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Resum

L’acid maslinic (2a, 3B-dihidroxilean-12-ene-28oic) €s un triterpe pentaciclic que s’ha
aillat de diferents espeécies vegetals, tant medicinals com comestibles, i al qual se li han
atribuit efectes beneficiosos per a la salut. A la present memoria s’ha estudiat la toxicitat i
la biodisponibilitat d’aquest compost per tal d’aprofundir en el seu coneixement. En primer
lloc, s’ha posat a punt una técnica per determinar I'acid maslinic a plasma de rata
mitjancant una doble extraccié liquid-liquid i posterior analisi per HPLC-MS. Agquest
meétode ha demostrat ser lineal (R>0,997), exacte (<4,82%), sensible (LLOQ 5 nM),
precis, tant intra-dia (5,45%) com inter-dia (8,38%), amb una recuperacié del 99% i un
efecte matriu del 24%. El métode va permetre la determinacié de I'acid maslinic a plasma
24 h després de 'administracié oral de 10, 25 i 50 mg/kg a rates mascle Sprague-Dawley
tot indicant que és apropiat per a ser emprat en estudis de biodisponibilitat. A continuacia,
s’ha avaluat si 'administracié de dosis elevades d’acid maslinic presenta efectes nocius
seguint les normes OECD (2008). La toxicitat subaguda s’ha avaluat administrant I'acid
maslinic (50 mg/kg) diariament per via oral a ratolins mascle Swiss CD-1 durant 28 dies.
No s’han observat alteracions ni anomalies causades pel tractament ni en el pes corporal,
ni en les magnituds hematologiques i bioquimiques ni a I'examen histopatologic dels
organs vitals. Un cop establerta I'abséncia de resultats de rellevancia toxicologica es va
estudiar la biodisponibilitat, com a pas previ al seu Us futur com a nutricéutic. Per aix0, es
va administrar el triterpeé a rates mascle Sprague-Dawley per via oral (50 mg/kg) i
intravenosa (1 mg/kg) i es va extreure sang a diferents temps durant 24 hores. Les
concentracions plasmatiques de I'acid maslinic obtingudes després de I'administracio oral
i intravenosa van ser analitzades simultaniament seguint una aproximacié poblacional
amb el programa NONMEN. El model bicompartimental amb absorcié de primer ordre i
eliminacio lineal és el que millor descriu el comportament de I'acid maslinic a 'organisme.
L’analisi de les constants farmacocinétiques indiquen que aguest compost bioactiu té una
absorcio relativament rapida (Ka = 0,52 1/h) amb una concentracié maxima de 4,03 uM a
les 0,51 h i una biodisponibilitat del 5,13%. Per Ultim, s’han estudiat els metabolits de
I'acid maslinic després de I'administracié oral a rata (50 mg/kg), mitjangant 'lHPLC-LTQ-
Orbitrap-MS. S’han identificat 7 metabolits a plasma resultants del metabolisme de fase |,
corresponents a les relacions massa/carrega (m/z) de 487,3 (M1 - M4), 485,3 (M5) i 501,3
(M6 i M7) i a orina s’han detectat només 4 (M1, M4, M5 i M6) sent l'acid maslinic
majoritari en ambdues matrius. En conclusié, I'acid maslinic no presenta efectes adversos
in vivo, té una baixa biodisponibilitat i es metabolitza poc donant derivats Unicament de
fase |. Els resultats obtinguts constitueixen un primer pas en I'is futur de I'acid maslinic

com a nutriceutic.






Resumen

El &cido maslinico (2a, 3B-dihidroxilean-12-ene-28oico) es un triterpeno pentaciclico que
se ha aislado de diferentes especies vegetales, tanto medicinales como comestibles, y al
gue se le han atribuido efectos beneficiosos para la salud. En la presente memoria se ha
estudiado la toxicidad y la biodisponibilidad de este compuesto para profundizar en su
conocimiento. En primer lugar, se ha puesto a punto una técnica para determinar el acido
maslinico en plasma de rata mediante una doble extraccion liquido-liquido y posterior
analisis por HPLC-MS. Este método ha demostrado ser lineal (R>0,997), exacto
(<4,82%), sensible (LLOQ 5 nM), preciso, tanto intra-dia (5,45%) como inter-dia (8,38%),
con una recuperacion del 99% y un efecto matriz del 24% para el analito. El método
permiti6 la determinacién del acido maslinico en plasma 24 h después de la
administracién oral de 10, 25 y 50 mg/kg a ratas macho Sprague-Dawley indicando que
es apropiado para ser utilizado en estudios de biodisponibilidad. A continuacion, se ha
evaluado si la administracion de dosis elevadas de acido maslinico presenta efectos
nocivos siguiendo las normas OECD (2008). La toxicidad subaguda se ha evaluado
administrando acido maslinico (50 mg/kg) diariamente por via oral a ratones macho Swiss
CD-1 durante 28 dias. No se han observado alteraciones ni anomalias causadas por el
tratamiento ni en el peso corporal, ni en las magnitudes hematolégicas y bioguimicas ni
en el examen histopatoldgico de los 6rganos vitales. Una vez establecida la ausencia de
resultados de relevancia toxicolégica se estudio la biodisponibilidad como paso previo en
su uso futuro como nutracéutico. Por este motivo, se administré el triterpeno en ratas
macho Sprague-Dawley por via oral (50 mg/kg) y via intravenosa (1 mg/kg) y se extrajo
sangre a diferentes tiempos durante 24 horas. Las concentraciones plasméticas del 4cido
maslinico obtenidas después de la administracién oral e intravenosa fueron analizadas
simultdneamente siguiendo una aproximacién poblacional con el programa NONMEM. El
modelo bicompartimental con absorcién de primer orden y eliminacién lineal es el que
mejor describe el comportamiento del acido maslinico en el organismo. El andlisis de las
constantes farmacocinéticas indican que este compuesto bioactivo tiene una absorcién
relativamente rapida (Ka = 0,52 1/h) con una concentracion maxima de 4,03 uM a las
0,51 h y una biodisponibilidad del 5,13%. Por ultimo, se han estudiado los metabolitos del
acido maslinico después de la administracion oral en rata (50 mg/kg), mediante el HPLC-
LTQ-Orbitrap-MS. Se han identificado 7 metabolitos en plasma resultantes del
metabolismo de fase I, correspondientes a las relaciones masa/carga (m/z) de 487,3 (M1
- M4), 485,3 (M5) y 501,3 (M6 y M7) y en orina se han detectado solo 4 (M1, M4, M5 y
M6) siendo el acido maslinico mayoritario en las dos matrices. En conclusion, el acido
maslinico no presenta efectos adversos in vivo, tiene una baja biodisponibilidad y un
escaso metabolismo con derivados Unicamente de fase I. Los resultados obtenidos

constituyen un primer paso en el uso futuro del &cido maslinico como nutracéutico.






Summary

Maslinic acid (2a, 33-dihydroxyolean-12-en-28oic) is a pentacyclic triterpene isolated from
different medicinal and edible plants, and with health-enhancing effects. Therefore, the
present work aims to assesses the toxicity and bioavailability in order to get an in-depth
knowledge of maslinic acid. Firstly, a method was set up to determine maslinic acid in rat
plasma by means of a double liquid-liquid extraction and HPLC-MS analysis. The method
is lineal (R>0.997), accurate (<4.82%), sensitive (LLOQ 5 nM), precise, both intraday
(5.45%) and interday (8.38%), with a recovery of 99% and a matrix effect of 24%. The
method allowed the determination of maslinic acid in plasma withdraw 24h after the
administration of 10, 25 and 50 mg/kg to male Sprague-Dawley rats thus confirming its
suitability for further pharmacokinetic analysis. Secondly, it was evaluated whether high
doses of maslinic acid have harmful effects, following the OECD guidelines (2008).
Subacute toxicological evaluation was performed through the daily oral administration of
50 mg/kg maslinic acid to Swiss CD-1 mice for 28 days. The treatment did not modify the
body weight and did not exert harmful effects as shown in the hematology, clinical
biochemistry and histopathology evaluation. Once the absence of adverse effects was
proved, the bioavailability study of maslinic acid has been carried out, as a previous step
for its future use as a nutraceutical. For this reason, the triterpene was administrated to
male Sprague-Dawley rats orally (50 mg/kg) and intravenously (1 mg/kg) and blood was
collected at different times over 24 h. The plasmatic concentrations of maslinic acid
obtained after both administrations were analyzed simultaneously following a population
PK approach with the NONMEM software. These concentrations were best fitted to a
bicompartmental model with first order absorption and lineal elimination processes. The
pharmacokinetic parameters obtained indicate that maslinic acid has a relatively rapid
absorption (Ka = 0.52 1/h) with a maximum concentration of 4.03 uM at 0.51 h and a
bioavailability of 5.13%. Finally, the metabolites of maslinic acid were studied after its oral
administration to rats (50 mg/kg) by HPLC-LTQ-Orbitrap-MS. Seven metabolites were
identified in plasma resulting from phase | reactions and corresponding to mass/charge
ratios (m/z) of 487.3 (M1 - M4), 485.3 (M5) and 501.3 (M6 and M7). Only 4 of them were
detected in urine (M1, M4, M5 and M6). Maslinic acid was the main compound in both
matrices. In conclusion, maslinic acid does not exert adverse effects in vivo, has a low
bioavailability and metabolism, with biotransformations mainly attributable to phase I.

These results constitute the first step for the future use of maslinic acid as a nutraceutical.
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1.1. L’ACID MASLINIC
1.1.1. Caracteristiques quimiques i fisiques

L’acid maslinic pertany al grup d’hidrocarburs derivats de l'isopré, que reben el nom de
terpens. Dins de 'amplissima i diversa familia de terpens es troben els triterpens, que
tenen 6 unitats d’isopré i férmula molecular C3Hyg. Els 30 atoms de carboni es poden
organitzar de formes diferents i la majoria d’ells tenen estructures policicliques, donant
lloc a més de 100 esquelets quimics diferents. Entre els triterpens es troben els
pentaciclics, que s6n un grup de compostos que estan ampliament distribuits al regne
vegetal i entre els quals es troba I'acid maslinic. Aquest compost es sintetitza com a
metabolit secundari i actua com a fitoalexina, protegint la planta d’atacs d’insectes i fongs
(Kombargi et al, 1998; Pungitore et al., 2005).

L’acid maslinic (2a,3B-dihidroxiolean-12-ene-28oic), també anomenat acid crategolic
(Figura 1.1), és una molécula amb una férmula empirica CzH4s04, NUMero de registre
CAS (Chemical Abstracts Service) de 4373-41-5 i massa molecular de 472,7 g/mol.
Aquest compost es presenta en forma de solid cristal-li i es pot dissoldre en solvents
organics com l'etanol, I'acetona, la dimetilformamida i el DMSO fins a una concentracié
de 0,5; 1; 15 i 20 mg/mL, respectivament. En canvi, en solvents com l'aigua, la seva
solubilitat és molt baixa (0,3 mg/mL a 25°C). Presenta un punt de fusié de 241,4 °C i un
punt d’ebullicié de 570 °C a 760 mm Hg. La seva densitat és de 1,15 g/cm® i I'index de
refracci6 de 1,57.

Figura 1.1. Estructura quimica de I'acid maslinic.

1.1.2. Biosintesi de I’acid maslinic a plantes

L’acid maslinic se sintetitza per la via del mevalonat a partir del 2,3-oxidoesquale, un
derivat lineal de lisopré (Thimmappa et al., 2014). La ciclacido del 2,3-oxidoesqualé
succeeix a través de diversos enzims, les ciclases del 2,3-Oxidoescualé també
anomenades triterpe sintases, que donaran lloc per una banda a la via dels esterols, i per

laltra a la via dels triterpens no esteroidals. En aquesta darrera via, es forma un
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carbocatio tetraciclic amb esquelet de dammara (Figura 1.2). Aquest catid, mitjancant
reaccions de ciclacio i migracions de metils i hidrurs, genera els carbocations a partir dels
quals, i per reaccions d’oxidacio, s’obtenen els triterpens pentaciclics (Thimmappa et al.,
2014). A partir dels cations lupenil, ursanil i oleanil, s’obtenen les molécules amb
esquelets lupans, ursans i oleanans, que han demostrat exercir diferents activitats
beneficioses en diverses malalties (Laszczyk, 2009; Algahtani et al., 2013). Aixi, el
carbocatioé lupenil, donara lloc al lupeol, que es transformara en acid betulinic. Amb
esquelet ursa s’obté I'a-amirina a partir de la qual es formen l'uvaol i I'acid ursolic (Stiti et
al., 2007). Del cati6 oleanil deriva la B-amirina, considerada un dels triterpens pentaciclics
més comuns a les plantes, en qué forma part de les resines i ceres de les mateixes de
forma lliure o esterificada amb acids grassos i aillada de plantes com el clau, el vesc i les

fulles de l'olivera (Jatczak i Grynkiewicz, 2014).
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Figura 1.2. Biosintesi dels triterpens a partir del 2,3-oxidoesqualé (adaptat de
Thimmappa et al., 2014).
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La B-amirina s’ha descrit com el triterpé precursor de I'acid maslinic a la Olea europaea L.
(Stiti et al., 2007). Mitjangant I'actuacié dels enzims de la subfamilia CYP716A (Figura
1.3), pertanyents a la familia dels citocroms P450, la B-amirina es transforma en eritrodiol
i aquest, alhora, en acid oleanolic per donar lloc a I'acid maslinic (Stiti et al., 2007;
Fukushima et al., 2011).

CYP716A

B-Amirina Eritrodiol Acid oleanolic Acid maslinic

Figura 1.3. Biosintesi de I'acid maslinic a través de la 3-amirina catalitzat per
CYP716A (adaptat de Stiti et al., 2007 i Fukushima et al., 2011).

1.2. FONTS DE L’ACID MASLINIC: ALIMENTS | PLANTES

L’acid maslinic és un microelement no nutritiu de la dieta ja que s’ha descrit en diverses
fruites, vegetals, llegums, herbes aromatiques i, especialment, en les fulles i el fruit de
I'olivera (Bianchi, 2003; Kalogeropoulos et al., 2010; Lin et al., 2011; Li et al., 2011; Yin et
al., 2012). A més, la seva presencia també s’ha confirmat en diverses plantes emprades
en la medicina tradicional originaries de la Xina, Nord-américa i Indonésia, entre d’altres
(Yarnell, 2002; Guo et al., 2011, Caligiani et al., 2013; Adnyana et al., 2013).

1.2.1. Fonts alimentaries
a) Olives

Una de les principals fonts

alimentaries de I'acid maslinic son els :
Epicarp

fruits de la Olea europaea L. Dins Coberta

_ _ _ llenyosa
Poliva, lacid maslinic es troba Endocarp <
principalment a [I'epicarp del fruit Llavor Mesocarp
(Figura 1.4) on presenta una funcio \
antifiingica i insecticida (Kombargi et Figura 1.4. Tall longitudinal del fruit de I'olivera.

al., 1998; Pungitore et al., 2005).

La concentracio d’aquest triterpé pentaciclic dins de l'oliva varia molt segons el sol, els
efectes climatics i les condicions de creixement de les olives, aixi com el grau de
maduracio, la varietat i el tractament al qual ha estat sotmés el fruit pel seu consum
(Romero et al., 2010; Guinda et al., 2010; Peragén, 2013). L’efecte de la maduracié de

les olives en la concentracié d’acid maslinic ha estat estudiada en les varietats picual,

3
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cornezuelo, hojiblanca i arbequina pels grups de Peragén (2013) i Guinda et al. (2010).
Ambdos estudis coincideixen en el fet que la maxima concentracié d’acid maslinic es
troba en les primeres etapes de la maduracio, quan el fruit presenta una coloraci6 verda i
el seu index de maduraci6 és de 0. En canvi, a mesura que el fruit es va enfosquint, la
concentracié d’acid maslinic va disminuint, i s’obtenen els valors més baixos al final de
'etapa de maduracié, quan el fruit presenta una coloracié negra i el seu index de
maduracio es troba entre 2 i 5. A més a més de la maduracio, la varietat de I'oliva també
influeix en la concentracio d’acid maslinic dins el fruit. Romero et al. (2010) va mesurar la
quantitat del triterpé en diferents varietats d’olives crues, sent la varietat picual la que va
presentar majors quantitats d’acid maslinic, aproximadament 2000 mg/kg de pes sec. En
canvi, la varietat manzanilla va presentar valors molt menors, al voltant dels 1000 mg/kg
de pes sec. Per contra, Guinda et al. (2010) va obtenir les concentracions majors d’acid
maslinic en la varietat arbequina amb 1500 mg/kg de pes sec. En canvi, la varietat picual

només va presentar 1200 mg/kg de pes sec d’acid maslinic.

Manzanilla verda® 384,1 +50,0
Hojiblanca verda® 904,7 + 259,6

Gordal® 414,2 +89,3

Manzanilla negrab) 287,1 + 66,6
Hojiblanca negra” 506,8 + 232,5
Kalamata® 1318,4 + 401,0
Manzanilla de color canviant® 824,9 +179,5

Taula 1.1. Contingut d’acid maslinic en diferents varietats d’olives de taula
(Romero et al., 2010). Els resultats s’expressen com la mitjana £ SD. Tractades
seguint I'estil a) espanyol, b) california i ¢) grec.

Per ultim, el tractament que han de rebre les olives crues perqué puguin ser consumides i
passin a ser olives de taula també pot afectar a la quantitat d’acid maslinic present en el
fruit. En general, aquest procés consisteix en un rentat i un tractament amb salmorra,
encara que pot variar segons el tipus d'oliva. Romero et al. (2010) va mesurar la
concentracié d’acid maslinic en olives verdes (hojiblanca, manzanilla i gordal) tractades
seguint I'estil espanyol, en olives negres (hojiblanca i manzanilla) seguint I'estil california i
en olives negres naturals (kalamata) i de color canviant (manzanilla) seguint I'estil grec.
Els tractaments de les olives seguint I'estil espanyol i el california impliquen la utilitzacio
de solucions alcalines (1 - 2% de NaOH) (Bianchi, 2003). En canvi, I'estil grec només
utilitza salmorra acidificada (8% NaCl, 0,8% acid acetic). La concentracié d’acid maslinic
en les olives tractades amb NaOH va passar de 1000-1500 mg/kg a 350-900 mg/kg del
4
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triterpé (Taula 1.1). En canvi, les olives tractades unicament amb salmorra no van veure
afectada la seva concentracio d’acid maslinic, presentant valors d’entre 800 i 1400 mg/kg
del triterpe. Aixo és causat pel fet que el medi alcali permet la solubilitzacié de I'acid
maslinic dins la salmorra, afavorint la sortida del triterpé del fruit. Alexandraki et al. (2014)
van confirmar aquests resultats obtenint una reducci6 del 45% en la concentracié d’acid
maslinic en la varietat conservolea, tractada segons I'estil espanyol, i sense observar cap

canvi en la varietat kalamata, tractada seguint 'estil grec.
b) Oli d’oliva

L’oli d’oliva, principal derivat de 'oliva, també conté acid maslinic. Aquest triterpé es troba
en la fraccié saponificable de I'oli, formada pels triacilglicérids i els acids grassos (Alarcon
de la Lastra et al., 2001). La seva concentracié depén del producte final, oli d’oliva o oli de

pinyolada d’oliva, aixi com del métode d’obtencié de I'oli.

Els olis d’oliva es poden classificar en dos grans grups: els que procedeixen de l'oliva i els
gue vénen de la pinyolada d’oliva (Taula 1.2). Els olis d’oliva verge, procedents de I'oliva,
sén aquells obtinguts exclusivament per métodes mecanics o altres mitjans fisics. Els olis
d’oliva refinats s’obtenen per la refinacié de 'oli d’oliva verge llampant, i els olis d’oliva es
basen en una mescla d’olis d’oliva verges diferents al llampant i oli d’oliva refinat. Per
ultim, els olis de pinyolada d’oliva s’obtenen mitjangant procediments quimics a partir de
dissolvents (Agencia para el aceite de oliva, 2011).

Olis d’oliva Olis de pinyolada d’oliva

Oli d’oliva verge

extra =0,8° - Oli de pinyolada >90 i
Olis d’oliva C d’oliva cru .
verge Oli d’oliva verge <2° +
Oli d’oliva verge 590 i
llampant Oli de pinyolada g 50 )
d’oliva refinat ’
Oli d’oliva refinat <0,3° -
Oli d’oliva <1 + Oli de p|ny0|ada <1° o

d’oliva

Taula 1.2. Classificacié dels olis d’oliva (Agencia para el aceite de oliva, 2011).
No aptes per al consum (-), aptes per al consum (+).

Kanaki et al. (2013) van estudiar la variacié en la concentracié d’acid maslinic que es
produia durant tot el procés de produccio de I'oli (fruit, pasta premsada del fruit, primer ol
i oli final) obtingut de l'oliva koroneiki, la varietat més important de Grécia. En el fruit inicial
van quantificar 1252,9 mg/kg d’acid maslinic en pes fresc. Aquesta concentracié va

5
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augmentar significativament en la pasta del fruit (3123,2 mg/kg) obtinguda després del
procés de malaxacié (ablanir mecanicament el fruit préviament premsat a una
temperatura maxima de 27°C). La concentracidé d’acid maslinic €s molt baixa, tant en el
primer oli obtingut sense refinar (29,5 mg/kg), com en l'oli final després d’'un procés de
refinacié consistent en una neteja i centrifugacié del primer oli amb aigua (20,9 mg/kg),
perdent una gran part en el residu solid (Kanaki et al., 2013). Per tant, aquests resultats
demostren que durant el procés d’obtencié de l'oli d’oliva, gran part de I'acid maslinic

present en el producte inicial no arriba al producte final, I'oli.

Pérez-Camino i Cert (1999) i Allouche et al. (2009) van estudiar les concentracions d’acid
maslinic en diferents tipus d’oli d’oliva procedents de diverses varietats d’olives. En
l'estudi realitzat per Pérez-Camino i Cert (1999) (Figura 1.5), l'oli d’oliva verge extra
procedent de la varietat arbequina és el que té major concentracié d’acid maslinic (98
mg/kg). Per contra, dels olis d’oliva verge, el procedent de la varietat verdial és el que
presenta els valors més elevats del triterpé (205 mg/kg) i el procedent de la varietat

picual, els valors més baixos (145 mg/kg).

i Oli d'oliva verge 1 Oli d'oliva verge extra

PR e
a1
o
1

mg/kg d'acid maslinic
(o}
o

Figura 1.5. Contingut d’acid maslinic segons els tipus d’oli i la varietat de I'oliva
procedent (Adaptat de A: Pérez-Camino i Cert, 1999). ND: no determinat.

Com es pot observar en la figura 1.5, els olis d’oliva verge presenten una concentracié
d’acid maslinic superior a la que es troba en els olis d’oliva verge extra. El procés
hidrolitic que té lloc durant I'obtencié de I'oli d’oliva verge afavoreix I'alliberacié d’acid
maslinic de la pell de I'oliva (Pérez-Camino i Cert, 1999), on aquest triterpé es troba en
major quantitat (Bianchi et al., 1992). Allouche et al. (2009) van determinar les
concentracions d’acid maslinic en l'oli d’oliva verge procedent de les varietats verdial i
picual, trobant concentracions d’acid maslinic de 5,72 mg/kg i 17,03 mg/kg,

respectivament. Aquests autors van trobar concentracions inferiors a les obtingudes per

6
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Pérez-Camino i Cert (1999). Les diferéncies entre aquests dos estudis poden ser
atribuibles als diferents métodes analitics emprats, perd també al procés d’obtencié de
I'oli. Aixi, cal considerar que el sistema d’extraccié de l'oli, el nivell de maduracio del fruit
o la qualitat del mateix fruit abans de ser premsat sén variables que poden afectar el

nivell de triterpens pentaciclics presents al producte final (Pérez-Camino i Cert, 1999).
c) Vegetals, fruites i condiments

A més a més de les olives i I'oli d’oliva, I'acid maslinic també es troba en altres vegetals
presents a la dieta mediterrania. Lin et al. (2011) van determinar el contingut d’aquest
triterpé en els espinacs i les alberginies (Taula 1.3), trobant quantitats del mateix ordre
que les diferents varietats d’olives de taula indicades anteriorment (Romero et al., 2010).
A la pastanaga també es va detectar perd no quantificar ja que presentava valors molt
baixos (Lin et al., 2011). El seu contingut en diferents fruites també ha estat estudiat. El
rang de concentracions trobat en fruites com la magrana, la mandarina, la llimona o el
kiwi va ser de 1,2 a 17,3 mg/kg d’acid maslinic (Li et al., 2011). En canvi en la poma, la
pera, el caqui o el raim, les quantitats d’acid maslinic van ser inexistents o molt baixes
(Jager et al., 2009; Zhang et al., 2014a).

Magrana (polpa) 10,8+ 0,2
Mandarina (polpa 1,2+0,1
Li et al., 2011 e (polpa) ’ ’
Llimona (polpa) 3,7+0,1
Kiwi (polpa) 17,3+0,3
_ Alfabrega 320 + 50
Yin et al., 2012 _
Mostassa oriental 330 £ 80
: Alberginia 840 + 70
Lin et al., 2011 )
Espinacs 1260 + 110
Cigrons 61,9*
Kalogeropoulos et al., 2010 .
Llenties 39,5*

Taula 1.3. Contingut d’acid maslinic en diferents vegetals frescos (Lin et al.,
2011; Yin et al., 2012), fruites (Li et al., 2011; Yin et al., 2012) i llegums
(Kalogeropoulos et al., 2010). Els resultats s’expressen com la mitjana + SD.
*Resultats expressats com la mitjana en els quals la SD és menor al 15% (no
es mostra).

La seva concentracio també ha estat determinada en condiments com [l'alfabrega i la
mostassa oriental, presentant valors aproximadament de 300 mg/kg (Lin et al., 2011; Yin
et al., 2012). Per contra, en herbes aromatiques com el romani o el clau, I'acid maslinic

no ha estat detectat (Jager et al., 2009). La preséncia d’aquest triterpé també s’ha
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confirmat en llegums com els cigrons o les llenties a concentracions de 61,9 i 39,5 mg/kg

d’acid maslinic, respectivament (Kalogeropoulos et al., 2010).

1.2.2. Plantes medicinals

Tot i que l'acid maslinic ha estat determinat en diversos vegetals i fruites, la seva
presencia també ha estat estudiada en plantes emprades en la medicina tradicional.
L’Arctostaphylos uva-ursi L., també anomenat “boixerola”, és un arbust originari de les
zones muntanyoses de Nord-ameérica, emprat tradicionalment per al tractament de les
infeccions urinaries (Yarnell, 2002; EMEA, 2012). Actualment es pot trobar arreu del mén,
sent frequient a la serralada pirinenca catalana, en les muntanyes del sistema mediterrani
i a les muntanyes del Pais Valencia (Bolos et al., 1993). La concentracié d’acid maslinic
en les fulles d’aquest arbust va ser determinada per Caligiani et al. (2013), presentant 11

+ 3 mg/kg del triterpé.

La preséncia d’acid maslinic a les flors de Crataegus monogyna L., conegut com “arg
blanc”, va ser molt més elevada, de 927 + 71 mg/kg (Caligiani et al., 2013). L’extracte
d’aquest arbust ha estat emprat com a terapia alternativa per tractar malalties
cardiovasculars tant a Europa com a la Xina (Salehi et al., 2009). Les flors, més
concretament, s’han utilitzat per tractar afeccions respiratories i del sistema circulatori aixi
com desordres del sistema nerviés i insomni (Barros et al.,, 2011). Una de les
concentracions més elevades d’acid maslinic, 4958 + 130 mg/kg, s’ha trobat en les fulles
de Lagerstroemia speciosa L., un arbre petit originari del sud-est d’Asia també anomenat
“banaba” (Stohs et al., 2012; Caligiani et al., 2013). L’extracte de les seves fulles ha
demostrat inhibir les a-glucosidases, actuant aixi en el tractament de la diabetis de tipus 2
(Hou et al., 2009). Una altra de les plantes medicinals que també conté acid maslinic és
I'Ortosiphon stamineus L., popularment conegut com “te de java”, emprat tradicionalment
a la Indonésia, Malaisia, Tailandia, Vietham i Birmania (Adnyana et al., 2013). La
concentracié d’acid maslinic en les parts aéries d’aquesta planta és de 845 + 64 mg/kg
(Caligiani et al., 2013). Dins dels efectes biologics atribuits a I'Ortosiphon stamineus L. es
troben els d’antioxidant, antitumoral, dilretic, antidiabeétic, antihipertensiu, antiinflamatori,

antibacteria i hepatoprotector (Adnyana et al., 2013).

L’acid maslinic també s’ha trobat a I'escorca i I'arrel del Punica granatum L., I'arbre
magraner (Caligiani et al., 2013). A diferencia de la concentracio trobada en la fruita
esmentada anteriorment, en aquesta matriu I'acid maslinic es troba en majors quantitats,
102 + 10 mg/kg. Les activitats presentades pel Punica granatum L. son diverses pero les
més estudiades han estat les d’antioxidant, antitumoral i antiinflamatori (Jurenka, 2008).

Per ultim, un dels arbustos emprats en la medicina tradicional Xinesa i que conté acid
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maslinic a les fulles (470 £ 194 mg/kg) és el Ziziphus jujuba, també anomenat “Ginjoler”,
emprat en medicina tradicional com antimicrobia, antiinflamatori i antitumoral (Guo et al.,
2011).

1.3. PROPIETATS BIOLOGIQUES DE L’ACID MASLINIC

Diversos estudis sobre I'acid maslinic i els seus efectes bioldgics han permés atribuir-li

les seglents propietats beneficioses per a la salut.
1.3.1. Antitumoral

L’efecte antitumoral de I'acid maslinic és una de les activitats biologiques més estudiades
del triterpé. Aquest efecte s’ha demostrat tant majoritariament in vitro en diverses linies
cel-lulars tumorals (He i Liu, 2007; Juan et al., 2008; Allouche et al., 2011; Park et al.,
2012), com en experiments in vivo utilitzant diferents models murins de cancer (Li et al.,
2010; Sanchez-Tena et al., 2013).

a) Cancer de colon

L’activitat quimiopreventiva de I'acid maslinic s’ha demostrat en les linies cel-lulars HT-29
i Caco 2 en observar que aquest compost presenta activitat antiproliferativa i pro-
apoptotica sense citotoxicitat (Juan et al., 2006; Reyes et al., 2006; Juan et al., 2008).
Tant a les cél-lules HT-29 com a les cél-lules Caco 2, I'acid maslinic és capag d’'induir
I'apoptosi per la via intrinseca o mitocondrial (Reyes-Zurita et al., 2009; Reyes-Zurita et
al., 2011; Reyes-Zurita et al., 2013) i en les cel-lules Caco 2, també s’ha demostrat la
implicacié de la via extrinseca, mitjangant I'activacié dels receptors de mort cel-lular
(Reyes-Zurita et al., 2013). L'efecte quimiopreventiu envers el cancer colorectal també

s’ha demostrat in vivo amb ratolins Apc*™*

, els quals presenten una tumorgénesi
intestinal espontania, reduint la mida i existéncia de polips intestinals aixi com suprimint-

ne la formacié (Sanchez-Tena et al., 2013).
b) Cancer de fetge

S’ha estudiat el paper quimiopreventiu de l'acid maslinic en les linies cel-lulars
d’adenocarcinoma hepatic huma Hep3B, Huh7 i HA22T, i s’ha observat com aquest
compost mitiga la invasié i migracié cel-lular (Lin et al., 2011) i posseeix capacitat
antiproliferativa en la linia cel-lular d’adenocarcinoma hepatic huma HepG2 (He i Liu,
2007). A més, s’ha estudiat el paper que presenta I'acid maslinic en I'angiogénesi, un
procés important de creixement de tumors i metastasi que es déna de forma massiva en
el cancer hepatic (Pang i Poon, 2006). Diferents factors, anomenats factors angiogenics,

com ara el factor de creixement endotelial vascular, la interleucina 8, el factor induible
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d’hipoxia o el factor de creixement basic de fibroblasts s’han descrit en persones amb
aquest tipus de tumor i sén els responsables de la promocié d’aquest procés. S’ha
demostrat que I'acid maslinic suprimeix I'expressié d’ARNm de certs factors angiogénics,
a més de reduir I'estrés oxidatiu mantenint els nivells de glutatié i disminuint la produccio
d’espécies reactives d'oxigen (ROS) i oxid nitric (NO), coneguts per potenciar aquest
estres (Lin et al., 2011).

c) Cancer de mama

L’activitat antitumoral de I'acid maslinic en la linia cel-lular de cancer de mama MCF-7
s’ha demostrat en prevenir el dany a 'ADN induit pel tractament d’aquestes cél-lules amb
H,0O, i en el fet que posseeix la capacitat de disminuir els nivells de ROS, protegint les
cel-lules enfront el dany oxidatiu (Allouche et al., 2011). En canvi, no s’ha observat cap
efecte de 'acid maslinic relacionat amb la supervivéncia cel-lular, la proliferacio cel-lular i

el cicle cel-lular en aquesta linia cel-lular (Allouche et al., 2011; He i Liu, 2007).
d) Cancer de prostata

L’estudi de l'activitat de I'acid maslinic en cél-lules d’adenocarcinoma huma de prostata
DU145 ha demostrat el paper inhibidor d’aquest triterpé enfront la migracio, invasio i
adhesid induida pel factor de creixement basal i epidermal. Park et al. (2012) indiquen
que l'acid maslinic inhibeix la capacitat de metastasis de la linia tumoral DU145, fet que

atribueixen a la supressioé de I'activacié del factor induible d’hipoxia.
e) Astrocitomes

L’astrocitoma és el tumor d’encéfal més comu i un dels més malignes que es coneixen.
L’acid maslinic ha demostrat inhibir la proliferacio cel-lular de forma depenent de la dosi i
provocant alteracions morfologiques importants en les cél-lules (Martin et al., 2007).
L’exposicié d’aquestes cel-lules a I'acid maslinic resulta en un augment intracel-lular de
ROS seguit d'una pérdua de la integritat de la membrana mitocondrial. Per tant,
mitjancant la induccié de l'apoptosi a través de la via mitocondrial induida per I'acid
maslinic, es provoquen alteracions en el cicle cel-lular i el citoesquelet d’aquestes
cel-lules (Martin et al., 2007).

1.3.2. Antioxidant

L’oxidacid pot tenir un paper important en la patogénesi de diverses malalties
degeneratives i en processos biologics com ara I'envelliment. La susceptibilitat d’'un
organisme envers el dany oxidatiu esta influenciat pel balan¢ entre la capacitat

antioxidant i prooxidant. L’acid maslinic ha demostrat prevenir I'estrés oxidatiu participant
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en aquest equilibri com a antioxidant (Montilla et al., 2003). Per una banda, es capa¢ de
modular l'alliberament de les citocines proinflamatoéries interleucina 6 i TNF-a (Marquez-
Martin et al., 2006), i de ROS, com I'NO i el peroxid d’hidrogen (Allouche et al., 2011, Lin
et al., 2011). De l'altra, posseeix la capacitat de quelar coure en les particules de LDL
aillades i de neutralitzar el radical peroxil (Allouche et al., 2010). A més, també s’ha
demostrat que augmenta l'activitat de la paraoxonasa, un enzim que forma part del
sistema antioxidant del plasma (Hussain-Shaik et al., 2012). Per ultim, en un experiment
in vivo s’ha vist que 'acid maslinic augmenta els nivells de glutatié, un potent antioxidant,
i disminueix la produccié de disulfur de glutatié i malondialdehid, marcadors de I'estrés
oxidatiu (Yin et al., 2012).

1.3.3. Antidiabeétic

L’efecte beneficids que provoca I'acid maslinic en el metabolisme de la glucosa, el qual
es troba implicat en el metabolisme energetic, ha estat demostrat en diferents estudis.
L’activitat inhibidora d’aquest triterpé sobre I'a-glicosilasa i la glicogen fosforilasa evita la
hidrolisi dels hidrats de carboni de la dieta i controla l'alliberament de glucosa a nivell
hepatic, respectivament (Wen et al., 2005; Wen et al., 2008; Hou et al., 2009). També ha
demostrat disminuir les concentracions de glucosa en sang en estudis in vivo amb rates
hiperglucémiques (Guan et al., 2011) i amb ratolins que reprodueixen la diabetis de tipus
2 humana (Liu et al., 2007a). A més, aquest triterpé augmenta els nivells de glicogen
present en les cél-lules hepatiques (Liu et al., 2007a) i en els astrocits del sistema nerviés
central (Guan et al.,, 2009). En aquestes mateixes cél-lules, I'acid maslinic provoca la
inhibicié de la degradacio de glicogen i la reduccié de la produccié de lactat (Guan et al.,
2009). L’estimulacio de la glicolisi i la gluconeogénesi per part d’aquest triterpé també
s’ha vist en experiments in vivo a causa d’'un augment de les fosfoglucosa isomerases,
demostrant la capacitat reguladora de l'acid maslinic en 'acumulacié i degradacié del
glicogen (Rufino-Palomares et al., 2011). Aixi mateix, s’ha demostrat que aquest triterpé
normalitza els nivells d’adiponectina (Liu et al., 2007a), una hormona sintetitzada pels

adipocits que sensibilitza les cél-lules a I'accié de la insulina (Yamauchi et al., 2001).
1.3.4. Antiinfecciés

La capacitat antiinfecciosa de I'acid maslinic envers diferents parasits, virus i bacteris ha
estat demostrada en diversos estudis, que han avaluat el seu efecte protector enfront de
la malaria, la toxoplasmosi o la sindrome d'immunodeficiéncia adquirida (Moneriz et al.,
2011a; De Pablos et al., 2010a; Xu et al., 1996). L’acci6é parasitostatica d’aquest triterpé
enfront del Plasmodium yoelii, un parasit que és capac¢ de reproduir la malaltia de la

malaria, ha estat demostrada per tal com la supervivencia dels animals infectats amb
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aquest parasit i tractats augmenta entre un 20 i un 80% (Moneriz et al., 2011a). A més, en
cultius cel-lulars d’eritrocits infectats amb Plasmodium falciparum, la preséncia d’acid
maslinic provoca la inhibicioé del seu creixement de forma depenent de la dosi (Moneriz et
al., 2011b). Aixi mateix, aquest triterpé pentaciclic evita la transmissié de la toxoplasmosi
impedint que el protozou del Toxoplasma gondii s’'introdueixi dins la cél-lula (De Pablos et
al.,, 2010a). A lacid maslinic també se li atribueix la propietat d’actuar com a
coccidiostatic, disminuint I'index de lesi6 i I'index d’odcits de la Eimeria tenella (De Pablos
et al.,, 2010b). Aquest parasit causa la Coccidiosis, una de les principals infeccions
responsable de lI'impacte econdmic en la produccié d’aus de corral (De Pablos et al.,
2010b). També, a partir d’'un experiment in vitro, s’ha demostrat la capacitat inhibidora de
I'acid maslinic sobre la proteasa del virus de la immunodeficiéncia humana-1 (Xu et al.,
1996) i aquesta propietat s’ha confirmat posteriorment a partir de cél-lules infectades amb
clons virals (Parra et al., 2009). Per ultim, I'acid maslinic és un dels triterpens més actius
contra el bacteri gram-positiu Enterococcus faecalis, amb una concentraci6 minima
inhibitoria de 16 pg/mL (Acebey-Castellon et al., 2011).

1.3.5. Cardioprotector

L’activitat cardioprotectora de I'acid maslinic s’ha avaluat en estudiar I'efecte d’aquest
compost sobre diferents factors de risc, com ara, el perfil lipidic, I'estrés oxidatiu, la
disfuncié endotelial, la hipertensié o la inflamacié (Lou-Bonafonte et al., 2012). L’acid
maslinic exerceix un potent efecte antioxidant sobre la peroxidacié de les LDL (Allouche
et al.,, 2010), a banda d’augmentar I'activitat de la paraoxonasa (Hussain-Shaik et al.,
2012), un enzim relacionat amb la severitat de I'aterosclerosi coronaria (Tartan et al.,
2007). També ha demostrat posseir propietats antioxidants envers la peroxidacio lipidica
in vitro, a més de reduir la generacié de peroxid d’hidrogen en macrofags estimulats
(Marquez-Martin et al., 2006). En aquest mateix estudi, es va demostrar que l'acid
maslinic pot controlar I'alliberament de citocines proinflamatories com ara l'interleucina 6,
el TNF-a i la 1-309, provocant un efecte antiinflamatori molt beneficios per evitar
cardiopaties (Marquez-Martin et al., 2006). Un altra activitat que posseeix aquest triterpé
és la capacitat vasodilatadora demostrada en un estudi in vivo amb rates hipertenses
(Rodriguez-Rodriguez et al., 2006) i en un estudi in vitro emprant anells aortics aillats de
rata (Dongmo et al., 2011). Aquest efecte vasodilatador esta mediat principalment per la
produccié de NO mitjancant la sintasa endotelial d’0xid nitric (Dongmo et al., 2011), una
de les isoformes constitutives de la sintasa d’oxid nitric (Mayer i Hemmens, 1997). EI NO
és critic per al manteniment de la funcié endotelial i la homeostasi dels teixits. Per ultim,
I'acid maslinic exerceix un efecte hipolipemiant per tal com pot disminuir els nivells de

colesterol total i de triglicerids (Liu et al., 2007b). Aquesta mateixa activitat també se li ha
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conferit a l'extracte de l'oli de pinyolada, el qual té una quantitat d’acid maslinic
determinada (Liu et al., 2011).

1.3.6. Neuroprotector

L’activitat neuroprotectora de l'acid maslinic s’ha observat en tant que regula la
concentracio extracel-lular de glutamat, neurotransmissor del cervell que pot actuar com
una neurotoxina molt potent en cas d’acumulacié (Qian et al., 2011a). Aixi mateix, en
cél-lules neuronals danyades per una privacié de glucosa i oxigen, un pretractament amb
acid maslinic disminueix I'expressié del gen Bax i la sortida de lactat deshidrogenasa
intracel-lular (Huang et al., 2013), augmentant la viabilitat d’aquestes cél-lules. Cal fer
esment que el gen Bax és un gen de la familia Bcl-2 encarregat de promoure I'apoptosi i
gue la sortida de la cél-lula de I'enzim lactat deshidrogenasa es dona en cas de dany
tissular i per tant, €s un bon indicador de la integritat de la membrana cel-lular i la viabilitat
de les cel-lules (Legrand et al., 1992; Oltval et al., 1993). També s’ha demostrat en un
estudi in vitro que I'acid maslinic disminueix el dany neuronal i I'apoptosi mitjangant la

supressio de I'activacio de la sintasa d’oxid nitric (Qian et al., 2011b).
1.4. FARMACOCINETICA

La farmacocinética és I'estudi de la trajectoria dels farmacs dins I'organisme viu des que
son administrats fins que s’eliminen. Per tant, inclou I'absorcié o procés d’entrada del
farmac dins l'organisme, la distribucié del mateix en el medi intern (sang, limfa,
secrecions) i els diferents organs, el metabolisme i I'excrecié del farmac i dels metabolits
gue en resulten. Aquests processos anomenats ADME (absorcid, distribucio,
metabolisme i excrecid) es donen de forma simultania dins l'organisme i son els
responsables de l'evolucié temporal de les concentracions plasmatiques dels farmacs
(Van de Waterbeemd i Gifford, 2003).

1.4.1. Absorcio

Es considera com absorci6 el procés del pas d’'una molécula des del lloc d’administracié
fins el lloc de mesura dins de I'organisme (Benedetti et al., 2009). Durant aquest procés
es pot produir una pérdua de farmac o retard en la seva absorcié depenent de les
caracteristiques del compost i de la via d’administracid. Aquesta Ultima pot ser parenteral,
en qué s’inclou I'administracio intravenosa, subcutania, intramuscular i intraarterial, 0 no
parenteral, com la oral, sublingual i rectal entre d’altres. La via oral és la forma
d’administracid6 no parenteral més comuna a la practica clinica diaria. Tot i aixi, els
compostos administrats per aquesta via han de superar diverses barreres per tal d’evitar

pérdues durant la seva absorcié gastrointestinal (Benedetti et al., 2009). Primer de tot, és
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necessari que el compost pugui disgregar-se de la seva formulacié i, posteriorment, cal
que es dissolgui en els diferents fluids del tracte gastrointestinal, on es troba amb
diferents pH i enzims (gastriques i intestinals), i la preséncia o no d’aliment (Calvo Duo et
al., 2010). Tot aixd0 pot condicionar I'absorci6 del compost afectant tant la velocitat

d’absorcié com la quantitat absorbida.

Quan el compost arriba a I'estdmac, a mesura que augmenta el temps de permanéncia
dins d’aquest organ, el percentatge d’absorcié del compost per part de la mucosa
gastrica també augmenta (Rowland i Tozer, 1995). Un cop es buida I'estomac, el
compost arriba a l'intesti prim, on es produeix la major part de I'absorcié donada la seva
elevada superficie i vascularitzacié. En aquest punt, I'absorcié pot veure’s modificada per
factors propis del compost o dependents de I'organisme, destacant, entre aquests ultims,
el peristaltisme intestinal, aixi com la preséncia de proteines transportadores que poden

tornar el compost a la llum intestinal (Calvo Duo et al., 2010).

Per ultim, per tal que el compost arribi a la circulaci6 sistémica, és necessari que travessi
la membrana de I'epiteli intestinal. Aquest pas es pot donar a través de dues vies: la
paracel-lular i la transcel-lular. La ruta paracel-lular (Figura 1.6.A) és una via aquosa a
través de I'espai intercel-lular que hi ha entre les cél-lules adjacents a I'epiteli intestinal.
Aquest espai esta restringit per les unions estretes que es troben a la part més apical de
les cél-lules (Cano-Cebrian et al., 2005). La contribucié d’aquesta ruta en I'absorcié és
molt petita ja que I'espai intercel-lular a I'epiteli intestinal només ocupa un 0,1% de la
seva superficie i la preséncia d’'unions estretes dificulta el pas de substancies (Cano-
Cebrian et al., 2005).

La ruta transcel-lular (a través de la cél-lula) (Figura 1.6) es basa en el pas de compostos
a través de l'enterdcit mitjangant dues membranes plasmatiques, composades per la
membrana apical, que separa el liquid luminal del citoplasma cel-lular, i la membrana
basolateral, que separa el citoplasma del liquid intersticial (Chan et al., 2004). Aquest
pas es pot realitzar mitjancant difusié passiva a favor de gradient (B) o per transport
mediat, és a dir, emprant proteines que actuen com a transportadors de membrana
(Sugano et al., 2010). Quan el transport mediat és actiu (C), es necessita energia (ATP)
per tal que el procés tingui lloc. Quan aquesta energia s’aconsegueix de forma directa,
s’anomena transport actiu primari i quan s’aconsegueix de forma indirecta, es tracta del
transport actiu secundari (Sugano et al., 2010). En els casos que no es requereix
energia, es parla de transport facilitat (D) en qué s’empra una proteina transportadora i el

pas de les molécules es realitza a favor de gradient.
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També pot passar que les molécules transportades a linterior de I'enterocit siguin
retornades a la llum intestinal per part de transportadors de membrana (E), o que les
substancies absorbides siguin metabolitzades dins I'enterocit i aquestes passin al torrent
sanguini (F), o surtin a la llum intestinal (G). En qualsevol cas, es produeix una limitacié

de la seva absorci6 (Calvo Duo et al., 2010).

A més de les vies d’absorcio explicades anteriorment, existeixen altres formes d’absorcio
de compostos, com ara la transcitosi, en qué s’engloba I'endocitosi i I'exocitosi. Per ultim,
pot succeir que compostos que es troben en la circulacié sistémica surtin a la llum

intestinal (H).

e O
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Basolateral \

([

A
Figura 1.6. Absorcié de compostos a través de I'epiteli intestinal (modificat de
Chan et al., 2004). A) Ruta paracel-lular. Via transcel-lular: B) difusié passiva;
C) transport actiu; D) transport facilitat; E) retorn a la llum intestinal de
compostos mitjangant transportadors de membrana; F) metabolisme a
I'enterdcit i absorcio de metabdlits; i, G) retorn a la llum intestinal de metabolits

mitjancant transportadors de membrana. H) Pas d’una molécula des del torrent
sanguini a la llum intestinal.
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1.4.2. Distribucio6

Aguest procés correspon al pas, reversible, dels compostos d’una localitzacié a una altra
de l'organisme i es dona de forma concomitant amb I'absorcid i I'excrecié (Roberts i
Buckley, 2007). El grau de distribucié ve determinat per diversos factors, com la fixacié a
proteines, la fixacio a teixits i els volums dels diferents components de I'aigua corporal,

com ara el plasma, el liquid intersticial i el liquid intracel-lular (Calvo Duo et al., 2010).

Quan els compostos passen a la sang, poden circular en forma lliure, pero la majoria de
vegades ho fan fixats a proteines plasmatiques o eritrocits. Dins d’aquestes proteines
s’inclouen l'albumina, l'a-glicoproteina acida (AGA), les lipoproteines i les a-, B- i y-
globulines, tot i que l'albumina i 'AGA soOn les proteines majoritaries en plasma
responsables de la fixacié de molts compostos (Fan i de Lannoy, 2014). L'AGA es fixa a
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compostos per interaccions hidrofobiques no especifiques i en general, I'afinitat de

fixacio per TAGA és major que per I'albumina (Fan i de Lannoy, 2014).

El grau de fixacié d’'un compost a proteines plasmatiques pot variar considerablement
entre diferents espécies mentre que el grau de fixacio a teixits presenta resultats similars
entre especies diferents (Kwon, 2001; Di et al., 2011). Generalment la forma lliure dels
compostos és la que arriba en concentracions majors o menors als diferents teixits,
després de patir processos de difusié passiva i/o transport actiu. Aquells teixits més
perfosos (com el cor, el fetge, els ronyons o I'encéfal) s’enriquiran abans del compost a
causa del seu elevat flux sanguini regional (Calvo Duo et al., 2010). També cal tenir en
compte que la preséncia de transportadors en els diferents teixits afectara a la distribucio
del compost (Roberts i Buckley, 2007).

1.4.3. Metabolisme

El metabolisme comprén un seguit de reaccions de transformacié a les quals pot ser
sotmes un xenobiodtic, que so6n molecules alienes a l'organisme sense cap paper
fisiologic com per exemple, els farmacs o molécules naturals com 'acid maslinic, per tal
de convertir-lo en una substancia més polar de forma que es facilita la seva eliminacié
(Testa i Kramer, 2006; Benedetti et al., 2009).

Les reaccions que formen part del metabolisme implicat en la biotransformacié de
xenobiodtics es classifiquen en reaccions de fase | i de fase Il. Les primeres sén reaccions
gue comprenen oxidacions, reduccions i hidrolisis que doénen lloc a la formacié de
metabolits que poden ser farmacoldgicament actius, inactius o toxics (Benedetti et al.,
2009; Calvo Duo et al., 2010). Els enzims de fase | permeten la introduccié de grups
funcionals (-OH, -COOH, -SH, -O- o0 NH,) sent la reacci6 més comuna I'addicié d’'un
atom d’oxigen per la formacié d’'un grup hidroxil (oxidacio) (Gavhane i Yadav, 2012). El
sistema enzimatic del citocrom P450 és el que porta a terme la majoria de reaccions de
fase | (Paine et al., 2006). D’altra banda, les reaccions de fase Il realitzen reaccions de
conjugacio que, en general, donen lloc a substancies més hidrofiles que els compostos
pare. Aquestes reaccions inclouen la glucuronitzacié, la sulfatacio, la metilacio,
I'acetilacié i conjugacions amb aminoacids i glutatié (Jancova et al., 2010), que impliquen
'actuacié d’enzims, majoritariament transferases, en qué s’inclouen la uridin-difosfat-
glucuronosil-transferases, sulfotransferases, N-acetiltransferases, glutatio S-transferases
i metiltransferases (Gavhane i Yadav, 2012). Aquests enzims, a més d’estar implicats en
la biotransformacié de compostos endogens i xenobiotics per tal de facilitar la seva
excrecio, participen en la inactivacié metabolica de compostos farmacologicament actius
(Jancova et al., 2010).
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A part de les reaccions de transformacié de fase | i de fase IlI, cal tenir en compte els
processos de transport implicats en el metabolisme ja que juguen un paper molt
important en I'eliminacié de xenobiobtics. Les anomenades reaccions de fase 0 i fase lll
son les que engloben aquests processos, transportant la molécula sense alterar la seva
férmula quimica. Les reaccions de fase 0 s’encarreguen de reduir el pas de xenobiotics a
l'interior de la cél-lula mentre que les reaccions de fase lll s’encarreguen d’eliminar els

productes resultants del metabolisme (Dietrich et al., 2003).

El principal organ de biotransformacié de compostos és el fetge, on accedeixen els
xenobiotics a través de la vena porta i es poden metabolitzar fins a ser degradats, en part
0 en la seva totalitat, pels enzims hepatics abans d’arribar a la circulacié sistémica.
L’intesti prim també posseeix competéncies metabdliques importants contribuint a la
limitacié de I'absorcié del compost (Kaminsky i Zhang, 2003; Thelen i Dressman, 2009).
La pérdua que es produeix d’aquests compostos a lintesti i al fetge s’anomena “efecte

de primer pas” (Benedetti et al., 2009) i condiciona la fraccié de xenobiotic disponible.

A més del metabolisme de xenobiodtics que es produeix dins els organs, cal tenir en
compte les biotransformacions que poden tenir lloc donada I'activitat metabdlica de la
microbiota intestinal. El metabolisme produit per la flora bacteriana sobre els compostos
es pot veure modificat segons la varietat d’espécies i el nombre que la representen i
factors ambientals, com ara la dieta o 'administracid d’antibidtics. Aixi com succeeix en
els organs a causa de les biotransformacions produides pels enzims, la microbiota
intestinal també pot activar o desactivar els metabolits resultants del seu metabolisme
(Kang et al., 2013).

La flora bacteriana pot catalitzar reaccions de diferents tipus com ara reduccions,
deshidroxilacions, acetilacions, trencament d’anells i desalquilacions i hidrolitzar

glicasids, glucuronids, sulfats, amides i esters (Sousa et al., 2008).
1.4.4. Excreci6 de I'organisme

Quan els compostos inalterats o els metabdlits originats han arribat a la circulacio
sistétmica i han estat distribuits, I'organisme activa diferents mecanismes per tal
d’eliminar-los. Els principals organs encarregats d’aquest procés son el ronyo i el fetge,
encara que altres com el pulmd, la suor, la saliva o la llet materna poden exercir la
mateixa funcié amb substancies concretes (Benedetti et al., 2009; Calvo Duo et al.,
2010). Per una banda, I'excrecio renal és la principal via d’eliminacié de compostos i
metabolits de 'organisme, que es caracteritzen per ser hidrosolubles i tenir un baix pes

molecular (Calvo Duo et al., 2010; Fan i de Lannoy, 2014). Per l'altra banda, I'excrecié
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biliar s’encarrega d’eliminar els xenobidtics i els seus derivats dels hepatocits. Els
compostos excretats per aquesta via tenen un pes molecular superior a 500, com els
metabolits conjugats amb glucuronid (Fan i de Lannoy, 2014). Ates que el flux biliar és
relativament lent (0,06 i 0,008 mL/min/kg en rates i humans, respectivament), I'excrecio
biliar no és una ruta majoritaria d’eliminacié. A més, els compostos excretats dins del
tracte gastrointestinal per la via biliar poden ser reabsorbits i retornats a la circulacié
sistémica. Per a metabolits conjugats excretats dins la bilis, es pot donar la
desconjugaci6é i reabsorcio intestinal com a compostos intactes. A aguest cicle se
'anomena recirculacié enterohepatica, que esta normalment associada amb I'aparicié de

diversos pics de concentracio en el plasma al llarg del temps (Fan i de Lannoy, 2014).
1.4.5. Analisi farmacocineétic

Per tal de poder estimar els parametres farmacocinetics que permetran descriure i
interpretar els processos ADME d'un compost es poden emprar diferents metodes
d’analisi farmacocinétic (Benedetti et al., 2009; Doménech i Martinez., 2013; Fan i de
Lannoy, 2014). A grans trets es poden classificar en métodes no compartimentals i
meétodes compartimentals. L’aproximacidé no compartimental és la més senzilla i no
precisa ajustar les dades experimentals a un model determinat per poder estimar els
parametres farmacocinétics (Doménech et al., 2013a). Per contra, el métode
compartimental es basa en considerar l'organisme com un sistema dun o0 més
compartiments de distribuci6 homogenia, en que les dades experimentals s’ajusten a un
model farmacocinétic o equacié matematica (Fan i de Lannoy, 2014; Doménech i
Martinez, 2013). A nivell practic, els models compartimentals més emprats sén els
formats per un o dos compartiments anomenats monocompartimentals i

bicompartimentals (Doménech i Martinez, 2013).
a) Model monocompartimental. Administracié per bolus intravendés

En aquest model lineal i obert, es considera que tots els teixits i fluids de I'organisme es
troben en un Unic compartiment (Figura 1.7) i s'assumeix que el compost es distribueix de
forma instantania i homogenia per tot I'organisme (Dhillon i Gill, 2006; Calvo Duo et al.,
2010). El fet de considerar lineal el model implica que el procés d’eliminacié del compost
es regeix per una cinética d’ordre 1. Aixi mateix, s’Tanomena obert perqué el compost

entra i surt del mateix compartiment (Peraire et al., 2013).
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Figura 1.7. Esquema representatiu del model monocompartimental intravenos.

L’administracié intravenosa permet estimar tots els parametres farmacocinétics a
excepcié dels derivats del procés d’absorcio, que s’obtenen mitjancant els perfils

plasmatics d’una via extravascular (Rowland i Tozer, 1995).

El model monocompartimental es caracteritza per tres parametres: el volum de distribucio
(Vq), l'aclariment (CL) i la ke (Calvo Duo et al., 2010).

/7

< Volum de distribucio (Vg)

El volum de distribucié es podria definir com el factor de proporcionalitat entre la quantitat
de compost present en l'organisme i la concentracié plasmatica observada (Toutain i
Bousquet-Mélou, 2004a; Peraire et al., 2013). Aquest parametre posseeix una propietat
important: per a cada compost, a unes condicions biologiques donades (salut, patologia,
edat, embaras), el valor del V4 és constant, per tant, en cada una d’aquestes condicions
les concentracions plasmatiques son proporcionals a la quantitat administrada. Per tal de
calcular el V4, es divideix la dosi administrada entre la concentracio inicial del compost
mesurada en el plasma (C,) (Peraire et al., 2013). S’assumeix que en aquest primer
moment no hi ha eliminacié del compost (Toutain i Bousquet-Mélou, 2004a; Calvo Duo et
al., 2010).

V4= Dosi/ Cy

% Aclariment (CL)

Aguest parametre mesura la capacitat que té l'organisme per eliminar de forma
irreversible un compost de la circulacié sistémica (Toutain i Bousquet-Mélou, 2004b;
Calvo Duo et al.,, 2010). El CL s’expressa com el volum de sang o plasma que esta
depurat de compost per unitat de temps per kg de pes viu (Peraire et al.,, 2013). La
majoria de compostos estan aclarits per un minim de dues vies. Per una banda, el fetge
és el principal organ on es produeix la biotransformacié de compostos; per I'altra, el ronyé
és I'drgan encarregat de I'eliminacio i excrecié de molécules (Armijo, 1997; Dhillon i Gill,
2006; Benedetti et al., 2009). Tot i aixi, altres 0rgans també posseeixen la capacitat de
biotransformacié en menor mesura i I'eliminacié del compost també es pot donar per
altres vies. En aquestes situacions, I'aclariment total (CL;) és la suma dels valors parcials

d’aclariment (Benedetti et al., 2009). Per tal de calcular CLy, es divideix la dosi
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administrada per via intravenosa per l'area sota la corba de les concentracions

plasmatiques (AUC), que ddna la segiient relacié (Benedetti et al., 2009):

CL; = Dosiy, / AUC,,

% Constant d’eliminacio (k) o semivida d’eliminacié d’un compost (t1/2p)

Es tracta d’'un sol parametre expressat de dues formes diferents (Calvo Duo et al., 2010).
La ke €s una constant de velocitat expressada en unitats de temps inverses i indica el
percentatge de compost eliminat per unitat de temps. El temps de semivida (tyzs) €s
defineix com el temps que triga una determinada concentracié plasmatica de compost en
reduir-se a la meitat; s’expressa en unitats de temps (Toutain i Bousquet-Mélou, 2004c;
Calvo Duo et al.,, 2010). En un model monocompartimental, el procés d’eliminacié
comenca en el moment en que el compost ingressa a la circulacié general. Per tal de
poder calcular la ke, cal dividir el logaritme neperia de 2 (0,693) entre la ty,, la qual s’obté
de la multiplicacié de 0,693 pel Vq i la posterior divisié pel CL (Toutain i Bousquet-Mélou,
2004c; Dhillon i Gill, 2006; Calvo Duo et al., 2010).

ke = 0,693 / t1/2 t1/2 = (0,693 ' Vd) / CL

b) Model monocompartimental. Administraci6é extravascular

En I'administracié extravascular s’engloben totes aquelles administracions que no sén
administrades directament en el torrent sanguini. Una de les més emprades per la seva
comoditat és I'administracié oral (Calvo Duo et al., 2010). Per tal de poder obtenir els
parametres després de I'administracid per aquesta via, cal tenir en compte una série de
premisses. En primer lloc, s’assumeix que I'entrada a I'organisme es realitzara seguint les
lleis de la difusié passiva, és a dir, d’'ordre 1, i que la distribucié i eliminacioé tenen lloc de
la mateixa manera que si el compost s’hagués administrat per via intravenosa (Calvo Duo
et al., 2010; Doménech et al., 2013b). En segon lloc, cal tenir en compte que es
produeixen tres fenomens al mateix temps: la desaparicié del compost del lloc d’absorcid,
lingrés del mateix al compartiment central, des d’on es distribueix als diferents teixits i
organs, per posteriorment reingressar a la circulacio general, on simultaniament és
eliminat (Calvo Duo et al., 2010; Doménech et al., 2013b) (Figura 1.8).
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Figura 1.8. Esquema representatiu del model monocompartimental
extravascular (oral) (Adaptat de Doménech et al., 2013b).

Els parametres farmacocinétics a obtenir després d’una administracié oral son la constant
d’absorcié (ka), la maxima concentracié plasmatica (Cnax) i €l temps en qué es doéna el

parametre anterior (Ta) (Calvo DUo et al., 2010; Doménech et al., 2013b).
« Constant d’absorcié (k,)

Aquest parametre indica la fraccio de compost present en el lloc d'absorcié que
s’absorbeix per unitat de temps (Armijo, 1997; Calvo Duo et al., 2010). Si k, €s major que
1, indica que en una unitat de temps, la practica totalitat del compost s’haura absorbit en
aquest interval de temps. Un valor elevat de k, (>1 1/h) indica una rapida absorci6 (Calvo
Duo et al.,, 2010). Aquest parametre dependra de les propietats fisicoquimiques del
compost, de la forma farmacéutica emprada o de les caracteristiques del lloc d’absorcié
(Calvo Duo et al., 2010; Fan i de Lannoy, 2014).

% Maxima concentracio plasmatica (Cpax)

Aquest parametre es déna quan la velocitat d’absorcié s’iguala a la d’eliminacio i permet
avaluar de forma subjectiva tant la quantitat com la velocitat de compost absorbit
(Doménech et al., 2013b). La quantitat absorbida es pot avaluar ja que el valor de C,a €S
proporcional a la quantitat de compost introduit a la circulacié general. Com més lenta
sigui la velocitat d’absorcio, el valor de C..x sera menor i apareixera més tard
(Rosenbaum, 2011a) (Figura 1.9).

s Temps estimat en qué s’assoleix la maxima concentracio (T max)

Aquest parametre és un indicador de la velocitat del procés d’absorcié (Rosenbaum,
2011a). Quan el compost s’absorbeix rapidament, el valor de T és molt petit, mentre
que si la velocitat d’absorcié és molt lenta, el temps al qual es produeix C.x €S més

elevat (Rosenbaum, 2011a) (Figura 1.9).
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Figura 1.9. Representacié grafica dels parametres farmacocinétics Cpax | Tmax
(adaptat de Doménech et al., 2013b)

<+ Biodisponibilitat (F)

Es un parametre que permet definir la fraccié de compost administrat que arriba a la
circulacio sistémica i que, per tant, esta en disposicié d’arribar al lloc on ha de fer la seva
accio (Calvo Duo et al., 2010; Rosenbaum, 2011a). La biodisponibilitat s’expressa com
una proporcié de 'AUC d’una via d’administracié (ex. oral) envers la intravenosa. En no
haver procés d’absorcid, la via intravenosa representa la biodisponibilitat maxima (100%).
Per tal de poder calcular la biodisponibilitat se segueix la segient relacio (Benedetti et al.,
2009):

F= (AUC(,ra| / AUC,V) . (DOSiiV/ DOSiora|)

Una de les causes de pérdua de biodisponibilitat en I'administracié oral és I'efecte de
primer pas, en qué part del compost pot ser metabolitzat pel fetge i per tant, no esta
disponible per ser distribuit als teixits (Fan i de Lannoy, 2014). De vegades, la
biodisponibilitat és baixa perqué, per les seves caracteristiques, el compost no
s’absorbeix en la seva totalitat (Rowland i Tozer, 1995).

c) Model bicompartimental. Administracié per bolus intravends

Els models monocompartimentals no sempre serveixen per predir 'evolucié de les
concentracions plasmatiques en funcioé del temps. De vegades, s6n necessaris models
més complexos, anomenats models multicompartimentals (Calvo Duo et al.,, 2010;
Peraire et al., 2013).

En aquest tipus de models es consideren dos o més compartiments, 'anomenat
“compartiment central” on s’inclouen el plasma o sang i els teixits més irrigats, i els
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“compartiments periférics” composats per aquells teixits i drgans menys perfosos pero
amb un flux i afinitat amb el compost semblant entre ells (Calvo Duo et al., 2010;
Rosenbaum, 2011b; Peraire et al., 2013).

El model més habitual dins d’aquest tipus és el model bicompartimental (Figura 1.10)
format per un compartiment anomenat “central” dins el qual es distribueix el compost amb
un volum central anomenat “V.”, i un compartiment “periféric’ amb un volum periféric
anomenat “V,” (Peraire et al., 2013). L'equilibri entre ambdds compartiments es regula per
microconstants de transferéncia (ki, i k»1) i €s considera, generalment, que els compostos
surten del compartiment central amb una velocitat d’eliminacié reeixida per la ke (Calvo
Duo et al., 2010; Peraire et al., 2013). Tant la transferéncia del compost del compartiment
central al periféric com la seva eliminacié des del compartiment central, es realitza per

processos d’ordre 1 (Peraire et al., 2013).

Bolus
intravends
:
:
’ k
. 12 .
Compartiment |———= Compartiment
central periféric
I(21
k

Figura 1.10. Esquema representatiu del model bicompartimental intravends
(Adaptat de Peraire et al., 2013).

Si es representen les concentracions plasmatiques segons aquest model fent servir una
escala semilogaritmica es poden distingir dues fases (Figura 1.11). En la primera,
anomenada fase a o fase rapida predomina el procés de distribuci6 i es regula el pas del
compost del compartiment central al periféric, aixi com també intervenen el retorn del
periféric al central i I'eliminacié (Calvo Duo et al., 2010). En la segona fase, anomenada
fase B o fase lenta, predomina el procés d’eliminacid, en qué ja s’ha arribat a un equilibri

entre la distribucio del compartiment central i el periféric (Calvo Duo et al., 2010).

Aquestes dues fases estan regides per dues macroconstants de disposici6 anomenades
a i B (Peraire et al., 2013). La constant de velocitat de disposici6 rapida (a) regeix la fase
a i la constant de velocitat de disposicié lenta (B) regeix la fase  (Peraire et al., 2013).
Ambdues macroconstants de disposicié depenen tant de la ke com de les microconstants
de transferéncia ki, i ky; (Calvo Duo et al., 2010). Per tant, una modificacié en qualsevol

d’aquestes constants produira que el valor d’'a i B canvii.
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Figura 1.11. Evolucié temporal de les concentracions plasmatiques d’un

compost amb escala semilogaritmica després d’'una administracié intravenosa
de dosi Unica seguint un model bicompartimental.

Cal tenir en compte que, igual que en el model monocompartimental, en aquest també es
pot estimar la semivida aparent de distribucio i eliminacio (t1q i t128) Segons les seguents
relacions (Peraire et al., 2013):

t1)0a = 0.693/a t1/2p,= 0.693/ B

Es important destacar que CL és un parametre independent del model i, per tant, és facil
d’estimar amb relativa precisié a partir de 'AUC (Calvo Duo et al., 2010). En canvi, el
calcul dels volums de distribuci6 és més complex. El V. es pot estimar mitjancant el
guocient entre la dosi administrada i la concentracié plasmatica a temps zero com es

presenta a continuacié (Rosenbaum, 2011b; Peraire et al., 2013):
V.= Dosi/ Co

D’altra banda, el V, és dificil d’estimar ja que es refereix al volum dels teixits (Calvo Duo
et al., 2010). Per tant, se sol determinar de forma indirecta calculant primer el volum quan
s’ha establert I'equilibri entre el compartiment central i el periféric (Vss, volum de
distribuci6 a l'estat estacionari). Per al seu calcul es necessiten altres parametres
estimats mitjancant analisi farmacocinética compartimental com s’observa en la seguent

equacio (Rosenbaum, 2011b; Peraire et al., 2013):

Vss = Ve - (1 + (Ki2 / Ka1))

Tenint en compte que el Vg és la suma dels volums de distribuci6 dels dos
compartiments, nomes cal fer la diferencia entre el V¢ i el V. i s'obtindra el V, (Calvo Duo
et al., 2010).
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En resum, un model bicompartimental es defineix per cinc parametres: CL, V¢, V,, K1z i ka1
(Calvo Duo et al., 2010; Rosenbaum, 2011b).

d) Model bicompartimental. Administracio extravascular

L’administracié extravascular en els models de dos compartiments inclou el procés
d’absorcié i els parametres farmacocinétics descrits per I'administracio intravenosa
(Domeénech et al., 2013b) (Figura 1.12). El procés d’absorcidé segueix una cinética d’ordre
1 amb una constant d’absorcié k,, de la mateixa manera que en un model

monocompartimental (Doménech et al., 2013b).
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Figura 1.12. Esquema representatiu del model bicompartimental extravascular
(oral) (Adapat de Doménech et al., 2013b).

1.4.6. Farmacocinética poblacional

La farmacocineética poblacional pot definir-se com I'estudi de les caracteristiques basiques
d’'un compost disponible en la poblaci6, considerant la influéncia de diversos factors
fisiopatologics i la magnitud de la variabilitat inter i intraindividual (Barranco-Gardufio et
al., 2011). Per tant, permet analitzar tota la informacio disponible de tots els individus de
forma simultania, quantificant tant la magnitud de la variabilitat dins de la poblaci6 com
l'estudi de Ila contribuci6 de determinades -caracteristiques, demografiques,

fisiopatologiques o terapéutiques en aquesta variabilitat (Fernandez et al., 2013).

En el moment de dissenyar un estudi farmacocinétic poblacional cal tenir en compte les
possibles limitacions practiques del disseny, com ara el temps d’extraccié de mostra, el
nombre de mostres per individu i el nombre d’individus participants (FDA, 1999). Aixi
doncs, es poden emprar tres dissenys de mostreig per tal d’obtenir informacié sobre la

variabilitat farmacocinética (FDA, 1999):
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1.

Obtenci6 d'una mostra per a cada individu. Aquest métode estima la variabilitat de
les concentracions plasmatiques o sériques d’'un compost i permet realitzar en forma
qualitativa una correlacié de covariables, identificant diferéncies entre subpoblacions.
Tot i aixi, aquest disseny requereix una gran quantitat de pacients per tal que els
resultats puguin ser representatius (Barranco-Gardufio et al., 2011).

Obtencié de dos o tres mostres per a cada individu obtingudes en estat estable.
Aquest disseny relaciona la concentracid plasmatica observada amb les
caracteristiques propies de lindividu, obtenint aixi els parametres farmacocinétics
(FDA, 1999). A més, permet separar la variabilitat inter i intraindividual mitjancant un
model no lineal d’efectes mixtos (NONMEM). Atés que els pacients s’estudien en
major detall, el disseny requereix menys individus i la relaci6 entre les
caracteristiques dels pacients i les concentracions plasmatiques s’avaluen amb major
precisio (FDA, 1999). Per aquest disseny es requereix un minim de 50
pacients/animals (Barranco-Gardufio et al., 2011).

Obtenci6 de més de tres mostres. Aquest disseny també s’anomena disseny
farmacocinétic poblacional experimental. En aquest tipus de disseny es prenen
mostres a diferents temps d’extraccio fins a un maxim de 6 després de I'administracio
del compost (FDA, 1999). L’objectiu és obtenir diverses concentracions del compost
a temps d’extraccié diferents per tal de descriure el perfil farmacocinétic poblacional.
Aquest tipus de disseny permet [l'estimaci6 de parametres farmacocinétics
poblacionals d’un compost i I'obtencié d’'una explicacié de la variabilitat emprant
I'aproximacié NONMEM. Aixi mateix, aquest disseny explora la relacié entre la seva

farmacocinetica i les caracteristiques demografiques i fisiopatologiques (FDA, 1999).

Els models poblacionals sén eines que permeten, per una banda, descriure observacions

i per l'altra, predir i explicar el comportament de compostos en una poblacié determinada,

per poder aplicar finalment, a un determinat individu, els resultats obtinguts per la

poblaci6 (Calvo Duo et al, 2010). D’aquesta manera sorgeix el concepte de

farmacocinética poblacional, que intenta sintetitzar la informacié sobre la cinética de

disposicié del compost en grups d’individus i té com a objectius fonamentals els resumits

a continuacié (Calvo Duo et al., 2010; Fernandez et al., 2013):
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Determinar el valor mitja dels parametres farmacocinéetics en diferents grups de
poblacio.

Avaluar la variabilitat interindividual i intraindividual del comportament farmacocinétic
gue existeix entre els individus que componen la poblacio.

Estimar la variabilitat residual associada a les concentracions experimentals.
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< ldentificar i avaluar les relacions quantitatives que existeixen entre els diferents factors

demografics, fisiopatologics i de tractament amb els parametres farmacocineétics.

Un altre dels objectius de la farmacocinética poblacional és la identificacié dels factors
responsables de la variabilitat interindividual (Calvo Duo et al., 2010). L'obtenci6 del
maxim nombre de covariables dels individus permet una millor caracteritzacié de les fonts
de variabilitat en els parametres. La inclusié d’aquestes covariables en el model de
regressio final comporta una reduccio de la variabilitat interindividual en els parametres

farmacocinétics (Calvo Duo et al., 2010).

Aquests models poblacionals utilitzen métodes matematicoestadistics que permeten la
integracio de diverses dades. D’aquesta manera, s’obtenen estudis farmacocinétics
poblacionals que sén de gran utilitat per al disseny de la pauta posologica del pacient, per
al desenvolupament d’'un medicament i per a l'establiment de dosificacions en

I'etiquetatge dels farmacs (Ette i Williams, 2004).

Tot i que s’han desenvolupat diferents meétodes matematics per a la construccié d’un
model poblacional, els més utilitzats en I'estimacié de parametres de poblacié son: el
metode en dos fases i el model d’efectes mixtos no lineals (Barranco-Gardufio et al.,
2011).

a) Metode en dos fases

Es basen en l'estimacio preliminar dels parametres individuals. En la primera fase
s’obtenen suficients dades de concentracio plasmatica del compost de cada individu per
tal d’estimar els parametres farmacocinétics de cada un d’ells (Calvo i Benitez, 2004). En
la segona etapa, a partir dels estimats obtinguts en l'apartat anterior, es calculen els
valors mitjans poblacionals, aixi com la variabilitat interindividual dels parametres (Calvo i
Benitez, 2004; Calvo Duo et al., 2010). Tot i aixi, 'assumpcié que els valors estimats en
la primera etapa sén iguals als valors reals dels parametres pot induir a una estimacio
inadequada de la variabilitat dels parametres de la poblacio. Per superar aquesta limitacié
de I'estimacio en dos etapes, es requereix un elevat nombre d’experiments amb un minim

error en les mesures (Calvo Duo et al., 2010).
b) Model d’efectes mixtos no lineals

Aquests models calculen simultaniament el conjunt de parametres fixos (parametres
farmacocinetics) i aleatoris (variabilitat interindividual i residual) que tenen major
probabilitat de produir-se (Barranco-Garduiio et al., 2011). Per poder realitzar aquest

calcul s’han d’emprar els seguents components:
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«» Model estructural

El model estructural descriu el comportament farmacocinétic mitja del compost en la
poblacié d’estudi. En una primera etapa s’identifica el model estructural base que és
aquell que millor descriu les observacions en abséncia de covariables (Fernandez et al.,
2013). Normalment s’escull un model farmacocinétic compartimental (veure apartat 1.4.5)
d’acord amb criteris estadistics, precisido en els parametres i mitjangant I'exploracié de
grafics de bondat de I'ajust. Un cop seleccionat el model base, es desenvolupa el model
de covariables que consisteix en incloure aquells factors de pronostic que puguin tenir
una influéncia clinica i estadisticament significativa en algun dels parametres
farmacocinétics del model base (Ferndndez et al., 2013). Cal recordar que el model
estructural, que pot incorporar o no covariables, proporciona els parametres d’efectes
fixos els quals quantifiquen els parametres cinétics del compost per a tota la poblacié de

'estudi.

/7

«» Model estadistic

El model estadistic descriu els dos nivells de variabilitat o efectes aleatoris, és a dir, la
variabilitat interindividual i I'error residual, encara que també inclou la descripcié de la
variabilitat interocasié quan les dades ho permeten (Fernandez et al., 2013). Els
parametres d’efectes aleatoris interindividuals descriuen els valors dels parametres
individuals en relacié al valor tipic poblacional (Figura 1.13). La diferéncia entre els
parametres per a un individu i el valor tipic d’aquest parametre per a la poblacié
s’anomena “n” i la distribucié de n per a tots els individus dins la poblaci6 pot ser descrita
pel valor mitja i la variancia de la distribuci6 anomenada “w” (Barranco-Gardufio et al.,
2011). Per contra, els parametres d’efectes aleatoris residuals quantifiquen la magnitud
de la variabilitat residual, inclosa la variabilitat cinética intraindividual, I'error de la técnica

analitica i I'error d’especificacié del model, entre altres (Barranco-Gardufio et al., 2011).

En I'analisi poblacional d’efectes mixtos, totes les dades de tots els pacients que integren
I'estudi s’analitzen simultaniament, encara que preservant la seva individualitat (Barranco-
Gardufio et al., 2011). Es a dir, s’estimen els parametres farmacocinétics tipics (mitjanes)
de la poblacio, la forma en qué diferents factors afecten o no les concentracions d’'un
compost, com els fixos, i els valors de variabilitat interindividual i de variabilitat residual
(Figura 1.14).
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Figura 1.13. Variabilitat interindividual en els parametres farmacocinétics. n:
diferéncia entre el parametre per a un individu i el valor mitja d’aquest

parametre en la poblacié. w: variancia de la distribucié (Modificat de Barranco-
Gardufio et al., 2011).
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Figura 1.14. Variabilitat residual o intraindividual en un model poblacional. ¢:
diferencia entre les concentracions observades i les predites. o: variancia de la
distribucio (Modificat de Barranco-Gardufio et al., 2011).

Les diferencies entre les concentracions observades i les predites pel model es
defineixen per €. La distribucié d’e per a totes les concentracions en tots els individus de

la poblacié pot ser descrita pel valor mitja i la variancia de distribucié o (Barranco-
Gardufio et al., 2011).
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Els métodes matematics per a la construccié de models poblacionals han estat implantats
en programes informatics, com per exemple el NONMEM, que utilitza models d’efectes
mixtos no lineals (Calvo Duo et al., 2010).

En resum, es pot concloure que la farmacocinética poblacional empra métodes no lineals
parameétrics per tal d’estimar constants farmacocinétiques, variabilitat inter i intraindividual
i la influéncia de mdltiples factors quan només es disposa de dades escasses, tant en
poblacions homogénies com heterogénies (Barranco-Gardufio et al., 2011).
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Plantejament i Objectius

L’acid maslinic (2a, 3B-dihidroxilean-12-en-280ic) és un triterpe pentaciclic biologicament
actiu que s’ha aillat de diferents espécies de plantes, tant comestibles com medicinals
(Romero et al., 2010; Caligiano et al., 2013; Uto et al., 2013). Aquest compost minoritari
ha estat recentment descrit en vegetals frescos (Lin et al., 2011), fruites (Li et al., 2011) i
llegums (Kalogeropoulos et al., 2010), sent especialment frequent en les fulles i els fruits
de l'olivera. L’acid maslinic ha demostrat exercir diferents activitats relacionades en la
promocié de la salut, com ara els seus efectes antiinflamatori (Huang et al., 2011),
vasodilatador (Dongmo et al., 2011), antioxidant (Allouche et al., 2010), hipoglucemiant
(Liu et al., 2014; Mkhwanazi et al., 2014) i antitumoral (Juan et al., 2008; Reyes-Zurita et
al., 2011; Sanchez-Tena et al., 2013; Zhang et al., 2014b).

La majoria d’aquestes activitats bioldgiques s’han descrit in vitro i pocs sén els treballs
realitzats en models animals, dificultant la possibilitat d’extreure conclusions sobre els
efectes de I'acid maslinic en I'ésser viu. D’aqui l'interés del grup de Fisiologia i Nutricio
Experimental (2009-SGR-471) per desenvolupar el projecte de recerca titulat Estudio del
acido maslinico: absorcion intestinal y biodisponibilidad (AGL2009-12866), en el qual

s’emmarca la present tesi doctoral i que planteja els objectius seglents:
1. Posar a punt i validar un metode per a la determinacié de I'acid maslinic en plasma

Per poder realitzar estudis sobre els efectes biologics de I'acid maslinic en els éssers
vius, és un requisit basic disposar d’'un métode analitic validat que permeti determinar
aquest compost en plasma per tal de poder establir la seva rellevancia fisiologica. Per
aquest motiu, el primer objectiu va consistir en posar a punt i validar un métode que

permetés detectar i quantificar I'acid maslinic en plasma per HPLC-MS.
2. Estudiar la toxicitat de I'acid maslinic en ratoli

Els aliments funcionals han de ser segurs per al consum. La falta d’estudis sobre la
toxicitat de l'acid maslinic va permetre plantejar el segon objectiu en el qual es va
estudiar la preséncia o abséncia d’efectes adversos de I'acid maslinic en ratoli. Poder
demostrar la innocuitat d’aquest triterpé pentaciclic és un resultat de gran importancia

per al seu possible Us com a ingredient funcional.

3. Desenvolupar un model farmacocinétic de I'acid maslinic seguint una aproximacio

poblacional

Un primer pas en l'avaluacié de I'acid maslinic com a ingredient funcional consisteix en
coneixer si aquest compost apareix en sang i arriba als teixits diana on pot exercir les
seves activitats bioldgiques. En la bibliografia no s’ha descrit cap estudi de
biodisponibilitat de I'acid maslinic que permeti conéixer el seu comportament dins
'organisme viu. Per aquest motiu, el tercer objectiu del present treball ha consistit en
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investigar la farmacocinética poblacional d’aquest triterpé pentaciclic. Aquesta
aproximacio ofereix avantatges respecte a la farmacocinética classica atés que permet
superar la limitacié del mostreig de sang en estudis amb animals d’experimentacio i al

mateix temps preservar la individualitat dels animals.

. Identificar i quantificar els metabolits de I'acid maslinic en plasma i orina de rata

La identificacié dels metabolits té un paper important en la investigacié dels
components bioactius dels aliments. EI metabolisme no només pot afectar la
biodisponibilitat en influir en la distribucié i I'eliminacio, sind que també cal ser
considerat en l'avaluacié de I'activitat protectora sobre la salut, atés que els metabdlits
podrien contribuir a les activitats biologiques del compost original. A més, conéixer els
principals derivats dels fitoquimics és important per tal com podrien ser emprats com a
biomarcadors d’ingesta en estudis d'intervencio dietética. En consequéncia, el quart
objectiu ha consistit a identificar els metabolits en plasma i en orina mitjan¢cant HPLC-
MS-ORBITRAP. Aquest espectrometre d’elevada resolucio permet identificar de forma
inequivoca els derivats de 'acid maslinic atés que proporcionen la massa exacta dels

analits.



Ill. RESULTATS







Resultats

L’apartat de Resultats d’aquest treball es troba subdividit en quatre capitols, cadascun
dels quals correspon a un dels objectius plantejats. La introduccio, el material i métodes,
els resultats, la discussid i les conclusions dels capitols I, Il i 1l es troben recollits en
articles publicats entre els anys 2013-2014 i en el capitol IV es troben recollits en format

article.

33






Resultats: Capitol 1







Resultats — Capitol 1

3.1. CAPiTOL 1. POSADA A PUNT | VALIDACIO D’UN METODE PER A LA
DETERMINACIO DE L’ACID MASLINIC EN PLASMA

Els resultats d’aquest capitol es troben recollits a I'article 1:

Ligquid chromatography-mass spectrometry determination in plasma of maslinic acid, a
bioactive compound from Olea europea L.
Marta Sdnchez-Gonzélez, Gloria Lozano-Mena, M. Emilia Juan, Andrés Garcia-
Granados, Joana M. Planas.

Food Chem. 2013, 141, 4375-4381

Els resultats obtinguts han donat lloc a la seglient comunicacioé en congrés:

< Determination by HPLC-MS of plasmatic maslinic acid, a bioactive compound from
Olea europaea L.
Marta Sanchez-Gonzalez, Gloria Lozano-Mena, M. Emilia Juan, Andrés Garcia-
Granados, Joana M. Planas.
Presentada com a poster en el congrés:
World Forum for Nutrition Research Conference

Reus, Espanya, 20 — 21 de maig de 2013
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Liquid chromatography-mass spectrometry determination in plasma of maslinic

acid, a bioactive compound from Olea europaea L.

Determinacié en plasma per cromatografia liquida d’alta eficacia acoblada a
espectrometria de masses de I’acid maslinic, un component bioactiu de I’'Olea

europaea L.
M. Sadnchez-Gonzéalez, G. Lozano-Mena, M.E. Juan, A. Garcia-Granados, J.M. Planas
Food Chem. 2013, 141(4), 4375-4381

3.1.1. Resum de l'article 1

Objectius. L’acid maslinic és un triterpé pentaciclic present a la pell del fruit de I'Olea
europea L. amb activitat antitumoral, antioxidant i cardioprotectora. Malgrat els diferents
efectes beneficiosos descrits, el coneixement sobre la biodisponibilitat d’aquest compost
és limitat a causa de I'abséncia d’'una técnica sensible per mesurar la seva concentracio
en plasma. Per aquest motiu, es va posar a punt i validar un métode per determinar I'acid
maslinic per cromatografia liquida d’alta eficacia acoblada a espectrometria de masses
(HPLC-MS).

Material i métodes. L’analisi de I'acid maslinic en plasma (200 pL) es realitza mitjangant
una doble extraccio liquid-liquid amb acetat d’etil amb posterior evaporacié del solvent a
sequedat i reconstitucié en 100 uL de metanol 80%. Seguidament, 20 yL de mostra
s’injecten a un HPLC-MS, en queé I'acid maslinic se separa en una columna Luna C18
(150 mm x 2,0 mm, 5 um) i elucié en gradient emprant aigua i acetonitril, com a fase
mobil, a un flux de 0,8 mL/min. La detecci6é per MS es realitza en un quadrupol senzill
amb font d’ionitzacié quimica a pressié atmosférica (APCI) a 500°C. Les dades es van
adquirint en mode de seguiment d’'un unic i6 (SIM) utilitzant les relacions massa/carrega
(m/z) de 471,3 per a I'acid maslinic i 455,3 per a I'acid betulinic (patré intern). La validacié
del métode analitic va incloure la determinacié de la linealitat, precisid, recuperacio,
exactitud, sensibilitat, selectivitat i efecte matriu en mostres de plasma blanc de rata
fortificades amb acid maslinic a diferents concentracions (0,05; 0,1; 0,25; 0,5; 1; 2,5; 5 i
10 uM).

Resultats. El procediment analitic és lineal al llarg del rang de concentracions de 0,005 a
10 uM amb coeficients de correlacio superiors a 0,997. L’acid maslinic es recupera en un
99,0 £ 0,9% a les 8 concentracions estudiades, amb una precisio intra-dia que oscil-la
entre 1,44 i 5,45%, mentre que la precisio inter-dia va estar entre 2,49 i 8,38%. El metode

€s exacte ja que la desviaci6é obtinguda entre les concentracions nominals i les calculades
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per a I'acid maslinic estava compresa entre 0,10% i 4,82%. A més, el métode és selectiu
per al triterpé en evitar la interferencia amb altres pics; també és sensible, ates que el
limit inferior de quantificaci6 (LLOQ), determinat amb una precisié del 6,22% i una
exactitud del 0,50%, va ser de 5 nM. Finalment, per tal de verificar el métode, es va
determinar la concentracié d’acid maslinic en plasma de rata després de I'administracio
oral de les dosis 10, 25 i 50 mg/kg. Els resultats obtinguts van ser de 10,8; 20,2 i 39,3 nM

respectivament, sent tots ells superiors al limit de quantificacio.

Conclusions. S’ha posat a punt un métode analitic que permet la determinacié d’acid
maslinic en plasma de rata per HPLC-MS, de forma sensible, precisa, exacta, selectiva i
reproduible. A més, els resultats obtinguts a la verificacié del métode en detectar aquest
triterpé 24 h després de la seva administracioé oral, demostren la idoneitat per al seu Us

en futurs estudis farmacocinétics.
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Maslinic acid, a pentacyclic triterpene from Olea europaea L., exerts hypoglycemic, antioxidant, cardiopro-
tective and antitumoral activities. Here, an LC-APCI-MS method to determine this compound in plasma is
presented as a first step in pharmacokinetic studies. Maslinic acid was extracted from plasma with ethyl
acetate and separated on a C18 column using a gradient elution of water and acetonitrile. The target ions
were m/z 471.3 for maslinic acid and m/z 455.3 for L.S. The method was validated by the analysis of spiked
plasma samples obtaining a linear correlation, a recovery of 99.0 + 0.9% and a quantification limit of 5 nM.
The precision and accuracy were <8.38% and <4.82%, respectively. Finally, the method was verified by
measuring the rat plasmatic concentrations 24 h after the single oral administration of 10, 25 and
50 mg/kg of maslinic acid, thereby ensuring that the procedure is appropriate for its use in bioavailability

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Maslinic acid ([2o,3B]-2,3-dihydroxyolean-12-en-28-oic acid,
Fig. 1) is the main pentacyclic triterpene found in the leaves and
fruits of Olea europaea L. (Romero et al., 2010; Sanchez-Avila, Pri-
ego-Capote, Ruiz-Jiménez, & de Castro, 2009) where it acts as in-
sect antifeedant and antimicrobial agent (Pungitore, Garcia,
Gianello, Sosa, & Tonn, 2005). This compound is regularly con-
sumed in the form of olives and olive oil. In these foods, its concen-
tration ranges from 287.1+66.6 to 1318.4+401.0 mg/kg in
commercial olives (Romero et al., 2010) and from 64.2 £8.1 to
193.9 + 14.0 mg/kg in olive oils, depending on the variety and the
method of processing (Pérez-Camino & Cert, 1999). Recently,
maslinic acid is getting much attention as a bioactive compound
since several biological effects have been attributed to this penta-
cyclic triterpene, such as antitumoral (Juan, Planas, Ruiz-Gutiérrez,
Daniel, & Wenzel, 2008; Park et al., 2013), antidiabetic (Liu, Sun,
Duan, Mu, & Zhang, 2007), cardioprotective (HussainShaik et al.,
2012) and neuroprotective (Guan et al., 2011). Notwithstanding
the beneficial activities described in vitro, little is known about
its effects in both animals andhumans. Recent assessment of the

* Corresponding authors. Tel.: +34 934024505; fax: +34 934035901.
E-mail addresses: marta_sanchez@ub.edu (M. Sianchez-Gonzélez), gloria.loza-
no@ub.edu (G. Lozano-Mena), mejuan@ub.edu (M.E. Juan), agarcia@ugr.es (A.
Garcia-Granados), jmplanas@ub.edu (J.M. Planas).

0308-8146/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.foodchem.2013.07.023

safety in mice of maslinic acid has evidenced that it is well toler-
ated without harmful effects (Sdnchez-Gonzalez, Lozano-Mena,
Juan, Garcia-Granados, & Planas, 2013). Therefore, this compound
is gaining acceptance as a potential nutraceutical.

The determination of maslinic acid has been previously per-
formed in olives, olive oil and different plants using gas chroma-
tography (GC) (Bianchi, Pozzi, & Vlahov, 1994; Caligiani et al.,
2013; Guinda, Rada, Delgado, Gutiérrez-Adanez, & Castellano,
2010; Kalogeropoulos et al., 2010; Pérez-Camino & Cert, 1999)
and high-performance liquid chromatography (HPLC) (Guo et al.,
2011; Li et al.,2011; Romero et al., 2010). However, its application
to biological samples presents several drawbacks. In GC, the low
volatility and high molecular weight of maslinic acid prevents its
direct injection to the chromatograph and a derivatization step is
mandatory prior to GC analysis. The use of HPLC hampers the
detection of the compound because it has a saturated skeleton that
shows no fluorescence and very low UV absorption. Moreover,
these techniques have not enough sensibility for pharmacological
studies. The latter problem also occurs with the recent HPLC-
DAD and liquid chromatography-electrospray ionization mass
spectrometry (LC-ESI-MS) methods published using rat and mice
plasma, respectively (Lozano-Mena, Juan, Garcia-Granados, & Pla-
nas, 2012; Yin, Lin, Mong, & Lin, 2012). In both cases, the reported
limits of detection (20 nM and 210 nM, respectively) indicate that
the methods are not sensitive enough to allow a reliable quantifi-
cation of this triterpene after administration of low doses of
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Fig. 1. LC-MS chromatograms obtained in the APCI negative mode using the
selected ion monitoring (SIM) at m/z 471.3 (A, B) for maslinic acid and at m/z 455.3
(C, D) for betulinic acid (L.S). Representative chromatograms of rat blank plasma (A,
C) as well as rat blank plasma spiked with 0.5 pM of maslinic acid (B) and 2.5 pM of
betulinic acid (L.S) (D).

maslinic acid. Consequently, we have developed a liquid chroma-
tography-atmospheric pressure chemical ionization-mass spec-
trometry (LC-APCI-MS) method to determine maslinic acid in
plasma as a first step in in vivo pharmacokinetic studies and its
evaluation on health impact. This technique is suitable to deter-
mine this compound, since it does not depend on the presence of
a particular chromophore in the molecule and allows direct injec-
tion avoiding the time and reagent consuming step of derivatiza-
tion. In addition, LC-APCI-MS is a widely used analytical tool that
not only allows a highly specific detection of compounds from
complex biological matrices such as plasma but also lets to distin-
guish between the parent molecule and its metabolites without the
need for long chromatographic separations. The method was vali-
dated according to the US Food and Drug Administration (FDA)
guidelines for Bioanalytical Method Validation (2011) and the
European Medicines Agency (EMEA), Guideline on Bioanalytical
Method Validation (2011). To assess the performance of the meth-
od, maslinic acid was administered to Sprague-Dawley rats at 10,
25 and 50 mg/kg and plasma samples were collected at 24 h to ver-
ify its adequacy in pharmacokinetic studies.

2. Experimental
2.1. Chemicals

Maslinic acid was obtained from olive pomace according to the
patented method from Garcia-Granados (2002). Betulinic acid (38-
3-hydroxy-lup-20(29)-en-28-oic acid, internal standard, LS., Fig. 1)
was purchased from Extrasynthése (Genay, France). Sodium car-
boxymethylcellulose and (2-hydroxypropyl)-B-cyclodextrin were
from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile was from
Scharlau Chemie S.A. (Barcelona, Spain). Ethyl acetate and metha-
nol, employed during sample preparation, were supplied by J.T Ba-
ker (Deventer, Netherlands). All the solvents utilized were HPLC
grade. Other chemicals were of analytical grade and obtained from
Sigma-Aldrich. Water used in all experiments was passed through
a Milli-Q water purification system (18 mQ) (Millipore, Milan,
Italy).

2.2. Animals

Male adult Sprague-Dawley rats (275-300 g) were housed in
cages (n=2/cage) under controlled conditions, which were 12 h
light/12 h dark cycle, temperature of 22 + 2 °C and relative humid-
ity of 50 + 10%. They received a standard diet (2014 Teklad Global
14%, Harlan, Barcelona, Spain) and water ad libitum. Handling and
killing of the rats were in full accordance with the European Com-
munity guidelines for the care and management of laboratory ani-
mals. The studies were approved by the Ethic Committee of Animal

Experimentation of the Universitat de Barcelona. Rats were fasted
overnight and anesthetized by intraperitoneal injection of 90 mg/
kg of ketamine (Imalgene 1000, Merial Laboratorios S.A., Barcelona,
Spain) and 10 mg/kg of xylacine (Rompun 2%, Quimica Farmacéu-
tica Bayer S.A., Barcelona, Spain). All animal manipulations were
carried out in the morning to minimize the effects of circadian
rhythms.

2.3. Stock solutions, working standards and calibration standards

Maslinic acid and L.S. stock solutions were prepared in methanol
80% to give a final concentration of 250 and 100 pM, respectively.
They were kept in amber bottles at 4 °C and were brought to room
temperature before use. Working standards with concentrations of
0.1, 1, 2, 5, 10, 20, 50, 100 and 200 puM of maslinic acid were ob-
tained by serial dilution with methanol 80% of the stock solution
and were used for the preparation of the calibration standards.
The stock solution of the LS. was further diluted with methanol
80% to yield a working standard of 50 pM.

The calibration standards were prepared using different pools of
plasma obtained from fasted rats that had never received maslinic
acid (blank plasma). Aliquots of the pooled plasma were stored at
—20 °C until analysis. 190 pL of blank plasma were spiked with
10 pL of working standard solutions in order to obtain the calibra-
tion standards at the concentrations of 0.005, 0.05, 0.1, 0.25, 1, 2.5,
5 and 10 pM. The spiked samples were stirred in the vortex for
1 min before being extracted. Working standards and calibration
standards were freshly prepared before use.

2.4. Sample preparation

Blood was collected in EDTA-K, tubes and plasma was sepa-
rated by centrifugation at 1500xg for 15 min at 4 °C. A 200 pL ali-
quot of rat plasma or calibration standard was added with 10 pL of
L.S. working solution (50 uM) and 2 mL of ethyl acetate in glass
tubes. The mixture was vigorously vortex-mixed for 3 min and
centrifuged at 1500xg for 15 min at 4 °C (Centrifuge Megafuge
1.0R, Heraeus, Boadilla, Spain). The supernatant was transferred
to another tube and a second extraction of the pellet was per-
formed. Both supernatants were combined and evaporated to dry-
ness in a Concentrator 5301 (Eppendorf Ibérica S.L., San Sebastian
de los Reyes, Spain) at 45 °C. The residue was reconstituted in
100 pL of methanol-water (80:20, v/v) and was vortex-mixed for
5 min. Samples were introduced in an ultrasonic bath for 1 min
and centrifuged at 25,000xg for 15min at 4°C (Centrifuge
5417R, Eppendorflbérica S.L.). Then, the supernatant was trans-
ferred to an amber vial for LC-MS analysis.

2.5. Liquid chromatography-mass spectrometry system

2.5.1. Equipment

LC analyses were performed using a Perkin-Elmer series 200
(Perkin-Elmer, Norwalk, CT, USA) equipped with a quaternary
pump and a refrigerated auto sampler plate. A PE Sciex API 150
EX single quadrupole mass spectrometer (AB SCIEX Spain S.L.,
Alcobendas, Spain) equipped with an atmospheric pressure chem-
ical ionization (APCI) heated nebulizer ion source was used for
compound detection. Chromatographic data acquisition and peak
integration was performed using 1.4.2 Analyst software supplied
by Applied Biosystems (Foster City, CA, USA). The LC-MS equip-
ment was available at the Scientific and Technological Centers of
the Universitat de Barcelona.

2.5.2. Chromatography
Chromatographic separation of maslinic acid and the LS. was
performed on a reversed-phase Luna C18 column
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(150 mm x 2.0 mm, 5 pm) that was kept at 40 °C and preceded by
a security guard cartridge of the same material, both purchased
from Phenomenex (Torrance, CA, USA). The autosampler was main-
tained at 10°C and the injection volume was held constant at
20 pL. The mobile phase consisting of water (A) and 100% acetoni-
trile (B) was delivered at a flow rate of 0.8 mL/min. The applied
gradient elution was as follows: 0 min, 95% A and 5% B; 4 min,
50% A and 50% B; 8 min, 40% A and 60% B; 12 min, 25% A and
75% B; 15 min, 0% A and 100% B; 19 min, 0% A and 100% B. Finally,
the gradient was set back to initial conditions and the system was
equilibrated during 8 min before the next injection.

2.5.3. Mass spectrometry

The system was operated in negative ionization mode using an
APCI source maintained at 500 °C. Nitrogen served as curtain gas
(12 au) and as nebulizer gas (10 au) with a nebulizing flow set at
—3 au. Optimization of the compound-dependent MS parameters
was performed by infusing standard solutions of maslinic acid at
50 M into the mass spectrometer at a constant flow rate of
5 puL/min using a Model 11 syringe pump (Harvard Apparatus,
Holliston, MA, USA). The optimal values were those that gave max-
imum signal-to-noise ratios, and were as follows: declustering po-
tential of —30V, focusing potential of —100V and entrance
potential of —5 V. Quantitation was performed using the selected
ion monitoring (SIM) mode to monitor the [M—H]~ ions for masli-
nic acid (m/z 471.3) and betulinic acid (m/z 455.3) as LS. with a
dwell time of 165 ms. Maslinic acid concentrations in plasma sam-
ples were calculated from the ratio of the peak area of the analyte
and L.S. interpolated on an external calibration curve. Within each
analytical run, a full set of calibration standards including a blank
plasma sample and a reagent blank were analyzed.

2.6. Method validation

The developed method was validated according to the FDA
guidelines for bioanalytical method validation (2011) and the gen-
erally accepted recommendations described by Matuszewski, Con-
stanzer, and Chavez-Eng (2003). The EMEA Guideline on
Bioanalytical Method Validation was also considered (2011).

2.6.1. Matrix effect,recovery and process efficiency

Quantitative evaluation of these parameters was assessed
according to Matuszewski et al. (2003) at eight different concentra-
tions of maslinic acid corresponding to 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5
and 10 uM and using different batches of blank plasma. Matrix ef-
fect was assessed by comparing the peak areas of maslinic acid and
L.S. spiked in extracted blank plasma samples at the concentration
expected at the final volume of 100 pL to those generated at the
same concentration of maslinic acid spiked in methanol 80% and
expressed as a percentage. Recoveries of the analyte and L.S. were
determined as the percentage of the peak areas of blank plasma
samples spiked with the working standards of maslinic acid and
LS. prior to extraction compared to the peak areas obtained for
blank plasma samples that were spiked after extraction with stan-
dards at the corresponding concentrations. The process efficiency
(%) was calculated as the ratio of the peak areas obtained in blank
plasma samples spiked with the working standards prior to liquid-
liquid extraction with those generated at the expected concentra-
tions of maslinic acid and LS. in methanol 80%.

2.6.2. Calibration curve

The linearity of the method was assessed by processing calibra-
tion standards of maslinic acid at the concentrations of 0.005, 0.05,
0.1, 0.25, 0.5, 1, 2.5, 5 and 10 puM. Calibration curves were con-
structed by plotting the peak area ratio of maslinic acid to the
LS. (y) against the analyte concentration (x). A linear regression

analysis by the least square method was used to determine slopes,
intercepts and coefficient of correlation. A new calibration curve
was generated to assay samples within each analytical run and
was used to calculate the concentration of maslinic acid in the un-
known samples in that run.

2.6.3. Sensitivity

The limit of detection (LOD) was defined as the concentration of
maslinic acid that produced a signal three times above the noise le-
vel of a blank plasma sample. The lowest point of the calibration
curve was considered as the lowest limit of quantification (LLOQ)
of the method and was required to fulfill the criteria of a signal-
to-noise ratio of 10:1 in the SIM chromatogram, precision (%RSD)
no greater than 20% and accuracy within the +20% limit. In addi-
tion, the analyte peak of the LLOQ in plasma samples should be
identifiable, discrete, with acceptable chromatographic retention
time and peak shape. The LLOQ was established and validated by
performing the analysis of six blank plasma samples spiked with
the theoretical concentration.

2.6.4. Precision and accuracy

The intra-day and inter-day precisions were assessed by deter-
mining a sufficient number of plasma samples (n=3-6) at eight
different concentrations, ranging from 0.05 to 10 uM, that were
prepared within a day and on two different days, respectively.
Accuracy was estimated based on the mean percentage of error
of the measured concentration (Cony,) to the theoretical concentra-
tion (Conrt) according to the equation:

Bias (%) = [(Conr — Cony)/Cony] x 100

Precision and accuracy should be within the +15% limit.

2.6.5. Selectivity

The selectivity of the method towards endogenous plasma ma-
trix components was assessed in six independent double blank
plasma samples (no analyte, no LS.) including hemolyzed plasmas
that were compared with those spiked with maslinic acid and LS.

2.6.6. Carry-over

The carry-over of one sample to another on the LC-MS instru-
ment was evaluated 6 times in each analytical run by sequentially
injecting the highest calibration standard followed by methanol
80% at intervals based on the total number of samples per batch.
Furthermore, as a measure of precaution the analyses of 2 blank
plasma samples were programmed prior to the first analysis of
samples.

2.7. Method application

Maslinic acid was administered orally by gavage to overnight
fasted rats. Given that this pentacyclic triterpene is sparingly solu-
ble in water it was solubilized into (2-hydroxypropyl)-8-cyclodex-
trin at 40% and sodium carboxymethylcellulose at 0.5%, as
indicated in the patented procedure described for betulinic acid
(Jaggi, Rajendran, Ramadoss, & Siddiqui, 2002). Maslinic acid was
administered at three different doses of 10, 25 and 50 mg/kg. Blood
was collected 24 h after the oral administration from the saphe-
nous vein and was placed into Microvette CB300 tubes (Sarstedt,
Granollers, Spain) with EDTA-K, as anticoagulant. Plasma was
immediately obtained by centrifugation at 1500xg for 15 min at
4 °C and was stored at —20 °C until analysis.
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3. Results and discussion

3.1. Optimization of liquid chromatography-mass spectrometry
conditions

The performances of APCI and electrospray ionization (ESI)
were evaluated in negative mode in order to select the source that
provided the most sensitive method for quantification. The compo-
sition of the mobile phase not only influences the chromatographic
peak shapes and resolution but also the MS performance. There-
fore, in the optimization of the mobile phase, the modifiers were
selected taking into account the characteristics of the MS ion
source that was being evaluated. Acetonitrile was selected as or-
ganic solvent instead of methanol since the latter could not pre-
vent a carryover effect. ESI was tested because it has been used
in the determination of maslinic acid in olive leaves (Sanchez-Avila
et al.,, 2009) as well as other pentacyclic triterpenes in plasma sam-
ples such as oleanolic acid (Jeong et al., 2007; Song et al., 2006) and
ursolic acid(Chen, Luo, Zhang, & Chen, 2011; Xia, Wei, Si, & Liu,
2011). Ammonium acetate (5 mM) at pH 8.3 was used as modifier
of the aqueous phase of the LC system in order to enhance the ion-
ization efficiency of the ESI source. APCI has been reported to be
adequate for the analysis of apolar compounds and has been sug-
gested to be more appropriate than ESI source for a sensitive ion-
ization of pentacyclic triterpenes (Rhourri-Frih et al., 2009).
Moreover, APCI has been employed for the analysis of boswellic
acids in brain and plasma (Reising et al., 2005) and ursolic acid
in plasma (Liao et al., 2005). Different modifiers of the mobile
phase were assayed with APCI. The aqueous phase was either ad-
justed with the addition of acetic acid (0.05, 0.025 and0.01%), for-
mic acid (0.05 and 0.01%), ammonium acetate (5 mM) or without
modifier. The results showed that solvent variation with acetic acid
or ammonium acetate induced the formation of adduct ions and
decreased MS sensitivity. The addition of formic acid significantly
delayed the retention time of maslinic acid and gave the lowest
signal intensities. Taken together the results obtained with both
ionization sources and different solvents, the best sensitivity along
with an improved peak shape and fewer chromatographic interfer-
ences were achieved using APCI with the mobile phase consisting
of a gradient elution of water and acetonitrile.

The influence of temperature (300 °C and 500 °C) on the ion
intensity was analyzed in an attempt to increase the sensitivity
of the APCI source. Temperature of 300 °C gave an incomplete
vaporization of maslinic acid that was reflected in low signal inten-
sity. The ionization rate increased with the temperature and the
best signal intensity was achieved when it was raised to 500 °C.
A temperature of 450 °C was also used for APCI analysis of olean-
olic, betulinic and ursolic acids in fruits (Rhourri-Frih et al., 2009).

Analyses of maslinic acid with different acquisition modes (SIM
and multiple reaction monitoring or MRM) were assayed using a
triple quadrupole. Maslinic acid could not be collided into frag-
ments and no dominant product ions were detected, which indi-
cated that routine MRM with different parent and product ion
was not suitable for maslinic acid quantitation. This lack of frag-
mentation of maslinic acid has also been described for oleanolic
acid, whose chemical structure differs from maslinic acid by the
lack of the hydroxyl group at the 2-carbon position (Song et al.,
2006; Jeong et al., 2007) and ursolic acid (Chen et al., 2011; Liao
et al., 2005; Xia et al., 2011). After comparing the signal-to-noise
ratio of maslinic acid obtained either by MRN or SIM acquisition
modes, the best LLOQ wasachieved in SIM mode. Therefore, analy-
ses of the pentacyclic triterpene were performed instead, in a sin-
gle quadrupole with SIM acquisition mode which provided the best
sensitivity.

The chromatographic conditions were optimized in order to ob-
tain a better separation and sharper peaks. Different flow rates
(0.6, 0.7, 0.8, 0.9 and 1 mL/min) were evaluated and 0.8 mL/min
was chosen because it provided the best signal intensity within
the working flow rate range of the APCI system (0.5-2 mL/min).The
analysis of blank plasma samples from different batches in SIM
mode at m/z 471.3 revealed the co-elution of an endogenous com-
pound at the same retention time that maslinic acid. Given that the
gradient markedly influences the running of chromatographic sep-
aration of compounds, different elution profiles were assayed until
both molecules were properly separated. Using the gradient sys-
tem described in the experimental section, the endogenous com-
pound eluted at 9.8 min and maslinic acid at 11.7 min whereas
betulinic acid, used as LS., had a retention time of 15.5 min
(Fig. 1). Once a satisfactory separation was achieved, the final run
time was set at 19 min which included a washing step of 4 min
at 100% acetonitrile that was established in order to prevent the
memory effect occasionally observed in the initial set-up of the
method. The rinsing was followed by a reconditioning step with
the initial solvent composition.

3.2. Selection of LS.

The use of I.S. is necessary to minimize any differences in recov-
ery due to sample pre-treatment or to obtain high accuracy when
an HPLC is equipped with a mass spectrometer as detector. Gly-
zyrrhetinic acid and betulinic acid, both pentacyclic triterpenes
were assayed as I.S. given their similar chemical and physical prop-
erties as the studied analyte. Glyzyrrhetinic acid with m/z of 469.7
was rejected because it presented an isotopic contribution at m/z of
471.3 that overlapped maslinic acid, thus interfering peak integra-
tion. Betulinic acid, which had been previously used as LS. in ana-
lytical assays to quantify maslinic acid in vegetable oils (Pérez-
Camino & Cert, 1999) and olive leaves (Sanchez-Avila et al.,
2009) was selected.

Table 1
Recovery, matrix effect and process efficiency data for maslinic acid and internal
standard in spiked rat blank plasma samples.

Matrix effect (%)*
Maslinic acid (nM)

Recovery (%)° Process efficiency (%)°

0.05 134+2 92.7+29 13110
(n=3) (n=3) (n=3)
0.1 124 +2 98.5+5.1 122 +4
(n=3) (n=3) (n=3)
0.25 1155 95.1+4.8 110+4
(n=6) (n=5) (n=6)
0.5 106 +2 96.9+3.5 102+3
(n=6) (n=6) (n=6)
1 133+4 924+1.4 123+2
(n=6) (n=6) (n=6)
2.5 126 +13 99.6 +3.1 126 +4
(n=3) (n=3) (n=3)
5 122 5 944 +3.7 116+7
(n=6) (n=4) (n=6)
10 1313 95.0+3.9 1176
(n=6) (n=5) (n=6)
Internal standard (uM)
1 86.8+1.7 95.2+1.5 789+2.8
(n=35) (n=35) (n=35)

2 Absolute matrix effect expressed as the ratio of the peak area of an analyte
spiked post-liquid-liquid extraction to the peak area of the same analyte standards
multiplied by 100.

b Recovery calculated as the ratio of the peak area of analyte spiked before liquid—
liquid extraction to the peak area of analyte spiked after liquid-liquid extraction
multiplied by 100.

¢ Process efficiency expressed as the ratio of the peak are of the analyte spiked
before liquid-liquid extraction to the area of the same analyte standards multiplied
by 100.
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3.3. Method validation

Once the liquid chromatography and mass spectrometry were
optimized, based on the experimental conditions that provided
higher recovery and sensitivity, the method was validated at eight
different concentrations, from 0.05 to 10 pM, in order to cover the
whole range that might be encountered in its future use in phar-
macokinetic studies.

3.3.1. Matrix effect, recovery and process efficiency

Matrix effect (Table 1) was assessed following the post-extrac-
tion spike method proposed by Matuszewski et al. (2003). The
average matrix effect obtained was 23.6 + 3.6% for maslinic acid
and —13.2 + 1.7% for the LS. In the development of a reliable ana-
lytical method, the variability observed in the matrix effect is more
important than the values themselves. Therefore, the variability,
expressed as RSD, was found to be 8.29% for maslinic acid and
11.1% for the LS. These values were under the maximum 15% rec-
ommended by the EMEA Guideline on Bioanalytical Method Vali-
dation (2011), thus indicating that the effect was consistent and
did not compromise the quantification of the analyte. Hence, the
results demonstrate that the proposed extraction procedure is able,
if not to eliminate, at least to normalize and standardize the matrix
effect.

Recovery could be influenced by matrix effect, and thereby an
incorrect estimation of the efficiency of the whole analytical proce-
dure could be performed. Using the strategy suggested by Matu-
szewski et al. (2003) we have calculated the “true recovery”
which is unaffected by the matrix as it is calculated by comparing
the area of samples spiked before extraction to those that were
spiked after extraction. The recovery for maslinic acid, without
normalization by LS., remained very consistent at low and high
concentrations (Table 1) with a mean value of 95.0%1.2%
(n=31) and RSD of 7.10%. In addition, the mean recovery for LS.
followed a similar pattern being 95.2 + 1.5% (n =35) with an RSD
of 8.60%. These results indicate that the extraction procedure was
appropriate for both the analyte and LS. Therefore, when the ana-
lytical recovery was calculated with normalization by the LS., that
is, considering the peak area ratio of maslinic acid to L.S., the mean
recovery increased to 99.0 + 0.9% (n = 49) with an RSD of 6.10%.

Finally, the process efficiency, which takes into account the
extraction recovery and the matrix effect, averaged 118% with an
RSD of 10.6% for maslinic acid and 78.9% with an RSD of 11.0%
for I.S. Overall these results suggest that matrix components do
influence the process efficiency. However, the fact that the vari-
ability for both analyte and LS. does not exceed the 15% indicates
that the proposed method is fairly robust.

3.3.2. Linearity

The reproducibility of the assay was evaluated by comparing
the linear regressions of the three standard plots prepared at three
different days. The analytical procedure was linear over the con-
centration range of 0.005-10 uM in plasma samples (Fig. 2). A
straight-line fit was made through the data points by least square
regression analysis to give the mean linear equation
y=6.32x+0.30. The correlation coefficient of the calibration
curves exceeded 0.99.

3.3.3. Sensitivity

The LOD of maslinic acid was 2 nM. This concentration is 100
times lower than the one reported by Yin et al. (2012) in mice plas-
ma that was 0.21 puM (0.1 pg/mL). The concentration with a signal-
to-noise ratio of 10 was 5.03 + 0.13 nM and was quantified with a
precision of 6.22% and an accuracy of 0.50%, thus qualifying as
LLOQ of the assay. Our LC-MS method yields higher sensitivity than
the LC-MS-MS with MRM method for the quantification of maslinic
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Fig. 2. Representative calibration curve of maslinic acid in rat plasma. Individual
values were represented. Regression line was calculated by the least squares
method, and the equation and correlation coefficient (r) was y=6.32x +0.30;
r=0.9986.

acid in olive leaves that reports a LOQ of 184 nM (Sanchez-Avila
et al., 2009). In addition, the LLOQ is lower than the ones obtained
for similar pentacyclic triterpenic acids in plasma samples that
were 11 nM (5 ng/mL) for boswellic acids (Reising et al., 2005)
and 22 nM (10 ng/mL) for ursolic acid (Xia et al., 2011).

3.3.4. Precision and accuracy

The performance data of the assay is summarized in Table 2.
The intra- and inter-day precision (RSD) of maslinic acid were less
than 5.45% and 8.38%, respectively. The accuracy of the method
was also acceptable at each concentration level. The deviation ob-
tained between the nominal concentrations and calculated concen-
trations for maslinic acid were comprised between 0.10% and
4.82%. These results were within the acceptable criteria according
to the FDA (2011) and EMEA (2011) validation guidelines and indi-
cated that the method was accurate, reliable and reproducible.

3.3.5. Selectivity

In order to verify the selectivity, blank plasma samples from six
different animals were analyzed and compared with plasma that
was spiked with the analyte and L.S. (Fig. 1). The method was selec-
tive toward the matrix, as no interference compound was observed
at the retention time of maslinic acid (11.7 min) and L.S. (15.5 min).

3.3.6. Carry-over
No enhancement in the response was observed neither in the
blank plasma nor in the reagent blank processed after the highest

Table 2
Intra-day and inter-day precision and accuracy of maslinic acid in spiked rat blank
plasma.

Maslinic acid (uM) Precision (% RSD) Accuracy (% bias)

Intra-day Inter-day
0.05 3.63 8.38 2.58
(n=3) (n=6) (n=5)
0.1 4.88 4.51 1.17
(n=3) (n=6) (n=4)
0.25 234 249 1.59
(n=3) (n=6) (n=6)
0.5 3.74 3.73 0.63
(n=3) (n=6) (n=9)
1 1.44 3.77 0.10
(n=3) (n=6) (n=38)
2.5 3.87 3.48 0.21
(n=3) (n=6) (n=6)
5 5.45 5.61 4.82
(n=3) (n=6) (n=6)
10 5.19 530 0.70
(n=3) (n=6) (n=6)
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calibration standard at the retention time of maslinic acid and LS.
respectively. These results indicate that the needle wash procedure
after the injection of the sample that consisted of 9 washings at the
end of the run with acetonitrile:water (90:10) was sufficient to re-
move potential residues of maslinic acid. In addition, the carry-
over effect could also be avoided by programming a 4 min flush
of 100% of acetonitrile at the end of the elution program. Therefore,
the absence of carry-over or memory effect ensures the accuracy at
low concentrations.

3.4. Verification of the method

To demonstrate the applicability of the developed LC-MS meth-
od for future pharmacokinetic studies, rats were orally adminis-
tered with 10, 25 and 50 mg/kg of maslinic acid and blood was
collected at 24 h post-administration. This time was chosen be-
cause the concentration in plasma of this analyte would be very
low, thus ensuring that the procedure was appropriate. The vali-
dated procedure allowed a highly sensitive and selective determi-
nation of the pentacyclic triterpene in plasma, as shown in Fig. 3.
Maslinic acid was accurately measured and the plasmatic concen-
trations increased accordingly with the dose administered (Fig. 4).
The results obtained were above the lower limit of quantification
even at 10 mg/kg that gave a value of 10.8 + 2.2 nM.

These data indicate that we have developed a reliable and
reproducible procedure that can be easily applied to accurately
measure trace concentrations of maslinic acid in small plasma vol-
umes. In addition, the high sensitivity of the method confirms its
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Fig. 3. LC-MS chromatograms of maslinic acid obtained in the APCI negative mode
using the selected ion monitoring (SIM) at m/z 471.3. Representative chromato-
grams of rat blank plasma (A) and plasma collected 24 h after oral administration of
50 mg/kg of maslinic acid (B). The insert depicts the mass spectrum of maslinic acid.
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Fig. 4. Concentrations of maslinic acid in plasma samples collected 24 h after the
oral administration of 10, 25 and 50 mg/kg of the triterpene. Values are represented
as means + S.EM (n=3).

suitability to perform the pharmacokinetic analysis of the pentacy-
clic triterpene. The existing procedures described for the analysis
of maslinic acid in plasma would have failed to address this issue
(Lozano-Mena et al., 2012; Yin et al., 2012). The HPLC method that
we have recently developed, although rendering satisfactory sepa-
ration, identification and quantification of maslinic acid, would not
have allowed to detect this compound at 24 h, since the limits of
detection and quantification were 20 nM and 320 nM, respectively
(Lozano-Mena et al., 2012). The same lack of sensitivity would also
have taken place with the LC-MS method used by Yin et al. (2012),
since the reported limit of detection was 210 nM (0.1 pg/mL).

4. Conclusions

In summary, we have developed a selective, sensitive and accu-
rate LC-MS procedure for a reliable determination of maslinic acid
in plasma. The liquid-liquid extraction enables the removal of
endogenous interfering substances from the matrix, while the
LC-MS method permits the quantification of maslinic acid over
the wide concentration range encountered when performing phar-
macokinetic studies. The results obtained in the validation assess-
ment indicate that the procedure is suitable for the analysis of
plasma samples given its adequate linearity, recovery, precision,
sensitivity and selectivity. Moreover, the bioanalytical method of-
fers significant advantages in terms of low sample requirement
for analysis, simplicity of extraction and overall analysis time. Fi-
nally, the developed LC-MS method has been verified by measuring
the rat plasmatic concentration 24 h after the single oral adminis-
tration of 10, 25 and 50 mg/kg of maslinic acid, ensuring that it
could be successfully applied to pharmacokinetic studies. The
application of the method would allow to elucidate which circulat-
ing levels of this compound have to be reached in plasma to repro-
duce the in vitro health protecting effects described for maslinic
acid.
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3.2. CAPITOL 2. ESTUDI TOXICOLOGIC DE L’ACID MASLINIC

Els resultats d’aquest capitol es troben recollits a I'article 2:

Assessment of the safety of maslinic acid, a bioactive compound from Olea europaea L.
Marta Sanchez-Gonzalez, Gloria Lozano-Mena, M. Emilia Juan, Andrés Garcia-
Granados, Joana M. Planas.

Mol Nutr Food Res. 2013, 57(2), 339-346

Els resultats obtinguts han donat lloc a la seglient comunicacié en congrés:

+« Evaluation of the subcronic oral toxicity of a high dose of maslinic acid in mice
Marta Sanchez-Gonzalez, Gloria Lozano-Mena, Irene Alfaras, Andrés Garcia-
Granados, M. Emilia Juan, Joana M. Planas.
Presentada com a poster en el congrés:
22nd IUBMB & 37th FEBS Congress
Sevilla, Espanya, 4 — 9 de setembre de 2012
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Assessment of the safety of maslinic acid, a bioactive compound from Olea

europaea L.

Avaluacio de la seguretat de I’acid maslinic, un component bioactiu de I’'Olea

europaea L.
M. Sdnchez-Gonzéalez, G. Lozano-Mena, M.E. Juan, A. Garcia-Granados, J.M. Planas
Mol. Nutr. Food Res. 2013, 57(2), 339-346

3.2.1. Resum de l'article 2

Objectius. L’acid maslinic és un triterpé pentaciclic detectat a Olea europaea L. i present
a la dieta en les olives i a I'oli que se’n deriva. Recentment, també ha estat descrit en
altres aliments com espinacs, alberginies, cigrons, llenties i magrana. Malgrat els efectes
bioldgics que se li han atribuit, com ara antitumoral, hipoglucemiant i neuroprotector,
entre d’altres, no s’han avaluat els seus possibles efectes adversos. En consequiéncia,
s’ha investigat si 'administracié de dosis elevades d’acid maslinic tenen efectes nocius

mitjancant I'estudi de la toxicitat aguda i subaguda seguint les normes OCDE (2008).

Material i métodes. La toxicitat aguda es va avaluar mitjancant I'administracié d’'una dosi
Unica d’'1 g/kg d’acid maslinic per via oral mitjangcant sonda intragastrica a ratolins mascle
Swiss CD-1. Durant un periode d’observacié de dues setmanes, es va controlar I'estat de
I'animal aixi com el pes corporal i el consum de pinso i aigua. Al final del periode de
seguiment, els animals es van sacrificar i es va realitzar un examen macroscopic dels
organs vitals. A I'analisi de la toxicitat subaguda, els ratolins van rebre diariament i per via
oral acid maslinic a una dosi de 50 mg/kg durant 28 dies. Al mateix temps, es va
administrar I'excipient a un grup de ratolins control. Diariament es va mesurar el pes
corporal i cada dos dies es va registrar el consum d’aigua i pinso. Al final del periode
d’administracio, i després d’'un dejuni previ, els animals van ser anestesiats amb ketanima
i xilacina i es va obtenir, per puncié cardiaca, mostres de sang per avaluar magnituds
hematologiques i bioquimiques. Seguidament, es van extreure els organs vitals, que van

ser pesats abans de realitzar un estudi histopatologic.

Resultats. No es van registrar signes de morbiditat ni de mortalitat a I'estudi de la toxicitat
aguda. La necropsia realitzada al final de I'experiment no va revelar cap alteracié en els
organs vitals derivada del tractament amb el triterpé. L’avaluacio6 de la toxicitat subaguda
no va mostrar cap signe nociu al llarg del tractament. Tampoc es van observar diferéncies
entre el pes corporal dels animals tractats i de control. Les magnituds hematologiques i

bioquimiques analitzades no van presentar diferéncies entre el grup control i el grup
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d’acid maslinic. La necropsia va evidenciar que no hi havia diferéncies entre la mida, el
color i la textura dels diferents organs vitals extrets dels dos grups estudiats. Per ultim, en
'estudi histopatologic no es van observar anomalies ni lesions atribuibles a I'acid
maslinic.

Conclusions. Els resultats obtinguts tant a I'estudi de la toxicitat aguda com subaguda
indiquen que I'acid maslinic no exerceix cap efecte nociu sobre les variables estudiades
en ratolins. Aquesta abséncia d’efectes adversos, juntament amb les activitats

beneficioses sobre la salut, fan de I'acid maslinic un prometedor nutriceutic.
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RESEARCH ARTICLE

Assessment of the safety of maslinic acid, a bioactive
compound from Olea europaea L.

Marta Sanchez-Gonzalez'*, Gloria Lozano-Mena'*, M. Emilia Juan', Andrés Garcia-Granados?
and Joana M. Planas’

"Departament de Fisiologia and Institut de Recerca en Nutricié i Seguretat Alimentaria (INSA-UB), Universitat de
Barcelona (UB), Barcelona, Spain
2Departamento de Quimica Organica, Facultad de Ciencias, Universidad de Granada, Granada, Spain

Scope: Maslinic acid, the main pentacyclic triterpene of the cuticle of Olea europaea L. fruit,
has multiple beneficial effects on health, most notably antitumor and hypoglycemic properties.
Notwithstanding the biological activities, there is a lack of knowledge about its safety. Therefore,
the purpose of this study was to evaluate whether high doses of maslinic acid have harmful
effects on Swiss CD-1 male mice.

Methods and results: The single oral administration of the pentacyclic triterpene at 1000
mg/kg to mice did not produce any signs of morbidity or mortality. The repeated daily oral
administration of 50 mg/kg of maslinic acid for 28 days did not induce any sign of toxicity
during the experimental period. Body weight did not differ between mice that received the
triterpene and the control group. Similarly, hematological and biochemical variables were not
affected by the treatment. Histopathologic examination of the organs revealed that there were
no differences between the control and the treated mice.

Conclusion: Taken together the results obtained from the acute and the repeated intake of
maslinic acid indicate that the compound does not exert any adverse effects on the variables
tested in mice, thus suggesting a sufficient margin of safety for its putative use as a nutraceutical.
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1 Introduction variety and the method of processing and therefore ranges
from 287 + 67 to 1318 + 401 mg/kg [2]. In contrast, the

Maslinic acid, also named crategolic acid or (2a,3B)-2,3- concentration of the triterpene in olive oil is generally lower,

dihydroxyolean-12-en-28-oic acid (Fig. 1), is a phytochemical
found in olive fruit [1, 2] and leaf [3] of Olea europaea L. It is
the main pentacyclic triterpene of the surface waxes of the
drupe [1], where it plays a protective role given its insecticidal
and antifeedant activities [4, 5]. Olives and olive oil, the prin-
cipal derivative of the fruit, are regular dietary components in
the Mediterranean region. While olive oil is used for cooking
and seasoning, table olives, which are found in a wide range
of styles, are frequently consumed both alone as appetizer
and as an essential ingredient in a myriad of recipes. The
amount of maslinic acid in table olives depends both on the

Correspondence: Professor Joana M. Planas, Departament de Fi-
siologia, Facultat de Farmacia, Universitat de Barcelona (UB), Av.
Joan XXIII s/nim, 08028 Barcelona, Spain

E-mail: jmplanas@ub.edu

Fax: +34-93-4035901

Abbreviation: ALT, alanine aminotransferase

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with differences arising from the quality of the oil. In virgin
olive oils, the amount of maslinic acid is higher than in extra
virgin olive oils, while in chemically refined oils maslinic acid
is absent [6].

Recently, interest for maslinic acid has increased because
of its beneficial effects on health, which include antitumoral
[7-9], antidiabetic [10, 11], and antioxidant [9, 12] activities.
Moreover, it has been attributed to anti-HIV [13] and antipar-
asitic [14] effects as well as vasorelaxant [15] and stimulant of
growth and protein-turnover [16] properties. In spite of the
health-enhancing actions described for maslinic acid, to our
knowledge its safety has never been assessed. For this reason,
the purpose of the present study was to evaluate the effects of
the triterpene in Swiss CD-1 mice. Hence, preclinical acute
and subacute toxicological evaluations using the Organisation
for Economic Cooperation and Development guidelines [17]

*These authors contributed equally to this work.
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Figure 1. Chemical structure of maslinic acid.

have been undertaken to establish its safety profile. The dose
evaluated in the repeated oral administration for 28 days of
maslinic acid was 50 mg/kg, which corresponds to approx-
imately 125 times the amount that may be consumed by a
person eating 40 g or 10-medium sized olives and 33 g of
olive oil a day.

2 Materials and methods
2.1 Chemicals and dose preparation

Maslinic acid was obtained from olive pomace according to
the patented method from Garcia-Granados [18]. On account
of its low solubility in water, maslinic acid was dissolved in
an aqueous solution of (2-hydroxypropyl)-B-cyclodextrin at
40% and sodium carboxymethylcellulose at 0.5% following
a patented procedure described for betulinic acid [19]. All
other reagents were commercially available, analytical grade
chemicals.

2.2 Animals and diets

Young adult Swiss CD-1 male mice (8-week old), weighting
32-41 g, were from Harlan Laboratories S.A. (Castellar del
Vallés, Barcelona, Spain). Mice were randomly distributed
in cages (n = 3—4/cage), housed in standard environmental
conditions, and kept at a temperature of 22 + 3°C with rel-
ative humidity of 40-70% and a 12 h light/12 h dark cycle.
Animals received a standard diet (2018 Teklad Global 18%,
Harlan, Barcelona, Spain) and water, both freely available.
Handling and killing of mice were in full accordance with
the European Community guidelines for the care and man-
agement of laboratory animals. The studies were approved by
the Ethic Committee of Animal Experimentation of the Uni-
versitat de Barcelona (ref. 562/12). All animal manipulations
were performed in the morning to minimize the effects of
circadian rhythms.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.3 Acute toxicity evaluation

A group of two male adult mice received a single oral dose
of 1000 mg/kg of maslinic acid, and a group of two animals
received only the solvent. Body weight was recorded daily
and the general behavior of the animals was also observed
for 15 days. Moreover, food and water consumption were
checked every 2 days during the same period. Food conversion
efficiency was calculated as the body weight gain divided by
the food consumption every 3 days. At the end of this period,
mice were anesthetized i.p. with ketamine/xylacine (100 and
10 mg/kg, respectively) and their organs excised to perform
a gross pathological examination.

2.4 Subacute toxicity evaluation

Mice were randomly divided into two groups, a maslinic
acid group (n = 9) and a control group (n = 6). Mice in
the first group were orally administered by gavage 50 mg/kg
of maslinic acid every day for 28 days, while mice in the
second group received only the solvent, an aqueous solution
of (2-hydroxypropyl)-8-cyclodextrin at 40% and sodium car-
boxymethylcellulose at 0.5% during the same period. The
dose was adjusted considering the animal weight in order to
ensure a constant supply of maslinic acid and was adminis-
tered at a volume of 10 mL/kg body weight.

Daily monitoring of body weight and general behavior of
the animals was performed. Mice were carefully examined
for any signs of toxicity, such as piloerection, abnormal mu-
cosal secretion, and alterations in respiratory and locomotor
systems. Food and water consumption were recorded every 2
days. Food conversion efficiency was calculated as the weekly
body weight gain divided by the weekly food consumption.

At the end of the treatment, animals were anesthetized
i.p. with ketamine/xylacine (100 and 10 mg/kg, respectively)
before proceeding to blood extraction by cardiac puncture (0.5
mlL into EDTA-K; for hematology and 0.5 mL into a tube with-
out anticoagulant for clinical chemistry). Serum for clinical
chemistry was obtained after centrifugation of blood samples
at 1500 x g (Microcentrifuge 5417R, Eppendorf Ibérica S.L.,
San Sebastian de los Reyes, Spain) for 15 min. All samples
were processed within 4-6 h.

2.4.1 Hematology and clinical chemistry

Hematologic variables were determined in a Cell-Dyn
blood analyzer (Abbott Diagnostics Division, Santa Clara,
CA, USA). These were erythrocyte count, hemoglobin,
hematocrit, mean corpuscular volume, mean corpuscular
hemoglobin, mean corpuscular hemoglobin concentration,
total and differential leukocyte count, platelet count, and
mean platelet volume. The biochemical constituents glu-
cose, total cholesterol, triglycerides, HDL, alanine amino-
transferase (ALT), bilirubin, creatinine, sodium, potassium,

www.mnf-journal.com
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and chloride were determined with a Roche/Itachi 747 clini-
cal analyzer (Mannhein, Germany) with reagents from Roche
Diagnostics.

2.4.2 Gross necropsy

Gross necropsy was performed in both experimental groups,
consisting of careful exploration of the body external sur-
face, orifices and cranial, thoracic and abdominal cavities and
their contents. Brain, lungs, spleen, heart, liver, kidneys, tes-
ticles, and thymus were excised, trimmed of any adherent
tissue and their wet weights immediately recorded. Based on
the organ weight and the body weight of mouse on the day
of sacrifice the relative organ weight (%) was calculated as
follows:

weight of organ (g)

1
body weight (g) 00

Relative organ weight (%) =

2.4.3 Histopathology

The excised organs in the subacute toxicity evaluation were
submitted to a histopathologic study, performed in the
Serveis Integrats de 1’Animal de Laboratori (Universitat
Autonoma de Barcelona, Spain). For this reason, organs were
fixed in 10% neutral buffered formalin before being embed-
ded in paraffin. Sections (5 pwm) were prepared from blocks
and stained with hematoxylin and eosin to examine tissue
damage under a light microscope.

2.5 Statistics

Results are presented as the mean + SEM. All data evalu-
ation and analyses were performed using GraphPad Prism
4 (GraphPad Software, Inc., La Joya, CA, USA). Statisti-
cal differences between groups were compared by Student’s
t test or Mann—-Whitney test. Differences between groups
over time were established by 2-way ANOVA followed by
Bonferroni post-test. For all tests, p < 0.05 was considered
significant.

3 Results
3.1 Acute toxicity evaluation

The oral administration of a single dose of 1000 mg/kg of
maslinic acid to mice did not have any negative effects on
the animals over the following 15-day observation period.
Body weight was not different from the control group (Fig.
2A) as well as food conversion efficiency (Fig. 2B). The food
and water consumption per animal in the control group were
4.25 + 0.05 g/day and 4.75 &+ 0.05 mL/day, respectively. In
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Figure 2. Body weight of Swiss CD-1 male mice (A) and food
conversion efficiency (B) after the single oral administration of
1000 mg/kg of maslinic acid (n = 2) compared with control mice
(n = 2). Results are expressed as mean + SEM. Groups did not
differ, p > 0.05.

maslinic acid treated mice these values were 4.82 £+ 0.08
g/day and 5.54 £ 0.20 mL/day. No deaths or hazardous signs
of toxicity were recorded. The necropsy performed at the end
of the experiment did not reveal any alteration derived from
the treatment with the triterpene.

3.2 Subacute toxicity
3.2.1 Body weight, food and water consumption

No adverse effects or mortality were recorded during the
experimental period after the daily oral administration of
maslinic acid ata dose of 50 mg/kg. Body weight was constant
during the treatment and there were no statistically signifi-
cant differences between control and maslinic acid groups
(Fig. 3A). At the end of the experiment, body weight was
35.1 £ 0.3 g (n = 6) for control mice and 35.5 + 0.6 g (n =9)
for the treated group. Water consumption did not differ be-
tween both groups but there were statistically significant dif-
ferences in food consumption (p = 0.0004), being 13% lower
in the treated group with respect to the control animals. When
food conversion efficiency was calculated, no differences be-
tween control and maslinic acid treated mice were observed
(Fig. 3B).
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Figure 3. Body weight of Swiss CD-1 male mice (A) and food
conversion efficiency (B) after oral administration of 50 mg/kg of
maslinic acid (n = 9) compared with control mice (n = 6). Results
are expressed as mean £+ SEM. Groups did not differ, p > 0.05.

3.2.2 Hematology and clinical chemistry

The results of the hematologic analyses did not show statis-
tically significant differences between control and maslinic
acid groups (Table 1). Red blood cells, white blood cells, and
platelets did not differ between both experimental groups.
Similarly, biochemical parameters were not affected by the
administration of 50 mg/kg of maslinic acid (Table 2). Lipid
metabolism was not altered in the treated mice, as shown
by the lack of differences in HDL, triglycerides, and total
cholesterol levels compared to the control mice. Glucose con-
centrations did not differ between both experimental groups;
creatinine, bilirubin, and ALT concentrations were also com-
parable, which indicates that kidney and liver functions were
not modified by maslinic acid treatment. The concentration
of serum electrolytes sodium, potassium, and chloride did
not show statistically significant differences between control
and treated animals (Table 2).

3.2.3 Gross necropsy

Postmortem examination of internal organs was performed
at the end of the experimental period. No macroscopic differ-
ences were observed in size, color, or texture between con-
trol and maslinic acid groups. The repeated oral administra-
tion of the triterpene did not alter the final relative weights
of lungs, spleen, heart, liver, kidneys, thymus, or testicles
(Table 3). However, relative brain weight was greater in the
treated mice than in the control mice (p = 0.009) (Table 3).
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Table 1. Hematological variables of control and maslinic acid
treated mice

Hematological variables Control? Maslinic acid®
Red blood cells
Erythrocytes (10'2/L) 8.08 + 0.13 8.55 + 0.39
Hemoglobin (mmol/L) 7.76 + 0.12 8.25 + 0.37
Hematocrit (%) 37.6 + 0.8 40.0 + 1.6
Mean corpuscular 46.2 + 0.7 46.8 + 0.3
volume (fL)
Mean corpuscular 15.4 + 0.2 15.5 + 0.1
hemoglobin (pg)
Mean corpuscular 20.6 + 0.06 20.6 + 0.19
hemoglobin
concentration
(mmol/L)
White blood cells
Leukocytes (10%/L) 3.62 + 0.48 5.28 + 1.03
Neutrophils (%) 13.6 + 2.1 12,9 + 2.2
Lymphocytes (%) 835 + 24 85.0 £ 2.6
Monocytes (%) 2.24 + 0.74 1.52 + 0.41
Eosinophils (%) 0.22 + 0.16 0.20 + 0.18
Basophils (%) 0.40 £+ 0.11 0.32 + 0.09
Platelets
Platelets (109/L) 929 + 102 980 + 79
Mean platelet volume 5.88 + 0.68 5.32 + 0.26
(fL)

a) Values are mean = SEM, n = 5 (control) or 6 (maslinic acid).
Groups did not differ, p > 0.05.

Table 2. Clinical biochemistry variables of control and maslinic
acid treated mice

Clinical biochemistry Control? Maslinic acid®
Glucose (mmol/L) 10.2 + 1.6 9.20 £+ 1.02
Cholesterol (mmol/L) 3.568 + 0.22 3.38 + 0.14
Triglycerides (mmol/L) 0.84 + 0.11 1.20 + 0.15
HDL (mmol/L) 3.23 £ 0.17 2.96 £+ 0.15
ALT®) (lU/L) 190 + 58 206 + 92
Bilirubin (wmol/L) 2.13 + 0.18 2.08 + 0.14
Creatinine (nmol/L) 17.3 + 1.8 129 + 1.4
Sodium® (mmol/L) 154 + 1 154 + 1
Potassium® (mmol/L) 3.75 + 0.16 4.34 + 0.22
Chloride® (mmol/L) 112 + 2 112 £1

a) Values are mean + SEM, n = 6 (control) or 9 (maslinic acid).
Groups did not differ, p > 0.05.

b) ALT, alanine aminotransferase.

c) Values are mean + SEM, n = 2 (control) or 5 (maslinic acid).
Groups did not differ, p > 0.05.

3.2.4 Histopathology

A histopathologic study of the vital organs was carried out at
the end of the 28-day administration period. Figure 4 shows
representative microphotographs of different organs from
control and maslinic acid treated mice. Hematoxylin-eosin
staining of liver sections showed normal hepatic architecture,
hepatocytes, portal triad, and central vein. Kidney sections of
maslinic acid treated mice presented a normal renal cortex
with a normal appearance of the glomerulus and tubules.
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Table 3. Relative organ weight of Swiss CD-1 male mice after the
oral administration of 50 mg/kg of maslinic acid for 28
days compared with control animals

Organ Control? Maslinic acid?
Liver (%) 3.82 +£0.17 4.04 +0.11
Kidney (%) 0.63 + 0.02 0.66 + 0.02
Lungs (%) 0.86 + 0.03 0.89 + 0.03
Brain (%) 1.37 £ 0.02 1.52 £ 0.04°)
Heart (%) 0.49 £+ 0.02 0.48 + 0.01
Testicle (%) 0.38 £ 0.01 0.41 £+ 0.01
Spleen (%) 0.23 £ 0.02 0.25 £ 0.02
Thymus (%) 0.17 £ 0.01 0.14 £+ 0.02

a) Results are expressed as mean + SEM, n = 6 (control) or 9
(maslinic acid). Values indicate % organ weight/body weight.
b) Different from control, p < 0.05.

Histological evaluation of the heart revealed normal endo-
cardium and myocardium, as well as normal cardiac muscle
architectures. Assessment of the spleen displayed normal ap-
pearance with normal lymphoid follicles and sinuses in the
mice that received 50 mg/kg of maslinic acid with respect to
the controls. Taken together, the analysis revealed that none
of the organs had significant lesions attributable to maslinic
acid.

4 Discussion

Among the triterpenic components of olives and olive oils,
maslinic acid is one that has recently received great attention
by the scientific community [20]. Early research was focused
on antitumor effects [21-24]. More recently, increasing data
were found showing that maslinic acid acts as antioxidant
[25], cardiovascular protector [15,26], and antidiabetic [11,27,
28]. However, to date no safety evaluation of this promising
compound has been performed. Therefore, we studied the
toxicity of maslinic acid to determine whether there were any
harmful effects attributed to this triterpene. To this end, we
assessed the effects on health of maslinic acid after the oral
administration of a single high dose (1000 mg/kg) as well as
those of 50 mg/kg to mice for 28 days. The latter dose was
selected taking into account that olives and olive oil are the
main dietary sources of this compound. Assuming that the
average concentration in commercial table olives and virgin
olive oils is 553 mg/kg [2] and 194 mg/kg [6], respectively,
and that daily consumption of these foods is 10 medium-sized
olives and 33 g olive oil, the mean daily intake of maslinic acid
under these conditions is approximately 0.4 mg/kg. Thus, we
chose a dose that is near 125 times higher than this estimate
to provide a sufficiently large margin of safety.

The acute toxicity study was conducted in order to inves-
tigate whether the administration of a single high dose of
maslinic acid exerted any adverse effects on the animals over
the immediately consecutive days. The lack of negative ef-
fects on growth, the absence of symptoms, and the normal
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Figure 4. Photomicrographs of liver (x20), kidney (x40), lung
(x40), heart (x10), testicle (x40), spleen (x10), and brain (x10)
sections of control (A) and maslinic acid treated mice (B) stained
with hematoxylin and eosin.
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appearance of the vital organs in the gross necropsy sug-
gested that maslinic acid is practically nontoxic under these
conditions. Subsequently, the subacute toxicity of maslinic
acid was evaluated following the Organisation for Economic
Cooperation and Development guidelines [17] at the dose of
50 mg/kg during a period of 28 days. The daily oral adminis-
tration of the pentacyclic triterpene did not induce any sign of
toxicity such as piloerection, alteration in locomotor activity,
or mortality. Our results show that the food intake in Swiss
CD-1 mice treated with maslinic acid was 13% lower than the
control group, in agreement with previous studies [11,29]. In
KK-A’ mice, an animal model of genetic type-2 diabetes, the
oral administration of maslinic acid at 10 or 30 mg/kg during
2 weeks reduced the food intake in 28% and 34% with respect
to the control [11]. In gilthead sea bream, the relative intake
of diet was 18% lower in the fish fed during 210 days with
100 mg/kg of maslinic acid than in the control group [29]. De-
spite the lower feed consumption observed in the maslinic
group, the body weight of the treated mice did not differ from
the observed in the control mice. In the literature, there is
no information about the effect on body growth of maslinic
acid in healthy mice, and the only data that exist correspond
to animal models in which body weight is a variable [11,23].
By contrast, maslinic acid has been described to stimulate
body growth in healthy fish thus being proposed as a feed
additive in aquiculture [16,29]. Rainbow trout (Oncorhynchus
mykiss) fed with 25 and 250 mg/kg of maslinic acid in the
diet during 225 days increased body weight, compared to the
control group, in 19.3% and 29.2%, respectively. This effect
was attributed to a higher growth rate of white muscle, which
was correlated with hyperplasia and hypertrophy in the tis-
sue [16]. The stimulating effect on growth was also observed
in the gilthead sea bream (Sparus aurata) that received 100
mg/kg for 210 days, but to a lesser extent, since the final body
weight of the maslinic acid group was only a 5% higher than
in the control group [29]. In addition, no effect on body weight
was observed after the administration of 20, 40, and 80 mg/kg
to juvenile dentex (Dentex dentex) during 49 days [30].

The oral administration of maslinic acid at 50 mg/kg for
28 days does not exert any harmful hematological effect, as
indicated by the absence of differences between the treated
and control groups in the evaluation of erythrocytes, leuko-
cytes, and platelets. Clinical chemistry was determined in
order to assess the overall health status of mice, as well as tar-
get organs and alterations in metabolic processes that could
be associated with the intake of the pentacyclic triterpene.
The present results indicate that maslinic acid did not have
any significant effect on blood glucose as previously reported
in normal mice [27]. The oral administration of 25, 50, and
100 mg/kg of maslinic acid during 7 days did not induce any
significant differences in fasting blood glucose between the
control and the treated groups [27]. Conversely, maslinic acid
has been reported to exert hypoglycemic effects in different
animal models of hyperglycemia [11,27]. In the KK-AY mice
that mimics obesity-induced diabetes this triterpene at daily
dosages of 10 mg/kg and 30 mg/kg for 2 weeks significantly
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decreased blood glucose concentration [11]. The reduction of
food intake and fat weight by maslinic acid as well as the
normalization of plasma adiponectin concentration were the
mechanisms suggested to be involved in the improvement of
glucose metabolism levels and insulin resistance [11]. In ad-
dition, maslinic acid diminished blood glucose concentration
in mouse models of hyperglycemia set up by either subcuta-
neous injection of adrenaline or intragastric administration
of glucose [27]. The hypoglycemic effect observed after the
oral administration of the pentacyclic triterpene at 50 and 100
mg/kg for 7 days was attributed to an inhibition of glycogen
phosphorylase that reduced hepatic glucose production [27].
Noteworthy, the hypoglycemic effect elicited by maslinic acid
in mice has not been observed in normal physiological con-
ditions thus avoiding the side effects caused by anti-diabetic
drugs.

Clinical chemistry analysis showed that treatment with
maslinic acid at 50 mg/kg for 28 days did not modify the
serum concentration of cholesterol, triglycerides, and HDL
with respect to the control group. Thus, the results sug-
gest that this compound does not modify the lipid profile
in healthy animals. However, the daily oral administration of
maslinic acid at a dose of 100 mg/kg for 15 days to Sprague-
Dawley rats fed with a high cholesterol diet for 30 days nor-
malized the values of total cholesterol, triglycerides, HDL-
cholesterol, and LDL-cholesterol [26]. Maslinic acid was re-
ported to lower acyl-CoA cholesterol acyltransferase gene ex-
pression thus decreasing intestinal absorption, synthesis, or
storage of exogenous and endogenous cholesterol.

Liver function was evaluated with the measurement of
ALT, which is an enzyme considered as a valid marker of
hepatocellular integrity in mice [31]. The absence of dif-
ferences between control and treated mice observed in our
study indicates the lack of liver damage induced by maslinic
acid. Our findings are consistent with the study of Liu et al.
[11], in which the serum concentrations of aspartate amino-
transferase, ALT, lactate deshydrogenase, and alkaline phos-
phatase were not altered by the daily oral administration of
maslinic acid. Serum concentrations of creatinine and urea
measured as markers of kidney integrity showed the absence
of adverse effects of maslinic acid in renal function. In addi-
tion, the values obtained in the analysis of blood electrolytes
were not different between both experimental groups.

The subacute toxicity study was completed with a gross
necropsy thatincluded the measurement of the organ weights
as well as the histopathologic examination of the tissues, in
order to assess the effects of maslinic acid on specific organs.
Relative weight of liver, kidneys, heart, lungs, and spleen ex-
cised from the mice treated with 50 mg/kg of maslinic acid
for 28 days was not significantly different from controls. The
liver hyperplasia of 52% and 40% with respect to the con-
trols described in rainbow trout fed with 25 and 250 mg/kg
of maslinic acid for 225 days [32], respectively, was not ob-
served in our study. At the end of the experiment, an increase
of 6% (p > 0.05) was found in the relative weight of the
liver in the maslinic group. The brain of the treated animals
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was 11% (p < 0.05) higher than the control group. However,
changes in relative brain weight are rarely associated with
neurotoxicity [33].

The absence of toxic effects of the treatment with 50
mg/kg of maslinic acid for 28 days was corroborated in the
histopathologic evaluation. The normal hepatic architecture
observed in the microscopic evaluation of hematoxylin-eosin
staining liver sections combined with the serum concentra-
tions of ALT suggests the lack of hepatocellular damage.
Moreover, the evaluation of kidney sections as well as creati-
nine serum concentrations, which were 26% (p > 0.05) lower
than the control group, indicate the absence of nephrotoxicity.
Furthermore, the histological evaluation of the spleen of the
maslinic acid group demonstrated normal architecture with
normal lymphoid follicles and sinuses, corroborating that
maslinic acid did not produce any hematologic alteration.

In summary, the lack of harmful effects found in the
hematology, clinical biochemistry, and histopathology eval-
uation indicates that maslinic acid administered orally has a
large safety margin. These results together with its multiple
positive effects on health make maslinic acid as a promising
nutraceutical.
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3.3. CAPITOL 3. DESENVOLUPAMENT D’UN MODEL FARMACOCINETIC DE L’ACID
MASLINIC SEGUINT UNA APROXIMACIO POBLACIONAL

Els resultats d’aquest capitol es troben recollits a I'article 3:

Population pharmacokinetics of maslinic acid, a triterpene from olives, after intravenous

and oral administration in rats

Marta Sanchez-Gonzalez, Helena Colom, Gloria Lozano-Mena, M. Emilia Juan, Joana M.
Planas.

Mol. Nutr. Food Res. DOI: 10.1002/mnfr.201400147

Els resultats obtinguts han donat lloc a les seglients comunicacions en congreés:

% Plasma pharmacokinetics following intravenous administration of maslinic acid, a
pentacyclic triterpene from olives
Marta Sanchez-Gonzalez, Gloria Lozano-Mena, Helena Colom, Andrés Garcia-
Granados, M. Emilia Juan, Joana M. Planas.
Presentada com a poster en el congrés:
IUNS 20" International Congress of Nutrition

Granada, Espanya, 15 — 20 de setembre de 2013

X3

%

Estudio farmacocinético del acido maslinico, un componente bioactivo de Olea

europaea L.

Marta Sanchez-Gonzélez, Gloria Lozano-Mena, Tatiana Trebolento, Helena

Colom, M. Emilia Juan, Joana M. Planas.

Presentada com a poster i seleccionada com a comunicacio oral en el congrés:
XXXVII Congreso de la Sociedad Espafiola de Bioquimica y Biologia
Molecular
Granada, Espanya, 9 — 12 de setembre de 2014

59






Resultats — Capitol 3

Population pharmacokinetics of maslinic acid, a triterpene from olives, after

intravenous and oral administration in rats

Farmacocinética poblacional de I’acid maslinic, un triterpé de les olives, després de

’administracio intravenosa i oral a rata
M. Sanchez-Gonzéalez, H. Colom, G. Lozano-Mena, M.E. Juan, J.M. Planas
Mol. Nutr. Food Res. DOI: 10.1002/mnfr.201400147

3.3.1. Resum de l'article 3

Objectius. L'acid maslinic és un component minoritari aillat de diferents plantes i
principalment de les fulles i els fruits de l'olivera. Malgrat que s'han descrit diferents
activitats beneficioses per a la salut, com ara, anticancerigen, antidiabétic i
cardioprotector, aixi com l'abséncia d’efectes adversos, encara es desconeix la seva
biodisponibilitat. Per aquesta rad, s’ha estudiat la farmacocinética d’aquest triterpé
pentaciclic seguint una aproximacié poblacional com a pas previ pel seu Us futur com a

nutriceutic.

Material i métodes. Rates mascle Sprague-Dawley van ser sotmeses a I'administracio
per via intravenosa (1 mg/kg) i oral (50 mg/kg) i es van obtenir mostres de sang en
diferents temps durant 24 hores. El plasma es va processar mitjancant una doble
extraccié liquid-liquid amb acetat d’etil abans de ser analitzat per HPLC-MS. L’analisi
farmacocineética simultania de les concentracions plasmatiques després de I'administracio
intravenosa i oral de 'acid maslinic es va dur a terme emprant el modelatge no lineal
d’efectes mixtos amb el programa NONMEM versié 7.2. Aquesta analisi va incorporar
'escalat entre espécies, que permet I'extrapolacié en humans, seguint una aproximacié
al-lométrica. Per aix0, es va integrar el pes corporal (70 kg) en el model base, juntament
amb exponents al-lomeétrics fixats. La seleccié del model en cada etapa del procés es va
basar en la bondat de I'ajust, la precisié dels parametres estimats i el valor minim de la
funcié objectiva (MOFV). La validacié del model final es va realitzar utilitzant la
comprovacio visual predictiva corregida per les prediccions tipiques del model (pcVPC,

acronim en angles de prediction-corrected visual predictive check).

Resultats. El model bicompartimental amb absorci6 de primer ordre i eliminacio lineal va
ser el que millor va descriure totes les concentracions plasmatiques de I'acid maslinic
enfront del temps. Les grafiques de la bondat de I'ajust van indicar que el model és capag
de descriure correctament les concentracions plasmatiques de I'acid maslinic ja que tant

els valors observats com els predits es trobaven distribuits aleatoriament al voltant de la
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linia d’identitat. Els parametres de farmacocinética poblacional van ser estimats amb una
precisi6 adequada (<50%). La pcVPC va confirmar I'habilitat predictiva del model
desenvolupat i la seva estabilitat. L’analisi de les constants farmacocinétiques indiquen
que l'acid maslinic té una absorcié relativament rapida (k, = 0,52 1/h) amb una
concentracid6 maxima de 4,03 uM a les 0,51 h i una biodisponibilitat del 5,13%. La
distribucié de I'acid maslinic a teixits és extensa en tant que els volums de distribucio
central i periféric van ser de 8,41 L/70 kg i 63,6 L/70 kg, respectivament. L’aclariment de 8
L/h/70 kg suggereix que I'acid maslinic presenta un metabolisme hepatic i renal baix, sent

excretat per orina de forma majoritariament inalterada.

Conclusions. El model farmacocinétic poblacional amb escala al-lométrica desenvolupat,
descriu i prediu adequadament les concentracions plasmatiques de I'acid maslinic, sent
un primer pas per a futurs estudis farmacocinétics/farmacodinamics, que permetin establir

les pautes d’administracio eficaces per a aguest compost bioactiu de la dieta.
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Scope: Maslinic acid is a bioactive minor component of Olea europaea L. with health-enhancing
activities and no harmful effects. A pharmacokinetic (PK) study was conducted to determine
its bioavailability for future studies of maslinic acid in humans.

Methods and results: Intravenous (1 mg/kg) and oral (50 mg/kg) administrations to Sprague-
Dawley rats were performed. Blood was obtained several times over 24 h and PKs were analyzed
with NONMEM 7.2, applying a population approach. Body weight was included a priori in the
model with fixed allometric exponents, based on allometric principles. Plasma concentrations
versus time were best characterized by a two-open compartment model with first-order ab-
sorption and linear elimination. Maslinic acid had a relative rapid oral absorption with a peak
concentration after administration at 0.51 h and a bioavailability of 5.13%. Once in blood-
stream, it distributed extensively into tissues, since the central and peripheral distribution
volumes were 8.41 L/70 kg and 63.6 L/70 kg, respectively. The clearance (8 L/h/70 kg) was
related to unaltered renal excretion. The prediction-corrected visual predictive check confirmed
its stability and predictive ability.

Conclusion: An allometric population PK model was performed for maslinic acid, which
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adequately described and predicted plasma concentrations.
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1 Introduction

In Olea europaea L., maslinic acid ([2a,3B]-2,3-
dihydroxyolean-12-en-28-oic acid; Fig. 1), also named
crategolic acid, is the principal pentacyclic triterpene. This
compound is synthetized as a secondary plant metabolite
that protects the fruits and leaves against insects and
microorganisms [1]. Although table olives and their derived
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oils constitute the main dietary source, this compound
is also present in fresh vegetables [2], legumes [3], and
fruits [4], as well as in several plants traditionally used as
remedies for different diseases [5, 6]. Maslinic acid exerts
many health-enhancing effects, such as hypoglycemic [7],
cardioprotective [8], neuroprotective [9], and antitumoral
[10, 11]. The latter has been extensively studied in different
cell lines, including astrocytoma [12], breast [13], prostate
[11], pancreatic [14], and colon cancer [10]. In addition to its
biological activities, maslinic acid is well tolerated and no
signs of adverse effects occur after repeated administration to
mice [15]. Therefore, this pentacyclic triterpene is emerging
as a potential nutraceutical.

To gain a better insight into the in vivo pharmacological
properties of maslinic acid, it is important to have a compre-
hensive understanding of its oral bioavailability. Hence, it is
necessary to know if the oral intake of maslinic acid yields
adequate plasma concentrations to achieve in vivo the bene-
ficial activities described for this compound. Therefore, the
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Figure 1. HPLC-MS chromatograms of maslinic acid obtained in
the APCI negative mode using the SIM at m/z 471.3. Represen-
tative chromatograms of rat blank plasma (A) and plasma col-
lected 30 min after the p.o. administration of 50 mg/kg of maslinic
acid (B).

present study aims at assessing the PKs of maslinic acid after
iv. and p.o. administrations to Sprague-Dawley rats. Concen-
trations of the triterpene in plasma were evaluated following
a population PK analysis that adequately models sparse data
from different individuals. In addition, the nonlinear mixed
effects modeling (NONMEM) enabled the development of an
allometric model that may predict the PKs of maslinic acid in
humans.

2 Materials and methods
2.1 Chemicals and reagents

Maslinic acid was extracted from olive pomace follow-
ing a patented procedure [16] and was kindly provided
by Dr. Garcia-Granados. The internal standard (I.S.), be-
tulinic acid (3B-3-hydroxy-lup-20(29)-en-28-oic acid), was
purchased from Extrasynthése (Genay, France). Sodium chlo-
ride, sodium carboxymethylcellulose, and (2-hydroxypropyl)-
R-cyclodextrin were analytical grade chemicals from Sigma-
Aldrich (St. Louis, MO, USA). Scharlau Chemie S.A.
(Barcelona, Spain) supplied ACN and ].T. Baker (Deventer,
Netherlands), methanol and ethyl acetate, all of them HPLC
grade. Purified water was obtained using a Milli-Q water pu-
rification system (18 m{}) (Millipore, Milan, Italy).

2.2 Animals

Male rats of the Sprague-Dawley strain were maintained in
the Animal House Facility of the Facultat de Farmacia of the
Universitat de Barcelona. The adult rats weighting an average
of 278 + 1 g were kept in groups of two per cage with free
access to a commercial diet (2014 Teklad Global 14%, Har-
lan, Barcelona, Spain) and water. The animal rooms were at
a temperature of 22 £ 2°C, relative humidity of 50 £ 10%
and a light-dark cycle of 12 h. Experiments were carried out
in the morning to lessen the influence of circadian rhythms.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Maslinic acid was administered as a single i.v. or p.o. dose to
rats deprived from food for 12 h before the experiments but
with free access to water. The animal feed and the plasma
were analyzed, prior to the bioavailability study, and no traces
of maslinic acid were detected. All animal manipulations ful-
filled the requirements established by the European Com-
munity guidelines for the care and management of labora-
tory animals. The approval of the Ethic Committee of Animal
Experimentation of the Universitat de Barcelona has been
provided for this research protocol (ref. 164/10).

2.3 Dose and sampling
2.3.1 Intravenous study

Maslinic acid was dissolved in (2-hydroxypropyl)-B-
cyclodextrin (20%, w/v) prepared with NaCl (0.9%) due to
its limited aqueous solubility [15]. The pentacyclic triterpene
was administered to 31 rats through the caudal vein in the
tail at a dose of 1 mg/kg as a single bolus (1 mL/kg). The dose
was adjusted according to the rat’s weight to ensure an ac-
curate administration. Blood was withdrawn at 0.016, 0.042,
0.083, 0.13, 0.16, 0.25, 0.33, 0.42, 0.50, 0.67, 0.75, 1, 1.5, 2,
3,4,5,6,8,12, and 24 h in order to cover the whole plasma
concentrations versus time curve.

2.3.2 Oral study

In the p.o. study, 23 animals received maslinic acid at a dose
of 50 mg/kg solubilized in (2-hydroxypropyl)-B-ciclodextrin
(40%, w/v) with sodium carboxymethylcellulose (0.5%, w/v).
The oral dosing was performed through a stainless steel an-
imal feeding tube (18 gauge x 76 mm, ref. FTSS-18S-76,
Instech Laboratories, Inc., Plymouth Meeting, PA, USA) and
administration volume of 10 mL/kg. Blood was sampled at
0.16, 0.25, 0.33, 0.42, 0.50, 0.67,0.75, 1, 1.5, 2, 3, 4,5, 6, 8, 12,
and 24 h.

2.3.3 Blood collection

Blood was withdrawn from the lateral saphenous veins [17],
located subcutaneously in both rat hindlegs, following a
sparse sampling design with three to six replicates for each
time point. From a single rat, three to four samples were ob-
tained, meaning one to two extractions from each vein. The
collected volume was 0.45 mL/extraction, thus a maximum of
1.8 mL of blood was obtained from one animal. This volume
represents 10% of the total circulating blood, an amount that
can be safely withdrawn within 24 h without influencing the
hematocrit [18]. The vein was punctured with a 21G needle
and blood was collected directly into EDTA-K, coated tubes
(Microvette CB300, Sarstedt, Granollers, Spain). Specimens
were kept on ice until centrifugation at 1500 x g (Centrifuge
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MEGAFUGE 1.0R, Heraeus, Boadilla, Spain) for 15 min at
4°C. Then, plasma was separated from the blood cells and
frozen at —20°C until analysis. Plasma samples were used
for both noncompartmental analysis and population phar-
macokinetic modeling.

2.4 Sample preparation

Prior to liquid-liquid extraction, 10 wL of betulinic acid
100 uM (LS., stock solution prepared in methanol 80%, v/v),
were mixed with 200 pL of plasma. Next, ethyl acetate (2 mL)
was added to the samples, which were subjected to vigorous
vortex-mixing for 3 min. After centrifugation at 1500 x g at
4°C for 15 min (Centrifuge MEGAFUGE 1.0R), the organic
upper layer was placed into a clean tube and the residue was
extracted again. The ethyl acetate extracts were gathered and
placed in a Concentrator 5301 (Eppendorf Ibérica S.L., San
Sebastidn de los Reyes, Spain) for evaporation to dryness at
a temperature of 45°C. Then, the residue was dissolved in
100 nL of methanol (80%, v/v), agitated in a vortex for 5 min
and sonicated for 1 min. After centrifugation at 25 000 x g
for 15 min at 4°C (Centrifuge 5417R, Eppendorf Ibérica S.L.),
a clear supernatant was obtained for the subsequent analysis
by HPLC-MS.

2.5 Equipment and HPLC-MS conditions

The analyses were performed on a Perkin-Elmer series 200
(Perkin-Elmer, Norwalk, CT, USA) LC with a refrigerated
autosampler, a quaternary pump, and a thermostated column
compartment, coupled to a PE Sciex API 150 EX (AB SCIEX
Spain S.L.) single quadrupole mass spectrometer with an
atmospheric pressure chemical ionization source. The 1.4.2
Analyst software (Applied Biosystems, Foster City, CA, USA)
was used to acquire and analyze the data. The equipment was
available at the Scientific and Technological Centers of the
Universitat de Barcelona.

A Luna RP C18 column, 150 mm x 2.0 mm 5 wm (Phe-
nomenex, Micron Analitica S.A., Madrid, Spain), maintained
at a temperature of 40°C was used for the separation of
maslinic acid and betulinic acid. A guard cartridge of iden-
tical packing material was used to protect the column (Phe-
nomenex). The components of the mobile phase were water
as solvent A and ACN as solvent B delivered at the following
gradient elution: at 0 min with 95% solvent A (5% solvent B),
at 4 min decreasing to 50% solvent A (50% solvent B), at 8
min with 40% solvent A (60% solvent B), a decline at 12 min
to 25% solvent A (75% solvent B), and at 15 min to 0% sol-
vent A (100% solvent B). This percentage was kept for 4 min.
Finally, there was an 8 min delay before the next injection to
ensure the re-equilibration of the system. The flow rate was
0.8 mL/min. Injections of 20 pL of each sample were carried
out by an automated autosampler with the thermostated plate
kept at 10°C.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The MS analysis was carried out in the negative ionization
mode with the APCI source at 500°C. Nitrogen served as cur-
tain gas (12 au) and as nebulizer gas (10 au) with a nebulizing
flow of —3 au. The instrument parameters were as follows:
declustering potential of —30 V, focusing potential of —100
V, and entrance potential of —5 V. The SIM mode was used
for quantification of maslinic acid at an m/z of 471.3 and be-
tulinic acid (I.S.) at an m/z of 455.3. The dwell time was set at
165 ms. Calibration standards and a blank plasma were pre-
pared in parallel with the samples and later analyzed together
with a reagent blank. For the quantification of maslinic acid
in samples, the ratio of the peak areas of the analyte and I.S.
were interpolated on the external calibration curve. The re-
sults were expressed in micromols of maslinic acid per liter
of plasma (uM).

For the preparation of calibration standards, 190 nL of rat
blank plasma were spiked with 10 pL of standard solutions of
maslinic acid in order to obtain concentrations of 0.010, 0.05,
0.1, 0.5, 2.5, 5, 10, 15, and 20 wM. Plasma maslinic acid con-
centrations greater than 20 uM were diluted and reassayed.
These calibration standards were extracted as the plasma sam-
ples coming from the administered rats. Validation of the
method took into account linearity, precision, recovery, ac-
curacy as well as the LODs and limits of quantification, in
agreement with the United States Food and Drug Adminis-
tration Bioanalytical Method Validation Guidance [19].

2.6 PK data analysis
2.6.1 Software

Initially, plasma concentrations of maslinic acid versus time
were analyzed following a noncompartmental approach us-
ing the software Phoenix version 1.3 (CertaraTM, Pharsight
Corporation). Then, the population PK analysis was carried
out with the nonlinear mixed-effects approach with the use
of the NONMEM software, version 7.2 (Icon Development
Solutions, Ellicott City, MD, USA) [20]. The building of the
population PK model was facilitated with the use of the Xpose
program, version 4.1. (http://xpose.sourceforge.net) [21] im-
plemented into R version 3.0 (http://www.r-project.com).
The Perl-speaks for NONMEM (PsN) version 5.3.1 Tool-kit
(http://psn.sourceforge.net) [22] was used for model evalua-
tion purposes.

2.6.2 Noncompartmental analysis

For each administration route (i.v. and p.o.), the main PK
parameters were estimated from the mean plasma concen-
trations versus time profiles by the noncompartmental ap-
proach. Plasma concentrations lower than the LOQ were not
considered for the analysis. After i.v. administration, half-life
(t1/2¢), initial distribution volume (Vi), distribution volume
at steady-state (Vss), distribution volume associated with the
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terminal phase of the concentration-time curve (Vdy,), total
plasma clearance (CL), area under the plasma concentrations
versus time curve (AUC), and mean residence time (MRT)
were calculated. The highest plasma concentration (Cp.y), the
time to reach Cpay (Timax), the AUC, the MRT, and the bioavail-
ability (F) were estimated after the p.o. administration. The F
was the result of the ratio between the AUC values, normal-
ized by dose, after p.o. versus i.v. administrations.

2.6.3 Population PK modeling

A simultaneous PK analysis of all plasma maslinic acid con-
centrations versus time obtained from both administrations
was performed. Different PK models, such as one-open com-
partment and two-open compartment, both parameterized
in terms of absorption rate constant (Ka), apparent distribu-
tion volumes, distribution clearance (CLp), and F with first
order absorption, were used to fit the data. Linear and non-
linear kinetics were assessed to characterize the elimination
of maslinic acid. CL was the PK parameter evaluated for the
linear elimination processes. On the other hand, maximal
elimination rate (Vm) and the concentration of the drug at
which elimination rate is half maximal (Km), according to
the Michaelis-Menten equation, were considered for nonlin-
ear elimination processes.

The first order conditional estimation method with in-
teraction was employed for parameter estimation in the
modeling process. Interanimal variability (IAV) assuming
a log-normal distribution was tested in all the PK parame-
ters. Additive, proportional, and combined (additive + pro-
portional) models were assayed to describe the residual error
associated with plasma concentrations.

Allometric weight scaling to humans was included to all
clearances and volume fixed effects a priori and standard-
ized to a body weight (WGT) of 70 kg [23], according to the
following relationship:

Pj = Pstd x (WGT/70)" "R (1)

where Pj is the parameter of the jth individual and Pstd is
the typical value of the population PK parameter for a human
adult weighting 70 kg. As previously reported [24], the power
parameter was 0.75 for CLs and 1 for distribution volumes
[25] according to the allometric laws. Both power parameters
were employed under the assumption that they are accurate
for maslinic acid.

2.6.4 Model evaluation

Model selection on each stage of development was based on
goodness-of-fit plots, precision of parameter estimates and
minimum objective function value (MOFV). The quality of
fit of the PK model to the data was sought by visual exam-
ination of goodness-of-fit-plots that included scatter plots of
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(a) observed versus population predicted concentrations, (b)
observed versus individual predicted concentrations, and (c)
conditional weighted residuals versus time [26]. The preci-
sion of the model parameter estimates expressed as relative
standard error (RSE%) was computed as the ratio between
the standard error provided by NONMEM and the parame-
ter estimate multiplied by 100. The statistical evaluation of
nested models takes into account the MOFV, because the
difference of this value between models shows an approxi-
mately x? distribution. A difference of 7.879 in MOFV, which
corresponds to a significance level of p < 0.005 for 1 degree
of freedom, was considered. For nonhierarchical models, the
selected one was the most parsimonious with the lowest AIC
value, according to the Akaike information criterion [27].
The prediction corrected visual predictive check (pcVPC)
stratified by the administration route was used to assess
whether the final model provided an adequate description
of the data [28]. For that purpose, 1000 datasets as the orig-
inal were simulated, using the final selected model and the
corresponding parameter estimates. Both the observations
and the model predictions were normalized by the typical
model predictions in each bin of independent variables. The
95% confidence intervals for the median, the 5th and 95th
percentiles of the predicted data were then calculated and
plotted together with the median and the 5th and 95th per-
centiles of the observed data. If the model described the data
adequately, the lines corresponding to the median and to the
5th and 95th percentiles of the observed data would fall in
the respective 95% confidence intervals (CI) of the predicted
data. The extent of the Bayesian shrinkage was also evaluated
for m and & parameters in the final population PK model [29].

3 Results
3.1 HPLC-MS method

For method validation, blank plasma spiked with maslinic
acid was used. The recovery of the triterpene was calculated
as the ratio between the mean peak area of extracted calibra-
tion standard samples and the mean peak area of the blank
plasma samples spiked with maslinic acid after extraction.
Eight different calibration standards in the range 0.05-10 pM
were evaluated and the mean recovery was 99.0 + 0.9% (n =
31). The sensitivity was evaluated on the basis of a S/N of
3 for the LOD and 10 for the LOQ. The analytical method
had an adequate sensitivity for the measurement of maslinic
acid in plasma samples, since the LOD was 2 nM and the
LOQ was 5 nM. The LOD, verified by analyzing six blank
plasma samples to which the theoretical concentration had
been added, yield a concentration of 5.03 & 0.13 nM with a
precision of 6.22%. The linearity was assayed within the con-
centration range of 0.010-30 wM, which covered the expected
concentration range for both the i.v. and p.o. administration
routes. Linearity was observed in the calibration curves over
the range 0.010-20 puM with a correlation coefficient up to
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0.99, losing the linear tendency at 30 uM. The intraday and
interday precisions of the method were below 5.46 and 8.38%,
respectively, in all the concentrations evaluated (0.05-20 n.M).
Finally, accuracy was established by comparing the nominal
concentrations and the calculated concentrations, the devia-
tion was lower than 4.82%.

3.2 Plasma concentrations versus time profiles of
maslinic acid

The analytical procedure provided good separation and detec-
tion of maslinic acid and the L.S. in plasma, thus allowing the
analysis after the i.v. and p.o. dosing. Typical chromatograms
of blank plasma and plasma obtained 30 min after the p.o.
administration are shown in Fig. 1.

Maslinic acid eluted at 11.9 min, free from other interfer-
ing peaks, indicating the selectivity of the analytical method.
The individual plasma concentrations versus time profiles of
maslinic acid after i.v. and p.o. administrations are shown in
Fig. 2. In both cases, the PK profiles were properly defined
by the sampling points and a two-exponential decay was ob-
served. After p.o. administration, maslinic acid was quanti-
fied up to 24 h, obtaining 79 plasma concentrations for PK
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Figure 2. Concentrations versus time profiles of maslinic acid
in plasma (open circles) after single i.v. (1 mg/kg) (A) and p.o.

(50 mg/kg) (B) administrations to overnight fasted rats (n = 25).
Solid lines represent the general trend of the observed data.
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Table 1. Mean PK parameters estimated through the noncom-
partmental and compartmental approach after single in-
travenous and oral doses of 1 and 50 mg/kg maslinic

acid in rats
Parameters? Noncompartmental Compartmental
analysis? analysis®
Intravenous route
Co (nM) 32.79 17.61
t1/2¢ (h) 1.89 10.78
AUCy_« (wmol-h/L)  5.06 5.17
Vdarea (L/kg) 1.14 5.90
Vss (L/kg) 0.892 1.024
Vi or Vc (L/kg) 0.064 0.120
CL (L/h/kg) 0.418 0.455
MRT (h) 2.13 2.26
Oral route
Cmax (uM) 5.36 4.03
Tmax (h) 0.513 0.500
AUCp_« (numol-h/L) 14.87 12.43
MRT (h) 4.60 3.68
F (%) 6.25 5.13
Ka (1/h) 0.519

a) Co, concentration at time 0; tq2, terminal half-life; AUCqy_«,
area under the concentration versus time curve from time zero to
infinity; Vdarea, volume of distribution associated with the termi-
nal phase; Vss, volume of distribution at steady state; Vi, initial
volume of distribution (noncomparmental analysis); Vc, volume
of distribution from central compartment (compartmental analy-
sis); CL, total plasma clearance; MRT, mean residence time; Cax,
peak plasma concentration after oral dosing; Tmax, time to peak
plasma concentration; F, bioavailability; Ka, absorption rate con-
stant.

b) PK parameters were obtained by WinNonlin.

¢) NONMEM analysis.

data analysis. However, the concentrations of maslinic acid
in plasma after i.v. dosing were lower than the LOQ at 8, 10,
and 12 h and were below the LOD at 24 h in all the samples,
thus were not included in the PK modeling. Therefore, a total
of 87 plasma concentrations were employed in the final data
set. The percentage of values below the LOQ was 12%.

3.3 PK data analysis
3.3.1 Noncompartmental analysis

Table 1 lists the PK parameters calculated by the noncompart-
mental approach after the i.v. (1 mg/kg) and p.o. (50 mg/kg)
administrations of maslinic acid to rats. Following i.v. admin-
istration (Fig. 2A), plasma concentrations declined rapidly
with a half-life of 1.89 h. This value was in agreement with
the MRT estimated of 2.13 h. A CL of 0.418 L/h/kg was ob-
tained. The Vi was 0.064 L/kg. The Vss as well as the Vd,ye,
were 0.892 L/kg and 1.144 L/kg, respectively. These values
suggested a progressive distribution of maslinic acid over
time.

Following p.o. administration (Fig. 2B), the peak plasma
concentration of maslinic acid (5.36 pM) was achieved at
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Figure 3. Schematic representation of the PK model that best de-
scribes the plasma concentrations versus time profiles of maslinic
acid after i.v. and p.o administrations. The model consists of two
open compartments with first order absorption and linear elimi-
nation processes.

0.513 h, suggesting a rapid absorption rate. A low oral
bioavailability (F = 6.25%) of the triterpene was found.

3.3.2 Population PK model

The simultaneous analysis of i.v. and p.o. concentrations ver-
sus time data through population PK modeling yielded the
final model represented in Fig. 3. In this study, a two-open
compartment model with first order absorption and linear
elimination processes, parameterized in terms of CL, CLp,
first order Ka, central and peripheral distribution volumes (Vc
and Vp), best described the PKs of maslinic acid. Michaelis-
Menten kinetics processes did not improve the fit to the data
and no statistically significant reduction in MOFV was found.
IAV could be associated with CL. As described above, WGT
was added as a fixed covariate a priori with an allometric ex-
ponent of 0.75 for CL and CLp and 1 for Vc and Vp in the final
model (Table 2). Residual variability was better described by
the proportional error model than by the additive error and
combined error models. All the final population PK parame-
ters were estimated with a correct precision (<50%) and are
summarized in Table 2.

3.3.3 Model evaluation

Goodness-of-fit plots for maslinic acid plasma concentrations
of the final model (Fig. 4) show that observations and predic-
tions were spread randomly around the identity line after
both administrations. No bias or specific trend for condi-
tional weighted residuals versus time was observed in any
case, confirming the adequacy of the model in describing the
data.

The mc shrinkage (6.42%) was lower than 20%, indicat-
ing that the available data were sufficient to make a reliable
estimate of the individual parameters and that model evalua-
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Table 2. Parameter estimates from the final population PK model

Structural model:

CL = Oc (WGT/70)075 Vp = Oy, (WGT/70)

x e MCL
Ve = 0y, (WGT/70) Ka = O,
CLp = O¢1p (WGT/70)O'75 F=0f

Proportional residual error model:
Y =IPRED + IPRED x &1

Parameters? Estimate (RSE%)P) (70 kg)

Pharmacokinetic parameters

CLY (L/h) 8.00 (7.97)

Vcee (L) 8.41 (6.22)

CLD® (L/h) 1.18 (18.73)

Vp® (L) 63.60 (36.64)

Ka (1/h) 0.52 (7.82)

F (%) 5.13 (11.89)
Inter-animal variability

IAVCLY (%) 38.86 (39.27)
Residual error

Proportional® (%) 40.86 (14.67)

a) CL, total plasma clearance; Vc and Vp, volumes of distri-
bution for central and peripheral compartments; CLp, distribu-
tional clearance between central and peripheral compartments;
Ka, first-order absorption rate constant; F, bioavailability; AV, in-
teranimal variability; WGT, body weight in kg.

b) All final parameter estimates are shown with the relative stan-
dard error indicated (RSE%) by italic numbers in parentheses.

c) The typical parameters refer to a human weighing 70 kg ac-
cording to the structural model.

d) IAV and residual error are given as coefficients of variation (%).

tion could be performed based on individual predictions. In
addition, the e-shrinkage (10.70%) was also lower than 20%.

The pcVPC demonstrated the predictive ability of the
model developed (Fig. 5). In general, median, 5th, and 95th
percentiles of the observations as well as the 90% CI for the
median, the 5th and 95th percentiles of the simulated pro-
files were superimposed in each graph. Fiftieth, 95th, and
5th percentiles lines of the observations fell inside the area
of the corresponding 90% CI, both after i.v. and p.o. admin-
istrations.

4 Discussion

In the current study we have developed a population PK
model with integrated allometry after i.v. and p.o. admin-
istrations of maslinic acid in rats. Up to now, no informa-
tion has been reported regarding the PKs of this compound,
although the oral bioavailability of similar pentacyclic triter-
penes such as betulinic acid, oleanolic acid, and ursolic acid
has been assessed either in humans or in experimental ani-
mals [30-32]. Therefore, the PK parameters of maslinic acid
were estimated by population-based compartmental model-
ing and estimates were confirmed by noncompartmental cal-
culations. The developed model also serves as a previous step
for the possible use of maslinic acid as a nutraceutical, given
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Mol. Nutr. Food Res. 2014, 0, 1-10

Intravenous Oral

= 1 1 1 1 o= 1 1 1 1
53 Z // i . //’

) / L - /R
o 6 o 2 6 o o /
£ 4 /AR X Y/ 4 L
g 7 ° 8 1

/

8 24 8// ? . 8 24 g 00 @ L
g . ° g o o ° o
5 |2 5 s B
g 0 h T T T T - 8 0_ T 2 T T T i
O O

— 1 1 1 1
s 2 = 7
% 6 ° oL =2 6] %0, /’ L
2] o 7,3 i
o o /0 g 0o rd
= = °
S 4 LB 4 o L
o 4 o ° ° E 4 o
@ o o
2 e A8
8 24 & °o [ 8 2. °<?/ 8% L
g | pL. 3 |70

S

2 o L 5 ol : i
rel T T T T o T T T T
O 0 2 4 6 O 0 2 4 6

L 0 L
g 3 ’ g °
32, S B o |
o go o OG ° 0
e 1,8 g s, s i

° )

g 0%,4*?—_—:‘_’__ £ ofEee o
D e ° [ ] o E
%-1 °o o © r 5'1 o °°° o i
.g 2 9 o 2 L E_z §°:° ° L
23 23 i
8 0 2 4 6 8 S 0 5 10 15 20 25

Time after first dose (h) Time after first dose (h)
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its health-protecting activities [7-11] and no adverse effects
[15].

The plasma concentrations obtained after i.v. (1 mg/kg)
and p.o. (50 mg/kg) administrations of maslinic acid to rats
were simultaneously analyzed following a population PK ap-
proach with the nonlinear mixed effects modeling (NON-
MEM). This analysis, unlike the research performed until
now with similar triterpenes [30-32], overcomes the draw-
back of blood collection when experimental animals are used
in addition to allowing the estimation of the standard PK
parameters, the associated IAV, and also the residual vari-
ability, thus preserving the individuality of plasma concentra-
tions versus time profiles. Moreover, population PKs makes
possible the development of interspecies allometric models,
which could provide a reasonable prediction of what could
happen in humans if maslinic acid were to be used as a
nutraceutical [33]. Extrapolation of human PKs from animal
data constitutes a valuable tool in the process of nutraceuti-
cal development, since it helps to make an estimate of the
possible dose to humans as well as of the safety margins be-
fore human studies [34]. Allometric scaling is an empirical
extrapolation of PK parameters to one species by fitting a
power function to the relationship between the PK parameter
from other species and a measure of the size, such as WGT
[35]. This approach is based on the assumption that numer-
ous structural, physiological, and time related variables scale
proportionally to WGT, which seems to be reasonably uni-
form over a wide range of animal species [34]. In the present
study, all PK parameters were allometrically scaled and the
validation of the model indicated that it adequately described
the data. In agreement with the principles of allometry, PK
parameters are associated with indices of WGT. To describe
CLs and volumes of distribution, the exponent values of 0.75
and 1, respectively, are usually considered adequate [24]. We
have applied these “1/4 power models” directly as a covariate
in the population PK model, because the data substantiates,
both theoretically [36] and empirically [37], the fixed allomet-
ric exponent model.

254

nN
b

RGO — oy Ko
T

Predictioncorrected DV

Figure 5. Prediction corrected vi-
sual predictive checks of the
PK model for maslinic acid af-
ter the iwv. and p.o. adminis-
trations of 1 and 50 mg/kg,
respectively. The circles represent
the observed data. Dashed red
lines depict the 5th and 95th per-
centiles of the observed concentra-
tions. Solid red lines correspond to
the 50th percentiles of the observed
concentrations. Shaded blue areas
correspond to the 90% CI of the 5th
¢ | and 95th percentiles of simulated

Time (h)
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T T data and shaded red area to the
20 25 90% Cl of the median of simulated
data.
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The developed population PK model was characterized by
a two-open compartment model with first order absorption
and linear elimination processes. The first order Ka (0.52 1/h)
as well as the Tmax (0.51 h) indicate that maslinic acid has a
relatively rapid oral absorption process. The Tmax value was
in agreement with those previously reported for similar pen-
tacyclic triterpenes when given orally to rats, such as ursolic
acid (10 mg/kg), with a Tmax of 0.42 h [32] or oleanolic acid
(50 mg/kg), the precursor of maslinic acid in Olea europaea
L., with a Tmax of 0.35 h [31].

Our results showed that maslinic acid had an oral
bioavailability of 5.13%, which is in agreement with the
values reported for other pentacyclic triterpenes [31, 38].
The bioavailability of 23-hydroxybetulinic acid after the p.o.
administration of 200 mg/kg to mice was 2.3% [38] whereas
oleanolic acid was minimally absorbed (0.7%) after giving to
rats doses of 25 and 50 mg/kg [31]. This low bioavailability
observed for maslinic acid could be due to either a first-pass ef-
fect of the compound at the gut wall or the liver, or a poor gas-
trointestinal absorption. If the latter takes place, the intestine
would face to large amounts of maslinic acid, thus becoming
a target organ where the pentacyclic triterpene could perform
a protective activity against colon cancer [10]. This behavior
has also been described for other bioactive components of
food with low plasma concentrations, like trans-resveratrol
39, 40].

Once in the bloodstream, maslinic acid is distributed pro-
gressively over time. The Vc and Vp in our population were
0.120 and 0.908 L/kg, respectively. These results suggest an
extensive distribution into tissues, since the total distribution
volume (1.029 L/kg) is higher than the total body water in
the rat (0.17 L/kg for a mean WGT of 0.28 kg). Similar val-
ues have been reported for oleanolic acid (0.451 L/kg) after
i.v. injection of 1 mg/kg [31]. The K12 (transfer rate constant
from central compartment to peripheral compartment) and
K21 (transfer rate constant from peripheral compartment to
central compartment) estimated in the present study were
0.558 and 0.074 h™!, respectively. The fact that K12 is 7-8
times higher than K21 suggests that the transfer from the
peripheral to the central compartment acts as a limiting step.
The rapid disposition rate constant (o) and the terminal phase
rate constant () were 4.69 and 0.0693 h™!, respectively. Be-
cause a was 67.6 times higher than 8, maslinic acid plasma
concentrations followed a two exponential decay.

The estimated mean CL (0.455 L/h/kg) was slightly lower
than that of oleanolic acid administered intravenously at the
same dose to rats (1.98 L/h/kg) [31]. This CL value could be
due to a minor hepatic and renal metabolism with unaltered
renal excretion of the triterpene, as confirmed by internal
studies. In that sense, it should be noted that ursolic acid
was identified and quantified in several organs 1 h after p.o.
administration and kidney was the organ with the lowest con-
centrations [32]. A similar pattern was described for betulinic
acid, which was also quantified at low concentrations in kid-
ney and liver 1 h after intraperitoneal administration [30].
Otherwise, oleanolic, ursolic, and maslinic acids have been
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determined in several mice organs after a 4-wk consumption
of a diet with 0.5% of these triterpenes and the liver had
the largest concentrations followed by kidney [41]. This sug-
gests that, in spite of the low concentration available 1 h after
administration, liver could be the major organ for maslinic
acid storage [39], where this pentacyclic triterpene could exert
a protective activity against hepatic diseases, as it has been
demonstrated in different in vitro experiments [2,42].

The competence of the population PK model was eval-
uated by comparing the parameters with those obtained by
noncompartmental calculations (Table 1). The absolute oral
bioavailability, the total distribution volume and the CL ob-
tained by the population approach were 5.13%, 1.029 L/kg,
and 0.455 L/h/kg, respectively, whereas the ones calculated
by noncompartmental analysis were 6.25%, 1.144 L/kg, and
0.418 L/h/kg, respectively. All together, the estimates were
in agreement with each other, thus confirming the good per-
formance of the developed model. Moreover, the exposures
to maslinic acid predicted by the population PK model, given
by the AUC values, were 5.17 and 12.43 pmol-h/L after i.v.
and p.o. administrations, respectively. These values were also
similar to those calculated by noncompartmental analysis (i.v.
is 5.06 and p.o. is 14.87 wmol-h/L), confirming the adequacy
of the model. Differences in both approaches were found for
Co. This could be due to an underprediction of the initial
concentrations after the bolus administration by the popula-
tion model. In the modeling process, a three-compartment
model was considered given the concentrations versus time
profiles of maslinic acid in plasma (Fig. 2) and the large dif-
ference observed between the C, (32.8 wM) and the plasma
concentrations at 8, 10, and 12 h (<5 nM) after i.v. admin-
istration. However, the latter values were below the LOQ of
the analytical method and were not included in the modeling
process. As a consequence, the data were best fitted with a
two-compartment model and the MOFV was not reduced by
the three-compartment model. Then, the two-compartmental
model was selected although providing an underprediction of
the initial concentrations after the administration of the i.v.
bolus. It is noteworthy that the developed population model,
although it tends to underpredict at the initial times, this
only affects the Vc estimation but not the remaining PK pa-
rameters. Thus, CL and bioavailability from which depends
the extent of exposure values given by AUCs are correctly
estimated and in concordance with those obtained after the
noncompartmental analysis, thus confirming the adequacy
of the model. In addition, discrepancies have been found be-
tween the half-life estimated by the developed model (10.78 h)
versus the noncompartmental analysis (1.89 h). This could
be due to the misspecification of the terminal phase slope
by the noncompartmental analysis, caused by the sensitivity
of the analytical method that provided concentrations below
the LOQ at the latter extraction times. As a consequence, the
half-life value obtained by the noncompartmental approach
was shorter than that expected for a compound of low clear-
ance and extensive distribution. In addition, it also affected
the Vd,.,, since its estimation is strongly influenced by the
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terminal phase slope. Finally, the internal validation tech-
nique applied, i.e. the pcVPC, also indicated the robustness
of the model and its predictive ability.

In conclusion, a population PK model with allometric
scaling was established for maslinic acid in rats that prop-
erly describes the PKs of the triterpene. The model includes
allometric scaling of the PK parameters that has been per-
formed according to the laws of allometry and assuming that
they are accurate for maslinic acid. Then, the model rep-
resents a first approach to the disposition of maslinic acid
in humans. Allometric scaling works well for compounds
with similar elimination processes across species and fails if
elimination pathways differ (i.e. drug metabolizing enzymes,
efflux/uptake transporters). Considering that the metabolism
of maslinic acid is low and it is excreted in the urine mainly
unaltered (data not shown), then, this compound constitutes
a good candidate to establish a PK model with allometric
scaling. Therefore, the developed model constitutes a first
step to future pharmacokinetic/pharmacodynamics (PK/PD)
studies. The development of PK/PD relationships may help
establishing the most efficacious regimens of maslinic acid,
either as a nutraceutical or as a bioactive compound present
in the diet. However, further studies about absorption and
metabolism of maslinic acid are necessary to explain the low
bioavailability of the pentacyclic triterpene.
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3.4. CAPITOL 4. IDENTIFICACIO | QUANTIFICACIO DELS METABOLITS DE L’ACID
MASLINIC EN PLASMA | ORINA DE RATA

Els resultats d’aquest capitol es troben recollits a I'article 4:

Identification in rat plasma and urine by LTQ-Orbitrap mass spectrometry of the

metabolites of maslinic acid, a triterpene from olives

Marta SAnchez-Gonzalez, Gloria Lozano-Mena, M. Emilia Juan, Joana M. Planas.

Els resultats obtinguts han donat lloc a la seglient comunicaci6 en congrés:

% Metabolite profile in plasma of maslinic acid, a bioactive compound from Olea
europea L.
Marta Sanchez-Gonzalez, Gloria Lozano-Mena, Olga Jauregui, Andrés Garcia-
Granados, M. Emilia Juan, Joana M. Planas.
Presentada com a poster en el congrés:
IUNS 20™ International Congress of Nutrition

Granada, Espanya, 15 — 20 de setembre de 2013
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Identification in rat plasma and urine by LTQ-Orbitrap mass spectrometry of the

metabolites of maslinic acid, a triterpene from olives

Identificacio dels metabolits de I’acid maslinic, un triterpé de les olives, en plasma i

orina de rata per espectrometria de masses LTQ-Orbitrap
M. Sanchez-Gonzéalez, G. Lozano-Mena, M.E. Juan, J.M. Planas

3.4.1. Resum de l'article 4

Objectius. L’acid maslinic és un triterpé pentaciclic amb capacitat antitumoral,
cardioprotectora i antioxidant. Es troba a Olea europaea L. aixi com en altres vegetals i
fruites. L'estudi farmacocinétic d’aquest compost va presentar una biodisponibilitat del
5,13% que pot ser atribuida, entre altres causes, a un metabolisme extens. En
consegliéncia, es van investigar els metabolits de I'acid maslinic en plasma i orina de rata
per cromatografia liquida d’alta eficacia acoblada a espectrometria de masses LTQ-
Orbitrap (HPLC-LTQ-Orbitrap-MS).

Material i métodes. Després d’administrar 50 mg/kg d’acid maslinic per via oral a rates
mascle Sprague-Dawley, es va obtenir sang i orina als 45 minuts. Les mostres es van
processar mitjancant una doble extraccio liquid-liquid amb acetat d’etil. La identificacio
dels metabolits es va dur a terme mitjancant HPLC-LTQ-Orbitrap-MS, amb separacio en
una columna Luna C18 (150 mm x 2,0 mm, 5 um), fase mobil consistent en aigua i
acetonitril i ionitzacié per APCI en mode negatiu. Els metabdlits de I'acid maslinic es van
cercar manualment amb el programa Xcalibur Qual Browser i també van ser avaluats
amb el software Metworks. La quantificacié dels derivats de I'acid maslinic es va realitzar

per espectrometria de masses emprant com a patré intern I'acid betulinic.

Resultats. L’acid maslinic (C3oH4s04) va ser detectat en plasma i en orina amb una m/z
de 471,3480 i a un temps de retencié de 9,22 min. En plasma es van identificar 4 derivats
(M1-M4) amb massa 15.9949 Da més elevada que el compost pare i formula molecular
C3oH4s0s5, compatible amb 'addicié d’un grup hidroxil. Amb la m/z de 485.3272 i formula
molecular C3H4605 és va identificar un dnic pic (M5) suggerint la incorporacié d’un grup
hidroxil i la pérdua de 2 hidrogens, compatible amb l'oxidacié d’un alcohol secundari en
una cetona. Finalment, es van trobar 2 compostos (M6-M7), amb una massa superior a la
de l'acid maslinic en 29.9442 Da i férmula molecular C3H460s, que es poden atribuir a
una doble hidroxilacio i a la formacié d’'una cetona. En les mostres d’orina, només es van
identificar els metabolits M1, M4, M5 i M6. La quantificacio realitzada per HPLC-MS va
indicar que I'acid maslinic és el compost majoritari en plasma en trobar-se en un 81,8%

respecte el 18,2% en qué s’han trobat els 7 metabdlits. El principal derivat va ser 'M5
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amb un 13,2%, seguit pels derivats monohidroxilats M1 (2,5%), M2 (1%), M4 (0,6%) i M3
(0,4%). Finalment, els metabdlits dihidroxilats i deshidrogenats van representar només un
0,6% de total. En orina, a ligual que en plasma, I'acid maslinic va ser el més abundant
amb un 73,9%. Ara bé, el perfil dels metabolits va variar, ja que el derivat M1 va ser el
més abundant amb un 19,9%, seguit pels compostos M5 (4,3%), M6 (1,2%) i M4 (0,7%).

Conclusions. L’acid maslinic es troba majoritariament inalterat a I'organisme, tot i que
s’han identificat 7 metabdlits a plasma i 4 a orina, procedents tots ells de reaccions de
fase |, de tipus hidroxilacid i oxidaci6. Els resultats obtinguts proporcionen nova
informacié sobre el metabolisme de I'acid maslinic in vivo, tot indicant que aquesta via
d’eliminacié no és la responsable de la baixa biodisponibilitat observada per aquest

component bioactiu de la dieta.
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ABSTRACT

Maslinic acid is a natural pentacyclic triterpenoid widely distributed in edible and medicinal plants
with health-promoting activities. The identification and quantification of its metabolites is a
requirement for a better understanding of the biological effects of this triterpene. Therefore,
maslinic acid was orally administered to Sprague-Dawley rats at a dose of 50 mg/kg. Blood and
urine were withdrawn at 45 min. Samples were extracted with ethyl acetate prior to LC-APCI-LTQ-
ORBITRAP analysis. Screening of plasma yielded four monohydroxylated derivatives (M1-M4),
one monohydroxylated and dehydrogenated metabolite (M5), and two dihydroxylated and
dehydrogenated compounds (M6 and M7). In urine, M1, M4, M5 and M6 were detected.
Quantification by LC-APCI-MS revealed maslinic acid as the prevalent compound both in plasma
(83.2%) and urine (74.0%), which indicates that metabolism is low and mainly attributable to phase

| reactions.

Key words: maslinic acid, metabolism, rat plasma, pentacyclic triterpenes, LC-MS
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INTRODUCTION

Metabolite identification and quantitation play an important role in the investigation of bioactive
food components. Metabolism affects not only their bioavailability, by influencing the distribution
and the rate or the route of excretion, but also the evaluation of their actions, given that metabolites
could either contribute to the biological activities or have toxicological effects independent of the
parent compound (Holcapek et al., 2008). In addition, the identification of metabolites is important
for their potential application as biomarkers of intake in dietary intervention studies (Garcia-Cafias
et al., 2010). One of the natural molecules being assessed as a future nutraceutical is maslinic acid
([2a,3B]-2,3-dihydroxyolean-12-en-28-oic acid) a biologically active pentacyclic triterpene that has
been isolated from different vegetal species, including edible and medicinal plants (Romero et al.,
2010, Caligiani et al., 2013). This compound is especially prevalent in the leaves and fruits of Olea
europaea L. and has recently been found in different fresh vegetables (Lin et al., 2011), legumes
(Kalogeropoulos et al., 2010) and fruits (Li et al., 2011). Maslinic acid has attracted much interest
due to its proven toxicological safety (Sanchez-Gonzélez et al., 2013) and its multiple biological
activities, such as antitumoral, antidiabetic, cardioprotective and neuroprotective (reviewed in
Lozano-Mena et al., 2014). Recently, the pharmacokinetics of this compound has been assessed
through a population approach that indicated that maslinic acid had a fairly rapid absorption with a
maximal concentration of 4.03 uM at 30 min after the oral administration of 50 mg/kg and
bioavailability of 5.13% (Sanchez-Gonzalez et al., 2014), but the information about its metabolism

remains unknown.

Therefore, the present study aims to investigate the metabolites of maslinic acid in rat plasma and
urine by LTQ-Orbitrap mass spectrometry, since the robust, accurate mass data that this high-
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resolution mass spectrometer provides, allows its unambiguous identification. Furthermore,
maslinic acid and its metabolites were quantified by LC-APCI-MS in order to obtain a thorough
understanding of the biotransformation underwent by this bioactive compound. The knowledge of
the circulating derivatives of maslinic acid is relevant not only for providing information about the
metabolic fate of this pentacyclic triterpene applicable to its future use as nutraceutical, but also of

putative biomarkers of table olives and olive oil consumption.

MATERIALS AND METHODS

Chemicals and Reagents

Maslinic acid was derived from olive pomace by the patented method of Garcia-Granados (2002).
Extrasynthése (Genay, France) supplied betulinic acid (3B-3-hydroxy-lup-20(29)-en-28-oic acid),
which was used as the internal standard (I.S.). Sigma-Aldrich (St. Louis, MO, USA) provided (2-
hydroxypropyl)-B-cyclodextrin and sodium carboxymethylcellulose. Acetonitrile was purchased
from Scharlau Chemie S.A. (Barcelona, Spain) and ethyl acetate and methanol were from J.T.
Baker (Deventer, Netherlands). All of them were HPLC grade solvents. Other chemicals and
solvents were analytical grade reagents supplied by Sigma-Aldrich. Ultra-pure water (18 mQ, Milli-

Q water, Millipore, Milan, Italy) was used in all the experiments.

Animals

Adult male Sprague-Dawley rats of 250 - 300 g were maintained in cages (n = 2/cage) at the

Animal House Facility of the Facultat de Farmacia of the Universitat de Barcelona. Animals were
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kept in an environmentally controlled room with stable humidity (50 + 10%) and temperature (22 +
2 °C) and a 12 h light:dark cycle. A commercial diet (2014 Teklad Global 14%, Harlan, Barcelona,
Spain) and water were supplied ad libitum. Rats were fasted overnight and anesthetized by
intraperitoneal injection of 90 mg/kg ketamine (Imalgene 1000, Merial Laboratorios S.A.,
Barcelona, Spain) and 10 mg/kg xylacine (Rompun 2%, Quimica Farmaceutica Bayer S.A.,
Barcelona, Spain). All animal manipulations accomplished the requirements set by the European
Community guidelines for the care and management of laboratory animals. In addition, the
experiments were conducted in the morning to lessen the effects of circadian rhythms. The research
protocol (ref. 164/10) was approved by the Ethic Committee of Animal Experimentation of the

Universitat de Barcelona.

Dose Administration and Sample Collection

Maslinic acid was administered to overnight fasted rats at a dose of 50 mg/kg by single oral gavage.
The pentacyclic triterpene was dissolved into an aqueous solution of (2-hydroxypropyl)-R-
cyclodextrin (40%, w/v) and sodium carboxymethylcellulose (0.5%) as previously described
(Lozano-Mena et al., 2012). After oral administration, blood was withdrawn from the saphenous
vein (Hem et al., 1998) at 45 min and placed in tubes containing EDTA-K, (Microvette CB300,
Sarstedt, Granollers, Spain) to avoid coagulation. Samples were maintained on ice until
centrifugation at 1500xg (Centrifuge Megafuge 1.0R, Heraeus, Boadilla, Spain) for 15 min at 4 °C.
Plasma was subsequently separated and stored at -20 °C until analysis. At 45 min post-
administration, urine samples were directly collected from the urinary bladder of previously

anesthetized animals and frozen at -20 °C until processing.
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Preparation of Rat Plasma and Urine Samples

Plasma and urine were thawed before analysis and urine was centrifuged at 25000xg for 30 min at 2
°C (Centrifuge 5417R, Eppendorf Ibérica S.L.) in order to obtain a clear supernatant. 200 pL of
either plasma or urine were spiked with 10 pL of betulinic acid 50 uM (1.S., dissolved in methanol-
water 80:20, v/v) before being extracted with 2 mL of ethyl acetate. Each sample was strongly
stirred in a vortex-mixer for 3 min and then centrifuged at 1500xg for 15 min at 4 °C (Centrifuge
Megafuge 1.0R, Heraeus). The ethyl acetate layer was carefully removed and placed in a clean
conical tube, and a second extraction of the residue was done. The organic supernatants were
gathered together and evaporated to dryness in a vaccum concentrator (Concentrator 5301,
Eppendorf Ibérica S.L., San Sebastian de los Reyes, Spain) at 45 °C. The dry residue was dissolved
by adding 100 pL of methanol-water (80:20, v/v) followed by vigorous shaking in a vortex-mixer
for 5 min. Samples were immediately sonicated for 1 min and centrifuged at 25000xg for 15 min at
4 °C (Centrifuge 5417R, Eppendorf Ibérica S.L.). Finally, an amber vial was employed to place the

clean supernatant before the analysis.

Metabolite Identification by LC-APCI-LTQ-ORBITRAP

Samples were analyzed using an Accela liquid chromatograph (Thermo Scientific, Hemel,
Hempstead, UK) equipped with a thermostated autosampler and a quaternary pump, and coupled to
an LTQ-ORBITRAP Velos mass spectrometer (Thermo Scientific). The equipment was available at
the Centres Cientifics i Tecnologics of the Universitat de Barcelona. A Luna C18 column (150 x 2.0
mm, 5 um) kept at 40 °C and protected with a security guard cartridge of the same packing material
(Phenomenex, Micron Analitica S.A., Madrid, Spain) was used for chromatographic separations.
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Gradient elution was performed with water (solvent A) and acetonitrile (solvent B) at a constant
flow rate of 0.8 mL/min. The volume of injection was 10 uL. Separation was carried out within 19
min under the following conditions: 0 min, 95% A and 5% B; 4 min, 50% A and 50% B; 8 min,
40% A and 60% B; 12 min, 25% A and 75% B; 15 min, 0% A and 100% B; 19 min, 0% A and
100% B. An additional period of 8 min was needed for re-equilibration of the column before the

ensuing injection.

Mass spectrometric analysis was conducted using an atmospheric pressure chemical ionization
(APCI) source in the negative ion mode. Mass calibration was performed daily according to the
manufacturer’s guidelines. The LTQ-ORBITRAP was tuned to the optimal conditions for maslinic
acid. Therefore, a 100 uM standard solution was delivered by the LTQ syringe pump at a constant
flow rate of 10 mL/min in the presence of LC mobile phase under isocratic conditions of 25% A
and 75% B. Operation parameters were set as follows: vaporizer temperature, 450 °C; sheath gas,
50 arbitrary units (au); auxiliary gas flow, 5 au; sweep gas, 0 au; discharge current, 5 HA; S-Lens
RF level, 70% and capillary gas 300 °C. The data was acquired using Fourier transform full scan
with resolving power of either 60 000 or 100 000 (at m/z 400) and the microscan count fixed to
unity. The automatic gain control (AGC) was set at 1x10°. The mass spectrometric data was

collected in a range of m/z from 100 to 1000.

MS Data Processing

Mass chromatograms and spectral data were acquired with the Xcalibur software 2.0 (Thermo
Scientific). Maslinic acid metabolites were searched both manually with Xcalibur Qual Browser
and also employing MetWorks software (version 1.3, Thermo Scientific). Qual Browser was
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employed for MS data processing and calculation of elementary compositions. The elemental
composition was selected according to the accurate masses and the isotopic pattern. Mass accuracy
was determined by the deviation of measured and theoretical masses relative to theoretical values,
and was expressed in mDa. MetWorks software allowed the identification of metabolites by
comparing the samples with controls, either of blank plasma or urine. The most commonly
observed biotransformations in phase | and phase Il metabolism were searched in order to find
putative metabolites of maslinic acid with mass deviation of less than 5 ppm from the predicted

values.

Quantification of Maslinic Acid and its Metabolites by LC-APCI-MS in Rat Plasma and

Urine

After the identification of maslinic acid metabolites by LC-APCI-LTQ-ORBITRAP, the
compounds were quantified by LC-APCI-MS. The liquid chromatograph (Perkin-Elmer series 200,
Perkin-Elmer, Norwalk, CT, USA) included a quaternary pump and a refrigerated autosampler
plate, and was coupled to a single quadrupole mass spectrometer (PE Sciex APl 150 EX, AB
SCIEX, Spain, SL) with an APCI source at 500 °C in negative ion mode. The LC-MS system was
controlled by the 1.4.2 Analyst software supplied by Applied Biosystems (Foster City, CA, USA).
The chromatographic conditions were the ones described for the LC-APCI-LTQ-ORBITRAP
system. For the mass spectrometer, nitrogen was used as both curtain gas (12 au) and nebulizer gas
(10 au) with a nebulizing flow of -3 au. The optimum LC-APCI-MS pre-collision cell voltages were
-30 V for declustering potential, -100 V for focusing potential and -5 V for entrance potential. The
selected ion monitoring (SIM) mode was used for quantification of maslinic acid at m/z 471.3 and
betulinic acid (1.S.) at m/z 455.3. The metabolites identified by LC-APCI-LTQ-ORBITRAP were
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quantified at m/z 487.3 (M1 - M4), 485.3 (M5) and 501.3 (M6 and M7). The dwell time was set at
165 ms. Concentrations of maslinic acid in plasma and urine samples were calculated from the ratio
of the peak area of the triterpene to the I.S. interpolated on an external calibration curve. Because of
the absence of synthetic standards, it was assumed that LC-APCI-MS response to derivatives is
similar to that of maslinic acid, thus both plasma and urine metabolites were quantified using the

standard curve of the parent compound. Results were expressed as umol per liter (LM).

The determination of maslinic acid in plasma and urine was validated for recovery, matrix effect,
precision, accuracy, linearity and sensitivity, according to the EMEA Guideline on Bioanalytical
Method Validation (2011). Calibration standards were freshly prepared by spiking 190 pL of rat
blank plasma or urine with 10 uL of standard solutions of maslinic acid at different concentrations,
and were treated as previously indicated for the specimens collected from dosed rats. The post-
extraction spiking method proposed by Matuszewski et al. (2003) was used to establish the
recovery and matrix effect. Briefly, recovery was assessed by comparing the peak areas of
calibration standards with the ones obtained from blank plasma or urine spiked with maslinic acid
after the extraction. Matrix effect was evaluated by comparing the peak areas obtained from blank
plasma or urine spiked with the pentacyclic triterpene after the extraction to those of a solution of
methanol 80% spiked with the expected concentration. Recovery and matrix effect were determined
at four concentration levels (0.5, 1, 5 and 10 uM), while precision and accuracy were analyzed at 1,
5 and 10 pM. Linearity was assayed in the range 0.005 - 10 uM, which included 8 concentration
levels that covered the expected amounts in the samples. The limit of detection (LOD) was
considered as the minimum concentration of maslinic acid that could be recognized by the detector

and produced a signal-to-noise of 3:1. The lowest limit of quantification (LLOQ) was defined as the
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lowest concentration of the standard curve that could be accurately quantified and with a signal at

least 10 times above the noise level.

RESULTS

LC-APCI-LTQ-ORBITRAP Analysis of Maslinic Acid and its Metabolites in Rat Plasma and

Urine

Maslinic acid (C3oHsg04) was unambiguously identified in rat plasma and urine by comparing its
retention time (9.22 min) and MS data with the standard reference. In addition, the injection into the
high-resolution system LTQ-ORBITRAP gave its accurate mass (m/z 471.3480) with an error of 0.4
mDa. The spectra generated for the pentacyclic triterpene in plasma and urine showed the
deprotonated molecule [M-H]™ without the presence of any fragment (Figure 1 A and Figure 2 A,

respectively).

Possible derivatives of maslinic acid were first predicted based on knowledge of metabolism and
then searched in full scan chromatograms of rat plasma and urine samples. Afterwards, the formulas
of potential metabolites were compared with that of the parent compound to refer metabolic
pathways. The high mass accuracy of the LTQ-ORBITRAP analyzer enabled an extraction of
individual chromatograms in a narrow interval of m/z scale (£ 5 mDa), which is useful for
discarding other compounds with similar masses (Jirasko et al., 2010). The initial screening of
plasma and urine samples obtained after the oral administration of maslinic acid revealed the
formation of derivatives with mass shifts of +16, +14 and +30 Da in comparison with the parent
compound. Mass shifts of +32 Da, which corresponded to a double hydroxylation, were searched
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but were not found in the analyzed plasma and urine samples. On the other hand, phase Il
metabolites of maslinic acid were not detected after screening with LC-APCI-LTQ-ORBITRAP and

MetWorks software, indicating that this compound undergoes mainly phase | metabolism.

Table 1 shows the list of metabolites identified through LTQ-ORBITRAP analysis, along with
retention times, accurate masses, molecular formulas, mDa and ppm of error between the mass
found and the accurate mass of each derivative. The observed and calculated masses agree to within
less than 1 mDa, which demonstrates the high accuracy of the measured masses. Neither maslinic
acid nor its metabolites were detected in plasma and urine of the control group at the corresponding

retention times.

M1 - M4 (m/z 487.3)

Four polar metabolites, namely M1, M2, M3 and M4, were detected in plasma as deprotonated
molecules at m/z 487.3 and a molecular formula of C3yH4g0s, according to the Formula Predictor
software (Table 1). The mass of these compounds was 15.9949 Da higher than that of maslinic acid,
thus indicating that the biotransformation might be the addition of a hydroxyl group. All the
metabolites eluted earlier than the parent compound, showing retention times of 4.77, 5.33, 6.61
and 7.13 min for M1, M2, M3 and M4, respectively. As shown in Figure 1B, the peak of M1 was
the most abundant, followed by M2 and M4 peaks, whilst that of M3 was the less intense. The
accurate mass of each of these metabolites differed by less than 1 mDa from the theoretical mass,
and the respective spectra showed an isotopic distribution that was in accordance with the
theoretical spectra of the m/z 487.3, indicating a correct identification (Figure 1 B1, B2, B3 and
B4).
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On the other hand, in urine samples only metabolites M1 and M4 were detected (Figure 2B).
Compound M1 showed the highest relative mass spectrometric response, whereas the intensity of
M4 peak was lower, meaning minor concentrations. The spectra of M1 and M4 are shown in Figure

2 B1 and B2. M2 and M3 were not present in any of the samples analyzed.

M5 (m/z 485.3)

A single peak corresponding to a deprotonated molecule at m/z 485.3 was identified as M5. This
metabolite had a retention time of 7.75 min and was found both in plasma (Figure 1C) and in urine
samples (Figure 2C). The mass increment of 13.9792 Da with respect to maslinic acid (Table 1)
together with the molecular formula (C3yH4sOs) calculated by the Formula Predictor software
suggested that this biotransformation consists of the incorporation of a hydroxyl group and the loss
of two hydrogen atoms. M5 was identified with an error of 0.23 mDa (Table 1) and a correct
isotopic distribution pattern (Figure 1 Cl and Figure 2 C1), which demonstrated an accurate

identification of the derivative in both plasma and urine samples.

M6 - M7 (m/z 501.3)

Two additional compounds (M6 and M7) eluting earlier than the parent compound yielded a
deprotonated molecule at m/z 501.3. The retention times were 4.24 and 4.65 min for M6 and M7,
respectively. Since the molecular formula of both metabolites was C3yH460s, as calculated by the
Formula Predictor software (Table 1), and the mass shift was +29.9442 Da, this biotransformation
was attributed to dihydroxylation and dehydrogenation of maslinic acid. In plasma samples, M7
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showed a higher relative abundance than M6 (Figure 1D), whereas in urine only M6 was detected

and with very low intensities, indicating small concentrations (Figure 2D).

Quantification of Maslinic Acid Metabolites by LC-APCI-MS in Rat Plasma

The mass chromatograms from LC-APCI-LTQ-ORBITRAP were consistent with the LC-APCI-MS
chromatograms and allowed the identification of all the metabolites taking into account the relative
retention times. The method was adequate for the quantification of maslinic acid in plasma samples,
as indicated by the results obtained in the validation. The mean recovery and matrix effect at the
four concentration levels assayed were 99.1% and 119.1 %, respectively (Table 2). The intra-day
and inter-day precision and accuracy are summarized in Table 3, showing that at all concentrations
the results were well below the 15% limit established by the EMEA Guideline on Bioanalytical
Method Validation (2011). Calibration curves were linear within the concentration range from
0.005 to 10 uM, and a representative curve is y = 2.39x + 0.25. Correlation coefficients were above

0.99. The sensitivity was suitable, since the LOD and the LLOQ were 2 and 5 nM, respectively.

Maslinic acid was the main compound in plasma samples withdrawn at 45 min after the oral
administration of 50 mg/kg with a concentration of 4.83 £ 0.85 uM (Figure 3A). The identified
metabolites were found in plasma at much lower concentrations than the parent compound. The
most abundant derivative was the monohydroxylated and dehydrogenated metabolite M5 (m/z
485.3) at 0.77 + 0.18 pM, followed by the monohydroxylated metabolite M1 (m/z 487.3) with
reached the amount of 0.15 + 0.03 pM. The other monohydroxylated metabolites were found at

concentrations of 57.0 £ 12.7 nM, 22.6 = 3.8 nM and 34.2 + 10.9 nM for M2, M3 and M4,
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respectively (Figure 3). Similarly, the dihydroxylated and dehydrogenated compounds were present

in plasma in minor amounts, of 25.1 + 4.1 nM for M7 and 10.3 £ 2.3 nM for M6 (Figure 3).

Quantification of Maslinic Acid Metabolites by LC-APCI-MS in Rat Urine

The analytical method for the determination of maslinic acid in urine was also validated to ensure a
reliable quantification of both the parent compound and its metabolites. Recovery and matrix effect
were analyzed at concentrations of 0.5, 1, 5 and 10 uM (Table 2). The extraction method was
appropriate for the analysis of maslinic acid in urine, since it yielded recoveries between 95.6 and
99.4% (Table 2) and matrix effect values from 103 to 112%. Table 3 displays the intra- and inter-
day precision and accuracy, which were assayed by spiking blank urine at three concentrations (1, 5
and 10 uM). The method was precise, as evidenced by relative standard deviations (RSDs) of intra-
day and inter-day assays lower than 6.90% and 7.59%, respectively, which fall below the 15% limit
stipulated by the EMEA Guideline on Bioanalytical Method Validation (2011). The accuracy of the
method met the same criterion. Linearity was observed over the concentration range assayed (0.005
- 10 uM), with a representative calibration curve of y = 0.58x + 0.05 and correlation coefficients

that surpassed 0.99. The LOD was 2 nM and the LLOQ was 5 nM, meaning appropriate sensitivity.

Maslinic acid and its metabolites were quantified by LC-APCI-MS in urine samples obtained 45
min after the administration of the triterpene (Figure 3B). As previously observed in plasma,
maslinic acid was the major compound in urine (73.9%). However, the metabolite profile in this
biological fluid differed from that found in plasma. The most abundant compound was the
monohydroxylated derivative M1, representing 19.9%, whereas the monohydroxylated and
dehydrogenated metabolite (M5) accounted for only 4.30%. The other monohydroxylated
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metabolite (M4) and the dihydroxylated and dehydrogenated compound M6 represented only a

0.71% and 1.23%, respectively.

DISCUSSION

The identification and quantification of the metabolites of a bioactive compound is essential not
only for explaining its bioavailability but also to assess its therapeutic effects. To this end, the
choice of an adequate methodology is needed for the unambiguous detection of these derivatives in
different biological fluids, such as plasma and urine, where their concentrations could be low. In
recent years, liquid chromatography coupled with LTQ-ORBITRAP mass spectrometry has
emerged as a powerful and reliable analytical tool for the identification of metabolites (Makarov et
al., 2006). The ORBITRAP, a high-resolution mass analyzer based on Fourier transform
instruments, provides a higher mass resolution and mass accuracy over a wide dynamic range than
those achievable with any other mass spectrometers, thus allowing the potential detection and
identification of a greater number of metabolites of similar accurate mass with a high level of
confidence (Holcapek et al., 2008). This mass analyzer provides high resolution up to 100 000 at
m/z 400 and mass accuracy of < 2 ppm (Makarov et al., 2006). Moreover, the proposed structure of
a product ion can be confirmed by the chemical formula obtained from the accurate mass
measurement and the comparison of the experimental isotopic distribution with theoretically
calculated patterns for all elemental compositions considered (Makarov et al., 2006). For all these
reasons, LTQ-ORBITRAP is a suitable analytical tool for the structural elucidation of drug

metabolites in biological samples, and thus was chosen to identify the metabolites of maslinic acid.
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A large variety of drugs and bioactive compounds from the diet, like maslinic acid, are considered
as xenobiotics by the organism. Consequently, a detoxification process is activated, consisting of
the increase of its hydrophilicity via metabolism in order to facilitate their excretion (Benedetti et
al., 2009). The biotransformation of xenobiotics can take place through phase I reactions, based on
oxidation, reduction and hydrolysis processes, and phase Il reactions, which comprise
glucuronidation, sulfation, methylation, acetylation and glutathione conjugation (Testa and Kréamer,
2006; Holcapek et al., 2008). To devise a comprehensive strategy for the detection in plasma and
urine of maslinic acid and its metabolites, the derivatives arising from both processes were

considered, but only phase | metabolites were found.

The analysis by LTQ-ORBITRAP allowed the identification of a monohydroxylated metabolite
with four isomers in plasma samples (M1 - M4) and two in urine (M1 and M4). The metabolism of
pentacyclic triterpenes has been scarcely assessed with only an in vivo study for boswellic acids
(Kruger et al., 2008). In agreement with our study, Kriger et al. (2008) found in plasma two
monohydroxylated derivatives after the oral administration of 12.5 mg/kg of boswellic acids to
female albino Wistar rats. The fact that hydroxylation is the principal metabolic route of pentacyclic
triterpenes has been confirmed by in vitro assays consisting of incubations of oleanolic acid (Jeong
et al., 2007) or boswellic acids (Kriiger et al., 2008, Gerbeth et al., 2013) with rat and human liver
microsomes. Regarding maslinic acid, the biotransformation of this pentacyclic triterpene has only
been investigated in vitro with the use of fungi such as Cunninghamella (Feng et al., 2012) and
Rhizomucor (Martinez et al., 2013). These species express cytochrome P450 (CYP) enzymes that
enable equivalent phase | reactions to mammalian metabolism thus being widely used in the
assessment of the biotransformation of drugs and xenobiotics (Murphy 2014). The results obtained
with these microbial models of mammalian drug metabolism are in concordance with our findings.
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Feng et al. (2012) described that maslinic acid was transformed by Cunninghamella blakesleana
into three different monohydroxylated derivatives (7p-hydroxy, 15a-hydroxy, 13p-hydroxy with
double bound migration) and one dihydroxylated metabolite (7f,15a-dihydro derivative).
Moreover, the bioconversion of maslinic acid by Rhizomucor miehei also vyielded a
monohydroxylated metabolite, but in this case the addition of the hydroxyl group took place at the
angular methyl group on position 30 (Martinez et al., 2013). Taking into account these published
data and considering that in our study four isomers of the monohydroxylated maslinic acid were
detected in plasma, it could be suggested that the hydroxyl groups were added to the positions 7, 13,

15 and 30.

Maslinic acid underwent a biotransformation that yielded M5, which was detected in both plasma
and urine. The mass shift of +14 Da exhibited by this metabolite was compatible with
monohydroxylation followed by dehydrogenation, which could be due to the oxidation of the
corresponding secondary alcohol to a ketone. The pentacyclic ring skeleton of maslinic acid has two
alcohols at the 2 and 3 positions, respectively, which are likely to be converted to a ketone. Up to
now, this modification of maslinic acid has not been reported. However, this reaction has been
described in vitro for boswellic acids after incubation with rat liver microsomes (Kruger et al.,
2008), and also for betulinic acid after incubations with different microbial models of drug
metabolism (Chatterjee et al., 2000, Bastos et al., 2007). Additionally, metabolites M6 and M7
showed a mass shift of +30 Da, which corresponded to the addition of two hydroxyl groups plus the
conversion of a secondary alcohol to a ketone. This result is consistent with the biotransformation
observed for boswellic acids (Krlger et al., 2008) as well as ursolic acid after the incubation with

the fungus Pestalotiopsis microspora (Fu et al., 2011). Under our experimental conditions, no
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metabolites resulting solely from oxidation (-2 Da) or dihydroxylation (+32 Da) reactions were

found neither in plasma nor in urine.

Once the metabolites of maslinic acid were identified by LTQ-ORBITRAP, their plasmatic
concentrations were quantified in order to know the degree of the biotransformation of this
compound. After the administration of 50 mg/kg of maslinic acid, this bioactive molecule was the
prevalent compound in plasma accounting for 81.8%, and hence the metabolites detected
represented only 18.2%. The major derivative found in plasma was M5, which represented 13.2%.
Monohydroxylation of maslinic acid took place in a 4.5% for all the four isomers, being M1 the
most abundant (2.54%), followed by M2 (0.96%), M4 (0.58%) and M3 (0.38%). Finally, the
metabolic conversion of maslinic acid consisting of dihydroxylation and oxidation of a secondary
alcohol to a ketone was scarce, since it represented only a 0.60% (M6, 0.17% and M7, 0.43%).
Regarding the amount of maslinic acid and its metabolites in urine, results showed that, like in
plasma, maslinic acid was the main compound, representing a 74%. In contrast, the metabolite
profile experienced a shift, given that the monohydroxylated derivative M1 was the prevalent one
(20%), while M5 represented approximately 4%. Taken together, the results indicate that although
maslinic acid undergoes phase | metabolism yielding 7 derivatives in plasma and 4 in urine, their
contribution to the elimination of this pentacyclic triterpene is not preeminent, since the parent
compound is excreted in urine mainly unaltered. These findings are consistent with our previous
assessment of the pharmacokinetics of maslinic acid that indicated a low clearance that was
attributed to minor hepatic and renal metabolism along with unchanged renal excretion (Sanchez-
Gonzalez et al., 2014). Moreover, the oral bioavailability of 5.13% observed cannot be mainly

attributed to metabolism. At present, experiments on the intestinal absorption of this compound are
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being conducted in our laboratory, and the results suggest a poor absorption from the

gastrointestinal tract (data not shown).

In summary, the present study thoroughly characterizes for the first time the metabolite profile of
maslinic acid in rat plasma and urine. Although the oral bioavailability of similar pentacyclic
triterpenes has been reported, and the derivatives of some of them have been identified after
incubation with different microorganisms (Chatterjee et al., 2000; Bastos et al., 2007; Kriiger et al.,
2008; Fu et al., 2011) or rat and human microsomes (Jeong et al., 2007, Kriger et al., 2008), none
of these studies quantified the metabolites in biological fluids. Our results reveal that maslinic acid
undergoes mainly phase | metabolism through hydroxylation and oxidation reactions but it is not
subjected to phase Il biotransformations. A total of seven metabolites were identified in plasma,
four monohydroxylated derivatives (M1, M2, M3 and M4), one monohydroxylated and
dehydrogenated metabolite (M5) and two dihydroxylated and dehydrogenated derivatives (M6 and
M7). Only M1, M4, M5 and M6 were detected in urine. This study provides a comprehensive
insight into the metabolite profile of maslinic acid, thus increasing our knowledge about the

bioavailability of this bioactive food component.

ABBREVIATIONS USED

LC-MS, Liquid chromatography-mass spectrometry; LOD, limit of detection; LLOQ, lowest limit

of quantification; RSD, relative standard deviation. Maslinic acid was kindly provided by Prof.

Andrés Garcia-Granados from Departamento de Quimica Organica, Facultad de Ciencias,

Universidad de Granada.
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FIGURE CAPTIONS

Figure 1. Representative extracted ion chromatograms (EIC) and MS spectra of maslinic acid and
its phase | metabolites of rat plasma sample obtained 45 min after the oral administration of 50
mg/kg of the triterpene. A full-scan analysis was performed by LC-APCI-LTQ-ORBITRAP using a
scan range from m/z 100.00 to 1000.00. EIC chromatograms: maslinic acid (m/z 471.32) (A),
monohydroxylated metabolites (m/z 487.34) (B), monohydroxylated and dehydrogenated
metabolites (m/z 485.32) (C) and dihydroxylated and dehydrogenated metabolites (m/z 501.32) (D).
MS spectra: maslinic acid (Al), monohydroxylated metabolites (Bl, B2, B3, B4),
monohydroxylated and dehydrogenated metabolite (C1) and dihydroxylated and dehydrogenated

metabolites (D1, D2). NL: normalized level.

Figure 2. Representative extracted ion chromatograms (EIC) and MS spectra of maslinic acid and
its phase | metabolites of rat urine sample withdrawn 45 min after the oral administration of 50
mg/kg of the triterpene. A full-scan analysis was performed by LC-APCI-LTQ-ORBITRAP using a
scan range from m/z 100.00 to 1000.00. EIC chromatograms: maslinic acid (m/z 471.32) (A),
monohydroxylated metabolites (m/z 487.34) (B), monohydroxylated and dehydrogenated
metabolites (m/z 485.32) (C) and dihydroxylated and dehydrogenated metabolites (m/z 501.32) (D).
MS spectra: maslinic acid (A1), monohydroxylated metabolites (B1, B2), monohydroxylated and
dehydrogenated metabolite (C1) and dihydroxylated and dehydrogenated metabolite (D1). NL:

normalized level.
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577  Figure 3. Concentrations of maslinic acid and its metabolites in plasma (A) and urine (B) collected
578 at 45 min after the oral administration of 50 mg/kg of the triterpene. Values are represented as
579 means+S.E.M (n=4-5).

580

27



Table 1.

Maslinic acid and its metabolites identified by LC-APCI-LTQ-ORBITRAP in rat plasma and urine

samples obtained after the oral administration of 50 mg/kg of the pentacyclic triterpene.

_ _ Error Metabolite
Retention Molecular Theoretical Measured appearance
time (min)  formula mass (m/z)  mass (M/z)
mDa ppm  Plasma  Urine
MO 9.22 CaoHis04  471.3480 471.3479 0.04 -0.22 + +
Monohydroxylated metabolites
M1 477 CaoHss05  487.3429 487.3426 -0.05 -0.30 + +
M2 533 CaoHss05  487.3429 487.3425 0.13 -0.35 + ND?
M3  6.61 CaoHss05  487.3429 487.3425 0.25 -0.80 + ND?
M4 7.3 CaoHss05  487.3429 487.3424 0.9 -0.50 + +
Monohydroxylated and dehydrogenated metabolites
M5  7.75 CaoH4605  485.3272 485.3271 0.23 0.03 + +
Dihydroxylated and dehydrogenated metabolites
M6  4.24 CsoH460s  501.3222 501.3216 -0.37 0.18 + +
M7  4.65 CaoH4606s  501.3222 501.3218 -0.05 -1.13 + ND?

AND: Not detected
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Table 2.

Matrix effect and recovery of the analytical methods to determine maslinic acid in rat plasma and

urine.
Theoretical Recovery (%) Matrix effect (%)
concentration

(LM) Plasma Urine Plasma Urine

05 98.8+1.6 95.6 +2.7 108.8 + 3.1 1106+ 1.8
' (n=9) (n=3) (n=3) (n=3)

1 96.8+2.1 96.7+2.2 1247+ 1.1 112.0+ 4.7
(n=9) (n=28) (n=3) (n=6)

. 100.2 +4.2 98.7+1.8 116.1+2.2 1115+ 3.0
(n=28) (n=28) (n=3) (n=10)

10 100.4 £5.2 994120 126.7 £ 2.3 109.7 £ 2.3
(n=6) (n=6) (n=3) (n=3)

Values are expressed as means + S.E.M.
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Table 3. Precision and accuracy of the analytical methods to determine maslinic acid in rat plasma

and urine.
Theoretical Intra-day Inter-day 0
concentration Precision (%) Precision (%) Accuracy (%)
(LM) Plasma Urine Plasma Urine Plasma Urine
. 1.30 5.62 5.46 7.59 0.54 -4.36
(n=3) (n=3) (n=28) (n=12) (n=5) (n=28)
. 2.64 6.90 5.93 6.91 2.34 0.85
(n=3) (n=3) (n=9) (n=10) (n=3) (n=10)
10 3.30 3.54 6.42 5.10 0.94 14.5
(n=3) (n=3) (n=9) (n=16) (n=4) (n=3)

Values are expressed as means + S.E.M.
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Figure 2.
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Figure 3.
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Discussio

L’interés de la comunitat cientifica envers l'estudi de la dieta mediterrania s’ha vist
incrementat en les darreres décades a causa de la descripcio d’efectes beneficiosos que
exerceix sobre diferents malalties. Aixi, s’ha demostrat que la poblacié que segueix
aquest patr6 alimentari presenta una menor incidéncia de la sindrome metabdlica
(Grosso et al., 2013a; Veldzquez-Lopez et al., 2014; Pimenta et al., 2014; Salas-Salvadé
et al., 2014), un risc inferior de desenvolupar malaltia cardiovascular (Martinez-Gonzélez i
Bes-Rastrollo, 2014; Grosso et al., 2014) aixi com de diversos cancers (Grosso et al.,
2013b). Per aquest motiu, els aliments que componen la dieta mediterrania han estat
objecte d’estudi per tal de conéixer el seu paper en la prevencio d’aquestes malalties, aixi
com per identificar components bioactius que puguin explicar aquestes activitats
bioldgiques (Bender et al., 2014; Pounis et al., 2014; Rahmani et al., 2014; Sharma et al.,
2014). Un dels aliments més representatius i alhora més estudiats de la dieta
mediterrania és l'oli d'oliva, del qual s’ha indicat que millora els factors de risc
cardiovascular, com ara el perfil lipidic, la pressio arterial i els perfils antitrombatics, entre
d’altres (Ruiz-Canela i Martinez-Gonzalez, 2011; Delgado-Lista et al., 2011). A més, el
consum habitual d’aquest aliment s’ha associat amb un envelliment saludable, amb una
major longevitat (Trichopoulou i Dilis, 2007; Pérez-L6pez et al., 2009), aixi com amb una
menor prevalenca de cancer respecte als paisos del nord d’Europa (Psaltopoulou et al.,
2011; Buckland et al., 2011; Escrich et al., 2014). Molts d’aquests efectes beneficiosos
per a la salut han estat atribuits al perfil lipidic que presenta I'oli d’oliva, amb un elevat
contingut en acid oleic (Owen et al., 2000; Bermudez et al., 2011; Sales-Campos et al.,
2013). Tot i aixi, cada vegada hi ha més evidencies cientifiques que demostren que
moltes de les activitats bioldgiques associades a la ingesta d’oli d’oliva es poden atribuir
als compostos minoritaris presents a la fraccié no saponificable, com ara els polifenols i
els triterpens (Martin-Pelaez et al., 2013; Sanchez-Quesada et al., 2013). Dins d’aquest
darrer grup destaca I'acid maslinic, que és un triterpé pentaciclic sintetitzat en alguns
vegetals per la via del mevalonat a partir del 2,3-oxidoscualé (Stiti et al., 2007) per tal de

protegir la planta (Bianchi, 2003; Pungitore et al., 2005).

L’acid maslinic presenta diversos efectes beneficiosos per a la salut, com ara antitumoral
(Juan et al., 2006; Juan et al., 2008; Reyes-Zurita et al., 2011; Sanchez-Tena et al., 2013;
Rufino-Palomares et al., 2013), antioxidant (Hussain-Shaik et al., 2012; Yin et al., 2012),
antidiabetic (Hou et al., 2009; Rufino-Palomares et al., 2011) i cardioprotector (Guillen et
al., 2009; Lou-Bonafonte et al., 2012). L'avaluacio de les activitats bioldgiques d’aquest
compost s’ha realitzat majoritariament in vitro, sent limitada la informacié de queé es
disposa procedent d’estudis in vivo. En aquest sentit, no es coneixia I'efecte que pot tenir
en l'organisme un consum repetit d’acid maslinic a dosis elevades, com tampoc la seva
biodisponibilitat. Un dels motius que justifica aguestes mancances és la falta d’'un metode
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analitic prou sensible per determinar-lo en fluids biologics. Per aix0, el primer objectiu
d’aquesta memoria va consistir en posar a punt i validar una técnica que permetés la
identificacio i la quantificaci6 de l'acid maslinic en plasma. A I'hora d’analitzar I'acid
maslinic, una de les primeres questions que es van plantejar va ser I'eleccio de la técnica
més adient. L’analisi de triterpens pentaciclics a plantes i/o aliments s’ha realitzat
tradicionalment per mitja de cromatografia de gasos, que s’ha utilitzat bé sola o acoblada
a espectrometria de masses (Pérez-Camino i Cert, 1999; Gu et al., 2006; Guinda et al.,
2010; Kalogeropoulos et al., 2010; Caligiani et al., 2013). Aquestes técniques requereixen
una reaccid de derivatitzacié prévia per volatilitzar les molécules. Per a molecules no
volatils, com ara I'acid maslinic, la cromatografia de liquids d’alta eficacia (HPLC) és una
opci6 adequada (Rhourri-Frih et al., 2008). Els detectors més habituals acoblats als HPLC
sbn els ultraviolats o també els detectors de diodes; ara bé, I'acid maslinic no té cap grup
cromofor en la seva estructura, presentant una longitud d’ona de maxima absorbancia al
limit de l'aparell (210 nm). En aquest sentit, es podria comprometre la sensibilitat amb
quée es determina l'analit a baixes concentracions, dificultant la seva identificacid i
quantificacio a fluids biologics d’estudis de farmacocinética, en qué s’extreuen mostres de
sang amb continguts molt baixos. Per aquest motiu es va escollir la cromatografia liquida
acoblada a espectrometria de masses (HPLC-MS). Aquesta técnica aporta major

selectivitat i sensibilitat ateés que mesura la massa dels ions presents a la mostra.

Per establir les condicions optimes per determinar I'acid maslinic per HPLC-MS és molt
important I'eleccié de la font d’ionitzacié. Per aquest motiu es van avaluar la ionitzacié per
electroesprai (ESI) i per APCI. Classicament, la ionitzaci6 per ESI ha estat la més
emprada per determinar triterpens pentaciclics com ara l'acid betulinic (Cheng et al.,
2003), I'acid oleandlic (Jeong et al., 2007) i I'acid ursolic (Xia et al., 2011). Per contra, la
ionitzacio per APCI és la més utilitzada per a I'analisi de compostos apolars (Rhourri-Frih
et al.,, 2008). Simultaniament a l'elecci6é de la font es va avaluar la fase mobil, que va
consistir en acetonitrii com a fase organica i, com a fase aquosa, aigua amb diferents
modificadors (acid acétic, acid formic o acetat d’amoni) o sense modificador. En les
nostres condicions experimentals, es va veure que la font d’APCI a 500 °C era la que
proporcionava millor intensitat de senyal i que la fase mobil consistent en acetonitril i
aigua la que presentava els cromatogrames amb menys interferencies. Per aquest motiu
es va escollir la font d’ionitzacié APCI a 500 °C amb aigua i acetonitril com a fase mobil.
Per dltim, es van analitzar els modes d’adquisicié de dades SIM i de monitoritzacié de
reacci6 multiple, utilitzant un triple quadrupol. La manca de fragmentacié de I'acid
maslinic no va permetre detectar els seus ions fragment o producte. Per aquest motiu, el
mode d’adquisici6 de dades SIM és el que va proporcionar el millor LLOQ. Aquest
comportament també s’ha observat en altres triterpens pentaciclics, com ara I'acid
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oleandlic (Song et al., 2006; Jeong et al., 2007) i I'acid ursolic (Chen et al., 2011; Xia et
al., 2011), per als quals tampoc s’ha descrit la preséncia de fragments.

El métode d’extraccio de I'acid maslinic en plasma s’ha basat en el descrit préviament per
Lozano-Mena et al. (2012), que utilitza acetat d'etil. Aquest solvent és emprat
habitualment per a l'analisi d’altres triterpens pentaciclics en plasma com ara l'acid
oleanolic (Song et al., 2006), I'acid ursolic (Xia et al., 2011) i I'acid glicirretinic (Ding et al.,
2006; Zhao et al., 2008). El métode s’ha modificat lleugerament, de forma que s’ha reduit
el volum de plasma de 500 a 200 L, ja que la major sensibilitat que proporciona 'HPLC-
MS permet emprar volums de mostra inferiors que els de 'HPLC. Aquest és un punt
important per al seu posterior Us en estudis de farmacocinética que impliquen extreure
diferents mostres de sang del mateix animal. Un cop realitzada una doble extraccié amb
acetat d’etil, s’ha evaporat el solvent i s’ha reconstituit en un volum final de 100 pL,
aconseguint concentrar al doble els components presents a la mostra, tot incrementant la

sensibilitat del méetode analitic.

En les tecniques analitiques per HPLC-MS és habitual I'is de patrons interns per a la
quantificacio de I'analit. La funcié d’aquest compost consisteix en minimitzar els efectes
de possibles errors sistematics o a I'atzar que es puguin produir durant el procés, aixi
com fluctuacions de l'aparell (Tan et al., 2009). Per aquest motiu, el patr6 intern ha de ser
una molécula molt semblant a I'analit i que presenti un comportament similar durant la
preparacio de les mostres i durant I'analisi. L’acid betulinic (m/z 455,7) i I'acid glicirretinic
(m/z 469,7) es van avaluar com a patrons interns ja que son triterpens pentaciclics amb
una estructura quimica i unes propietats fisiques molt similars a I'acid maslinic (m/z
471,3). En assajar I'acid glicirretinic es va veure que eluia a un temps de retencié similar
al de l'acid maslinic i la seva contribuci6 isotopica a 471,3 m/z interferia en la integracio.
Per aquest motiu es va descartar el seu Us. D’altra banda, I'acid betulinic, emprat en
altres assajos analitics com a patré intern per quantificar I'acid maslinic en olis vegetals
(Pérez-Camino i Cert, 1999) i en fulles d'olivera (Sanchez-Avila et al., 2009), va ser
seleccionat com a patro intern atés que en les nostres condicions experimentals eluia a
un temps de retencié de 15,5 min, no interferint amb I'acid maslinic que presentava un

temps de retencié de 11,7 min.

Un cop les condicions de 'HPLC-MS van ser optimitzades, es va validar el méetode per
determinar I'acid maslinic en plasma de rata segons la FDA (2001) i FEMEA (2011) pels
parametres d’exactitud, precisid, sensibilitat, selectivitat i linealitat. Per determinar la
recuperacio i 'efecte matriu, es van seguir també les recomanacions de Matuszewski et

al. (2003). L’analisi per HPLC-MS amb font d’ionitzacié per APCI es considera un metode
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adequat per determinar compostos en matrius biologiques (Van Eeckhaut et al., 2009).
Tot i aixd, s’ha de tenir en compte que components de la matriu de la mostra que
coelueixen amb els compostos d’interés poden interferir en el procés d’ionitzacio, de
forma que tant el poden potenciar, afavorint la deteccié de 'analit, com inhibir, dificultant
aixi I'analisi (Van Eeckhaut et al., 2009). Aquest efecte es coneix com a “efecte matriu” i
va ser descrit per primera vegada per Kerbarle i Tang (1993). Actualment es considera
que en tota validacié d’'un métode analitic per HPLC-MS s’ha de tenir en compte I'efecte
matriu, ates que pot influir per una banda, en la intensitat del senyal i de laltra, en

parametres com ara la recuperacio (EMEA, 2011).

Seguint I'estratégia descrita per Matuszewski et al. (2003) s’ha obtingut una recuperacio
mitjana avaluada en 8 concentracions diferents del 95,0 + 1,2% per a I'acid maslinic i del
95,2 + 1,5% per al patr6é intern. Aquests resultats suggereixen que els dos triterpens es
comporten de forma similar a I'obtenir una recuperacié semblant. A més, quan es calcula
la recuperacié de I'acid maslinic pel métode del patr6 intern, és a dir, calculant la raé de
I'area obtinguda per I'analit respecte I'area obtinguda pel patré intern, la mitjana d’aquest
valor augmenta fins el 99%. Per tant, la recuperacié obtinguda indica que el métode és
capacg d’extreure de la matriu el maxim possible del compost d’interés superant el 95%,
valor que es considera adequat (Bansal i DeStefano, 2007). Aquest valor de recuperacié
va ser similar a I'obtingut en la determinacié de I'acid ursolic (99,4%) en plasma (Chen et
al., 2011) i superior a l'aconseguit en altres grups d’investigacié per aquest mateix
triterpe, ja que Xia et al. (2011) només van obtenir un 73,6% i Liao et al. (2005) un 83,5%.
Seguidament es va establir I'efecte matriu, que per a 'acid maslinic i pel patré intern ha
presentat un valor mitja de 23,6 + 3,6% i -13,2 + 1,7%, respectivament. En el
desenvolupament d’'un métode analitic fiable, la variabilitat observada en I'efecte matriu
€s més important que els valors en ells mateixos. En aquest sentit, 'acid maslinic ha
presentat una variabilitat, expressada com a desviacio estandard relativa, del 8,29% i el
patro intern de I'11,1%. Aquests valors es troben per sota del 15% recomanat per la guia
de validaci6 EMEA (2011), indicant que l'efecte és constant i no compromet la

quantificacio de I‘analit.

La sensibilitat del métode indica que és adequat per a la identificaci6 i la quantificacié de
'acid maslinic en plasma, ja que el LOD i el LLOQ es van establir en 2 i 5 nM,
respectivament. EI LOD obtingut és 100 vegades menor que I'aconseguit per Yin et al.
(2012) en plasma de ratoli per HPLC-MS. Aixi mateix, el LLOQ del present metode validat
és menor que el d’'altres triterpens pentaciclics en mostres de plasma, com l'indicat per
als acids boswelics, 11 nM i ursolic, 22 nM (Reising et al., 2005; Xia et al., 2011). A més,

el metode analitic és exacte (<4,82%) i precis, tal com indiquen els valors obtinguts en la
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precisio intra-dia i inter-dia que han estat inferiors a 5,45% i 8,38%, respectivament.
Aquests valors es troben dins dels limits acceptables indicats en les guies de validacio
FDA (2001) i EMEA (2011), atés que estan per sota del 15%. Per dltim, el métode és
lineal en el rang de concentracions entre 0,005 i 10 uM en presentar coeficients de

correlacio superiors a 0,997.

Un cop validat el métode analitic es va verificar mitjancant 'administracié a rates per via
oral de 10, 25 i 50 mg/kg d’acid maslinic. Per tal de demostrar la seva aplicabilitat en
I'analisi de farmacocinética del triterpé, s’han recollit mostres de sang a les 24 h, en qué
s’esperen concentracions baixes de l'analit. Es va observar un augment de les
concentracions plasmatiques d’acord amb la dosi administrada, obtenint resultats per
sobre del LLOQ que van ser de 10,8; 20,2 i 39,3 nM a les dosis de 10, 25 i 50 mg/kg,
respectivament. Per tant, el métode desenvolupat és capa¢ de mesurar I'acid maslinic de

forma exacta, precisa i reproduible amb una elevada sensibilitat.

Un cop desenvolupat i validat el metode per determinar I'acid maslinic en plasma de rata i
abans de realitzar I'estudi farmacocinétic per conéixer la seva biodisponibilitat, es va
realitzar un estudi per saber si aquest triterpé pentaciclic tenia efectes adversos sobre la
salut. En consequéncia, el segon objectiu de la present tesi va ser avaluar I'efecte de la
ingesta d’acid maslinic a dosis elevades en ratolins Swiss CD1. En primer lloc s’ha
realitzat I'estudi de la toxicitat aguda que va consistir en 'administracié oral d’una dosi
unica de 1000 mg/kg d’acid maslinic seguit d’'un periode d’observacié de quinze dies, tal
com indica la OECD (OECD, 2008). En les condicions experimentals descrites I'acid
maslinic va demostrar la seva innocuitat atesa I'abséncia de simptomes de reacci6
adversa, la manca d’'impacte negatiu en el creixement durant el periode d’observacio i

I'aspecte normal dels organs vitals en el moment de la necropsia.

L’estudi de la toxicitat subaguda es va portar a terme administrant diariament 50 mg/kg
d’acid maslinic per via oral durant 28 dies. La dosi a administrar va ser seleccionada
tenint en compte que I'oli d’oliva i les olives sén uns aliments consumits de forma habitual
a la dieta mediterrania. Assumint que la concentracié mitjana d’acid maslinic present en
les olives de taula comercials i I'oli d’oliva verge és de 553 mg/kg (Romero et al., 2010) i
194 mg/kg (Pérez-Camino i Cert, 1999), respectivament, i que el consum diari d’aquests
aliments és de 10 olives mitjanes i 33 g d’oli d’oliva, la ingesta diaria d’acid maslinic sota
aquestes condicions és d’aproximadament 0,4 mg/kg. Per tant, es va triar una dosi al
voltant de 125 vegades superior de l'estimat per tal de proporcionar un marge de

seguretat suficientment gran.
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L’administracié oral diaria d’aquest triterpé pentaciclic no va provocar cap signe de
toxicitat, com ara piloereccio, alteracié de la marxa o mortalitat, durant els 28 dies de
tractament. No es va observar cap diferéncia significativa entre grups pel que fa al
consum de laigua de beguda, pero si que es va observar una disminucio del 13%
(p=0.0004) de la ingesta de pinso en el grup administrat amb acid maslinic en comparacio
amb el grup control. En ratolins KK-AY, que sén un model animal de diabetis de tipus 2,
I'administracio d’acid maslinic a les dosis de 10 i 30 mg/kg durant 2 setmanes va reduir el
consum de pinso en un 28% i un 34%, respectivament, en comparacio al grup control (Liu
et al.,, 2007a). També s’ha descrit una menor ingesta d’aliment (18%) en dorades
alimentades durant 210 dies amb acid maslinic. En el nostre estudi, la disminucié del
consum d’aliment no va afectar ni al pes corporal, ni a I'index de conversio dels aliments.
A la literatura, no existeix informacio sobre I'efecte de I'acid maslinic en ratolins sans, ja
gque les dades que es tenen, corresponen a models animals en qué el pes corporal és una
variable (Liu et al., 2007a, Li et al., 2010). En canvi, si existeix informacié en altres
espécies animals. En aquest sentit, no es van observar diferéncies significatives en el pes
corporal de rates Wistar tractades durant una setmana amb una dosi de 15 mg/kg d’acid
maslinic (Hussain-Shaik et al., 2012). Ara bé, si que s’ha descrit que I'acid maslinic
indueix un augment del pes en peixos sans, com ara la truita (Fernandez-Navarro et al.,
2008) i la dorada (Rufino-Palomares et al., 2011) i per aquest motiu s’ha proposat com

additiu alimentari en aquicultura.

L’estudi de les magnituds hematologiques i bioguimiques després de I'administracié oral
de 50 mg/kg d’acid maslinic durant 28 dies no presenta diferéncies significatives entre el
grup control i el grup tractat, indicant que I'administracié d’aquest triterpé no té efectes
adversos. La concentracié de glucosa en sang no es va veure afectada pel tractament, en
concordanca amb els resultats descrits previament en ratolins sans per Tang et al.
(2008). En aquest sentit, i en experiments emprant rates sanes, Khathi et al. (2013) no
van observar canvis en la concentracié6 de glucosa postprandial mesurats després de
I'administracié d’'una carrega de carbohidrats juntament amb 80 mg/kg d’acid maslinic. En
canvi, aquest triterpé s’ha descrit com a hipoglucemiant en models animals
d’hiperglucémia (Liu et al.,, 2007b; Tang et al., 2008). Referent al perfil lipidic,
I'administracio repetida d’acid maslinic (50 mg/kg) durant 28 dies no afecta el colesterol,
els triglicérids i 'HDL. Aquests resultats es troben en concordanca amb els obtinguts per
Hussain-Shaik et al. (2012) després d’administrar 15 mg/kg d’acid maslinic a rates sanes.
En canvi, 'administracio oral diaria de 100 mg/kg d’acid maslinic durant 15 dies a rates
Sprague-Dawley alimentades amb un dieta rica en colesterol durant 30 dies va

normalitzar els valors de colesterol total, triglicérids, HDL i LDL (Liu et al., 2007b),
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suggerint que aquest compost presenta un efecte terapéutic en la hiperlipidémia causada

per la dieta rica en colesterol.

La funcié hepatica es va avaluar mesurant I'enzim alanina-aminotransferasa, el qual no
ha mostrat diferéncies significatives entre el grup tractat i el grup control, suggerint
l'abséncia d’efectes adversos en el fetge induits per I'acid maslinic. Aquests resultats
coincideixen amb els observats per Liu et al. (2007a) i per Hussain-Shaik et al. (2012),
que tampoc van trobar alteracions en I'enzim alanina-aminotransferasa després de
I'administracio oral diaria d’acid maslinic. La funcié renal tampoc s’ha vist afectada ates
que els nivells plasmatics de creatinina i urea no estaven alterats. A més, els valors

obtinguts en I'analisi dels electrdlits a sang no van ser diferents entre ambdds grups.

L’examen dels organs vitals realitzats a I'autdpsia no va mostrar diferéncies significatives
entre el grup control i el grup administrat amb acid maslinic. Només el cervell dels
animals del grup tractat va presentar un pes major que el del grup control amb un
increment de I'11 %. Tot i aixi, canvis en el pes relatiu del cervell rarament esta associat
amb neurotoxicitat (Sellers et al., 2007). D’altra banda, I'estudi histopatologic dels organs
no ha presentat diferéncies significatives entre ambdods grups demostrant I'abséncia

d’efectes adversos.

En observar a l'estudi toxicoldgic que l'acid maslinic no produia efectes adversos i
disposant d’una técnica validada per mesurar el triterpé en plasma, es va plantejar com a
seglent objectiu I'analisi farmacocinética de les concentracions plasmatiques de I'acid
maslinic, ja que els efectes beneficiosos per a la salut descrits per aquest compost
depenen de la concentracié que s’assoleix en sang. Per tal de dur a terme l'estudi
farmacocinetic, I'acid maslinic va ser administrat a rates Sprague-Dawley per via oral (50
mg/kg) i via intravenosa (1 mg/kg). Les concentracions plasmatiques obtingudes es van
analitzar de forma simultania mitjancant una aproximacié poblacional emprant el
programa NONMEM. Fins ara, els estudis realitzats amb altres triterpens pentaciclics
(Udeani et al., 1999; Jeong et al., 2007; Chen et al., 2011) han seguit una farmacocinética
classica que només permet analitzar concentracions plasmatiques respecte el temps i
totes les dades s’han d’extreure del mateix animal. En canvi, I'aproximaci6 poblacional
permet analitzar poblacions amb poques dades que procedeixen de diferents individus i
estimar els parametres tipics farmacocinétics, la variabilitat interindividual associada aixi
com la variabilitat residual, tot preservant la individualitat dels perfils de concentracions
plasmatiques representats respecte el temps. Aixi mateix, I'analisi poblacional realitzat
amb el programa NONMEN permet incorporar I'escalat entre espécies en el disseny del

model, fet que possibilita poder extrapolar i predir els nivells plasmatics i de distribucié
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d’'un compost en 'home a partir de dades obtingudes amb animals (Jolling et al., 2005).
Per aix0, i seguint una aproximacio al-lometrica, es va incorporar el pes corporal (70 kg)
en el model base, a més d’exponents allométrics fixats. Aquesta aproximacio
al-lométrica, encara que empirica, constitueix una eina valuosa en el procés de
desenvolupament d’un nutricéutic, ja que ajuda a estimar la possible dosi i els marges de

seguretat abans dels estudis en humans (Kang et al., 2011).

El desenvolupament del model farmacocinétic s’ha basat en [laplicacié d’eines
estadistiques que han permes calcular la bondat de I'ajust, la precisié dels parametres
estimats i el valor minim de la funcié objectiva (MOFV) per tal de seleccionar el model
que millor ajusti les concentracions plasmatiques de I'acid maslinic. Durant el procés, es
va valorar un model tricompartimental atesa la gran diferéncia entre les concentracions
plasmatiques dels temps inicials i finals de I'administracié intravenosa. Perdo les
concentracions d’acid maslinic en plasma a les 8, 10 i 12 h després d’aquesta
administracié no es van incloure perqué estaven per sota del LLOQ. Per aquest motiu, el
model que descrivia millor les dades i presentava la millor funcié objectiva va ser un

model bicompartimental amb absorcié de primer ordre i procés d’eliminacio lineal.

El model final es va validar emprant la comprovacio visual predictiva corregida per les
prediccions tipiques del model (pcVPC, acronim en anglés de prediction-corrected Visual
Predictive Check). La representacio de les dades individuals respecte a les predites pel
model va indicar que aquest descrivia adequadament els resultats experimentals
obtinguts. La tecnica de validacio interna aplicada va demostrar que el model era capag
de predir d’'una manera adient els percentils 5%, 50% i 95% de les dades observades, tot

indicant que el model és robust.

L’analisi dels parametres farmacocinétics obtinguts permeten establir, a través de la
constant d’absorcio (k, = 0,52 1/h) i el temps al qual s’assoleix la concentraci6 maxima
(Tmax = 0,51 h), que 'acid maslinic presenta un procés d’absorcié oral relativament rapid.
D’altres ftriterpens pentaciclics com l'acid ursolic (Chen et al., 2011) i I'acid oleandlic
(Jeong et al.,, 2007) també presenten valors de T Similars (0,42 h i 0,35 h,
respectivament) en ser administrats en rata. La biodisponibilitat, que informa sobre la
fraccido del compost d’estudi que aconsegueix arribar a la sang després de la seva
administracio, és del 5,13% per a I'acid maslinic. Resultats similars d’aquest parametre es
van observar per altres triterpens pentaciclics com I'acid oleanolic (Jeong et al., 2007) i
I'acid hidroxibetulinic (Yang et al., 2005) amb valors de 0,7% i 2,3%, respectivament. Si la
biodisponibilitat és baixa, com és el cas de l'acid maslinic, es pot atribuir a diferents

motius. Un d’ells és l'efecte de primer pas, que consisteix en metabolitzar el compost
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d’estudi a nivell de fetge i/o paret intestinal, evitant el seu pas cap a la circulacié
sanguinia. Per contra, una absorcié gastrointestinal petita també podria ser la causa
d’'una baixa biodisponibilitat. Si el darrer cas tingués lloc, grans quantitats d’acid maslinic
romandrien a l'intesti, convertint-lo aixi en '6rgan diana on el triterpeé pentaciclic podria
exercir la seva activitat protectora contra el cancer de colon (Juan et al., 2008), tal com
s’ha descrit per altres components bioactius dels aliments com ara el trans-resveratrol
(Planas et al., 2012; Juan et al., 2012).

Un cop es troba I'acid maslinic a l'interior de I'organisme, les constants farmacocinetiques
que caracteritzen la seva distribucié sén el volum de distribucié al compartiment central
(V.) referent a la circulacié sistémica i el volum de distribucié al compartiment periferic
(Vp) relatiu al conjunt de teixits on I'acid maslinic pot ser distribuit. Els resultats obtinguts
per a la poblacié estudiada, rates Sprague-Dawley, van ser de 0,120 L/kg pel V. i de
0,908 L/kg pel V,. Aquests resultats suggereixen una distribucié progressiva de I'acid
maslinic al llarg del temps cap als teixits a causa del fet que el volum de distribucié total
(1,028 L/kg) és major que el volum total de laigua corporal a la rata (0,668 L/kg).
Resultats similars s’han observat per a I'acid oleandlic (Jeong et al., 2007). A més, la
constant de velocitat de transferéncia del compartiment periféric al central (k,;) va ser de
7 a 8 vegades més baixa que la constant de velocitat de transferéncia del compartiment
central al periféric (k1,). Aixo indica que l'arribada d’acid maslinic als teixits és més rapida
gue el seu retorn a la circulacié6 sanguinia. D’altra banda, es pot concloure que les
concentracions plasmatiques de I'acid maslinic segueixen una caiguda biexponencial
tenint en compte que la constat de velocitat de disposicié rapida (a) va presentar un valor

67,6 vegades superior a la constant de velocitat de disposicio lenta ().

L’aclariment indica la capacitat de I'organisme per eliminar un compost de la sang. En el
cas de 'acid maslinic s’ha estimat un aclariment mitja de 0,455 L/h/kg, sent un valor baix.
Si es té en compte el flux de sang renal en la rata (2,21 L/h/kg), l'aclariment de l'acid
maslinic representa menys d’'una cinquena part d’aquest, fet que suggereix que I'excrecid
renal d’aquest triterpé pentaciclic es dona de forma relativament lenta. Ara bé,

I'aclariment obtingut també podria ser explicat per un baix metabolisme hepatic.

Finalment, i com a comprovacio6 addicional, es van comparar les constants obtingudes per
I'aproximacié poblacional amb les calculades pel model no compartimental amb el
software WinNonlin. Aquesta darrera analisi permet estimar parametres farmacocinétics
sense haver d’ajustar-se a un model determinat. Ara bé, es van observar discrepancies
en la concentracié a temps 0 (Co) i la semivida (t3,), que es podrien atribuir a la falta de

concentracions plasmatiques disponibles a partir de les 8 h després de I'administracio
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intravenosa. Tot i aixi, la majoria dels parametres farmacocinétics estudiats, com ara la
biodisponibilitat oral absoluta, el volum de distribucié total i I'aclariment obtinguts per
'aproximacié poblacional van presentar resultats similars als calculats per I'analisi no

compartimental, demostrant que el model desenvolupat descriu correctament les dades.

L’estudi farmacocinétic de I'acid maslinic mostra una limitada biodisponibilitat, que pot ser
deguda a una absorci6é intestinal incompleta o a un elevat metabolisme, tot i que
I'aclariment obtingut suggereix una baixa biotransformacié a nivell hepatic. Per aquest
motiu, el darrer objectiu d’aquesta memoria va consistir en identificar i quantificar els
metabodlits de I'acid maslinic en plasma i orina després de la seva administracié oral a
rates. La caracteritzacio dels metabodlits d’'un compost, a més d’ampliar el coneixement
sobre la biodisponibilitat, també és important atés que els derivats podrien presentar

activitats biologiques amb efectes terapéutics i/o efectes toxics.

Els compostos bioactius que provenen de la dieta es poden metabolitzar mitjangant
transformacions de fase | i fase Il. Les primeres es basen en oxidacions, reduccions i
hidrolisis, mentre que les segones es basen en glucuronitzacions, sulfatacions,
metilacions, acetilacions i conjugacions amb glutatié (Testa i Kramer, 2006; Holcapek et
al., 2008). Per a l'estudi dels metabdlits de l'acid maslinic es van analitzar els
cromatogrames de les mostres de plasma i orina injectades a I'HPLC-LTQ-Orbitrap-MS
tant manualment amb el programa Xcalibur Qual Browser com de forma automatica a
través del software Metworks. A les mostres de plasma i orina obtingudes 45 min després
de 'administracié de 50 mg/kg d’acid maslinic només es van trobar metabolits procedents
de transformacions de fase I. En les mostres analitzades es van detectar 7 metabolits de
lacid maslinic, 4 metabdlits monohidroxilats (M1-M4), 1 metabolit monohidroxilat i
deshidrogenat (M5) i 2 metabdlits dihidroxilats i deshidrogenats (M6, M7). Tots ells van
ser identificats en plasma perd només I'M1, M4, M5 i M6 s’han detectat en orina. Aixi
mateix, en cap de les matrius analitzades es van identificar derivats que presentessin

Unicament una doble hidroxilacié o solament una deshidrogenacio.

La hidroxilacié6 de I'acid maslinic va donar lloc en plasma a 4 metabolits que van
presentar una massa 15.9949 Da superior a la del compost pare. Tot i que actualment no
es disposa d’informacié sobre la biotransformacié de I'acid maslinic in vivo, si que s’han
realitzat investigacions in vitro sobre les transformacions microbianes del triterpe, com ara
l'estudi dut a terme per Feng et al. (2012) amb Cunninghamella blakesleana o el de
Martinez et al. (2013) amb Rhizomucor miehei. Aquests autors van observar també
I'addicié de grups hidroxil a la molécula d’aquest compost bioactiu. Aixi, Feng et al. (2012)

va descriure tres metabolits monohidroxilats diferents en que el grup hidroxil
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s’incorporava al carboni 7, al carboni 13 o al carboni 15 de la molécula amb la migracio
d’un doble enllag. Martinez et al. (2013) va observar un metabolit monohidroxilat pero, en
aquest cas, el grup hidroxil es va afegir al grup metil angular de la posicido 30. Si es
consideren els resultats publicats tant per Feng et al. (2012) com per Martinez et al.
(2013), els quatre isomers identificats del metabadlit monohidroxilat de I'acid maslinic (M1-

M4) podrien haver incorporat els grups hidroxils a les posicions 7, 13, 15 30.

L’addicié d’'un grup hidroxil ha estat descrita in vivo per a altres triterpens pentaciclics
(Kruger et al., 2008). Després de I'administraciéo d’'una suspensio de 12,5 mg/kg de I'acid
11-ceto-B-boswellic a rates Wistar albines femelles, es van identificar en plasma dos
derivats monohidroxilats de I'acid boswellic (Kruger et al., 2008). Diferents estudis
realitzats in vitro amb acids boswellics, acid oleanolic i acid ursolic també mostren
derivats hidroxilats (Gerbeth et al., 2013; Kruger et al., 2008; Jeong et al., 2007; Fu et al.,
2011). La incubacié dels acids a- i B boswellics i de l'acid 11-ceto-B-boswellic en
microsomes de fetge de rata (Gerbeth et al., 2013; Kriiger et al., 2008) presenten derivats
monohidroxilats. Els mateixos resultats es van descriure per a l'acid oleandlic, en
microsomes de fetge de rata, i per a l'acid ursolic, després d’'una transformacio
microbiana amb fongs de H. serrata (Jeong et al.,, 2007; Fu et al., 2011). Aquests
resultats confirmen que la hidroxilacié és una de les principals rutes metaboliques dels

triterpens pentaciclics.

A més dels derivats monohidroxilats de I'acid maslinic, també es va identificar un
metabolit monohidroxilat i deshidrogenat (M5) en qué la pérdua dels 2 hidrogens de la
molécula és compatible amb la oxidacié d’'un alcohol secundari a una cetona. Encara que
aguesta reaccid no ha estat descrita previament per a I'acid maslinic, si que s’ha observat
en altres triterpens pentaciclics en experiments in vitro, com ara la incubacié de I'acid
betulinic amb Bacillus megaterium ATCC 13368 (Chatterjee et al., 2000) i amb el fong
Colletotrichum (Bastos et al., 2007) aixi com la incubacié dels acids boswellics amb

microsomes de fetge de rata (Kriiger et al., 2008).

Finalment, es van identificar dos metabolits (M6 i M7) que presentaven una massa
superior a la de I'acid maslinic en 29.9442 Da, que corresponen a I'addicié de dos grups
hidroxils seguits d’'una oxidacié d’'un alcohol secundari en cetona. Aquest metabolit també
ha estat descrit per a I'acid ursolic després de la incubacié amb Pestalotiopsis microspora

(Fu et al., 2011) aixi com per als acids boswellics (Kriger et al., 2008).

Després de la identificacié en plasma i orina per ’'HPLC-LTQ-Orbitrap-MS dels metabolits
de l'acid maslinic, aquests derivats es van quantificar per tal de conéixer el grau de

transformacié metabolica del triterpé. La concentracio obtinguda en plasma als 45 min de
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I'administracié oral de I'acid maslinic va ser de 4,83 uM pel triterpé, mentre que les
concentracions observades relatives als metabolits van ser menors i en cap cas van
superar els 0,8 uM. D’aquesta manera, el compost pare representava el 81,8% mentre
que els metabolits només el 18,2%. El principal derivat en plasma va ser 'M5 (13,2%),
seguit dels metabolits monohidroxilats de I'acid maslinic (M1, M2, M4 i M3) els quals
representaven el 4,47%, i dels derivats M6 i M7 que només arribaven al 0,60%. Els
metabolits identificats en orina també van ser quantificats emprant el métode préviament
desenvolupat pel plasma (Sanchez-Gonzélez et al., 2013). Aquest va ser validat per a la
nova matriu demostrant ser lineal, precis, exacte, sense efecte matriu i amb una
recuperacié mitjana del 97,6 + 1,6%. En orina, a l'igual que en plasma, I'acid maslinic va
ser el component majoritari representant el 74%. Els metabdlits trobats en aquesta matriu
no van superar la concentracié d’1 uM i van presentar un perfil diferent al del plasma. El
derivat majoritari va ser 'M1 representant el 20% mentre que I'M5 només va representar
el 4%. Els resultats obtinguts a la quantificacié dels metabolits en plasma i en orina
permeten descartar el metabolisme com a principal causa de la baixa biodisponibilitat
observada per a I'acid maslinic, i corroboren el valor obtingut per I'aclariment plasmatic,

que s’havia associat a un metabolisme hepatic limitat.

L’estudi de I'acid maslinic realitzat en la present tesi ha permés ampliar els coneixements
sobre aquest triterpé pentaciclic. S’ha demostrat que el consum diari d’acid maslinic
durant 28 dies no presenta efectes adversos a la dosi de 50 mg/kg aixi com tampoc
'administracié unica del triterpé a 1000 mg/kg per via oral. D’altra banda, s’ha
desenvolupat i validat un meétode per poder determinar l'acid maslinic en plasma
mitjancant 'HPLC-MS, fet que ha permés realitzar I'estudi farmacocinétic del triterpé
seguint una aproximacié poblacional, amb el qual s’han ajustat les concentracions
plasmatiques a un model bicompartimental amb cinétiques d’absorcié i eliminacié de
primer ordre. Aquest estudi ha demostrat que I'acid maslinic presenta una absorcié
relativament rapida amb una biodisponibilitat petita i una distribucié a teixits extensa i
progressiva al llarg del temps. El baix aclariment obtingut ha donat lloc a una semivida
llarga. L’estudi de la biotransformacio de I'acid maslinic in vivo ha posat de manifest un
metabolisme baix derivat Unicament de reaccions de fase |. S’han identificat 7 metabdlits
en plasma, dels quals 4 també es trobaven a l'orina, sent I'acid maslinic el principal
component en ambdues matrius. Els resultats obtinguts de la present tesi proporcionen
nous coneixements sobre l'acid maslinic i donen un pas més en el seu futur

desenvolupament com a nutricéutic.
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Conclusions

L’analisi dels resultats obtinguts en la present memodria permet obtenir les

seglients conclusions, que s’han desglossat segons els objectius plantejats.

CAPITOL 1. Posada a punt i validacié d’'un métode per a la determinacié de I'acid

maslinic en plasma

S’han estudiat diferents modificadors de la fase mobil (acid acétic, acid formic,
acetat d’amoni), fonts d’ionitzaciéo (ESI i APCI) i modes d’adquisicié de dades
(MRM i SIM) per tal d’aconseguir la maxima ionitzaciéo de l'acid maslinic i aixi
obtenir una deteccié amb el maxim senyal. La font d’ionitzacié per APCI a 500°C,
'analitzador de masses quadrupol senzill i 'adquisicio de dades en SIM i mode

negatiu han estat les optimes per aconseguir la maxima sensibilitat.

S’ha establert un métode per determinar I'acid maslinic en plasma de rata que
inclou I'extracciéd amb acetat d’etil seguit de I'analisi per HPLC-MS. La validacio
del métode indica que és selectiu, sensible, precis i reproduible d’acord amb els

resultats obtinguts en el rang de concentracions de 0,05 a 10 uM.

L’aplicacio del métode validat ha permés la identificacié i quantificacié de I'acid
maslinic en plasma de rates Sprague-Dawley 24 h després de I'administracio de
10, 25 i 50 mg/kg d’acid maslinic per via oral, demostrant la seva idoneitat per ser

aplicat a estudis de farmacocinética.

CAPITOL 2. Estudi toxicologic de I'acid maslinic

L’administracié oral unica d’1 g/kg d’acid maslinic a ratolins Swiss CD1 no

presenta efectes adversos.

L’administracié oral diaria de 50 mg/kg d’acid maslinic durant 28 dies no indueix
diferéncies en el pes corporal ni en l'eficiencia de conversié de l'aliment dels

animals d’ambdos grups.

L’analisi de les magnituds hematologiques i bioquimiques cliniques, aixi com
I'estudi anatomopatologic, no han mostrat cap efecte de rellevancia toxicologica
després de 'administracio oral de 50 mg/kg durant 28 dies. Els resultats obtinguts
indiquen 'ampli marge de seguretat de I'acid maslinic per ser emprat en futurs

estudis com a un possible nutricéutic.
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CAPITOL 3. Desenvolupament d’'un model farmacocinétic de I'acid maslinic seguint una

aproximacio poblacional

S’ha desenvolupat un model de farmacocinética poblacional per a I'acid maslinic
que permet I'extrapolacié en humans seguint una aproximacié al-lometrica. Aquest
model, que descriu les concentracions plasmatiques obtingudes després de
'administracié oral i intravenosa d’aquest triterpeé pentaciclic, es caracteritza per

ser bicompartimental amb absorcio de primer ordre i eliminacio lineal.

L’estudi farmacocinétic de 'acid maslinic indica una absorcié relativament rapida
(Ka = 0,52 1/h) assolint la concentracié plasmatica maxima de 4,03 uM als 30

minuts amb una biodisponibilitat del 5,13%.

Un cop ha arribat al torrent sanguini, I'acid maslinic es distribueix extensament als
teixits, segons indiquen els volums de distribucié central (8,41 L/70 kg) i periféric
(63,6 L/70 kg). L’aclariment de l'acid maslinic (8 L/h/70 kg) suggereix un
metabolisme hepatic i renal baix, aixi com [I'eliminaci6 per orina en forma

majoritariament inalterada.

El model desenvolupat constitueix un primer pas per a futurs estudis de
farmacocinetica/farmacodinamica que permetin establir pautes d’administracio

eficaces de I'acid maslinic com a nutricéutic.

CAPITOL 4. Identificacié i quantificacié dels metabdlits de I'acid maslinic en plasma i

orina de rata

124

S’han identificat per primera vegada els metabdlits de I'acid maslinic en plasma i
orina després de la seva administracio oral. Els resultats indiquen que el triterpé
esta sotmés a metabolisme de fase |, mitjangant reaccions d’hidroxilacio i

oxidacio, i que no pateix biotransformacions de fase II.

S’han detectat un total de 7 metabolits en plasma, 4 derivats monohidroxilats (M1,
M2, M3 | M4), 1 derivat monohidroxilat i deshidrogenat (M5) i 2 derivats
dihidroxilats i deshidrogenats (M5 i M6). Només els metabolits M1, M4, M5 i M6
s’han identificat en orina i I'acid maslinic ha estat el compost principal en ambdues

matrius.

Aguest estudi proporciona nova informacié sobre el metabolisme de I'acid maslinic
dins l'organisme ampliant el coneixement sobre la biodisponibilitat d’aquest

compost bioactiu.
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