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RESUMO

Dissertacao de Mestrado
Programa de P6s-Graduacao em Ciéncias Farmacéuticas
Universidade Federal de Santa Maria

DESENVOLVIMENTO E VALIDACAO DE METODOLOGIAS PARA
AVALIACAO DE EZETIMIBA POR CROMATOGRAFIA LiQUIDA E
ESPECTROMETRIA DE MASSAS
AUTOR: PAULO RENATO DE OLIVEIRA
ORIENTADOR: SERGIO LUIZ DALMORA
Data e Local da Defesa: Santa Maria, 30 de margo de 2007.

Ezetimiba ¢ um inibidor seletivo da absor¢ao intestinal do colesterol e de fitosterois,
pertencente ao grupo das 2-ezetidinonas, indicado para o tratamento da hipercolesterolemia e
fitosterolemia. No presente trabalho foram desenvolvidas e validadas metodologias para
avaliagdo de ezetimiba em produtos farmacéuticos e plasma humano. As andlises por
cromatografia liquida em fase reversa (CL-FR) foram realizadas utilizando coluna Synergi
fusion C;3 (150 mm x 4,6 mm), mantida a 45 °C. A fase mdvel foi composta de tampao
fosfato de potassio 0,03 M, pH 4,5/acetonitrila (35:65, V/V), eluida na vazao de 0,6 mL/min e
deteccdo no ultravioleta a 234 nm. A separagdo cromatografica foi obtida no tempo de 15
minutos, sendo linear na faixa de concentragdo de 0,5-200 png/mL. O método foi aplicado para
analise simultdnea de ezetimiba e sinvastatina em produtos farmacéuticos comerciais.
Paralelamente, desenvolveu-se e validou-se método por cromatografia liquida combinada a
espectrometria de massas (CL-EM/EM). Executaram-se as andlises utilizando coluna Luna
Ci3 (50 mm x 4,6 mm) e fase mdovel composta de acetonitrila:dgua (85:15, V/V) na vazdo de
0,4 mL/min. O espectrometro de massas, equipado com fonte de electrospray positivo, foi
empregado no modo de monitoramento de reagao multipla (MRM), monitorando as transi¢oes
de 392,0>161,0 e 359,3>280,0, para a ezetimiba e etoricoxibe (padrido interno),
respectivamente. A separagdo cromatografica foi obtida em 2 minutos, sendo linear nas faixas
de concentragdo de 0,25-20 ng/mL (ezetimiba) e 1-300 ng/mL (ezetimiba e seu metabolito).
Os procedimentos foram validados, avaliando-se os parametros de especificidade, linearidade,
precisdo, exatiddo, robustez, limite de deteccdo e quantificagdo, incluindo para o método
bioanalitico os efeitos de matriz, recuperagdao e estudos de estabilidade, cujos resultados
cumpriram os requisitos preconizados. O método proposto foi utilizado na andlise de
produtos farmacéuticos, demonstrando correlag@o significativa dos resultados (P>0,05). Além

disso, o0 método de extragdo liquido-liquido desenvolvido e otimizado propiciou significativa



percentagem de recuperacao da ezetimiba, seu metabdlito e do padrdo interno nas amostras de
plasma. Os procedimentos pesquisados podem ser aplicados para estudos de

biodisponibilidade e para aprimorar o controle da qualidade de medicamentos.

Palavras-chave: cromatografia liquida, espectrometria de massas, ezetimiba, validacdo,

plasma humano, produtos farmacéuticos.
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Ezetimibe selectively inhibits the intestinal absorption of dietary cholesterol and
related plant sterols, from the 2-azetidinones group, and is used for the treatment of
hypercholesterolemia and phytosterolemia. The methodologies for the evaluation of ezetimibe
in pharmaceutical products and plasma were developed and validated in the present work. The
reversed-phase liquid chromatography (RP-LC) analysis was carried out using a Synergi
fusion C;g column (150 mm x 4.6 mm), maintained at 45 °C. The mobile phase consisted of
potassium phosphate buffer 0.03 M, pH 4.5/acetonitrile (35:65, V/V), run at a flow rate of 0.6
mL/min with detection at 234 nm. The chromatographic separation was obtained within 15
min and it was linear in the concentration range of 0.5-200 pg/mL. The method was
sucessfuly applied for the simultaneous determination of ezetimibe and simvastatin in
pharmaceutical products. The liquid chromatography-tandem mass spectrometry (LC-
MS/MS) method was developed and validated using a Luna C;g column (50 mm x 3.0 mm)
and the mobile phase consisted of acetonitrile:water (85:15, V/V), run at a flow rate of 0.4
mL/min. The mass spectrometer, equipped with electrospray positive source, was used in
multiple reaction monitoring mode (MRM), monitoring the transitions of 392.0>161.0 and
359.3>280.0, for ezetimibe and etoricoxib (internal standard), respectively. The
chromatographic separation was obtained within 2 min and it was linear in the concentration
range of 0.25-20 ng/mL (ezetimibe) and 1-300 ng/mL (ezetimibe and its glucuronide
matabolite). The procedures were validated evaluating parameters such as the specificity,
linearity, precision, accuracy, robustness, limit of detection and limit of quantitation. Besides,
for the bioanalytical method, the matrix effects, recovery and stability studies were also
analyzed, giving results within the acceptable range. The proposed method was applied for the
analysis of pharmaceutical products, showing significant correlation (P>0.05) of the results.

Moreover, the liquid-liquid extraction method developed and optimized allowed high mean



recoveries of ezetimibe and internal standard from the plasma samples. The procedures can be

applied for the biovailability studies and for the quality control of pharmaceutical products.

Keywords: liquid chromatography, mass spectrometry, ezetimibe, validation, human plasma,

pharmaceutical products.
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1 INTRODUCAO

A aterosclerose ¢ a principal causa de doencas cardiovasculares (PATER, 2001;
SANTOS, 2001) e caracteriza-se pelo estreitamento das paredes dos vasos sangiliineos devido
a deposi¢do de gordura na camada mais interna da artéria, a intima. A ruptura da placa ¢ a
conseqiiente trombose podem levar ao bloqueio de artérias e causar ataque cardiaco. O
principal fator de risco ¢ a combinagdo do elevado nivel plasmatico da lipoproteina de baixa
densidade (LDL) e baixo nivel da de alta (HDL) (SCHAEFER, 2002; CHOY et al., 2004). O
papel das dislipidemias no desenvolvimento das doencgas cardiovasculares tem sido
estabelecido por evidéncias epidemioldgicas, clinicas, genéticas e de estudos em animais de
laboratério (GRUNDY, 2002; RUSSEL & PROCTOR, 2006). Para a reversdao do quadro
clinico pode-se intervir no controle dos fatores de risco através do uso de medicamentos, bem
como através de programas de atividade fisica e terapia nutricional.

A dieta e, quando necessaria, a terapia farmacoldgica sdo indicadas para pessoas com
coronariopatia prévia ou com multiplos fatores de risco e, em particular, para aquelas com
histéria familiar de doenga cardiovascular precoce € com portadoras de diabetes. A terceira
diretriz brasileira sobre dislipidemias e de preven¢do da aterosclerose do Departamento de
Aterosclerose da Sociedade Brasileira de Cardiologia sugere que os niveis plasmaticos 6timos
de LDL e HDL sejam inferiores a 100 e superiores a 40 mg/dL, respectivamente, para
individuos maiores de 20 anos de idade.

Os niveis plasmaticos de colesterol tém origem enddgena (derivados da biossintese) e
exogena (a partir da absor¢do intestinal) e podem ser reduzidos através de mecanismos que
envolvam a diminuicdo da sintese do colesterol, aumento da eclimina¢do ou redugdo da
absorgdo intestinal (IGLESIAS & DIEZ, 2003). Os medicamentos hipocolesterolemizantes de
primeira escolha, representados pela classe das estatinas, inibem a enzima 3-hidroxi-3-
metilglutaril coenzima A (HMG-CoA) redutase, e por conseqiiéncia a sintese do colesterol
somente pela via enddgena. Entretanto, nem todos os pacientes respondem adequadamente ao
tratamento, sendo necessaria a administragdo concomitante de outros fArmacoss que agem por
diferentes mecanismos, para manter os niveis recomendados de colesterol (KOSOGLOU et
al., 2002).

Recentemente, foi desenvolvida a ezetimiba, que representa o primeiro composto da
nova classe de medicamentos, as 2-azetidinonas, que inibe seletivamente a absor¢do intestinal

de colesterol e de fitosterdis, sem interferir na absorcdo de vitaminas lipossoluveis,
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trigliceridios e 4cidos biliares. E indicada para o tratamento da hipercolesterolemia, podendo
ser administrada isoladamente ou em associagdo com inibidor da enzima HMG-CoA redutase
(CATAPANO, 2001; CLADER, 2004; SUDHOP et al., 2005).

Os avangos recentes na area farmacéutica viabilizaram a produ¢ao de novos fairmacos
de interesse terapéutico, que necessitam de métodos analiticos e bioanaliticos para sua
determinag¢do quantitativa em produtos farmacéuticos, estudos de dissolucdo e em matriz
biologica, e que sdao importantes para o controle da qualidade e para a avaliagdo e
interpretagdo dos dados de biodisponibilidade. A escolha do procedimento baseia-se em
varios fatores, que incluem a estrutura e caracteristicas do farmaco, pureza, quantidade de
amostra e finalidade da andlise, bem como a disponibilidade de equipamentos e reagentes. O
desenvolvimento de métodos envolve a avaliacdo e otimizagdao de condigdes, incluindo etapas
de preparacdo da amostra, separagdo cromatografica, deteccao e quantificacdo. A validacao €
necessaria para demonstrar, através de estudos experimentais, que o método atende as
exigéncias das aplicacdes analiticas, assegurando a confiabilidade e reprodutibilidade dos
resultados obtidos. Os parametros fundamentais de avaliagdo incluem linearidade, exatidao,
especificidade, precisdo, recuperagdo, limites de quantificagdo e de detec¢do e teste de
adequabilidade do sistema. Para metodologias bioanaliticas sdo também necessarios estudos
de estabilidade do fdrmaco na matriz bioldgica, de recuperacdo e de efeitos de matriz (ICH,
1996; CAUSON, 1997; ICH, 1999; FDA, 2001).

A cromatografia liquida, especialmente com deteccdo no UV, tem sido empregada
devido a resolugdo, precisdo e exatidao significativas. Além disso, acoplada a espectrometria
de massas, constitui-se em técnica de identificacdo e caracterizacdo de componentes em
misturas complexas de amostras, sendo amplamente adotada na pesquisa clinica e para a
determinagdo de farmacos em matrizes biologicas. Nesse contexto, tem viabilizado estudos de
biodisponibilidade e bioequivaléncia, importantes para o desenvolvimento de medicamentos
genéricos. Atualmente estd sendo usada de modo crescente para andlise de matéria-prima e
produtos farmacéuticos, pois oferece eficiéncia na quantificacdo, alta especificidade e
sensibilidade e tempo de ensaio adequado (NIESSEN, 2003; KORFMACHER, 2005).
Convém observar também a importancia do desenvolvimento e otimiza¢dao dos processos de
extracdo, que visam especialmente a recuperagdo maxima dos farmacos sob estudo e remogao
de interferentes do plasma.

Desse modo, o presente trabalho tem por objetivos desenvolver, otimizar e validar
procedimentos para avaliacdo da identidade, pureza e quantificagdo de ezetimiba no produto

acabado e em plasma humano, através de: a) cromatografia liquida em fase reversa, b)
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extracdo liquido-liquido, ¢) cromatografia liquida acoplada a espectrometria de massas. Nesse
contexto, objetiva estabelecer procedimentos que possam contribuir para o dominio
tecnologico e cientifico, aprimorando os estudos de biodisponibilidade e a area de controle da

qualidade, garantindo a seguranca e eficacia terap€utica dos produtos farmacéuticos.



REVISAO DA LITERATURA

18
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2 REVISAO DA LITERATURA

Recentemente foi desenvolvida a ezetimiba, que representa o primeiro composto da
nova classe de medicamentos, as 2-azetidinonas, ¢ ¢ denominado quimicamente 1-(4-
fluorofenil)-3(R)-[3-(4-fluorofenil )-3(S)-hidroxipropil]-4(S)-(4-hidroxifenil)-2-azetidinona. E
um po branco, cristalino, muito soluvel em etanol, metanol e acetona e, praticamente
insolivel em 4gua. Tem ponto de fusdo de, aproximadamente, 163 °C e ¢é estavel a
temperatura ambiente. Possui massa molecular de 409,4 Daltons, férmula molecular
Cy4H,1FoNO3, com a estrutura quimica mostrada na Figura 1 (BURNETT et al., 1994;
ROSENBLUM et al., 1998; XU et al., 2007).

OH

OH

7,

Figura 1 — Estrutura quimica da ezetimiba

A ezetimiba ¢ ativa por via oral, sendo comercializada na forma de comprimidos de 10
mg sob o nome de Ezetr01®, e em associagao com 10, 20 ou 40 mg de sinvastatina, como
Vytorin®. Apresenta atividade hipocolesterolemizante e ¢ indicada para o tratamento de
hipercolesterolemia primaria, hipercolesterolemia familiar homozigética e fitosterolemia
(CATAPANO, 2001; CLADER, 2004; SUDHOP et al., 2005).

O colesterol tem papel critico na sintese e estrutura de muitas membranas € como
precursor dos hormodnios esterdides e dos acidos biliares. Porém, presente em altos niveis
plasmaticos, pode contribuir para a incidéncia de doencas do sistema cardiovascular, sendo a
maior causa de desenvolvimento e progressao da aterosclerose. O colesterol ¢ proveniente de
duas vias, exdgena através da alimentagdo e endogena através da sintese de acetil-CoA. A

ezetimiba exerce atividade hipolipidémica reduzindo a absor¢do do colesterol oriundo da
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dieta, através da inibi¢do de enzimas especificas que atuam no transporte de colesterol do
intestino.

A biossintese do colesterol a partir do acetil-CoA tem quatro estdgios. No primeiro,
trés unidades de acetato se condensam para formar um intermedidrio com seis carbonos, o
mevalonato. Nessa etapa, a reducdo irreversivel do composto intermedidrio 3-hidroxi-3-
metilglutaril-CoA (HMG-CoA) pela enzima HMG-CoA redutase ¢ a principal via de
regulagdo da biossintese do colesterol, € no qual se fundamenta o mecanismo de agdo das
estatinas. No seguinte passo, ha a conversao do mevalonato em unidades de isopreno ativado.
O terceiro estdgio consiste na polimeriza¢do das seis unidades de isopreno para formar a
estrutura linear do esqualeno. Na ultima fase, a ciclizacdo do esqualeno origina o ntcleo
esteroide, e subseqiiente série de mudancas (oxidacdes, remog¢dao ou migracdo de grupos
metila) levam ao produto final, o colesterol (NELSON & COX, 2002; TOBERT, 2003).

O colesterol e seus ésteres, como os triacilglicerois e fosfolipidios, sdo essencialmente
insoluveis em 4gua e precisam ser transportados para outros tecidos pelo plasma sanguineo na
forma de lipoproteinas plasmaticas. Essas sdo complexos moleculares de lipidios e proteinas
transportadoras especificas chamadas de apolipoproteinas. Diferentes combinagdes de lipidios
e proteinas produzem particulas com densidades diferentes, como quilomicrons, lipoproteinas
de densidade muito baixa (VLDL), baixa (LDL), intermedidria (IDL) e alta (HDL). Cada
classe de lipoproteina tem fung¢do especifica determinada por sua sintese, composi¢ao lipidica
e conteudo de apolipoproteina (MAHLEY & BERSOT, 2006).

No homem a sintese do colesterol ocorre essencialmente no figado. Pequena fracao ¢
incorporada nas membranas dos hepatdcitos, mas a maior parte ¢ transportada sob as formas
de: colesterol biliar, acidos biliares e ésteres do colesterol. Os acidos biliares e seus sais sao
relativamente hidrofilicos e ajudam na digestdo dos lipidios. Os ésteres do colesterol sao
armazenados no figado ou transportados inseridos em particulas lipoprotéicas para outros
tecidos que usam colesterol. Aproximadamente metade do colesterol livre na bile € 97% dos
acidos biliares sdo reabsorvidos ao longo do intestino e voltam para a circulagdo, completando
o ciclo chamado de recirculagdo entero-hepatica. O colesterol reabsorvido e os acidos biliares
auxiliam na regulagdo de sua biossintese através de mecanismos nos receptores de LDL
(NORATA & CATAPANO, 2004; HUI & HOWLES, 2005).

O colesterol da dieta ¢ esterificado pela acilcoenzima A:colesterol aciltransferase
(ACAT), proteina de membrana localizada no reticulo endoplasmatico, que catalisa a
transferéncia de um acido graxo da coenzima A para o grupo hidroxila do colesterol,

convertendo-o em substancia mais hidrofobica. Exitem duas formas em mamiferos: ACAT-1
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e ACAT-2 (CHANG et al., 2000). A ACAT-2 ¢ encontrada no intestino e no figado. No
figado, o colesterol livre celular ¢ esterificado antes da montagem das lipoproteinas ricas em
trigliceridios (quilomicrons e VLDL). No intestino, regula a absorcao do colesterol dietético
e, portanto, pode constituir um alvo farmacologico potencial para redugdao de seus niveis no
sangue. A outra enzima, ACAT-1, ¢ expressa nos macrofagos, incluindo células espumosas,
células adrenocorticais e glandulas sebaceas da pele. Embora esterifique o colesterol e
promova o desenvolvimento de células espumosas, observou-se que camundongos sem sua
expressdao nao apresentaram redugdo da suscetibilidade a aterosclerose (BUHMAN et al.,
2001).

Nos casos em que a dieta contenha mais acidos graxos e/ou carboidratos do que a
quantidade necessaria, esses sdo convertidos em triacilgliceréis no figado e unidos com
apolipoproteinas especificas para formar as VLDL. Essas lipoproteinas sdo transportadas do
figado para os musculos e para o tecido adiposo, onde sdo catabolizadas pela lipoproteina
lipase (LPL) nos leitos capilares, liberando acidos graxos livres. Os adip6citos captam esses
acidos graxos, ressintetizam os triacilglicerdéis e armazenam os produtos em goticulas
lipidicas intracelulares, e por sua vez, os miocitos empregam esses acidos graxos na produgao
de energia por oxidacdo. Quando a hidrolise dos triacilglicerdis estd quase completa, os
remanescentes de VLDL, habitualmente denominados IDL, sdo liberados do endotélio capilar
e penetram novamente na circula¢do. Possuem dois destinos potenciais: retorno ao figado (40
a 60%) com remocao pelos receptores de LDL ou metabolizacdo em LDL. As LDL sdo muito
ricas em colesterol e em ésteres do colesterol e atuam transportando estas substancias para
tecidos periféricos. Praticamente todas as particulas de LDL no plasma derivam das VLDL
(MAHLEY & BERSOT, 20006).

A apolipoproteina E (apoE) desempenha importante funcdo no metabolismo das
lipoproteinas ricas em trigliceridios (quilomicrons, remanescentes de quilomicrons, VLDL e
IDL), bem como na ligagdo e captacdo de lipoproteinas plasmaticas, e na redistribuicdo dos
lipidios localmente entre as células (MAHLEY & HUANG, 1999; MAHLEY & RALL,
2000). A apoE controla o catabolismo das lipoproteinas ao mediar sua ligacdo a
proteoglicanos de sulfato de heparan na superficie da célula (particularmente no figado) e a
receptores de LDL (MAHLEY & JI, 1999). Cerca de 75% da apoE no plasma sdo sintetizados
pelo figado e o restante por outros tecidos. O cérebro ¢ o segundo 6rgdo com maior
abundancia na sintese de RNAm da apoE, que ocorre tanto nos astrocitos quanto nos

neurdnios (MAHLEY & HUANG, 1999).
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Modelos animais que ndo expressam a apoE estdo sendo muito utilizados, pois
desenvolvem  espontaneamente  hipercolesterolemia e consequente  aterosclerose,
possibilitando estudar os fatores que influenciam sua formacdo. A patogénese das lesdes
ateroscleroticas nesses animais mimetiza a de humanos. Revisdo recente cita mais de 645
publicacdes utilizando esses modelos (DAVIGNON et al., 1999; MEIR & LEITERSDOREF,
2004; COLEMAN et al., 2006).

Multiplos fatores genéticos e ambientais interagem no desenvolvimento da Doenca de
Alzheimer. Entre eles destacam-se dois relacionados ao aparecimento tardio da doenga: o
polimorfismo da apoE e a hipercolesterolemia. Recentes estudos epidemiologicos em pessoas,
cultura de células e tecidos sugerem forte ligacao entre altos niveis de colesterol plasmaticos e
a Doenca de Alzheimer, indicando que o uso de farmacos hipocolesterolemizantes,
especialmente as estatinas, diminuiria significativamente o risco do seu desenvolvimento
(NAIDU et al., 2002; PUGLIELLI et al., 2003; CASSERLY & TOPOL, 2004; SHOBAB et
al., 2005).

As HDL sao lipoproteinas protetoras, que diminuem o risco de coronariopatia, sendo
desejavel sua presenca em niveis elevados. Esse efeito pode resultar da participagdo das HDL
no transporte reverso do colesterol, processo pelo qual o colesterol em excesso ¢ captado e
transferido para o figado para ser excretado (ASSMANN & NOFER, 2003). Além disso, as
HDL também podem proteger por mecanismos baseados nas supostas atividades
antiinflamatérias, antioxidativas, antiagregantes de plaquetas, anticoagulantes e pro-
fibrinoliticas (NOFER et al., 2002).

Para pessoas com colesterol acima do valor ideal, foi demonstrado que a terapia
hipolipidémica ndo s6 diminuia a taxa de mortalidade por coronariopatia em 42% durante um
periodo de 6 anos, como também era responsavel por redugdo de 30% na taxa de mortalidade
geral e nos eventos cerebrovasculares (SCANDINAVIAN SIMVASTATIN SURVIVAL
STUDY GROUP, 1994).

As lipoproteinas podem ser modificadas in vivo, por oxidacdo, glicosilagdo, de-
sialilagdo. Essas modificagdes parecem ser responsaveis pelo desencadeamento do processo
aterogénico. A aterosclerose ¢ um processo dinamico, evolutivo, a partir de dano endotelial de
origem multifatorial, com caracteristicas de reparagdo tecidual. Apesar das numerosas
evidéncias implicando a oxidacdo das LDL como etapa necessaria durante a aterogénese,
estudos clinicos controlados ndo conseguiram demonstrar qualquer eficicia das vitaminas

antioxidantes na preven¢ao da doenga vascular (YUSUF, 2002; BROWN et al., 2002).
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As lesdes aterosclerdticas (ateromas) sdo espessamentos focais assimétricos da
camada intima. No centro de um ateroma, células espumosas e gotas de lipidios extracelulares
formam regido central que ¢ circundada por capa de células de musculo liso e matriz rica em
colageno. Células inflamatorias e imunes do sangue, como células T, macréfagos e mastocitos
sdo abundantes na regido onde o ateroma cresce. O infarto do miocardio ocorre quando a
placa aterosclerdtica ¢ rompida e a consequente trombose impede o fluxo sangiiineo através
da artéria coronaria (HANSSON, 2005). A reducao agressiva dos lipidios parece alterar e
estabilizar a arquitetura das placas, resultando em menos lipidios, menor numero de
macrofagos e maior capuz fibroso rico em colageno e em células musculares lisas (BROW et
al., 1993; LIBBY, 2002; CORTI et al., 2003).

Apesar dos avangos no tratamento das anormalidades lipidicas, um estudo de
gerenciamento dos fatores de risco da doenca arterial coronariana revelou que apenas metade
dos pacientes que receberam terapia hipolipemiante alcancou os niveis estabelecidos.
Adicionalmente a estes dados, a tolerancia e seguranca sdo considerados desafios terapéuticos
em pacientes submetidos a altas doses desses medicamentos, além do que, dosagens elevadas
ndo sdo garantia de eficdcia terapéutica em individuos hiperlipidémicos mais graves
(EUROASPIRE II STUDY GROUP, 2001).

A ezetimiba foi desenvolvida por quimicos farmacéuticos ao estudarem a inibicao da
ACAT intestinal, quando descobriram, também, varios compostos que inibem a absorc¢ao
intestinal do colesterol (BURNETT et al., 1994; VAN HEEK et al., 1997).

Dados recentes indicam que a ezetimiba inibe processo de transporte especifico do
colesterol e dos esterdis vegetais mediado pela proteina semelhante a Niemann-Pick C1 1
(NPCILI) nos enterdcitos jejunais, sem interferir na absor¢cdo de vitaminas lipossoluveis
(ALTMANN et al., 2004; DAVIS et al., 2004). Os niveis plasmaticos dos esterois vegetais
campesterol e sitosterol foram reduzidos em 48 e 42%, respectivamente (DAVIS et al. 2004;
SUDHOP et al., 2005). Em camundongos normais, a ezetimiba inibiu a absor¢ao do colesterol
em cerca de 70%; em camundongos sem a expressao da NPC1L1, a absor¢ao do colesterol ¢
86% menor e a ezetimiba ndo exerce efeito algum sobre sua absor¢do (ALTMANN et al.,
2004). Também observou-se que a ezetimiba poderia atuar clivando o complexo Annexin 2-
caveolin 1, que também ¢ responsavel pelo transporte do colesterol exdgeno do intestino para
o reticulo endoplasmatico, mas esse mecanismo sé seria eficaz quando a hiperlipidemia fosse
causada pela dieta ou mutacdo no receptor de LDL (UITTENBOGAARD et al., 2002;
SMART et al., 2004).
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Em decorréncia da inibicdo da absorcdo intestinal de colesterol ha reducdo da sua
incorporagdo nos quilomicrons, diminuindo em seguida a liberagdo de colesterol no figado
pelos remanescentes de quilomicrons, reduzindo diretamente a aterogénese. Em modelos
animais de dislipidemia por remanescentes, a ezetimiba diminuiu acentuadamente a
aterosclerose induzida pela dieta (DAVIS et al., 2001).

A reducdo do aporte de colesterol intestinal para o figado pelos remanescentes de
quilomicrons estimula a expressdao de genes hepaticos que regulam a expressao do receptor de
LDL e a biossintese de colesterol. A maior expressdo dos receptores hepaticos de LDL
aumenta sua depuracao plasmatica. A ezetimiba reduz os niveis de LDL em 15 a 20%
(GAGNE et al., 2002; KNOPP et al., 2003). Os niveis de triglicerideos em jejum diminuem
cerca de 5%, enquanto os de HDL aumentam cerca de 1 a 2% (DUJOVNE et al., 2002).

Nos seres humanos, a ezetimiba reduziu a absor¢ao de colesterol em 54%, resultando
em aumento compensatorio na sua biosintese, que por sua vez, pode ser inibida por estatina
(SUDHOP et al., 2002; MIETTINEN & GYLLING, 2003). Esse aumento da sintese
endogena ¢ resultado da tentativa do organismo em manter o equilibrio do colesterol, porém a
mudanca de um fator ndo ¢ compensada totalmente por outro, o que garante a eficacia
terapéutica dos medicamentos (SANTOSA et al., 2007). A terapia com a associagao das duas
classes de agentes impede o aumento compensatério da biosintese de colesterol induzida pela
ezetimiba e o aumento compensatorio da absor¢do induzido pelas estatinas, combinacdo que
permite maior redu¢do dos niveis de LDL (BALLANTYNE et al., 2003; MELANI et al.,
2003; BALLANTYNE et al., 2004; BALLANTYNE et al., 2007). Esses dados sustentam a
aprovacao de medicamento contendo 10 mg de ezetimiba e diferentes dosagens de
sinvastatina (10, 20, 40 e 80 mg, esta ultima ndo disponivel no Brasil). A associagdo de
ezetimiba com a dose mais alta de sinvastatina gerou redu¢do média nos niveis de LDL de
60%, ou seja, superior a produzida por estatinas utilizadas como monoterapia (FELDMAN et
al., 2004).

Apo6s administragdo oral, a ezetimiba ¢ rapidamente absorvida pelas células intestinais
e extensivamente conjugada formando glicuronideo farmacologicamente ativo (reagdo de fase
IT). Apos absor¢do, atinge concentracdo plasmatica maxima em cerca de 1 hora, retornando ao
figado e em seguida a luz intestinal, onde permanece na borda vilosa dos enterocitos,
bloqueando a captacdo dos esterdis. O reconhecimento de picos plasmaticos sucessivos do
farmaco sugere a recirculacdo enteroepatica, o que dificulta determinacdo precisa da sua
meia-vida efetiva. Observou-se também metabolismo oxidativo minimo, reacao de fase I, em

todas as espécies avaliadas (VAN HEEK et al., 2000; PATRICK et al., 2002).
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A ezetimiba e seu glicuronideo sdo os principais derivados do farmaco detectados no
plasma, constituindo aproximadamente 10 a 20% e 80 a 90% do total, respectivamente. A
ezetimiba total ¢ definida como a soma da ezetimiba livre (ndo conjugada) e de seu
metabolito, que ¢ quantificado no plasma apds tratamento com [-glicuronidase. Ensaios
farmacoldgicos mostram que o metabolito ¢, pelo menos, tdo ativo quanto o fArmaco original
(VAN HEEK et al., 2000).

O maior mecanismo de metabolizagdo da ezetimiba consiste na glicuronidagdao do
grupo 4-hidroxifenil. Menos de 1% da dose administrada ¢ eliminada na forma de
glicuronideo benzilico de ezetimiba. Outros metabolitos (4,1%) consistem numa cetona e seu

glicuronideo (GHOSAL et al., 2004), como demonstrado na figura 2.
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Figura 2 — Mecanismos de metabolizagdo da ezetimiba — Adaptado de Kosoglou et al., 2005.
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ezetimiba e coletando-se amostras de sangue, urina e fezes por periodo de 10 dias. A
ezetimiba foi rapidamente absorvida e conjugada apos administragdo oral, com concentragao
plasmatica maxima (Cmax) de 5,21 e 61,2 ng/mL apos 9,88 e 2,31 horas (tmax), com area sob
a curva da concentracao plasmatica vs tempo (ASC) de 86,4 e 636 ng.h/mL para a ezetimiba e
seu metabolito, respectivamente. As principais vias de eliminagdo sdo a fecal, representando
aproximadamente 77% da dose administrada, e a urindria, por aproximadamente 11%
(PATRICK et al., 2002).

O perfil farmacocinético e de seguranga da ezetimiba foi estudado em voluntarios
sadios do sexo masculino que receberam 10, 20 ou 50 mg diariamente, por 14 dias. A
ezetimiba foi rapidamente absorvida e lentamente eliminada, com meia-vida terminal (t;3)
estimada de 16 a 31 horas, o que permite administracdo unica diaria. A ezetimiba e seu
metabolito atingiram o estado de equilibrio apos, aproximadamente, 10 dias, com boa
tolerancia e sem incidéncia de efeitos colaterais ou de toxicidade na dose de 50 mg. A
biodisponibilidade absoluta da ezetimiba ndo foi determinada, pois ela ¢ altamente insoluvel
no meio aquoso (KOSOGLOU et al., 2005).

A ezetimiba ndo induz nem inibe as enzimas do citocromo P-450, ndo havendo
interacdes farmacocinéticas clinicamente relevantes com drogas metabolizadas por esta via,
tais como: varfarina, digoxina, cimetidina, glipizida e contraceptivos orais. A administra¢ao
concomitante de ezetimiba com gemfibrozil e fenofibrato aumentou em 1,7 e 1,5 vezes a
biodisponibilidade da ezetimiba, mas ndo foi considerado clinicamente relevante. A
colestiramina ndo deve ser administrada juntamente com a ezetimiba, pois inibe sua absor¢ao
com reducdo da ASC em aproximadamente 55% (JEU & CHENG, 2003; NUTESCU &
SHAPIRO, 2003). A administracdo da associacdo de ezetimiba/sinvastatina com fenofibrato
reduziu o nivel plasmatico de LDL em 46% e aumentou o de HDL de 19%, com perfil de
seguranca semelhante a administracao separada dos farmacos (FARNIER et al., 2007).

A influéncia da alimentagdo na biodisponibilidade oral da ezetimiba foi estudada em
18 voluntarios sadios de ambos os sexos, que receberam o farmaco em condigdes de jejum e
com alimentos. A administragdo concomitante com alimentos ndo alterou a
biodisponibilidade, entretanto a ingestdo de refeicdo rica em gordura aumentou o Cmax em
aproximadamente 44% e diminuiu o tmax, porém sem efeito sobre a ASC. Concluiram que a
ezetimiba pode ser administrada com alimentos (COURTNEY et al., 2002).

Ezzet et al. (2001) desenvolveram modelo farmacocinético para avaliar a influéncia da
recirculacao enteroepatica no perfil da ezetimiba possibilitando analise formal da quantidade e

da freqiiéncia da recirculacao e sua influéncia sobre a biodisponibilidade. A quantidade de
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ezetimiba que recircula representa 17 a 20% da dose total administrada. O Cmax e o tmax
obervados ap6s administracdo de dose tinica de ezetimiba 10 mg, em 54 voluntarios, foi de 85
ng/mL e 1 h, respectivamente. Apos administracdo de dose multipla a 36 voluntarios, o Cmax
e o tmax observados foram de 122 ng/mL e 1 h. Estes valores estdo de acordo com os
calculados pelo modelo farmacocinético proposto pelos autores, de 74 ng/mL e 131 ng/mL
para o Cmax e de 1,3 e 1,4 horas para o tmax, apos administracdo de doses Unica e multiplas,
respectivamente.

Li et al. (2006) desenvolveram e validaram método por cromatografia liquida acoplada
a espectrometria de massas com ionizagdo por electrospray no modo negativo para a
determinagdo da ezetimiba e de seu metabdlito glicuronidado, em plasma humano, utilizando
ezetimiba radioativa como padrdo interno. As amostras foram extraidas utilizando sistema
liquido-liquido e terc-butil metil éter como solvente de extracdo, com recupera¢do média de
78,6% para a ezetimiba e de 48,3% para a ezetimiba total. A fase movel constituida de
acetonitrila e acetato de amonio foi eluida na forma de gradiente com vazdo de 0,25 mL/min e
tempo total da corrida analitica de 5 minutos. As transi¢oes de 408,5>270,8 ¢ 414,5>276,8
foram utilizadas para monitorar a ezetimba e o PI, respectivamente. O método foi linear na
faixa de 0,02-20 ng/mL para a ezetimiba e de 0,25-250 ng/mL para a ezetimiba total. A
metodologia foi utilizada para a quantificagdo de ezetimiba e seu metabolito em um estudo
farmacocinético em 20 voluntarios sadios.

Oswald et al. (2006) desenvolveram e validaram metodologia para determinacdo da
ezetimiba livre e total em soro, urina e fezes humanos por cromatografia liquida acoplada a
espectrometria de massas com ionizagdo quimica a pressdo atmosférica no modo negativo,
monitorando as transi¢des de 408>271 e 223>117 para a ezetimiba e PI (4-hidroxichalcona),
respectivamente. Utilizaram sistema de extragdo liquido-liquido com terc-butil metil éter. Na
separacao cromatografica, foi utilizada coluna Cig (100 mm x 2,1 mm, tamanho de particula
de 3,5 um) e fase movel composta de acetonitrila:agua (60:40) eluida isocraticamente com
vazao de 0,2 mL/min. Os autores aplicaram a metodologia para a determinacdo da
concentragdo sérica e excretada da ezetimiba e seu metabolito.

Migoya et al. (2006) realizaram estudo para avaliar a bioequivaléncia entre
comprimidos contendo a associagdo de ezetimiba e sinvastatina e a administragdo destes
farmacos individualmente. Os autores determinaram o nivel plasmatico da ezetimiba livre e
total, bem como, da sinvastatina € da sua forma &cida, seu metabolito mais abundante.
Concluiram que os produtos apresentam a mesma biodisponibilidade, podendo ser

administrados a pacientes de maneira intercambidvel, sem prejuizo da eficacia terapéutica.
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Sankar et al. (2005) desenvolveram método espectrofotométrico para analise de
etoricoxibe e ezetimiba em produtos farmacéuticos, utilizando para detec¢do os comprimentos
de onda de 235 e 230 nm, respectivamente. Outro método espectrofotométrico foi
desenvolvido e validado por Imran et al. (2006) para avaliacao da estabilidade da ezetimiba e
carvedilol, dois farmacos praticamente insoliveis em dgua. O método mostrou-se linear na
faixa de 2-50 e 2-20 pg/mL com detec¢do em 232 e 238 nm para a ezetimiba e o carvedilol,
respectivamente. O método foi aplicado para quantificacio dos farmacos apos degradacao
forcada e para analise de produtos comerciais.

Sistla et al. (2005) desenvolveram e validaram metodologia por cromatografia liquida
em fase reversa para realizar andlise de ezetimiba em produtos comerciais. Os autores
utilizaram acetonitrila:agua (70:30) como fase mével, e para resolver problemas de assimetria
do pico adicionaram reagente de pareamento i0nico, acido 1-heptano sulfénico. A
metodologia foi otimizada com coluna C;g (250 mm x 4 mm, 5 um), vazao de 0,5 mL/min e
apresentou linearidade na faixa de 0,5-50 pg/mL. A especificidade foi determinada pelo
estudo da degradacdo da substancia quimica de referéncia da ezetimiba, que foi submetida a
condi¢des de hidrolise acida e basica, fotdlise, oxidacao e redugdo quimica.

Singh et al. (2006) estudaram condi¢cdoes de degradacdo forgada e desenvolveram
metodologia por cromatografia liquida para estudos de estabilidade de ezetimiba. Condigdes
de hidrolise alcalinas (NaOH 0,1 M), acidas (HCl 0,1 M) e neutras foram testadas em
diferentes temperaturas. Os autores analisaram também o efeito de condi¢des de oxidagao,
redugdo e de fotolise. Adicionalmente, testaram a estabilidade da matéria prima frente ao
calor seco. Para a separa¢do cromatografica foi utilizada coluna Cg (250 mm x 4 mm, 5 pm)
com elui¢do gradiente (tampao acetato, pH 7,0 e acetonitrila, 30-100% de acetonitrila), com
vazao de 1 mL/min e tempo total de corrida de 80 minutos. O método demonstrou-se
adequado para estudos de estabilidade, porém, principalmente devido ao longo tempo de
corrida, ndo seria adequado para o controle de qualidade de rotina deste fArmaco.

O desenvolvimento de técnicas de ionizagdo, tais como a ionizagdo quimica a pressao
atmosférica (APCI) e por electrospray (ES), possibilitou o acoplamento de duas poderosas
técnicas analiticas, a espectrometria de massas (EM) com a cromatografia liquida (CL),
originando método (CL-EM/EM) robusto e aplicavel a grande variedade de matrizes. Dessa
forma, o espectrometro de massas ¢ considerado o detector ideal, pois apresenta alta
sensibilidade, seletividade e resposta a diferentes classes de compostos com capacidade de
detec¢do de misturas complexas, com andlises rapidas e quantitativas. Nesse sentido, a CL-

EM/EM tem sido amplamente utilizada para a determinacao de farmacos em estudos clinicos
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e atualmente vem sendo usada de modo crescente para andlise de produtos farmacéuticos
(LEE, 2005; PEREIRA et al., 2005). A espectrometria de massas, comparada a CL-UV,
apresenta vantagem em relacdo ao tempo de analise, sensibilidade e seletividade; entretanto,
até o momento, nao ¢ preconizada oficialmente como método analitico para quantificagdo de
produtos farmacéuticos.

Uma das etapas limitantes do processo de andlise de misturas em matrizes bioldgicas ¢
a extracao dos analitos de interesse. Essa pode ser executada em fase solida (EFS) ou liquido-
liquido (ELL). A ELL, baseada na solubilidade dos analitos presentes na amostra em dois
solventes imisciveis, pode ser demorada, necessitar grandes volumes de solventes organicos, e
apresentar baixa reprodutibilidade em decorréncia das varias etapas do processo. Por sua vez,
a EFS foi desenvolvida para aumentar a reprodutibilidade e diminuir o volume de solventes
organicos usados. Porém, em geral, requer volumes significativos de plasma e de solventes
organicos, que necessitam de evaporagdo e posterior ressuspensdo da amostra (LANCAS,
2004; GONCALVES et al., 2005). Recentemente foram desenvolvidos os métodos de EFS
automatizados que fornecem elevada precisdo e sensibilidade, diminuindo o tempo total para
preparacdo de amostras em relacdo aos métodos tradicionais (SCHELLEN et al., 2003;
ALNOUTI et al., 2005).

Procedimento importante nos processos de extracdo de fadrmacos de matrizes
bioldgicas consiste na adicdo de concentragdo conhecida de padrao interno (PI). Determina-se
a relacdo entre as dreas fornecidas pela amostra e PI, eliminando desse modo, erros
decorrentes da extragdo. O PI deve possuir propriedades quimicas similares ao composto sob
analise, estar presente em concentragdes similares, apresentar tempo de retencao semelhante e
ndo interferir na analise (CAUSON, 1997).

O estudo do metabolismo dos farmacos ¢ um passo importante e essencial no
desenvolvimento de novos produtos, principalmente quando h4 a suspeita de formacao de
metabolitos farmacologiacamente ativos ou até toxicos. Desde a introdugdo dos modos de
ionizacdo ES e APCI, a CL-EM/EM tem sito amplamente utilizada para estudos de
metabolismo, devido a sua alta especificidade, sensibilidade e eficiéncia. Normalmente as
analises de metabolitos sdo realizadas em espectrometros do tipo triplo quadrupolo, onde os
espectros dos ions precursores sdo Uteis para identificacdo de metabdlitos, enquanto que os
espectros dos ions filhos sdo utilizados para confirmacao da identidade e elucidacdo estrutural
dos compostos (KOSTIAINEN et al., 2003; ANARI & BAILLIE, 2005).

A validag¢do de métodos analiticos e bioanaliticos é um processo dindmico e constante

que inicia nas fases de sele¢do, desenvolvimento e otimiza¢do das metodologias, qualificacao
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dos instrumentos, materiais e pessoal. Um processo de validagdo bem definido e documentado
fornece evidéncias objetivas de que o sistema e o método atendem as exigéncias das
aplicagdes analiticas, sendo adequado para o uso pretendido. Os parametros fundamentais
avaliados na validagdo de um método sdo: especificidade, linearidade, precisdo, exatidao,
robustez, teste de adequabilidade do sistema, limite de detec¢do e limite de quantificagdo. No
caso de métodos bioanaliticos, devem-se incluir também pardmetros de efeitos de matriz,
recuperagdo e estabilidade do farmaco na matriz biologica (ICH, 1996; CAUSON, 1997;
SHAH et al., 2000; FDA, 2001; ANVISA, 2002; ANVISA, 2003). A capacidade de um
método analitico de separar, detectar e quantificar impurezas ou produtos de degradacio
também ¢ parametro que deverd ser avaliado durante a validagdo (RAO & NAGARAIJU,
2003; ICH, 2006).

E conveniente observar que a ezetimiba ndo estd descrita em nenhuma farmacopéia e,
até o momento, encontram-se na literatura relativamente poucos métodos validados para a
andlise quantitativa em produtos farmacéuticos. Além disso, ha publicagdes, conforme ja
destacado, relativas a determinagdo em matrizes biologicas. Porém, o desenvolvimento e
validacao de novas metodologias, que aprimorem o controle da qualidade, e que possam ser
utilizadas para avaliagdes em estudos clinicos e farmacocinéticos, representam contribui¢ao
significativa para a drea de medicamentos.

As duas publicagoes cientificas efetuadas no contexto da dissertacdo estdo anexadas a
seguir, observando-se que os materiais € métodos utilizados, bem como os resultados obtidos,

encontram-se descritos nas mesmas.
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Abstract

A reversed-phase liquid chromatography (LC) method was developed and validated
for the simultaneous determination of ezetimibe and simvastatin in pharmaceutical dosage
forms. The LC method was carried out on a Synergi fusion Cig column (150 mm x 4.6 mm
I.D.), maintained at 45 °C. The mobile phase consisted of phosphate buffer 0.03 M, pH
4.5/acetonitrile (35:65, v/v), run at a flow rate of 0.6 mL/min and using a photodiode array
(PDA) detection at 234 nm. The chromatographic separation was obtained within 15.0 min
and it was linear in the concentration range of 0.5-200 pg/mL. Validation parameters such as
the specificity, linearity, precision, accuracy, and robustness were evaluated, giving results
within the acceptable range for both compounds. Moreover, the proposed method was

successfully applied for the routine quality control analysis of pharmaceutical products.

Keywords: Ezetimibe, Simvastatin, Liquid chromatography, Validation.
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1. Introduction

Ezetimibe (Figure 1) is the first of a new class of compounds, the 2-azetidinones, that
selectively and potently inhibits the absorption of biliary and dietary cholesterol and related
plant sterols from the small intestine by blocking the recently described Niemann-Pick C1
like 1 protein cholesterol transporter, without affecting the absorption of fat-soluble vitamins,
triglycerides or bile acids (1-3). Simvastatin (Figure 1) is an inhibitor of 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase, which inhibits the synthesis of
mevalonate, a rate-limiting step in the endogenous cholesterol biosynthesis, resulting in a
reduction in the plasma low density lipoprotein cholesterol (LDL-C) level (4-5). The
association of these drugs with complementary mechanisms of action is an important
therapeutic option for the cardiovascular risk reduction in high- and very high-risk patients.
Ezetimibe\simvastatin (Vytorin®) has been shown to be more effective in the reduction of

LDL-C than simvastatin or atorvastatin monotherapy (6-7).

FIGURE 1

Liquid chromatography methods were developed and validated for the determination of
ezetimibe in pharmaceutical dosage forms and for the stability studies (8-9). Liquid
chromatography-tandem mass spectrometry methods have been described for the analysis of
ezetimibe in pharmaceutical formulations, human plasma, serum, urine and feces (10-12).
Analytical methods for the quantitative determination of HMG-CoA reductase inhibitors,
including simvastatin, in biological samples have been reviewed (13). The determination of
simvastatin in pharmaceutical dosage forms was published applying LC (14-15), capillary

electrophoresis (16) and second-derivative UV spectrometry (17).
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At the moment, there is no published method validated for the simultaneous quantitative
analysis of ezetimibe\simvastatin in pharmaceutical formulations. As liquid chromatography
with UV detection has been used for quality control of most of the pharmaceuticals due to its
simplicity, high resolution and significant precision and accuracy, the aim of the present work
was to develop and validate a LC method for the simultaneous determination of ezetimibe and

simvastatin in solid pharmaceutical dosage forms.

2. Experimental

2.1. Chemical and reagents

Ezetimibe was purchased from Sequoia Research Products (Oxford, UK) and
simvastatin reference standard was from United States Pharmacopoeia. A total of six batches
of Vytorin® (Merck Sharp & Dohme, Haar, Germany) tablets containing 10 mg of ezetimibe
associated with 10, 20 or 40 mg of simvastatin were obtained from commercial sources within
their shelf life period and were identified by Arabic numbers from 1 to 6. HPLC-grade
acetonitrile was obtained from Tedia (Fairfield, USA). All chemicals used were of
pharmaceutical or special analytical grade. For all the analyses, ultrapure water (Labconco,

Kansas City, USA) filtered through a 0.22 pm membrane filter was used.

2.2. Apparatus and analytical conditions

A Shimadzu LC system (Shimadzu, Kyoto, Japan) was used equipped with a SCL-
10Avp system controller, LC-10 ADyvp pump, DGU-14A degasser, CTO-10Avp column oven,
SIL-10ADyp autosampler and a SPD-M10Avp photodiode array (PDA) detector. The detector

was set at 234 nm and peak areas were integrated automatically by computer using a
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Shimadzu Class VP® V 6.12 software program. The experiments were carried out on a
reversed-phase Phenomenex (Torrance, USA) Synergi fusion Cig column (150 mm x 4.6 mm
1.D., with a particle size of 4 pm and pore size of 80 A). A security guard holder (4.0 mm x
3.0 mm 1.D.) was used to protect the analytical column. The LC system was operated
isocratically at 45 °C using a mobile phase of potassium phosphate buffer 0.03 M, pH
4.5/acetonitrile (35:65, v/v). This was filtered through a 0.45 um membrane filter (Millipore,
Bedford, MA, USA) and run at a flow rate of 0.6 mL/min. The injection volume was 20 pL
for both standard and samples. Columns tested: Shimadzu shim-pack CLC-ODS Cig (M) (150
mm x 4.6 mm I.D., 5 um, 100 A); Advanced Chromatography Technologies (Aberdeen,
Scotland) Ace 5 Cyg (150 mm x 4.6 mm I.D., 5 um, 100 A); Waters (Dublin, Ireland) XTerra
MS Cyg (150 mm x 3.9 mm 1.D., 5 um, 132 A); Phenomenex Gemini Cig (150 mm x 4.6 mm

I.D., 5 um, 110 A).

2.3. Procedure

2.3.1. Preparation of reference solutions

The stock solutions of ezetimibe and simvastatin were prepared by weighing,
respectively, 10 mg of each reference standard, transferred to individual 10 mL volumetric
flasks and diluted to volume with acetonitrile, obtaining a concentration of 1 mg/mL. The
stock solutions were stored at 2-8 °C protected from light. Working standard solutions were

prepared daily by diluting the stock solutions to an appropriate concentration in mobile phase.

2.3.2. Preparation of sample solutions
To prepare the sample stock solution, tablets containing 10 mg of ezetimibe and 10 mg

of simvastatin were accurately weighed and crushed to a fine powder. An appropriated
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amount was transferred into an individual 50 mL volumetric flask, diluted to volume with
acetonitrile, and sonicated for 15 min, obtaining the final concentration of 1mg/mL of the
active pharmaceutical ingredient. This solution was stored at 2-8 °C protected from light.
Working sample solutions were prepared daily by diluting the stock solution to an appropriate

concentration in mobile phase.

2.4. Validation of the method

The method was validated in samples of pharmaceutical formulations with the label
claim of 10 mg for both drugs by the determination of the following parameters: specificity,
linearity, range, precision, accuracy, limit of detection (LOD), limit of quantitation (LOQ) and

robustness, following the ICH guidelines (18).

2.4.1. Specificity

The specificity of the method was determined by subjecting a sample solution (100
pg/mL) to accelerated degradation by acidic, basic, oxidative, and photolytic conditions to
evaluate the interference in the quantitation of ezetimibe and simvastatin. After the
procedures, the samples were diluted in mobile phase to a final concentration of 50 pg/mL. A
sample solution in 0.1 M hydrochloric acid was used for the acidic hydrolysis, and maintained
at ambient temperature for 2h for simvastatin and refluxed at 100 °C for 2h for ezetimibe. A
sample solution in 0.1 M sodium hydroxide for the basic hydrolysis evaluation was
maintained at ambient temperature for 2h for both compounds. The oxidative degradation was
induced by storing the samples solutions in 5% hydrogen peroxide, at ambient temperature for
2h, protected from light. Photodegradation was induced by exposing the samples to 200 watt

hours/square meter of near ultraviolet light. Then, the specificity of the method was
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established by determining the peak purity of ezetimibe and of simvastatin in degradated

samples using a PDA detector.

2.4.2. Linearity and range

Linearity was determined by constructing three calibration curves. For the
construction of each calibration curve seven standard concentrations of ezetimibe and of
simvastatin, including the LOQ, in the range of 0.5-200 pg/mL were prepared in mobile
phase. Before injection of the solutions, the column was equilibrated for at least 20 min with
the mobile phase flowing through the system. Three replicates of 20 uL injections were made
for the standard solution to verify the repeatability of the detector response at each
concentration. The peak areas of the chromatograms were plotted against the concentrations
of ezetimibe or simvastatin to obtain the calibration curve. The seven concentrations of the
standard solutions were subjected to regression analysis by the least squares method to

calculate calibration equation and correlation coefficient.

2.4.3. Precision and accuracy

The precision of the method was determined by repeatability and intermediate
precision. Repeatability was examined by twelve evaluations of the same concentration
sample of ezetimibe and simvastatin, on the same day, under the same experimental
conditions. The intermediate precision of the method was assessed by carrying out the
analysis on three different days (inter-days) and also by other analysts performing the analysis
in the same laboratory (between-analysts). The accuracy was evaluated applying the proposed
method to the analysis of the in-house mixture of the tablet excipients with known amounts of

the each drug, to obtain solutions at concentrations of 40, 50, and 60 png/mL, equivalent to 80,
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100, and 120%, respectively. The accuracy was calculated as the percentage of the drug

recovered from the formulation matrix.

2.4.4. Limit of quantitation and limit of detection

The limit of quantitation (LOQ) was taken as the lowest concentration of analyte in a
sample that can be determined with acceptable precision and accuracy, and the limit of
detection (LOD), was taken as the lowest absolute concentration of analyte in a sample that
can be detected but not necessarily quantified. The LOD and LOQ were calculated from the
slope and the standard deviation of the intercept of the mean of three calibration curves,
determined by a linear regression model, as defined by ICH. The LOQ was also evaluated in

an experimental assay.

2.4.5. Robustness

The robustness was determined by analyzing the same samples under a variety of
conditions of the method parameters, such as: flow rate, column temperature, injection
volume, stability of the analytical solution in the autosampler, changing the mobile phase

composition, variations in the mobile phase pH, and different columns.

2.5. Analysis of pharmaceutical tablet dosage forms

For the quantitation of ezetimibe\simvastatin in the dosage forms, twenty tablets of
each pharmaceutical sample containing 10 mg of ezetimibe and respectively, 10, 20 or 40 mg
of simvastatin were separated, accurately weighed and crushed to a fine powder. An
appropriate amount of each tablet dosage form was transferred into an individual 50 mL
volumetric flask, diluted to volume with acetonitrile and sonicated for 15 min, obtaining the

final concentrations of 1 mg/mL of ezetimibe and 1, 2 or 4 mg/mL of simvastatin (stock
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solutions). For the analysis, the stock solutions were daily diluted to appropriate
concentrations with mobile phase. An aliquot of 20 pL was injected for the analysis and the

amount of each drug per tablet calculated against the respective reference standard.

3. Results and discussion
The experimental conditions were selected and the LC method validated for the
simultaneous analysis of ezetimibe and simvastatin in pharmaceutical dosage forms. A typical

chromatogram obtained by the proposed LC method is shown in Figure 2.

FIGURE 2

The specificity of the analytical method for ezetimibe was indicated in Figure 3, where
the acidic and basic conditions generated additional peaks. Under the oxidative condition, the
content exhibited significant decrease without any additional peak. This may indicate that the
degradation products were not detected by UV. Under the photolytic condition there was no
change in the area and no additional peak was detected.

The specificity of the analytical method for simvastatin was indicated in Figure 4,
where the oxidative condition resulted in significant decrease of the area without any
additional peak. This may indicate that the degradation products were not detected by UV.
Under the basic condition the retention time changed to about 6.6 min, which could be
explained by the conversion of the lactone form of simvastatin to the corresponding hydroxy
acid form in alkaline media (19). The acidic condition generated one additional peak. Under

the photolytic condition there was no change in the area and no additional peak was detected.
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The studies with the PDA detector showed that the ezetimibe and simvastatin peaks
were free from any coeluting peak, with values of peak purity index higher than 0.9999, thus

demonstrating that the proposed method is specific.

FIGURE 3

FIGURE 4

The calibration curves constructed for ezetimibe and simvastatin were found to be
linear in the 0.5-200 pg/mL range. The value of the determination coefficient calculated
(r=0.9999, y=67826.8 + 623.4x + 309.8 + 1196.4; and r’=0.9999, y=93819.4 + 1058.3x +
9786.8 + 2180.3 for ezetimibe and simvastatin, respectively, where, x is concentration and y
is the peak absolute area) indicated the linearity of the calibration curve for the method.

The precision evaluated as the repeatability of the method was studied by calculating
the relative standard deviation (RSD) for twelve determinations of the concentration of 50
png/mL performed on the same day and under the same experimental conditions. The RSD
value obtained was 0.71% and 0.50% for ezetimibe and simvastatin, respectively.

The intermediate precision was assessed by analyzing two samples of the
pharmaceutical formulation on three different days (inter-day, Table 1); the RSD values
obtained were 0.85% and 0.71% for ezetimibe and 0.76% and 0.06% for simvastatin.
Between-analysts precision was determined by calculating the RSD for the analysis of two
samples of the pharmaceutical formulation by three analysts; the values were found to be

0.49% and 0.44% for ezetimibe and 0.98% and 0.42% for simvastatin (Table 2).

TABLE 1
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TABLE 2

The accuracy was assessed from three replicate determinations of three different
solutions containing 40, 50 and 60 pug/mL. The absolute means obtained for ezetimibe were
99.79, 101.13 and 99.91% respectively, with a mean value of 100.28% and RSD of 0.74%.
The corresponding values obtained for simvastatin were 98.72, 101.16 and 99.03%,
respectively, with a mean value of 99.64% and RSD of 1.33% as shown in Table 3, and it is

evident that the method is accurate within the desired range.

TABLE 3

For the calculation of the LOD and LOQ, the calibration equations for ezetimibe and
simvastatin were generated by using the mean values of the three independent calibration
curves. The mean of the slope and the standard deviation of the intercept of the independent
curves were 67826.8 and 1196.4 for ezetimibe and 93819.3 and 2180.3 for simvastatin,
respectively. The values calculated for the LOD and LOQ were 0.05 and 0.18 pg/mL for
ezetimibe, and 0.07 and 0.23 pg/mL for simvastatin, respectively. The LOQ evaluated
experimentally for each compound, with the precision lower than 5% and accuracy within *
5%, was found to be for both drugs, 0.5 pg/mL.

The results and the experimental range of the selected variables evaluated in the
robustness assessment are given in Table 4, together with the optimized values. The analysis
performed testing different columns resulted in changes in the retention time without effect on

the determination of the drugs in the pharmaceutical formulations.

TABLE 4
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The system suitability test was also carried out to evaluate the resolution and
reproducibility of the system for the analysis to be performed, using five replicates injections
of a standard solution containing 50 pg/mL of ezetimibe and simvastatin. The results given in

Table 5, show that the parameters are within the suitable range.

TABLE 5

The LC method validated in this paper was applied for the determination of ezetimibe
and simvastatin in tablet dosage forms, without prior separation of the excipients of the

formulation, as shown in Table 6.

TABLE 6

4. Conclusion

The results of the validation studies show that the LC method is specific, accurate and
possesses significant linearity and precision characteristics without any interference from the
excipients. Therefore, the proposed method was successfully applied for the simultaneous
quantitative analysis of ezetimibe and simvastatin in pharmaceutical dosage forms,
contributing to improve the quality control and to assure the therapeutic efficacy of this

medicine.
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Figure 1. Chemical structures of ezetimibe (I) and simvastatin (I1).
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Figure 2. Representative LC chromatogram of ezetimibe (1) and simvastatin (2)

pharmaceutical formulation (50 ug/mL).
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Figure 3. LC chromatograms of ezetimibe. (A) Ezetimibe pharmaceutical formulation (50
pmg/mL): peak 1 - ezetimibe. (B) After oxidation: peak 1 - hydrogen peroxide, peak 2 -
ezetimibe. (C) After basic hydrolysis: peaks 1 and 3 — degradated forms, peak 2 — ezetimibe.

(D) After acidic hydrolysis: peaks 1, 2, 3, 5 and 6 — degradated forms, peak 4 - ezetimibe.
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Figure 4. LC chromatograms of simvastatin. (A) Simvastatin pharmaceutical formulation (50
pg/mL): peak 1 - simvastatin. (B) After oxidation: peak 1 - hydrogen peroxide, peak 2 -
simvastatin. (C) After basic hydrolysis: peak 1 — degradated form. (D) After acidic hydrolysis:

peak 1 — degradated form, peak 2 - simvastatin.
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Table 1. Inter-day precision data of LC for ezetimibe and simvastatin in samples of

pharmaceutical formulation.

Sample Drug Day Recovery® (%) Mean” RSD® (%)
1 101.19
Ezetimibe 2 102.22 101.31 0.85
3 100.52
1
1 99.72
Simvastatin 2 101.08 100.21 0.76
3 99.82
1 99.86
Ezetimibe 2 98.84 99.07 0.71
3 98.51
2
1 99.02
Si i 2 99.09 99.09 0.06
imvastatin
3 99.15

#Mean of fhree replicates
® Mean of three days
“RSD = Relative standard deviation
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Table 2. Between-analysts precision data of LC for ezetimibe and simvastatin in samples of

pharmaceutical formulation.

Sample Drug Analyst Recovery® (%) Mean® RSD® (%)
A 101.31
Ezetimibe B 100.48 101.06 0.49
C 101.38
1
A 100.56
Simvastatin B 99.00 100.12 0.98
C 100.81
A 100.23
Ezetimibe B 100.89 100.39 0.44
C 100.05
2
A 99.46
. . B 100.23 99.75 0.42
Simvastatin
C 99.57

#Mean of three replicates
® Mean of three analysts
°RSD = Relative standard deviation
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Table 3. Accuracy of LC for ezetimibe and simvastatin in samples of pharmaceutical

formulation.
Drug Nominal Mean concentration RSD® Accuracy
Concentration found?® (%) (%)
(Mg/mL) (Mg/mL)

40 39.92 0.12 99.79

Ezetimibe 50 50.56 0.32 101.13

60 59.95 0.09 99.91

40 39.49 041 98.72

Simvastatin 50 50.58 0.03 101.16

60 59.42 0.05 99.03

 Mean of three replicates
Y RSD = Relative standard deviation
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Table 4. Chromatographic conditions and range investigated during robustness testing.

Variable

Range investigated Ezetimibe® %

Simvastatin® %

Optimized value

Flow rate (mL/min)

Column temperature
(°C)

Injection volume (uL)

Solution stability

Percent acetonitrile

Mobile phase pH

0.5
0.6
0.8

40
45
50

10
20
30

Autosampler 24h

60
65
70

4.2
4.5
4.8

101.65
100.75
101.43

100.73
100.42
100.67

99.05
99.30
99.19

99.81

101.50
100.75
101.03

101.04
100.72
101.18

99.25
99.48
99.04

98.54
98.62
98.06

100.85
100.19
100.48

99.20

98.85
98.95
98.36

99.38
99.98
100.37

0.6

45

20

65

4.5

#Mean of three replicates



Table 5. Results of the system suitability test.
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Ezetimibe® Simvastatin®

o ) RSD o ) RSD

Parameter Minimum  Maximum Status  Minimum Maximum Status
(%) (%)

Asymmetry 1.10 1.13 0.38 Passed 1.03 1.04 0.25 Passed
Theoretical

6174 6355 1.11 Passed 11671 11843 0.56 Passed
plates
Retention
i 4.823 4.828 0.05 Passed  11.892 11.909 0.06 Passed
ime
Area 678957 683443 0.24 Passed 905432 907749 0.10 Passed

# Values from five replicates
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Table 6. Determination of ezetimibe and simvastatin in pharmaceutical dosage forms by the

LC method.
Theoretical amount Experimental amount
Ezetimibe  Simvastatin Ezetimibe® Simvastatin®
Sample  mg per mg per mg % RSD® mg % RSD"
tablet tablet (%) (%)
1 10 10 10.08 100.84 0.22 9.85 98.53 0.19
2 10 10 10.26 102.64 0.09 9.77 97.69 0.10
3 10 20 1049 10486 0.28 20.04 100.18 0.44
4 10 20 10.15 10151 012 19.22 96.08 0.16
5 10 40 10.32 103.18 0.15 3943 98.58 0.06
6 10 40 10.44 10441 006 39.89 99.72 0.19

#Mean of three replicates
Y RSD = Relative standard deviation
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Abstract

An analytical method based on liquid chromatography-tandem mass spectrometry (LC-MS-MS)
was developed and validated for the determination of ezetimibe in human plasma. Ezetimibe
and etoricoxib (internal standard) were extracted from the plasma by liquid-liquid extraction and
separated on a Cyg analytical column (50 x 3.0 mm 1.D.) with acetonitrile:water (85:15, v/v)
as mobile phase. Detection was carried out by positive electrospray ionization (ESI+) in
multiple reaction monitoring (MRM) mode. The chromatographic separation was obtained
within 2.0 min and was linear in the concentration range of 0.25-20ng mL™" for free ezetimibe
and of 1-300ng mL™" for total ezetimibe. The mean exiraction recoveries for free and total
ezetimibe from plasma were 96.14 and 64.11%, respectively. Method validation investigated
parameters such as linearity, precision, accuracy, specificity and stability, giving results within
the acceptable range. The proposed method was successfully applied to the quantitation of
ezetimibe and its glucuronide in human plasma to support clinical and pharmacokinetic studies.
Moreover, the method was used for the quality control analysis of pharmaceutical dosage forms.

Keywords

Column liquid chromatography-mass spectrometry — MS
Liquid-liquid extraction

Ezetimibe in human plasma

Method validation

Introduction

Ezetimibe, (1-(4-fluorophenyl)-(3R)-[3-(4-
fluorophenyl)-(3S)-hydroxypropyl]-(4.5)-
(4-hydroxyphenyl)-2-azetidinone), is the
first of a new class of compounds, the 2-
azetidinones, that selectively and potently
inhibits the absorption of biliary and die-
tary cholesterol and related plant sterols
from the small intestine without affecting
the absorption of fat-soluble vitamins,
triglycerides or bile acids. Ezetimibe is an

Original
DOI: 10.1365/s10337-006-0749-2
0009-5893/06/04

effective option for treating patients with
primary hypercholesterolemia, reducing
the risk of coronary heart disease [1, 2].
After oral administration, ezetimibe is
rapidly absorbed and extensively metab-
olized to an active glucuronidated metab-
olite in the intestine and has a half-life (z.,)
of approximately 22 h. Following single-
dose and multiple-dose administration the
medium maximum concentration (Cpay)
were 85 and 122 ng mL™!, respectively,
reached 1 h after dosing (¢,.x). Ezetimibe
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and its glucuronide undergo enterohepatic
recirculation, resulting in multiple peaks
in the plasma concentration-time profile
[3, 4].

An RP-HPLC method was developed
and validated over the concentration
range of 0.5-50 pg mL™" and applied for
the quantitation of ezetimibe in phar-
maceutical dosage forms [5]. The LC
coupled to MS detection has been pub-
lished for both the identification and
quantification of drugs at low concen-
trations in raw materials, in various
pharmaceutical formulations and bio-
logical fluids [6, 7]. There is no validated
method published for the evaluation of
ezetimibe in human plasma. Therefore,
the aim of the present work was to de-
velop and validate a simple, fast, precise
and accurate LC-MS-MS method, using
a liquid-liquid extraction, for the analysis
of free and total ezetimibe in human
plasma, supporting pharmacokinetic and
clinical studies and demonstrating the
applicability of the method for the potency
assessment of ezetimibe in pharmaceutical
dosage forms.

Experimental
Chemical and Reagents

Ezetimibe was purchased from Sequoia
Research Products (Oxford, UK). Etoric-
oxib (internal standard, IS) was gener-
ously supplied by Merck Research
Laboratories (Rahway, USA). A total of
three batches of Ezetrol® (Merck Sharp
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& Dohme, Haar, Germany) tablets con-
taining 10 mg of ezetimibe were obtained
from commercial sources within their shelf
life period. f-glucuronidase was pur-
chased from Sigma-Aldrich (Germany).
HPLC-grade acetonitrile and tert-butyl
methyl ether were obtained from Tedia
(Fairfield, USA). All chemicals used were
of pharmaceutical or special analytical
grade. For all the analyses, ultrapure water
(Labconco, Kansas City, USA) filtered
through a 0.22 pm membrane filter was
used.

Apparatus and
Chromatographic Conditions

The LC-MS-MS method was performed
on a Shimadzu LC system (Shimadzu,
Kyoto, Japan) equipped with a SCL-
10Ayp system controller, LC-10 ADvp
pump, DGU-14A degasser, CTO-10
ADvyp column oven and SPD-M10Avyp
photodiode array (PDA) detector. A tri-
athlon autosampler (Spark, Emmen, The
Netherlands) was used. The experiments
were carried out on a reversed phase
Phenomenex (Torrance, USA) Luna Cig
column (50 mm X 3.0 mm I.D., with a
particle size of 3 pm and pore size of
100 A). The LC system was operated is-
ocratically using a mobile phase of ace-
tonitrile:water (85:15, v/v). This was
filtered through a 0.45 pm membrane
filter (Millipore, Bedford, MA, USA) and
run at a flow-rate of 0.4 mL min~". The
injection volume was 50 pL for both
standard and samples. The triple quad-
rupole mass spectrometer (Waters,
Milford, MA, USA), model Quattro LC,
equipped with an electrospray source
using a crossflow counter electrode run in
positive mode (ESI+), was set up in
multiple reaction monitoring (MRM)
mode, monitoring the transitions
392>161 and 359.3>280, for ezetimibe
and IS, respectively. For the mass spec-
trometer conditions optimization, a
mixed standard solution (1000 ng mL™")
containing ezetimibe and IS was directly
introduced and the following parameters
were selected: nebuliser gas (nitrogen),
cone gas and desolvation gas set at 80, 50
and 480 L h™', respectively. Capillary
voltage, extractor voltage, RF lens volt-
age and source temperature were 3.0 kV,
4V, 0.3V and 120 °C, respectively. The
dwell time was set at 0.5 seconds, the
collision gas pressure (argon) was
2.3x107% mbar. The collision energy was
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25 and 30eV for ezetimibe and IS,
respectively, and the cone voltage was
30 V. Data acquisition and analysis were
performed using the software Masslynx
(v 3.5) running under Windows 2000 on a
workstation Compaq PC.

The LC method applied for the anal-
ysis of ezetimibe in pharmaceutical dos-
age forms was carried out on a reversed
phase Phenomenex Synergi fusion Cig
column (150 mm x 4.6 mm I.D., with a
particle size of 4 pum and pore size of
80 A). A security guard holder (4.0 mm x
3.0 mm I[.D.) was used to protect the
analytical column. The Shimadzu HPLC
system was operated isocratically at 40 °C
using a mobile phase of 0.02 M phos-
phate buffer (pH 7.0)/acetonitrile/metha-
nol (40:55:5, v/v/v), run at a flow-rate of
1.0 mL min~! using photodiode array
(PDA) detection at 232 nm. The injection
volume was 20 pL of a solution contain-
ing 50 pg mL™' for both standard and
samples.

Standard Solutions
and Calibration Curves

The stock solution of ezetimibe was pre-
pared by weighing 10 mg of reference
material into a 10 mL volumetric flask
and diluting to volume with acetonitrile,
obtaining a concentration of 1 mg mL™".
Etoricoxib stock solution was also made
at a final concentration of 1 mg mL™
using acetonitrile. The prepared stock
solutions were stored at 2—8 °C protected
from light. An appropriate aliquot of
ezetimibe stock solution was diluted with
acetonitrile to obtain the -calibration
standards solutions with the concentra-
tions of 1000, 100, 10 and 1 ng mL™". The
corresponding volume taken of the stan-
dard solutions were evaporated under
nitrogen stream while immersed in a 40 °C
water bath and the residues were recon-
stituted in 0.5 and 0.2 mL of blank
plasma for free and total ezetimibe,
respectively, to prepare the calibration
standards  containing from 1 to
300 ng mL™' (1, 10, 20, 50, 100, 200, and
300 ng mL™") for total ezetimibe and
from 0.25 to 20 ng mL™' (0.25,0.5, 1,2, 5,
10 and 20 ng mL™") for free ezetimibe.
The quality control (QC) samples were
prepared in pooled plasma, with the
concentrations of 5 (low), 150 (medium)
and 250 ng mL™" (high) for total ezetim-
ibe and of 0.75 (low), 7 (medium)
and 16 ng mL™" (high) for free ezetimibe,
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and then divided in aliquots that were
stored at —80 °C until analysis.

Plasma Extraction

For the analysis of free ezetimibe, a total
of 500 uL of the spiked plasma was
transferred to a 15 mL glass tube, fol-
lowed by addition of 50 pL of IS solution
(200 ng mL™" of etoricoxib in acetoni-
trile). All samples were mixed by vortex
agitation for 30 s. Then, a 4 mL aliquot
of extraction solvent, tert-butyl methyl
ether, was added using Dispensette Or-
ganic (Brand GmbH, Wertheim, Ger-
many) and vortex-mixed for 90 s. For the
analysis of total ezetimibe (free ezetimibe
and its glucuronide metabolite after
hydrolysis), 200 pL of plasma sample and
20 pL of internal standard were trans-
ferred to a 15 mL tube. Then 500 pL of
sodium acetate buffer (0.5 M, pH 5.0)
and 50 pL. of f-glucuronidase (100,000
units mL™") were added into the tube.
After vortexing for 30 s, the tube was
incubated at 50 °C for 60 min and 500 pL
of sodium borate solution (0.1 M) was
added. Then, the mixture was extracted
with 3 mL of tert-butyl methyl ether for
90 s by vortex agitation. From this step
on, the samples for free and total eze-
timibe analyses were prepared under the
same conditions. The tubes were centri-
fuged for 10 min at 3000 rpm and the
organic layer was filtered through a Mil-
lex GV 0.45 um filter unit (Millipore,
Bedford, MA, USA) into 15 mL conical
tubes and evaporated under nitrogen
stream while immersed in a 40 °C water
bath. The samples for free and total eze-
timibe were reconstituted with 500 pL
and 200 pL, respectively, with acetoni-
trile:water (80:20, v/v). The samples were
transferred to autosampler vials and
50 pL was injected into the LC-MS-MS
system.

Validation of the Bioanalytical
Method

The method was validated by the deter-
mination of the following parameters:
specificity, linearity, recovery,
accuracy, precision, lower limit of quan-
titation (LLOQ) and stability studies. To
evaluate the matrix effects three replicates
of low, medium and high quality control
samples were spiked, each one, with six
samples of blank human plasma from

range,
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different sources. The mean peak areas of
each quality control were compared to the
mean peak areas of the neat standard
(ezetimibe and IS dried and reconstituted
in acetonitrile:water, 80:20, v/v) at the
same concentrations.

Specificity was assessed using six
blank human plasma samples, randomly
selected, from different sources (including
haemolysed and lipemic plasma), that
were subjected to the extraction proce-
dure and chromatographed to determine
the extent to which endogenous plasma
components could interfere in the analy-
sis of ezetimibe or the internal standard.
The results were compared to a solution
containing 1 ng mL™" of ezetimibe.

The calibration curves were con-
structed from a blank sample (plasma
sample processed without IS), a zero
sample (plasma processed with IS) and
seven concentrations of ezetimibe,
including the LLOQ, ranging from 1 to
300 ng mL™! for total ezetimibe and from
0.25 to 20 ng mL™' for free ezetimibe.
The peak area ratio of the drug to the IS
against the respective standard concen-
trations was used for plotting the graph
and the linearity evaluated by a weighed
(1/x) least square regression analysis. The
acceptance criteria for each calculated
standard concentration was not more
than 15% deviation from the nominal
value, except for the LLOQ which was set
at 20%.

The recovery was evaluated by the
mean of the response of three concentra-
tions of ezetimibe (5, 150 and
250 ng mL™' for free and 0.75, 7 and
16 ng mL™" for total), each one added of
20 ng mL™! of the IS, dividing the mean
of the extracted sample by the mean of the
unextracted  sample (spiked  with
the extracted blank plasma residues)
at the same concentration level. To elim-
inate the matrix effects, a comparison of
the extracted to the unextracted sample
was performed, giving the true recovery.

To evaluate the inter-day precision and
accuracy, QC samples were analysed to-
gether with one independent calibration
standard curve for 3 days, while intra-day
precision and accuracy were evaluated
through analysis of the QC samples in six
replicates in the same day. Inter- and intra-
day precision were expressed as relative
standard deviation (RSD).

The evaluation of precision and
accuracy was based on the criteria [8] that
the RSD of each concentration level
should be within + 15% of the nominal

Original

concentration, except for the LLOQ, for
which it should be within £ 20%.

The lowest standard concentration on
the calibration curve should be accepted
as the limit of quantification if the fol-
lowing conditions are met: the analyte
response at the LLOQ should be at least
five times the response compared to blank
response and analyte peak (response)
should be identifiable, discrete and
reproducible with a precision of 20% and
accuracy of 80-120%. The Ilimit of
detection (LOD) was defined by the
concentration with a signal-to-noise ratio
of 3.

The stability of total and free ezetim-
ibe in human plasma was evaluated after
each storage period and related to the
initial concentration as zero cycle (sam-
ples that were freshly prepared and pro-
cessed immediately). The samples were
considered stable if the deviation (ex-
pressed as percentage bias) from the zero
cycle was within = 15%. The freeze-thaw
stability of ezetimibe was determined at
low, medium and high QC samples (n = 3)
over three freeze-thaw cycles within
3 days. In each cycle, the frozen plasma
samples were thawed at room tempera-
ture for 2 h and refrozen for 24 h. After
completion of each cycle the samples
were analyzed and the results compared
with that of zero cycle. The short-term
stability was evaluated using three aliqu-
ots each of the low, medium and high
unprocessed QC samples kept at room
temperature (25 = 5 °C) for 6 h, and
then analysed. For the processed sample
stability, three aliquots each one of
the low, medium and high QC samples
were processed and placed into the
autosampler at room temperature and
analysed after 24 h. For the long-term
stability analysis of total ezetimibe, three
aliquots of each QC samples were frozen
at —80 °C for 40 days and then analysed.

The variability of the glucuronide
hydrolysis process was assessed carrying
out six independent analyses of real
plasma samples containing low, medium
and high ezetimibe-glucuronide concen-
tration. The precision data were
expressed as relative standard deviation
(RSD).

Analysis of Pharmaceutical
Tablet Dosage Forms

To construct the calibration curve, cali-
bration standards were added with
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50 uL of IS (200 ng mL™! of etoricoxib
in acetonitrile) and the volume made
up 0.5 mL with acetonitrile:water (80:20,
v/v) to get the linearity range of 1 to
300 ng mL™'. An aliquot of 50 pL of
these solutions was injected for the
analysis and the peak area ratio of the
drug to the IS was considered for plot-
ting the linearity graph. For the quanti-
tation in the dosage forms, twenty
tablets of each sample containing 10 mg
of ezetimibe were separated, accurately
weighed and crushed to a fine powder.
An appropriate amount of each con-
centration was transferred into an indi-
vidual 50 mL volumetric flask, diluted to
volume with acetonitrile and sonicated
for 20 min, obtaining the concentration
of 1 mg mL™" (stock solution). Working
sample  solutions  were  prepared
daily and were added 50 pL of IS and
the volume made up 0.5 mL with
acetonitrile:water (80:20, v/v) to get
150 ng mL™" of ezetimibe. An aliquot of
50 pL was injected for the analysis and
the amount of ezetimibe per tablet
calculated from the linear regression
equation.

Results and Discussion

To obtain the best chromatographic
conditions different columns and mobile
phases consisting of acetonitrile-water or
methanol-water were tested to provide
sufficient selectivity and sensitivity in a
short separation time. Modifiers such as
formic acid, acetic acid and ammonium
acetate were tested. The best signal was
achieved using acetonitrile:water (85:15,
v/v) with a flow rate of 0.4 mL min™"' in
a Cig analytical column. The low flow-
rate and the short run time resulted,
comparatively, in lower consume of the
mobile phase solvents with a better cost-
effective  relation. The protonated
molecular ions [M + H] © of ezetimibe
and IS observed on the full scan mass
spectra were m/z 392 and 359.3, respec-
tively. Moreover, the collision energy in
Q2 produced significant fragments, such
as 133, 145 and 161 for ezetimibe. The
MS-MS  transition 392>161 and
359.3>280 were selected since the ion
scan product with mj/z 161 and 280
presented a higher abundance and sta-
bility for ezetimibe and IS, respectively.
The coupling of LC with MS-MS
detection in the MRM mode showed
high specificity because only the ions
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Fig. 1. Representative LC-MS-MS chromato-
gram of low QC plasma sample containing
ezetimibe (5 ng mL™") and IS (20 ng mL™")

derived from the analytes of interest
were monitored.

Matrix effects and the possible ioni-
zation suppression or enhancement of
ezetimibe and internal standard were
examined. The relative standard devia-
tion of the mean peak areas of free and

total ezetimibe and IS were <5.50%,
indicating low difference in ionization
efficiency using different plasma sam-
ples. The results for both free and total
ezetimibe, and IS were higher than
93.26%, suggesting that the ion sup-
pression by endogenous components
was not interfering in the repeatability
of the method.

Linearity was evaluated by six deter-
minations of seven concentrations in the
range of 1-300 ng mL™' for total ezetim-
ibe and of 0.25 to 20 ng mL™" for free
ezetimibe. The values of the determination
coefficient (r>=0.9946, »=0.007175 +
0.007075x) and (r*=0.9949, y=0.071740
+ 0.004388x) for free and total ezetimibe,
respectively, indicated significant linearity
of the calibration curves for the method.
The LLOQ was evaluated in an experi-
mental assay and was found to be 1 and
0.25 ng mL™! with precision of 7.81 and
8.43% and accuracy of 104.91 and
107.67% for total and free ezetimibe,
respectively, and the LOD was found to be
0.1 ng mL™'. Comparison of the blank
and spiked human plasma (1 ng mL™")
chromatograms indicated that no signifi-
cant interferences were detected from
endogenous substances. A typical chro-
matogram obtained by the proposed LC-
MS-MS method is shown in Fig. 1. The
low retention times of 1.05 and 1.09 min
allow rapid determination of the drug,
which is an important advantage.

Table 1. Recovery of ezetimibe and etoricoxib from human plasma after the extraction procedures

Ezetimibe Nominal concentration % Recovery
(ng mL™") (mean + RSD%)
Ezetimibe* Etoricoxib®
0.75 96.79 + 8.17 93.87 + 8.36
Free 7 97.07 + 5.54 93.31 + 6.42
16 94.57 + 6.45 94.73 + 2.15
5 65.35 £ 6.72 82.75 + 6.47
Total 150 64.85 + 5.67 85.54 + 4.42
250 62.13 £ 3.76 83.59 £ 7.68

% Mean of six replicates

Table 2. Intra-day precision and accuracy for the determination of ezetimibe in human plasma

Ezetimibe Nominal concentration Mean concentration RSD Accuracy
(ng mL™) found (ng mL™")? (%) (%)

0.75 0.78 7.22 104.24
Free 7 6.83 4.61 97.63
16 16.38 1.49 102.40
5 4.85 6.04 97.00
Total 150 154.28 7.73 102.85
250 253.41 9.15 101.36

# Mean of six replicates
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Free ezetimibe in human plasma was
directly extracted with tert-butyl methyl
ether by liquid-liquid extraction, whereas
total ezetimibe was hydrolyzed by f-glu-
curonidase before extraction, due to
the ezetimibe-glucuronide conjugation.
The mean extraction recoveries for the
three concentration levels of the QC
samples were 96.14% for free ezetimibe
and 93.97% for IS. The corresponding
values obtained for the total ezetimibe
and IS were 64.11 and 83.96%, respec-
tively, showing the method suitability
(Table 1).

For the extraction, different organic
solvents and mixtures were also evalu-
ated, including ethyl acetate, diethyl
ether and dichloromethane and tested
different pH values, adjusted by the
addition of formic acid or sodium
hydroxide or buffer phosphate, but the
recoveries obtained were lower than
81.32% for free ezetimibe and 50.25%
for total ezetimibe.

The intra-day accuracy of the method
was within 97.63 and 104.24% with a
precision of 1.49-7.22% for free ezetimibe
and within 97.00 and 102.85% with a
precision of 6.04-9.15% for total ezetim-
ibe (Table 2). The inter-day accuracy was
within 99.29 and 104.00% with RSD of
3.30-6.32% for free ezetimibe and within
97.53 and 100.88% with RSD of 5.03-
7.56% for total ezetimibe (Table 3). The
data show that the method possesses ade-
quate repeatability and reproducibility.

As shown in Table 4, total and free
ezetimibe were stable in neat plasma for
up to 6 h at room temperature (short-
term) and also after three freeze-thaw
cycles, demonstrating that human plasma
samples could be thawed and refrozen
without compromising the integrity of the
samples. Plasma samples of total ezetim-
ibe were stable for at least 40 days at —80
°C (long-term). The results demonstrated
that extracted samples could be analysed
after keeping in the autosampler for at
least 24 h with acceptable precision and
accuracy.

The glucuronide hydrolysis efficiency
was investigated by the analysis of six
replicates of plasma samples containing
known concentrations (1.28, 33.35 and
70.62 ng mL™") of total ezetimibe. The
RSDs of samples in the hydrolysis step
were 1.26, 3.02 and 4.38% for the low,
medium and high concentrations,
respectively. The results indicated that
the hydrolysis with fS-glucuronidase was
reproducible.
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Method Application

The method was successfully applied for
the determination of free and total eze-
timibe in human plasma for 5 half lives,
after a single oral dosing of ezetimibe
(10 mg) to 6 healthy human male volun-
teers and the plasma concentration-time
profile is shown in Fig. 2. Cy,.x of free and
total ezetimibe was found to be 7.04 and
70.20 ng mL™', respectively. Tpnax of both
compounds was reached 1 h after oral
administration. The multiple peaks
exhibited in the plasma concentration-
time profile are related to the enterohe-
patic recirculation of ezetimibe and its
glucuronide metabolite.

The LC-MS-MS method validated in
this paper was also used for the potency
evaluation of ezetimibe in tablet dosage
forms as shown in Table 5, together
with the results obtained from the
analysis of the pharmaceutical formula-
tions carried out by the LC method,
previously validated in the laboratory
(data not shown). The experimental
values obtained from the two methods
were compared statistically by the
Student’s #-test showing non-significant
difference (P>0.05). The proposed
method can be used for the determina-
tion of ezetimibe without prior separa-
tion of the excipients of the
formulation, representing also an
improvement for the quality control of
pharmaceuticals as the technique is
highly selective and sensitive.

Conclusion

A simple, fast and accurate LC-MS-MS
method, with a single step liquid-liquid
extraction procedure, has been devel-
oped and validated for the determina-
tion of ezetimibe in human plasma and
pharmaceutical formulations. The short
run time and the relatively low flow-rate
allows the analysis of a large number of
samples with less mobile phase consume,
proving the method to be cost-effective.
The results of the validation studies
show that the optimized LC-MS-MS
method possesses specificity, linearity,
precision and accuracy over the entire
range of significant therapeutic plasma
concentrations. The proposed method was
successfully applied to a pharmacokinetic
study in healthy human volunteers and for
the quantitative analysis of ezetimibe in
pharmaceutical dosage forms.
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Table 3. Inter-day precision and accuracy for the determination of ezetimibe in human plasma

Ezetimibe Nominal concentration Day Mean concentration Mean® RSD  Accuracy
(ng mL™") found (ng mL™")? (%) (%)
0.75 1 0.77 0.78 6.32  104.00
2 0.76
3 0.82
Free 7 1 6.89 6.95 3.98 99.29
2 7.03
3 6.93
16 1 16.38 16.15 3.30 100.94
2 15.57
3 16.51
5 1 4.74 4.88 17.56 97.60
2 4.83
3 5.06
Total 150 1 151.69 151.32 5.03 100.88
2 153.91
3 148.36
250 1 235.72 24395 7.11 97.58
2 252.96
3 243.17
& Mean of five replicates
® Mean of three days
Table 4. Summary of stability of ezetimibe in human plasma
Stability Zero cycle Concentration found RSD Bias®
concentration after storage (%) (%)
(ng mL™")? (ng mL™")*
Total Ezetimibe
Long term 4.97 5.05 5.52 1.61
154.83 151.73 8.41 -2.00
249.87 245.16 6.19 —-1.88
Short term 4.97 5.34 2.76 7.44
154.83 146.71 5.11 -5.24
249.87 258.03 7.15 3.27
Autosampler 24 h 4.97 5.07 9.76 2.01
154.83 147.60 5.09 —4.67
249.87 242.22 4.37 -3.06
Three freeze-thaw cycles 4.97 5.32 6.08 7.04
154.83 137.22 3.29 —-11.37
249.87 233.68 7.51 —6.48
Free Ezetimibe
Short term 0.78 0.82 8.12 5.13
6.82 7.05 422 3.37
16.42 1591 5.01 -3.11
Autosampler 24 h 0.78 0.84 7.87 7.69
6.82 6.43 3.16 =572
16.42 17.47 4.66 6.39
Three freeze-thaw cycles 0.78 0.72 9.08 -7.69
6.82 6.97 5.11 2.20
16.42 15.03 2.32 -8.47

& Mean of three replicates
® Bias =

(measured concentration - nominal concentration / nominal concentration) x 100

Table 5. Determination of ezetimibe in pharmaceutical dosage forms by the LC and LC-MS-MS

methods
Theoretical amount Experimental amount®
LC® LC-MS-MS®
Sample mg per tablet mg % RSD (%) mg % RSD (%)
1 10 10.12 101.23 0.19 10.22  102.17 0.56
2 10 10.33 103.33 0.25 10.39 103.91 0.94
3 10 9.95 99.46 0.40 10.08 100.83 0.76
4 Non-significant (P> 0.05)
® Mean of three determinations
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Fig. 2. Mean plasma concentrations after a single 10 mg oral dose administration of ezetimibe to
six healthy human volunteers
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4 DISCUSSAO

Os métodos analiticos sdo fundamentais para a identificagdo, quantificacdo, estudos de
dissolugdo e analises de amostras em matrizes bioldgicas. Nesse contexto, observa-se que a
ezetimiba ¢ um produto farmacéutico de lancamento relativamente recente no mercado
mundial, e encontram-se poucas publicacdes sobre métodos para sua andlise quantitativa em
amostras bioldgicas e em formulagdes farmacéuticas.

Observa-se que a discussdo apresentada a seguir baseia-se nos dois artigos ja
publicados, referenciados adequadamente, no texto correspondente.

A cromatografia liquida possibilita a separa¢do e quantificacdo de diferentes
componentes de uma formulagio farmacéutica através da escolha adequada dos parametros do
sistema como colunas, fase movel e método de detec¢do. Desenvolveu-se e validou-se
procedimento para a determinagdo simultdnea de ezetimiba e sinvastatina em formulagdes
farmacéuticas, conforme demonstrado no ARTIGO 3.1. Na avaliacdo da especificidade
obtiveram-se cromatogramas nos quais os picos dos produtos de degradagdo encontraram-se
resolvidos em relacdo aos picos dos padrdes (figuras 3 e 4). Além disso, utilizando o detector
de arranjo de diodos, verificou-se que as substincias quimicas de referéncia permaneceram
com elevada pureza em todas as determinagdes, demonstrando a especificidade e que o
procedimento também pode ser usado para avaliagdo da estabilidade. O método apresentou-se
linear na faixa de 0,5-200 pg/mL (r* = 0,9999) para ambos os compostos. Os dados obtidos
para a repetibilidade e precis@o intermedidria apresentaram coeficientes de variagdo inferiores
a 0,98% (tabelas 1 e 2), o que mostra a precisdo do método proposto, destacando-se que a
literatura preconiza coeficiente de variacdo menor ou igual a 2%. O valor médio experimental
do teste de exatidao foi de 100,28%, conforme tabela 3, demonstrando exatiddo significativa,
pois o valor percentual sugerido ¢ de 100 + 2% em relacdo ao declarado (SHABIR, 2003). Na
avaliacdo da robustez, observou-se que as variagcdes na proporc¢ao de acetonitrila, na vazao da
fase movel e na temperatura da coluna alteraram os tempos de retengdo, o que ndo ocorreu
utilizando diferentes valores de pH. Os resultados obtidos na verificacdo da performance do
sistema cromatografico mostraram que o equipamento e condi¢des da metodologia sdo
adequados para assegurar a confiabilidade, exatiddo e precisdo dos dados analiticos (tabela 5).
Demonstrando-se, portanto, que o método proposto cumpre os requisitos preconizados pela
literatura, podendo ser empregado para andlise simultdnea de ezetimiba e sinvastatina. A

determinagdo quantitativa dos comprimidos selecionados para esse estudo forneceu resultados
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médios entre 100,84 e 104,86% e 96,08 e 100,18% para a ezetimiba e sinvastatina,
respectivamente, conforme a tabela 6, estando de acordo com os parametros de qualidade
preconizados entre 95 e 105% (USP, 2005; ICH, 1996; SHABIR, 2003).

A cromatografia liquida acoplada a espectrometria de massas apresenta alta
especificidade, pois somente os ions dos analitos sdo monitorados, maior sensibilidade e
menor tempo de corrida analitica, tornando-se adequada para analise de biodisponibilidade e
farmacocinética de medicamentos, onde grande nimero de amostras deve ser analisado. Para
determina¢do de ezetimiba e de seu metabdlito glicuronidado em plasma humano,
desenvolveu-se e validou-se método por cromatografia liquida acoplada a espectrometria de
massas com ionizagao por electrospray no modo positivo, utilizando etoricoxibe como padrao
interno, conforme demonstrado no ARTIGO 3.2. Dados da literatura indicam que o modo de
ionizagdo por APCI ¢ menos suscetivel a problemas de supressdo idonica (MALLET et al.,
2004; ZHONG et al., 2005). Porém, no desenvolvimento do método, verificou-se a
necessidade de alta temperatura e voltagem para obtengdo de resultados satisfatérios. Desse
modo, selecionou-se a ioniza¢do por ES no modo positivo, que além de possibilitar o uso de
menor volume de fase mével, apresentou melhor eficiéncia na ionizacdo da ezetimiba e do PI.
Apoés a otimizacdo e selecdo dos parametros do equipamento, determinou-se o espectro de
massas, observando-se os ions moleculares da ezetimiba e do etoricoxibe (PI) de 392,0 e
359,3 Daltons, respectivamente. O sinal obtido na relacdo massa/carga de 392 para a
ezetimiba ¢ diferente de sua massa molecular (409,4 Daltons) devido a perda de uma
molécula de agua. Além disso, a energia de colisio no quadrupolo 2, aplicada ao ion
molecular da ezetimiba, produziu fragmentos significantes de 133, 145 e 161 Daltons. Os ions
produto de 161 (ezetimiba) e 280 (PI) Daltons foram selecionados porque apresentaram maior
abundancia e estabilidade para as finalidades analiticas. As amostras foram extraidas
utilizando sistema liquido-liquido com terc-butil metil éter como solvente de extragdo. Para
analise da ezetimiba total (ezetimiba mais seu metabdlito ap6s hidrolise enzimatica), as
amostras de plasma foram tratadas com B-glicuronidase e posteriormente extraidas. O método
apresentou recuperacdo de 96,14 e 64,11% para a ezetimiba e a ezetimiba total,
respectivamente (tabela 1). As transi¢des de 392>161 e 359,3>280 foram monitoradas para a
ezetimba e etoricoxibe, respectivamente. O método cromatografico isocratico foi executado
utilizando fase movel com vazao de 0,4 mL/min e tempo total de corrida de 2 minutos, o que
resultou em menor consumo de solvente organico, com conseqiiente melhor custo-beneficio.
O método foi validado nas faixas de concentragdo de 0,25-20 ng/mL (ezetimiba) e 1-300

ng/mL (ezetimiba total). Como mostra a tabela 4, em todos os testes realizados para avaliacao
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da estabilidade da ezetimiba em plasma foram encontrados desvios entre -11,37 e 7,69%,
resultados de acordo com os limites especificados de + 15%, indicando que as condigdes de
manuseio e andlise das amostras sdo adequadas, podendo ser sugeridas para a realiza¢do de
estudos clinicos e de biodisponibilidade. Além disso, os resultados do estudo de validagao
demonstraram que a metodologia otimizada apresenta especificidade, sensibilidade,
linearidade, precisdo e exatiddo, cumprindo os requisitos descritos para métodos bioanaliticos
(CAUSON, 1997; SHAH et al., 2000; FDA, 2001; ANVISA, 2002; ANVISA, 2003). A
metodologia foi utilizada para a determinagdo da concentragdo plasmatica ap6s administracao
de dose unica de ezetimiba (10 mg) em seis voluntarios humanos, observando-se Cmax de
7,04 e 70,20 ng/mL para a ezetimiba livre e total, respectivamente, atingidas apos 1 h (tmax)
(figura 2). Os picos multiplos apresentados estdo relacionados a recirculagdo enterohepatica
do farmaco e de seu metabdlito. O método também foi adotado para a determinacdo da
poténcia de amostras comerciais de ezetimiba e comparado estatisticamente através do teste t
de Student com metodologia validada por CL, observando-se diferengas ndo-significativas

(P>0,05) (tabela 5).
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5 CONCLUSOES

v Desenvolveu-se e validou-se método especifico, preciso, exato, sensivel e robusto por
cromatografia liquida em fase reversa para analise simultanea de ezetimiba e sinvastatina

em produtos farmacéuticos, sugerindo sua aplicagdo para a area de controle da qualidade.

v Desenvolveu-se e padronizou-se procedimento de extragdo liquido-liquido que
proporcionou alta percentagem de recuperacdo da ezetimiba e do padrdo interno nas
amostras de plasma, com significativa reprodutibilidade. A recuperagdo obtida para o

glicuronideo de ezetimiba ¢ superior a descrita na literatura.

v Desenvolveu-se e otimizou-se método por cromatografia liquida acoplada a espectrometria
de massas para determina¢do de ezetimiba em plasma humano que foi validado, cumprindo
os parametros de linearidade, precisdo, exatiddo, recuperagdo e estabilidade preconizados
para métodos bioanaliticos. Realizou-se estudo piloto, demonstrando-se a aplicagdo para

estudos clinicos e de biodisponibilidade.

v' Utilizou-se também o método por cromatografia liquida acoplada a espectrometria de
massas para a determinag@o da ezetimiba em produtos farmacéuticos e realizou-se a analise
comparativa com a cromatografia liquida em fase reversa. Os resultados foram comparados

pelo teste t de Student demonstrando correlagao estatisticamente significativa (P>0,05).

v" Os métodos desenvolvidos e validados no presente trabalho contribuem para estabelecer
bases para progressivos trabalhos cientificos na area e procedimentos importantes para
aprimorar o controle da qualidade, estudos de farmacocinética e biodisponibilidade,
garantindo a seguranca e eficacia terapéutica dos produtos farmacéuticos disponiveis no

Pais.
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