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SUMMARY

Introduction Angiotensin-converting enzyme (ACE) inhibitors represent a significant group of drugs
primarily used in the treatment of hypertension and congestive heart failure.

Objective Selected ACE inhibitors (enalapril, quinapril, fosinopril, lisinopril, cilazapril) were studied in
order to establish a fast and easy estimation method of their plasma protein binding degree based on
their lipophilicity data.

Methods Chromatographic hydrophobicity data (parameter C ) were obtained on cellulose layers under
conditions of normal-phase thin-layer chromatography (NPTLC), using different binary solvent systems.
The ACE inhibitors lipophilicity descriptors (logP) values were calculated using the software package
Virtual Computational Chemistry Laboratory. The ACE inhibitors plasma protein binding data were col-
lected from relevant literature.

Results ACE inhibitors protein binding data varied from negligible (lisinopril) to 99% (fosinopril). The
calculated lipophilicity descriptors, logP, .. values ranged from -0.94 (lisinopril) to 6.61 (fosinopril).
Good correlations were established between plasma protein binding values and calculated logP, ..\
values (R’=0.8026) as well as chromatographic hydrophobicity data, C; parameters (R>=0.7662). Even
though good correlation coefficients (R?) were obtained in both relations, unacceptable probability
value with p>0.05 was found in relation between protein binding data and calculated logP, ., Values.
Subsequently, taking into consideration the request for probability value lower than 0.05, a better rela-
tionship was observed between protein binding data and chromatographically obtained hydrophobicity
parameters C, values.

Conclusion Cellulose layers are easily available and cost effective sorbent to assess hydrophobicity.
Experimentally obtained data on ACE inhibitors hydrophobicity and plasma protein binding estimation

are important parameters in evaluating bioavailability of these drugs.
Keywords: angiotensin-converting enzyme inhibitors; plasma protein binding; hydrophobicity

INTRODUCTION

High-throughput evaluation of drug’s proper-
ties - absorption, distribution, metabolism and
elimination (ADME), is crucial in its discovery
and design process. The number of molecu-
lar physicochemical properties (lipophilicity,
solubility, molecular weight, volume of drug
molecule, polar surface area) plays important
role in drug’s ADME characteristics, as well as
in plasma protein binding (PPB) degree [1, 2,
3]. Lipophilicity is one of the most important
properties, since lipophilic molecules exhibit
better absorption, penetration into tissues
and a higher degree of distribution. Also, it is
well-known that more lipophilic drugs exert a
higher degree of protein binding in comparison
to less lipophilic ones with similar properties
(1,2, 3].

Drug molecules are in vivo either bound to
plasma proteins and lipids, to proteins and lip-
ids in tissues, or they are free, that is, unbound,
and diffuse among the aqueous environment
of blood and tissues. Depending on the spe-
cific affinity for plasma protein, the portion of
the bound and unbound drug may differ. The
PPB degree significantly influences drug’s ef-

ficiency. The less bound drug passes through
cell membranes or diffuses and exhibits phar-
macologic effects more efficiently. Also, PPB
can influence the drug’s biological half-life in
the body since bound portion may act as a res-
ervoir from which the drug is slowly released
as the unbound form [4, 5].
Angiotensin-converting enzyme (ACE) in-
hibitors are widely used for treating hyperten-
sion, congestive heart failure and renal failure
[5, 6, 7]. They exert antihypertensive effect
by blocking the conversion of angiotensin I
to angiotensin II, lowering arteriolar resist-
ance, increasing venous capacity, increasing
natriuresis and downregulating sympathetic
adrenergic activity. They inhibit cardiac and
vascular remodeling associated with chronic
hypertension, heart failure, and myocardial
infarction, reduce ventricular preload and af-
terload, cardiac output, cardiac index, stroke
work and volume. Furthermore, they cause
selective dilatation of efferent renal arterioles
lowering renovascular resistance. In addition
to antihypertensive, ACE inhibitors also exhibit
antiproliferative, antiaterosclerotic and fibrino-
Iytic effects. In hypertensive patients with renal
failure, particularly of diabetic etiology, ACE
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inhibitors are used as drugs of choice because, in addition
to antihypertensive effects, they attenuate the progression
of microalbuminuria and proteinuria [8-11].

According to the available literature, a number of au-
thors investigated the relationship between lipophilicity
and ACE inhibitors pharmacological activity, duration of
action and absorption [12, 13, 14]. In our previous studies
of ACE inhibitors we reported their lipophilic properties
under different chromatographic conditions [15, 16, 17].
Also, in our recently published studies we presented cor-
relations between reversed-phase chromatographic hydro-
phobicity data and ACE inhibitors absorption values [18],
as well as their plasma protein binding data [19].

OBJECTIVE

In continuation of our previous investigations the aim
of this study was to assess relationship between ACE in-
hibitors lipophilicity data, experimentally obtained under
conditions of normal-phase thin-layer chromatography
(NP-TLC) on cellulose layers, and their plasma protein
binding properties. The main topic was to establish the
fast, easy, cost-effective approach enabling estimation of
protein binding degree of ACE inhibitors.

METHODS

Based on the differences in chemical structure, ACE in-
hibitors can be distributed into three groups: with sulfhy-
dryl group (represented by captopril), with carboxyl group
(represented by enalapril) and with phosphinic acid group
(represented by fosinopril) [5].

In this study the following ACE inhibitors were inves-
tigated:

1. enalapril maleate, (S)-1-[N-[1-(ethoxycarbonyl)-3-
phenylpropyl]-L-alanyl]-L-proline maleate;

2. quinapril hydrochloride, [3S-[2[R*(R*)],3R*]]-
2-[2-[[1-(ethoxycarbonyl)-3-phenylpropyl]amino]-1-
oxopropyl]-1,2,3,4-tetrahydro-3-isoquinolinecarboxylic
acid hydrochloride;

3. fosinopril sodium, (45)-4-Cyclohexyl-1-[[(R)-[(1S)-
2-methyl-1-(1-oxopropoxy)- propoxy](4-phenylbutyl)
phosphinyl]acetyl]-L-proline, sodium salt;

4. lisinopril dihydrate, (S)-1-[N2-(1-carboxy-3-
phenylpropyl)-L-lysyl]-L-proline dihydrate;

5. cilazapril monohydrate, [1S-[1a,9a (R*)]]-9-[[1-
(ethoxycarbonyl)-3-phenylpropyl] amino]octahydro-10-
oxo0-6H-pyridazino[1,2-a][1,2]diazepine-1-carboxylic acid
monohydrate.

Aiming to provide a fast, high-throughput technique
for modeling of PPB with lipophilicity, we selected these
compounds as representative ACE inhibitors according to
their PPB values collected from relevant references [5, 20],
ranging from negligible (lisinopril) to 99% (fosinopril),
and their lipophilicity, logP, ... Values, calculated us-
ing software package Virtual Computational Chemistry
Laboratory [21] ranging from -0.94 (lisinopril) to 6.61
(fosinopril). The values of PPB and lipophilicity of ACE
inhibitors which were not included in this study are within
these ranges. Additionally, captopril was excluded from the
proposed model since it belongs to the sulthydryl group of
ACE inhibitors, with a notably different structure which
leads to significant differences in behavior under chroma-
tographic conditions.

The normal-phase thin-layer chromatography ex-
periments were performed on cellulose, 10x10 cm, (Art.
105552, Merck, Germany) layers. The plates were spotted
with 2 L aliquots of freshly prepared ethanolic solutions
of enalapril, quinapril, fosinopril and cilazapril and aque-
ous solution of lisinopril (2 mg/mL) and developed by the
ascending technique. Several non-aqueous binary solvent
systems were used with varying quantities (volume frac-
tion) of components (Table 1). All components of mo-
bile phases were of the analytical grade of purity. After
development, the detection was performed by exposing
the plates to iodine vapor. The ratio between the distance
that each compound travelled and the distance that solvent
front travelled presented the R values. All investigations
were performed at room temperature (22+2°C).

The R, values, representing the measure of compounds
chromatographic behavior, were calculated for each sol-
ute in each mobile phase according to the Bate-Smith and
Westall equation R =log (1/R, - 1) [22]. The retention be-
havior of investigated substances in TLC can be presented
as the relationship between R, values and content of more
polar component in mobile phase by the linear equation:
R,=R,*+m C; where Crepresents the volume fraction (%
V/V) of the more polar component in mobile phase, m is
slope of the linear plot and R ° (intercept) the extrapolated
value R, obtained at C=1%. The value of the intercept, R, °
represents the lipophilicity of the examined substance. An-
other hydrophobicity parameter, the C, can be calculated

Table 1. Chromatographic hydrophobicity parameters of the investigated compounds

Investigated ACE inhibitors
Compounds
1 2 3 4 5
Ry 1.786+0.097 1.683+0.038 1.843+0.044 2.417+0.032 1.766+0.095
Cyclohexan - carbon tetrachloride
o 1413 1.074 0.831 1.489 1.320
R,° 1.520+0.067 1.344+0.061 1.469+0.079 2.204+0.111 1.314£0.073
Cyclohexan - toluene
1.293 0.918 0.704 1.397 1.236
1.319+0.053 1.304+0.034 1.397+0.144 2.615+£0.111 1.327+0.085
Cyclohexan - benzene
0.983 0.707 0.551 1.132 0.858

The numbers 1-5 denote the substances (Figure 1). R ° and C_ are chromatographically obtained hydrophobicity parameters.
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Figure 1. Investigated ACE inhibitors

as: C;=-R,°/ m [23, 24]. All experiments were carried out
in triplicate, according to the general standards specified
for this method. The relative standard deviations (RSD)
for acquired absolute values were calculated and they all
were under 1.00%. The average values of hydrophobicity
parameters (R ’, C ) obtained in these investigations are
presented in Table 1.

The ACE inhibitors molecular lipophilicity descrip-
tors — logP values were calculated using software package
Virtual Computational Chemistry Laboratory [21]. Ex-
perimentally determined logP,, . (logP, ) valuesof
examined ACE inhibitors were obtained from the Clarke’s

Analysis of Drugs and Poisons [20]. The different logP
values of investigated ACE inhibitors were calculated using
the software package Virtual Computational Chemistry
Laboratory. In our previously published study [18] the
selection of logP, .. values was evaluated on the basis
of its best agreement with experimental, from literature
obtained logP_  values (R*=0,999). The ACE inhibitors
PPB data were collected from relevant references [5, 20].
The logP, iy and logP . values of investigated ACE
inhibitors are presented in Figure 1.

The Microsoft Excel 2003 was used to perform the sta-
tistical analysis of regression.
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RESULTS

The protein binding data of investigated ACE inhibitors
varied from negligible (lisinopril), through 24% (cilaz-
april), 55% (enalapril), 97% (quinapril) to 99% (fosino-
pril). The calculated logP, .. values ranged from -0.94
(lisinopril) to 6.61 (fosinopril).
In the first stage of the study, chromatographically es-
tablished hydrophobicity parameters C, which are gener-
ally accepted as a reliable measure of lipophilicity were
correlated with calculated logP values. The relations es-
tablished between chromatographic hydrophobicity pa-
rameters (C)) and logP, . values are shown in Table 2.
Very good correlations (R*>0.86) were obtained for all
used solvent systems (as proposed: the range of R*>0.79 in
literature [25]) confirming hydrophobicity parameters C;
obtained on cellulose layers under conditions of normal-
phase thin-layer chromatography, as suitable measure of
ACE inhibitors lipophilicity. Since the best correlation
(R?=0.916) was observed for cyclohexan - benzene mobile
phase, hydrophobicity parameters C, obtained with this
solvent system will be considered in further correlation.

Table 2. Equations and correlation coefficients for C vs. logP,
values

KOWWIN

Solvent system Equation R?
Cyclohexan - carbon _

tetrachloride C,=1.486-0.092log P, 0.867
Cyclohexan - toluene C,=1.387-0.098 109 P, ,uum 0.864
Cyclohexan - benzene C,=1.072-0.08010g P, uum 0.916

Table 3. Data of plasma protein binding (PPB) collected from relevant

literature and predicted from relations with calculated logP, .., and
chromatographic hydrophobicity parameters (C; values)
ACE inhibitors PPB? PPB s PPB, icied
1 55 49.6 319
2 97 67.9 78.5
3 99 109.5 104.8
4 0 0.8 6.8
5 24 47.0 53.0

2PPB - collected from relevant literature; ®°PPB - predicted from relation with

109P, i Values (eq. 1); °PPB — predicted from relation with C values (eq. 2)

120

100 @PPBa

EPPBL

DFPBc

80

60

PPB

40

20

1 2 3 4 5
ACE inhibitors

Graph 1. Values of plasma protein binding (PPB) collected from rel-
evant literature (PPBa) [4] and predicted from relation (eq. 1) with
calculated logP, . (PPBb) or relation (eq. 2) with chromatographic
hydrophobicity parameters, C, (PPBc)

In the next stage of this study the relationship between
calculated lipophilicity (logP, ... Values) as well as chro-
matographically obtained hydrophobicity parameters (C )
and PPB data of examined ACE inhibitors was investi-
gated. The following correlations were obtained:
PPB=14.400(%4.123) logP +14.364 (£15.378) (1)
n=5, R?=0.803, F=12.200
PPB=-168.651 (+53.782) C, + 197.712 (+46.808) ()
n=5, R?>=0.7662, F=9.833

The presented correlations can be considered as good,
with high correlation coefficients (R* higher than 0.75)
and acceptable F values due to a limited number of com-
pounds. Next, the ACE inhibitors lipophilicity data, both
calculated as well as chromatographically obtained could
be considered as high-throughput screening techniques
for the evaluation of selected compounds protein binding
degree.

Even though good correlation coefficients (R*) were ob-
tained in both relations, unacceptable probability value
with p>0.05 was found in relation between protein bind-
ing data and calculated logP, . values. Subsequently,
although the correlation coefficient obtained in equa-
tion 2 (R=0.7662) was slightly lower than R* obtained in
equation 1 (R>=0.803), better relationship with acceptable
probability value (p<0.05) was observed between protein
binding data and chromatographically obtained hydro-
phobicity parameters C,.

Values of PPB degree, collected from the relevant lit-
erature as well as predicted from relations with calculated
logP, ,vwin (€4- 1) and hydrophobicity parameters, C| val-
ues (obtained under conditions of NP-TLC) (eq. 2) are
presented in Table 3 and at Graph 1.

KOWWIN

DISCUSSION

The investigation of protein binding parameters has re-
ceived significant attention since its importance was rec-
ognized at the beginning of the 20" century. A number
of authors suggest several in vitro assays that can be em-
ployed in determination of different drugs plasma pro-
tein binding degree. There are examples of separation
techniques including equilibrium dialysis, ultrafiltration,
ultracentrifugation and gel filtration [26, 27, 28]; recently
developed chromatographic methods based on columns
with immobilized human serum albumin [26, 29, 30] and
capillary electrophoretic (CE) methods [27, 31, 32]. In a
recently published study Ghafourian and Amin suggested
in silico model for predicting PPB degree of compounds
based on correlations with their computed molecular de-
scriptors. They established positive effect of lipophilicity
measured by calculated logP descriptor on plasma protein
binding [33].

Still, most of these methods have certain limitations
and a new approach for a fast, reliable and cost-effective
determination of plasma protein binding should be de-
veloped.

In this research several selected, most frequently pre-
scribed, ACE inhibitors (enalapril, quinapril, fosinopril,
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lisinopril, cilazapril) (Figure 1) were studied to establish
the correlation between their plasma protein binding
degree and lipophilicity data, calculated logP values or
experimentally obtained hydrophobicity parameters C;
with normal-phase thin-layer chromatography on cel-
lulose sorbent. In the first stage of this study, chromato-
graphically obtained C parameter was verified as a good
measure of ACE inhibitors lipophilicity. Moreover, it was
established that ACE inhibitors lipophilicity data correlate
well with their plasma protein binding values. The good
correlation (R?=0.7662) with acceptable probability value
(p<0.05) was found between hydrophobicity parameters
C, and ACE inhibitors plasma protein binding data. The
main advantage of cellulose — sorbent compared to silica
gel — sorbent usually used in TLC, is that cellulose is easily
avaijlable and cost-effective sorbent.

Present study can be considered as effective experimen-
tal assay which could be used as a fast, easy, cost-effective
screening technique beside other previously proposed
methodologies for PPB prediction. The proposed method-
ology has confirmed that lipophilicity is essential in drug’s
PPB and could be regarded as new, additional, in vitro ap-
proach appropriate for modeling of PPB with lipophilicity
of the investigated group of ACE inhibitors. In addition,
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MpoueHa cTeneHa Be3uBakba MHXMBUTOPA aHIMOTEH3UH-KOHBepTYjyher eH3uma
33 NpoTenHe Nnasme NPUMeHOM XpomaTtorpadcku fobujeHnx napamerapa

xnapo¢pobHocTHn

JacHa Tp6ojesuh-CraHkosuh', MupjaHa Anekcuh?, JagpaHka Ogosuh?

'Opemetbe xemopujanuse, KnuHuka 3a yponorujy, KnuHnuko-6onHuuku uentap,Jp Aparvwa Muwosuh'’, beorpag, Cpbuja;
2Ynuepautet y beorpapy, GapmaLieyTcki pakyntet, Kategpa 3a aHanutnuky xemujy, beorpag, Cpbuja

KPATAK CALIP>KA)J

YBop VHxnbuTopy aHrnoTeH3unH-koHBepTyjyher eH3uma (ACE)
Cy BenvKa rpyna lekoBa 13y3eTHO 3HauajHa Yy fieuerby xunep-
TeH3uje.

Liwmb papa AHanusupanm cy nsabpanu ACE-uHxnbutopu (eHa-
nanpwn, KBuHanpun, Go3vHoNpwn, IM3NHONPWUA, Luiasanpun)
paAv noctaB/bakba HOBOT MPUCTYMa NOrofHor 3a 6p3y v jed-
HOCTaBHY NPOLieHy Be3MBaba 3a NPOTEVHE Na3me Ha OCHOBY
FbUXOBUX NapameTapa MMnoPuIHoOCTy.

MeTtopge paga Xpomatorpapcku napameTpu xmapopobHo-
cn (BpeaHocTn C ) fobMjeHn Cy y yCioBMma HopMmanHodasHe
xpomatorpaduje (NPTLC) Ha TaHKOM CNojy Lienynose, y3 Kopu-
whetbe ABOKOMMOHEHTHYX MOGUHYX da3a. BpegHocTy napa-
meTapa nunodunHoctn ACE-uHxmbutopa (logP) nspauyHare cy
nomohy codrBepckor naketa Virtual Computational Chemistry
Laboratory.Mogauw o npoLeHTy Be3vBarba ACE-MHX1M6MTOpa 3a
npoTenHe Nnasme NpeyseTu cy U3 ogrosapajyhe nuteparype.
PesynTatm lNpoueHaT Be3uBama 3a NpoTenHe niasme Ncnu-
TBaHmx ACE-unxubutopa 6uo je y oncery og 0% (n13mHo-
npun) Ao 99% (po3mHonpwn), LOK Cy BPEAHOCTU U3payyHaTHX
napametapa aunodunHoctu (BpeaHoctn logP, ) 6une og
-0,94 (nu3mHonpwun) fo 6,61 (do3vHonpun). [lobujeHe cy 3ago-
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BosbaBajyhe Kopenauuje nsmehy BpegHocTy BeamBama ACE-
MHXM6MTOPa 3a NpoTenHe naasme n u3padyHarnx logP, .
BpeAHoCTM (koeduumjeHT Kopenauuje R? 6uo je 0,8026), kao
1 xpomaTtorpadckn gobujeHnx napamerapa xmapodobHocTy,
C, (R°=0,7662). Nako cy 3apoBosbasajyfin koedpuumjeHT Ko-
penauuje fobujeHn y obe penaumje, HenpUXBaT/bYBE BPEJHO-
¢ BepoBaTtHohe (p>0,05) gobujeHe cy 3a 3aBUCHOCT U3mehy
BPEeAHOCTU Be3nBarba ACE-MHXMOMTOPA 3 NPOTENHE Masme
u nspayyHatux logP, ... BPeAHocTn. CTora ce, yaumajyhin y
063Up 3axTeB fja BPeAHOCTU BepoBaTHohe byay Huxe of 0,05,
60sb0M MOXE CMaTPaTy 3aBUCHOCT M3mehy BPeaHOCTY BE3MBa-
tba ACE-nHX1buTOpa 3a NpoTerHe nias3me 1 Xpomatorpadckm
JobujeHnx napameTapa xmapodpobHOCTH.

3akmyyak [pumeHa xmapopobHmx napametapa ACE-MHX16u-
TOpa eKcnepuMeHTanHo fobujeHux y ycnoBMma HopmanHoda-
3He XxpomaTtorpaduje Ha TaHKOM CJI0jy Lienyno3e 3a NpoLeHy
CTerneHa HbXOBOr Be3KBatba 3a NPOTEMHe nya3me 3HauajHa je
3a pa3Boj U UCNTUBakbE NIEKOBA OBE rPYyMe 1 NMPOLEHY hUXOBe
6110PaCcMoNoXKMBOCTU.

KrbyuHe peun: MHX1OMTOPY aHIMOTEH3UH-KOHBEPTYjyher eH-
3uMa (ACE-MHXM6MTOPW); BE3MBatbe 3a NPOTENHE Ma3Me; Jin-
nopuaHocT
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