MINI-CURSO:
Metabolismo de Farmacos:

xmes‘c,:ola | aplicacoes em toxicologia e
S i s iNteracées medicamentosas

e Medlicinal

Dra Lidia Moreira Lima
Professora Associada
(LASSBio-ICB-UFRJ)
lidialima@icb.ufrj.br
Imlima23@gmail.com

Lima, L M©



XXIIl Escola de Verao em Quimica Farmacéutica e Medicinal

MINI-CURSO:
Metabolismo de Farmacos: aplicacoes em
toxicologia e interagcoes medicamentosas

PARTE 1

xxm Escola
de Verao &
em Quimica Farmacéut:ca
e Medicl na A\Sﬁ ®
Lima,LM®@ TS s ASsSBio




XXIIl Escola de Verao em Quimica Farmacéutica e Medicinal

e

Metabolismo'de Farmacos:
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Papel?
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Farmaco ativo

Farmaco ativo

Farmaco inativo
(pré-farmaco)
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Time

Metabdlito inativo
(Bioinativagcao)
Metabolito ativo
(Bioativacao
ouToxificacao)
Metabaolito ativo
(Bioativacao)

v

O papel fisiolégico do metabolismo
de farmacos pode ser medido
atraves dos parametros
farmacocinéticos de
biodisponibilidade (F) e clearance
(Cl);

Combinados a F e Cl| afetam a
guantidade total de farmaco no

sangue (AUC) x tempo.

A estabilidade metabdlica de um
determinado composto (e.g.
farmacos) é inversamente

proporcional a sua clearance.

“O metabolismo influencia a

natureza, a intensidade e a duracao
dos efeitos terapéuticos e/ou toxicos

dos farmacos e seus eventuais

metabodlitos bioativos”
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Systemic
circulation

Circulation-tissue
interface (for example,
blood-prain barrier)

Target tissue

Portal vein

Enterocyte

Small intesting

@ Drug el Processes that decrease drug delivery to targets
£ Metabolite ) Processes that enhance drug delivery to targets
éé‘:l ®
Lima, L MO D. M. Roden; A.L. George Jr (2002) Nature Reviews Drug Discovery 1, 37-44 = ASsBio
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Farmacos lipofilicos sao reabsorvidos apos
filtracao glomerular, retornando a circulagcao
sistémica.

N

Metabolismo de Farmacos: fase 1 & fase 2

¥

As reacOes metabodlicas de fase 1 e fase 2 tem
como principal objetivo transformar farmacos
lipofilicos (1 LogP; LogD7,4 > 0; |[PSA) em:
metabdlitos hidrofilicos (|LogP; LogD7,4 < 0;

TPSA), favorecendo a eliminagao por via renal.

\ )
\ g ‘J
Renal excretion
of metabolite ~
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Capdar Tubuio Fluxo sanguineo renal
F'E:'ﬂlﬂ'-liﬂf proximal 0
Yoo ca 25% fluxo sanguineo
sistémico

Taxa eliminacéao renal ‘

| Tubular - - -
.| efarante / \
» Filtracao Secrecéo tubular‘

|\ Vil glomerular ativa

Y |. l. | < | ~
Processos de excregao | Reabsorcao tubular
renal: etapas 1-3 Urina passiva

Fonte: LaMattina, JC & Golan, DE. Em: Principios da Farmacologia. A Base Fisiopatoldgica da Farmacoterapia, 22 Edicao

(Guanabara Koogan)
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Physicochemical properties
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1 LogP; LogD7,4 > 0; |PSA ! LogP; LogD7,4 < 0; TPSA
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Metabolismo de Fase 1

Complexo Enzimatico Localizagéo subcelular principal Barreiro, E.J. & Fraga, C.A.M., Quimica
Medicinal: As Bases Moleculares da

Citocromo P450 monooxigenases Microssoma e mitocondria Acdo dos Farmacos, ArtMed Editora
Ltda, Porto Alegre, RS, 32 Edi¢éo, 2014.

Flavina monoamina oxidase Microssoma

Aldeido desidrogenase Citosol, microssomal e mitocéndria

Alcool desidrogenase Citosol

Monoamina oxidase MitocOndria

Reacdes metabdlicas

Xantina oxidase Citosol de Fase 1: Oxida(;éo

Azo ou nitro-redutases Citosol Redugéo e Hidrdlise
Aldo/ceto-redutases Citosol

Oxido-redutases Citosol

Epo6xido hidrolase Microssoma e citosol

I I IR CHCIEREERE NI ERCEMIGERS ) Citosol e microssoma

Metabolismo de Fase 2

Complexo Enzimatico Localizagcdo subcelular principal

Glicuroniltransferase Microssoma Reagc”)es metabdlicas

Glutationatransferase Citosol de Fase 2: Conjugacao
Sulfotransferase Citosol

Metiltransferases néo especificas Citosol

Catecol o-metil transferase Citosol

Acetiltransferase Citosol
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Routes of elimination of the top 200 most prescribed drugs in 2002. Metabolism
represents the listed clearance mechanism for ~73% of the top 200 drugs. Of the drugs
cleared via metabolism, about three-quarters are metabolized by members of the
cytochrome P450 (CYP) superfamily. For the CYP-mediated clearance mechanisms,
the majority of drug oxidations (46%) were carried out by members of the CYP3A family;
followed by 16% by CYP2C9; 12% for both CYP2C19 and CYP2D6; 9% for members of
the CYP1A family; and 2% for both CYP2B6 and CYP2E1l. UGT, uridine diphosphate
glucuronyl transferase

Lima, L M@ L. C. Wienkers, T. G. Heath, Nature Reviews Drug Discovery, 2005, 4: 825-833
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MeTs (2.1%)

Acyl-CoA ligases (1.8%) l y//—
NATs (1.5%) g‘

GSTs (55%) |——

SULTs (4.7%) —>

UGTs
(14%)

Non-enz.
hydrol (2.7%)

Hydrolases (7.0%)

Other reductases
(3.7%)

Peroxidases (2.1%)

Other transferases or

non-enz. conj. (3.0%)

CYPs (40%)

Dehydrogenases (8.0%)

FMOs (2.2%)

Drug Discovery Today

Distribution of metabolites according to enzyme (super) families or categories. The percentages shown refer to 6967 enzyme
occurrences = 100%; they were rounded to two significant digits. The colour code is as follows: Redox reactions blue; hydrolyses
yellow; conjugations red. Alternating dark and light fields are used simply for graphical clarity.

Lima, L M© Testa. B. et al. Drug Discovery Today, 2012, 17, 549-560




XXIIl Escola de Verao em Quimica Farmacéutica e Medicinal
CYP450: 57 genes, divididos em 18 familias e 44 subfamilias

Familias de Membros funcionais

CYP450
humana

Principais fungoes

CYP1 1A1, 1A2, 1B1

CYP2 2A6, 2A7, 2A13, 2B6, 2C8, 2C9, 2C18,
2C19, 2D6, 2E1, 2F1, 2J2, 2R1, 251,
2U1, 2W1

CYP3 3A4, 3A5, 3A7, 3A43

CYP4 4A11, 4A22, 4B1, 4F2, 4F3, 4FS8,
4F11,4F12,4F22, 4V2, 4X1, 421
CYPS S5A1

CYP7 7A1, 7B1
CYPS8 8A1, 8B1
CYP11 11A1, 11B1, 11B2

CYP17 17A1
CYP19 19A1

CYP20 20A1
CYP21 21A2
CYP24 24A1

CYP26 26A1, 26B1, 26C1
CYP27 27A1, 27B1, 27C1

CYP39 39A1

CYP46 46A1
CYPH1 51A1

Lima, L M©

Metabolismo de xenobioticos
Metabolismo de xenobiodticos & Metabolismo de esteroides

Metabolismo de xenobioticos
Metabolismo de acidos graxos e acido araquidénico

Sintese de tromboxana A2 (tromboxana sintase)

Esteréide 7a-hidroxilase

Sintese de prostaciclina (prostaglandina sintase) e biossintese de acidos
biliares

Biossintese de esteroides

Biossintese de testosterona e estrogénio (esterdide 17a-hidroxilase)

Biossintese de estrogénio (aromatase)

Desconhecidas

Biossintese de esteroides

Metabolismo da vitamina D

Metabolismo do acido retindico (hidroxilase da acido retindico)

Biossintese de acidos biliares e ativacdo da vitamina D3

Metabolismo do colesterol
Metabolismo do colesterol (colesterol 24-hidroxilase)

Metabolismo do colesterol (lanosterol 14a-demetilase)

%n\sso_i!b@

Labaah
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CYP450 & CARACTERISTICAS BIOQUIMICAS

Number of human CYP450 estimated at 57 genes: divided in 18 families e 44 subfamilies

1- They are all monooxygenases

2- So that all Cytochrome P450’s are heme proteins (can also be called mixed function oxidases)
3-They all catalyze a reaction: NAD(P)H(electron donor)* + O, RH + H* — NAD(P)* + ROH + H,O
4- The O, is split, so one molecule of the oxygen goes into the substrate, and the other is
reduced to H,O

5- the oxygen is carried on a Heme (Heme is the prosthetic group of the enzyme)

6- This is the same type of heme as in hemoglobin and myoglobin

7- The heme in the reaction cycles between Fe*3 to Fe*? back to Fe*3, whereas in hemoglobin or
myoglobin, you want the heme to be Fe*?

8- require a Cytochrome P450 oxidoreductase (POR) to transfer electrons from NADPH to their

substrate.

*NADH is the reducing cofactor in bacterial and NADPH is the reducing cofactor in all mammalian

POR can directly metabolize a number of drugs by 1-electron reduction reactions. This is particularly
the case for drugs with quinone moieties, including several anticancer prodrugs such as menadione,

mitomycin C, tirapazamine
%a\sso *
Lima, L M© io
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Estrutura cristalograficado CYP3A4 (PDB 4K9W)
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CYP450: NOMENCLATURA & RELEVANCIA

Superfamilia

]7 CYP1 CYP 2
I
| |

CYP 1A CYP 2C || CYP 2D

CYP 2E || CYP 3A

CYP 3 Familia
mnll

Subfamilia

CYP 1A2 CYP 2C9 || CYP 2D6

CYP 2E1 CYP 3A4 Isoenzimas

CYP 2C19

CYP contents in human liver microsomes

B CYP3A4
m CYP2E1
m CYP2D6
mCYP2C19
B CYP2C9
m CYP2C8
1 CYP2A6
mCYP1A2

Lima, L M©

CYP contribution to drug metabolism

N

H CYP3A4
m CYP2E1
m CYP2D6
HCYP2C19
m CYP2C9
m CYP2C8
[ CYP2A6
m CYP1A2
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The major drug metabolizing CYP isozymes in humans and other animal species.

CYP family CYP subfamily CYP isozyme
Humian Monkey Rat Mouse
CYM CYP1A CYP1A1 CYP1A1 CYP1A1 CYP1AT
CYP1A2Z CYP1A2 CYP1A2 CYP1A2
CYP1B CYP1B1 CYP1B] CYP1B] CYP1E1
OYp2 CYP2A CYF2ZAG CYP2A23 CYP2A1 CYP2A4
CYP2AT CYP2A24 CYP2A2 CYP2AS
CYP2A13 CYP2A3 CYP2A12
CYP2A22
CYP2B CYF2BG CYP2B17 CYP2E1 CYF2B9
CYP2B7 CYP2ZB2 CYP2B10
CYP2ZB3
CYP2C CYP2CH CYP2C20 CYP2CE OYF2C20
CYP2(9 CYP2C43 CYP237= CYP2037
CYP2C18 CYP2C113 CYP2(38
CYP2C19 CYP2(1 24 OYP2(39
CYP2(13: CYP2C40
CYP2(C22 CYP2C44
OYP2(C23 OYP2C50
OYP2(54
CYP2(55
CYP2D CYP2DG CYPZD17" CYP2ZIN CYP2D9
OYF2D7 CYP2D19" CYP2D2 OYP2D10
CYP2D8 CYP2D20" CYP2D3 OP2D11
CYP2D30k CYP2D4 OYP2D12
CYP2D43b CYP2D5 OYP2D13
CYP2D18 CYF2D22
CYP2D26
CYP2D34
CYP2D40
CYP2E CYP2ZEL CYPZE] CYPZE] CYP2E1
CYP3 CYP3A CYPZA4 CYPIAB CYP3AL 23 CYP3AT
CYPIAS CYPIA2a CYP3ALZ
CYPIAT CYPIALF CYPIALG
CYP2A43 CYPIALE" CYPIA25
CYPIAG2 CYP3A41
CYP3A44

3 Indicates a sex-specific CYP isozyme,
b Indicates a strain-specific CYP isozyme; (Martignoni et al, 2006).

®
Lima, L M© Konstandi, M et al. Neuroscience and Biobehavioral Reviews 45 (2014) 149-167 I’
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CYP450: DISTRIBUICAO & LOCALIZACAO

eSao proteinas ligadas a membrana do reticulo endoplasmatico liso

(i.e. microssomas) e mitocondrias

ePresentes em alta concentracao no reticulo endoplasmatico de
orgaos como: figado, rins, vias nasais, cerébro, pele e intestino

“NADPH-citocromo P450 redutase”

Rev Méd Chile 2004; 132: 85-94
Methods Princ. Med. Chem. 2006, 27, 273-290

Lima, L M©

Substratos de baixo a
elevado PM
[eg. MeOH (PM =42 g/mol) e
Ciclosporina (PM = 1203
g/mol)]

+» Substratos de elevada
diversidade quimica
+»» Hidrofdébicos

Sitio ativo
Volume variavel entre as #
isoformas: 630 A3 (CYP1A2)
a 1500 A3 (CYP3A4)

Distancia entre heme e SoM
< 4,0A.
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CYP450: DISTRIBUICAO & LOCALIZAGAO

Cell
y Oxidoreductase- Endoplasmic reticulum.
Endoplasmic CYP complex
reticulum -
Nucleus

¢ QZ’;,
Mitochondria—% \

Cytoplasm —

)" Lumen

Location of CYPs in the cell. The figure

shows increasingly microscopic levels of

detail, sequentially expanding the areas

within  the Dblack boxes. CYPs are

embedded in the phospholipid bilayer of

———NADPH-CYP,., the endoplasmic reticulum (ER). Most of

oxidoreductase the enzyme is located on the cytosolic

surface of the ER. A second enzyme,

NADPH-cytochrome P,;, oxidoreductase,

transfers electrons to the CYP where it

can, in the presence of O, oxidize

xenobiotic substrates, many of which are

AL e _ hydrophobic and dissolved in the ER. A

bilayer] o oev® SEL Sl b wew single NADPH-CYP oxidoreductase species

: transfers electrons to all CYP isoforms in the
ER.

CYP-oxidoreductase NADPH ‘=
complex




XXIIl Escola de Verao em Quimica Farmacéutica e Medicinal

FATORES QUE INFLUENCIAM FUNCAO E EXPRESSAO DO CYP450

CYP3A4/5 (30.2%)
e Induction CYP2J2 (3%)

*Sex (f>m) *Polymorphism(4,) CYP2E1 (3%)

. lnflammatjon (V) e Induction (1")

* Polymorphism (¥) / * Inflammation (1)
«Various diseases (1)

*» Sex (m>f)

< *Age (1)

CYP1A2 (8.9%)
eInduction (1)
* Inflammation (J) /
¢ Cholestasis ({/)
* Age (1)

* (Sex, m>f?)

¢ (Polymorphism)

CYP2D6 (20%)
* Polymorphism (J 1)
* Inflammation (1)

CYP2AG6 (3.4%)
*Polymorphism ({, 1)
* Induction (1)

* Inflammation (1)

CYP2C19 (6.8%)

*(Sex, f>m?) *Polymorphism (1 1)
e Age (1) CYP2B.6 (7.2%) *Induction (1)
*Induction (1) CYP2C9 (12.8%) e Inflammation (J)

* Polymorphism (1 1) *(Sex ?)

. : CYP2C8 (4.7%) *Induction (1)
. 2132 r(n/rrr;atnon () ¢ Induction (1) o Polymorphlsm (V)
. (Sex, f>m ?) » Polymorphism ({1, 1) * Inflammation (J,)

» Inflammation (/) *Age (1)

*Age (1) *(Sex ?)

Fraction of clinically used drugs metabolized by P450 isoforms and factors influencing variability. A total of 248 drug
metabolism pathways with known CYP involvement were analyzed. Each metabolic pathway was only counted once for the major
contributing CYP isoform. Important variability factors are indicated by bold type with possible directions of influence
indicated (1, increased activity; |, decreased activity; 1|, increased and decreased activity). Factors of controversial
significance are shown in parentheses.

Lima, L MO© Zanger, UM et al. Pharmacology & Therapeutics, 2013, 138, 103-141
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Changes in Metabolic Capacity
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Panel A, the activity of many cytochrome P-450 (CYP)
isoforms and a single glucuronosyltransferase (UGT)
isoform is markedly diminished during the first two months
of life.

Panel C shows the age-dependent changes in both the
structure and function of the gastrointestinal tract. As with
hepatic drug-metabolizing enzymes (Panel A), the activity of

] cytochrome P-450 1Al (CYP1Al) in the intestine is low
] during early life.

1-3 ' 3-12 ' 1-10
moe  mo yr G. L. Kearns et al.,N Engl J Med, 2003, 349:1157-67

Changes in Gastrointestinal Function

Hydrochloric acid production
Bile acid secretion

Intestinal and body length
Intestinal glutathione conjugation
Intestinal CYP1AL

-y

Bith =~ 1wk 2wk 3wk  lmo ' 3mo 1-3yr  4b6yr 5-10yr  Adult A‘i.(@

Age
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CYP450 & POLIMORFISMO

Variacdes nas sequéncias de nucleotideos do DNA, que ocorrem na populacao
geral de forma estavel, sendo encontradas com frequéncia de 1% ou superior,

sao denominadas polimorfismos genéticos

A B
u !}d - ‘ﬂq "'ﬂ? *7 r' H = - #
”' 1% F ol aia m & il
ﬂ Jwﬁ Ma M h.'lﬂ P Il
T ﬂm ol == s
'4 l )’ METABOLIZADORES  METABOLIZADORES
P t IDOS INTERMEDIARIOS
i it '” U” ﬁd” ’*w * Sem Efelto Efeito Esperado
!i_'h‘:]'['"! l”| “H“H C I C
A M|“ | t’ :)tj'li - ———
. "ll..‘- ’Ml‘s?!l L: [
B J LLI
Tlﬂfm\\“hﬁ '
METABOLIZADORES
LENTOS
Reacdes Ad !
Toricicidade A&.;,@
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All patients with same diagnosis
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1 Genetic profile for

non-response

i

or toxicity

bg o0

Treat with alternative

drug or dose

Genetic profile for
favorable response

Treat with
conventional
drug or dose

The potential of
pharmacogenomics is to
identify patients within a
population with the same
diagnosis (e.q.,
hypertension, leukemia,
asthma, etc.), who are
genetically pre-disposed
either not to respond to
therapy or to develop
unacceptable  toxicity,
and then to prospectively
alter their therapy to
avoid treatment that is
not likely to be optimal.
The remaining, now
more homogeneous
population, can then be
treated with
conventional therapy in
which they are not
genetically predisposed
to fail.

Medicina Personalizada

W. E. Evans, J. A. Johnson, Annu. Rev. Genomics Hum. Genet. 2001. 2:9-39
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CYP450 & POLIMORFISMO

O
oS O
e Pollmorflsmo Genético CYP2D6 ‘
—
CYP2D6
CHa O (2B6; 2C9; 2C19; 3A4) |
H
tamoxifeno 4-OH-tamoxifend ’ MetabO“Z&dOF |ent0 |
metabdlito ativo CYP3A4 !
(gggsgg) (2c9 etc) Perda da eficacia
(| efeito antitumoral)
O Q O ~ ’ Metabolizador répido'
—_—
(2BS6: 2%%8?9 3A4) Aumento da eficacia
O (refeito antitumoral)
H

N-demetil-tamoxifeno

metabdlito ativo| endoxifeno

Only potential drug for ER positive

premenopausal women with
CYP2D6 deficiency

Lima, L M©

’Metabolizador intermediario |
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CYP450 & POLIMORFISMO
A — Genotipagem
| EaLmacgggngmlgaul—> Medicina — | )
Personalizad \_> & Fenotipagem
1/3 obtém bgneficioll \ TEfeitos adversos
terapéuticos | 7% das hospitalizacdes (EUA)

comorbidades, diferencas
na farmacocinética e
farmacodinamica dos
medicamentos, fatores
ambientais e genéticos

Moncores et al. Rev SOCERJ. 2008;21(3):184-193

Zn\sso ¥
Lima, L M© | io
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Clarithromycin and
[ voriconazole

CH,0
Codeine S
N\
CH,
/

HO

CYP2D6

¥

Morphlne

Brain
74

Opioid activity

in
A

-

a

Itrarapid

brain
h A

-

_____________

Morphine-6-
glucuronide

bolism ?

Morphine-3-
glucuronide

Lima, L M©

b,
\

Acute renal
failure

\Kidney

The conversion of codeine into norcodeine by
CYP3A4 and into codeine-6-glucuronide by
glucuronidation usually represents 80 percent of
codeine clearance, and conversion of codeine
into morphine by CYP2D6 represents only 10
percent of codeine clearance (blue arrows).
Morphine is further metabolized into morphine-6-
glucuronide and into  morphine-3-glucuronide.
Morphine and morphine-6-glucuronide have opioid
activity (green arrows). Glucuronides are eliminated
by the kidney and are thus susceptible to
accumulation in cases of acute renal failure. The
patient (red arrows) had ultrarapid CYP2D6
metabolism, inhibition of CYP3A4 as a result of
treatment with clarithromycin and voriconazole, and
glucuronide accumulation due to acute renal failure.
Red arrows with dotted lines indicate low levels of
drug conversion or elimination, green arrows with
dotted lines indicate low levels of brain penetration,
and thick arrows indicate high levels.

CYP2D6 ultrarapid-metabolism genotype
and phenotype, in combination with drug-
induced inhibition of CYP3A4 activity and

a reduction in renal function— central
nervous system depression

Y. Gasche et al., N Engl J Med 2004, 351:2827-31 %ﬂ\Sﬁ
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TABLE 1

Genetic polymorphisms of human drug metabolizing enzymes and transporters

Enzyme

Substrates

Consequences of polymorphism
for drug effects

Phase I enzymes

CYP1AI Benzo(a)pyrene, phenacetin Not yet elucidated

CYPIA2 Acetaminophen, amonafide, caffeine, Not yet elucidated
paraxanthine, ethoxyresorufin, propranolol,
fluvoxamine

CYPI1BI Estrogen metabolites Not vet elucidated

CYP2A6 Coumarin, nicotine, halothane Cigarette addiction

CYP2B6 Cyclophosphamide, allatoxin, mephenytoin Not yet elucidated

CYP2CS8 Retinoic acid, paclitaxel Not yet elucidated

CYP2C9 Tolbutamide, warfarin, phenytoin, non-steroidal Anticoagulant effect of warfarin
anti-inflammatories

CYP2CI19 Mephenytoin, omeprazole, hexobarbital, Peptic ulcer response to omeprazole
mephobarbital. propranolol., proguanil. phenytoin

CYP2D6 Beta blockers, antidepressants, antipsychotics, Tardive dyskinesia from antipsychotics
codeine, debrisoquin, dextromethorphan, narcotic side effTects, efTicacy, and
encainide, flecainide, fluoxetine, guanoxan, dependence, imipramine dose
methoxy-amphetamine, N-propylajmaline, requirement, beta blocker effect
perhexiline, phenacetin, phenformin,
propafenone, sparteine

CYP2EI N-nitrosodimethylamine, acetaminophen, ethanol Possible effect on alcohol consumption

CYP3A4/3A5/3A7 Macrolides, cyclosporin, tacrolimus, calcium Not yet elucidated, polymorphic 3A5

Aldehyde dehydrogenase (ALDH?2)
Alcohol dehydrogenase (ADH3)

Dihydropyrimidine dehydrogenase
NQOI1 (DT-diaphorase)

Lima, L M©

channel blockers, midazolam, terfenadine,
lidocaine, dapsone, quinidine, triazolam,
etoposide, teniposide, lovastatin, alfentanil,
tamoxifen, steroids, benzo(a)pyrene
Cyclophosphamide, vinyl chloride
Ethanol

Fluorouracil
Ubiquinones, menadione, mitomycin C

W. E. Evans, J. A. Johnson, Annu. Rev. Genomics Hum. Genet. 2001. 2:9-39 iO

expression linked to 3A5
polymorphism

SCE frequency in lymphocytes

Increased alcohol consumption and
dependence

5-fluorouracil neurotoxicity

Menadione-associated urolithiasis

Labaratniia s Pl o iskac Snbamins Dacvin
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Phase 11 Enzymes
N-acetyltransferase (NAT1)

P-aminosalicylic acid, p-aminobenzoic acid,
sulfamethoxazole

Not yet elucidated

N-acetyltransferase (NAT2)

Isoniazid, hydralazine, sulfonamides, amonafide,
procainamide, dapsone, caffeine

Hypersensitivity to sulfonamides,
amonafide toxicity, hydralazine-induced
lupus, isoniazid neurotoxicity

Glutathione transferase GSTM1,
M3, T1
Glutathione transferase GSTP1

Sulfotransferases

Catechol-O-methyltransferase
Histamine methyltransferase
Thiopurine methyltransferase

UDP-glucuronosyl-transferase

UGTI1AI
UDP-glucuronosyl-transferase
UGT2Bs

Transporters
BSEP
MDR-1

MRPs

Lima, L M©

Aminochrome, dopachrome, adrenochrome and
noradrenochrome

13-cis retinoic acid, ethacrynic acid, acrolein,
epirubicin

Steroids, acetaminophen, estrogens, dopamine,
epinephrine, naringenin

Estrogens, levodopa, ascorbic acid

Histamine

Mercaptopurine, thioguanine, azathioprine

Irinotecan, bilirubin
Opioids, androgens, morphine, naproxen,
ibuprofen

Conjugates

Natural product anticancer drugs, CYP3A4
substrates, digoxin

Glutathione, glucuronide, and sulfate conjugates,
nucleoside antivirals

W. E. Evans, J. A. Johnson, Annu. Rev. Genomics Hum. Genet. 2001. 2:9-39

Not yet elucidated
Not yet elucidated
Not yet elucidated
Substance abuse, levodopa response
Not yet elucidated

Thiopurine toxicity and efficacy, risk of
second cancers

Irinotecan glucuronidation
Not yet elucidated

Not yet elucidated
Not yet elucidated

Not yet elucidated

o oSitare da Sabtimins Daciven
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R-H N

\

(e.g. farmaco)

*..Cys

redutase

ik O/_O NAD(P)* NADPIT]/"
P AN
S NADPH-P450
redutase

R= substrato '-‘ NQ

Fe*? pentacoordenado

alto spin (S =5/2)
NADPH

le
+
NADPH-P45(:\ NAD(P)

Barreiro, E.J. & Fraga, C.A.M.,
Quimica Medicinal: As Bases
Moleculares da Acédo dos
Farmacos, ArtMed Editora
Ltda, Porto Alegre, RS, 32
Edicao, 2014.
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CYP450: REGIOSSELETIVIDADE DO PROCESSO OXIDATIVO

Ligacao C-H
H-CgHs
H-CH,

H-CH,CH,
H-CH,CH,CH,
H-CH,C(CHj5);

H-CH(CH,),

H-C(CHy)3

H-CH,Ph
H-CH(CH,)Ph
H-CH(CH,),Ph

H-CH,CH=CH,

Lima, L M©

Tipo de Ligacao Energia de dissociacao em KJ/mol
464

fenila
metano
alquila primario
alquila primario
alquila primario
alquila secundario
alquila terciario
benzilica primaria
benzilica secundario
benzilica terciario
alilica primaria

alilica secundaria

. A DA LIGACAO C-H x ESTABILIDADE d

EFEITO ESTERICO

438
420
417
418
401
390
368
357
353

361

345
0 RADICAL x
&mlo(@
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1. Oxidacdo Aromética = Hidroxilacdo Aromatica

Prototipo
¢ H
A Nll’l | '\\N
“Fetd [+
o A
Fase I &
1 —b ! 1;3 C
g~ H VP 450 ys
3 (6xido de areno) s) (Complexo-c radicalar)
fenitoina metabolito inativo
Dilantin®, 1938 Enantiomeros com perfil . c
farmacocinéetico distintos A CYP450(Fe+3)
Préo-quiral H
S ® C o
Y 0 H
N; ' <N oxido de areno E
‘ I, | N
b ‘n,, Fe+3 pa B Q
AR H
N=——N NIH shift H HO
/ ’
D (0)
Cys

An NIH shift is a chemical rearrangement where a hydrogen atom on

“balanco entre efeito eletrénico & estérico” an aromatic ring undergoes an intramolecular migration primarily
during a hydroxylation reaction. This process is also known as a 1,2-

hydride shift. )
éélll ®
Lima, L M© Guroff, G. et al., Science, 1967,157 (3796): 1524—1530 St i°
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CYP450m=ed Fel CYP450m==_Fe—0

espécies deficientes
emelétrons

Grupo OH
elétron doador
orto 0I’t0l 3
meta meta

para

Grupo Ql\gm
elétron retirador l
orto orto
<>
meta meta

para
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F helix 0
@)
OH CHs
OH CHs
\ Ph HO
N Ph
—_— >
o” "0 CYP2C9
varfarina
ol 0 0
et N7 CH, N7 TCH;
- ‘ CYP450
. C holix | —_—
o . ! i \
( Y ; .
[ g acetanilida OH
Fig. 1: The binding site of S-warfarin within the active site of paracetamol
CYP2C9 leaves the haem, shown edge on in the figure, accessible
to other compounds [www.esrf.fr/.../Highlights/2003/MX/MX06 ].
HO
N<
Z N N
N N
CH; H |

minaprina CH; H tracos 0 g m-OH
®
Lima, L M© io
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CARGA ELETROSTATICA o
0o
, . 4 (0): CH;
/ OH CH,
s Ph HO
- A Ph
0,003 - o o CYP2C9
; ~ 0~ Yo
-0,206 G N7 “~
{ »
. 5> : {
~ -t -~
0,012 = % \
7’ \ -y | =
-0,258‘ e
-~ S
& ’ '
| E =-162,56 kJ/mol
E =-163,35 kJd/mol 4
"\& ‘
=4 ~
4 ¢ . - 1
Row ) soS
‘ =~ : E =-148,68 kJ/mol

an
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2. Hidroxilacao benzilica

Q 0 0
OH CYP450
N
Cl Cl
CYP3A4

alprazolam

Xanax® xanax®

(Alprazelam)

%a\sso ¥
Lima, L M© | io
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3. Hidroxilacao alilica

—CH;

CYP3A4
—

CYP2D6
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4. Hidroxilacao alifatica

CYP3A4

—_—
OH OH oH
OH N
N
terfenadina CHs CYP3A4 CHs
OH
CH;
CH; CHa

A20w O On OH
\%M e e = N
4 Z -

fexofenadina CHs

: OH

CHj

CH3 CH3 CH3

HO HO HO OH

CH
3 CYP2C9 CHs

CHs CHa CH,

ibuprofeno

Zn\sso ¥
Lima, L M© | io
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5. Hidroxilacao o-heteroatomo

il P N li
i B it
Medlcamgnto

CYP2C9

-o-sc.n-vuanueou

OH

primidona fenobarbital

H3C HsC
\ o)
N

' Valium®
| Diazepam
a O
- 60 comprimidos

diazepam

Zn\sso ¥
Lima, L M© | io
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Temazepam

k G Tablets
| 26 Tavlats

temazepam
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6. X-Desalquilacao (X=S, N, O)

pcochiiie st

TIORIDAZINA CyP4s0 _

25 mg CLORHIDRATO

i) Grageas S dea|C]UI|aQaO H
P

N CHjs N

tioridazina (antipsicético)

CHj

CYP450

»
»

O-dealquilagao O
O-demetilagdo

HO"
CODEINA MORFINA

%a\sso ¥
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6. X-Desalquilacao (X=S, N, O)

imipramina
“"' ‘@ metabdlitos ativos
J:,,T:-‘:» " it - “ v
i-MAO—> antidepressivos w

triciclicos

Cl (S)
CYP 3A4
S ——
N-demetilacéo Cl

demetilsertraline

sertraline Metabdlito ativo

Zoloft®, Pfizer t,,= 60-100 h
SSRI—>Antidepresivo

Inibidor Enzimético da CYP 2D6

%a\sso ¥
Lima, L M© | io
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6. X-Desalquilacao (X=S, N, O)

N
Il
N\rg NDC 16714+551+02
= CYP3A4
W, < Zaleplon
TN Capsules @
! | 5mg_
N J\IbHs 100 Capsules
d ./
N-Desethylzaleplon .

sedative-hypnotic

Mandrioli, R. et al, Current Drug Metabolism, 2010, 11, 815-829

Zn\sso ¥
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7. Epoxidacoes

o) o O

x CYP 450 «
/WI\ oH > WOH
; NH,

NH,
vigabatrin vigabatrin
(S)-eutdmero (S)-eutdmero

‘ ) O
A Q CYP2C9 N Q
—
O% O¢<
NH; NH,
carbamazepina

OH
g®
CYP450
—_—
HO
HO
dietilestilbestrol
(DES, FDA 1941) Estrogénio né&o-esteroide Proscrito em 1975: vaginal clear cell adenocarcinoma
sintético, prescrito para tratamento de sintomas in girls and young women who had been exposed to
da menopausa, vaginites (atréfica e gonorreica), this drug in utero

cancér de mama e prostata, etc

Lima, L M©


http://en.wikipedia.org/wiki/Gonorrhea
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7. Epoxidacoes

@)

0O | nao-genotéxico

H [e) o)

CYP3A4/2A6

OCHs

OCHjz Hepatocarcin6geno

TOXINAS Aflatoxina B1 (cancer de figado: China & Africa)

micotoxinaenconirada— |[ngestao de aflatoxina pode causar cancer

em alimentos (e.g.

amendOim, mlIhO) s aflatoxinas continuam sendo
P d i f f\ preserica classa objeto de grande atencao
ro UZIda por ungos fueataxine o quando se trata das
ASperglllus e e micotoxicoses, manifestacoes clinicas

sobremaneira para
que mais de um ter¢o
dos casos de
neoplasias tenha
relacao com a dieta

ocasionadas pelo consumo de
alimentos contaminados com
micotoxinas. A aflatoxina B1 (AFB1)
esta epidemiologicamente associada a
alta incidéncia de cancer hepatico,
sobretudo em paises tropicais. Além
isso, estima-se que cerca de 35% dos

http://www.cib.org.br/pdf/biotech09.pﬂi

direta com a dieta. Evidentemente, a

sos de neoplasias tenham relacao

presenca dessas toxinas nos alimentos é
considerada um fator importante em

tais estatisticas.
A grande suscetibilidade do Fungo Aspergillus se desenvolve
amendoim ao fungo Aspergillus flavus principalmente no milho ®

Lima, L M© io
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8. Oxidacao de heteroatomos (S, N)

CO,H

CO,H
F
o
3

(rapida) — Clinoril® 200 mg I

CYP450 CYP450 =" 'Omb& - NDC 0006-0942.68 _

E:’ *h%" ATTENTION DISPENSER:

raplda Ie nta | = S 5 R cuse o

Eg Re °"’“ Uvqrw: s m:::v-;;rm imsnsed & .o
Q H3C\S H3C— =5 100 Tablets ; _ -
H3C— S e S

100|No.3353X

97040

/ \\ bl L

- N sullndaco
e s

CYP3A4
—_—
CYP2C19
FMO
C|:H3 ;; Hs T T
CYP N
o ,?s\/N\H — N~ ~Nou ’f‘\/g\ sés\/N
3 ) -
(I':H?’ | amina 22 hidroxilamina amina 18 >>h|dr0X|Iam|na
CYP st N\ -
;\/N\ — \/©| CH + H
CH 3 Q |
3 ©0 cYP I ;g \
amina 32 N-6xido ;\/N§O N~ %O
CH3 0% nitro <<<nitroso
f’s \/(+)|
N- OXIdO
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8. Oxidacao de heteroatomos (S, N)

@) @) N—GQ
T s T
. 0 Nl
ifametoxazol oL O Nt CYPR s J~cH,
Trimetoprima \\ // / N
R e i S / CH CYP1A2 H
400mg/80mg | \N 3
. | HO
| H ~N
Cagtten 20 comg XTI H +
Medi
|GG€|’?€}?€3 HoN ~ o) o) N—C
sulfametoxazol N4 /
s s& // CH,
TEUTS ! N
TEUTC H
°x

N

<<

"Q >_ e . >_CH3

N-hidroxiacetilaminofluoreno

N-acetilaminofluoreno ] L
(Pro-carcinogénico)

amida 22 ou 12

%a\sso ¥
Lima, L M© | io
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MINI-CURSO:
Metabolismo de Farmacos: aplicacoes em
toxicologia e interagcoes medicamentosas

PARTE 2

xxm Escola
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REACOES METABOLICAS DE FASE 1: REDUGAO

Substratos: azo-derivados (N=N), nitro-derivados (NO,), cetonas (R(C=0)R),

aldeidos (R(C=0)H), sulfonas (SO,), sulfoxidos (SO), disulfetos (S-S), alcenos (C=C)

R-CH,OH | \ /D\
N 'il >
o® NADPH-CYP450
redutase
OH
OH

metronidazol H,0, (apolar)  atravessa
membranas por difusdo simples,
) ) _ oxidando ions o ferro(ll) e o
°— [ad'calh'drox'la cobre(l) (reacdo de Fenton),
R-NO, anion radical reacao Fenton ocorrendo a formagéo do radical
superéxido (polar—SQD catalase hidroxila (OH (apolar); é o ROS
(antibacteriano) mais reativo). Este mecanismo
le” é responsabilizado por danos
e 2e” 2¢e” encontrados no DNA em
_ N _N= _ R-NH situacdes de stress oxidativo
R N02 R-N=0 . R-NHOH . 2 e em acidos graxos das
membranas (peroxidacéao

lipidica)

superoxido (-O,)reage com centros de ferro-enxofre existentes em proteinas destruindo-os e levando a liberagéo de ferro
dentro da célula. Compostos contendo enxofre, como o amino&cido cisteina, séo também alvos da acdo destrutiva do

superoxido, formando sulfoxidos. ®
Lima, L M© éﬂ\ﬂ‘ io
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REACOES METABOLICAS DE FASE 1: REDUGCAO

H redutase
te- CH;
\/ r S
0 s T He N SH
sem qumona ) I’edutases 3
\ )
disulfiran HsC
DT -diaforase (2e°)
O O
A\
\\ //
/O/ \N H2
N=N Azo-redutases /O/ /@
>
sulfanllamlda
H2N N H2
Prontosil
Q HO O l
redutases
dut:
redutases
O?/‘\NHZ OJ\N H, // \\ rofecoxibe // \\
oxcarbazepine ®
io
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REACOES METABOLICAS DE FASE 1: REDUCAO

CO,H COH

c F
G503 “ CH, “ CHy

sulindaco

tablatas 200 mg
anvase con 20

HyC—S:.... HaC—%~:
o)

\
0]
acumulado i S-sulindaco
na urina e plasma R-sulindaco

FMO [H]
i [O] CO,H
metabolismo CozH CYP450 . 2

Estereoespecifico | F
enantibmero S
CHs;

HyC—Ss 70% da dose H;C—S
é’ o administrada

metabdlito ativo
metabolito inativo (inibidor da COX, AINE)

®
Lima, L MO© Hamman, M.A. et al. Biochem. Pharmacol. 2000, 60, 7 A‘i’
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REACOES METABOLICAS DE FASE 1: HIDROLISE

Substratos: Derivados de acidos carboxilicos: éster, amida, imida, ureia, tioamida,

tioéster, tioureia, carbamato, acido hidroxamico, hidrazida, sulfonilureia, etc

CH,

é o.__on
o o Cl
carboxiesterases
—_ >
H3C\N H,N N H
H3C\ 2 \S \N
N
A\
O O e}
2.121 tripamida
meperidina (2.120) (dPurético) H

CH; amidases
/Q Cl
(0] o

carboxiesterases

ﬁ’ HN_ OH
H;C S
3 Y
0
HyC__
]
SH, CH,4
2.123

propoxifeno (2.122)

%a\sso ¥
Lima, L M© | io
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REACOES METABOLICAS DE FASE 1: HIDROLISE

Zopiclone §&
Tablets

Substratos:

\_7 o Derivados de acidos

Esterase [N\ 7 carboxilicos: éster,
3 | N%}m amida, imida, ureia
= 1 ] y

" " tioamida, tioéster,

tioureia, carbamato

nonbenzodiazepine N\ Decarboxylated metabolite
hypnotic agent used in CHg (8-(5-chloropyridin-2-y1)-9-hydroxy-7-oxo- AT i AMmi
the treatment of Zopiclorie 2,5,8-triazabicyclo[4.3.0]nona-1,3,5-triene) acido hldroxamlco’
insomnia hidrazida,
CYP3A4 i i
CyPIAd e sulfonilureia, etc
CYP2EI
0
2 N
NS = [ T W )
N cl \
()0 AN
N )
0

Lima, L M©

o ,,
® o}

N-Desmethylzopiclone Zopiclone N-oxide

Mandrioli, R. et al., Current Drug Metabolism, 2010, 11, 815-829
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REACOES METABOLICAS DE FASE 1: HIDROLISE

- -o

X (R cHa
< .7 esterases plasmatlcas

“““ >

,O resiste as esterases

. plasméticas, mas é
ndcleo tropano . B

9) _ hidrolisado por
cocaina ecgonina esterases hepéticas
. - inespecificas . :
Erythroxylon Améri I :
(Erythroxylon coca; £rica oo Sul) (carboxiesterases). benzoilecgonina
Cocaetileno

“detectada até 48h apos

(transesterificagcdo com EtOH) o uso da cocaina”

NS
’ 4

0,305 (Mulliken charge)

' "

0,350 (Mulliken charge)

Lima, L M© &ASSBio
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Most controlled drugs and drugs of abuse are integrated into the hair matrix in a
number of ways: (i) an endogenous-exogenous pathway; transfer or absorption of
drug molecules into hair duct in the form of sweat and sebum from transdermal
secretion, or (ii) by an endogenous pathway; the drug molecules diffuse into
growing hair from circulatory system using passive transport.

Cuticle

Trace amounts of
chemical substance
entrapped in cortex

Skin 20,0
15.0
2 ,-5.‘.,|<;-_.-i~:&
= =
£ 100
g
I
£
S
=
3 50
E I
wo L i Li
é? &Qﬁxﬁﬁoﬁoﬁoﬁ {‘-@ 0§¢@¢L®;§¢£ cé‘& \ ﬁ é&\@ éﬂ" ® @b®@® -:»ﬁ
aF | & P S - S N Ew 3 > UL
FEF IS EAE IS
& o @ & & & R F o g
&
-5.0 o K
Analytes
Figure 3 Mean concentrations of analytes along with the frequency of positive cccurrences (shown in brackets). The emor bars represents
smndard deviation.
L -

Lima, L M© litaf Shah et al., Chemistry Central Journal 2014, 8:73
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REACOES METABOLICAS DE FASE 1: HIDROLISE

Hs

CH3
HO
amldases @: \|(\ k

xilidina
xilocaina minoritarios
(lidocaina)
HoN CHs
amidases on HN~
. . _— . N
ty;=25-45h 15 ! k PABA k
""" CH; .0 CH;
majOI’I'[aI’IOS

~ rocainamida
alteracao na P t,,=25a45h

velocidade de H,N

metabolizacéo esterases
_ —_— OH
OV\ N/\CH3
H3C\ 0 (@)
N ,CHs CH, PABA (majoritario)
© ' 40-84 d
Procaina tp= Seg“” 0sS
o t,,=40 a 84 seq
PABA (reacgdes alérgicas)
Protdtipo . 5 Adm intramuscular e subcutanea
cocaina
(Erythroxylon coca; Ameérica do Sul) I

Lima, L M©
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Mapas de potencial eletrostatico dgjprocainamida (B) e procaina (D) e
orbitalﬂ‘_UMoga procaingmida (A) e procaiga (C)

procaina

Lima, L M© procainamida
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BIOTANSFORMAGCOES NAO MICROSSOMAIS

NH, ‘( NH, OH
N\
HO HO ) HO 9]
\ MAO \ E’ MAO \
— —_—
N N N
\ \ \
H H

. H
serotonina

MAO-A=> substrato preferencial serotonina (SNC, Gl, figado, placenta)
MAO-B= substrato preferencial feniletilamina (SNC e plaquetas)

anfetamina
HiC
Maxalf /f/’ﬂ 70.. N—CHg OH
Ry \ - N
el g wen A Y
N H

3 MEROK SR8 DOreR I
rizatriptano
Lima, L M© %ﬂ\so_io
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BIOTANSFORMAGCOES NAO MICROSSOMAIS

B3 -oxidases _
hepaticas

NHSO,Ph
TPant NHSOzph 2

O

s"
PDH HO N~~~ CHs

bt

O

lPG R

b/ 2 U lsm K‘ g
\ — ‘i'" . . nr_.‘ 1 a2 ' \7‘\3" ;
Lima, L MO é i I.
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BIOTANSFORMAGCOES NAO MICROSSOMAIS

ABACAVIR
BRASC0 3 4 yabetiM

abacavir (2.106) (2.107)
(2.105)
1 ADCOS
l’ LT HsC CHs H3C CHs CHs CHs OH
- N A A ADH | NV YV Ya N 5
ADCOS | RmR ALDH
=—1 retinol A i e
CH acido retinoico
: (2.108) ’ (2.109)

%a\sso ¥
Lima, L M© | io
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METABOLISMO DE FASE 2

CARACTERISTICAS: 1. S&o catalisadas por enzimas conhecias pelo termo geral de transferases; 2. Participacdo de
um co-fator que se liga a enzima nas proximidade do substrato e carrega uma molécula endégena ou uma unidade
a ser transferida; 3. Transfere uma molécula enddégena altamente polar e de tamanho comparavel ao substrato; 4.
Excecdes: reacdes de metilacdo e acetilacao

Reacéo Enzima Localizagéo Cofator ou Doador ativo
subcelular

UDP-glicuronil Microssoma UDP-&cido glicurénico
Transferase (UGT) (UDPGA)

Sulfotransferase Citosol 3’-fosfoadenosina-5’-
(SULT) Fosfosulfato (PAPS)

_ Citosol Acetil-coenzima A

glicina (acetilCoA)
Metiltransferase Citosol S-adenosilmetionina
(MT) (SAM)

Acetilacédo Acetiltransferase Citosol S-acetilcoenzima A
(AC) (S-acetilCoA)
Conjugacéao com Glutationa-S- Citosol Glutationa
glutationa transferase (GSH)
(GTS)

Lima, L M©
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1. GLICURONIDAGAO

Q CH,OH o
0
o) O O O 0~ °N HO 5 8 o0Z >N
HO @ I_o_I_o_I_o 007 0 1.0
HO + P P P ~p” Np~

0 Il Il @)
O _ (@] O 0] ‘ (0] 0]
PO
glicose 1-fosfato ° UTP OH  OH

UDP-glicose =~ OH OH

PPi
2 NAD"
UTP = uridinatrifosfato; UDP = Uridina difosfato
2 NADH + H"
CO,H
Ho© P HN)H
METABOLITOS UDP-glicuronil HO 0‘8/ O)\N |
GLICURONADOS | ,  ‘ransferase NN
_ I I 0
= Substratos UDPAcido i © O
X-Glicuronideos Nucleofilicos rach FEHIonie? Lol
(ROH, RNH, RSH) UDPGA
doador ativado

%a\sso ¥
Lima, L M© | io
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In human up to 22 UGT isoforms have been identified to date belonging to 1A,
2A, 2B, 3A and 8A subfamilies;

Among these families, UGT1A, 2A and 2B are particularly active in xenobiotic
biotransformation;

UGT isoforms exhibit tissue specificity in terms of isoform present and level of
expression

If liver contains the greatest amount and variety of UGT isoforms,
other organs, such as kidney or the intestinal tract are known to
express several isoforms in significant amount;

UGT has also been found in brain and associated tissues;

The nasal cavity which affords a direct route of entry for xenobiotics
to the brain contains specific UGTs isoform that are highly expressed

in the olfactory tissue.

Lima, L M© M. Ouzzine et al., Front. Cell. Neurosci., 2014, 8: 1-12 za\sou@
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1. GLICURONIDACAO
)\ substratos Efeito de 12 passagem
( \ 0 x biodisponibilidade
HO,C
ArCO,H; RCO,H
HO A‘ P >
HO :
) lon o O N ArOH;ROH HO,C A
acido glicuronico (I.l g ArSH; RSH HO OH X=N, O, S
. > i T

UDP-acido glicurdnico

inversdo de configuracdo (SN,)  UDP-glicuronil transferase

figado e intestino

BIODISPONIBILIDADE
Fracdo ou percentagem do farmaco Relacdo entre quantidade Absorcgao
(xenobidtico) j>l absorvida e quantidade jl> e
que atinge a circulagao eliminada pelas diferentes Metabolismo
sisttmica a partir do local de sua etapas metabdlicas de 1°
administracao passagem

%a\sso ¥
Lima, L M© | io
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Systemic
Circulation

Oral
Medication

Hepatic

\Vein

efeito de 12 passagem

hepatico

i

Artery

Hepatic

Portal

\Vein :
Intestinal
Tract
' d . a
eimmarama | it de 1*passagem

Metabolismo — Aumento da Depuracéo (Clearance) — Compromete Efeito Terapéutico

Lima, L M©
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Zn\sso *
Lima, L M© G. R. Wilkinson, N Engl J Med 2005, 352:2211-2221 = ASSBio
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1. GLICURONIDACAO

O\ /O
\S/ \\//
H,N”
CYP450
N—N
CELEBREX 200mg CF3
HO

celecoxib

H N CHj
N CH;
Fase 11
CYP450 — 5 HOC o
UDP-glicuronil
- oM transferase

acetanilida paracetamol
HO OH
HO

Lima, L M©

o}
H\N/l\CH3

:

@)

\\//
CYP450 \Q
N—N N—N
\ P
NN, i O CFy
Fase I
UDP-glicuronil-
transferase
\\S// v
HZN/ \O\
~N
N _cor,
CO,H ~
HO ©
HO © , |
e éster de glicuronato
O

Vacie oSt are da Snbardmcins Iaciven


http://images.google.com.br/imgres?imgurl=http://www.111drugstore.com/image/topsell/celebrex.gif&imgrefurl=http://www.111drugstore.com/Celebrex.htm&h=149&w=218&sz=6&hl=pt-BR&start=2&tbnid=Q5lijPQDaFq-TM:&tbnh=73&tbnw=107&prev=/images?q=celebrex&svnum=10&hl=pt-BR&lr=&sa=G
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1. GLICURONIDACAO

HO,C
Morphine-3-glucuronide HO
HO
90%
HO3 /
‘ inactive
UGT2B7
& N
_ —CHs
HO" 6
Morphine \
10%
HO,C
Morphine-6-glucuronide HO o
HO active

OH

It presents a higher analgesic potency than morphine. It has been shown that morphine-6-O-glucuronide exhibited a slow
transport across the BBB compared to morphine, therefore the presence of GT2B7 in brain may lead to local formation of
morphine-6-0O-glucuronide that can exert its analgesic actions.

%ﬂ\Sﬁ

Lima, L M© M. Ouzzine et al., Front. Cell. Neurosci., 2014, 8:1-122 =
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1. Sulfatacao ou Sulfoconjugacao

H,N
N—~Z N
/f\
1)

METABOLITOS
Esteres de sulfonatos

Lima, L M©

PPi —» 2PI

sulfotransferase

A

H,N
N—~Z N
/\/CL\
1)

OH OH

adenililsulfato (APS)
ou adenosina 5’-fosfosulfato

Substratos
Nucleofilicos
(ROH, RNH,)

figado e intestino

ATP
HoN
ADP N / N
L)
e ~
@ O O N N
o\g/o\g)/o
I I
/O O ©
/O OH
O=P—®

i \
doador ativado Oo
3'-fosfoadenosina-5'-fosfosulfato (PAPS)
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2. Sulfatacao ou Sulfoconjugacao

O O
\\S// o
NH», Q/ ~0
N~
</ N
OH N~ X ) sulfotransferase
Oy F|, _0O N >
O
5 o _N CHj3
SNy PAPS CH3 H
/7 \
00 ©
O OH paracetamol
OPO3H, RCONHCH,CO,H RCO,Glicuronato
R-O-SO3H

R-O-Glicuronato

NH,

acido p-amino salicilico
/ \ (tuberculostatico)

R-NH-Glicuronato R-NH-SO3H  (sulfamato)

Zn\sso ¥
Lima, L M© | io
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ADH |
5-HT 5-HIAA ' Sulfate (S) Glucuronide (G) |

Major metabolic pathway of serotonin (5-hydroxytryptamine) and dopamine (DA) to
Phase | and Phase Il metabolites (sulfate, S; glucuronide, G). Monoamine oxidase (MAO),
aldehyde dehydrogenase (ADH) 3,4-dihydrophenylacetic acid (DOPAC), homovanillic acid
(HVA), catechol-O-methyltransferases (COMT), 5-hydroxyindoleacetic acid (5-HIAA). Main
sulfo- and glucuronoconjugate found in human brain are indicated by arrows (data
from Suominen et al., 2013).

_ M. Ouzzine et al., Front. Cell. Neurosci., 2014, 8: 1-12 %n\SOi ®
Lima,LM®@ e - Ha2310



Basolateral
(Blood)

Lima, L M©
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Hepatocyte

Apical
(Bile)

A.E. Riedmaier et al., Pharmacol Rev, 2012, 64:421— 449.

Choroid Plexus

ATP, 3 Na*
2T Nar/k+
2kt ATPase
3 Nat,
oA a:. NaDC3
OATS T aKG* ] op-
a-KG= W oa3
a-KGZ !

Apical Basolateral
(CSF) (Blood)
S —

3 Na*
Na+/K+
ATPase

Basolateral
(Blood)

Trophoblast Cells
OA™
v A
N X NHES
H+

Basolateral Apical
(Fetal blood) (Maternal blood)

Tissue localization of selected human organic
anion transporter proteins and their mechanism
of action. Transporters located on the
membrane domains of kidney proximal
tubules, hepatocytes, choroid plexus
epithelial cells, and placenta trophoblast cells
are presented. OA-, organic anion; a-KG, a-
ketoglutarate; SMCT, sodium-coupled
monocarboxylate transporter | (SLC5A8); NHE3,
sodium-hydrogen antiporter 3 (SLC9A3); NADC3,
sodium-dependent dicarboxylate transporter 3
(SLC13A3); SCFA, short-chain fatty acid.

OATs act in secretion of drugs and their metabolites
between blood and intracellular fluid in a protein-

mediated process that frequently involves direct or

indirect expenditure of energy

All OATs are expressed in the two major excretory

organs of the body (i.e., kidney and/or liver)
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3. Conjugacao com aminoacido (Gly,

Substratos: RCO,H glicina N-acil-
acil-CoA ligases 0 transferase

O
X X, e Ja goseon ]
o TR R R " ¥R

ATP Pirofosfato HSCoA AMP

\ HSCoA /

mucosa Gl; figado e rins

acil-sintetase
N

Cl ATP + CoA

—>
transacetilase
montelukast

H,NCH,CO,H

%a\sso ¥
Lima, L M© | io
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4. Acetilacao
Substratos: OH, NH,, NH, SH
Reagdio geral: N-Acetiltransferase

NH, /, \ » - NHCOCH;,

CH;COSCoA HSCoA
AcetilCoA

Ligagdo de MHgy
alta energia <N | oy
"
0 H o
/ 1 s e g N
e —— i —
R G e
L 1 1 O [.:]H:] f:HE' ':E ':}E
Acetil B-mercapto- HL Oy
etilamina .:.=|_l-_.:ua
|
Ci
| I |
Acide pantoténico 3" .5 -ADP
‘ (Vitamina Bg) ‘

Acetil Coenzima A

0 0
0 O N .

v |l ~ z
S\N NZ acil-transferase O/ :!\: N
|1| Acetil-CoA NH
X .
sulfapiridina 0 CH;
®
Lima, L MO | io

Labaratniia s Pl o iskac Snbamins Dacvin



XXIIl Escola de Verao em Quimica Farmacéutica e Medicinal

5. Metilacao

H,N H,N
CO,H
N—yZZ T H,N N—y” R‘
CO,H 4 < ) ( < )
N~ N NT N
@
HaN HyC”
metionina T / O

OH OH

ATP

S-adenosil-metionina (SAM)

doador ativado

adenosil-homocisteina

METABOLITOS \_/rnetil-transferase
METILADOS Substratos

Nucleofilicos
(ROH, RNHR; RNH,, RSH)

%a\sso ¥
Lima, L M© | io
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5. Metilacao

"@ B¢ v (o) e
‘ feniletanol
HO HO

—_—
. adrenalina
noradrenalina

OH H

N-metil-transferase

-

l COMT (catecol o-metil-transferase) coMT

OH II—I
§ & N
~
@ NH, CH;
g o
HO
N S-metil transferase N XN
DS - LY
N N H

N

6-me rcapto-purina
(antimetabolito, cancer)

metabdlito inativo

Lima, L M©

serotonina

l N-acetiltransferase

N-acetilserotonina ]\:[

hidroxi-mdol O-metil-transferase
H CH;

melatonma
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norepinephrine I

25hr — 24hr 4

) 5 adenylate (AANAT) I

pincalocyte

f tryptophan
¥

S-hydroxytryptohan

v

serotonin

arvlalkylamine
CAMPI—) N-acetyltransferase =3

cyclase

suprachiasmatic hypothalamus
nucleus (SCN)

B -receptor

N-acetylserotonin
ATP

hydroxyindole-0-methyltransferase
(HIOMT)

superior
—

AANAT is arate-limiting

: mto
enzyme of melatonin
synthesis the blood

_ cervical
night ganglion

Fig. I. Pathway of melatonin synthesis in the human pineal gland

Adapted from Reference No. 9 (Hattori A. The basic information for melatonin. Modern Physician 27: 1053-1056, 2007)

v The presence of melatonin receptors has so far been confirmed in the brain (including the SCN), spinal cord,
pituitary gland, retina, spleen, thymus, adrenal gland, liver, kidney, heart, lungs, testes, ovaries, blood vessels,

lymphocytes, and osteoblastos.

Lima, L M©

Y. Yonei et al., Anti-Aging Medicine 2010, 7: 85-91.
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H,C—O

Da %,

(light period) %,
>

Stin ulation ~ |

1

\

Night | | | “‘
(dark period) Suprachiasmatic i
G| W

Superior cervical ganglion ——

Lima, L M©

Released from white
blood cells. Regulates
the immune system in
differant ways.

Frotects skin cells
against U\V-damage
and regulates skin
pigmentation.

It's a general
anfioxidant and has
cell-protective

properties.

Dilates and contracts
blood vessels.

Melatonin: conductor of a large orchestra

Released in the retina.
Seems to regulate cell
growth locally.

HiC—p

Inhibits the release of
insulin from f-cells in the
pancreas.

V Simonneaux and C Ribelayga, Pharmacological Reviews 2003, 55, 325-395

Day/night rhythm - a “darkness”
signal in the brain. Released from
the pineal gland. Controls the timing
of many of the other functions.

Regulates hormone release,
especially for reproduction and
sexual maturation. Inhibits the
release of prolactin, luteinizing
hormaone, follicle stimulating
homone and others,

Et c. Melatonin receptors are
also expressed in the intestine,
fat tissue, liver, kidnays,
adrenal glands, lungs...
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6. Conjugacao com Glutationa

ENZIMA: GLUTATIONA
TRANSFERASE

Bionucleofilos
Endogenos
Glutationa
Adenina
Guanina
Serina
Lisina
DNA
RNA

Lima, L M©
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O Cl Cl
HZN//,,' O CI
acido etacrinico (2.189) - 2.190
HO OH
@)
HN @)
O I \I
ONO, S
N NN GTs N X N O NH
| : S )
GSH
/ /
nicorandil (2.191) 2.192

Zn\sso ¥
Lima, L M© | io
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PAPEL DO METABOLISMO NA TOXICIDADE DE FARMACOS

Cellular -
5 #
DRUG |- aEerailaton Toxicity

quinone
Phase I/l Bioactivation ++ hydroxylarilie
* \ * nitroso
Stable Reactive * furan
metabolites metabolites * thiophene
* allylic alcohol
Bioinactivation » epoxide
* carbocation

* quinoneimine
* acyl halide
* acyl glucuronide

Excretion _ _
Toxic metabolites

Toxicophores

Meia vida menor de 1 min; Nao detectaveis em plasma; Formacao de eletréfilos

®
Lima, L M© K. Park et al. Toxicology and Applied Pharmacology 207 (2005) S425- S434 %ﬂ\Sﬁo
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PAPEL DO METABOLISMO NA TOXICIDADE DE FARMACOS

Efeitos adversos/toxicos induzidos por farmacos
Reversiveis/PREVISIVEIS

Irreversiveis/IMPREDIZIVEIS

Tipo A Tipo B

~80% 20%

> Previsiveis > Nao previsiveis (idiossincratico)

farmacologia primaria e/ou secundaria
» No mostram relacoes dose-resposta

» Potencialmente mortais

» (Os mecanismos de acao nao sao
conhecidos ou entendidos
completamente

> Efeito farmacoldgico exagerado

» Doses-dependente

» Variacao Inter-individuos

» 80% de todos os casos

» Pode tratar-se com ajuste de doses

Metabolismo

> Susceptibilidade| R€SPostaimune

Ambiente
Genética
Estrutura Quimica

inter-individuos

Lima, L M©
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Table 1. Idiosyncratic Drug Reactions and the Cells That Are Affected.

Type of Reaction

Hepatocellular

Cholestasis
Immunoallergic

Granulomatous

Microvesicular
fat

Steatohepatitis

Autoimmune

Fibrosis

Vascular
collapse

Oncogenesis

Mixed

Effect on Cells

Direct effect or production by enzyme—drug adduct
leads to cell dysfunction, membrane dysfunc-
tion, cytotoxic T-cell response

Injury to canalicular membrane and transporters

Enzyme—drug adducts on cell surface induce IgE
response

Macrophages, lymphocytes infiltrate hepatic lobule

Altered mitochondrial respiration, B-oxidation
leads to lactic acidosis and triglyceride accu-
mulation

Multifactorial

Cytotoxic lymphocyte response directed at hepato-
cyte membrane components

Activation of stellate cells

Causes ischemic or hypoxic injury

Encourages tumor formation

Cytoplasmic and canalicular injury, direct damage
to bile ducts

Examples of Drugs

Isoniazid, trazodone, diclofenac, nefazodone,
venlafaxine, lovastatin

Chlorpromazine, estrogen, erythromycin and its
derivatives

Halothane, phenytoin, sulfamethoxazole

Diltiazem, sulfa drugs, quinidine

Didanosine, tetracycline, acetylsalicylic acid,
valproic acid

Amiodarone, tamoxifen

Nitrofurantoin, methyldopa, lovastatin, mino-
cycline

Methotrexate, excess vitamin A

Nicotinic acid, cocaine, methylenedioxymeth-
amphetamine

Oral contraceptives, androgens

Amoxicillin—clavulanate, carbamazepine, herbs,
cyclosporine, methimazole, troglitazone

Lima, L M©

Lee, W. M. N Engl J Med 2003;349:474-85.
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PAPEL DO METABOLISMO NA TOXICIDADE DE FARMACOS

Efeitos adversos/toxicos induzidos por farmacos

Reversiveis/PREVISIVEIS

Tipo Al: Dependente da concen-

tracao (fjanela terapéutica). S
Exemplos: digoxina, varfarina
H,N N

tracao de metabaolitos ativos

Irreversiveis/IMPREDIZIVEIS

. dapsona
Tipo A2: Dependente da concen- a ERITROCITOS ©Xi-HB GSSG
i Meta-HB

Exemplos: benzocaina; dapsona

Meta-hemoglobinemia — desordem caracterizada pela presenca de um nivel
mais alto do que o normal de meta-hemoglobina no sangue. O excesso de meta-
hemoglobina (>1%), isto € forma de hemoglobina que nédo é capaz de carrear
oxigénio, acontece quando o ferro do heme é oxidado Fe3* a uma
velocidade superior do que a reducao do ferro para Fe?*. Esta situacédo pode
acontecer devido a presenca de algumas substancias toxicas (e.g. farmacos) ou
devido a deficiéncias enzimaticas congénitas (e.g. glicose 6-fosfato
desidrogenase).

A metemoglobina redutase dependente de NADH (diaforese 1) é responsavel
pela conversdo de metemoglobina de volta a hemoglobina

Lima, L M©

Niveis de GSH aumentam
concentragdo da meta-HB via reducao
nitroso a hidroxilamina

consequéncias: Fadiga, nauseas, dor de cabeca, anemia zﬁ\Sﬂ

Labaataia s Pl o i




XXIIl Escola de Verao em Quimica Farmacéutica e Medicinal

PAPEL DO METABOLISMO NA TOXICIDADE DE FARMACOS

Efeitos adversos/toxicos induzidos por farmacos
Reversiveis/PREVISIVEIS

Irreversiveis/IMPREDIZIVEIS
sem relacdo direta com dose

Tipo B1: Necrose Tipo B2: imune Tipo B3: cancer
e.g. paracetamol e.g. penicilina e.g. antineoplasicos
\ v J

reacdes adversas idiossincraticas

I
subunidades ou metabdlitos ou reativos (eletrofilicos)

r ™
P L
HN CH, N| CHs
gg%ﬁ% :: > [NECROSE HEPATICA]
_> ‘
5-15% Ligacdo covalente com
o) proteinas dos hepatoécitos
OH
paracetamol metabélito reativo M‘ ®

Lima, L M© S g fo
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PAPEL DO METABOLISMO NA TOXICIDADE DE FARMACOS

ReacOes adversas: Tipo B
Discrasias sanguineas; anafilaxia; hepatotoxicidade,
alergias, carcinogenicidade; teratogenicidade

dietilestilbestrol METABOLITO REATIVO

Proscrito em 1975: vaginal clear cell adenocarcinoma in girls and
young women who had been exposed to this drug in utero

Q SQ

r

COZH cl O/\COZH

CYP2C9

acido tienifico METABOLITO REATIVO ~ Cl

hepatite Q
medicamentosa J.

HipoGtese: hapteno

Cl

METABOLITO REATIVO
Cl ®
Lima, L M© zﬁ\Sﬂo
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PAPEL DO METABOLISMO NA TOXICIDADE DE FARMACOS

Reacdes adversas: Tipo B (Discrasias sanguineas; anafilaxia; hepatotoxicidade,
alergias, carcinogenicidade; teratogenicidade)

( H
|
CYP450 N
HO2 C gt S O
2 A g
i o 0° HO2 s
furosemida

40 mg

%]
/ Aventis
7\
diurético S
— |i| b J
0~ oYy A\ |{| a
|1| ® NH : O/\/
HOz J s\( _N N
0) @) S -
O O HO:C - 7 S\\

H
D\/'l' a
o~ Yo
o’ % 1 HO2 C s/

Necrose hepatica e renal &\Sﬁ .

Lima,LM® e naaB10
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PAPEL DO METABOLISMO NA TOXICIDADE DE FARMACOS

Reacdes adversas: Tipo B (Discrasias sanguineas; anafilaxia; hepatotoxicidade,
alergias, carcinogenicidade, teratogenicidade)

H Lys m % H S /O
Ph/ﬁl/ \_I/S Ph/\n/ - <
> N OH
© /'_N\>< © "
o E proteinas-Lisina S NH

Penicilina G O/\OH Proteina

aduto peniciloil-ptn (propriedades antigénicas)

1
12
12 1 12 1
10 10 “

10 5 9 3

9 3 9
HO
o Epoxido 7 6 5

7 6 5 o~ 7 6 5 Hidrolase

N

OH
CYP
benzo[a]pireno </ | )Ni L l 12 1
presente na fumaca de N NS
cigarros, carvao (sobre vvu./,
carnes assadas ou carnes e
peixes defumados)

carcinogenicidade %ﬂ\SO ®
Lima, L M© io
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PAPEL DO METABOLISMO NA TOXICIDADE DE FARMACOS

s
A m\ﬂm

[EII Trogiitazana B [miazoiinediona ring]
“Hm >>CYP3A4 >>CYP3A4
<<CYP2C8 <<CYP2C8

s

jm] [ﬁiﬂ ]
\ lrm

XX X ”f;“/_m Ay

sing exidaticn (- M1)

|
O &G e
HE 5 5
[ Hg | H T
‘Q\}# H./J\".’H ‘-Tlr"
o o 0
L M3

®
Lima, L M© Guengerich, F. P. Chem. Res. Toxicol. 2008, 21, 70-83 z_a\sai.
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ay 0
OH OH
4 peroxidases H e a q._ o |
COMT R ™, e O estradiol3,dquinona
- -
lento o ) DMNA-Damage
H O Genotoxic; carcinogenes is
O eziradiol 3,4-semiquinona
4metoriesiradiol [ - hidro xdestradiol |
CYPIB1 cayy OH
17-p- hidm xd-e siadiol-
o e
L~
T CYP&D
Ba., 156,
16a-, 16 80% transformada no
hidmd-extradiol HO H
17 Brluﬂ:memﬂml figado ao metabdlito 2-
{1'."&1-!:'1)} subftransforases
e l hidroxiestradiol
CYPIA4 ’ OH ay © .

oy, OH g
o 20% no metabolito 4-
0 : : :
HC oo hidroxi-estradiol.

HO rapido ,
2 roefoxiefradial No Utero e mama
(1 niveis de CYPIBI) a

D:@ E i @ 4-hidroxilacéo é o
ij\/:L metabdlito majoritario — 1
ctradiol 23 quinoma risco de toxicidade seletiva

estradiol 2,3 semiquinona nestes tecidos.
Ion-carginogenes is
Lima, L M© : wR338io

Tsuchiya, Y. et al. (2005) Cancer Letters 227: 115 === e
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@)
HO
OH
O H,N
hidrolases L- Asp
_—
+
OH
. H,N
Aspartame: Ester metilico da L-a-aspartil-L-fenilalanina (dipeptideo) 5 L- Phe

Fenilcetonuria — doencga genética caracterizada pelo defeito ou auséncia da enzima
fenilalanina hidroxilase (Phe - Tyr = sintese de melanina). Sintomas: oligofrenia (QI
<90; deficit de inteligéncia), atraso do desenvolvimento psicomotor (andar ou falar),
convulsdes, hiperatividade, tremor e microcefalia.

Efeitos adversos : neurotoxicidade e carcinogenicidade

Russel L. Blaylock (J Neuropathology Experimental Neurology. 1996;55:1115-23) ao
estudar o_acido _aspartico que € um_aminoacido que constitui 40% do aspartame
descreveu mais _de 500 experiéncias cientificas comprovando a deterioracdo das
células neurais

QBrain dysfunction in phenylketonuria: is phenylalanine toxicity the only possible cause? J
Inherit Metab Dis. 2009 Feb;32(1):46-51.

%a\sso ¥
Lima, L M© io
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The pathophysiology of brain dysfunction in phenylketonuria

High phenylalanine concentration and “normal” LMAA concentrations

Plasma
Bfood brain barrier Competitive blood-brain barrier transpert :
Brmain
High phenylalanine Low LMAA
Al LMNAA Specifically
{except phenylalaning) tyrosine and tryplophan
Decreased Decreased Decreased
Glutamatergic Pyruvate HMG-CoA  Tyrosine and protein synthesis neurctransmitters
synapfic kinase reductase  tryplophan
transmission hydroxylase
Defective
myelinaticn
Cognitive deficits, neuropsychelegical, and neurophysiclegical dysfunction,
possibly caused by decreased synaptic plasticity andfor reduced axonal cutgrowth
F. J. van Spronsen et al., Inherit Metab Dis., 2009, 32: 46-51
Lima, L M©
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MINI-CURSO:
Metabolismo de Farmacos: aplicacoes em
toxicologia e interagcoes medicamentosas

PARTE 3

BiEssolat
em Qllll:ll'(‘%a.;gll"l:;acéutlca

én\sso ®
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METABOLISMO & DESENHO DE FARMACOS

F F
| s e L
/) —CF;3 I A\ cp. Moleculares CE
NN Il < Ne 3 3
_________________ » N
ch\s /©/ inativo Q
7\
O O sC58125
prototipo .
IC;> 100 uM (COX-1) SE° "
ICcy= 0,1 pM (COX-2) HsC™ O n
v
O\\S//O Y
H,N R ICsy (COX-1)  ICg, (COX-2)
CF, <100 pM 8,23 uM
Cl 17 uM 0,01 uM |
F 25 UM 0,041 pM
CH, 15 uM 0,04 uM
OCH, 2,58 uM 0,008 M
SCH, 1,19 uM 0,009 uM
NHCH, 13,8 uM 0,016 uM
CO,H >250 pM 11,2 pM
3-CH, 33,9 M 0,069 uM
2-CH, 18,1 uM 0,11 uM

celecoxib
COX-2 seletivo

1S=460

Lima, L MO Penning, TD et al. (1997) J. Med. Chem. 40: 1347-1365
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METABOLISMO & DESENHO DE FARMACOS

Z NN
CYP1A2
GTS/GSH
alpidem 2.250 2.251
Alpidem:

Aprovado FDA em 1992
Proscrito em 1995 .
Hepatotdxico - i = Hsc

2.252

zolpidem 2.37 2.253
N CHs

HsC _N—CHy
HsC

homologo inferior

%a\sso ¥
Lima, L M© | io
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METABOLISMO & DESENHO DE FARMACOS

C*uvpg *uvm

buspirona-analogo
uspirona €50 (SHE“\) 0.025 ICsp (5HT 1) = 0,063
ty,=4,6 50 1A) =Y,
v ty, =523 h

BUSPAR

ansiolitico (agonista de receptores de serotonina);
refeito 12 passagem; | biodisponibilidade oral

0 OH O OH
N N
N N

CHs
pA2 (NK2)=9.3
t]_/z =< 10 min (HLM)
N-desalquilacéo Cl cl

%a\sso ¥
Lima, L M© &ASSBio
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METABOLISMO & DESENHO DE FARMACOS

MExalt 10 Nt
(rizatriptan)
N~
2o
—
ty, = ~2-3h
rizatriptano
(MAO, SIM)
N
; — o0
\
N \ 5 > \S// N \
0 - ©/ N éH N
Y (cletriptan HBn H : a
O L t,, = ~4h saaaire
eletriptano QI
(MAO, Néo)
/O_!;
N
| Naratriptan HEXAL" Qe
| beiMigrne 28wt HC
re H \
B 2 revactaeeen t1/2 - ~6h ) H
L — rerdripao
MNPAQ ND)
Agonistas 5-HT1
Stepan, A. F. et al., Med. Chem. Commun., 2013, 4, 631-652
éé‘:l ®
Lima,LMO@ . ASSBio
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Pro-Farmaco: substancia desprovida de atividade farmacolégica intrinseca, termo

cunhado por Albert em 1958.

Posteriormente modificado para:

1) substancia com nenhuma ou pouca atividade farmacoldgica, sofrendo biotransformacdo a metabdlitos ativos

terapéuticamente.

2) Derivado de um farmaco conhecido, de propriedades fisico-quimicas melhoradas, aumentando a biodisponibilidade do
farmaco original, e que mediante processo enzimatico ou quimico é transformado no farmaco que lhe deu origem, antes de
atingir o seu local de acdo ou ainda no préprio local de acao (Korolkovas & Burckhalter, 1988).

Farmacéuticos
Melhorias: solubilidade,

Estabilidade, sabor, odor,
perfil irritante

Farmacocinéticos
Melhorias: absorcéo, estabilidade
metabodlica, F%, Cl, Tmax, AUC, etc

Farmacodinamica
Melhorias: indice terapéutico, toxicidade,
ativacao in situ de agentes cititoxicos

Lima, L M©
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Enzymatic
and/or chemical

i
|
1
L
1
! transformation
1
i I
1 1 >
DD —&
I 1
1

Ethers

b Carbonates —=

R! O
N @/ —ol ol

R!

O
/ ‘\/ —s =l p
Esters /
(0] (¢] \
S R
0 R! 0 \ Phosphates
(0}

\LO_I_OJI_RJ \

i

Amides O
1 i

A\ —O/\O—ll’—OH

0

0

11

P

1

Carbamates
o < —N “0-P—0OH
.._o_u_ NR )// \ OH
N-Mannich bases Oximes Imines
o OR R
S N’ N
—H I I
R! ST S

PRO-FARMACOS

A simplified representative
illustration of the prodrug concept.

a | The drug—promoiety is the prodrug
that is typically pharmacologically
inactive.

In broad terms, the barrier can be
thought of as any liability or limitation of
a parent drug

that prevents optimal
(bio)pharmaceutical or pharmacokinetic
performance, and which

has to be overcome for the
development of a marketable drug. The
drug and promoiety

are covalently linked via bioreversible
groups that are chemically or
enzymatically labile,

such as those shown here. The ‘ideal’
prodrug yields the parent drug with high
recovery

ratios, with the promoiety being non-
toxic. b | Common functional groups on
parent

drugs that are amenable to prodrug
design (shown in green). Most prodrug
approaches

require a ‘synthetic handle’ on the drug,
which are typically heteroatomic groups.

J. Rautio et al., Nature Reviews Drug Discovery, 2008, 7, 255-270

Lima, L M©

P-W. Hsieh et al., Current Pharmaceutical Design, 2009, 15, 2236-2250
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The rationale behind the use of the prodrug approach

Barrier to Overcome

Examples of Applicable Prodrugs

Preferable Site of Bioconversion

Common Functional Groups Amenable
to the Prodrug Method

Formulation and administration

e Low agqueous solubility
o Low shelf-life

® Pain or irritation after local

administration
® Unpleasant taste/odor

Absorption

¢ Poor membrane permeation

® Low stability in GI tract
® Substrate of efflux
transporters

Distribution

® Lack of site specificity
® High degree of plasma
protein binding

Metabolism and excretion

® Short duration of action

Toxicity

e Lack of site specificity

Life-cycle management

Lima, L M©

Introducing ionizable or polar
neutral group
# Phosphates
® Amino acid esters/amides
® Sugar derivatives

Masking polar ionized/non-ionized
group(s)
® Alkyl/aryl esters
® Amino acid estersfamides

Targeting cell- or tissue-specific
transporters or enzymes
® Amino acid esters/amides
# Sugar derivates

Masking metabolically labile
group(s) or polar
ionized/nonionized group(s)

® Alkyl/aryl esters
® Amino acid esters/amides

Targeting tissue-specific enzymes
or divergent conditions of
target tissue

® Various different prodrug
methods

Introducing any kind of promoiety
® Various different prodrug
methods

During or after absorption

e at the brush border of
enterocytes
@ in the systemic circulation
or after local administration
@ in the systemic circulation
by hydrolytic enzymes

After absorption

® in the systemic circulation
by hydrolytic enzymes

In the target tissue

® by cell-specific hydrolytic
enzymes or
® oxidoreductases

After absorption

® in the systemic circulation
e in the target tissue
by hydrolytic enzymes

In the target tissue
® by cell-specific enzymes
@ because of altered pH or
hypoxia

Depending on the selected
prodrug method

K.M. Huttunen et al., Pharmacological Reviews, 2011, 63:750 —771,

-OH

-SH

-NH (via spacer)
-COOH

-OH
SH

NH
COOH
-OPO(OH),

-OH
-SH
-NH
-COOH

-OH
SH

NH
COOH
-OPO(OH),

Depending on the selected prodrug
method (these prodrugs are
often bioprecursors)

Depending on the selected prodrug
method (these prodrugs are
often carrier-linked prodrugs)

Labaratniia s Pl o iskac Snbamins Dacvin
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Pro-Farmacos: Aumento da solubilidade

Tahle 1
Sohbility and enzymatic lability of amino acid derivatives of dapsone as water-soluble prodmugs [26]

ﬁ Solubility at 25 °C {in mg fypz At 37 °C in human hlood
Hﬁ‘@*ij‘@*bﬁﬁ dapsone equivalent/ml.) {in min = 5.10.)
|:|| In water as HC =alt In pH 7.4 phosphate buffer

| Dapsone (R=H) Q.16 0,14 |
=15 087 4.6+ 09
R= /ﬁ\l
N, (Glyeyl)
=30 6.6 0.5+ 0.7
R = CH,
M (Alanyl)
Q =25 .31 1L7=02
R = JYYGHQ
N O {Leucvl)
0 >65 65 0.9 = 0.7
R = J\(\/\/NH:
" (Lysyl)
13 0002 BEE 07
NH,
(Phenylalanyl)
B. Testa/Biochemical Pharmacology 68 (200K 20097-2 106
®
Lima, L M© Cll\s.h
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Pro-Farmacos: sabor e testabilidade metabdlica

\’H\ OH Il-l Cl
N
Post- hoc > O
O,N

2 OPalmitato
cloranfenicol Farmicetina® (Pfizer)
amargo ‘ InSIpIdO

lipases pancreaticas (duodeno)

HO

NH,
U\/ Post- hoc > CO,H
HO MAO/COMT

L-Levodopa/carbidopa
A (Doenca de Parkinson)

|
descarboxilacdo via dopa-descarboxilase(SNC)
Lasse:

dopamina

Lima,LM® . naaB10
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Pro-Farmacos: Aumento de seletividade

Intestine Liver
Clopidogrel Clopidogrel CYP2C19 2-oxo-Clopidogrel
H _COOCH;,§ H JCOOCH; ~ypia2 H L COOCH

ion

Esterases CYP3A4
CYP2B6

CYP2C19

CYP2C9

CYP2B6
N N N
Cl Cl Cl
AbSorpti i
ive
, ux?

Inactive metabolites

~85% of clopidogrel dose
b pidogr: S Active metabolite

H ,COOCH,

HOOC /j:;”
H
5 o

P2Y12 ADP receptor \’

Platelet

Lima, L M© S. Agewall et al., European Heart Journal, 2013, 34: 1708-13

Two-step metabolic activation
of clopidogrel. Bioavailability
of the pro-drug is determined
3by intestinal absorption, which
might be limited by the efflux
pump MDR1 (encoded
by ABCB1). Subsequently,
85% of the pro-drug is
converted into inactive
metabolites by ubiquitous
esterases. The remaining 15%
is converted into a thiol-
containing active metabolite
through two-step oxidations
that involve several
cytochrome P450 enzymes.
The first oxidative step is
catalysed by CYP2C19,
CYP1A2 and CYP2B6
isoenzymes, producing the
intermediate 2-0X0-
clopidogrel. The second step
is mediated by CYP3A4,
CYP2B6, CYP2C19, and
CYP2C9 and yield the
bioactive metabolite, the cis-
thiol isomer which irreversibly
binds to platelet
P2Y,, receptors inhibits ADP-
induced platelet activation.

Labaratniia s Pl o iskac Snbamins Dacvin



XXIIl Escola de Verao em Quimica Farmacéutica e Medicinal

Pro-Farmacos: Aumento de seletividade

HaC OMe
(-
= N \D |

=l
k\gﬁc. 40mg Vir 1935 31 \& I 8 é/m\ 3
5 X 40 ngmanprsnssi xj | Sy “
“'\/,:; inibid..,;::}.l;l'é-ﬁnm !
CHy ti{\i _::;/_;f/ |'. e el II| CHa
Sy, N\ {J—:}/_ ATPase-SH T N\ '@/_
| \ OMe | >7 N oMe
oo w0 S
CH5 S “e
/5 sulfenamida

ATPase—>5

ATPase inativada

Zn\sso ¥
Lima, L M© | io
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Pro-Farmacos: Diminuicao da Toxicidade

Hﬂ/ﬂ\ ﬂmﬂ":
N i
)\ | mrhnxfleateraae
{liver)
H-3
Capecitabine

T NDC 0004-1100-20

Sy
» XELODA” ‘

(capecitabine) Tablets .

150 mg .
Ronly‘
~ 60 Tablets -

N Co, NF ¥

gl spontaneous

HO OH HO' ‘OH
S -deoxy-S-fluarocylidine
{liver and cylidine
tumors) deaminase
o
F thymidine H F
HMN | phosphorylase j\ |
-
)\ (tumor) o n

(] M
H H.G a
S-fluorouracil

HO' “oH
B. Testa/Riochemical Pharmacology &8 (200K) 200972 106

5'-decxy-5-fluorouridine

Fig. 6. The stepwizse activation of capecitabine to the antitumor dreg 5-fAuorouracil. Note the tissue-selectivity of the last step.

Lima, L M©
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Pro Farmacos: Aumento da Biodisponibilidade

adenosina
fosfotransferase

—>

HN
N)\/EN
D
HZN)\\N N

3" 2'
abacavir [t;/, = 3h] S
ZIAGEN
el
k
O - 4
HO\ % HN N\ quinases
,S—OH )\ | > celulares
O OH H,N" SN N
o= HQ o
\P 5'
3" 2'
Triphosphato de Carbovir
Lima, L M©

xﬁ )

3 2'

Monophosphato de abacavir

desaminase
citossolica
O
HN \>
\
HO\ p 5'

Monophosphato de Carbovir
[metabdlito ativo t;/, = 15~20h]

&

3 2'

Hz

abacavir [ty/, = 3h]

Fase 1
(Alc. desidrogenase= ADH
hepéatica)

HN

Nxt\>
g}

H,

Yuen, GJ et al Clin Pharmacokinet. 2008, 47:351-71.

\ Fase 2
(UDPGA) A
HN

reacoes
alérgicas
elou toxicas
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Pro-Farmacos: Aumento da eficacia

NH,
= N
D
Esterase \N N
CYP(2) HO
AT \P CH3
¥ HO” ?‘o
Tenofovir
adenilato
quinase

o, NH, NH,

_p” N N
Ho—K oH | | \> i ?HOHN | \>
O=p~ ~ N nucleosideo  o—p~ K\

Cl) //o N difosfoquinase | O °N N
~p CH; - \P// CHs
/

Tenofovir difosfato

én\sso ¥
Lima, L M© | io
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Estudo do Metabolismo

In vitro:
Hepatécitos isolados )
(humanos ou de espécies animais)
Microssoma hepatico
(humanos ou de espécies animais)
CYP450 recombinantes

In vivo:
Ratos, coelhos, primatas
e humanos (plasma e urina)
Animais transgénicos

In sillico
QSAR, docking,
Programas de predicéo

metabdlica ..
(e.g. Pallas, Metasite e Meteor j M= A
Nassar, A-E.F. et al (2004) Drug Discov. Today 9: 317
Lima, L M© Scheer N; Wilson Y.D. (2016) Drug Discov. Today 21: 250 &:sg],‘@
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Estudo do Metabolismo in vivo

(i) the introduction of human genes into the mouse genome to generate genetically
humanized mouse models;

(i) the transplantation of human cells into competent recipients resulting in tissue
humanized mouse models (Fig. 1).

Concept of generating genetically and
tissue humanized mouse models. The
principle of genetic humanization (a) is
illustrated by a homozygous
replacement of a murine gene (white
bars) with the corresponding human
gene (grey bars). For the sake of
simplicity other approaches of genetic
humanization, such as random
transgenesis or introduction of a freely
segregating human chromosome, are
not shown. Tissue humanization (b) is
exemplified by the replacement of
mouse hepatocytes (white circles)
with human hepatocytes (grey circles)
in chimeric liver humanized mice.
Some residual mouse hepatocytes are
usually maintained after transplantation
with human hepatocytes, as indicated by
the remaining white circles in the
chimeric liver humanized mice.

(a)

Wild-type mouse Humanized mouse

Genetic humanization

(b)

Tissue (liver) humanization

Drug Discovery Today

Scheer N; Wilson Y.D., Drug Discov. Today 2016, 21: 250

Lima, L M©



XXIIl Escola de Verao em Quimica Farmacéutica e Medicinal

Estudo do Metabolismo in vivo

(i) the introduction of human genes into the mouse genome to generate genetically
humanized mouse models;

(i) the transplantation of human cells into competent recipients resulting in tissue
humanized mouse models.

TABLE 3

Advantages and disadvantages of genetically and chimeric liver humanized mice

Genetically humanized mice Liver chimeric mice
Advantages Disadvantages
- Permanent model without recreation - Continuous recreation required
- Low cost of production - High cost of production
- High consistency between individual mice - Varying degree of humanization
- Human gene expressed in various organs - Humanization restricted to the liver
- Human gene expressed in all liver cells - Residual mouse hepatocytes express murine gene
- Awvailability of knockout controls - Knockout controls usually not available
- Usually healthy - Immune compromised
Disadvantages Advantages
- Expression of selected human genes only - Human hepatocytes express all human genes
- Different genes of interest require different mouse lines - One mouse line fits different purposes
- High effort to generate donor variability - Ease of generating donor variability
- No infection with human specific pathogens - Susceptible to human-specific pathogens
- Nontransplantable with human cells - Transplantable with various human cells
- More challenging human extrapolation through in vitro-in vivo correlations - Combined use with human hepatocytes supports extrapolation to humans
- Potential compensatory gene expression changes - No compensatory gene expression changes reported
. ; ; . ®
Lima. L M© Scheer N; Wilson Y.D., Drug Discov. Today 2016, 21: 250 %ﬂ\Sﬁo
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Predicao Metabdlica in Silico

« QSAR

* Docking

* Reatividade Quimica

 Banco de dados de transfor. metabdlicas

v Qual(is) é (sao) a posicado mais provavel (is) do
metabolismo?

v'Qual a transformacao metabdlica mais provavel?

v'Qual isoenzima participa do metabolismo?

Lima b® Long, A. Drug Discovery Today: Technologies 2013, 10, e-147 &\s‘w@
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Estudo do Metabolismo in Silico
* |dentificacao do "SoM ou Soft Spots”

« Docking

Baseado na estrutura da — « Dinamica

enzima
Ferramentas in silico para © QSAR
predicdo do SoM Baseado na estrutura “
do ligante molecular shape
i} alignment”
“Empiral and Knowledge-based” — * Metasite
= Meteror
= SmartCyp
» SPORcalc
_.Baseado na estrutura da

Enzima e do ligante

Lima, L M© X. Liu et al., Protein Pept Lett., 2013, 20: 279-89. %ﬂ\Sﬁo@
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Estudo do Metabolismo in Silico

x CH, CHO
CYPIA
CYP2EI »
-0 0~ 0 OH
coumarin . coumarin-3.4-epoxide
CYPZ'A}/ \\YNM o-hydroxyphenyl-
acetaldehyde

H (4] (6]

7-hydroxycoumarin 3-hydroxycoumarin

H
H HE205 O
O H
/ OUMARTN
O Q THR298
@ @ }/ q/vsmsn
szsa \é

f 113
B e e CYP1A1 showing a possible

\[ orientation of coumarin for 3,4-
epoxidation

ER113

CYP2A6 showing an orientation

of coumarin for 7-hydroxylation CYP3A4 with coumarin

positioned for 3-hydroxylation.
ééﬂ!l ®
Lima, L M© D.F. Lewis et al., Toxicology in Vitro, 2006, 20: 256—-264 . io
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Estudo do Metabolismo in Silico

A PHE241

Docking results of the ligands at
the binding site of CYP3A4
showing the interacting residues:
ketoconazole (A, CDOCKER
energy = —-40.752 kcal/mole;

CDOCKER interaction
energy =-60.612 kcal/mole) and
resveratrol (B, CDOCKER
energy = —-25.504 kcal/mole;

)\/\% CDOCKER interaction
Heme energy = -33.960 kcal/mole).

Ligands are shown as gray sticks

and receptor residues are shown
LEU4S2 as green sticks. Bonds are shown
as dashed lines color-coded as
follows: hydrophobic interactions
in magenta, electrostatic
interaction in brown and
hydrogen bonds in green. X-ray
structure of human CYP3A4
(PDB code 2V0OM)

GLU374

Lima, L M© L. Basheer, K. Schultz, Z. Kerem, Scientific Reports 2016, 6:31557 =
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Estudo do Metabolismo in Silico

A PHE241
PHE241

LEU210

Maps of the hydrophobicity (A,C) and hydrogen bonds (B,D) at the binding site of CYP3A4 docked with the different ligands:
ketoconazole (A,B); resveratrol (C,D). Ligands are shown as gray sticks and receptor residues are shown as green stigks.
22!:0!

®
e
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Estudo do Metabolismo in Silico

Table 1 | Experimental methods for characterizing metabolic stability and identifying sites of metabolism

Experimental approach

Incubations with individual drug-metabolizing
enzymes (for example, CYPs, UGTs)

Microsomal incubations+NADPH
Microsomal incubations + UDPGA

Incubations with hepatocytes (from a range
of species, including human)

Specific reactive metabolite trapping in
microsomal incubations (trapping of soft
nucleophiles using, for example, glutathione
or cysteine, and trapping of hard nucleophiles
with, for example, cyanide)

Animal models: most commonly rodents

(mice and rats), including complex models designed
to look at, for example, biliary elimination. Newer
models include genetically modified and ‘humanized
strains (usually mice) as well as ‘chimeric’ animals
containing, for example, human hepatocytes

Scope

* Method for determining enzyme involvement and specificity, mechanism-based
inhibition and drug—drug interactions

* More detailed determination of oxidative metabolism, metabolic stability
* Determination of glucuronidation

* Determination of hepatic metabolite profiles, including conjugations and reactive
metabolite trapping, and metabolic stability

* |dentification of hot spots leading to reactive intermediates, using high-resolution MS or,
in complicated cases, NMR for precise structures

¢ [f reactive intermediates are detected, LC-MS-based proteomics can be used for further
identification of sites of binding and the nature of the reactive intermediate

¢ [f radiolabelled compounds are available then quantitative studies of the covalent binding
of reactive intermediates to proteins can be performed

* Used to solve problems in which, for example, in vivo pharmacokinetics are poorly
predicted by in vitro studies, for example, owing to unchanged excretion,
drug—drug interactions or when more information on compound distribution is
needed

CYPF, cytochrome P450; LC, liquid chromatography; MS, mass spectrometry, NMR, nuclear magnetic resonance; UDPGA, uridine diphosphate glucuronic acid;

UGT, UDP-glucuronosyltransferase.

Lima, L M©

J. Kirchmair et al., Nature Reviews Drug Discovery, 2015, 14: 387-404 %ﬂ\Sﬁ ®
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Estudo do Metabolismo in Silico
In vitro techniques for investigating drug metabolism

enzymes

major site for the .
biotransformation Liver
of xenobiotics

Models of drug metabolism |~| Liver preparations H purified enzymes
tissue homogenates | gifferential centrifugation
l —l subcellular fractions

: 9,000xg
Liver _I_S_g_l | microsomes
|

| Cellular system |

S9 +100,000x g

cytosolic and membrane-bound
enzymatic dissociation Jusing collagenase perfusion |  membrane-bound enzymes
enzymes CYP450
I Hepatocytes I Y
|
] | '
CYP450 short-term (4h) I storage at -80 °C I
- Undergo de-
contain many enzymes gnd differentiation S9= submitochondrial fraction;
cofactors not present in hepatocytes = parenchymal cells of the liver
the microsomal fraction ®
Lima, L M© zn\sstlo
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Estudo do Metabolismo

Reaction Enzyme Cellular location
Hydrolysis esterases cytosol, mitochondria, microsomes, blood
peptidases cytosol, lysosomes, microsomes, blood

Reduction MFO (CYP450) microsomes

Oxidation Alcohol desid. cytosol
MFO (CYP450) microsomes
MAO mitochondria
Alcohol desid. cytosol

Aldehyde desid. cytosol

Glutathione  G. transferase microsomes
Glucuronide Glu. transferase microsomes
Sulphate sulfotransferases cytosol

Methylation Methyl transferase cytosol, microsomes
Acetylation  Acetyl transferase cytosol

aa. Conjug transferases cytosol, mitochondria

Lima, L M©
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A B
5 1.00) o 1.00)
307 (1. < ] . h
3 (+)cofator 0’ 15 % " Z,» (+)cofator 120’
25 3 S
: LASSBio-448 (1) \ 2 ] § M1 \
] 15 l LASSBio448 (1)
15":‘ lg ] o~
] & 104
10 2 1
: N & g
59 ] &
03 ¥ o . T
B G S N S S S S g NS 0 25  so 1% 00  min
C D
mAU mAU
5] (1.00) ” = 1. P54nmanmiT.00) -
E branco 5
] LASSBio448 (1) \ 20 &
15 257 \ @
| lg (-)cofator 120’ 20 §
104 & ]
§ 15
o = 104
o . T 09 ¥
LN Do i D [ s Aok Sk B UL S far s TR SN e Zh S S T o | _5_: ''''''''''''''''''''''
oo 25 50 75 100 min 0o 25 50 75 00 min

HPLC chromatograms of LASSBio-448 and its metabolites formed by
incubation with rat liver microsomes (1mg/mL). A) Incubation in the
presence of NADPH generating system at time = 0 min; B) Incubation in the
presence of NADPH generating system and the formation of LASSBIi0-448-
related metabolites at time =120 minutes; C) Incubation in the absence of
NADPH generating system at time = 120 minutes; D) Blank test: 1mg/mL
microsomes proteins from rat liver, in addition to NADPH generating system
and in the absence of LASSBIi0-448.

IS = internal standard (e.g. biphenyl-4-carboxylate Methyl, C=20 uM). Apparatus: Shimadzu -

LC20AD, column: Kromasil 100-5 C18 250 to 4.6 mm; Mobile phase: 70% ACN, 30% water,
0.1% TFA, flow: ImL/min; Detector: SPD-M20A (Diode array); Wavelength: 254 nm.

Lima, L M©

<N X X X X < X

Aplicacdes:
Determinacéao da estabiliadde
metabdlica
Determinacéo do t,;, e Cl,
Caracterizacéo do(s) metabalito(s)
Determinacéao dos “soft spots”
Enzimas e isoenzimas
Estudos de inibicdo enzimatica
Estudos de inducao enzimatica
Metabolismo de Glicuronidagcao

Metabolismo hidrolitico x oxidativo
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Estudo do Metabolismo in vitro e in silico

Lima, L M©
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The method is foremost a reactivity model, and as such, it shows a preference for
SmartCYP predicting sites that are metabolized by the cytochrome P450 3A4 isoform.

SMARTCyp predicts the site of metabolism directly from the 2D structure of a

molecule, without requiring calculation of electronic properties or generation of 3D

structures.

SMARTCyp uses a very simple algorithm (see Figure 1), which involves a reactivity descriptor and an accessibility

descriptor.

The accessibility descriptor, A ,is defined as the longest bond path
distance from a given atom divided by the longest bond path distance in
the whole molecule. This is a measure of how far from the 2D center of

the molecule an atom is positioned and is always a number between

0.5and 1.
/ - = W= <
Atom Reactivity Library
| A. Calculate Quantum = ” l
Chemical Reference Energies b} |
| Calculate transition state energies \\,;
using density functional theory
| ol
C C I
| B Define SMARTS Rules ( |
Group calculations by fragments and calculate average energies
| \AO l
o [CX3H1](=0)[#6]
| N9 ’ w02kimol |
R e e e e e e s s O

\.

4 SMARTCyp
1. Assign Energies By SMARTS matching
Atom SMARTS Energy
3
1 1 CX3H1)(=0)#8] | 402
HEN% [ Ji=0)[#8]
(8] 2 [CX4][N] 39.8
3 [N*3][H 1, H2] 54.1
2. Compute Accessibility Descriptor
A, = Maxbonds, / Maxbonds,
1
HzNWO A, =2/3=067
Hz:%o A,=2/3=067
HaNG A,=3/3=1.00
3. Compute Score and Rank Atoms
Score, S=E-8A
Lowest score gets rank 1
5,=40.2-8%0.67 = 34.84 Atom 1 - Rank 2
§,=30.8-8"0.67=34.44 Atom 2 - Rank 1
S5,=54.1-8"1.00=46.10 Atom 3 - Rank 3

\

J

Lima, L M© P. Rydberg et al., ACS Med. Chem. Lett. 2010, 1, 96-100
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The method is foremost a reactivity model, and as such, it shows a preference for
SmartCYP predicting sites that are metabolized by the cytochrome P450 3A4 isoform.

SMARTCyp predicts the site of metabolism directly from the 2D structure of a

molecule. It uses a very simple algorithm (see Figure 1), which involves a reactivity
descriptor and an accessibility descriptor.

The reactivity descriptor,E, which is an estimation of the energy required for a CYP to react at this position (kj/mol).

The accessibility descriptor, A ,is is a measure of how far from the
2D center of the molecule an atom is positioned and is always a
number between 0.5 and 1. Hence, it is not a measure of the
accessible surface area, but it describes how atoms at the end of a
molecule are more likely to end up close to the reactive heme
group in the CYP active site

f " Atom Reactivity Library
Q. |

| A. Calculate Quantum
Chemical Reference Energies Yo

| Calculate transition state energies
using density functional theory

| B. Define SMARTS Rules

Group calculations by fragments and calculate average energies

I

I

o [CX3H1])(=0)[#6]

| Mo :> 40.2 kJ/mol I
/

/ SMARTCyp

1. Assign Energies By SMARTS matching

N

Atom

SMARTS

Energy

1

[CX3H1){=0)[#6]

40.2

3
1
HoN. 2~
(@] 2

[CX4][N]

39.8

3

[N"3][H1, H2)

54.1

A = Maxbonds / Maxbonds_,

Score, §=E - 8A
Lowest score gets rank 1

S§,=40.2-8%0.67 = 34.84

5,=38.8-8'0.67=34.44

5,=54.1-8"1.00=46.10

\

2. Compute Accessibility Descriptor

1
HzN-._/-z\O A,=2/3=067
HoN 2o A,=2/3=067
3
HaNGN A,=3/3=1.00

3. Compute Score and Rank Atoms

Atom 1 - Rank 2
Atom 2 - Rank 1

Atom 3 - Rank 3

J

Lima, L M© P. Rydberg et al., ACS Med. Chem. Lett. 2010, 1, 96-100

Finally, the score,

S is computed for
each atom as

S = E-8A.

A lower  score
indicates a higher
probability of being
a SOM
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SmartCYP

Results from SMARTCyp version 2.4.2

These results were produced: 2017-01-23_12-28-20. The infiles were: [smiles.smi].

To alternate between heteroatoms and atom numbers, move the mouse cursor over the figure.

HO

Lima, L M©

Standard CYP2C CYP2D6

Finally, the score,

S is computed for
each atom as

S =E-8A.

A lower  score
indicates a higher
probability of being
a SOM

Energy Accessibility 2DSASA

1: null

Rank Atom Score

1 C.15 33.20 41.1
2 C.13 33.86 41.1
3 N.14 46.72 54.1
4 C.1 514 622
5 C.3 54.14 62.2
¥ C.10 56.08 62.2
7 C.11 56.13 62.2
3 C.4 59.01 066.4
9 C.7 71.48 77.2
10 C.16 79.04 B8B9.6
11 C.6 80.06 B8B6.3
12 C.5 993.11 999
13 C.8 994.78 999

0.93
0.79
0.86
1
0.86
0.64
0.71
0.79
0.57
1
0.64
0.71
0.5

P. Rydberg et al., ACS Med. Chem. Lett. 2010, 1, 96-100

10.19
23.82
13.03
70.08
30.05
24.33
8.80
27.66
28.6
63.9
27.46
4.31
5.55
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Standard CYP2C CYP2D6

SmartCYP

1: null
I J) Rank Atom Score Energy Accessibility 2DSASA
é) 1 C.15 33.26 41.1 0.93 10.19
2 C.13 33.86 41.1 0.79 23.82
3 N.14 46.72 54.1 0.86 13.03
4 C.1 514 62.2 i 70.08
5 C.3 54.14 62.2 0.86 30.05
O 6 C.10 56.08 62.2 0.64 24.33
HO. 7 C.11 56.13 62.2 0.71 8.86
8 C4 59.01 66.4 0.79 27.66
HO. 9 C.7 71.48 77.2 0.57 28.6
. J 10 C.16 79.04 89.6 1 63.9
7 i 11 C6 80.06 86.3 0.64 27.46
HN" e 12 C.5 993.11999 0.71 4.31
,L <N 13 C.8 994.78999 0.5 5.55
P i
I Standard CYP2C CYP2D6
Standard CYP2C CYP2D6 /é) Sl
1: null r 1: null .
Rank Atom Score Energy S2End COODist 2DSASA J iRank g‘t‘ljm 5gc:re E;e;gv ﬁZE"d T;D'St ;5?}?}5‘“‘
1 C.15 46.59 41.1 1 10.19 - - - -
2 Cc.13 57.85 411 3 23.82 2 C.3 74.4 62.2 2 10 30.05
3 C.1 59.4 62.2 0 70.08 3 C.4 85.39 664 3 9 27.66
4 N.14 65.38 54.1 2 13.03 O 4 C.15 94.29 41.1 1 1 10.19
5 C3 72.8 62.2 53 30.05 Lo 5 C.13 107.15 41.1 3 1 23.82
6 C4 82.99 66.4 B 27.66 6 C.7 116.32 77.2 6 6 28.6
7 C.10 84.88 62.2 5 24.33 7 C.6 118.75 86.3 5 7 27.46
8 C.11 8549 62.2 4 8.86 " 8 N.14 120.58 54.1 2 0 13.03
g C.16 87.04 89.6 0 63.9 9 C.10 121.58 062.2 5 3 24.33
10 C.7 09.72 77.2 6 28.6 10 C.16 127.24 89.6 0 2 63.9
11 C.6 108.85 B86.3 5 27.46 11 C.11 128.89 o62.2 4 2 8.86
12 C.8 1,022.45999 7 5.55 12 C.5 1,025.67999 4 8 4.31
13 C.5 1,022.47999 4 4.31 13 C.8 1,045.75999 7 5 5.55
®
Lima, L M© P. Rydberg et al., ACS Med. Chem. Lett. 2010, 1, 96-100 &ASSBio
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is a tool that predicts xenobiotic metabolism through data-mining

MetaPrint2[D and statistical analysis of known metabolic transformations
reported in scientific literature. It predicts sites of phase 1

metabolism.

Input

SMILES: COCCC1=CC=C{OCC(O)CN([H]ICICICIC=C1
Model: ALL (Metabolite 2010.2)
Settings: DEFAULT

Instructions

The colour highlighting an atom indicates its normalised occurrence ratio (NOR). & high
MOR indicates a more frequently reported site of metabolism in the metabolite
database.

H.0 MNote: The normalised cccurrence ratio does not indicate how likely a molecule is to be
metabolised, but rather the relative likelihood of metabelism cccurring at a particular
site in the molecule, assuming it is metabolised.

/‘N\ Results Colour Scheme

Orange 0.33 <= NOR < 0.66
Green 0.15 <= NOR < 0.33
White 0.00 <= NOR <« 0.15

Grey Little/no data

metoprolol

Boyer S. and Zamora |. Journal of Computer-Aided Molecular Design. 2002, 16: 403-413

Lima, L M©
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MetaPrint2D-React

Atom #12: 0.273 (89/836)
| Glucuronidation [75]

Sulfation [&]

Oxidation(-/=) [4]
OxidativeElimination [2]
Dealkylation(2) [2]

‘ 0

H.O

H
SN

A

Boyer S. and Zamora |. Journal of Computer-Aided Molecular Design. 2002, 16: 403-413

Lima, L M©

metoprolol

It can make predictions concerning a wider range of
reactions, and is able to predict the types of
transformation that can take place at ease site of
metabolism, and the likely metabolite formed.

, ) Atom #1: 0.765 (14/47)

Demethylation [14]
T

1
Atom #4: 1.000 (20/77)
m) | Hydroxylation [29]
Dealkylation(1) [1]

Orange 0.33 <= NOR < 0.66
Green 0.15 <= NOR « 0.33
White 0.00 <= NOR « 0.15
Grey Little/no data
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RS-WebPredictor

RS-WebPredictor

RegioSelectivity-Predictor (RS-Predictor) is a new in silico method for generating
predictive models of P450-mediated metabolism for drug-like compounds. Within this
method, potential sites of metabolism (SOMs) are represented as
“metabolophores”™ A concept that describes the hierarchical combination of
topological and quantum chemical descriptors needed to represent the reactivity of
potential metabolic reaction sites.

A metabolophore is therefore a mathematical representation of an oxidizable
region of a molecule that is defined by its local electronic environment and its
potential oxidative reaction mechanism.

Make predictions for checked isozymes:

1A2 L
Predict cytochrome P450-mediated sites of metabolism on drug-like 2A6 |
molecules
2B6 ||
Please upload substrate file in SDF format: 208 [
Escolher arguivo | Menhum arguivo selecionado
209 L)
Or draw a molecule below: 2C19 |
, ; N | (B 2D6
CRAR DS Y8 H Y i
c-/ 2224 OO~ e e~ 3A4 ¥
Q@ Combined |

Have results sent to email:

Lima, L M© J. Zaretzki et al., J. Chem. Inf. Model., 2011, 51:1667—1689 %ﬂ\SSOio
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MINI-CURSO:
Metabolismo de Farmacos: aplicacoes em
toxicologia e interagcoes medicamentosas

PARTE 4

BiEssolat
em Qllll:ll'(‘%a.;gll"l:;acéutlca

én\sso ®
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Polifarmacia (ou Politerapia ou Polimedicacao: administragéo de
varios medicamentos, concomitantemente, em tratamento prolongado (mais de 3
meses) a um paciente. Considera-se que um paciente esta polimedicado quando
0 numero de medicamentos que toma diariamente € superior a cinco, tendo os
estudos sido efetuados sobretudo em pessoas de 32 idade. Outros autores
incluem na polimedicacdo os casos em que a medicacéao, apesar de inferior a 5,
inclui medicamentos desnecessarias para esse paciente.

Lima, L M©
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Bem... A pilula da Glaxo Protege o coragdo dos efeitos
secunddrios da pilulo Pfizerque impede a insuficiéncia
hepdtica devido a pilula Merck Que miniminiza 0 risco
de ocidente vascular cerebral colocados
pela pilula Norvatis que reduz os codgulos
de sangue causado pela pilula Glaxo.

Lima, L M©
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“frequéncia de

reacoes
medicamentosas iatrogénicas é trés
a sete vezes mais observada nos
idosos em relacdo aos mais jovens”
(Silva et al, 2012)

23% da populacado Dbrasileira
consomem 60% da producéao
nacional de medicamentos,
principalmente as pessoas acima

de 60 anos

SILVA, R et al.
Lima, L M©

v Hipertenséao
v Diabetes
v Incontinéncia urinaria
Multiplas Doencas v" Imobilidade
v" Insuficiéncia cerebral
v Eftc....
Multiplos Medicamentos
latrogenia Medicamentosa
43,7% ldosos internados 5,2% mortes
|
Alteracées TG Alteracoes Alteracoes
Metabolismo Clearance
Hepatico Renal

Revista da AMRIGS, Porto Alegre, 2012, 56, 164-174
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Receptores
(locais de acao)

livire —— ligado

Reservatorios
Teciduais

livre ——ligado

J

1 tecido adiposo
(Tdepésito farmacos
lipossoluveis)

! Massa muscular

( t1/2 farmacos

hidrossollveis)
! Albumina sérica (T
fracdo farmaco livre)

{ Absor(;ﬁol

Farmaco Livre

J \ |
\‘ Distribuig:iio]/ Vd = _dose
' [faArmaco] agms
N

Circulacao sistémica

—— Farmaco-Ligado |
metabélitos Eliminacio
d\ /excrec¢ao

d Producédo basal e maxima
de HCI (TpH géstrico)

 Fluxo sanguineo visceral
e 4 esvaziamento géstrico
(retardo na absorcéo)

1 diverticulos (mé absorcéo
e | 12 passagem hepaético)

Lima, L M©

v

[ Biotransformacao l

! Enzimas OFM (e.g. CYPs)
(I metabolismo hepético)
! Clerance renal
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Patients with DM (India) £ 40 -
L ) %
= 16% 20% 1 20%
a 20 - 6% 8 1 1
"E 3 /0
;g 0 . 1 ; . . ® Number of patients
l:; ’bg ?)Q ,foQ .:\Q Q = Percentage (%)
153 »ow 9 e &
"N
160 - a— q:‘*-'
&
140 - N
Q)
120 - AGE GROUP
é 100 1 Figure 1. Age distribution of patients with drug interactions.
= . /3 |
= 80 g B Number of times // »
S 3 ‘
2 60 - “ Number of Prescriptions "\ Q
4 3
40 - L
O ) — —
Minor Moderate Severe
Category of Drug Interaction
Lima, L M© V. Sankar et al., Med. Sci., 2015, 3, 93-103
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Polifarmacia
- N

A

Associacéo Medicamentosa

Objetivos Interagdes Medicamentosas
-Potencializar os efeitos terapéuticos Benéficas; Insignificantes;
Diminuicao de efeitos colaterais e doses Deletérias
‘Prevencao de Resisténcia

Categoria de Interacdo Medicamentosa Relevancia Clinica

Interacdo medicamentosa do tipo A (A-DDIs) Sem importancia clinica

Interagcdo medicamentosa do tipo B (B-DDIs) Nao foi estabelecido

Interacdo medicamentosa do tipo C (C-DDIs)

Interagcdo medicamentosa do tipo D (D-DDIs)

Lima, L M©

dose)

Efeitos adversos (evitaveis com ajustes de

Efeitos adversos severos, auséncia de efeito

terapéutico (ajustes de dose sao dificeis)

Labaratniia s Pl o iskac Snbamins Dacvin
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INTERACOES MEDICAMENTOSAS

Drug-Drug
Interactions

Second Edition

edited by
A. David Rodrigues

informa

Lima, L M©

Handbook of

Drug Interactions Stockley’s Drug
A Clinical and Forensic Guide Interactions

Edited by Tenth edition

Ashraf Mozayani, Pharmb, PhD
Lionel P. Raymon, pharmb, PhD

Edited by Karen Baxter and Claire L Preston
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INTERACOES MEDICAMENTOSAS

Table 1 | Examples of drugs withdrawn because of CYP-related DDIs

Drug name
(generic)

Seldane
(terfenading)

Posicor (mibefradil)

Duract (bromfenac)

Hismanal
(astemizole)

Propulsid
(cisapride)

Lotronex (alosetron)
Baycol (cerivastatin)

Serzone
(nefazodone)

Therapeutic use

Allergy

Hypertension

Nonsteroidal anti-
inflammatory drug

Allergy
Heartburn

Irritable bowel syndrome
Hyperlipidaemia

Antidepressant

Safety problem

QTe prolongation

QTe prolongation

Toxicity
QTc prolongation
QTc prolongation

Toxicity
Toxicity

QTe prolongation

Year
withdrawn

1998

1998
1998

1999

2000

2000
2001
2003

CYF, cytochrome P450; DDls, drug—drug interactions.

Lima, L M©

L. C. Wienkers, T. G. Heath, Nature Reviews Drug Discovery, 2005, 4: 825-833
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Polifarmacia, Automedicacao, Transgressao terapéutica, Uso incorreto,
Funcao hepaticaFuncao Renal, Estado nutricional, Alteracdes PK e PD

GO G“

7 08 : g Claudio Munoz

Classificacao das Interacoes Medicamentosas
A Interacdes Fisico-Quimicas;
 Farmacodinamica;
Q Farmacocinética Lssaic®

Lima,LMv®@ - T TEmEmmoEmeEms . .- naaB10


https://twitter.com/medicossinmarca/status/295676866612842496
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INTERACOES MEDICAMENTOSAS

Interacbes Fisico-Quimicas = onde duas ou mais substancias reagem entre
Si, por mecanismos puramente fisicos ou quimicos.

Exemplos:

1) Vitamina C na anemia Ferropriva — Manter o Ferro no estado ferroso (Fe*?) ao
nivel intestinal;

2) Derivados Tetraciclinicos com Leite;

3) carvao ativo x alcaloides (adesao a superficie porosa). Carvao ativo usado na
desintoxicacao por adm oral. (proc. de adsorcéo)

Ferro Heme
@] Transportador Heme
-
-

FERRO NO
ALIMENTO \_, = (W W, Ferroportina 1 .
Fes* \ ............ . Figado
Ferro Néo-Heme‘ Citocromo B 8 .o . Fe?* Sangue
> s Duodenal {C )
Fe?*

3 - Ferritina /
- Mucosa[,.-"
S

Portal

Fe*

“..."

Hefestina

.,
e

DMT-1 Ferritina

Plasmatica

Perda na descamagao Medula
, do epitélio Eritroide

Lima, L M©
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INTERACOES MEDICAMENTOSAS

. 'g?

Interacdo Medicamentosa Farmacodinamica = Os efeitos finais sao resultantes

das acdes farmacodinamicas proprias dos farmacos (ou compostos) associados.

Podem resultar em sinergismo [adicdo (mesmo mecanismo de acao), somacéo (mec

diferentes) e potencializa¢c&o] ou antagonismo.

Exemplos:

1) canamicina (antibidtico da familia dos aminoglicosideos) com &cido etacrinico
(aumento de toxicidade) possibilidade de surdez irreversivel);

2) Psicolépticos com Etanol (potencializacao do efeito depressor do SNC)

%a\sso ¥
Lima, L M© | io
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INTERACOES MEDICAMENTOSAS

Anel B-lactamico o)

H

II\I H H Anel tiazolidinico N—yA/OH
b/ ; oM

O 0
AN e

@)
icili : H - A
Penicilina G B CHs Acido Clavulanico
O/\OH (Streptomycis clavuligerus1975)
NH, NH:
| H H
NG s
_[\><CH3 3
© O/_N /" “CH, HO
i—OH |
j—OH V4
Ampicilina 3 Amoxicilina ) W Clamoxin’

(estavel em pH acido)
(sensivel ap-lactamases)

3+5 mi

(estavel em pH acido)
(sensivel ap-lactamases)

Caps con haso
100 paivo pasy 60 o
¥ rechse Soofadon

Labaratniia s Pl o iskac Snbamins Dacvin
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INTERACOES MEDICAMENTOSAS

p2-Terbutalina

Salbutamol ]
Fenoterol Adrenalina

Noradrenalina

- - &

cil-Fenilefrina

B 1-Dobutamina

al

B1

N onoAminoOxidase

— | {L-Antidepressivos

Inibidores da MAO e TCA (inibem recaptacao de
noradrenalina) e.g. paroxetinacom imipramina =
episodios hiperpiréticos, convulsdes,
crises hipertensivas e morte

o - Prasozina

B - Propranolol
Timolol
Atenolol
Metoprolol

Lima, L M©
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INTERACOES MEDICAMENTOSAS

Interacdo Medicamentosa Farmacocinética: Um dos agentes (e.g. farmacos) é
capaz de modificar a absorcao, distribuicdo, biotransformacéo ou a excrecédo de
outro agente administrado concomitantemente.

Stomach*
Oral administration TKI T
: g
— =
Protein bindingt | =
. @ Protein z
® Drug =
-
o
2
pH —»
Intestine and liveri
> Intestine Enterocyte Portal vein Hepatocyte

Enterohepatic recycling

v

L p Metabolism «4——! ® DissolvedTKI

Zn\sso ¥
Lima, L M© | io

van Leeuwen, R W F et al., Lancet Oncol 2014, 15, e315-26 e zEtomio
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INTERACOES MEDICAMENTOSAS

Interagdo Medicamentosa Farmacocinética

Esofago

Absorgdo

Tempo de

esvaziamento X_el dle .

adstrico issolugio
Duodeno

Absorcao = 1. reduzida por farmacos que
diminuem motilidade Gl (e.g: atropina,
opiaceos) ou acelerada por drogas
procinéticas (exemplos: metoclopramida,
aumenta vel. Esvaziamento gastrico);

2. Farmacos que sao acidos fracos séo
absorvidas em meio &acido, logo sua absorcéo
sera diminuida por antiacidos (exemplos:
bloqueador H2 e barbitdricos), o contrario
vale para os farmacos que séo bases;
Consequéncias: alteram a velocidade de
absorcao ou a quantidade absorvida,
interferindo com os parametros t e C
respectivamente.

max max?

Prop. fisico-quimicas importantes para a absorcao: pH (Gl) x pKa (farmaco)

icidos fracos: Qdo pH = pka —50% ionizagags
pH lunidade > pKa —90% ionizado
pH 2unidades > pKa — 99% ionizado
pH lunidade < pKa —90% n&o-ionizado
pH 2unidades < pKa — 99% n&o-ionizado

Q)

D

Lima, L M©

bases fracas: Qdo pH = pka —50% ionizagaq

pH lunidade > pKa —90% nao-ionizado

pH 2unidades > pKa — 99% nao-ionizado
pH lunidade < pKa —90% ionizado

D

pH 2unidades < pKa — 99% ionizacllcl)
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INTERACOES MEDICAMENTOSAS

Interacdo Medicamentosa Farmacocinética: Absorcéo

Prop. fisico-quimicas importantes para
a absorcéao: pH (Gl) x pKa (farmaco)

@]
N Tempo de
& N esvaziamento
HO y AN
o. N H gastrico

Duodeno

Esofago

Absorgao

Didanosina (NRTI)

degrada em meio acido, formulada
com agentes tamponantes que TpH

- &
0 R |velocidade de absorgéo do indinavir;
_ = A
i Sada | [)N H | Cmax [indinavir]; 1Tmax
=== = o }:L, —comprometimento
do efeito terapéutico

T 0,

HLC——CH, .
O s indinavir (HIV-protease-Inib)
ET Hs Absorgéo 6tima em pH acido (normal)

®
Lima, L M© Fonte: http://ink361.com/app/users/ig-207851069/farma_curiosa/photos M‘h
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INTERACOES MEDICAMENTOSAS

Interaqéo Medicamentosa Farmacocinética

v" Antiacidos
v' Antagonistas H2
Inibidores da bomba
de proténs

CH Me |
F e \ 3H N"’"L'N
|
7N\ NWN’”‘"‘CHE )\/l\ /(: :I\“,
N9 Chs O L.:;H3 D""“\f“\/) dasatmlbe
H sunitinibe
pKa=8.5 pKa=6,8¢e 3,1

Tratamento da leucemia mieléide cronica

Tratamento carcinoma renal e tumor stromal Gl o L
e leucemia linfoblastica aguda

én\sso ¥
Lima, L M© | io

van Leeuwen, R W F et al., Lancet Oncol 2014, 15, e315-2¢6 e e
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INTERACOES MEDICAMENTOSAS

Interagéo Medicamentosa Farmacocinética

Complexo
Droga-Proteina
> Ligacdes Proteicas
J ‘ I Ligacdes Tecidos
- B
Agﬁ{ ];)‘transfonnac;ﬁo
Eliminagio

B IR I R Nivel Toxico

-------- Nivel Efetivo

DISTRIBUICAO = Ocorre pela competicéo
dos farmacos associados ou combinados pelas
proteinas plasmaticas (e.q. albumina);
influenciando diretamente a concentracao de
farmaco livre e consequentemente o volume de
distribuicéo (Vd). Eliminagao

TVd—Tdistribuicao tecidual; | ligacdo a ptn E ; ®
Lima,LMO@ . I
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INTERACOES MEDICAMENTOSAS

- Warfarin 3mg
. Tablets

1]
i 28mnblts

Tvd—Tdistribuicso
tecidual
da varfarina.

Ligagdes Proteicas
Ligagdes Tecidos

Consequéncias:

1 risco acidente
99,5% ligacdo a ptn plasmética hemorragico;
2,85 mg complexada a albumina (reservato\\ipocoagulabilidade
0,15 mg livre (efeito terapéutico)

COCH
AL ASPIRIA

Nivel Téxico

-------- Nivel Efetivo

Agentes deslocadores:
AAS, fenilbutazona, Eliminagao
paracetamol, dicumarol

Zn\sso ¥
Lima, L M© io
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INTERACOES MEDICAMENTOSAS

DISTRIBUICAQO = Ocorre pela competicio dos farmacos associados ou combinados pelas proteinas plasmaticas (e.g.

albumina); influenciando diretamente a concentragéo de farmaco livre e consequentemente o volume de distribui¢éo (Vd).

Table 4 Drugs that are highly protein bound (>95%). Agentes deslocadores:

Drug Protein Bound (%) fenilbutazona, aspirina,

Amitri ptyline a6 paracetamol, dicumarol
Chlorpromazine 96

Clofibrate a5 4

Diazepam a7

Dicloxacillin 96 S T conc. minima toxica
Diphenhydramine 98 "= Janela terapéutica

Furosemide ag “g

Glyburide 95 Z

Ibuprofen a9 = . )
Imipramine a6 > v conc. minima efetiva
Indomethacin a7 18-\ duragdo do efeito i

Ketoconazole a9 < I

Mebendazole a5 = i

Maproxen 99 3 i

Mifedipine 98 S !

Mortriptyline 95 O i R
Cxazepam 96 "
Phany‘fﬂin“ 89.93 laehela tempo
Thyroxine 99

Valproic acid* 90

Warfarin 99.5

* Narrow therapeutic window.

Lima, L M©

Manzi, S. F. et al. Clin. Ped. Emerg. Med. (2005) 6: 93-102
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INTERACOES MEDICAMENTOSAS

Interacdo Medicamentosa Farmacocinética:

METABOLISMO = Quando um farmaco interfere com o metabolismo do outro farmaco

utilizado em associacao ou concomitante. Este processo frequentemente decorre de fendmenos
de inducao ou inibicéo das enzimas envolvidas com o metabolismo de Fase 1 e Fase 2.

Inducao Enzimatica: aumento da quantidade e/ou atividade de enzimas que
metabolizam xenobioticos (CYP450 principalmente). Resulta no diminuicdao do ty,.
Classicamente a definicdo de inducéo se refere a sintese de novo de novas moléculas
de enzimas envolvidas no metabolismo de xenobioticos e resulta do aumento da
transcripcdo de genes que codificam estas enzimas, ap0s um estimulo quimico

apropriado.

HISTORICO

@) N O
\f 11962 Aso crénicoi Efeitos anticonvulsivantes e sedativos

(autoindutor enziméatico)

H,C NH

Geneéric
Fenobarbital =
%a\so_io@’

Lima,LM© . - bk ettty
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INTERACOES MEDICAMENTOSAS

142 2C9 2019 2D ZE1 A3

Parometina

Perphanazine

Propoxyphane

i i

Ranitidine

Ritomair

Sertraline

Ter binafine

Thioridesine

Ticlopidine

Carbamazapine Coar bam azapine Pragnancy Chronic ethanol Carbamazaping
Brusssl sprouls [Ethanal Norethindrons lsoniazid Drem aim s thas one
Carbamazapinge  _ Phanobarbital Prednisons Ritonavir Efaviranz
Charbroil ed food Phanytain Rifampin Tobacoo Grigaofulvin
Cigaratte smoks Primidans Mot o v
Madafinil Rifabastin Phesnobarbital
Mafigillin Rifampin Phanytoin
Oimeprazole Secobarbital Pradnisons
— Phenobadbital Rifabutin
Plaiytoin Rifam pin
Ritampin Ritenavic
Fitonavir Gt John's wort
Tobaoeo Sulfinpyr azone
Troglitazonse

Drata from http S edi cine.jupui. eduflos et table htm; 1191 Shannon M. Pediatr Emeng Care 1997;13(5):350-3; Taketomo CK, Hodding JH, Kraus DM. Padiatric
Handbook. 10t ed. Cleveland: Lexicomp Ing, 2003 - 5004,
* SWarlarin isomer has 2 to 5 times more anticoagulant activity than A-warfanin isomer. Therefore, 209 inlractions most significantly affect wardfarin acti

Lima, L M©

Manzi, S. F. et al. Clin. Ped. Emerg. Med. (2005) 6: 93-102
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1on

-

Concentrat

ipine

-

Plasma Felod

Lima, L M©

(nmol/liter)

INTERACOES MEDICAMENTOSAS

Healthy subjects

Patients with
increased
CYP3A4 activity

1 1
1 2 3 45 6 7 8 9 1011 12

Hours

G. R. Wilkinson, N Engl J Med 2005, 352:2211-2221

Felodipino
(anti-hipertensivo)
substrato da CYP3A4

Fenobarbital
(anti-convulsivante)
indutor da CYP3A4

Labaratniia s Pl o iskac Snbamins Dacvin
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INTEBA(}GES MEDICAMENTOSAS

A Drug interacts with the nuclear
Drugl
/ < receptor PXR (pregnane X
N receptor), which forms a
Rifampin
Phenytoin heterodimer with the retinoid X
Ritonavir

St. John's wort receptor (RXR), which in turn
binds to cognate recognition
sites in the 5' regulatory region

of the CYP3A4 gene. As a

Liver and intestine

result, transcription of DNA is
up-regulated, leading to
increased synthesis of
CYP3A4 enzyme and
enhanced oxidative
metabolism of its substrates
(Drug S).

Calcium-channel blockers
Cyclosporine

Triazolam

Lovastatin

Erythromycin
HIV-protease inhibitors
Sildenafil

Metabolite E :
®
Lima, L M© G. R. Wilkinson, N Engl J Med 2005, 352:2211-2222 ™ i’
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INTERACOES MEDICAMENTOSAS

Inibicao Enzimatica: Diminuicdo da atividade catalitica de enzimas que metabolizam
xenobioticos (CYP450 principalmente). Resulta no aumento do ty,.
Mecanismos de inibicdo: 1. Reversivel (competicdo e ndo competitiva); 2. lrreversiveis

Tadle § continued
1A2 2C9 2C19 206 2E1 3A3/4
Inhibitors

Amiod arone Amiodarone Cimetidine Amiodarone Disulfiram Amiodarone
Cimetidine Cimetidine Fabamate Bupropion Methylpyrazole Cimetidine
Ciprofloxacin Clopidogrel Fluoxetine Celecoxib Ciprofloxaan
Clarithromycin Fluconazole Fluvoxamine Chloroquine Clarithromydin
Erythromycin Fluoxetine Indomethacin Chlorpheniramine Diltiazem
Fluoxetine Fluvastatin Ketoconazole Chlorpromazine Erythromycin
Fluvoxamine Fluvoxamine Lansoprazole Cimetidine Fluconazole
Gatifloxadn Isoniazid Omeprazole Citalopram Fluoxetine
Grapefruit juice Lovastatin Paroxetine Clemastine Fluvoxamine
Interferon Metronidazole Ritonavir Clomipramine Grapefruit juice
Levofloxacin Paroxetine Tidopidine Cocaine Itraconazole
Maexil etine Phenylbutazone Topiramate Diphenhydramine Ketoconazole
Ofloxacin Probenecid Dox orubicin Nefazodone
Nefazodone Ritonavir Escitalopram Nifedipine
Ticlopidine Sertraline Auoxetine Omeprazole

Sulfamethoxazole- Haloperidol Propoxyphene

trimop rim

Teniposide Hydroxyzine Protease inhibitors

Zatirlukast Indinavir Verapamil

Methadone
Metod opramide
Zn\sso ¥
Lima, L M© Manzi, S. F. et al. Clin. Ped. Emerg. Med. (2005) 6: 93-102 io
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INTERACOES MEDICAMENTOSAS

v INIBIDORES REVERSIVEIS DE CYP450
F g-g__l_g_‘pﬂui@lso mg "
@ g :

OH F

fluconazol

TpH géstrico— $50% da absorcéo cetoconazol
(absorcéo ideal em pH<3,5)

H 0
Mquinidina]— HiC” Q /T \ B
Tda toxicidade N N@O o) @\
cetoconazol Nizoral |

| Eameron
0 Y PR [oTarimeng

Inibidores enzimatico

& s cuag
| %a\sso ®
Lima, L M© | io
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INTERACOES MEDICAMENTOSAS

Lima, L M©

Cisteinato-Fe(III) protoprofina IX

"A representation of with bound camphor. The enlarged
active site region shows the camphor substrate, haem
moiety and cysteine residue which forms the distal haem
ligand. In the representation of the full enzyme the protein
backbone is shown in green, the haem moiety in blue and
the substrate is coloured according to atomic Species.
Oxygen atoms are shown in red, carbon in grey,
nitrogen in light blue, sulphur in yellow and iron in
dark blue."-

www.pharmacology2000.com/
&Bﬁ
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INTERACOES MEDICAMENTOSAS

v INIBIDORES REVERSIVEIS DE CYP450

_.CHg H3c\\<¢N
"¢CH3 H3C\ N
N—CHj
\7% N
Cl

CHs

CYP3A4 ~— midazolam
Erythromycin A - CYP3A4

Inibidores competitivos do sitio ativo da CYP3A4
(1.
— = N }’CH?’
L [ 6
C—N
L : \ dialtiazem

CHj;

OCH,

@)

Lima, L M©
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INTERAGCOES MEDICAMENTOSAS
v INIBIDORES IRREVERSIVEIS DE CYP450

;.
mmlu =
! - CYP450

norethisterone

Enz [
H-C ® Oe
HsC OH 3

: %a\sso Y
Lima, L M© O’Neal Johnston, J. et al., Steroids (1991) 56: 180-184 == ASSBio
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INTERACOES MEDICAMENTOSAS

Opioid activity
in brain

A A
1

-

Clarithromycin and
[ voriconazole

> —
HO : Liver

Morphine-6- T

CYP3A4 CYP2D6
= T glucuronide
= HO
- Ultrarapid
- etabolism o
- .
- Morphine {.
- i)
Norcodeine [l ?
- : Gluc
N, Glug

Morphine-3-
glucuronide

A

- 4—(:)— Acute renal
1
’

failure

.

\Kidney

Lima, L MO

Y. Gasche et al., N Engl J Med 2004, 351:2827-31

The conversion of codeine into norcodeine by CYP3A4
and into codeine-6-glucuronide by glucuronidation
usually represents 80 percent of codeine clearance, and
conversion of codeine into morphine by CYP2D6
represents only 10 percent of codeine clearance (blue
arrows).

Morphine is further metabolized into morphine-6-glucuronide
and into morphine-3-glucuronide. Morphine and morphine-6-
glucuronide have opioid activity (green arrows). Glucuronides
are eliminated by the kidney and are thus susceptible to
accumulation in cases of acute renal failure. The patient
(red arrows) had ultrarapid CYP2D6 metabolism, inhibition
of CYP3A4 as a result of treatment with clarithromycin and
voriconazole, and glucuronide accumulation due to acute
renal failure.

Red arrows with dotted lines indicate low levels of drug
conversion or elimination, green arrows with dotted lines
indicate low levels of brain penetration, and thick arrows
indicate high levels.

CYP2D6 ultrarapid-metabolism genotype
and phenotype, in combination with drug-
induced inhibition of CYP3A4 activity and
a reduction in renal function— central
nervous system depression

o oSitare da Sabtimins Daciven
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INTERACOES MEDICAMENTOSAS

0. _COOH
CH, ~

Cl
CYP3A4 (substrato)

o Cl 4cido etacrinico
Edecrin®

LD, =175 mg/kg

Tagranulocitose, neutropenia

Erythromycin A
CYP3AA4 (inibidor)

Trisco de ototoxicidade

Lima, L M©
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INTERACOES MEDICAMENTOSAS

|
N CHs induzida por:
\n/ overdose; alcool;
0] isoniazida; fenobarbital
HO

1
acetaminofeno :
(TylenolR, 1949) :

sulfatacéo :
Glicuronidago CYP450 1A2 : - N

ca 5-150% \ CYP450 2E1 o N

I
N CHj N
/ 7
/O/ \ﬂ/ J/i;/ \n/ acelerada pelo alcool
O o} .
HO3S0 ! o g i ¢

iminoquinona

N CH3 o 1
ou \n/ metabolito ativo : N
. O - 7 %
GlicO Glic=glicuronideo :
metabdlitos inativos ' auséncia/ou deficiéncia < : 9]

de Glutationa

necrose celular ; N
H necrose hepatica B

lll\n/CHs ¢ y N\g 3 N\g
HO O l 10) <—> (_)/2 1‘1

AN
v

SG=glutationa

SG
metabdlito inativo

N-acetilcisteina
_ ®
Lima, L M© io
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INTERACOES MEDICAMENTOSAS

[ ] 1 Etanol

v'Alcool “agudo”— inibidor

enzimatico
v'Alcool “crénico”’—indutor Amitriptilina apés Etanol
enzimatico
mitriptilina s/ Etanol
tempo

Tratamento do alcoolismo

CH; S I/CH3
(A N

dissulfiram S CHjs

V. | HsC
(Antabuse®) irreversivel (-) OH
N
H3C/\OH ADH > @ ALDH= H3;C @]
etanol desiglrg%(e):ln ase acetaldeido des?dlgggi;g(r)]ase 4cido acético

“sindrome do acetaldeido” (nauseas, vOmito, hipotenséo, palpitacéo, dor de cabeca, etc)

Lima, L M© ASSBio
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INTERACOES MEDICAMENTOSAS

C(CHy);

FDA—Proscrito, USA?
N
OH B
o Seldarelg Rare, but serious
Terfenadine
O anti-histaminico n&o-sedativo heart prOblemS
Substrato CYP3A4 o
leﬂfal

Ju-i.uu

cetoconazol
Inibidor CYP3A4

Ervemicing e e
s s antimicotico

Inibidor CYP3A4 EYthromyein A
Lima. L M© Liebler, D.C. et al (2005) Nature Reviews Drug Discovery 4: 410 io
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INTERACOES MEDICAMENTOSAS

O@ FDA—Proscrito, USA& Europa

oy

Arritmia cardiaca &

OH .
Terfenadine el ~ .
Q Anti-histaminico ndo-sedativo Flbrllagao VEﬂthCUlar
Seldane®
CYP3A4 Alvo Molecular: canais de potassio (hERG)

O

metabdlito ativo
sobre rec. histamini

N I
OH

on CYP3A4

metabdlito inativo
sobre agédo cardiovascular

OH Fexofenadine
Anti-histaminico ndo cardiotdxico (1IT)
Allegra®

metabdlito inativo
sobre acgéo cardiovascular

Badyal, D.K. & Dadhich (2001) Indian J. Pharmacol. 33: 248

Lima, L M©
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INTERACOES MEDICAMENTOSAS

Metabolizado pela
CYP450 2C9

Hs;C

Inibidor da
CYP450 2C9

N F o Rases |
N Micoflux® 150 mg
—N
N/_ \N
N OH F
fluconazol
Lima, L M©

O Inibidor da

CYP450 2D6
F ‘
NN

CF3

H,CO

CHg
metoprolo

Metabolizado pela
CYP450 2D6

d[conc] metoprolol
Bradicardia sintomatica

O acumulo de metoprolol pode levar a profunda
hipotensdo como resultado do output cardiaco devido a
efeitos cronotrépicos e inotropicos resultantes do
bloqueio dos receptores S-adrenérgicos.

Labaratniia s Pl o iskac Snbamins Dacvin
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INTERACOES MEDICAMENTOSAS

atorvastatina

antilipidémico &
(inibidor da HMGCoA-redutase) R -

CYP3A4

H3(§ Perda da propriedades

opidogrel (antiplaquetario
CYP3A4 | o 0O anti-plaquetarias pidogre! ( q pd ; )
N ol tratamento da oenca

arterial caronariana

OO Pravastatina, alternativa?
i < metabolito ativo Unica estatina eliminada na forma

Neubauer, H. et al. (2003) Eur. Heart Journal 24: 1744 nao modificada )

Lima, L M© ASSBio
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INTERACOES MEDICAMENTOSAS

Warfarin 3mg
.| Tablets Taxa de complicacdes com
Tratamento cronico: 7.6 a 16.5

pacientes por cada 100.

R-varfarina S-varfarina >

distdmero (4 x menos ativo) F

Faléncia renal crénica;

Interagbes Medicamentosas Disfuncao hepatica;
(@\ Alto risco de sangramentos.
N o]
e
Indutores CYP2C9 HN 7/\” CFs

NH O Me
o aprepitanto
— (anti-emético) | Interacdes Medicamentosas
rirampicna,
carbamazepina,
barbituratos 2_\\
N F
N oy .
Xy — Inibidores CYP2C9
t risco de embolia —
pulmonar & complicagdes . N/\CH3 N/\_ \N . a s ﬂ
| cardiovasculares amiodarona NS OH F 1 risco de faléncia renal
(anti-arritmico) M5 fluconazol (antifangico) cronica;disfuncéo hepatica e
sangramentos.

Lima, L M© Muszkat, M. et al. (2007) Clinical Therapeutics 29: 427

...................................
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INTERACOES MEDICAMENTOSAS

OH

CYP3A4
CYP2C8 (> 80%)

Cerivastatina
(inibidor da HMGCoA-redutase)
Tratamento da hipercolesterolemia e

Rabdomidlise
(quebra (lise) rapida de

prevencao de doencas cardiovasculares musculo esquelético
(rabdomio) devido a
“Medicamentos anticolesterol matam quatro pessoas‘em E a” lesdo no tecido
muscular)

Nao ha tratamento

100 Capsules

@] @)
OH Centrat” 300 COOH
CHs OH
0
tiy: Aouz Darou Lab /(:[ ?H 3 O o H
Gemfibrozil e CHj 0/\/\?—ﬁ/ HO
(agonista PPARa) CH; O
Tratamento da hiperlipidemia, o ;
hipertrigliceremia e prevencao de Gemfibrozil 1-O-B-glucuronide
doengas cardiovasculares Inibidor da CYP2C8 (metabdlito glicuronado)
21‘:! ®
Lima, L M© WANG et al. DRUG METABOLISM AND DISPOSITION (2002) 30:1352 CASSBio


http://upload.wikimedia.org/wikipedia/commons/5/52/Gemfibrozil.svg
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INTERACOES MEDICAMENTOSAS

Anti-hipertensivo
Proscrito em 1998

Inibidor CYP3A4

HO o
\Cf
Q 2
:'o o /\).I\D
. . . '-..\.‘ l E H (
Mibefradil (Posicor, Roche) i l

Rabdom|é||se lovastatina
(quebra (lise) rapida de
musculo esquelético
(rabdomio) devido a

lesdo no tecido HO o]
muscular)
Ndo ha tratamento 5 O
' H
O mecanismo exato pelo qual as estatinas podem H3C % o

causar a rabdomidlise ndo se encontra ainda completamente H3C CHs :
esclarecido. Diversas hipoteses sdo possiveis: as
estatinas causam deplecdo de metabdlitos intermediarios
da sintese do colesterol; induzem a apoptose celular e
podem causar alteragdes nos canais de condutancia ao
cloro dentro dos midgcitos

Hae™

simvastatin
. io”
Lima, L MO Arquivos Brasileiros de Cardiologia - Volume 85, Suplemento V, Outubro 2005 : "o

Labaratniia s Pl o iskac Snbamins Dacvin



XXIIl Escola de Verao em Quimica Farmacéutica e Medicinal

INTERACOES ENTRE DROGAS

Taquicardia reflexa, hipotenséo, palpitacéao,
cefaleia, nauseas e vomitos

c¢3221 4 ALDH2
CH3;CH,OH ——> CHyCOH | &YP2EL CH3CO,H
desidrogenases aldeido
hepaticas desidrogenase
i r MDMA Inibe ALDH2 =T [CH3COH] =

H
O N MDMA DH2 =T [ ,
| — Efeitos toxicos= ligacéo a bionucleofilos =
< assoclacao carcinogenicidade, complicacdes hepaéticas
@) e neuroldgicas

(C) Area under the curve

metilenodioximetanfetamina (MDMA, “ecstasy”)

diminuicao da reabsorcéao da
serotonina, dopamina e noradrenalina
no cérebro = a familia das anfetaminas
= euforia = séo neutodxicas

ALUC;., Blood Acatakdehyde (uli*h)
=&

Ethancl MDMA + Ethanol

Lima, L M© Upreti et al. Toxicology Letters 188 (2009) 167-172 & bt h 4
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INTERACOES ENTRE DROGAS & ALIMENTOS

A ',~-. ' : '\__\ 3 O
- CH
(‘ I “\3 :~- ‘.:,' / ’
e TP N N
= 7»:1 v
4 el O T N

CH;

teobromina

Fumaca cigarro/tabaco
(INDUCAO CYP1A2/CYP2E1)

]

H
N N
]
N
(nicotina)

Polimorfismo CYP2A6

\

CYP2E1

N-demetilacao

N

-
0 /CH3
H3C\N N
A e
0 T N

CH,

CYP2E1

N-demetilacao
CAFEINA

CYP1A2
N-demetilaciao

o CH,
SN
A
0) N N
H

paraxantina

Br J Clin Pharmacol. 2011 November; 72(5): 836—838

Lima, L M©

0
H3C\N)Jj:§
O)\N | N/>
/ éHa

teofilina

Labaratniia s Pl o iskac Snbamins Dacvin


http://www.google.com.br/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=YQtucc_tFu_XeM&tbnid=pNdfgNgXWVd7FM:&ved=0CAUQjRw&url=http://moda.culturamix.com/roupas/como-remover-o-odor-de-cigarro-da-roupa&ei=M0TqUpqZB_KpsASEioG4DQ&bvm=bv.60444564,d.eW0&psig=AFQjCNGrZvfVQJncxTJMbbiOYQ3B6CruIw&ust=1391170983883907
http://www.google.com.br/url?sa=t&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&ved=0CAQQjRw&url=http://www.infoescola.com/compostos-quimicos/nicotina/&ei=B0XqUti_Is2PkAei9IHACg&usg=AFQjCNEVI2IRXXwxpgIIAI195CRzZquV4w&sig2=bCXa5uBPDIeJsj-hCipEXQ&bvm=bv.60444564,d.eW0

XXIIl Escola de Verao em Quimica Farmacéutica e Medicinal

INTERACOES MEDICAMENTOSAS

s / ost.ivNoTua |
W / | -
T !
e e o) HN 30 Tablets
- 4 T
y = !
A

Erlotinib

] Haco? O SN | Tablels 150mg
ERLONAT 150 |
>0 N e i RS
erlotinibe -
. Tratamento do cancer de
Fumaca cigarro pulm&o de células ndo pequenas
INDU AO CYP1A2 & pancreas metastasico —
( ¢ ) | | Cax do erlotinibe
0 O
F
H - AR (\
A~ SRS
2 .
N ciprofloxacino [ T Cmax do erlotinibe ]
C Antimicrobiano
(nicotina) (gram -)

Polimorfismo CYP2A6
(INIBIDOR CYP1A2)

S. Peters et al. Cancer Treatment Reviews 40 (2014) 917-926 g ;
Lima,LMO@ . ASsBio
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INTERACOES MEDICAMENTOS & ALIMENTOS

CHj
CH;

@)
OH

OH Fexofenadine
Anti-histaminico ndo cardiotoxico (11T)
Allegra®

MING-JI JIN AND HYO-KYUNG HAN. JOURNAL OF FOOD SCIENCE (2010) 75: H93

Lima, L M©

Aumenta concentracao plasmatica
da fexofenadina = (Piperina) inibe

P-gp (ptn transportadora e de
excregdo)

Piperina (alcaloide)= Piper nigrum Linn

Biodisponibilidade oral =33%
Baixa permeabilidade intestinal
Baixo metabolismo

Substrato da (P-glicoproteina) P-gp
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INTERACOES MEDICAMENTOS & ALIMENTOS

HN
MNWG =N
B
0] N
Erva de S&o Jo&o (Hypericum perforatum) gefitinibe

(EGFR, cancer NSCLC)

o 0 Nﬁ
i ? N [ I
HN =

ou Hipericéao

X e OLM-38

3 GILOTRIF

Indutor CYP3A4 —> |C,,. geftinibe MEENM HN (afatinib) tablets
Indutor gp-P ——>  |C,,,, afatinibe O \CL
afatinibe [ tee

(EGFR, cancer NSCLC) ClI

30 tablets

Boebringes
Ingelheim B enly ]

S. Peters et al. Cancer Treatment Reviews 40 (2014) 917-926 g ;
Lima,LMO©@ . i
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INTERACOES MEDICAMENTOS & ALIMENTOS

Pode reduzir a eficacia de contraceptivos
orais e produz reacdes adversas quando
utilizado com inibidores da recaptacéo da
serotonina (por exemplo paraxetina). ???7??

Erva de Sdo Joao (Hypericum perforatum)
ou Hipericéao

OH O OH

(H*)O ‘O CH, Inibidor da MAO e COMT

HO CHs Em 7dose: Fotossensibilizac&o
Inibidor dopamina g-hibroxilase
OH O OH

Principio ativo: Hipericina

Labaratniia s Pl o iskac Snbamins Dacvin
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INTERACOES MEDICAMENTOS & ALIMENTOS

Lima, L M© G. R. Wilkinson, N Engl J Med 2005, 352:2211-2221
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Consequences of the Inhibition of First-Pass Metabolism, as Exemplified by the Interaction

between Felodipine and Grapefruit Juice.

A = B
40 110-
=
5]
)
(1]
£ 3 100 Grapefruit juice
o £
= - 904 Water
L= -
u2 o il
o= o
£3 g 80+
5 E > ;
c (-5
<= =
L+ F] o 704
w i i
E I
@ Grapefruit juice 50:(
== —0 Water O—F—F—F7 77T T 7T V7T T 7T T 717
: 0 1 2 3 4 5 6 7 8
Hours
Systolic Diastolic
150 100+
140+ — 90
— M)
= | I
E L
£ 1304 £ 304
E 1 Wat — i1 Water
] ater
g 120 g Grapefruit juice
o 1 /I Grapefruit juice & 70+
¢ 110 g
a o
o -g 60
= 100+ ©
= [
50+ 504
0/|r — 1 T 1 T 1 T 1 T 17 T 1 T 71 1 0/Ir rrrTr rTr T 7T T T T T T T T !
0 2 3 4 5 6 7 3 0 1 2 3 4 5 6 7 b3
Hours Hours
- - . _ ®
Lima, L M© G. R. Wilkinson, N Engl J Med 2005, 352:2211-2221 éa\s.i.
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THE CHEMISTRY OF A GRAPEFRUIT

INTERACTIONS WITH DRUGS =

(o) 0}

N /

BERGAMOTTIN

Grapefruit, and grapefruit juice, i1s known to
interact with a large number of drugs. usually
resulting Iin odverse effects. These interaclions
are caused by a class of compounds caolled
furanocoumarins, in porficular the compounds
bergameltin and dihydrexybergametlin.

LYCOPENE

These compeounds Inhibit some forms of an
enzyme responsitle for breaking down drugs in
the body. As the prescribed dose of drugs takes
inloaccount how quickly the drugisbrokendown
inthe body, this can lead o higher cencentralions
of the drug In the blogdstream, which in turn can
result In unpleasant side effects.

The colour of pink and red grapefruits is caused by the compound lycepene.
This Is @ compound composed entirely of carben and hydrogen atoms. The
compound absorbs all but the longest wavelengths of visible light, causing it to
appear red.

Lycopene is also the compound responsible for the celouration of tomatoes. It
is also used as a food colouring due to Its strong colour and lack of texicity.

®
Lima, L M©  Source: http://mww.compoundchem.com/2014/03/07/why-does-grapefruit-interact-with-drugs-the-chemistry-of-a-grapefruit/ mi.
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Table 3. Fruit-drug interactions [Fragoso and Esparza 2013]

Table 4. Vegetable-drug intractions [Fragoso and Esparza

2013]

Fruit

Molecular target Drug interactions

Broccoli inhibits CYP1A1l, CYP2ZB1/2,

Spimach

Tomato

Carrot

Red
pepper

not documented
CYP3A4, CYP2E1, hGSTA1/2,

MRP1, MRP2. BCRP, UDP,
glucorosytransterases, dulfo-

transferases, quinone reductses
phenolsulfotransferases

mduces: UDPglucuronosyl-

transferases, (UGTs),

sulfotransferases (SULTS)

ans qunone reductase (QRs)

possible intubition of CYP1A2 heterocyclic aro-
matic amines

mhibits CYP1Al, CYPIBI, diethylnitrosa-

UGP mine, N-methyl-

mcreases UGT and CYP2E1 -N-nitrosourea
and 1,2 dimethyl-
hydrazine

mduces phenolsulfotrans- not documented

ferases and ethoxycoumarin
O-deethylase ECD
mhibits CYP2E1

inhibits CYP1A2, CYP2A2,  in vitro
CYP3Al, CYP2C11, CYP2BI1, and in vivo
CYP2B2, CYP2C6

Fruit Molecular target =~ Drug interactions
Grapefrmit mhibits CYP3A4,  calcium channel an-
CYP1A2 MRP2, tagonist, central nervous
OATP-B and system modulators,
P-glycoprotein HMG-CoA reductase,
immunosuppressants,
antivirals, phosphodiester-
ases-5 mhibifor, antihista-
mines, antiarrythmies
and antibiotics
Sevilla mhibits CYP3A4,  vinblastine, fexofenadine,
orange P-glycoprotein, glibenclemida, atenolol,
OATP-A, OATP-B  ciprofioxacine, ciclo-
sporine, celiprolol, levo-
floxacin and pravastatin
Tangerme stimulates CYP3A4 nifedipine, digoxina
activity and inhibits
P-glycoprotein
Grapes mhibits CYP3A4 cyclosporine
and CYP2E1
Mango mhibits CYP1Al,  midazolam, diclofenac,
CYP1A2 CYP3Al, chlorzoxazone, verapamuil
CYP2C6, CYP2EI,
P-glycoprotein
Apple mhibits CYP1ALl,  fexofenadine
OATP family
Papaya mhibits CYP3A4 not documented
Lima, L M©

o oSitare da Sabtimins Daciven

S. Otles, A. Senturk, Acta Sci. Pol., Technol. Aliment., 2014, 13: 89-102
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LC-ESI-MS/MS

analysis of BG-GS
conjugates isolated
from incubation
mixtures with P450
3A5. Incubation
conditions and
extraction/analysis
procedures were as

described under
Materials and
Methods.

A) representative
extracted ion
chromatogram  of
the [MH] ion with
an m/z of 662
eluting at 25 min.
The inset shows
the mass spectrum
of the peak at 25
min. B) MS/MS
pattern of the 662
ion eluting at 25
min showing the
proposed structure
of the conjugate in
the inset.

Lima, L M©
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é\i Cim, eu fiz!
~ Eu vou fazer.

Eu consigo fazer.

@W@%@%E?

Que degrau VOCé ) atingiu hoje?

Ha trés meétodos para ganhar sabedoria: primeiro, por reflexdo, que € o mais
nobre; segundo, por imitacao, que € o mais facil; e terceiro, por experiéncia,

gue € 0 mais amargo.
Lima, L Mo lidialima@icb.ufrj.br (Conficio)



