-‐resolution	   ultrasound	   (Fig.	   5C,	  

middle).	   In	   its	  proximity	   the	  perfusion	  map	  obtained	  by	   scanning	   the	  area	   showed	  a	  

discrete	  region	  with	  very	  high	  signal	  (Fig.	  5C,	  bottom),	  which	  was	  quantified	  as	  MPU.	  	  	  
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determined	  with	  the	  DC	  Protein	  Assay	  Kit	  from	  Bio-‐Rad	  (Munich,	  Germany).	  Briefly,	  5	  

µl	  of	  protein	  lysate	  was	  mixed	  with	  25µl	  of	  provided	  reagent	  A	  and	  200	  µl	  of	  reagent	  B,	  

incubated	  for	  15	  min.	  at	  room	  temperature	  and	  the	  optical	  density	  was	  determined	  at	  

740	   nM.	   A	   total	   of	   10-‐15	   µg	   protein	   of	   tissue	   or	   30	   µg	   of	   cell	   lysate	   was	  

electrophoretically	  separated	  on	  3-‐8	  %	  or	  10	  %	  polyacrylamide	  gels	  at	  160	  V	   for	  one	  

hour.	  The	  proteins	  were	  transferred	  to	  a	  nitrocellulose	  membrane	  at	  30	  V	  for	  one	  hour	  

and	  probed	  with	  respective	  primary	  antibodies	  over	  night	  at	  4°C	  and	  with	  secondary	  

antibodies	   for	  one	  hour	  at	   room	  temperature.	  Gels	  and	  membranes	  were	  purchased	  

from	   invitrogen,	   life	   technologies	   (Carlsbad,	   USA).	   Immunoreactive	   bands	   were	  

detected	   using	   the	   Super	   Signal	   West	   Chemiluminescent	   System	   (Pierce,	   Bonn,	  

Germany)	   following	   the	   manufactures	   protocol	   and	   the	   ImageQuant	   device	   and	  

software.	  Used	  primary	  antibodies	  with	  respective	  dilutions	  prepared	  in	  0.1	  %	  Tween	  

TBS	  buffer	  containing	  5	  %	  BSA	  are	  listed	  in	  tab.	  6.	  As	  a	  positive	  control	  for	  western-‐blot	  

analysis	   lysates	   from	   cultured	   human	   umbilical	   vein	   endothelial	   cells	   (HUVEC)	   and	  

human	   hepatocellular	   carcinoma	   cells	   (HepG2)	   were	   used,	   both	   purchased	   from	  

PromoCell	  (Heidelberg,	  Germany).	  

cGMP	  	  

To	  determine	  cGMP	  concentration	  the	  frozen	  tissue	  was	  homogenized	  in	  1	  ml	  ice-‐cold	  

5	  %	  trichloroacetic	  acid	  (TCA)	  per	  100	  mg	  and	  centrifuged	  at	  2000	  g	  for	  15	  min.	  at	  4°C.	  

TCA	  in	  the	  supernatant	  fraction	  was	  extracted	  by	  addition	  of	  3	  ml	  diethyl	  ether	  per	  1	  

ml	  TCA	  used	  and	  the	  samples	  were	  then	  lyophilized	  by	  3-‐5	  h	  vacuum	  centrifugation	  at	  

60	  °C.	  The	  samples	  were	  reconstituted	  in	  1	  ml	  sample	  diluent	  per	  1	  ml	  TCA.	  All	  plasma	  

and	   tissue	   samples	   were	   acetylated	   by	   addition	   of	   15	   µl	   of	   the	   provided	  

triethylamine/acetic	   anhydride	   (2:1)	   acetylation	   reagent	   to	   300	   µl	   sample	   prior	   to	  

measurement.	  cGMP	  was	  measured	  using	  an	  enzyme	  immunoassay	  kit	  (Arbor	  Assays,	  

Michigan,	  USA)	   according	   to	  manufacturers	   descriptions.	   Briefly	   a	   cGMP-‐	  peroxidase	  

conjugate	   is	  added	  to	  the	  standard	  and	  samples	   in	   the	  wells	  coated	  with	  an	  anti-‐IgG	  

antibody.	  The	  binding	  reaction	  is	  initiated	  by	  the	  addition	  of	  a	  monoclonal	  antibody	  to	  

cGMP.	  After	  an	  overnight	   incubation,	   the	  plate	   is	  washed	  and	   the	  chemiluminescent	  
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substrate	  is	  added.	  The	  substrate	  reacts	  with	  the	  bound	  cGMP-‐peroxidase	  conjugate	  to	  

produce	  light	  detected	  as	  luminescence.	  Concentrations	  in	  the	  samples	  are	  calculated	  

from	  the	  standard	  curve.	  

GSH	  

To	   determine	  GSH	   concentrations	   the	   tissue	  was	   homogenized	   in	   250	   μL/10	  mg	   ice	  

cold	   0,01	   M	   HCl,	   the	   sample	   was	   mixed	   thoroughly,	   sonificated	   for	   30	   sec.	   and	  

centrifuged	   at	   14000	   rpm	   and	   4°C	   for	   10	  min.	   The	   supernatant	   was	  mixed	   with	   an	  

equal	  volume	  of	  ice	  cold	  5%	  sulfo	  salicylic	  acid	  to	  yield	  a	  final	  concentration	  of	  2.5	  %,	  

incubated	  on	   ice	   for	   five	  min.	   and	   centrifuged	   at	   14000	   rpm	  and	  4°C	   for	   10	  min.	   to	  

remove	  precipitated	  protein.	  The	  clear	  supernatant	  was	  used	  to	  measure	  GSH	  with	  the	  

DetectX®	   Fluorescent	   Detection	   kit	   (Arbor	   Assays,	   Michigan,	   USA)	   according	   to	  

manufactures	  descriptions.	  The	  kit	  utilizes	  a	  proprietary	  non-‐fluorescent	  molecule	  that	  

covalently	  binds	  to	  the	  free	  thiol	  group	  on	  GSH	  to	  yield	  a	  highly	  fluorescent	  product.	  

After	  mixing	  the	  sample	  and	  incubating	  at	  room	  temperature	  for	  15	  minutes,	  the	  GSH-‐

generated	  signal	  is	  read	  at	  510	  nm	  in	  a	  fluorescent	  plate	  reader	  with	  excitation	  at	  390	  

nm.	  Addition	  of	  a	  reaction	  mixture	  that	  converts	  all	  the	  GSSG	  into	  free	  GSH	  which	  then	  

reacts	  during	  a	  second	  15	  min.	  incubation	  period	  yields	  the	  signal	  related	  to	  total	  GSH	  

content.	  	  

	  

Molecular	  biological	  analysis	  

Real	  Time	  PCR	  	  

A	  quantitative	  real-‐time	  reverse	  transcription	  (RT)–PCR	  technique	  was	  used	  to	  quantify	  

messenger	  RNA	  (mRNA)	  expression	  of	  the	  Aryl	  hydrogen	  receptor	  (AhR)	   in	  the	  aorta.	  

Commercial	   available	   TaqMan	   oligonucleotides	   labelled	   with	   a	   fluorescent	   dye	  

purchased	   from	   Applied	   Biosystems	   (Foster	   City,	   USA)	   were	   used	   as	   primers	   to	  

quantify	  mRNA	  expression.	  Tissue	  lysates	  were	  made	  by	  homogenisation	  in	  RLT-‐buffer	  

(guanidine	   thiocyanate	   buffer) using	   the	   Tissue	   Ruptor	   homogenizer	   from	   Qiagen	  
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analysis.	   The	   results	   were	   sorted	   and	   interpreted	   by	   affiliation	   and	   functional	  

classification	   of	   the	   targets	   using	   the	   Database	   for	   Annotation,	   Visualization	   and	  

Integrated	   Discovery	   (DAVID)	   (open	   source,	   http://david.abcc.ncifcrf.gov/)	   and	   the	  

Kyoto	   Encyclopedia	   of	   Genes	   and	   Genomes	   (KEGG)	   (open	   source,	  

http://www.genome.jp/kegg/).	  	  

	  

Analytical	  analysis	  

Measurement	  of	  nitrate	  and	  nitrite	  	  

Plasma	   and	   tissue	   nitrate	   and	   nitrite	   levels	   were	   measured	   with	   high-‐performance	  

liquid	   chromatography	   (ENO20,	   Eicom,	   Dublin,	   Ireland).	   	   This	   method	   employs	   an	  

autoinjection	   system	   (Eicom),	   ion	   chromatography	   with	   a	   chloride	   buffer	   carrier	  

solution	  (Eicom)	  and	  on-‐line	  reduction	  of	  nitrate	  to	  nitrite	  and	  subsequent	  postcolumn	  

derivatization	   with	   the	   Griess	   reagent	   (Hendgen-‐Cotta	   et	   al.	   2008).	   Calculations	   of	  

concentrations	   were	   performed	   with	   prepared	   standards	   from	   NaNO2	   and	   NaNO3	  

using	  dedicated	  software	  (PowerChrom,	  eDAQ,	  Colorado	  Springs,	  USA).	  The	  detection	  

limit	   for	   nitrite	   and	   nitrate	   was	   10	   nM	   (0.1	   pmol)	   for	   either	   anion	   at	   an	   injection	  

volume	   of	   100	   µl.	   The	   measurements	   were	   performed	   by	   Sivatharsini	   Thasian-‐

Sivarajah,	   samples	   were	   prepared	   by	   myself	   as	   described.	   In	   preparation	   for	   the	  

measurement	   the	   shock-‐frozen	   plasma	   samples	   were	   thawed	   on	   ice	   and	   ice-‐cold	  

methanol	   was	   added	   in	   equal	   volume,	   the	   sample	   was	   mixed	   thoroughly	   and	  

centrifuged	   for	   10	   min.	   at	   14000	   rpm	   and	   4°C	   to	   precipitate	   proteins.	   After	  

centrifugation	  100	  µl	  of	  the	  supernatant	  was	  subjected	  to	  analysis.	  	  

Measurement	  of	  (-‐)-‐epicatechin	  metabolites	  

The	  assessment	  of	   (-‐)-‐epicatechin	  metabolites	   in	  blood	  plasma	  of	  the	  mice	  was	  done	  

by	  kindly	  help	  of	  Dr.	  A.	  Rodriguez-‐Mateos	  from	  the	  Molecular	  Nutrition	  Group,	  School	  

of	  Chemistry,	  Food	  and	  Pharmacy	  at	  the	  University	  of	  Reading,	  England.	  To	  determine	  

the	   concentrations	   the	   plasma	   samples	   were	   processed	   and	   measured	   by	   HPLC-‐
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analysis	  using	  a	  system	  from	  Agilent	  Technologies	  (1100	  series)	  as	  previously	  described	  

by	   the	   group	   (Rodriguez-‐Mateos	   et	   al.	   2013).	   Briefly,	   plasma	   (0.5	  ml)	   samples	  were	  

prepared	  by	  using	  enzymatic	  hydrolysis	  with	  β-‐glucuronidase	  and	  sulfatase	  (10.000	  IU	  

β-‐glucuronidase,	  300	  IU	  sulfatase;	  40	  min.	  at	  37°C)	  to	  produce	  nonglucuronidated	  and	  

nonsulfated	  metabolites	  for	  analysis.	  Samples	  were	  mixed	  with	  1	  ml	  0.5	  %	  acetic	  acid	  

in	  water	  (vol:vol),	  and	  centrifuged	  at	  17.000	  g	  for	  15	  min.	  at	  4	  °C.	  The	  supernatant	  (10	  

μl)	  was	  injected	  onto	  a	  column	  with	  0.1	  %	  (vol:vol)	  formic	  acid	  in	  HPLC	  water	  and	  0.1	  %	  

(vol:vol)	   formic	  acid	   in	  acetonitrile	  as	  mobile	  phase.	  The	  detection	  and	  quantification	  

of	  phenolic	  acids	  and	  their	  metabolites	  was	  performed	  by	  using	  authentic	  standards.	  

	  

	  

Statistical	  Analyses	  

When	   not	   stated	   otherwise	   values	   reported	   are	   means	   ±	   SEM	   or	   medians	   with	  

quartiles	   and	  whiskers	   in	   Tukey	  box	  plots.	   Comparisons	  between	  groups	  were	  made	  

using	   either	   2-‐sided	   student’s	   t-‐test	   or	   ANOVA,	   followed	   by	   Bonferroni	   or	   Games-‐

Howell	   posthoc	   test	   for	   multiple	   comparisons.	   Differences	   were	   deemed	   significant	  

when	  p	   	   <	   0.05.	   Statistical	   analyses	  were	  performed	  using	  GraphPad	  Prism	  5.00	   (AD	  

instruments,	  El	  Paso,	  USA)	  or	  SPSS	  18.0	  statistics	  (IBM,	  Amonk,	  USA).	  	  
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In	  order	  to	  prove	  that	  dietary	  administration	  of	  (-‐)-‐epicatechin	  affects	  vascular	  function	  

in	   mice	   a	   dose-‐response	   curve	   was	   generated	   with	   the	   same	   groups	   of	   mice	   using	  

measurement	  of	  time	  to	  peak	  before	  and	  after	  intervention	  by	  scanning	  LDPI	  (Fig.	  10).	  

	  
	  
Fig.	  10:	  (-‐)-‐Epicatechin	  has	  
a	   dose-‐dependent	   effect	  
on	  vascular	  function	  	  
A	   dose	   of	   2	   mg/kg	   (-‐)-‐

epicatechin	  has	  the	  strongest	  
effect	   on	   vascular	   reactivity	  

measured	  as	  rapidity	  (time	  to	  
peak:	   pre	   treatment	   –	   post	  

treatment)	  of	  PORH	  by	  LDPI.	  
	  

	  

	  

	  

	  

3.	  	  (-‐)-‐Epicatechin	  increases	  vascular	  reactivity	  in	  mice	  in	  vivo	  

3.1:	  Establishment	  of	  in	  vivo	  methods	  for	  assessment	  of	  vascular	  function:	  ultrasound	  
and	  LDPI	  

As	  a	   first	   step	   to	  establish	   the	  assessment	  of	  vascular	   function	   in	  mice	  changes	   in	   the	  

vessel	   diameter	   and	   tissue	   perfusion	   in	   response	   to	   well-‐characterized	   vasoactive	  

molecules	  were	  assessed	  by	  ultrasound	  and	  LDPI.	  As	  a	  second	  step	   transient	   ischemia	  

and	   reperfusion	   was	   induced	   to	   measure	   the	   physiological	   response	   to	   reactive	  

hyperemic	  blood	  flow	  in	  the	  mouse	  hindlimb.	  

3.1.1:	  Vasoactive	  molecules	  modulate	  the	  vascular	  diameter	  and	  mean	  perfusion	  in	  the	  
hindlimb.	  

Systemic	  i.p.	  injection	  of	  a	  12	  mg/kg	  	  NTG	  	  bolus	  rapidly	  increased	  vessel	  diameter	  and	  

flow	   within	   the	   femoral	   artery	   as	   assessed	   by	   ultrasound	   (Fig	   11A,	   panel	   I),	   and	  

increased	  MPU	  as	  compared	  to	  baseline,	  reaching	  a	  maximum	  within	  approximately	  100	  
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sec.	  (Fig.	  11A,	  panel	  II),	  whereas	  the	  vehicle	  control	  had	  no	  effect.	  The	  maximal	  increase	  

in	  MPU	  after	  administration	  of	  NTG	  was	  128	  %	  as	  compared	  to	  vehicle	  control	  (435±23	  

MPU	   after	   NTG	   vs.	   191±36	   MPU,	   n=4,	   Fig.	   11A,	   panel	   III).	   Stimulation	   of	   purinergic	  

receptors	  by	  i.v.	  bolus	  administration	  of	  10-‐4	  M	  	  adenosine	  significantly	  increased	  vessel	  

diameter	  and	  peak	  flow	  velocity	  (Fig.	  11B,	  panel	  I),	  as	  well	  as	  MPU	  within	  approximately	  

150	  sec.	   (Fig.	  11B,	  panel	   II),	  with	  a	  maximal	   increase	  of	  41	  %	  as	  compared	  to	  baseline	  

values	  	  (316±43	  vs.	  224±34	  MPU	  baseline)	  (Fig.	  11B,	  panel	  III).	  Administration	  of	  10-‐4	  M	  

s.c.	  epinephrine	  caused	  a	  rapid	  decrease	  in	  vessel	  diameter	  and	  flow	  (Fig.	  11C,	  panel	  I),	  

and	  a	  rapid	  57	  %	  drop	  in	  MPU	  (90±18	  MPU	  vs.	  209±59,	  n=4,	  Fig.	  11C,	  panel	   III),	  which	  

lasted	   throughout	   the	   entire	   measurement	   interval	   (Fig.	   11C,	   panel	   II).	   Intravenous	  

injection	   of	   the	   endothelium-‐dependent	   vasodilator	   ACH	   (10-‐4	  M)	   caused	   a	   significant	  

increase	   in	   diameter	   and	   flow	   (Fig.	   5D,	   panel	   I),	   and	  MPU	   (Fig.	   11D,	   panel	   II	   and	   III),	  

reaching	   a	   maximum	   of	   32	   %	   within	   300	   sec	   (n=5,	   537±35	   MPU	   vs.	   406±48	   MPU	  

baseline).	   The	   LDPI	   signal	   remained	   unaffected	   after	   vehicle	   injection.	   During	   the	  

treatments,	  there	  was	  no	  significant	  change	  in	  heart	  rate	  (HR),	  respiration	  rate	  (RR)	  and	  

body	   temperature	   (Tab.	   8).	   The	   systolic	   and	  diastolic	   blood	  pressure	  measured	   in	   the	  

aorta	  was	  significantly	  decreased	  by	  vasodilators	  and	  increased	  by	  epinephrine	  (Tab.	  8).	  

In	  summary	  changes	  in	  blood	  flow	  in	  the	  femoral	  artery	  as	  a	  result	  of	  administration	  of	  

well	   characterized	   vasodilators	   and	   vasoconstrictors	   directly	   correlate	   to	   changes	   in	  

MPU,	  as	  assessed	  by	  LDPI.	  	  
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(A)	   and	   a	   faster	   perfusion	   drop	   to	   baseline	   values	   in	   older	  mice	   (B).	   Furthermore	   12	  

months	  and	  24	  months	  old	  mice	  had	  a	  significantly	  diminished	  PORH	  response	  assessed	  

as	  %	  perfusion	  increase	  (C)	  and	  AUC	  (D)	  as	  compared	  to	  younger	  mice.	  	  

	  

PORH

2-3
 m

o

6-8
 m

o
12

 m
o

24
 m

o
0

50

100

150

200

250

****** ***
####

%
 in

cr
ea

se
 

AUC

2-3
 m

o

6-8
 m

o
12

 m
o

24
 m

o
0

20000

40000

60000

80000

100000

*
#

*

M
PU

 (m
ea

n 
pe

rf
us

io
n 

un
its

)

time to peak

2-3
 m

o

6-8
 m

o
12

 m
o

24
 m

o
0

50

100

150

200 ***
##

**
#

se
c

time max to base

2-3
 m

o

6-8
 m

o
12

 m
o

24
 m

o
0

200

400

600

***
#

**

se
c

A B

C D

	  

Fig.	  17:	  The	  degree	  of	  PORH	  decreases	  with	  age.	  	  
Significant	  differences	  were	  detected	  in	  the	  rapidity	  of	  reperfusion	  in	  the	  first	  phase	  (A)	  and	  in	  the	  second	  

phase	  of	  hyperemia	   (B).	   	  C)	  The	  degree	  of	  PORH	  after	   ischemia	   is	   significantly	   lower	   in	  adult	  and	  aging	  
mice	   (6,	   12,	   24	  months)	   vs.	   young	  mice	   (2-‐3	   months).	   Maximum	   reperfusion	   is	   compared	   to	   baseline	  

values.	  D)	  Overall	  perfusion	  in	  the	  reperfusion	  phase	  is	  decreased	  in	  12	  and	  24	  mo.	  old	  mice	  measured	  as	  
area	  under	  curve	  (AUC).	  *	  =	  P	  <	  0.05	  vs.	  2-‐3	  mo.,	  #	  =	  P	  <	  0.05	  vs.	  6-‐8	  mo.	  n=11	  per	  group,	  n=4	  in	  24	  mo.	  

old. 
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Taken	   together	   these	   data	   show	   that	   the	   measurement	   of	   perfusion	   in	   the	   mouse	  

hindlimb	  by	  LDPI	  is	  sensitive	  to	  pharmacological	  and	  flow-‐dependent	  changes	  in	  vessel	  

diameter	   and	   is	   valid	   for	   evaluating	   intra-‐individual	   changes	   for	   significant	   in	   vivo	  

investigations	  with	  limited	  numbers	  of	  animals.	  Because	  of	  small	  variation,	  dependence	  

on	   NOS/COX	   and	   physiological	   relevance	   the	   time	   to	   peak	   parameter	   was	   used	   for	  

analysis	  of	  vascular	  (-‐)-‐epicatechin	  effects.	  

	  

3.2:	  Oral	  (-‐)-‐epicatechin	  increases	  vascular	  function	  in	  living	  mice	  

Measurements	  of	  FMD	  by	  high-‐resolution	  ultrasound	  and	  PORH	  by	  LDPI	  were	  applied	  in	  

order	  to	  determine	  whether	  oral	  (-‐)-‐epicatechin	  treatment	  improved	  vascular	  response	  

in	  living	  mice.	  	  

3.2.1:	  (-‐)-‐Epicatechin	  increases	  vascular	  function	  in	  an	  eNOS-‐dependent	  fashion	  	  

Dietary	  treatment	  of	  mice	  with	  2	  mg/kg	  (-‐)-‐epicatechin	  corresponded	  to	  a	  significant	  1.5	  

fold	   increase	  in	  FMD	  of	  the	  femoral	  artery	  compared	  to	  control	  treatment	  as	  assessed	  

by	   high	   resolution	   ultrasound	   (Fig.	   18A).	   Maximal	   dilation	   of	   the	   femoral	   artery	   is	  

reached	  45	  seconds	  after	  releasing	  the	  occluding	  cuff	  as	  shown	  in	  panel	  I	  (53.3±6.7	  %	  2	  

mg/kg	  (-‐)-‐epicatechin	  (green)	  vs.	  36.2±5.3	  %	  vehicle	  (black))	  and	  panel	  II	  (59.8±3.6	  %	  vs.	  

37.2±4.8	   %).	   These	   effects	   corresponded	   to	   a	   significant	   increase	   in	   the	   rapidity	   of	  

PORH,	   as	   determined	   by	   measuring	   the	   time-‐to-‐maximum	   response	   (Fig.	   18B).	  

Importantly	   these	   beneficial	   effects	   of	   (-‐)-‐epicatechin	   on	   vascular	   function	   were	   fully	  

blunted	  by	  administration	  of	  the	  specific	  NOS	  inhibitor	  L-‐NNA	  as	  well	  as	  in	  eNOS-‐/-‐	  mice	  

(Fig	   18).	   Increasing	   the	  dose	   to	  10	  mg/kg	   fully	   blunted	   the	   response	   indicating	   a	   very	  

small	  window	  of	  effective	  dose.	  
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epicatechin	  significantly	  decreased	  time	  to	  peak	  and	  increased	  the	  perfusion	  reserve	  in	  

wildtype	  mice.	  	  	  

	  

Fig.	   21:	   (-‐)-‐
Epicatechin	  

does	   not	  
improve	   PORH	  
in	  Nrf2-‐/-‐	  mice	  in	  
vivo	  
The	   reperfusion	  

blood	   flow	   after	  
five	  min.	  ischemia	  

was	   measured	  
after	   2	  mg/kg	   (-‐)-‐

epicatechin	  
treatment	   in	  

inter-‐individual	  
(panel	   I)	   and	  

intra-‐individual	  
(panel	   II,	   n=5)	  

measurements.	  
Parameter	   of	  

hyperemic	   blood	  
flow	   were	  

analysed	   as	   time	  
to	   maximal	  

reperfusion	   (time	  
to	   peak;	   A),	   the	  

perfusion	   reserve	  
measured	   as	   max	  

/baseline	  
perfusion	   (ratio;	  

B)	   and	   overall	  
perfusion	   in	   the	  

reperfusion	  phase	  
measured	  as	   area	  

under	   curve	  
(AUC;	  C).	  	  
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Taken	  together	  these	  findings	  demonstrate	  that	  (-‐)-‐epicatechin	  treatment	  for	  five	  days	  

improves	  vascular	  function	  in	  wildtype	  mice	  but	  not	  in	  eNOS-‐/-‐,	  after	  NOS-‐inhibition	  or	  in	  

Nrf2-‐/-‐	  mice.	   	  However	  (-‐)-‐epicatechin	  still	   improves	  vascular	  function	  when	  response	  is	  

measured	  one	  hour	  after	  enteral	  feeding	  in	  Nrf2-‐/-‐	  mice.	  	  

These	  studies	  demonstrate	  that	  1)	  (-‐)-‐epicatechin	  increases	  vascular	  function	  in	  a	  NOS-‐

dependent	  fashion	  as	  show	  by	  simultaneous	  NOS	  inhibition	  and	  measurements	  in	  eNOS-‐

/-‐	  mice	  2)	  the	  effects	  of	  (-‐)-‐epicatechin	  administration	  in	  water	  for	  five	  days	  are	  blunted	  

in	  Nrf2-‐/-‐	  mice.	  

	  

4:	   Molecular	   mechanisms	   (I)	   –	   (-‐)-‐Epicatechin	   activates	   eNOS	   mediated	  

NO-‐signaling	  

4.1:	   (-‐)-‐Epicatechin	   activates	   eNOS	   in	   the	   vasculature	   in	   vivo	   by	   increasing	  
phosphorylation	  	  

One	  main	   goal	   of	   this	  work	   it	  was	   to	   verify	   that	   oral	   administration	  of	   (-‐)-‐epicatechin	  

affects	   expression	   and/or	   activity	   of	   eNOS	   in	   the	   vasculature	   and	   herewith	   improves	  

vascular	   function.	   Phosphorylation	   is	   known	   to	   activate	   eNOS	   and	   increase	   eNOS-‐

derived	  NO	  production.	  	  

	  (-‐)-‐Epicatechin	   treatment	   significantly	   increased	   the	   phosphorylation	   of	   eNOS	   at	   the	  

activation	  Ser1177	  residue	  in	  aorta	  as	  compared	  to	  control	  treatment	  already	  one	  hour	  

after	   intraenteral	   administration	   (Fig.	   22A,	   panel	   I).	   This	   increased	   ratio	   of	  

phosphorylated	  and	  unphosphorylated	  eNOS	  was	  also	  detected	  with	   longer	   treatment	  

for	   five	  days	  (panel	   II).	   In	  addition	  oral	  administration	  of	  2	  mg/kg	  for	   five	  days	  did	  not	  

affect	   protein	   levels	   of	   eNOS	   in	   the	   aorta	   of	   the	   mice,	   as	   assessed	   by	   western	   blot	  

analysis.	  	  
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4.2.2:	  The	  increase	  in	  vascular	  NO-‐bioactivity	  in	  Nrf2	  dependent	  	  

(-‐)-‐Epicatechin	  increased	  NO-‐bioactivity	  in	  the	  vessel	  wall	  in	  an	  eNOS	  dependent	  fashion	  

as	  shown	  in	  wildtype	  mice.	  

In	   order	   to	   verify	   whether	   Nrf2	   participates	   in	   the	   NO-‐mediated	   effects	   of	   (-‐)-‐

epicatechin,	  cGMP	  in	  the	  aorta	  (Fig.	  25)	  was	  measured	  in	  mice	  lacking	  Nrf2	  expression.	  

In	   contrast	   to	   the	   effects	   of	   (-‐)-‐epicatechin	   on	   vascular	   NO-‐bioavailability	   in	   wildtype	  

mice,	   long-‐term	   2	  mg/kg	   (-‐)-‐epicatechin	   administration	   did	   not	   increase	   GMP	   level	   in	  

vascular	  tissue	  of	  Nrf2-‐/-‐	  mice.	  	  

	  

Fig.	   25:	   Effect	   of	   (-‐)-‐
epicatechin	   on	   NO-‐
bioavailability	  in	  Nrf2-‐/-‐	  mice.	  	  
cGMP	   level	   in	   aorta	   of	   wildtype	  
(Wt),	  wildtype	   litermates	   (Nrf2+/+)	  

and	   Nrf2	   knockout	   mice	   (Nrf2-‐/-‐)	  
after	   long-‐term	   2	   mg/kg	   (-‐)-‐

epicatechin	   treatment,	  n=5.	  *	  =	  p	  
≤	   0.05.	   Groups	   are	   shown	  
separately	   to	   exclude	   the	   effects	  

different	   mice	   groups	   and	   time	  
points	   of	   (-‐)-‐epicatechin	  

treatment	  and	  tissue	  harvesting. 

	  

	  

	  

	  

	  

These	   findings	  demonstrate	   that	  an	   intact	  antioxidant	   response	   in	  addition	   to	  eNOS	   is	  

necessary	   to	   increase	   NO-‐bioavailability	   in	   the	   vasculature	   in	   vivo	   when	   dietary	   (-‐)-‐

epicatechin	  is	  administrated	  over	  a	  longer	  period.	  

Taken	  together	  the	  results	  of	  this	  study	  demonstrated	  increased	  eNOS	  phosphorylation,	  

increased	   eNOS	   and	   Nrf2	   dependent	   level	   of	   cGMP	   and	   activation	   of	   NO-‐dependent	  
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downstream	  signaling	  in	  the	  vasculature	  of	  mice	  by	  dietary	  (-‐)-‐epicatechin	  feeding.	  This	  

was	  accompanied	  by	  increased	  eNOS	  and	  Nrf2	  dependent	  vascular	  function.	  

 

4.3:	  Effect	  of	  (-‐)-‐epicatechin	  on	  systemic	  NO-‐bioavailability.	  

To	   determine	   whether	   increased	   systemic	   NO-‐bioavailability	   by	   (-‐)-‐epicatechin	  

accompanies	   increased	   vascular	   reactivity	   cGMP	  was	  measured	   in	   plasma	  of	  wildtype	  

mice	  (Fig.	  26),	  which	  was	  previously	  reported	  to	  reflect	  NO	  activity	  (Levett	  et	  al.	  2011).	  	  

	  

Fig.	   26:	   Effect	   of	   (-‐)-‐epicatechin	   on	  
systemic	  NO-‐bioavailability.	  	  
(A)	   cGMP	   level	   were	   measured	   in	   mice	  

plasma	   were	   measured	   after	   (-‐)-‐
epicatechin	   treatment.	   In	   addition	  nitrite	  

(NO2

-‐
)	   (B)	   and	   nitrate	   (NO3

-‐
)	   (C)	  

concentrations	  were	   assessed	   in	   plasma.	  
Contribution	   of	   NOS	   was	   analysed	   by	   L-‐

NNA	  administration	  for	  five	  days,	  n=5.	  *	  =	  
p	  ≤	  0.05,	  t-‐test	  between	  the	  groups.	  

	  

	  

	  

	  

	  

Plasma	  cGMP	  levels	   in	  mice	  fed	  with	  (-‐)-‐epicatechin	  were	  significantly	   increased	  2	  fold	  

as	  compared	   to	  control	   treatment	   (Fig.	  26).	  Normalized	   to	   the	  protein	  amount	  cGMP-‐

level	   in	   the	   aorta	   were	   up	   to	   45	   fold	   higher	   compared	   to	   plasma.	   As	   an	   additional	  

readout	  NO2
-‐	  and	  NO3

-‐	  plasma	  concentrations	  were	  determined	  and	  the	  NO2
-‐/NO3

-‐	  ratio	  

was	   calculated	   after	   (-‐)-‐epicatechin	   treatment	   in	   wildtype	   and	   Nrf2-‐/-‐	   mice	   (Tab.	   11).	  

Administration	   of	   2	   mg/kg	   (-‐)-‐epicatechin	   did	   not	   increase	   plasma	   NO2
-‐	   and	   NO3

-‐	  

concentration	   neither	   in	   wildtype	   nor	   Nrf2-‐/-‐	   mice,	   while	   NOS-‐inhibition	   with	   L-‐NNA	  

resulted	   in	   up	   to	   78%	   decrease	   in	   NO2
-‐	   and	   NO3

-‐	   level.	   Compared	   to	  wildtypes,	  mice	  

lacking	  Nrf2	  had	  significantly	  decreased	  NO3
-‐	  concentrations	  in	  plasma	  and	  therefore	  a	  

higher	  NO2
-‐/NO3

-‐	  ratio.	  	  
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Fig.	   27:	   (-‐)-‐
Epicatechin	  

increases	   redox	  
state	   in	  

cardiovascular	  
tissues.	  	  
GSH	   was	  

determined	   in	   the	  
tissue	  after	  2	  mg/kg	  

(-‐)-‐epicatechin	  
treatment.	   In	   aorta	  

(A)	   and	   plasma	   (B)	  
no	   changes	   were	  

determined	  while	  (-‐
)-‐epicatechin	  

increased	   levels	   in	  
lung	   (C)	   and	   heart	  

(D).	   In	   liver	   (E)	   a	  
reverse	   reaction	  

with	   decreased	  
GSH	   has	   been	  

observed	   	   	   *	   =	   p	   ≤	  
0.05,	   t-‐test	  

between	   the	  
groups.	  

	  
	  

	  

	  

	  

While	  GSH	   level	   in	   the	   aorta	   (A)	   and	   in	   plasma	   (B)	   remained	  unchanged	   after	   dietary	  

administration,	   in	   lung	  (C)	  and	  heart	   (D)	  2	  mg/kg	  (-‐)-‐epicatechin	  significantly	   increased	  

tissue	   GSH	   concentration	   up	   to	   2-‐fold.	   However	   dietary	   (-‐)-‐epicatechin	   treatment	   in	  

mice	   increases	   the	  antioxidant	  defense	   in	  other	  cardiovascular	   tissues.	   Interestingly	   in	  

contrast	  to	  aorta,	  plasma,	  heart	  and	  lung	  significantly	  diminished	  concentrations	  of	  GSH	  

were	  determined	  in	  the	  liver	  of	  the	  mice	  (E).	  
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5.2:	   The	   increase	   in	   redox	   state	   in	   tissues	   of	   the	   cardiovascular	   system	   is	   Nrf2	  
dependent	  

The	  lack	  of	  Nrf2	  expression	  in	  vivo	  not	  only	  changes	  the	  effects	  of	  (-‐)-‐epicatechin	  on	  NO-‐

bioactivity,	  but	  also	  results	  in	  a	  dysregulation	  of	  the	  basal	  tissue	  redox-‐state,	  measured	  

as	  a	  significant	  decrease	  of	  GSH	  in	  aorta	  (A,	  panel	  I)	  and	  liver	  (B,	  panel	  I)	  of	  Nrf2-‐/-‐mice	  

(Fig.	  28).	  	  

In	   wildtype	   mice	   dietary	   (-‐)-‐epicatechin	   did	   not	   change	   GSH	   content	   in	   aorta	   but	  

significantly	   reduced	   GSH	   level	   in	   the	   liver.	   To	   determine	   whether	   (-‐)-‐epicatechin	  

regulates	  GSH	  level	  via	  Nrf2	  the	  effects	  were	  also	  determined	  in	  Nrf2-‐/-‐	  mice	  (Fig.	  28).	  	  

Fig.	   28:	   Effect	   of	  
(-‐)	  epicatechin	  on	  
redox	   state	   in	  
Nrf2-‐/-‐	  mice.	  	  
GSH-‐level	   in	   aorta	  

(A)	   and	   liver	   (B)	   of	  
Nrf2-‐/-‐	   mice	   were	  

compared	   to	  
wildtype	   (Wt)	  

littermates	   (panel	  
I)	   or	   after	   vehicle	  

treatment	   to	   (-‐)-‐
epicatechin	  treated	  

Wt	  and	  Nrf2-‐/-‐	  mice	  
(panel	   II),	   n=5	   per	  

group.	   Separate	  
groups	   are	   shown	  

to	   exclude	   effects	  
of	   different	   mice	  

groups	   and	   time	  
points	  of	  treatment	  
and	   tissue	  

harvesting. 
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Taken	   together	   dietary	   (-‐)-‐epicatechin	   affected	   the	   redox-‐state	   of	   tissues	   of	   the	  

cardiovascular	  system	  (lung	  and	  heart)	  in	  mice	  in	  vivo	  demonstrated	  by	  increased	  level	  

of	   GSH	   and	   regulation	   of	   GSH	  metabolizing	   enzymes.	   These	   regulatory	   responses	   are	  

Nrf2	  dependent,	  because	  the	  GSH	  regulation	  pattern	  is	  altered	  in	  Nrf2-‐/-‐	  mice.	  

	  

	  

6.	   Identification	   of	   novel	   targets	   of	   (-‐)-‐epicatechin	   in	   vascular	   tissue	   by	  

microarray	  analysis	  

6.1:	  Transcriptional	  profiling	  of	  genes	  in	  an	  (-‐)-‐epicatechin	  dose-‐response	  model	  	  

To	   investigate	   the	   effect	   of	   long-‐term	   in	   vivo	   (-‐)-‐epicatechin	   treatment	   on	   gene	  

transcription	  profiles	  in	  aorta	  of	  mice,	  genomic	  mRNA	  expression	  was	  characterized	  by	  

comparative	   microarray	   analysis.	   The	   transcriptional	   profile	   of	   (-‐)-‐epicatechin	   treated	  

mice	  was	  generated	  using	  the	  Agilent	  Murine	  Genome	  GE	  4x44K	  v2	  Microarray	  Kit	  and	  

was	  logically	  analysed	  for	  set	  of	  genes	  regulated.	  Three	  categories	  of	  comparisons	  were	  

performed:	  2	  mg/kg	  vs.	  vehicle,	  10	  mg/kg	  vs.	  vehicle	  and	  10	  mg/kg	  vs.	  2	  mg/kg	  (Fig.	  31).	  

With	   approximately	   39,430	   probes	   representing	   the	   mouse	   genome,	   targets	   were	  

detected	  with	  signal	   intensity	  higher	   than	  the	   threshold	  and	  were	  selected	   for	   further	  

analysis.	  Up-‐regulated	  and	  down-‐regulated	  genes	  were	  analysed	  with	  p-‐values	  ≤	  0.05.	  	  
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6.4:	  Novel	  potential	  targets	  of	  (-‐)-‐epicatechin	  –	  AhR	  and	  Xenobiotic	  metabolism	  

As	   described,	   Arnt	   is	   the	   most	   down-‐regulated	   gene	   by	   low-‐dose	   (-‐)-‐epicatechin	   in	  

vascular	   tissue	   (Tab.	   12).	  Moreover	  mRNA	   level	   of	  Aryl	   hydrocarbon	   receptor	   (Ahr),	   a	  

xenobiotic	  ligand	  and	  essential	  complex-‐forming	  binding	  partner	  of	  ARNT,	  are	  markedly	  

decreased	   in	   the	   aorta	   after	   2	   mg/kg	   and	   10	   mg/kg	   (-‐)-‐epicatechin	   treatment	   as	  

assessed	  by	  real-‐time	  PCR	  analysis	  (Fig.	  34).	  	  

	  

	  
	  
Fig.	   34:	  mRNA	  expression	   of	   AhR	   in	   the	   aorta	  
after	   2	   mg/kg	   and	   10	   mg/kg	   (-‐)-‐epicatechin	  
treatment.	  
	  

	  

	  

	  

	  

	  

	  

	  

	  

In	  addition	  further	  genes	  involved	  in	  drug	  and	  xenobiotic	  metabolism	  including	  several	  

cytochrome	   and	   monooxygenase	   isoforms,	   cytochrome	   oxidoreductase,	   uridine	  

synthetase	  and	  kinase	  and	  aldehyde	  dehydrogenase	  were	  regulated	  by	  (-‐)-‐epicatechin	  in	  

the	  aorta	  (Tab.	  16).	  	  
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6.5:	  Novel	  potential	  targets	  of	  (-‐)-‐epicatechin	  –	  Ca++-‐signaling	  in	  vascular	  smooth	  
muscle	  cells	  

Among	  others	  VEGF-‐,	  NO-‐	  and	  in	  particular	  Ca++	  and	  vascular	  smooth	  muscle	  signalling	  

were	  regulated	  in	  aorta	  by	  dietary	  (-‐)-‐epicatechin	  treatment	  (Tab.	  15	  and	  Fig.	  33).	  

Calcium	  is	  essential	  for	  muscle	  cell	  function.	  In	  the	  vasculature	  relaxation/contraction	  of	  

smooth	  muscle	   cells	  mediates	   the	   dilation/constriction	   of	   the	   vessel	   by	   regulation	   of	  

intracellular	  Ca++	   concentrations	   ([Ca++]I).	   This	  work	  demonstrates	   that	  Ca
++-‐signaing	   is	  

strongly	  regulated	  by	  (-‐)-‐epicatechin	  in	  the	  aorta	  of	  the	  mice.	  Tab.	  17	  summarizes	  genes	  

involved	   in	  Ca++-‐and	  vascular	  smooth	  muscle	  signalling	  that	  are	  up-‐	  or	  down-‐regulated	  

by	  2	  mg/kg	  and	  10	  mg/kg	  (-‐)-‐epicatechin.	  In	  general	  both	  doses	  show	  similar	  regulation	  

pattern	  but	  some	  genes	  are	  only	  regulated	  by	  low-‐dose	  (e.g.	  Ca++-‐dependent	  adenylate	  

cyclase,	  myosin	   regulatory	   light	   chain	   interacting	   protein)	   or	   high-‐dose	   (-‐)-‐epicatechin	  

(e.g.	  CaM,	  endothelin	   receptor,	  prostaglandin	   receptor,	  myosin	  kinase	   (MLCK),	  myosin	  

phosphatase	  catalytic	  subunit).	  Interestingly	  the	  voltage	  dependent	  Ca++	  channel	  (down	  

by	   2	   mg/kg	   and	   up	   by	   10	   mg/kg)	   and	  inositol	  trisphosphate	  receptor	   (IP3R,	   up	   by	   2	  

mg/kg	   and	   down	   by	   10	  mg/kg)	   are	   differentially	   regulated	   by	   low	   and	   high	   dose	   (-‐)-‐

epicatechin.	  Both	  targets	  are	  directly	  involved	  in	  the	  regulation	  of	  [Ca++]I	  level.	  

Vascular	   smooth	   muscle	   signaling	   including	   regulation	   of	   [Ca++]I	   is	   one	   of	   the	   most	  

prominent	   candidate	   mechanisms	   mediating	   vascular	   functionality.	   The	   regulation	   of	  

[Ca++]I	  is	  already	  targeted	  at	  the	  membrane	  receptor	  mediated	  side	  where	  Ca
++-‐Channel	  

(up	   by	   10	   mg/kg)	   and	   endothelin	   receptor	   (down	   by	   10	   mg/kg)	   are	   affected	   by	   (-‐)-‐

epicatechin	  treatment.	  Within	  smooth	  muscle	  cells	  Ca++-‐signaling	  is	  directly	  regulated	  at	  

distinct	  site	  involving	  the	  channels,	  CaM	  (up	  by	  10	  mg/kg)	  and	  IP3R	  (up	  by	  2	  mg/kg)	  and	  

indirectly	   by	   the	   actions	   of	   several	   kinases.	   Among	   these	   kinase	   mediated	  

phosphorylation	  signaling	  is	  regulated	  involving	  protein	  kinase	  A	  and	  C	  (PKA,	  PKC;	  down	  

by	  2	  mg/kg	  and	  10	  mg/kg).	  	  
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Discussion	  
The	   present	   work	   investigated	   the	   mechanisms	   underlying	   the	   beneficial	   effects	   of	  

dietary	   (-‐)-‐epicatechin	   in	   the	   cardiovascular	   system	   in	   vivo.	   It	   was	   driven	   by	   the	  

hypothesis	   that	   flavanols	   increase	   vascular	   function	   through	   increase	   of	   NO-‐

bioavailability	   by	   increasing	   both	   –	  NO	   synthesis	   and	   antioxidant	   defense.	   The	  main	  

findings	  of	  this	  study	  are:	  	  

1)	  (-‐)-‐Epicatechin	  increases	  vascular	  function	  in	  an	  eNOS	  and	  Nrf2	  dependent	  fashion	  

2)	  (-‐)-‐Epicatechin	  activates	  the	  NO-‐	  cGMP	  pathway	  and	  downstream	  signaling	  in	  the	  

vessel	  wall	  in	  dependence	  of	  eNOS	  and	  Nrf2	  

3)	  (-‐)-‐Epicatechin	  regulates	  the	  redox	  state	  of	  tissues	  belonging	  to	  the	  cardiovascular	  

system	  

4)	   (-‐)-‐Epicatechin	   modulates	   expression	   of	   >	   4000	   targets	   in	   vascular	   tissue	   thus	  

contributing	   to	   long	   term	   changes	   in	   the	   vasculature	   in	   vivo.	   Novel	   pathways	  

significant	   for	   vascular	   action	   of	   (-‐)-‐epicatechin	   are:	   Ca++-‐signaling,	   vascular	   smooth	  

muscle	  signaling,	  AhR-‐signaling	  and	  Xenobiotic	  metabolism	  

	  

Why	  assessing	  the	  effects	  of	  (-‐)-‐epicatechin	  in	  vivo	  in	  mice	  ?	  

The	  analysis	  of	  molecular	  mechanisms	  underpinning	  vasodilatory	  effects	  in	  tissue	  is	  an	  

extraordinary	   advantage	   of	   animal	   in	   vivo	   studies,	   and	   a	   main	   limitation	   of	   human	  

studies.	  In	  this	  study	  mice	  models	  were	  chosen	  to	  analyze	  the	  molecular	  mechanisms	  

underlying	  the	  effects	  of	  	  (-‐)-‐epicatechin	  on	  vascular	  function.	  In	  human	  studies	  it	  was	  

also	  possible	  to	  verify	  a	  correlation	  between	  administration	  of	  cocoa	  flavanols	  or	  pure	  

(-‐)-‐epicatechin	   and	   increased	   FMD,	   and	   increase	   in	   nitroso-‐species	   in	   plasma.	  While	  

these	   parameters	   are	   in	   some	   conditions	   dependent	   on	   eNOS	   activity	   (i.e.	   can	   be	  

inhibited	   by	   administration	   of	   NOS	   inhibitors)	   a	   biochemical	   link	   between	  

administration	   of	   cocoa	   flavanols	   and/or	   (-‐)-‐	   epicatechin	   and	   NO-‐bioavailability	   was	  

not	   demonstrated	   so	   far.	   In	   addition	   the	   mechanisms	   of	   (-‐)-‐epicatechin	   cannot	   be	  

studied	   in	  vitro	   in	  cultured	  cells,	  because	  the	  concentrations	  of	   (-‐)-‐epicatechin	   in	   the	  

plasma	  compartment	  are	  very	  low	  as	  compared	  to	  the	  concentration	  of	  its	  metabolites	  
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as	  also	  shown	  here.	  A	  further	  advantage	  of	  the	  use	  of	  mice	  was	  the	  possibility	  to	  test	  

the	   role	   of	   specific	   targets	   (i.e.	   eNOS	   and	   Nrf2)	   by	   applying	   both	   pharmacological	  

inhibition	   and	   genetic	   depletion	   in	   parallel,	   to	   overcome	   eventual	   unspecific	   or	  

compensatory	  effects,	  which	  are	  typical	  for	  the	  first	  or	  the	  second	  approach.	  Pure	  (-‐)-‐

epicatechin	   was	   administrated	   at	   a	   dose	   previously	   demonstrated	   to	   increase	  

endothelium-‐dependent	   vascular	   function	   in	   human	   in	   acute	   (Schroeter	   et	   al.	   2006)	  

and	   long-‐term	   administration	   (Heiss	   et	   al.	   2007)	   (Engler	   et	   al.	   2004).	   This	   approach	  

allowed	  to	  analyse	  the	  effects	  of	  vascular	  function	  and	  at	  the	  same	  time	  the	  underlying	  

mechanisms	  in	  cardiovascular	  tissue.	  

	  

Is	  eNOS	  required	   for	   the	  beneficial	  vascular	  effects	  of	   (-‐)-‐epicatechin	   in	  

vivo?	  

Data	  presented	  in	  this	  work	  clearly	  demonstrate	  that	  dietary	  administration	  of	  2	  mg/kg	  

(-‐)-‐epicatechin	   improves	   vascular	   function	   in	   mice,	   as	   assessed	   by	   increased	  

FMD/PORH	   and	   decreased	   PWV	   (Fig.	   18	   and	   19).	   Importantly	   eNOS	   expression	   and	  

activity	   are	   required	   for	   these	   effects	   because	   both	   pharmacological	   inhibition	   and	  

genetic	  deletion	  of	  eNOS	  in	  eNOS-‐/-‐	  mice	  completely	  block	  the	  (-‐)-‐epicatechin	  effects.	  	  

Previously	   it	  was	  shown	  that	  exposure	  of	  pre-‐constricted	  rat	  aortic	  and	  femoral	  rings	  

from	   hypertensive	   rats	   to	   (-‐)-‐epicatechin	   resulted	   in	   an	   increased	   endothelium-‐

dependent	  relaxation	  (Gomez-‐Guzman	  et	  al.	  2012,	  Galleano	  et	  al.	  2013).	  Importantly,	  

when	  NOS	  was	   chronically	   inhibited	   rats	  developed	  hypertension	  and	   (-‐)-‐epicatechin	  

was	  not	   longer	  able	   to	   restore	  defects	   in	  endothelium-‐dependent	  ex	  vivo	  aortic	   ring	  

vasorelaxation	   in	   those	   animals	   (Gomez-‐Guzman	   et	   al.	   2011).	   The	   only	   study	  

demonstrating	   the	   in	   vivo	   effects	   of	   (-‐)-‐epicatechin	  describes	   an	   effective	  dilation	  of	  

the	   femoral	   artery	   in	   living	   rats	   after	   direct	   arterial	   injection	   of	   (-‐)-‐epicatechin	   into	  

hindlimb	   circulation	   (Ottaviani	   et	   al.	   2011).	   However	   the	   effects	   of	   absorption	   and	  

metabolism	  were	  not	  taken	  into	  consideration.	  
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The	  vascular	  effects	  of	  (-‐)-‐epicatechin	  very	  likely	  include	  a	  regulation	  of	  NO-‐dependent	  

vasodilation.	   Compared	   to	   wildtype	   mice,	   eNOS-‐/-‐	   mice	   have	   a	   decreased,	   but	   not	  

significantly	   blunted	   vascular	   function.	   Similar	   results	   were	   observed	   before	   by	  

analyzing	   coronary	   circulation	   in	   the	   same	  mouse	   strain:	   it	   was	   shown	   that	   eNOS-‐/-‐	  

mice	   compensate	   for	   the	   deficiency	   for	   instance	   by	   endothelium	   derived	   release	   of	  

other	  vasoactive	  factors	  e.g.	  prostaglandins	  (Godecke	  et	  al.	  1998).	  	  

In	  addition	  to	  an	  increase	  in	  acute	  vascular	  response	  to	  occlusion	  this	  work	  for	  the	  first	  

time	  shows	  that	  (-‐)-‐epicatechin	  treatment	  affects	  vascular	  stiffness	   in	  mice	  measured	  

as	   reduced	  PWV.	  An	   increased	  PWV	   is	  widely	  accepted	  as	  a	  measure	   for	  endothelial	  

dysfunction	  and	  also	  for	  structural	  changes	  of	  the	  vascular	  bed	  for	  instance	  in	  chronic	  

cardiovascular	   pathological	   disorders	   (Mattace-‐Raso	   F	   2010).	   Moreover	   also	   acute	  

changes	   in	   PWV	   have	   been	   reported	   within	   few	   hours	   as	   shown	   for	   exercise	   and	  

exposure	   to	   smoke	   (Mc	  Clean	   et	   al.	   2007,	  Doonan	   et	   al.	   2011,	   Figueroa	   et	   al.	   2011,	  

Unosson	   et	   al.	   2013)	   and	   with	   acute	   inhibition	   of	   NOS	   (Davies	   et	   al.	   2003).	   In	   the	  

present	  study	  inhibition	  of	  NOS	  also	  increased	  PWV	  in	  mice.	  	  

In	  conclusion	  this	  is	  the	  first	  work	  demonstrating	  an	  improved	  vascular	  reactivity	  and	  a	  

direct	  contribution	  of	  eNOS	  to	   the	   (-‐)-‐epicatechin	  effects	   in	  an	  animal	   in	  vivo	  model.	  

Other	   investigations	   in	   rodents	   are	   limited	   to	   ex	   vivo	   aortic	   ring	   explantation,	   a	  

method	  uncoupling	  the	  flavanol	  effects	  from	  systemic	  response	  of	  other	  organ	  and	  cell	  

systems,	  metabolism	  and	  distribution	  by	  blood.	   It	   is	   important	   to	  notice,	   that	  young,	  

healthy	  BL/6	  mice	  were	  used	  in	  this	  study,	  which	  amongst	  others	  are	  known	  to	  have	  a	  

pronounced	   ability	   for	   vascular	   regeneration	   (Helisch	   et	   al.	   2006).	   Therefore	   the	  

beneficial	   effect	   of	   nutritional	   flavanol	   supplementation	   on	   endothelium-‐dependent	  

vascular	  function	  might	  be	  even	  stronger	  in	  aged	  mice,	  mice	  models	  of	  cardiovascular	  

disease	  or	  other	  strains,	  when	  a	  functional	  eNOS	  is	  presupposed	  and	  should	  be	  subject	  

of	  further	  investigation.	  	  
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Is	   maintenance	   of	   NO-‐bioavailability	   and	   redox	   state	   essential	   for	   the	  

effects	  of	  (-‐)-‐epicatechin	  ?	  	  

As	   shown	   here	   dietary	   (-‐)-‐epicatechin	   increases	   phosphorylation	   on	   the	   Ser-‐1177	  

residue	   (Fig.	   22	   and	   23),	   which	   leads	   to	   increased	   eNOS	   activity	   by	   decreasing	   the	  

dependency	  on	  Ca++	  activation	  (Balligand	  et	  al.	  2009).	  This	   is	  an	  important	  regulatory	  

mechanism	  to	  increase	  NO	  production	  in	  vascular	  tissue	  and	  is	  a	  significant	  mechanism	  

in	  health	  and	  disease	  (Kolluru	  et	  al.	  2010).	  Several	  studies	  in	  the	  last	  decade	  showed	  an	  

impact	   of	   flavanol	   compounds	   on	   eNOS	   in	   cultured	   endothelial	   cells.	   In	   HUVEC	   (-‐)-‐

epicatechin	  had	  no	  effect	  on	  eNOS	  mRNA	   level	   (Brossette	  et	  al.	  2011)	  but	   increased	  

eNOS	   phosphorylation	   at	   the	   activation	   site	   and	   decreased	   phosphorylation	   at	   the	  

inhibitory	  site	  reported	  in	  coronary	  artery	  endothelial	  cells	  (CAEC)	  (Auger	  et	  al.	  2010,	  

Ramirez-‐Sanchez	   et	   al.	   2010,	   Ramirez-‐Sanchez	   et	   al.	   2011).	   Findings	   of	   this	   study	  

showing	   an	   activation	   of	   eNOS	   in	   healthy	   vascular	   tissue	   in	   vivo	   are	   supported	   by	  

investigations	  in	  rat	  models	  of	  hypertension	  (Gomez-‐Guzman	  et	  al.	  2012)	  and	  obesity	  

(Agouni	  et	  al.	  2009)	  reporting	  increased	  eNOS	  phosphorylation	  by	  (-‐)-‐epicatechin	  and	  

(-‐)-‐epicatechin	  containing	  red	  wine	  polyphenols	  (RWPs)	  in	  the	  aorta.	  These	  in	  vivo	  and	  

ex	   vivo	   experiments	   conducted	   with	   (-‐)-‐epicatechin	   further	   show	   that	   increased	  

phosphorylation	  of	  eNOS	  is	  paralleled	  by	  increased	  phosphorylation	  of	  protein	  kinase	  

B	  (Akt).	  

To	  the	  best	  of	  my	  knowledge	  this	  is	  the	  first	  study	  showing	  a	  rapid	  (1	  h)	  and	  sustained	  

(after	  5	  d)	  activation	  of	  eNOS	   in	  healthy	  vascular	  tissue	   in	  vivo.	  This	  effect	  correlates	  

with	   the	   acute	   effects	   of	   (-‐)-‐epicatechin	   on	   vasodilation	   and	   NO-‐bioavailability	  

observed	  in	  human	  (Schroeter	  et	  al.	  2006)	  and	  also	  shown	  as	  dose-‐response	  curve	  in	  

this	   mouse	   model.	   How	   flavanols	   are	   able	   to	   modify	   the	   post-‐translational	  

phosphorylation	  state	  of	  eNOS	  is	  not	  clear.	   In	  vitro	  findings	  with	  cultured	  endothelial	  

cells	   propose	   that	   (-‐)-‐epicatechin	   induces	  eNOS	  phosphorylation	  by	   activation	  of	   the	  

PI3K/Akt	  pathway,	   the	  CaM	  dependent	  kinase	  pathway	  (Ca++/CaM/CaMKII)	  and	  eNOS	  

decoupling	  from	  caveola.	  Many	  mechanistic	  possibilities	  are	  discussed	  in	  this	  context:	  

1)	  the	  presence	  of	  a	  cell	  membrane	  “putative	  flavanol	  receptor”,	  2)	  allosteric	  sites,	  3)	  
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receptor-‐independent	  signaling	  and	  4)	  binding	  to	  intracellular	  molecules.	  	  Whether	  or	  

not	   indeed	   a	   “putative	   flavanol	   receptor”	   is	   involved	   or	   whether	   the	   entry	   into	  

endothelial	   cells	   and	   binding	   to	   intracellular	   molecules	   dominates	   is	   a	   challenging	  

object	  of	  future	  in	  vitro	  and	  in	  vivo	  investigations.	  

Importantly	  increased	  eNOS	  activity	  by	  increased	  eNOS	  phosphorylation	  corresponded	  

to	  an	  increase	  in	  vascular	  NO-‐bioavailability	  in	  vivo	  shown	  as	  an	  elevation	  of	  cGMP	  in	  

the	   aorta.	   The	   production	   and	   rise	   of	   cGMP	   by	   (-‐)-‐epicatechin	   are	   fully	   eNOS	  

dependent	   since	   NOS	   inhibition	   completely	   blocked	   cGMP	   production	   and	   (-‐)-‐

epicatechin	  had	  no	  effect	   in	  eNOS-‐/-‐	  mice	  (Fig.	  24).	  Cyclic	  GMP	  is	  the	  most	   important	  

NO-‐dependent	   secondary	   messenger	   in	   the	   vasculature.	   In	   vitro	   the	   ability	   of	   (-‐)-‐

epicatechin	  to	  modulate	  this	  signaling	  is	  reported	  as	  increased	  NO	  and	  cGMP	  level	   in	  

HUVEC	  and	  HCAEC	  in	  the	  absence	  but	  not	   in	  the	  presence	  of	  a	  NOS-‐inhibitor.	   In	  vivo	  

dietary	   treatment	   with	   (-‐)-‐epicatechin-‐rich	   RWPs	   increased	   vascular	   NO	   and	   cGMP	  

level	   (Benito	   et	   al.	   2002,	   Agouni	   et	   al.	   2009)	   and	   also	   resulted	   in	   a	   NOS-‐dependent	  

cGMP	  increase	  in	  rat	  aortic	  rings	  directly	  incubated	  with	  RWPs	  (Andriambeloson	  et	  al.	  

1997).	   Importantly	   this	   study	   in	   mice	   demonstrates	   that	   increased	   cGMP	   level	  

stimulate	   cGMP-‐dependent	   downstream	   signaling	   in	   the	   vasculature	   shown	   as	  

increased	  phosphorylation	  of	  VASP	   in	   the	  aorta	   (Fig.	  24).	  VASP	  phosphorylation	   is	  an	  

established	  readout	  for	  cGMP	  signaling	  in	  vascular	  tissue	  (Oppermann	  et	  al.	  2011,	  Ying	  

et	  al.	  2012),	  as	  it	  is	  highly	  selective	  for	  cGMP	  dependent	  kinases	  (i.e.	  PKG)	  (Smolenski	  

et	   al.	   1998).	   Therefore	   findings	   presented	   in	   this	   work	   for	   the	   first	   time	   provide	  

evidence	   that	   the	   complete	   vascular	   eNOS/NO/cGMP/PKG	   pathway	   is	   eNOS-‐

dependently	   activated	   by	   oral	   administration	   of	   (-‐)-‐epicatechin.	   Activation	   of	   this	  

pathway	   has	   been	   already	   shown	   by	   administration	   of	   RWPs	   but	   was	   never	  

demonstrated	  for	  (-‐)-‐epicatechin.	  

The	   dietary	   intake	   of	   cocoa	   flavanols	   in	   human	   is	   associated	   with	   an	   increase	   in	  

systemic	  NO-‐bioavailability	  measured	  in	  blood	  plasma	  (Schroeter	  et	  al.	  2006,	  Heiss	  et	  

al.	   2007,	   Loke	   et	   al.	   2008).	   The	   present	   study	   demonstrates	   significantly	   increased	  

cGMP	   level	   in	   plasma	   of	   the	  mice	   with	   (-‐)-‐epicatechin	   treatment	   (Fig.	   26),	   which	   is	  
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accepted	   as	   a	   readout	   for	   NO	   activity	   (Levett	   et	   al.	   2011),	   whereas	   the	   plasma	  

concentrations	  of	  NO2
-‐	  and	  NO3

-‐	  remained	  unchanged	  as	  also	  reported	  in	  hypertensive	  

rats	  (Litterio	  et	  al.	  2012).	  As	  also	  shown	  here	  up	  to	  70–90	  %	  of	  circulating	  plasma	  NOx	  

in	   humans	   and	  other	  mammals	   are	   dependent	   on	   eNOS	   expression	   and	   are	   derived	  

from	  NOS	   activity	   (Kleinbongard	   et	   al.	   2003).	   The	   formation	  of	  NO2
-‐	   and	  NO3

-‐	   in	   the	  

body	  can	  directly	  result	  from	  catabolism	  of	  the	  daily	  diet	  rich	  in	  NO3
-‐	  or	  from	  oxidative	  

enzymatic	  transformation	  (Tannenbaum	  1979).	  However,	  the	  ratio	  of	  NO2
-‐	  to	  NO3

-‐,	  and	  

not	   the	   absolute	   concentrations	   are	   related	   to	   changes	   in	   the	   redox	   state.	   Taken	  

together	   (-‐)-‐epicatechin	   increases	   systemic	   eNOS/NO	   activity	   (Levett	   et	   al.	   2011)	   as	  

demonstrated	  by	  increases	  in	  cGMP	  levels	  in	  aorta	  and	  plasma,	  but	  does	  not	  affect	  the	  

levels	  of	  circulating	  nitrite	  and	  nitrate,	  while	  the	  ratio	  of	  NO2
-‐	  to	  NO3

-‐	  is	  not	  significantly	  

increased.	  	  	  

A	  physiological	  parameter	   known	   to	  be	   strongly	  associated	  with	  NO-‐bioavailability	   is	  

the	  systemic	  blood	  pressure	  (Wood	  et	  al.	  2013).	  In	  the	  present	  study	  oral	  treatment	  of	  

mice	  with	  (-‐)-‐epicatechin	  did	  not	  affect	  arterial	  blood	  pressure	  whereas	  simultaneous	  

NOS-‐inhibition	  resulted	  in	  a	  significant	  pressure	  increase	  (Tab.	  10).	  Cocoa	  flavanols	  can	  

modulate	  physiological	  blood	  pressure	  in	  human	  in	  dependence	  of	  duration	  and	  dose	  

of	  oral	  administration	  (Ried	  et	  al.	  2012).	  Oral	  supplementation	  with	  cocoa	  flavanols	  has	  

been	  shown	  to	  reduce	  blood	  pressure	  in	  pathophysiological	  state	  such	  as	  hypertension	  

and	  coronary	  artery	  disease	  (Grassi	  et	  al.	  2005,	  Heiss	  et	  al.	  2010,	  Hooper	  et	  al.	  2012).	  

However,	  the	  effects	  on	  blood	  pressure	  in	  healthy	  individuals	  are	  not	  clear	  (Engler	  et	  

al.	  2004,	  Vlachopoulos	  et	  al.	  2005,	  Balzer	  et	  al.	  2008)	  and	  need	  further	  investigation.	  In	  

rats	   oral	   (-‐)-‐epicatechin	   treatment	   reduced	   blood	   pressure	   in	   different	   models	   of	  

hypertension	   (Litterio	   et	   al.	   2012,	   Galleano	   et	   al.	   2013)	   while	   other	   studies	   report	  

unchanged	   blood	   pressure	   with	   (-‐)-‐epicatechin	   in	   healthy	   and	   hypertensive	   rats	  

(Gomez-‐Guzman	  et	  al.	  2011,	  Gomez-‐Guzman	  et	  al.	  2012).	  Therefore	  cocoa	  flavanols	  in	  

general	   and	   (-‐)-‐epicatechin	   in	   particular	   have	   a	   stronger	   effect	   on	   blood	   pressure	   in	  

pathophysiological	  state	  compared	  to	  physiological	  conditions.	  
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To	  summarize	  the	  data	  show	  that	  (-‐)-‐epicatechin	  1)	  increases	  vascular	  reactivity	  in	  an	  

eNOS	  dependent	  fashion	  measured	  as	  FMD,	  PWV	  and	  PORH,	  2)	  activates	  eNOS	  in	  the	  

aorta	  measured	   as	   increased	   phosphorylation	   at	   the	   activation	   site	   3)	   activates	  NO-‐

signaling	   in	   the	   vasculature	   in	   an	   eNOS	   dependent	   fashion	   measured	   as	   increased	  

cGMP	   level	   and	   VASP	   phosphorylation.	   Taken	   together	   this	   work	   provides	   novel	  

evidence	   that	   oral	   (-‐)-‐epicatechin	   improves	   vascular	   health	   by	   activation	   of	   eNOS-‐

dependent	  NO-‐bioactivity	  in	  vascular	  tissue	  in	  vivo.	  	  

	  

	  

Is	   Nrf2	   required	   for	   the	   beneficial	   vascular	   effects	   of	   (-‐)-‐epicatechin	   in	  

vivo?	  

Metabolic	  screening	  in	  this	  work	  demonstrates	  that	  (-‐)-‐epicatechin	  regulates	  the	  redox	  

state	  in	  cardiovascular	  tissue	  in	  vivo	  reported	  as	  increased	  level	  of	  GSH	  in	  the	  lung	  and	  

heart	   of	   the	   mice.	   This	   effect	   was	   paralleled	   by	   increased	   expression	   of	   enzymes	  

involved	   in	   GSH	   synthesis	   and	   GSH	   metabolism	   (Fig.	   30).	   Interestingly	   an	   opposite	  

regulation	  with	  decreased	  GSH	  concentrations	  and	  decreased	  protein	  expression	  was	  

observed	   in	   the	   liver	   of	   the	  mice.	   GSH	   is	   the	  most	   abundant	   and	   important	   cellular	  

antioxidant,	   controlling	   the	   redox	   state	   (Sies	   1999).	   GCL,	   the	   enzyme	   catalyzing	   the	  

rate-‐limiting	  step	  of	  GSH	  de	  novo	  synthesis	  is	  one	  of	  the	  transcriptional	  targets	  of	  Nrf2	  

(Kaspar	   et	   al.	   2009,	   Baird	   et	   al.	   2011).	   Even	   though	   there	   are	   compensatory	  

mechanisms	   for	   the	  Nrf2-‐pathway	   e.g.	   by	  Nrf1	   (Ohtsuji	   et	   al.	   2008),	   the	   deletion	   of	  

Nrf2	  results	  in	  decreased	  level	  of	  GSH	  in	  the	  tissue	  as	  also	  shown	  for	  aorta	  and	  liver	  of	  

Nrf2-‐/-‐	  mice	   in	   this	   study.	   The	   synthesis	   and	  metabolism	  of	  GSH	   is	   a	  main	   regulatory	  

response	   to	   increased	   oxidative	   stress	   in	   cells	   and	   tissues	   and	   has	   even	   been	  

demonstrated	  to	  affect	  vascular	  functionality	  (Prasad	  et	  al.	  1999,	  Levy	  et	  al.	  2012).	  GSH	  

exerts	   its	   antioxidant	   activity	   by	   directly	   scavenging	   ROS	   and	   free	   radicals	   or	   in	  

enzymatic	   reactions	  where	   it	   acts	   as	   a	   cofactor	   to	  detoxify	  harmful	   agents	   e.g.	  H2O2	  

(Sies	  1999).	  
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Since	   investigations	   on	   the	   beneficial	   effects	   of	   cocoa	   flavanols	   concentrate	   on	  

endothelial	  and	  vascular	  function	  and	  therefore	  NO-‐bioactivity,	  still	  not	  much	  is	  known	  

about	   the	   in	  vivo	  antioxidant	  effects	  of	   these	  compounds.	  Because	  of	   their	   chemical	  

structure	   flavanols	   have	   the	   potential	   to	   exert	   redox	   active	   properties	   as	  

predominantly	   demonstrated	   through	   thermodynamic	   and	   kinetic	   analysis	   (Galleano	  

et	  al.	  2010)	  and	  in	  solution	  (Rice-‐Evans	  et	  al.	  1996).	  Some	  authors	  (Ruijters	  et	  al.	  2013)	  

attribute	   to	   flavanols	   in	   general	   and	   (-‐)-‐epicatechin	   in	   particular	   direct	   antioxidant	  

effects.	  However	  the	  concentrations	  needed	  for	  such	  effects	  are	  100-‐1000	  fold	  higher	  

as	   compared	   to	   circulating	   (-‐)-‐epicatechin	   concentrations.	   Activation	   of	   the	   GSH	  

metabolism	   depends	   on	   the	   cell	   type:	  while	   (-‐)-‐epicatechin	   increased	  GSH	   level	   and	  

activated	  GSH	  metabolizing	  enzymes	  in	  hepatic	  and	  neuronal	  cells	  (Martin	  et	  al.	  2010,	  

Martin	  et	  al.	  2013),	  unchanged	  GSH-‐level	  and	  enzymatic	  activities	  were	  reported	  in	  a	  

colon-‐derived	  cell	  line	  (Rodriguez-‐Ramiro	  et	  al.	  2011).	  	  

This	   study	   reports	   an	   in	   vivo	   regulation	   of	   the	   redox	   state	   in	   tissues	   of	   the	  

cardiovascular	  system	  by	  oral	   (-‐)-‐epicatechin.	  These	  findings	  are	  supported	  by	  similar	  

approaches	  in	  rats	  showing	  increased	  GSH	  level	  and	  enzyme	  activity	  in	  the	  heart	  after	  

administration	   of	   flavanol-‐rich	   grape	   extract	   (Seymour	   et	   al.	   2013)	   but	   unchanged	  

regulation	  of	  plasma	  GSH	  after	  administration	  of	   (-‐)-‐epicatechin	   (Litterio	  et	  al.	  2012).	  

However,	   the	   GSH	   pool,	   and	   herewith	   the	   NO	   pool,	   along	   the	   vascular	   tree	   is	   also	  

determined	  by	   the	  blood	  and	  blood	  cells	  permanently	  streaming	  through	  the	   lumen.	  

Regulation	  of	  GSH	  level	  in	  red	  blood	  cells	  (Lee	  et	  al.	  2004)	  and	  also	  white	  cells	  (Zhu	  et	  

al.	   2008)	   is	   dependent	   on	   the	   presence	   of	   Nrf2	   as	   demonstrated	   in	   Nrf2-‐/-‐	   mice.	  

Moreover,	   in	   cardiovascular	   and	  metabolic	   disorders	   with	   vascular	   dysfunction	   GSH	  

level	  are	  decreased	   in	   red	  blood	  cells	  as	  shown	  for	  hypertension	   (Kumar	  et	  al.	  2010)	  

and	   type2	   diabetes	   (Rizvi	   et	   al.	   2001)	   in	   human	   and	   for	   bacterial	   infection	   with	  

increased	  oxidative	  stress	  in	  mice	  (Guleria	  et	  al.	  2002).	  Importantly,	  ex	  vivo	  incubation	  

with	   (-‐)-‐epicatechin	   increased	   GSH-‐level	   in	   red	   blood	   cells	   from	   healthy	   people	   and	  

patients	   in	  a	  dose-‐dependent	  bell-‐shaped	  fashion.	   In	  vivo	  oral	   flavanol-‐rich	  green	  tea	  

extract	   increased	   red	   blood	   cell	   GSH	   in	   infected	   mice	   and	   oral	   administration	   of	  
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flavanols	  from	  grapes	  increased	  the	  GSH/GSSG	  ratio	  in	  human	  red	  blood	  cells	  (Weseler	  

et	  al.	  2011).	  The	  physiological	  relevance	  of	  GSH	  in	  blood	  cells	   is	  further	  supported	  by	  

positive	   correlation	   of	   decreased	   GSH	   in	   mononuclear	   cells	   with	   decreased	   FMD	  

(Fratta	  Pasini	  et	  al.	  2012)	  and	  in	  red	  blood	  cells	  with	  the	  pathogenesis	  of	  slow	  coronary	  

flow	   in	   human	   (Enli	   et	   al.	   2008).	   As	   demonstrated	   in	   this	   study,	   (-‐)-‐epicatechin	  

increased	  GSH	  level	  in	  the	  heart	  of	  mice	  in	  vivo.	  Previously	  it	  has	  been	  shown	  that	  GSH	  

is	  able	  to	  increase	  coronary	  vasodilation	  and	  flow	  in	  isolated	  rat	  heart	  by	  a	  NO	  and	  sGC	  

dependent	   mechanism	   (Cheung	   et	   al.	   1997,	   Levy	   et	   al.	   2012)	   and	   that	   cardiac	  

dysfunction	   in	   hypertension	   is	   associated	   with	   decreased	   GSH	   in	   the	   rat	   heart	  

(Seymour	  et	  al.	  2013).	  Thus	  this	  work	  provides	  further	  evidence	  for	  the	  accumulating	  

data	  of	  flavanol-‐mediated	  regulation	  of	  the	  physiological	  relevant	  tissue	  redox	  state	  in	  

vivo.	  It	  is	  obvious	  that	  the	  type	  of	  tissue	  and	  even	  the	  cellular	  type	  has	  strong	  impact	  

on	   the	   described	   effects.	  On	   the	   one	   hand	   this	   is	   certainly	   due	   to	   different	   flavanol	  

distribution,	   metabolism	   and	   action	   under	   different	   physiological	   and	   biological	  

conditions,	   on	   the	   other	   hand	   the	   redox	   state	   itself,	   its	   regulation	   and	   sources	   of	  

oxidative	   stress	   vary	  when	   comparing	  different	   cellular	   types	   and	   tissues	   (Sies	   1999,	  

Sugamura	   et	   al.	   2011).	   Although	   it	   is	   often	   communicated	   that	   cocoa	   flavanol-‐

mediated	   antioxidant	   effects	   are	   also	   an	   underlying	   principle	   in	   human	   (Keen	   et	   al.	  

2005,	   Corti	   et	   al.	   2009)	   and	  may	   increase	   plasma	   antioxidant	   capacity	   and	   decrease	  

plasma	  oxidation	  products	   (Rein	  et	  al.	  2000,	  Wang	  et	  al.	  2000),	   convenient	  evidence	  

from	   controlled	   interventional	   trails	   remains	   elusive	   (Heiss	   et	   al.	   2007,	   Heiss	   et	   al.	  

2010,	  Scheid	  et	  al.	  2010,	  Ellinger	  et	  al.	  2011,	  Hollman	  et	  al.	  2011).	  	  

This	  work	  provides	  strong	  evidence	  that	  the	  (-‐)-‐epicatechin	  effects	  on	  vascular	  function	  

are	  absent	   if	  GSH	   levels	  are	  decreased	  and	  antioxidant	  regulation	   is	   less	  effective,	  as	  

shown	   in	   Nrf2-‐/-‐	   mice.	   In	   contrast	   to	   wildtype	   mice	   oral	   administration	   of	   (-‐)-‐

epicatechin	  to	  Nrf2-‐/-‐	  mice	  did	  not	  improve	  vascular	  function	  (Fig.	  20	  and	  Fig.	  21),	  did	  

not	   increase	   NO-‐bioactivity	   in	   the	   vasculature	   (Fig.	   25)	   and	   did	   not	   regulate	   tissue	  

redox	   state	   (Fig.	   28).	   These	   are	   unreported	   novel	   findings,	   which	   describe	   the	  

contribution	  of	  Nrf2	  to	  the	  vascular	  (-‐)-‐epicatechin	  effects	  in	  vivo.	  In	  other	  context	  Nrf2	  
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is	  essential	  for	  (-‐)-‐epicatechin	  mediated	  prevention	  of	  stroke	  damage	  in	  mice	  (Shah	  et	  

al.	   2010,	   Leonardo	   et	   al.	   2013)	   and	   is	   associated	   with	   a	   reduction	   of	   cardiac	  

dysfunction	  by	  flavanol-‐rich	  grape	  extract	  in	  hypertensive	  rats	  (Seymour	  et	  al.	  2013).	  In	  

vitro	   findings	   confirm	   that	   (-‐)-‐epicatechin	   is	   able	   to	   activate	   Nrf2	   signaling	   as	  

demonstrated	  in	  cultured	  neuronal	  cells	  (Shah	  et	  al.	  2010,	  Leonardo	  et	  al.	  2013),	  while	  

this	   effect	   is	   lacking	   (Ruijters	   et	   al.	   2013)	   or	   not	   reported	   in	   endothelial	   cells.	   Thus	  

although	   flavanols	   process	   an	   electrophilic	   chemical	   structure	   and	   although	   there	   is	  

evidence	   for	   an	   activation	   of	   Nrf2	   in	   non	   vascular	   cells	   this	   is	   the	   first	   work	   to	  

demonstrate	   that	   Nrf2	   is	   required	   to	   increase	   vascular	   reactivity	   and	   plays	   an	  

important	  role	  in	  the	  in	  vivo	  effects	  of	  oral	  administration	  of	  (-‐)-‐epicatechin	  in	  vascular	  

tissue.	   Since	   cGMP	   levels	   are	   not	   increased	   when	   Nrf2	   is	   lacking,	   the	   activation	   of	  

eNOS	  by	  (-‐)-‐epicatechin	  is	  obviously	  not	  sufficient	  to	  restore	  the	  defects	  in	  Nrf2-‐/-‐	  mice.	  

Because	  regulation	  of	  the	  redox	  state	  is	  dependent	  on	  Nrf2,	  the	  involved	  mechanism	  

may	   include	   an	   increased	   NO	   degradation	   due	   to	   increased	   oxidative	   stress.	   These	  

effects	  have	  been	  demonstrated	  for	  longer	  term	  treatment,	  while	  (-‐)-‐epicatechin	  was	  

still	   able	   to	   increase	   vascular	   function	   after	   one	   hour.	   This	   indicates,	   that	   the	   rapid	  

activation	   of	   eNOS	   by	   (-‐)-‐epicatechin	   in	   the	   vessel	   wall	   acutely	   increases	   vascular	  

function,	  whereas	   longer	   term	   treatment	   additionally	   includes	   (-‐)-‐epicatechin	   effects	  

via	  regulation	  of	  the	  redox	  state	  by	  Nrf2.	  	  	  

In	  summary,	  so	  far	  there	  was	  no	  evidence	  for	  regulation	  of	  the	  antioxidant	  state	  and	  a	  

role	   of	   Nrf2	   in	   the	   cardiovascular	   system	   in	   vivo.	   This	   work	   for	   the	   first	   time	  

demonstrates	   that	  maintenance	  of	   the	   redox	   state	  and	  GSH	   level	   is	   required	   for	   the	  

beneficial	   effects	   of	   (-‐)-‐epicatechin	   on	   vascular	   function	   in	   the	   living	   animal.	   Orally	  

administrated	  (-‐)-‐epicatechin	  regulates	  the	  NO-‐bioactivity,	  redox	  state	  and	  antioxidant	  

gene	  expression	  in	  wildtype	  mice,	  while	  these	  effects	  are	  absent	  when	  Nrf2	  is	  deleted.	  

As	   this	   regulation	   is	   different	   in	   aorta,	   heart/lung	   and	   the	   liver,	   it	   is	   likely	   that	   an	  

altered	   distribution	   and	   metabolism	   or	   activation	   of	   different	   signaling	   cascades	   in	  

different	   tissues	   underlies	   the	   antioxidant	   properties	   of	   (-‐)-‐epicatechin	   in	   vivo.	  

However,	   the	   hypothesis	   generating	   approach	   of	  metabolic	   screening	   for	   the	   tissue	  
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redox-‐state	   can	   not	   picture	   the	   complete	   signaling-‐cascades	   and	   herewith	   the	  

(patho)physiological	  mechanisms	  of	   the	   (-‐)-‐epicatechin	  effect.	   Still,	   the	   improvement	  

of	   vascular	   function	   by	   increased	   NO-‐bioactivity	   might	   not	   only	   be	   determined	   by	  

increased	   eNOS	   dependent	   NO	   production	   but	   also	   by	   stabilization	   of	   the	   NO-‐pool.	  

Thus	  regulation	  of	  GSH	  and	  enzymes	  belonging	  to	  antioxidant	  defense	  (=Nrf2	  targets)	  

may	  be	  necessary	  for	  the	  (-‐)-‐epicatechin	  induced	  effects.	  
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What	   other	   mechanisms	   are	   involved	   in	   the	   vascular	   effects	   of	   (-‐)-‐

epicatechin	  ?	  

Endothelial	   NOS-‐dependent	   NO-‐signaling	   and	   Nrf2-‐dependent	   antioxidant	   response	  

are	   mechanisms	   by	   which	   oral	   (-‐)-‐epicatechin	   mediates	   its	   beneficial	   cardiovascular	  

effects.	  However,	  a	  modulation	  of	  daily	  diet,	  especially	  under	  longer-‐term	  conditions,	  

also	  results	   in	  global	  changes,	  e.g.	   in	  the	  regulation	  of	  gene	  transcription	  (Liang	  et	  al.	  

2001,	   Stephanie	   J.	  Muga	   2004,	   Swain	   et	   al.	   2007).	   Surprisingly,	   this	   has	   never	   been	  

investigated	  for	  the	  effects	  of	  dietary	  flavanols	  in	  the	  vasculature	  in	  vivo,	  although	  the	  

identification	  of	  novel	  targets	  and	  signaling	  cascades	  would	  permit	  a	  better	  and	  more	  

comprehensive	   understanding	   of	   the	   in	   vivo	   effects	   of	   flavanols	   on	   cardiovascular	  

health.	   Transcriptional	   profiling	   in	   this	   work	   demonstrates	   that	   oral	   (-‐)-‐epicatechin	  

treatment	   has	   a	   dose-‐dependent,	   global	   impact	   on	   the	   transcriptional	   profile	   in	  

vascular	   tissue	   in	   vivo.	   Interventional	   studies	  with	   flavanols	   predominantly	   focus	   on	  

one	   or	   few	   potential	   targets	   only	   and	   no	   other	   study	   performed	   comparative	  

transcriptome	  analysis	  in	  vascular	  tissue,	  nor	  in	  other	  organs,	  after	  in	  vivo	  treatment.	  

Examples	  of	  global	  gene	  expression	  analysis	   involving	  dietary/nutritional	   intervention	  

in	  mice	  are	  numerous	  and	  include	  effects	  of	  iron	  in	  intestinal	  tissue	  (Swain	  et	  al.	  2007),	  

linoleic	  acid	  in	  colon	  (Stephanie	  J.	  Muga	  2004)	  or	  leptin	  in	  liver	  (Liang	  et	  al.	  2001).	  An	  

indication	  for	  similar	  potential	  of	  flavanols	  is	  provided	  from	  the	  effects	  of	  flavanol-‐rich	  

green	  tea	  on	  lung	  cancer	  gene	  profile	  in	  mice	  (Lu	  et	  al.	  2006)	  and	  epigallocatechin-‐3-‐

gallate	  (EGCG)	  on	  global	  gene	  expression	  profile	  in	  human	  prostate	  cancer	  cells	  (Wang	  

et	  al.	  2002)	  and	  neuronal	  cells	  (Weinreb	  et	  al.	  2003).	  

Transcriptional	  profiling	  of	  genes	  in	  an	  (-‐)-‐epicatechin	  dose-‐response	  model	  	  

Oral	   administration	   of	   (-‐)-‐epicatechin	   regulates	   4208	   targets	   from	   which	   1507	   are	  

affected	  by	  2	  mg/kg	  and	  2701	  by	  10	  mg/kg.	  First,	  these	  findings	  demonstrate	  that	  oral	  

feeding	   with	   (-‐)-‐epicatechin	   in	   vivo	   results	   in	   strong	   changes	   of	   the	   vascular	   gene	  

expression	   profile.	   Second,	   a	   dose-‐dependent	   response	   strongly	   determines	   the	  

number	   and	   identity	   of	   genes	   regulated.	   Therefore	   results	   of	   this	   study	   suggest	  

important	   implications	   for	   nutritional	   studies	   with	   (-‐)-‐epicatechin	   in	   vivo.	   Several	  

mechanisms	  such	  as	  NO-‐bioactivity,	  antioxidant	  properties,	  and	  others	  are	  currently	  in	  

the	   focus	   to	  explain	   the	  beneficial	  action	  of	  cocoa	   flavanols	  on	  cardiovascular	  health	  
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(Heiss	  et	  al.	  2010)	  and	  it	  is	  reasonable	  that	  possible	  targets	  and	  signaling	  cascades	  are	  

analyzed	   separately	   to	   explain	   these	   effects.	   However	   results	   of	   this	   work	   provide	  

evidence	   that	   other	   targets	   out	   of	   the	   main	   focus	   are	   regulated	   and	   may	   play	   an	  

essential	   role.	   In	   addition	   the	   dose	   used	   in	   in	   vivo	   nutritional	   studies	   is	   important	  

because	  transcriptional	  profiling	  in	  vascular	  tissues	  identified	  many	  targets,	  which	  are	  

regulated	  by	  low	  or	  high	  dose	  (-‐)-‐epicatechin	  only.	  	  

To	  further	  categorize	  the	  targets	  it	  was	  distinguished	  between	  annotation	  clustering	  of	  

genes	   based	   on	   gene	   affiliation	   and	   functional	   clustering	   of	   genes	   based	   on	   the	  

pathway	   involved.	   The	   strongest	  enrichment	  of	   (-‐)-‐epicatechin	   regulated	   targets	  was	  

found	   in	   the	   phosphoprotein	   cluster,	   followed	   by	   genes	   located	   in	   the	   nucleus,	  

involved	   in	   regulation	   of	   transcription,	   splicing	   and	   ion	   binding	   (Tab.	   13	   and	   14).	  

Sublist-‐analysis	   revealed	   that	   most	   of	   these	   phosphoproteins	   are	   located	   in	   the	  

nucleus	  and	  are	   involved	   in	  regulation	  of	  gene	  transcription.	  Phosphorylation	  plays	  a	  

major	   role	   in	   cellular	   signaling	  and	   is	   a	   key	   reversible	  modification	   that	   can	   regulate	  

enzymatic	   activity,	   subcellular	   localization,	   complex	   formation	   and	   degradation	   of	  

proteins	   (Delom	   et	   al.	   2006).	   Therefore	   global	   activation/suppression	   of	   genes	  

regulating	   transcription	   and	   other	   essential	   cellular	   processes	   accounts	   for	   the	  

mechanisms	   discussed	   for	   cocoa	   flavanols	   on	   vasculature.	   However,	   affiliation	  

clustering	   of	   genes	   limits	   the	   possibility	   of	   a	   functional	   and	   more	   stringent	  

interpretation	  of	  the	  results.	  To	  connect	  the	  novel	  findings	  with	  known	  vascular	  in	  vivo	  

effects	  pathway	  clustering	  of	  (-‐)-‐epicatechin	  regulated	  genes	  was	  done	  with	  focus	  on	  

signaling	   cascades	   potentially	   involved	   in	   regulation	   of	   the	   redox	   state	   and	   vascular	  

function.	  	  

Novel	  (-‐)-‐epicatechin	  targets:	  vascular	  smooth	  muscle	  signalling	  and	  protection	  from	  
toxic	  and	  oxidative	  stress	  

Besides	   others	   (-‐)-‐epicatechin	   regulates	   gene	   clusters	   of	   cellular	   xenobiotic	   and	  

antioxidant	  defense	   in	  the	  aorta	   in	  vivo	  (Tab.	  15).	  Among	  all	   targets	  Arnt	   is	   the	  most	  

down-‐regulated	  gene	  by	  low-‐dose	  (-‐)-‐epicatechin	  (Tab.	  12).	  The	  ARNT	  protein	  forms	  a	  

complex	  with	  AhR,	  which	  is	  also	  down-‐regulated	  by	  (-‐)-‐epicatechin	  at	  mRNA	  level	  (Fig.	  
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34).	  Regulation	  of	  these	  factors	  by	  (-‐)-‐epicatechin	   is	  a	  significant	  mechanism	  because	  

the	   ARNT/AhR	   complex	   plays	   a	   major	   role	   in	   the	   adaptive	   response	   of	   biological	  

systems	  to	  xenobiotic	  (e.g.	  drugs,	  dioxins)	  stress	  by	  binding	  eligible	  ligands.	  However,	  

the	   detoxification	   process	   itself	   produces	   reactive	   and	   harmful	   intermediate	  

compounds,	  which	  have	  to	  be	  further	  processed	  and	  detoxified	  by	  the	  Nrf2-‐dependent	  

pathway	   (Wakabayashi	   et	   al.	   2010).	   Importantly	   cocoa	   flavonoids	   can	   also	   act	   as	  

exogenous	   ligands	   for	   the	   ARNT/AhR	   complex	   as	   demonstrated	   in	   vitro	   as	   a	  

competitive	   antagonist	   role	   and	   an	   inhibition	   of	   ARNT/AhR-‐mediated	   signal	  

transduction	  (Mukai	  et	  al.	  2010,	  Han	  et	  al.	  2012),	  and	  in	  vivo	  in	  liver	  of	  mice	  and	  rats	  as	  

disrupted	  formation	  of	  the	  ARNT/AhR	  complex	  by	  inhibited	  binding	  between	  AhR	  and	  

its	   toxic	   ligands	   (Fukuda	   et	   al.	   2007,	   Mukai	   et	   al.	   2008).	   Therefore	   there	   is	  

accumulating	   evidence	   that	   the	   intake	   of	   flavanoids	   suppresses	   the	   toxicological	  

effects	   of	   xenobiotic	   agents	  in	  the	   body	   by	   inhibition	   of	   ARNT/AhR	   signaling.	   Even	  

though	  a	  transcriptional	  down-‐regulation	  of	  Arnt	  and	  Ahr	  in	  aorta	  by	  (-‐)-‐epicatechin	  as	  

demonstrated	   in	   this	   study	   disagrees	   with	   recent	   findings	   with	   grape	   extract	   in	   the	  

hearts	   of	   rats	   (Seymour	   et	   al.	   2013),	   this	  mechanism	  would	  permit	   a	   suppression	  of	  

ligand	   mediated	   toxicological	   effects	   in	   the	   vascular	   system	   which	   is	   similar	   to	  

ARNT/AhR	   inhibition.	   Importantly	   the	   AhR-‐signaling	   includes	   a	   negative	   feedback	  

regulation	   in	   which	   an	   inactive	   ARNT/AhR	   complex	   inhibits	   the	   transcription	   of	  Ahr	  

(Denison	  et	  al.	  2011).	  Therefore	  a	  disrupted	  formation	  of	  the	  ARNT/AhR	  complex	  by	  (-‐

)-‐epicatechin,	  as	  previously	  demonstrated	   for	  other	  class	  of	   flavonoids,	  can	  explain	  a	  

down-‐regulation	  of	  these	  factors	  at	  mRNA	  level.	  These	  novel	  findings	  in	  vascular	  tissue	  

in	   vivo	   have	   significant	   implications	   for	   pathophysiological	   conditions	   because	   toxic	  

AhR	  ligands	  mediate	  cardiovascular	  disease	  development	  and	  progression	  in	  mammals	  

and	  vertebrates	  which	  is	  correlated	  with	  an	  activation	  of	  ARNT-‐AhR	  signaling	  (Korashy	  

et	  al.	  2006).	  	  

The	   AhR	   system	   strongly	   interacts	   with	   the	   antioxidant	   Nrf2	   signaling	   pathway	  

(Wakabayashi	  et	  al.	  2010),	  which	  also	  can	  be	  activated	  by	  flavanol	  compounds	  (Shah	  et	  

al.	  2010,	  Scapagnini	  et	  al.	  2011,	  Seymour	  et	  al.	  2013).	  As	  a	  main	  protective	  antioxidant	  

response	   to	   regulate	   cellular	   and	   tissue	   redox	   state,	   enzymes	   involved	   in	   GSH-‐
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metabolism	   are	   transcriptionally	   activated	   (Janssen-‐Heininger	   et	   al.	   2013).	  

Transcriptional	   profiling	   in	   mouse	   aorta	   demonstrates	   that	   genes	   clustered	   in	   the	  

phaseII	  GSH-‐metabolism	  pathway	  (GSH-‐s-‐transferase,	  GSH-‐peroxidase,	  GSH-‐reductase)	  

are	  up-‐regulated	  by	  (-‐)-‐epicatechin	  treatment	  in	  vascular	  tissue	  in	  vivo	  (Tab.	  16).	  While	  

this	  pattern	  could	  not	  be	  proven	  in	  aorta	  on	  protein	  level	  (Fig.	  29)	  an	  increase	  in	  GSH	  

metabolizing	  enzymes	  was	  also	  detected	   in	   the	  heart	  and	  highly	  vascularized	   lung	  of	  

the	  mice	  (Fig.	  30).	  As	  previously	  discussed	  an	  activation	  of	  GSH	  metabolizing	  enzymes	  

and	   an	   elevation	   of	   GSH	   by	   (-‐)-‐epicatechin	   has	   been	   predominately	   reported	   in	  

cultured	   cells	   of	   non-‐vascular	   origin	   in	   vitro	   (Martin	   et	   al.	   2010,	  Martin	   et	   al.	   2013)	  

whereas	  these	  effects	  are	  not	  proven	  for	  vascular	  tissue	  in	  vivo.	  

	  

A	  focus	  of	  the	  functional	  clustering	  approach	  was	  to	  identify	  candidate	  pathways	  that	  

explain	   the	   increase	   of	   vascular	   function	   by	   (-‐)-‐epicatechin.	   Among	   others	   this	  work	  

determined	  gene	  clusters	  of	  calcium-‐signaling	  and	  vascular	  smooth	  muscle	  signaling	  to	  

be	   regulated	   by	   (-‐)-‐epicatechin	   in	   vascular	   tissue	   in	   vivo.	   Both	   pathways	   essentially	  

contribute	   to	   the	   vasoactive	   properties	   of	   the	   vascular	   wall	   by	   regulation	   of	   [Ca++]I	  

through	   NO-‐cGMP	   signaling	   (Nausch	   et	   al.	   2008,	   Morgado	   et	   al.	   2012).	   Since	   (-‐)-‐

epicatechin	  eNOS-‐dependently	  increases	  cGMP	  level	  and	  PKG	  activity	  in	  vascular	  tissue	  

in	   vivo	   (Fig.	   24)	   a	   regulation	   of	   [Ca++]I	   and	  myosin	   phosphorylation	   is	   a	   self-‐evident	  

mechanism	  for	  the	  effect	  on	  vascular	  function.	  In	  fact	  pathway	  analysis	  revealed	  that	  

essential	  factors	  controlling	  vascular	  smooth	  muscle	  signaling	  and	  [Ca++]I	  are	  regulated	  

by	  (-‐)-‐epicatechin	  in	  the	  aorta	  of	  mice	  in	  vivo	  (Tab.	  17)	  including	  the	  Ca++-‐channel,	  CaM	  

and	  IP3R.	  In	  addition	  the	  enzymes	  phospholipase	  C,	  PKA	  and	  PKG	  are	  regulated	  by	  (-‐)-‐

epicatechin,	   all	   which	   can	   regulate	   IP3R	   mediated	   Ca
++-‐release	   from	   intracellular	  

storage	   in	   smooth	  muscle	   (Murthy	  et	  al.	  2003,	  Narayanan	  et	  al.	  2012).	  On	   the	  other	  

hand	  [Ca++]I	   can	  be	  regulated	  by	  entry	   through	  voltage–dependent	  Ca
++-‐channel,	  and	  

action	  of	  the	  endothelin	  receptor,	  both	  are	  targets	  also	  regulated	  by	  (-‐)-‐epicatechin.	  As	  

downstream	   effectors	   microarray	   analysis	   together	   with	   western-‐blot	   analysis	  

revealed	  a	  regulation	  of	  MLCK	  and	  MYPT.	  	  
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This	   transcriptional	   study	   strongly	   indicate	   that	  oral	   administration	  of	   (-‐)-‐epicatechin	  

regulates	  vascular	  reactivity	  also	  by	  modulating	  [Ca++]I	  dependent	  signaling	   in	  smooth	  

muscles	  of	  the	  vascular	  wall.	  This	  hypothesis	  is	  supported	  from	  in	  vitro	  findings	  using	  

other	  catechin	  compounds	  but	  is	  not	  reported	  for	  (-‐)-‐epicatechin.	  In	  rat	  aortic	  smooth	  

muscle	   cells	   (RASMC)	  EGCG	   increased	  cAMP	  and	  cGMP	  along	  with	  diminished	   [Ca++]I	  

increase	   to	   a	   contractile	   stimulus.	   This	   effect	   was	   accompanied	   by	   EGCG-‐mediated	  

relaxation	  of	  endothelium-‐intact	  rat	  aortic	  rings	  (Alvarez	  et	  al.	  2006).	  However	  earlier	  

findings	  by	  the	  same	  group	  show	  a	  reverse	  response	  to	  EGCG	  with	  a	  transient	  [Ca++]I	  	  

increase	  in	  RASMC	  accompanied	  by	  a	  contraction	  of	  endothelium-‐denuded	  aortic	  rings	  

(Alvarez-‐Castro	   et	   al.	   2004).	   Measurements	   of	   actual	   currents	   in	   RASMC	   using	   the	  

whole-‐cell	  voltage-‐clap	  technique	  suggest	  that	  an	  increase	  in	  Ca++-‐influx	  is	  responsible	  

for	   the	   acute	   EGCG-‐induced	   increase	   in	   [Ca++]I	   and	   the	   subsequent	   endothelium-‐

independent	  contractile	  effect,	  while	  the	  Ca++-‐antagonist	  activity	  of	  EGCG	  in	  long-‐term	  

treatments	   is	   responsible	   for	   the	   vasorelaxant	   effect	   (Campos-‐Toimil	   et	   al.	   2007).	  

Downstream	   of	   [Ca++]I	   regulation	   EGCG	   has	   been	   shown	   to	   activate	  MYPT	   and	   as	   a	  

consequence	   decrease	   the	   phosphorylation	   state	   of	   myosin	   in	   colon	   cancer	   cells	  

(Umeda	   et	   al.	   2008).	   In	   general	   it	   seems	   important	   to	   distinguish	   between	   an	   initial	  

transient	   smooth	   muscle	   contraction,	   which	   is	   mediated	   by	   Ca++/CaM	   -‐dependent	  

activation	  of	  MLCK/myosin	  phosphorylation	  and	  sustained	  long-‐term	  effects	  which	  are	  

largely	  Ca++-‐independent	  and	  involve	  regulation	  of	  MYPT	  (Murthy	  et	  al.	  2003).	   In	  this	  

work	   the	   phosphorylation	   state	   and	   herewith	   the	   activity	   of	  MCLK	   and	  MYPT	   in	   the	  

aorta	   of	   the	   mice	   was	   not	   changed	   by	   (-‐)-‐epicatechin	   treatment	   (Fig.	   35),	   but	   as	  

described	   regulation	   of	  myosin	   phosphorylation	   is	   a	   rapid	   and	   transient	  mechanism	  

rather	  than	  a	  constant	  inert	  biochemical	  state.	  	  

Taken	  together	  in	  vitro	  studies	  support	  the	  role	  of	  eNOS-‐cGMP-‐PKG,	  and	  regulation	  of	  

Ca++-‐signaling	  and	  myosin	  phosphorylation	   in	   flavanol	  mediated	  effects.	  However	   the	  

exact	  regulation	  of	  the	  signaling	  cascade	  including	  [Ca++]I,	  MLCK,	  MYPT	  and	  myosin	  by	  

(-‐)-‐epicatechin	   remains	   to	   be	   investigated,	   since	   there	   is	   no	   in	   vivo	   data	   about	   it,	  	  

and/or	   in	   vitro	  data	  were	  done	  with	   cells	   of	   not	   vascular	  origin	  or	   applying	   EGCG,	   a	  

not-‐comparable	   compound	  with	   different	   structure	   and	   potentially	   different	   effects.	  
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Limitations	   of	   global	   gene	   expression	   analysis	   in	   this	   study	   is	   the	   lack	   of	   target	  

verification	  by	  real-‐time	  PCR	  for	  all	  targets	  and	  lack	  of	  functional	  analysis	  but	  this	  are	  

steps,	   which	   are	   currently	   under	   investigation.	   Since	   aorta	   lysates	   were	   used,	   the	  

discrimination	  between	  gene	  regulation	  in	  endothelial	  cells	  and	  smooth	  muscle	  cells	  is	  

not	   possible.	  However,	   it	   is	   important	   to	   consider	   that	  most	   of	   the	   template	  origins	  

from	  smooth	  muscles	  because	  they	  outnumber	  endothelial	  cells	  in	  the	  aorta.	  Whether	  

or	   not	   decreased	   [Ca++]I	   in	   smooth	  muscle	   parallels	   increased	   vasorelaxation	   by	   (-‐)-‐

epicatechin	  in	  vivo	  should	  be	  subject	  of	  future	  investigations.	  	  

	  

Establishing	  a	  mouse	  model	  for	  assessment	  of	  vascular	  function	  	  

The	  establishment	  of	  methods	  for	  the	  non-‐invasive	  measurement	  of	  vascular	  function	  

in	   living	  mice	  was	   an	   essential	   part	   of	   this	   work.	   Scanning	   LDPI	   together	  with	   high-‐

resolution	  ultrasound	  has	  been	   introduced	  for	  the	  first	  time	  as	  a	  robust	  non-‐invasive	  

method	   for	   the	   assessment	   of	   vascular	   function	   in	   mice	   in	   vivo.	   	   Determination	   of	  

PORH	   in	   the	   hindlimb	   allowed	   the	   reproducible	   intra-‐	   and	   inter-‐individual	  

measurements,	  which	  may	  be	  applied	  to	  evaluate	  vascular	  function	  in	  mice	  models	  of	  

cardiovascular	  disease.	  In	  particular	  this	  study	  shows	  that,	  1)	  changes	  in	  diameter	  and	  

flow	   in	   the	   femoral	   artery	   in	   response	   to	   vasoactive	  drugs	   correlate	  with	   changes	   in	  

MPU,	   2)	   dilation	   of	   the	   femoral	   artery	   in	   response	   to	   reperfusion	   after	   transient	  

ischemia	  (FMD)	  correlate	  with	  increased	  tissue	  reperfusion	  (PORH),	  3)	  measurements	  

of	   PORH	   by	   scanning	   LDPI	   are	   reproducible,	   depend	   on	   availability	   of	   endogenous	  

vasodilators	  and	  decrease	  with	  increasing	  animal	  age.	  	  

What	  is	  the	  origin	  of	  the	  LDPI	  signal	  in	  mouse	  hindlimb?	  

The	   perfusion	   map	   obtained	   by	   scanning	   a	   defined	   area	   of	   the	   hindlimb	   shows	   a	  

discrete	   region	  of	   very	  high	   signal	   intensity,	  which	   corresponds	   to	   the	  area	  of	   tissue	  

with	  and	  around	   the	   femoral	   artery	   (see	  methods).	  According	   to	   the	  manufacturer’s	  

information	   the	   measurement	   depth	   of	   the	   system	   used	   in	   this	   study	   has	   been	  

calculated	   to	   be	   around	   1	   mm	   in	   human	   skin.	   In	   mice	   the	   femoral	   artery	   can	   be	  
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visualized	  at	  0.4	  cm	  penetration	  depth	  with	  high-‐resolution	  ultrasound.	  Thus,	  a	  major	  

part	   of	   the	   measured	   “mean	   perfusion	   units”	   is	   dependent	   on	   blood	   flow	   in	   the	  

femoral	   artery	   (macrocirculation)	   and	   less	   a	   measure	   of	   microcirculatory	   tissue	  

perfusion.	   Therefore,	   the	   use	   of	   scanning	   LDPI	   in	   the	   mouse	   hindlimb	   is	   not	  

comparable	  to	  its	  use	  in	  human	  skin,	  where	  –	  considering	  the	  penetration	  depth	  of	  the	  

laser	  –	  it	  is	  applied	  to	  assess	  microcirculatory	  function.	  

Measurements	  of	  PORH:	  reproducibility	  and	  dependency	  on	  physiological	  stimuli.	  	  	  

Measurement	  of	  PORH	  with	  different	  methods	   is	  routinely	  applied	   in	  clinical	  settings	  

to	  evaluate	  the	  endothelial	  functionality	  of	  different	  vessel	  beds,	  and	  it	  is	  known	  to	  be	  

dependent	  on	  occlusion	  time	  and	  on	  endogenous	  vasodilators.	  	  	  

As	  a	  first	  step	  of	  scanning	  LDPI	  validation	  for	  assessment	  of	  hyperemic	  responses,	  this	  

study	   shows	   that	   the	   LDPI	   signal	   is	   directly	   correlated	   to	   changes	   in	   diameter	   and	  

blood	  flow	  in	  the	  femoral	  artery	  assessed	  by	  ultrasound	  (Fig.	  11).	  Thus,	  administration	  

of	   endothelium	   independent	   and	   endothelium	   dependent	   pharmacological	  

vasodilators	   or	   a	   vasoconstrictor	   caused	   an	   increase	   or	   decrease	   in	   vessel	   diameter,	  

and	  blood	  flow,	  which	  corresponded	  to	  a	  comparable	  response	  in	  MPU.	  	  

As	   a	   second	   step,	   it	   has	   been	   verified	   that	   PORH-‐induced	   changes	   in	   peak	   MPU	  

corresponded	   to	   peak	   FMD	   of	   the	   femoral	   artery,	   which	   is	   a	   widely	   accepted	  

parameter	   for	   determining	   endothelial	   function.	   The	  elevation	  of	  MPU	   lasted	   longer	  

than	   the	   FMD	   response	   (Fig.	   14),	   indicating	   a	  microvascular	   component	   of	   the	   LDPI	  

signal.	   Interestingly,	   maximal	   MPU	   after	   PORH	   was	   comparable	   with	   the	   maximum	  

NTG-‐induced	   MPU	   increase,	   and	   significantly	   higher	   than	   the	   ACh	   or	   adenosine	  

induced	  response.	   Importantly,	  basal	  perfusion	  was	  blunted	  and	  PORH	  was	  absent	   in	  

chronic	  hindlimb	  ischemia	  induced	  by	  surgical	  excision	  of	  the	  femoral	  artery	  (Fig.	  13).	  

In	   addition	   PORH-‐induced	   changes	   in	  MPU	  were	   dependent	   on	   the	   duration	   of	   the	  

occlusion	   (Fig.	   15)	   and	   increased	  with	   longer	   occlusion	   times,	   further	   validating	   this	  

measurement	  approach.	  	  

As	  a	  third	  step,	  the	  reproducibility	  and	  variability	  of	  PORH	  assessed	  by	  LDPI	  has	  been	  

analysed	  by	  repeated	  intra-‐individual	  and	  inter-‐individual	  measurements	  (Fig.	  15).	  The	  
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most	  robust	  parameter	  was	  the	  time	  to	  peak,	  which	   is	  an	   indicator	  of	  the	  rapidity	  of	  

the	  response,	  and	  the	  ratio	  of	  maximum	  and	  baseline	  perfusion,	  which	  is	  an	  indicator	  

of	   the	   magnitude	   of	   the	   response.	   Interestingly,	   the	   rapidity	   of	   the	   hyperemic	  

response	   was	   dependent	   on	   synthesis	   of	   both	   NO	   and	   prostaglandins,	   as	   the	   NOS	  

inhibitor	  L-‐NNA	  as	  well	  as	  the	  COX	  inhibitor	  indomethacin	  increased	  time	  to	  peak	  (Fig.	  

16).	  	  

As	  a	  fourth	  step	  the	  physiological	  significance	  of	  PORH	  has	  been	  proven.	  Vascular	  aging	  

is	   known	   to	   induce	  endothelial	  dysfunction	   in	  humans	   (Seals	  et	  al.	   2011)	  and	   in	   rats	  

(Heiss	  et	  al.	  2007)	  and	  is	  associated	  with	  impaired	  angiogenesis	  (Rivard	  et	  al.	  1999)	  and	  

aortic	  ring	  relaxation	  (Gendron	  et	  al.	  2012)	  in	  mice.	  Here,	  it	  was	  found	  that	  12	  and	  24	  

months	   old	  mice	   have	   a	   slower	   vascular	   responsiveness	   (time	   to	   peak),	   significantly	  

decreased	  magnitude	   of	   response	   (perfusion	   reserve	   and	   AUC)	   and	   a	   less	   sustained	  

hyperemia	  as	  compared	  to	  younger	  mice	  (Fig.	  17).	  	  

Although	  the	  use	  of	  in	  vivo	  models	  of	  cardiovascular	  disease	  is	  widely	  spread,	  methods	  

for	   evaluating	   endothelial	   function	   in	   rodents	   are	   mainly	   restricted	   to	   ex	   vivo	  

techniques,	   or	   high	   resolution	   ultrasound	   in	   rats	   (Heiss	   et	   al.	   2007).	   Even	   if	   a	   direct	  

correlation	  between	  the	  changes	  in	  arterial	  diameter,	  arterial	  blood	  flow	  and	  changes	  

in	   perfusion	   has	   been	   demonstrated	   in	   this	   study,	   the	   LDPI	   technique	   cannot	   fully	  

substitute	  ultrasound	   for	  determination	  of	   FMD	   in	   vivo.	  As	   compared	   to	  ultrasound,	  

scanning	  LDPI	  is	  less	  specific	  for	  endothelial	  function	  (i.e.	  does	  not	  measure	  diameter	  

and	   flow	   velocity	   in	   the	   vessel)	   and	   cannot	   distinguish	   macrocirculation	   and	  

microcirculation.	  However,	  it	  allows	  to	  measure	  tissue	  perfusion	  in	  a	  defined	  region	  of	  

interest,	  is	  easier	  to	  use,	  requires	  less	  training	  time	  to	  achieve	  reproducibility,	  and	  it	  is	  

more	  robust	  as	  additionally	  demonstrated	  for	  basal	  perfusion	  measurements	  in	  mouse	  

hindlimb	   (Greco	   et	   al.	   2013).	   Moreover	   it	   is	   less	   sensible	   than	   ultrasound	   to	   tiny	  

changes	   in	   hindlimb	   position	   during	   inflation	   and	   deflation	   of	   the	   cuff,	   temperature	  

and	  small	  changes	  in	  cardiac	  and	  circulatory	  parameters,	  and	  it	  is	  more	  affordable.	  	  	  	  

To	   conclude,	   in	   order	   to	   perform	   reliable	   measurements	   for	   assessing	   vascular	  

function	  in	  mice	  in	  vivo	  both	  methods	  were	  applied	  –	  high-‐resolution	  ultrasound	  and	  
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scanning	  LDPI.	  Both	  methods	  combined	  allow	  to	  test	  the	  effects	  of	  pathophysiological	  

changes	  of	  vascular	  function	  in	  correlation	  to	  genetic	  or	  pharmacological	  manipulation,	  

or	   physiological	   processes	   like	   aging	   both	   in	   a	   cross-‐sectional	   or	   longitudinal	  

experimental	  settings	  in	  the	  living	  animal.	  Thus	  they	  permit	  an	  easier	  translation	  of	  the	  

findings	  to	  the	  clinical	  application	  in	  humans.	  

	  

Summary	  and	  Conclusion	  

The	  present	  work	  analysed	  the	  mechanisms	  underlying	  the	  vascular	  effects	  of	  oral	  (-‐)-‐

epicatechin	  in	  vivo.	  The	  beneficial	  action	  of	  flavanols	  on	  cardiovascular	  health	  is	  widely	  

reported	   but	   the	  mechanisms	   are	   not	   well	   understood	   and	  mechanistic	   studies	   are	  

mainly	  limited	  to	  in	  vitro	  findings	  with	  (-‐)-‐epicatechin.	  This	  study	  demonstrates	  that	  in	  

vivo	  effects	  of	   (-‐)-‐epicatechin	   are	  dependent	  on	  both	  eNOS-‐dependent	   regulation	  of	  

NO	  production	  and	  Nrf2-‐dependent	  regulation	  of	  the	  redox	  state	  (Fig.	  38).	  	  	  

The	   underlying	  mechanisms	   include	   an	   activation	   of	   the	   eNOS/cGMP/PKG	   pathway,	  

downstream	   signaling	   in	   the	   vessel	   wall,	   regulation	   of	   the	   antioxidant	   defense	   and	  

regulation	   of	   redox	   state	   in	   tissue	   of	   the	   cardiovascular	   system.	   Moreover	  

transcriptional	  profiling	  in	  vascular	  tissue	  identified	  novel	  (-‐)-‐epicatechin	  targets	  in	  vivo	  

including	  vascular	  smooth	  muscle	  and	  Ca++	  signaling	  in	  interaction	  of	  NO-‐signaling.	  
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Why	  is	  this	  study	  relevant	  for	  translational	  flavanol	  research	  ?	  

This	  work	  provides	  significant	  contribution	  to	  translational	  flavanol	  research	  because	  it	  

identified	   relevant	   underlying	  mechanisms,	   which	   are	   able	   to	   explain	   how	   flavanols	  

improve	  vascular	   function	   in	  vivo.	  Analysis	  of	  biochemical	  and	  biological	  mechanisms	  

involved	  in	  effects	  of	  a	  oral	  intervention	  is	  neither	  possible	  in	  tissue	  in	  humans,	  nor	  is	  

reported	  in	  other	  in	  vivo	  models	  in	  this	  extent	  so	  far.	  There	  is	  cumulative	  evidence	  that	  

flavanols	   can	   reverse	   or	   diminish	   the	   initiation	   and	   progression	   of	   cardiovascular	  

disease.	   The	   identification	   of	   potential	   targets	   and	   regulated	   signaling	   cascades	   can	  

help	   to	   develop	   and	   specify	   their	   application	   in	   dietary	   supplementation	   or	  medical	  

treatment.	   In	   this	   study	   mice	   models	   were	   chosen	   to	   analyze	   the	   mechanisms	   in	  

cardiovascular	  tissue	  because	  genetic	  models	  with	  a	  deletion	  in	  potential	  target	  genes	  

were	  available.	   Importantly	   a	  dose	  of	  2	  mg/kg	   (-‐)-‐epicatechin	  was	  used	   in	   this	   study	  

which	   improved	  vascular	  function	  in	  mice	  after	  five	  days,	  but	  was	  also	  demonstrated	  

to	   improve	  FMD	  of	  the	  brachial	  artery	   in	  human	  in	  acute	  (2h)	  (Schroeter	  et	  al.	  2006)	  

and	  longer	  term	  conditions	  (1-‐7d)	  (Heiss	  et	  al.	  2007)	  (Engler	  et	  al.	  2004).	  

This	   study	   demonstrates	   that	   (-‐)-‐epicatechin	   is	   rapidly	   absorbed	   and	  metabolised	   in	  

mice.	   HPLC-‐analysis	   of	   plasma	   samples	   revealed	   a	   dose-‐dependent	   absorption	   and	  

metabolism	   of	   (-‐)-‐epicatechin	   in	   mice	   within	   one	   hour	   (Fig.	   9).	   The	   saturation	   is	  

reached	   at	   4-‐10	   mg/kg	   and	   up	   to	   78	   %	   of	   total	   (-‐)-‐epicatechin	   found	   in	   plasma	   is	  

metabolized	   as	   methylated	   3’-‐	   and	   4’-‐O-‐methylepicatechin.	   In	   human	   the	   highest	  

amount	   of	   circulating	   flavanols	   was	   found	   two	   hours	   after	   oral	   administration	  

(Schroeter	   et	   al.	   2006)	   and	   also	   the	   most	   abundant	   metabolite	   was	   methylated	  

epicatechin	  while	  unmethylated	  (-‐)-‐epicatechin	  represented	  the	  minor	  part.	  Moreover	  

it	   was	   shown	   that	   (-‐)-‐epicatechin	   is	   best	   absorbed,	   metabolised,	   and	   bioactive	   in	  

human	  compared	  to	  other	  flavanol	  stereoisomers	  such	  as	  (+)-‐epicatechin,	  (−)-‐catechin,	  

and	  (+)-‐catechin	  (Ottaviani	  et	  al.	  2011). Interestingly	  compared	  to	  human	  total	  plasma	  

flavanol	   concentration	   is	   threefold	   higher	   in	   mice	   (1500	   nM	   vs.	   600	   nM)	   after	  

administration	   of	   (-‐)-‐epicatechin.	   This	   underlines	   the	   importance	   of	   in	   vivo	  

experiments	  to	  investigate	  flavanol	  mediated	  effects,	  as	  in	  vitro	  studies	  only	  rarely	  use	  
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metabolites	   including	   the	  methylated	   derivatives	   of	   (-‐)-‐epicatechin	   for	   treatment	   of	  

cells	  (Steffen	  et	  al.	  2007).	  	  

Another	  phenomenon	   found	   in	   this	   study	  which	   is	   relevant	   for	   translational	   flavanol	  

research,	  is	  a	  bell-‐shaped	  dose-‐dependence	  of	  (-‐)-‐epicatechin	  in	  vivo	  reported	  as	  dose-‐

response	   curve	   measured	   as	   PORH	   and	   increased	   vascular	   reactivity	   and	   pulsatility	  

with	   2	  mg/kg	   but	   not	   10	  mg/kg	   (-‐)-‐epicatechin	  measured	   as	   FMD,	   PWV	   and	   PORH.	  

Similar	   to	   these	   findings	   in	   mice,	   treatment	   of	   healthy	   rats	   with	   10	   mg/kg	   (-‐)-‐

epicatechin	  did	  not	  result	  in	  an	  increased	  aortic	  ring	  relaxation	  (Gomez-‐Guzman	  et	  al.	  

2012).	   The	   effects	   of	   different	   dose	   of	   dietary	   flavanols	   are	   reported	   but	   not	  

satisfactory	  discussed	  in	  studies	  from	  animal	  models	  and	  also	  in	  human.	  Both	  dose	  of	  

(-‐)-‐epicatechin,	   2	   mg/kg	   and	   10	   mg/kg,	   restored	   endothelial	   defects	   but	   only	   the	  

higher	  dose	  reduced	  blood	  pressure	  and	  endothelin	  level	  in	  hypertensive	  rats	  (Gomez-‐

Guzman	  et	  al.	  2012).	  Moreover,	  this	  study	  provides	  further	  novel	  evidence	  for	  a	  bell-‐

shaped	   action	   of	   (-‐)-‐epicatechin	   in	   vivo	   supporting	   the	   reverse	   effects:	   1)	   The	  

absorption	   and	  metabolism	   of	   (-‐)-‐epicatechin	   in	  mice	   reaches	   a	   plateau	   at	   4	  mg/kg	  

(Fig.	   9),	   this	   indicates	   a	   saturation	   effect	   where	   (-‐)-‐epicatechin	   can	   no	   longer	   be	  

absorbed	   and	   metabolized.	   Importantly	   this	   resulting	   excess	   of	   unprocessed	  

polyphenolic	   compounds	   in	   the	   organism	   may	   even	   have	   toxicl	   effects	   for	   the	  

organism	  (Takami	  et	  al.	  2008,	  Eagle	  2012);	  2)	  Treatment	  with	  the	  higher	  (-‐)-‐epicatechin	  

dose	   massively	   changes	   global	   gene	   regulation	   in	   vascular	   tissue	   compared	   to	   the	  

lower	  dose	  and	  control	  conditions.	  	  This	  is	  can	  be	  seen	  as	  a	  proof	  for	  the	  importance	  of	  

the	  dose	  of	  flavanols	  used	  in	  in	  vivo	  studies,	  in	  particular	  when	  vascular	  effects	  are	  the	  

matter	   of	   interest.	   Which	   mechanisms	   underlie	   the	   adverse	   effects	   on	   vascular	  

function	  of	  higher	  dose	  of	  (-‐)-‐epicatechin	  in	  vivo,	  is	  current	  topic	  of	  research	  in	  our	  lab.	  	  

In	   summary	   this	   study	   provides	   new	   insides	   for	   mechanistic	   action,	   but	   also	   from	  

metabolism	  and	  dose-‐dependence	  and	   thus	  helps	   to	  understand	  how	   (-‐)-‐epicatechin	  

may	  mediate	   its	   beneficial	   cardiovascular	   effects	   in	   human	   and	  may	   therefore	   have	  

relevant	   impact	   on	   future	   translational	   research	   in	   this	   field.
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     epicatechin“ 
 
06/2012 – 02/2012   Membership of the VIVID graduate school (in vivo 

models for human metabolic diseases Düsseldorf).  
   Membership of iGRAD (Interdisciplinary Graduate 

and Research Academy Düsseldorf) 
12/2009 –     PhD Candidate 
     Heinrich-Heine-Universität Düsseldorf 

Division of Cardiology, Pulmonology and 
Angiology 

WS 2007/2008 – SS 2009:     Master Biology 
              Heinrich-Heine-Universität Düsseldorf  

 Course specialization: Cell and Molecular Biology, 
Biochemistry 

 Master thesis: „Generation and characterization of 
clonal Unrestricted Somatic Stem Cells (USSC) 
from cord blood and analysis of the mesodermal 
differentiation potential“  

 Institute for Transplantation Diagnostics and Cell 
Therapeutics (ITZ) 

 Qualification: Master of Science (“excellent") 

WS 2004/2005 – SS 2007:      Bachelor Biology 
       Heinrich-Heine-Universität Düsseldorf  

 Bachelor thesis: „A comparison of methods for the 
qualitative and quantitative determination of RNA 
molecules in living cells “  

 Institute: Institute for Biophysics 
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 Qualification: Bachelor of Science (Final grade: 
 ”very good”) 

 
Civilien Service 
09/2003 – 06/2004:      Central Laboratory of the Community Hospital   
     in Solingen 
Education 
06/1994 – 06/2003:      Secondary School August-Dicke in Solingen 
                                               Qualification: Abitur (Final grade: 2,8) 

09/1991 – 05/1994:       Primary School Meigen in Solingen 
 
Work Experience 
07/2007 – 09/2009:        José Carreras Stem Cell Bank, Düsseldorf 
02/2007 –03/2007:       During Bachelor Study at a laboratory for 

hematology of the St.Lukas hospital in Solingen 
10/2001 – 11/2001:        DuPont® Performance Coatings 

 
Publications / Abstracts 
 
T. Krenz*, M. Weidenbach*, M. Cortese-Krott, and M. Kelm. Endothelial dysfunction in mice lacking 
nuclear factor (erythroid-derived 2)-like 2. Submitted for presentation in DGK´s 80th Annual Meeting 
(2014) 

T. Krenz, M. Cortese-Krott, M. Weidenbach, M. Totzeck, T. Rassaf, M. Kelm, C. Heiss. - Laser Doppler 
perfusion imaging for non-invasive assessment of vascular responses in living mice. Submitted for 
presentation in DGK´s 79th Annual Meeting. Clin Res Cardiol 102, Suppl 1, (2013) 

M. Cortese-Krott*, T. Krenz*, A. Rodriguez-Mateos, F. Oberle, K. Weber, D. Pullman, M. Haeberlein, S. 
Thasian-Sivarajah, J. Spencer, M. Kelm, M. W. Merx, C. Heiss. - Analysis of acute and chronic effects of 
(-)-epicatechin on NO bioavailability and organ redox state in the cardiovascular system in vivo. 
Submitted for presentation in DGK´s 79th Annual Meeting. Clin Res Cardiol 102, Suppl 1, (2013) 

Miriam M. Cortese-Krott, Ana Rodriguez-Mateos, Roberto Sansone, Gunter G. C. Kuhnle, Sivatharsini 
Thasian-Sivarajah, Thomas Krenz, Patrick Horn, Christoph Krisp, Dirk Wolters, Christian Heiß, Klaus-
Dietrich Kröncke, Neil Hogg, Martin Feelisch and Malte Kelm. Human red blood cells at work: 
identification and visualization of erythrocytic eNOS activity in health and disease. Blood (2012). 

Thomas Krenz, Miriam M Cortese-Krott, Malte Kelm, and Christian Heiss. Non-Invasive Assessment of 
Vascular Responses in Living Mice Using Laser Doppler Perfusion Imaging. Submitted for presentation 
in SFRBM´s 19th Annual Meeting. Free Radical Biology and Medicine, Volume 53, Supplement 2, Page 
S45, (2012). 

M.M. Cortese-Krott*, T. Krenz*, A. Rodriguez-Mateos, F. Oberle, S. Sivarajah, M. Kelm. (-)-
Epicatechin increases systemic Nrf2-dependent response and vascular function in mice. Submitted for 
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presentation in SFRBM´s 19th Annual Meeting. Free Radical Biology and Medicine, Volume 53, 
Supplement 1, Page S167, (2012). 

Miriam M Cortese-Krott*, Thomas Krenz*, Ana Rodriguez-Mateos, Friederike Oberle, Kim Weber, 
Sivatharsini Thasian-Sivarajah, Malte Kelm, and Christian Heiss. (-)-Epicatechin Increases NO 
Bioavailability and Nrf2- Dependent Response in the Vessel Wall in Vivo. Submitted for presentation in 
SFRBM´s 19th Annual Meeting. Free Radical Biology and Medicine, Volume 53, Supplement 2, Page 
S179, (2012). 

Cortese-Krott, MM.*, Krenz, T.*, Rodriguez-Mateos, A., Oberle, F., Sivarajah, S., Heiss, C. and Kelm, 
M. Molecular mechanisms involved in cocoa-induced vascular protection: a role of Nrf2, submitted for 
presentation in DGK´s 78th Annual Meeting. Clin Res Cardiol 101, Suppl 1. (2012). 
 
Cortese-Krott, MM., Sansone, R., Sivarajah, S., Rodriguez-Mateos, A., Kuhnle, G., Krenz, T., Krisp, C., 
Horn, P., Wolters, D., Heiss, C. and Kelm, M. Decreased expression and activity of red cell eNOS 
correlate with endothelial dysfunction in humans, submitted for presentation in SFRBM´s 18th Annual 
Meeting. Free Radical Biology and Medicine, Volume 51, Supplement 1, Page S157, (2011). 
 
Cortese-Krott, MM., Horn, P., Krenz, T., Krisp, C., Sivarajah, S., Lysaja, K., Strigl, F., Kröncke, K-D., 
Heiss, C. and Kelm, M. Isolation, Characterisation, and Activity of an Endothelial Nitric Oxide Synthase 
in Human Red Blood Cells, submitted for  presentation in SFRBM´s 17th Annual Meeting. Free Radical 
Biology and Medicine, Volume 49, Supplement, (2010) 
 
Kluth, S., Buchheiser, A., Houben, A., Geyh, S., Krenz, T., Radke, TF., Wiek, C., Hanenberg, H., 
Reinecke, P., Wernet, P., Kögler, G. DLK-1 as a marker to distinguish unrestricted somatic stem cells 
and mesenchymal stromal cells in cord blood, Stem Cells Dev. 2010 
 
Krenz, T., Geyh, S., Kluth, S., Wernet, P., Wiek, C. Hanenberg, H., Buchheiser, A. and Kögler, G. 
Generation of clonal derived Unrestricted Somatic Stem Cells (USSC) from cord blood and analysis of 
their expression and differentiation potential, submitted for poster presentation in Stem Cell Network 
North Rhine-Westphalia (2009). 

 
Additional    
 
Language skills:         English (written and spoken) 
                                     Polish (native language) 
                 Spanish (school knowledge) 
         French (school knowledge) 
 
Achievements  
during studies:  VIVID scholarship funded by the Heinrich-Heine-

Universität Düsseldorf            
    Grant from the Dr. Jost Henkel Stiftung 

    Poster-Award (5th International Meeting, Stem                                   
                                    Cell Network North Rhine-Westphalia) 
      

          
Additional    “Time Management-Get more done with less Effort” 
Courses and    “Writing workshop – research paper” 
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Workshops    “Presenting science 1 – comprehensive, competent and 
convincing” 
“Good Scientific Practice” 
“Felasa - Federation for Laboratory Animal Science 
Associations 
“English – Grammar I“ 
“English – Grammar II“ 
“Adobe Photoshop – workshop“ 

                                 
Interests:                    sportive activities in privacy as well as at college  

              (Soccer, Swimming, Running, Bicycling) 
      Music, Cinema, Movies   
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