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Kidney plays an important role in the elimination of drugs, especially with low or negligible hepatic
clearance. An analysis of the interrelation of physicochemical properties and the human renal clearance
for a data set of 391 drugs or compounds tested in humans is presented. The data set indicated that
lipophilicity shows a negative relationship while polar descriptors show a positive relationship with
renal clearance. Analysis of net secreted and net reabsorbed subsets revealed that hydrophilic ionized
compounds are probable compounds to show net secretion and a possible drug—drug interaction due to
their likely interaction with uptake transporters and inherent low passive reabsorption. The physico-
chemical space and renal clearance were also statistically analyzed by therapeutic area. In conclusion,
ionization state, lipophilicity, and polar descriptors are found to be the physicochemical determinants of
renal clearance. These fundamental properties can be valuable in early prediction of human renal
clearance and can aid the chemist in structural modifications to optimize drug disposition.

Introduction

The pharmacokinetic profile of a drug molecule is a com-
plex function of various serial and/or simultaneous processes
that include dissolution, intestinal absorption, plasma protein
binding, metabolic clearance, body distribution, and renal
and other clearance mechanisms. Thus, the ability to predict
absorption, distribution, metabolism, and elimination for
virtual compounds and new chemical entities is highly valuable
in drug discovery and development. The excretion of un-
changed drugs by the kidneys constitutes one of the major
routes of drug elimination, particularly for the drugs with low
or negligible metabolic and biliary clearances."? Renal clear-
ance is also very important for metabolites of drugs, as
exemplified by the excretion of drug-related material in urine
during radiolabel mass balance—excretion studies in humans.”

The extent of renal excretion of a compound is the net re-
sult of glomerular filtration, tubular secretion, and reabsorp-
tion."?* The glomerular filtration is the ultrafiltration of
about 10% of total renal blood flow at the glomerulus of
the nephron, resulting in a mean glomerular filtration rate
(GFRY) of 125 mL/min in a 70 kg young man.** Clearance by
glomerular filtration equals the product of GFR and plasma
free fraction (fu). Tubular secretion facilitates transport from
the plasma into proximal tubular lumen. Because of involve-
ment of active transporters, the secretion process is saturable
and may be inhibited by coadministrated drugs, suggesting
the possibility of clinical drug—drug interactions.®”® Most
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“ Abbreviations: ABC, ATP-binding cassette; CL,, renal clearance;
CLo1a1, total body clearance; fu, plasma free fraction; GFR, glomerular
filtration rate; HBA, hydrogen bond acceptors; HBD, hydrogen bond
donors; OAT, organic anion transporter; OCT, organic cation trans-
porter; PSA, polar surface area; Rb, free rotatable bond; RPSA, relative
polar surface area.
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compounds undergo tubular reabsorption from urine into
blood all along the nephron because of the high concentration
gradient created by the water reuptake process.'> The degree
of reabsorption mainly depends on passive permeability and is
influenced by the urine flow and pH. However, uptake and
efflux transporters localized at proximal tubuli may contri-
bute to the reabsorption process.”'® The net secretion or net
reabsorption is apparent when renal clearance is greater than
fu*GFR or renal clearance is less than fu*GFR, respectively,
although both secretory and reabsorption processes may
be occurring simultaneously. Unlike tubular reabsorption,
apparent low passive permeability across basolateral mem-
brane compared to apical membrane' and a high counter
concentration gradient created by water reabsorption make
contribution of passive tubular secretion negligible, if any.
Therefore, transporters mainly contribute to the secretory
transport, which thus depends on the transporter kinetics,
plasma free fraction, and the blood flow rate.®’

Organic anion transporters (OAT1 and OAT3) and organic
cationic transporters (OCT2 and OCT3), localized in the
basolateral membrane, play a key role in tubular secretion
of drugs.'"!'> ATP-binding cassette (ABC) transporters,
P-glycoprotein, and multidrug resistant proteins (MRP2
and MRP4) are localized on the brush border membrane
and transport substrates from cells to lumen (urine), hindering
reabsorption or facilitating secretion.'*!* Other known trans-
porters expressed in the human kidney include OATP4CI,
OCTNI, OCTN2, PEPT2, OAT4, MATE, and URATI."

The biochemical composition of the membrane bilayer
imposes certain characteristic features among molecules that
have to translocate through these membranes. The depen-
dence of passive permeability via transcellular and paracellu-
lar pathways on the compound physicochemical properties
like cLogP, molecular size, hydrogen bonding capacity, and
polar surface area (PSA) has been demonstrated in a number
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Table 1. Mean (Median) Physicochemical Properties for the Human Renal Clearance Ranges

CL, bins CL, CLiotal
[(mL/min)/ [(mL/min)/ [(mL/min)/ PSA RPSA  free rotable H- H-
kg] n kgl kg] MW  cLogP cLogD74 [Az] [%] bonds donors acceptors
<0.1 102 0.03 5.29 377 2.8 1.7 89.3 243 5.7 1.7 6.1
(0.01) (2.45) 336) (2.7 (1.8) (74.4) (22.9) 5) (€))] ®)
0.1-0.5 78 0.25 6.70 377 2.4 0.9 89.8 232 6.2 2.3 6.3
(0.22) (4.50) (321) (2.5 (1.4) (77.9) (23.1) 5) (@) ®)
0.5—1 48 0.75 6.24 361 1.6 —0.1 99.6 29.7 6.6 2.9 6.4
(0.74) (3.90) (346) (1.8) 0.5) (83.6) (24.2) (6) 2) (6)
1-3 104 1.86 8.54 377 0.8 —1.4 120.7 35.2 6.3 3.6 7.5
(1.70) (3.20) (350) (1.1) (—1.3) (108.0) (33.3) (6) 3) (@)
>3 59 5.15 10.94 299 0.5 -1.0 96.4 33.7 5.3 2.6 6.3
(4.42) (8.30) 277)  (0.7) (—1.0) 96.4) (334 5) 2) (6)

of occasions, which resulted in various qualitative, semiquan-
titative and quantitative structure—permeability relationship
models.'®'® Lipinski’s pioneer work proposed a simple set of
rules that is well accepted in drug research industry.'®
Although most of these models were intended to predict the
oral drug absorption, the fundamental parameter associated
with the physicochemical properties is bilayer membrane
permeability, which plays an important role in the distribution
and elimination of drugs, as well.

As mentioned above, renal clearance is determined by the
absorptive and secretory permeability across the tubular
epithelia, which in turn is influenced by the complex bidirec-
tional passive and active tubular transport mechanisms.
Apart from a few studies on a limited series of structurally
related compounds, the physicochemical determinants of
human renal clearance is largely unexplored.' This study
describes the relationships between physicochemical proper-
ties and the human renal clearance, using a large data set of
391 drugs or compounds tested in humans. We also evaluated
the differences in the physicochemical property profiles of the
renal net secreted versus net reabsorbed compounds with the
objective to identify the properties influencing either process.
Statistical analysis suggested that certain physicochemical
property cutoffs can be used to identify those compounds
that will undergo net secretion, for which contribution of renal
clearance is expected to be high and a possible risk of renal
drug—drug interactions exists.

Methods

A database of 391 compounds was developed after carefully
and exhaustively mining the scientific literature for relevant
human pharmacokinetic parameters. Human renal clearance
(CL,) data were mainly obtained from the literature when the
individual reports calculated CL, from the unchanged amount
excreted in urine (Ae;,) and plasma area under the curve (AUC;,)
following intravenous dosing, using eq 1.

Aeiv

= 1
L= zuc, M

To extend the database, CL, data following oral dosing were
included when the reported parameter was calculated (eq 2) from
the unchanged amount excreted in urine (Aep,,) and plasma area
under the curve (AUCp,ay).

Aeoral
CLi=—1—— 2
AUCoral ( )

The human total body clearance (CLy) and the plasma free
fraction (fu) were taken from the literature compilation reported

by Obach et al.>® The pharmacokinetic data were exclusively
obtained from reports in which healthy young adult subjects were

studied or patient populations whose health or physiological con-
dition is not severely compromised with respect to total and renal
clearance. For some classes of compounds, for example, anticancer
and anti-HIV compounds, data were only available from patient
populations and/or populations taking concomitant medications,
and in these instances, the data were included. To our knowledge,
this data base available as Supporting Information, is the largest of
its kind in the literature.?"-*

The compounds in the database were binned into (i) com-
pounds with net renal reabsorption (CL, < 0.8:-fu-GFR),
(ii) compounds with net renal secretion (CL, > 1.2-fu-GFR),
and (iii) compounds with no net reabsorption or secretion
(0.8-fu-GFR < CL; < 1.2-fu-GFR). Mean physiological GFR
of 1.78 (mL/min)/kg*> was used in the process of categorizing,
and a 20% tolerance was incorporated in order to clearly
distinguish secreted compounds and the reabsorbed compounds.

Physicochemical properties were computed for the 391 com-
pounds, for which the CL, and fu data were available, using an
in-house program. These properties include molecular weight
(MW), calculated n-octanol/water partition coefficient (cLogP,
ACD), calculated n-octanol/water distribution coefficient
(cLogDg 3 and cLogD~ 4, ACD; subscript indicates pH), molec-
ular surface area (MSA, Pipeline Pilot), polar surface area (PSA
in A2, ACD), number of free rotatable bonds (Rb), and number
of hydrogen bond donors (HBD) and acceptors (HBA). The
relative polar surface area (% RPSA = (PSA/MSA) x 100) was
also calculated.

Standard statistical tests have been carried out to analyze the
differences in the renal clearance and physicochemical properties
of various data subsets. The parametric z-test (unpaired, two-
tailed, unequal variance) was employed to determine the signifi-
cance at the 95% confidence level. However, data were also
analyzed by the nonparametric Mann—Whitney test (two-tailed),
as the distributions of some properties are skewed away from the
normality. >

Results

Relationship between Physicochemical Properties and Re-
nal Clearance. Table 1 shows the trend of physicochemical
properties of the compounds that are binned based on their
human renal clearance range. Mean cLogP and cLogD7 4
are higher for compounds with low renal clearance.
Although molecular weight showed no particular trend, it
is interesting to note that a subset of compounds with high
renal clearance (CL, > 3 (mL/min)/kg) have significantly
lower molecular weight (p < 0.001) compared to the rest of
the data set. On average, polar descriptors (PSA, RPSA, and
hydrogen bond count (HBD + HBA)) showed decreasing
trend with a decrease in renal clearance, with the exception
of compounds with renal clearance of >3 (mL/min)/kg.
Figure 1 shows the relationship between physicochemical
properties and renal clearance. It is noted that trends could
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Fjgure 1. Relationship between human renal clearance and (A) ionization state, (B) molecular weight, (C) cLogP, (D) cLogD, pH 7.4, (E) PSA
[A7], (F) number of Rb, and (G) number of hydrogen bond donors and acceptors. Dotted and solid lines denote mean and median values,

respectively.
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Figure 2. Ionization state distribution of (A) all compounds in the database and the subsets of compounds that showed (B) net reabsorption

and (C) net secretion.

not be easily observed with mean values for some physico-
chemical properties because of the scattered and overlap in the
data. However, median values give a clear picture of this large
data set. The data set indicated that neutral compounds have
low renal clearance compared to the other ionization states.
Lipophilicity, cLogP and cLogD5 4, showed a clear trend, with
highly lipophilic compounds tending to show minimal renal
clearance. cLogD at mean urinary pH (pH 6.3)* showed
similar trend (data not shown), although compounds with
pK, in the critical region may have different values from the
cLogD7 4. Median renal clearance values also showed trends
with PSA, number of Rb, and hydrogen bond count. Appar-
ently, high renal clearance is associated with a high PSA, high
number of Rb, and hydrogen bond count.

Physicochemical Property Profiles of Net Secreted Com-
pounds and Net Reabsorbed Compounds. Compounds in the
data set were categorized to subsets of net reabsorbed and net
secreted compounds based on their plasma free fraction (fu)
and the renal clearance as given in Methods. Figure 2 shows
the ionization state distribution of the complete data set and
the net reabsorbed and net secreted compounds subsets. It is
apparent that more than 75% of the net secreted compounds
are acids and bases, while only 50% of reabsorbed compounds

are acids or bases. Also, 40% of the reabsorbed compounds
are neutrals, while only 14% secreted compounds are found to
be neutrals. Furthermore, median renal clearance of the
reabsorbed neutrals and zwitterions (0.04 (mL/min)/kg) is
significantly lower (p <0.01) than that of the reabsorbed acids
and bases (0.11 (mL/min)/kg), indicating that neutral and
zwitterionic compounds are predominantly reabsorbed.

A summary of properties (Table 2) and the cumulative
fraction curves (Figure 3) reveal that certain physicochem-
ical properties of the two subsets, net reabsorbed and net
secreted, differ from each other significantly. Secreted com-
pounds have insignificant but slightly higher molecular
weight compared to reabsorbed compounds. Although no
difference in the cLogP distribution between two subsets
was found, cLogD5 4 profiles significantly differ (» <0.001).
cLogD at mean urinary pH (pH 6.3)* showed similar differ-
ence (data not shown). Clearly, secreted compounds tend to
be hydrophilic. About 50% of the net secreted compounds
have cLogD7 4 <0, while 50% of net reabsorbed compounds
have cLogD74 > 1.2 (Figure 3C). Profile differences were
also obvious for PSA, number of Rb, and hydrogen bond
count. In general, secreted compounds tend to show higher
PSA, number of Rb, and hydrogen bond count; however, it is
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Table 2. Summery of Physicochemical Properties for the Human Renal Clearance Data Set, Categorized to Tubular Reabsorption and Active

Secretion, Based on fu-GFR Vs Renal Clearance

CLr CLlola]
[(mL/min)/ [(mL/min)/ PSA RPSA freerotable H- H-
data sets” n kg] kg] MW cLogP cLogD74 [Az] [%] bonds donors acceptors

all 391
mean 1.42 7.40 363 1.70 0.10 100.1 29.0 6.0 2.6 6.6
median 0.64 4.00 334 1.75 0.35 84.5 26.8 5.0 2 6
range 0.0—12.5 0—85 76—1880 (=5.1)—8.9 (—-10.1)-74 3-764 1-90 0—42 0—29 1—46
(G)CL, = GFR.fu 438
mean 0.87 6.43 361 1.24 —0.44 110.4 32.0 6.0 34 7.0
median 0.92 3.20 308 1.33 —0.22 81.9 30.0 5.0 2 5
range 0.0-2.0 0—28 126—1880  (—4.1)5.6 (=7.5)—43 3—-662 1-39 0-34 0—25 1—42
(R) reabsorbed 144
mean 0.23 5.51 362 1.88 0.73 93.1 27.3 5.4 2.2 6.3
median 0.07 2.40 326 2.15 1.15 78.9 25.7 4.5 1 5
range 0.0—1.4 0-37 76-1706  (—(5.)-7.8 (—=10.)=6.1 12—764 4-90  0—42 0-29  1-46
(S) secreted 199
mean 2415 9.00" 364 1.69 —0.227¢ 102.6° 296 64" 2.7¢ 6.6
median 1.90 5.20 345 1.61 —0.22 92.5 27.1 6.0 2 6
range 0.0—12.5 0—85 129—854 (—4.3)-8.9 (-7.5-74 3-288 1-76  0—17 0—12 1-15

9(G) 0.8-fu-GFR < Cl, < 1.2.fu-GFR. (R) net tubular reabsorption, CL, < 0.8-fu-GFR. (S) net tubular secretion, CL, > 1.2-fu-GFR.’p <
0.05, unpaired (two-tailed) r-test assuming unequal variance, compared to reabsorbed compounds. ‘p < 0.05, Mann—Whitney (two-tailed,

nonparametric) z-test, compared to reabsorbed compounds.

interesting to note that the ranges of these properties are
tighter for secreted compounds (Table 2).

The scattered relationship plot between cLogD+ 4 and renal
clearance also revealed that compounds showing net secretion
are generally ionized at physiological pH and are hydrophilic
(Figure 4). In the case of acids, more than 85% of compounds
with cLogD; 4 < —1 yielded net renal secretion, while 82%
of bases with cLogD < 0 showed net secretion. However,
only 50% of neutral and zwitterions with cLogD- 4 < 0 fall
into this category. Furthermore, hydrophilic secreted com-
pounds showed a significantly higher renal clearance (Figure 4
insets). For example, median renal clearance of the secreted
acids with cLogD;4 < —1 was 5.7-fold higher than the
lipophilic secreted acids (p = 0.002). Similar difference was
also evident for secreted bases and neutral and zwitterionic
compounds. These results, along with the ionic distribution
of the secreted compounds (Figure 2), clearly suggest that
hydrophilic acids and bases are more probable compounds
secreted in clinic.

Therapeutic Area versus Renal Clearance. Finally, the
therapeutic indications of the compounds in the data set
were grouped into six major therapeutic areas,>**> as we
attempted to evaluate the significance of renal clearance in
each therapeutic area. Figure SA shows the percentage of
compounds with renal clearance more than 50% of the total
body clearance, in different therapeutic areas. Of all the
compounds (391) in the data set, 123 (31%) compounds
showed predominant renal contribution to the total body
clearance. Apparently, renal clearance is the primary elimi-
nation route for about 60% of the anti-infection com-
pounds, while 89% of 110 nervous system compounds take
alternative elimination routes. Renal clearance also seems
to play a primary role in the disposition of a number of
cardiovascular and gastrointestinal/metabolism drugs. In
the cardiovascular, cancer, and infection therapeutic areas,
more compounds tend to show net secretion in clinic, while
nervous system compounds are predominantly reabsorbed
(Figure 5B).

The differences in renal clearance and physicochemical
properties between infection and nervous system therapeutic
areas were found to be statistically significant (Table 3).

Median renal clearance of the compounds in therapeutic
areas are in the rank-order of infection > cardiovascular >
cancer > nervous system > GI/metabolism > respiratory
inflammation. Compounds in the high renally cleared infec-
tion therapeutic area subset showed significantly lower
lipophilicity (cLogP and cLogD;,4) compared to other
classes of compounds while showing high molecular weight,
PSA, hydrogen bond count, and number of Rb. Nervous
system compounds tend to have higher lipophilicity and
lower molecular weight, PSA, number of Rb, and hydrogen
bond count and are found to have low renal clearance. The
other sizable subset, cardiovascular compounds, showed
median renal clearance and physicochemical properties
typically between that of infection and nervous system
compounds.

Discussion

Renal clearance is the net result of three processes: glomer-
ular filtration, active tubular secretion, and reabsorption.l’2
We hypothesize that the compounds with sufficient passive
permeability can be efficiently reabsorbed, as the passive
reabsorption process occurs throughout the length of the
nephron, against the secretion predominantly occurring at
the proximal tubule. Therefore, the physicochemical determi-
nants of passive membrane permeability may reasonably
describe the renal drug clearance. In this study, we analyzed
the interrelation of the most widely accepted physicochemical
properties and the human renal clearance of 391 drugs tested
in the clinic.

One of the distinctive trends that can be drawn from this
analysis is that the renal clearance decreases with increase in
lipophilicity, cLogP and cLogD (Figure 1C and 1D). The
negative correlation with increasing lipophilicity can be inter-
preted as a result of an increase in passive reabsorption,
resulting in less renal clearance and a probable masking of
tubular secretion, partially or completely, if any. Lipophilicity
was also shown to influence the protein binding, which in turn
determines the fu- GFR factor of renal clearance. Obach et al.,
using a set of 554 compounds, suggested that increasing
lipophilicity typically yields increased plasma protein binding
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because of the hydrophobic forces driven interaction with hydrogen-bonded water molecules.’*?” The positive correla-
albumin and ol-acid glycoprotein.”” Membrane permeability tion with polar descriptors (PSA, RPSA, and hydrogen bond
requires lipid solubility as well as desolvation of associated count) can therefore be attributed to their effect of passive
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Table 3. Mean, Median, Range, and Statistics of Clearance and Physicochemical Properties of Subsets of Compounds by Therapeutic Areas®

therapeutic = CLr ClLtotal mol clogP clogD PSA RPSA  free rot. H- H- lonic
area [mUmin/kg] [mL/imin/kg] weight g pH7 .4 [A2] (%] bonds donors acceptors Distributions
infection 101
mean 1.82 3.83 423 0.24 =217 154.6 40.1 6.8 4.2
median 1.41 2.50 375 0.61 -2.00 135.0 41.2 5 3
range 0.0-7.3 0-25 126-1880 (-5.1)-6.2 (-10)-4.3  26-764 8-95 1-42 0-29 1~46
statistics d.f b.c.d bde bcdef becdef bdef b.d.ef d bdef bdef
cardiovascular 84
mean 1.77 8.95 342 245 0.81 B3.9 25.3 7.3 24 5.7
median 0.90 5.50 345 2.54 0.65 B2.6 25.5 7 2 5
range 0.0-12.0 0-85 160-781 (-1.0)-8.9 (-3.1)-6.9 12-203 4-56 0-14 0-6 1-14
statistics d.f ae ad ac a acde acde df a,cd acd
cancer 34
mean 1.27 11.93 426 1.37 0.33 132.5 372 6.8 386 8.6
median 0.74 6.45 369 1.02 0.23 108.2 3586 6 3 8
range 0.0-5.2 0-130 76-1300 (-3.2)-7.4 (-7.0)-7.4 41-534 14-90 0-17 0-12 3-29
statistics - a d abdf a b.d b.d d bd.f b.d.f
nervous system 110
mean 1.02 9.64 303 240 1.32 52.3 18.2 42 1.1
median 0.24 7.60 300 247 1:51 50.2 16.3 4 1
range 0.0-12.5 0-41 144-653 (-4.3)-6.1 (-4.3)-6.1 3-130 1-52 0-10 0-5
statistics ab ae abce a.c ae abcef abcef abce abcef a, b c.ef
gastro/metab 24
mean 1.81 470 348 1.76 0.23 105.8 332 6.5 25 6.4 \
median 0.11 3.85 347 2.28 0.97 96.6 285 6 2 6 |
range 0.0-7.9 0-18 129494 (-2.94.7 (-8.3)}-2.8 36-233 9-72 0-14 0-5 4-9 /
statistics - db ad a ad abd abd d ad ad
respiratoryfinflam 23
mean 0.68 5.51 380 2.57 0.92 95.0 26.8 52 22 5.8
median 0.09 2.50 343 2.55 0.80 B26 249 4 2 5
range 0.0-5.0 0-56 194-1200 0.0-7.8 (-1.9)-5.2 37-279 17-46 2-16 1-5 2-23
statistics ab - - ac a ad ad b acd acd

“Therapeutic areas arranged in the order of decreasing median renal clearance. Statistics: p < 0.05 (z-test) compared to (a) infection,
(b) cardiovascular, (c) cancer, (d) nervous system, () gastrointestinal and metabolism, and (f) respiratory and inflammation. ¢ Ionic distribution color
coding as in Figure 2.

reabsorption process. For this data set, the calculated PSA extent. Increasing renal clearance is also paralleled by increas-
correlated closely (r = 0.94) with the hydrogen bond count, ing the number of Rb, apparently due to decreasing permea-
suggesting that these physicochemical properties are closely tion rate. Veber et al. observed a negative correlation between

associated and influence the involved processes to a similar artificial membrane permeation rates and the average rotatable
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count using a data set of 3061 compounds and proposed that
the correlation may reflect a possible entropic cost of changes
in conformation required for the molecule to present an
appropriate exterior to the hydrocarbon interior of the mem-
brane.?®

Tonization state plays a key role in defining the membrane
permeability.>® Molecules ionized at the physiological pH
tend to interact with the charged membrane contents, result-
ing in a low permeability. And therefore, neutral molecules
are generally found to be the highly permeable, followed by
bases, acids, and zwitterions. We observed that neutral com-
pounds on average are less cleared renally, presumably as a
result of significant reabsorption due to high membrane
permeability.

One of the major goals of this study is to distinguish
between net reabsorbed and net secreted groups of com-
pounds based on the physicochemical property profiles. No
significant difference in the profiles of molecular weight and
cLogP was evident between the two subsets (Figure 3). How-
ever, cLogD, polar descriptors (PSA, HBA + HBD), and
number of rotatable bonds showed significant differences,
suggesting that these properties are of more fundamental
importance in renal drug clearance. Of particular interest is
the ionization state distribution and cLogD profiles (Figures 2
and 4). The evident difference in ionization state distribution
between the net reabsorbed and net secreted subsets clearly
implies that acids and bases are more likely to be secreted.
Furthermore, most hydrophilic acids (cLogD;4 < —1) and
hydrophilic bases (cLogD;4 < —0) yielded net secretion,
suggesting that these descriptors are important determinants
for the affinity to the secretory transport systems localized at
the proximal tubuli.’*®*' Nevertheless, lipophilic acids and
bases may also be substrates to the transport systems; how-
ever, increased passive reabsorption for such compounds may
result in no observable net secretion.

Itis recognized that the polyspecific members of the organic
ion transporter family (SLC 22) primarily localized at the
proximal tubuli play an important role in the renal secretion
process, and the members consist of OCTs and OATs. >34
Hydrophobicity and basicity are indicated to be the principal
determinants of substrate interaction with OCTs, while
hydrophobicity and acidity are associated with OATs inter-
action.>' However, most of the high affinity substrates to these
transporters are relatively hydrophilic (cLogP < 0).3%%
Furthermore, hydrogen bonding ability seems to be an ad-
vantageous mechanism to stabilize the substrate—transporter
complex.®! Collectively, hydrophilic and ionized compounds
with hydrogen bonding ability are most likely to be secreted
in the clinic (i) mainly because of their ability to interact
with the renal transporter systems at the proximal tubuli and
(ii) because they do not possess appropriate physicochemical
descriptors to undergo reabsorption process along the length
of the nephron.

Literature reports indicated that human renal transpor-
ters have a strong influence on the pharmacokinetics and
toxicokinetics of many druglike chemicals and that com-
petition for binding and transport may result in drug—drug
interactions.®”*-*® We believe that the discriminating
physicochemical profiles can be used to predict the potential
for a renal drug—drug interaction. For example, two hydro-
philic bases (cLogD < 0) with predominate renal elimination
are more likely to result in clinical interaction. This can be
further exemplified with the literature reports. Probenecid, a
hydrophilic acid and known to interact with OAT, shows
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more than 40% inhibition in renal clearance of primarily
renally cleared hydrophilic acids like azlocillin, pencillin
G, famotidine, and chlorthiazide.®>>%’ Similarly, studies have
shown that hydrophilic bases and OCT substrates like cime-
tidine and ranitidine significantly reduce renal clearance of
hydrophilic bases like bisoprolol, metformin, nicotine, and
procainamide.*®

The physicochemical property profiles across therapeutic
areas are similar to those reported earlier.”>*! Most nervous
system compounds are centrally acting, and their physico-
chemical properties are consistent with the requirement of
lipophilicity and low PSA for efficient brain pene‘[ration.“z"‘3
However, these compounds tend to have limited renal clear-
ance due to this property profile. In contrast, property
distribution among infection compounds shows different
trends from the other therapeutic areas. The significantly
lower lipophilicity and higher hydrogen bonding descriptors
are consistent with the apparent high renal clearance for this
subset. Overall, categorizing into subsets of therapeutic areas
further substantiates the relationships between the physico-
chemical properties and the renal clearance, observed with the
whole data set.

We further explored the chemical space in the infection
therapeutic area subset, which had 55 secreted compounds.
Notably, all penicillins (93%), except ampicillin, and 11 of
14 cephalosporin antibiotics in the database showed net
secretion in the clinic. Takeda et al. reported that all eight
tested cephalosporins interacted with hOAT1, hOAT2, and
hOAT3.** However, in general, hOAT2 appears to interact
the weakest with those cephalosporin antibiotics, suggesting
thathOAT1 and hOATS3 play a distinct role in the transport of
various cephalosporin antibiotics in the basolateral mem-
brane of the proximal tubule. Jariyawat et al. demonstrated
the inhibition of p-aminohippurate transport via rat-Oatl by
all of the penicillins and cephalosporins tested.*® The findings
from our study complement the finding that S-lactam anti-
biotics, hydrophilic compounds with a core chemical structure
(p-lactam ring) and an anionic moiety, interact with renal
OATs and predominately secrete into urine. In contrast to
p-lactam antibiotics, only 50% of fluoroquinolones and no
sulfa drugs showed net secretion. No distinct structural or
physicochemical differences were observed between reab-
sorbed and secreted fluoroquinolones. Ullrich et al. demon-
strated that fluoroquinolones not possessing a piperazine
group interact moderately with the OATs, whereas com-
pounds with an additional piperazine group interact weakly.*’
However, no such discrimination was observed to help
distinguish between reabsorbed and secreted compounds with
the current data set, as the compounds with presence and
absence of a piperazine group are present in equal numbers in
both subsets. Nevertheless, interaction with the renal secre-
tory transporters does not necessarily indicate net secretion in
clinic.

In the case of cardiovascular compounds structural features,
of the 14 f-adrenoceptor antagonists containing an arylox-
ypropan-2-olamino unit as pharmacophore, only metoprolol
showed net reabsorption. Although many cardiovascular
drugs showed net secretion, further structural analysis was
not possible because of the diverse chemical space. However,
an examination of the literature reports reveled that many net
secreted cardiovascular drugs in the current database interact
with OCTs, presumably because of their basicity.>*3

In summary, we have compiled arguably the largest pub-
licly available human renal clearance data set of diverse
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chemical space and therapeutic areas. The data in this report
show that renal clearance contributes to more than 50% of
total body clearance for about 31% of the compounds,
indicating the importance of predicting renal clearance in
the process of reliable pharmacokinetic predictions. This is
particularly important for compounds predicted to have low
or negligible metabolic and biliary clearances, especially in the
therapeutic areas like infection and cardiovascular. Analysis
of the most easily accessible and widely used physicochemical
properties suggests that relationships using these descriptors
are capable of providing meaningful interpretations concern-
ing renal drug disposition. lonization state, lipophilicity, and
polar descriptors are found to be the physicochemical deter-
minants of human renal clearance. We also note that hydro-
philic and ionized compounds show net secretion due to the
favorable interaction with the renal transporters and ability of
such compounds to avoid reabsorption of proximally secreted
amounts in the distal and collecting tubules. Nevertheless,
these physicochemical properties can be easily altered in a
molecule to manipulate the drug disposition and achieve
pharmacokinetic advantage with respect to drug exposure
and clinical drug—drug interactions.

Supporting Information Available: An Excel worksheet of 391
compound names, CAS numbers, data on human renal clear-
ance, total body clearance, fu- GFR, net reabsorbed versus net
secretion category, therapeutic area, and appropriate literature
references. This material is available free of charge via the
Internet at http://pubs.acs.org.
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