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ABSTRACT

ORGANIC CATION TRANSPORTERS IN DRUG DISPOSITION AND

RESPONSE

Kari M. Morrissey

Transporters in the kidney play an important role in the tissue distribution and excretion
of various prescription drugs and endogenous metabolic waste products. For organic
cations that are dependent upon renal elimination, variability in the activities or
expression levels of renal organic cation transporters are major sources of intra- and
inter-individual variation in secretory clearance. The overall goal of this dissertation
research was to enhance our knowledge of the clinical impact of renal organic cation
transporters on variation in drug disposition and response. This research primarily
focuses on the role of efflux transporters at the apical membrane of the renal proximal

tubule: Multidrug and toxin extrusion proteins, MATE1 and MATE2K.

The studies described in this dissertation aimed to understand the importance of two
potential sources of variability in renal drug handling: extrinsic (i.e., a drug-drug
interaction mediated by MATE2K) and intrinsic (i.e., expression variants of MATE1 and
MATE2K). Our in vitro and clincal data suggest that both MATE1 and MATE2K play
important roles in the exposure, tissue distribution and response of the antidiabetic drug,
metformin. Furthermore, these studies also challenge currently recommended methods

and criteria for the conduct and use of in vitro experiments to inform the decision to



perform a clinical investigation of a transporter-mediated drug-drug interaction. This
dissertation research also demonstrates that expression variants of MATE1 and MATE2K
have a clinical impact on the disposition and pharmacologic effects of metformin in
healthy volunteers and type Il diabetic subjects. Overall, the studies described in this
dissertation add to our understanding of the role of MATE1 and MATE2K in renal drug

handling and peripheral effects of drugs.
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CHAPTER 1

RENAL TRANSPORTERS IN DRUG DEVELOPMENT"

ABSTRACT

The kidney plays a vital role in the body’s defense against potentially toxic xenobiotics
and metabolic waste products through elimination pathways. In particular, secretory
transporters in the proximal tubule are major determinants of the disposition of
xenobiotics, including many prescription drugs. In the past decade, considerable progress
has been made in understanding the impact of renal transporters on the disposition of
many clinically used drugs. In addition, renal transporters have been implicated as sites
for numerous clinically important drug-drug interactions. This review begins with a
description of renal drug handling and presents relevant equations for the calculation of
renal clearance, including filtration and secretory clearance. In addition, data on the
localization, expression, substrates and inhibitors of renal drug transporters are tabulated.
The recent US Food and Drug Administration drug-drug interaction draft guidance as it
pertains to the study of renal drug transporters is presented. Renal drug elimination in

special populations and transporter splicing variants are also described.

INTRODUCTION
The kidney plays a vital role in maintaining total body homeostasis by conserving
essential nutrients and eliminating potentially toxic xenobiotics, xenobiotic metabolites

and metabolic wastes. The conservation and elimination functions are performed in the

* This chapter has been published: Morrissey KM, Stocker SL, Wittwer MB, Xu L, Giacomini
KM. 2013. Renal transporters in drug development. Annu Rev Pharmacol Toxicol 53:503-529



physiologic units of the kidney, the nephrons, which number approximately 1 million per
kidney in a healthy young adult. The functional components of the nephron include the
glomerulus and the renal tubules, the latter of which consist of a monolayer of epithelial
cells that is divided into general segments (the proximal tubule, the loop of Henle and the
distal tubule). A major function of the epithelial cells of the renal tubule is to sense and
maintain solute balance in the body by reabsorbing glucose, amino acids and other
nutrients and to secrete environmental toxins and high concentrations of endogenous
compounds, which could be potentially toxic. The reabsorptive and secretory functions
of the renal tubule are performed by a variety of membrane transporters located in the

basolateral and luminal membranes of the tubular epithelium.

More than 400 membrane transporter genes in two distinct classes, the solute carrier
(SLC) superfamily and the ATP-binding cassette (ABC) superfamily (1), are encoded in
the human genome. Typically, SLC transporters are integrated into the membrane and
function to move solutes into or out of cells either by facilitated transport along the
electrochemical gradient or by co-transport against an electrochemical gradient by
utilizing the concentration gradient of another solute. Likewise, ABC transporters are
multimembrane-spanning proteins, but they drive the transport of solutes against an
electrochemical gradient, utilizing energy from ATP hydrolysis. Similarity maps
designed using substrate type, mechanism of transport, evolutionary conservation and
tissue specificity show that transporters that interact with similar chemicals generally
cluster together, suggesting that they work in concert, despite their weak sequence

similarities (2). Furthermore, in the kidney, evidence from structural, genetic and



functional studies indicate that together SLC and ABC transporters are involved in the

renal elimination of a wide array of nutrients, toxins, xenobiotics and metabolites.

During drug development, renal transporters must be evaluated to understand the
pharmacokinetic profiles of new molecular entities (NMEs) and potential sources of
inter-individual variation in drug disposition, toxicity and response. For many years,
drug developers concentrated on studies of drug metabolism pathways for NMEs as a
basis for understanding pharmacokinetic mechanisms and sources of interindividual
variation in pharmacokinetics and pharmacodynamics. Recently, it has become clear that
transporters play a major role in pharmacokinetics, and that they, together with drug-
metabolizing enzymes, are the major determinants of both hepatic and renal drug
elimination.  Although fecal elimination occurs for some drugs, most drugs or their
metabolic end products are ultimately eliminated in the urine. In fact, 32% of the top 200
prescribed drugs in 2010 (3) are cleared by renal mechanisms; drugs are considered
renally eliminated when >25% of the absorbed dose is excreted unchanged in urine
(Figure 1). Therefore, to understand the mechanisms of elimination of a NME, the
transporters involved in the renal clearance of the drug and its active metabolites need to
be identified. Variation in the expression levels and activities of renal transporters may
be a source of variation in pharmacokinetics and pharmacodynamics of drugs.
Transporters, like drug-metabolizing enzymes, may be targets for drug-drug interactions
(DDIs). For example, one drug may inhibit the tubular secretion of a second drug
through competitive inhibition mechanisms at a renal transporter. In fact, the US Food

and Drug Administration (FDA) has recently published a series of decision trees to guide



Nonrenal Renal Net
elimination elimination secretion Net .
reabsorption

8%

68% 32% 92%

Figure 1. The contribution of the kidney to the elimination of the top 200 prescribed
drugs in the United States in 2010 (3). Drugs are considered renally eliminated when
>25% of their absorbed dose is excreted unchanged in the urine. As certain drugs may
appear multiple times on the top 200 list, only unique chemical entities are included (n =
114). Net secretion is designated for drugs whose renal clearances exceed their filtration

clearances.



clinical DDI studies of renally cleared drugs (4).

This review focuses on renal drug transporters and their impact on drug elimination,
DDIs and drug development. The goals are to (i) highlight renal transporters that are
important in drug elimination and summarize recent data on their expression levels,
substrates, inhibitors and associated DDIs, (ii) describe how the recent FDA guidelines
can be applied to the development of NMEs and (iii) review differences in renal
clearance in special populations. Although reabsorptive transporters are also involved in
the renal handling of drugs, this review concentrates largely on secretory transporters,

most of which are expressed in the proximal tubule.

ESTIMATION OF RENAL CLEARANCE AND THE CONTRIBUTION OF
RENAL SECRETORY TRANSPORTERS

To understand the pharmacokinetic profile of a drug, identifying the routes of its
elimination from the body is important. In a typical pharmacokinetic study, total
clearance (CLt) and renal clearance (CLgr) of a drug are determined directly from
measurements of drug concentrations in plasma and urine, respectively (5). The
difference between total and renal clearance represents nonrenal clearance, which is often
attributed to metabolic clearance in the liver. Renal clearance, which reflects the volume
of plasma from which a drug is completely removed by the kidney per unit time, can be
calculated by several equations:

CLg =rate of urinary excretion/C,  (eq. 1)

where C is the concentration of drug in plasma;



CLg = total amount excreted unchanged in urine/AUC,  (eq. 2)
where AUC is the area under the plasma drug concentration-time curve from the time of
drug administration extrapolated to infinite time; and
Clr=fe e CL:, (eq.3)
where fe is the fraction of an intravenous dose excreted as unchanged drug in the urine
and CLr is the total body clearance. The term fe may also represent the fraction of the
absorbed dose (F e D, where F is the bioavailability of the drug and D is the dose) that is

excreted unchanged in the urine after oral administration.

The amount of drug that is excreted in urine is the net result of glomerular filtration,
tubular secretion and tubular reabsorption. The rate at which drugs are excreted in the
urine is:

Rate of urinary excretion = (1-Fg)[rate of filtration + rate of tubular secretion], (eq. 4)
where Fg is the fraction of drug that is reabsorbed from the lumen of the kidney. The rate
of filtration is:

Rate of filtration = fu e GFR ¢ C,  (egq. 5)
where fu is the fraction of unbound drug in the plasma and GFR is the glomerular

filtration rate.

To determine whether tubular secretion occurs, typically one compares the rate of urinary
excretion (egs. 1,4) with the rate of filtration (eq. 5), or in simpler terms CLg to fu ¢ GFR.
If CLg > fu e GFR, then net secretion is assumed; if CLg < fu e GFR, then net

reabsorption is assumed. In either case, both the processes of secretion and reabsorption



may take place but cannot be differentiated in the net values. Interestingly, drugs that are
eliminated by renal mechanisms are more likely to undergo net secretion rather than net
reabsorption (Figure 1). If net secretion is estimated, understanding and predicting
potential DDIs or effects of environmental and genetic factors on renal drug elimination

require that the transporters responsible for the drug’s tubular secretion be identified.

TRANSPORTERS INVOLVED IN RENAL DRUG SECRETION

Transporters expressed on basolateral and apical membranes of the renal tubule
epithelium are generally found in the proximal tubule and work in systems to mediate
renal drug elimination (Figure 2). For a small molecule to be actively secreted into the
tubule lumen, at least two distinct transporters are required: one at the basolateral
membrane of the tubule cell to accept molecules from the blood and one at the apical
membrane to mediate the exit of the molecule to the tubule fluid. Carrier-mediated
transport systems at both apical and basolateral membranes have a tendency to be charge
selective with distinct systems for anionic and cationic drugs. However, recent studies
suggest that there is some overlap (6-8). The systems of transporters that are largely
involved in the secretion of cationic drugs include the organic cation transporter OCT2
on the basolateral membrane and the multidrug and toxin extrusion proteins MATEI and
MATE2/2K on the apical membrane. Transporter systems for weakly acidic drugs
include the organic anion transporters, OAT1 and OAT3 on the basolateral membrane
and the multidrug resistance-associated proteins, MRP2 and MRP4 on the apical

membrane.
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Figure 2. Drug transporters in the nephron of the kidney. Illustration of the nephron
(left) and secretory transporters in the proximal tubular cell that facilitate the renal
secretory elimination of diverse medications (right).

BCRP, breast cancer resistance protein; MATE, multidrug and toxin extrusion protein;
MDR, multidrug resistance protein; MRP, multidrug resistance-associated protein; OAT,
organic anion transporter; OATP, organic anion transporting polypeptide; OCT, organic

cation transporter.



During the drug development process, investigators should determine which transporters
are likely to play a role in the renal secretion of a NME by performing in vitro studies to
obtain kinetic parameters of drugs with various renal transporters. In the past decade,
numerous studies have been performed to identify endogenous compounds, toxins,
xenobiotics and metabolites as substrates and inhibitors of renal secretory transporters
(Tables 1 and 2). Net tubular secretion is predicted to play an important role in the
overall elimination of many commonly prescribed drugs (Figure 1). These drugs are
diverse in molecular weight, charge and therapeutic class, and include antibacterials
(ciprofloxacin, cephalexin, levofloxacin), antihistamines (famotidine, ranitidine),
diuretics (furosemide, trimethoprim), antidiabetics (metformin) and antihyperlipidemics
(rosuvastatin, pravastatin). The transporters that play an important role in the renal
elimination of these drugs have been predicted by in vitro studies (Figure 3). The newly
identified transporters (e.g. OATP4C1, MATE1, MATE2K) are less well characterized
than multidrug resistance protein 1 (MDR1), MRPs, OCT2 and OATs, which have been
studied for more than a decade. Therefore, the drugs that are secreted by unknown
mechanisms may interact with these understudied transporters. Drugs that are eliminated
in the kidney with a net tubular secretion are particularly susceptible to DDIs when co-

administered with another medication that interacts with the same transporters.

CLINICAL DRUG-DRUG INTERACTIONS MEDIATED BY RENAL
SECRETORY TRANSPORTERS
Historically, DDIs were thought to be mediated primarily by interactions with drug-

metabolizing enzymes, but current evidence suggests that they may also be mediated by



Table 1. Kinetic characteristics of substrates of transporters involved in renal
elimination.
Basolateral Apical
Transporter Substrate Km (nM) Reference Transporter Substrate Km (pnM) Reference
SLC2242 amantadine 2m (1) ABCBI1 biotin 130 (2)
(0CT2) amiloride 95° ©) (MDR1, colchicine 1640° o
ASP* (4-(4- P-gp) dexamethasone 826° (5)
dimethylamino)styryl-N- 24° (©)] digoxin* 73¢,1774,181° (7,4 5)
methylpyridinium) etoposide 255°, 461° (©; 4)
cimetidine 726" (6) fexofenadine 150° (10
dopamine 1400° ® indinavir 0.47¢ (11)
epinephrine 4200 ® irinotecan 455° 1161 (12)
famotidine 56.1° ©) loperamide* 11.4° (14)
histamine 940° ® nicardipine 2.6¢ (5)
lamivudine 46.3% (13) paclitaxel 1.4¢, 65¢ (5;7)
680°, 990°, ; ¢
metformin* 1072°,3171°,  (15-19) :_htg‘:]zm_'r”e 123 élgb (g)l
33560 tonavir. e 15 46 (&)
memantine 34 (1) saquinavir 14.5° 154 (21;7)
MPP* (N- 16" 19 195" 1 20 19 topotecan 78.3¢,102° (23)
methylpyridinium) I (1:20:19) valinomycin 25 ®
norepinephrine 1500° 8) verapamil 4.1° (5)
prostaglandin E2 0.0289° (22) vinblastine 1.7¢,19¢,89.2¢, (5; 25; 26;
prostaglandin F2a 0.344° (22) o 146:, 253 27, 26)
ranitidine 65.20 (6) vincristine 3.7 (5)
seratonin 290 8) ABCC2 DHEAS
tetraethylammonium 33.8¢, 76 (24; 20) (ll\\AAI(Q)FET (dehydroepiandrosterone 14.9¢ (30)
varenicline* 370° (28) ¢ ) sulfa;sf)l 17p
YM155 267" 29 estradiol-173- .
SLC2246 6-carboxyfluorescein 3.93° ESl; Glucuronide " 2
-carboxytiu ! ' toposid 617° 9
(OAT1) acyclovir* 3420 (33) eloposice . , ( )_
. N . ! irinotecan 48.9¢,90.8 (36; 12)
adefovir 307,238 (34; 35) methotrexate 480° 38)
cidofovir 30°, 58°, 46° (37; 35; 34) .
R " olmesartan 14.9 (30)
dimesna 636 (39) PAH (para- 880, 2100°
edaravone sulfate 10.8" (40) aminohippurate) 5000° ' (41; 42)
ganciclovir 896° (33) SN-38 180¢ (32)
glut;lrate . 10-7: ) (31? SN-38 glucuronide 5.7¢ (32)
me;t otre_xatAe 25212;724 (ig 44) valsartan 30.4¢ (45)
ochratoxin ' (46) vinblastine 137.3° (47)
olmesartan 0.0683° (30) 1ECCA henod holvIalveine 5.9° 8
PAH (para- 154", 201", 28", (3549;50; | [(yppa)  cporoaoo ooy BV (48)
aminohippurate) 9.3, 5", 4:,39° 34;51; 53) chenodeoxycholyltaurine 3.6 (48)
perfluoroheptanoate 50.5° (54) cholate . 148 (48)
) cholyltaurine 1.7¢ (48)
perflurooctanoate 43.2 (54) K
- N cyclic AMP 445¢ (55)
probenecid 26 (39) .
. ) cyclic GMP 9.69¢ (55)
prostaglandin E2 0.97 (22) deoxvcholvlalycine 6.7¢ 8)
prostaglandin F2a 0.575° (22) DHE);-\S yigly! :
tenofovir* 33.8° (56) (dehydroepiandrosterone 1.9¢, 26.2¢ (57; 30)
uric acid 197.6° (58) sulfate)
zidovudine* 45.9° (33) estradiol-17p-
SLC2248 1-BSA (1-butanesulfonic 5098° (60) glucuronide 303 (55)
(OAT3) acid) folic acid 170 (59)
adipate 136" (62) methotrexate 220¢, 220°, 1300° (38; 59; 61)

(continued)
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Table 1 (continued)

]%::zls?::felr Substrate Km (uM) Reference fT‘lp‘calr 1o Substrate Km (uM) Reference
SLC2248  a-ketoglutarate 92.8° (62) ABCC4 olmesartan 26.2¢ (30)
(OATS), bumetanide* 7.8¢, 1586° (63; 64) (MRP4), PAH (para- i
continued  cimetidine 113, 174", 57.4° (37; 66, 67) | |continued  aminohippurate) 160 (“2)
cortisol 2.4° (68) prostaglandin E1 2.1¢ (65)
dimesna 390° (39) prostaglandin E2 3.4¢ (65)
DMPS (2,3-dimercapto-1- 40° (60) topotecan 1.66° (69)
propanesulfonic acid) . 1BCG2 4-MUS (&
edaravone sulfate e ECRR, methylumbelliferone  12.9¢ (70)
estrone 3-sulfate éé? ’725'31 1315 2%9763; 2 MXR) sulfate) -
fexofenadine 7'02'[, ' (66) daunorubicin 2.5¢ (71)
10.9° 17,22, o doxon_Jbicin 5 (71)
methotrexate 2110 (44; 67; 43) e?tradlol—_(ljm— 44.9¢ 74)
MPS (3-mercapto-1- 2130° (60) glucuronide . . _
propanesulfonic acid) estrone 3-sulfate 6.8¢,16.6 (75; 70)
ochratoxin A 0.75° (46) hematoporphyrin 17.8° (76)
olmesartan 0.12° (30) methotrexate 681, 1340°, (77,74, 78)
PAH (para- 87.2¢ (67) ; 110
aminohippurate) mitoxantrone 7 (71)
perfluoroheptanoate 65.7° (54) pitavastatin* 5.73¢ (79)
perflurooctanoate 174.5° (54) rosuvastatin* 2.02+,10.1° (80; 81)
pimelate 6340 (62) SN-38 & (82)
pitavastatin 3.3¢ (84) SN-38 glucuronide 26° (82)
PNU-288034 440 (85) sulfasalazine 0.7¢ (83)
pravastatin 27.2° (87) topotecan 213 (23)
probenecid 320 (39) SLC2244 ergothioneine 21° (86)
prostaglandin E2 0.345° (22) (OCTN1)  jpratropium 4440 (88)
prostaglandin F2a 1.092° (22) tetraethylammonium 1952, 1800° (89; 90)
rosuvastatin 7.4 (93) SLC2245  acetyl-L-carnitine 8.5° (91)
sitagliptin 162> (37) (OCTN2)  p-carnitine 10.9¢, 98.3 (91; 92)
suberate ) 232° (62) ipratropium 530 (88)
sulfasalazine 3 (63) L-carnitine 35° 4.3 48°  (94; 91; 92)
tet'racylelne 566.2° ©7) SLC47A41 acyclovir 2640° (95)
uric acid 380.3° (58) (MATEL) halexi o
zidovudine 145° (33) cephalexin 590? (96)
SLCO4CI  digoxin 7.8° (98) C'mendm_e mb )
(OATPACYL)  estrone 3-sulfate 26.6° (99) estrone 3-sulfate 470 (%)
T : ganciclovir 5120° (95)
ouabain 0.38° (%8) guanidine 2100° (95)
K >% (%8) metformin 202, 2270, 7800 (15:100;
reel 95)
MPP+ (N- .
methyléyridinium) 16, 100° (101; 95)
paraquat 169° (100)
PNU-288034 340° (85)
procainamide 1230° (95)
tetraethylammonium 220°, 380° (101; 95)
topotecan 70° (95)
SLC4742  acyclovir 43200 (95)
(MATE2K)  ¢imetidine 1200, 370° (95; 102)
estrone 3-sulfate 850° (95)
ganciclovir 4280° (95)
guanidine 4200° (95)
metformin 1050°, 1980° (102; 95)
MPP+ (N- .
methyl;()yridinium) 935", 1100 (102; 95)
procainamide 1580°, 4100° (95; 102)
tetraethylammonium 760°, 830° (95; 102)
topotecan 60° (95)

In vitro methods: “oocytes, Ptransfected S2/HEK?293/HeLa/CHO/COS/MDCK/HepG2/
HRPE/LLC-PK1 cells, ‘ATPase assay, d‘Caco-2, °S9/V79/LLC-PK 1/HEK293 /bile

canalicular membrane vesicles. 'Denotes drugs that can potentially be used for in vivo

(clinical) studies (9). References are included in the Supplementary References section.
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AMP, adenosine monophosphate; BCRP, breast cancer resistance protein; cMOAT,
canalicular multispecific organic anion transporter; DMPS, 2,3-dimercapto-1-
propanesulfonic acid; MATE, multidrug and toxin extrusion protein; MDR, multidrug
resistance  protein; MRP, multidrug resistance-associated protein; MUS,
methylumbelliferone sulfate; MXR, multixenobiotic resistance protein; OAT, organic
anion transporter; OATP, organic anion transporting polypeptide; OCT, organic cation

transporter; PAH, para-aminohippurate; P-gp, P-glycoprotein.
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Table 2. Kinetic characteristics of inhibitors of transporters involved in renal
elimination.
[Basolateral P Apical P
s Inhibitor ICy, K; (uM)  |Reference T Inhibitor ICs, K (uM)  Reference
SLC2242 . b b . ABCBI . 5.48¢, 22.5°, .
(0CT2) amantadine 45.9°,28.4 (8; 29) (MDRY, amiodarone 25,60 (103; 104)
amitriptyline 14° (29) P-gp) astemizole 2.73° (105)
atropine 39° (106) azelastine 160, 30° (104
Bmim-Cl (1-butyl-3- azithromycin 21.8¢ (108
methylimidazolium 15° (107) clarithromycin 4.1¢ (108)
chloride) 1.36° 1.4° 1.6°, . .
BmPy-CI (N-butyl-N- cyclosporine* 6.18", 0.46°, %0)9 110;
methylpyrrolidinium 0.48° (107) 2.18°
chloride) 1.27°,11.8"
butylscopolamine 764° (106) desethylamiodarone 15.4°, 25.2°, (103; 104)
carvedilol 63° (19) 41.8°
chloroguine 1096° (19) dipyridamole 40° (103)
chlorpromazine 14° (19) 0.027°, 0.043¢, (109; 105;
cimetidine* 120°, 110", 373*  (19; 29; 24) elacridar 0.055°, 0.18", 6) ! !
clonidine 16°, 23° (19; 106) 0.39¢, 0.44°
cocaine 13° (8) erlotinib 2 (111)
corticosterone 5.35" (29) : (112; 108;
h 10°, 22.7¢, 119° 0o
creatinine 580° (115) erythromycin 113)
D-Amphetamine 105° (8) itraconazole 0.95°, 2¢ (105; 114)
decynium-22 0.1% 13.8° (20; 24) 1.34°, 3.07°, (105; 109;
denfluramine 10° (19) ketoconazole 5.49" 5.6°, 6.34° 110)
desipramine 16* (20) paclitaxel 540 (110
desloraratidine 60° (19) 9.4°,9.52°,
diphenhydramine 15°, 21° (106; 19) quinidine* 14.9°,22.9¢, (105; 103;
disopyramide 324° (19) 51.7:, 3.23°, 109; 26)
doxepin 13° (19) o 8.59
DX-619 0.942 (117) quinine 22.4° (105)
etilefrine 4009° (106) reserpine 1.38¢,11.58 (26)
EtPy-Cl (1- %675 107) ritonavir 3.8¢, 5%, 28.2° (1%156; 114;
ethylpyridinium chloride) =" roxithromycin 15.4¢ (108)
famotidine 114* (119) tamoxifen 7.1° (110
flecainide 191° (19) telithromycin 1.8° (108)
flurazepam 60° (19) valsopodar 0.11¢ (116
furamidine 182° (122 0.2¢, 4.2, 8.44¢, (111; 110;
grepafloxacin 10.4° (117 verapmil 10.7°,17.3°, 10: 109: 26:
imipramine 6° (19) 33-5: 3-%“’ 12)
ipratropiumbromide 15° (19) 151,29
ketamine 2r ® vinblastine 178".18%301% " 109; 110)
levomethadone 60° (19) 89.7°
MDMA (3,4- zosuquidar 0.024¢, 0.07° (116; 118)
methylenedioxymetamph 1.63° ()] ABCC2 curcumin 5 (120)
etamine) (MRP2, . o e a4 (120;121;
mefloquine 204° (19) CMOAT) cyclosporine 10, 47, 811 47)
memantine 7.3° (8) daunorubicin 49.4° (47)
mepiperphenidol 4.8% (20) etoposide 756° (47)
. 308", 521° 289°, (19; 119; gemifloxacin 16 (123
if , , 289", ; 119;
metformin 1380° 126) indomethacin 0.06¢ (38)
mexiletine 55° (19) ketoprofen 1.4 (38)
MK-801 215° 8 4¢,50%, 13.1°, (124; 12;
MPP* (N- 4425 242 (29: 20) MK-571 26.4° 121; 47)
methylpyridinium) o= ' PAK-104P 3.7 (121)
NBUPy-CI (N- reserpine 295 (47)
butylpyridinium 2.29° (107) valsopodar 28.9° (121)
chloride) vincristine 802° (47)
pentamidine 10-6Z (122) ABCC4 benzhromarone 150° (125
phencyclidine 249 ®) (MRP4) candesartan 16° (58)
phenformin 54°,111° (126; 126) celecoxib 350 (39)
prazosin 80.4° (29) diclofenac 0.006¢ (38)
(continued)
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Table 2 (continued)

[Basolateral

Apical

s Inhibitor |IC5,), K; (uM) |Reference D it Inhibitor ICs, K; (uM)  Reference
SLC2242 procainamide 91.9°, 50° (29; 20) ABCC4 dilazep 20 (125)
(OCT2), propafenone 25 (19) (MRP4), dipyridamole 2 (125)
continued  propranolol 229° (19) continued jnqomethacin 6.1¢ (38)
pyridine hydrochloride ~ 790° (107) ketoprofen 11.9¢ (38)
. 8.7°,11°,13.3%, (119; 29; losartan 15 (58)
Quinidine 87" 122;19) MK-571 10° (125)
quinine 23", 3.4° (106; 20) nitrobenzylmercaptopuri 750 (125)
ranitidine 76, 1617°, (119; 106; ne riboside
30.5°, 79° 6) probenecid 2300° (125)
sibutramine 29° (19) sildenafil 20° (125)
tamoxifen 87° (19) sulfinpyrazone 420° (125)
tetraethylammonium 189.2°, 222° (122; 119) sulindac 2.11¢ (38)
tetrapentylammonium 15° (20) telmisartan 11¢ (58)
trimethoprim 1318° (19) trequinsin 10° (125)
verapamil 13.4°, 85° (29; 19) zaprinast 250° (125)
YM155 159 (29) ABCG2 17B-estradiol-3-sulfate  14° (70)
SLC2246  1-BSA (L-butanesulfonic ., (60) &3)%5; abacavir 385 (127)
(OAT1) acid) amprenavir 181° (127)
1-hexylpyridinium b atazanavir 69.1° (127)
chloride 035 (107) atorvastatin 14.3¢ (79)
acetazolamide 75° (64) AZD9056 32¢, 92 (63)
acetominophen 639° (128) cerivastatin 18.1¢ (79)
acetylsalicylate 769" (128) daunomycin 59¢ (70)
adefovir 0.9°,1.5°,1.8" (130) delaviridine 18.7° (127)
adipate 6.2° (62) DHEAS
a-ketoglutarate 47° (62) (dehydroepiandrosterone 55 (70
R ) ) »  (130; 35; sulfate)
betamipron 6162, 238" g efavirenz 20.6° 27
bumetanide 7.6° (64) elacrindar 0.31° (129
candesartan 17° (58) erlotinib 0.15° (111)
cefadroxil 6140° (131) fluvastatin 5.43¢ (79)
cefamandole 30° (131) fumitremorgin C 0.47°, 0.55¢ (127; 111)
cefazolin 180° (131) Ko143 0.01° (127)
cefoperazone 210° (131) lopinavir 7.66° (127)
cefotaxime 3130° (131) nelfinavir 13.5° (127)
ceftriaxone 230° (131) nilotinib 0.69¢ (78)
cephaloridine 1250°, 740° (31;131) pitavastatin 2.92¢ (79)
cephalothin 220° (131) rosuvastatin 15.4¢ (79)
cephradine 1600° (31 saquinavir 27.4° (127)
chlorothiazide 3.78° (64 simvastatin 18° (79)
cidofovir 60° (31 SN-38 1.6° (70)
cilastatin 1470° (49 sulfasalazine 0.73% (63)
citrinin 3080° (46 SLC2244  disprocynium 24 14.6° (40)
cyclothiazide 84.3° (64 (OCTN1) hercynine 1450° (40)
diclofenac 4, 4.46° (130; 128) L-ergothioneine 9 (90)
diflunisal 0.85° (130 methimazole 75200 (40)
DMPS (2,3-Dimercapto- 10°, 83° (53; 60) py'rilamide' 182 (40)
1-propane sulfonate) thioperamide 2540 (40)
ethacrynic acid 29.6° (64) verapamil 10.8° (40)
etodolac 50"b (130) SLC2245  cefepime 1700° (94)
flurblpro_fen 15 . (130) (OCTN2) cefoselis 6400° (94)
fluvastatin 26.3 5 (133) cephaloridine 230° (94)
fumarate_ 17b33 (62) emetine 42° (92)
eurosemide 18 . (64? SLC7Al amantading Tie (132)
glutarate 4.9° 33 (31; 62) L
hibouric aci " (MATEL)  cetirizine 371.2° (132)
ippuric acid 20 (136) . N
hydrochlorothiazide ~ 67.3° (64) chloroguine 25" (134)
ibuprofen 8, 55.6" (130; 128) chlorpheniramine gb (132)
indoleacetic acid 83 (136) ZL?Ieptr':r':; . %7;3'8 822) 135)
i i b b - o9 0
indomethacin 3°,3.83 (130; 128) diltiazem 125 (132)
(continued)
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Table 2 (continued)
AT el Inhibitor |IC K; (uM) |Reference nicy Inhibitor IC., K; (uM)  Reference
Transporter 50 =i Transporter Ve
SLC2246 indoxy! sulfate 83° (136) SLC4741 diphenhydramine 87 (132)
(OATY), JBP485 226", 197" (137) (MATEL),  disopyramide 83.8° (132)
continued  ketoconazole 319° (138) continued  px.g19 0.82° 117)
130; 31; famotidine 0.6° (132)
ketoprofen 1.3, 14", 4.34° 528) imipramine a2 (132)
KW-3902 metformin 666.9° (132)
(Noradamantan-3-yl)-1,3- 7.82° (49) mitoxantrone 4.4°,5.2° (15)
dipropylxanthine) NbuPy-CI (N-
losartan 12° (58) butylpyridinium 8.5° (107)
mefenamic acid 0.83" (128) chloride)
methazolamide 438° (64) pramipexole 141.4° (132)
MPS (3-mercapto-1- 204b (60) procainamide 2170 (132)
propanesulfpnic acid) quinidine 29.2° (132)
naproxen 5.67°, 5.8° 128; 130 - 17.5¢, 18.9¢, .
no?/obiocin 149" 572) ) ranitidine 2540 (15; 132)
octanoate 5.41° (46) rapamycin 3.27°,3.51° (15)
olmesartan 0.28" (58) ritonavir 13.9v, 15.4° (15)
ortho-hydroxyhippuric o7 (136) talipexole 66° (132)
acid trimethoprim 6.2° (134
PAH (para- b b o (31;46; verapamil 27.5° (132)
TS 8.8°, 6.02°, 920
aminohippurate) 137) SLC4742  amantadine 1167° (132)
para-hydroxyhippuric 5P (136) (MATE2K)  cetirizine 817.6° (132)
acid chlorpheniramine 191.2° (132)
phenacetin 200°, 275° (130; 128) cimetidine 7.3% 210 (132)
pimelate 18.6° (62) desipramine 283 (132)
T - 205°,628°,  (130; 128, diltiazem ur (132)
198 46) diphenhydramine 266.5° (132)
pratosartan 15° (58) disopyramide 291.6° (132)
pravastatin 408° (133) DX-619 0.1: (117)
. 3.9°,6.3°,6.5°, (37;3L: 35 famotidine 9.7° (132)
probenecid 7.4°, 429", 12.1° 130; 46; 49) imipramine 182.9° (132)
metformin 6515.7° (132)
1-propanesulfonic acid 2036° (60) NbuPy-CI (N-
(PSA) butylpyridinium 16° (107)
rifampin 79.1% 62.22 (138) chloride)
salicylate 280°, 325° (31; 128) pramipexole 24.1° (132)
simvastatin 41.5%, 73.6" (93, 133) procainamide &b (132)
suberate 19.3° (62) quinidine 23.1° (132)
succinate 4825° (62) ranitidine 250 (132)
sulfasalazine 4.6° (63) talipexole 119.5° (132)
sulindac 36.2° (128) verapamil 32.1° (132)
telmisartan 0.46° (58)
trichloromethiazide 19.2° (64)
valsartan 16° (58)
SLC2248  acetazolamide 816° (64)
(OAT3) betamipron 48.3° (49)
bumetanide 0.75° (64)
candesartan 0.3" (58)
cefadroxil 8620° (131)
cefamandole 50° (131)
cefazolin 550° (131)
cefoperazone 1890° (131)
cefotaxime 290° (131)
ceftriaxone 4390° (131)
cephaloridine 2460° (131)
cephalothin 40° (131)
chlorothiazide 65.3" (64)
cilastatin 231° (49)
cimetidine 79° (37)
(continued)
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Table 2 (continued)

?::::ls";:s:f:r Inhibitor |IC50, K, (uM) |Reference

SLC2248  citrinin 15.4° (46)

(OAT3), cyclothiazide 27.9° (64)

continued  diclofenac 7.78° (128)
ethacrynic acid 0.58" (64)
fenofibric acid 22° 37)
fluvastatin 5.79° (133)
fumarate 21100° (62)
furosemide 1.7°,7.31° (37; 64)
gemfibrozil 6.8 (87)
glutarate 78.5° (62)
hydrochlorothiazide 942 (64)
ibuprofen 3.7° 6 (37; 128)
indapamide 11° (37)
indomethacin 0.61° (128)
JBP485 185°, 1602 (137)
ketoprofen 5.98° (128)
KW-3902
(Noradamantan-3-yl)-1,3- 3.7° (49)
dipropylxanthine)
losartan 1.6° (58)
mefenamic acid 0.78" (128)
methazolamide 97.5" (64)
naproxen 467" (128
novobiocin 4.77° (72)
octanoate 8.6" (46)
olmesartan 0.027° (58)
para-aminohippurate 19.6° (46)
penicillin G 102°, 88® (137)
phenacetin 19.4° (128)
piroxicam 2.52° 4.88° (128; 46)
pratosartan 0.095° (58)
pravastatin 13.7° (133)

- 3.1°,5.6°,1.3°, (37; 66; 46;

probenecid 441° g 49)
quinapril 6.2° (37)
simvastatin 32.3° (133)
sitagliptin 160° (37)
sulindac 3.62° (128
telmisartan 16° (58)
trichloromethiazide 71.2° (64)
valsartan 0.2° (58)

SLCO4C1 3,5,3'-triiodo-L- b

(OATP4C1) thyronine 13 ©8)
digitoxin 0.12° (98)
digoxigenin 0.49° (98)
digoxin 540°, 119° (98; 99)
ouabain 0.36" (98)
thyroxine 8.0° (98)

In vitro methods: “oocytes, Ptransfected S2/HEK?293/HeLa/CHO/COS/MDCK/HepG2/
HRPE/LLC-PK1 cells, ‘ATPase assay, dCaco-2, °S9/V79/LLC-PK 1/HEK293/bile

: . f, . .
canalicular membrane vesicles. Denotes drugs that can potentially be used for in vivo

(clinical) studies (9). Underlined values represent the in vitro inhibition constant, K;.

References are included in the Supplementary References section.
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BCRP, breast cancer resistance protein; BSA, butanesulfonic acid; cMOAT, canalicular
multispecific organic anion transporter; DMPS, 2,3-dimercapto-1-propanesulfonic acid,
MATE, multidrug and toxin extrusion protein; MDMA, 3,4-methylenedioxy-N-
methylamphetamine; MDR, multidrug resistance protein; MPS, 3-mercapto-1-
propanesulfonic acid; MRP, multidrug resistance-associated protein; MXR,
multixenobiotic resistance protein; OAT, organic anion transporter; OATP, organic anion

transporting polypeptide; OCT, organic cation transporter; P-gp, P-glycoprotein.
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Figure 3. Interaction of renal secretory transporters with the top 200 prescribed
renally secreted medications (i.e., >25% of the absorbed dose is excreted unchanged
in urine). The figure includes only drugs predicted to undergo net tubular secretion (n =
32). Data are presented as the number of drugs that interact with a single transporter (or
unknown transporter) at either the basolateral or apical membrane. Several drugs are
predicted to interact with more than one transporter at either membrane.

BCRP, breast cancer resistance protein; MATE, multidrug and toxin extrusion protein;
MDR, multidrug resistance protein; MRP, multidrug resistance- associated protein; OAT,
organic anion transporter; OATP, organic anion transporting polypeptide; OCT, organic

cation transporter.
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drug transporters (Table 3). Although a particular drug may strongly interact with a
specific transporter in vitro, the prediction of a clinical DDI must also consider the
plasma concentration, and particularly unbound plasma concentration, of the drug at
therapeutic doses [information is available in resources such as Goodman & Gilman’s
Pharmacological Basis of Therapeutics (10) and Clarke’s Analysis of Drugs and Poisons
(11)]. The kidney is an important site for transporter-mediated DDIs, and over the years,
many clinically important transporter-mediated DDIs in the kidney have been described
(Table 3). In general, DDIs in the kidney result in higher plasma concentrations of the
victim drug when it is a substrate of a renal secretory transporter. For example,
cimetidine, an H2-receptor antagonist that is used in the treatment of ulcers and gastric
acidity, inhibits the renal clearance of metformin, an antidiabetic agent used to treat type
2 diabetes. This, in turn, results in higher concentrations of metformin (12), which

increases its risk of toxicity.

Renal transporter-mediated DDIs have also been exploited to enhance drug
concentrations or to protect the kidney. For example, the coadministration of probenecid
and penicillin was popularized during World War II as a means of rationing the limited
penicillin supplies because it allowed for single-dose administration of penicillin. In
brief, probenecid inhibited the renal secretory clearance of penicillin and therefore
prolonged its half-life (13). Nowadays, the coadministration of probenecid with
cidofovir, an anti-viral drug, is required by the FDA (14) to protect against cidofovir-
mediated nephrotoxicity by inhibiting cidofovir uptake at the basolateral membrane

(15; 16). If a DDI were to occur at the apical membrane, the intracellular kidney
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Table 3. Examples of clinical drug-drug interactions mediated by renal secretory

transporters.
Clinical Pharmacokinetic Impact
Implicated Interactin on Affected Drug (presented as
Transporter g Drug | Affected Drug fold change) Reference
AUC | Cmax | CLr | CL/F | t»
OATs furosemide lomefloxacin | 1.1 NS 0.7 09 | NS (139)
OATs probenecid cefaclor 2.1 15 - - 16 (140)
OATs probenecid cephradine 24 1.9 - - 15 (1240)
OATs probenecid famotidine 1.8 15 04 | 01 | NS (141)
OATs probenecid ceftriaxone 0.7 - - 1.3 |08 (142)
OATs probenecid acyclovir 14 - 0.7 NS - (143)
OATs probenecid cefonicid 2.1 1.2 0.3 - 15 (144)
OATs probenecid cefoxitin 24 - 0.4 - 2 (245)
OATs probenecid cidofovir - - 0.5 0.6 - (146)
OATs probenecid dicloxacillin 19 1.8 0.3 0.5 - (147
OATs/MRPs probenecid ciprofloxacin | 1.7 NS 04 | 06 |15 (148)
OATs/MRPs probenecid furosemide 2.7 15 0.3 04 |17 (149)
cotrimoxazole
OATs/OCTs (trimethoprim/ zidovudine NS - 0.4 NS | NS (150)

sulfamethoxazole)
cotrimoxazole

OATs/OCTs (trimethoprim/ apricitabine 17 1.3 0.6 06 |14 (151)

sulfamethoxazole)

OCTs trimethoprim zidovudine NS - 0.5 NS | NS (150)
OCTs/MATEs cetirizine pilsicainide 1.4 NS - - - (152)
OCTS/MATEs* |  cimetidine gar;?l?llgrln(esr) 14 | 13 07| - [Ns| @53
OCTs/MATEs® cimetidine metformin 15 1.7 0.7 - - (154)
OCTs/MATEs® cimetidine cephalexin NS NS 0.8 0.8 | NS (155)
OCTs/MATEs® cimetidine ranitidine 13 NS 0.7 - 13 (155)
OCTs/MATEs? cimetidine procainamide | 1.4 NS 0.6 - 13 (156)
OCTs/MATEs® cimetidine pilsicainide 13 NS 0.7 0.7 |12 (157)
OCTs/MATEs® cimetidine varenicline 1.3 - 08 | 038 - (28)
OCTs/MATEs® cimetidine dofetilide® 15 1.3 0.7 0.7 |13 (158)

MATEs pyrimethamine metformin 14 1.4 0.6 - - (159)

*In vitro inhibition potency values indicate that cimetidine is a much stronger inhibitor of
MATEs than OCTs, suggesting that the MATEs are the predominant sites of the DDIs
(17).

®The PD of the affected drug was also altered.
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“Calculation of fold change: fold change in the presence of the interacting drug = value

with interacting drug divided by value without interacting drug. Fold change >1: increase
in pharmacokinetic value. Fold change <I1: decrease in pharmacokinetic value.

References are included in the Supplementary References section.
—, not determined; AUC, area under the plasma drug concentration-time curve; CLg,
renal clearance; CL/F, apparent total clearance; C,,x, maximum plasma concentration;

DDI, drug-drug interaction; MATE, multidrug and toxin extrusion protein; MRP,
multidrug resistance-associated protein; NS, not significant; OAT, organic anion

transporter; OCT, organic cation transporter; t;, half-life.
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concentrations would increase, as would the risk for drug-induced nephrotoxicity.

Therefore, understanding the site at which the DDI takes place is important.

The study of renal transporter-mediated DDIs in drug development was a focus of a
recent publication by the International Transporter Consortium (ITC), a diverse group of
experts from academia, industry and the FDA (18). The publication includes a summary
of in vitro methods to study transporter-mediated DDIs along with decision trees on the
data required to support go/no-go decisions about initiating clinical transporter-mediated
DDI studies and a list of model drugs that potentially could be used in a clinical

investigation of a transporter-mediated DDI (Tables 1 and 2).

Recently, the FDA has issued a draft guidance (4) that includes modifications of the ITC
recommendations. Regarding the transporters expressed in the kidney, the guidance
focuses on three transporters: OCT2, OAT1 and OAT3. However, future updates will
likely provide additional guidelines for other renal secretory drug transporters. Briefly,
when renal secretion is important [defined as (CLg — fu ® GFR)/CLy > 0.25] for a NME’s
elimination, it is recommended that the NME be evaluated in vitro as a potential substrate
of OCT2, OATI and OAT3 (Figure 4). If a NME is determined to be a substrate of any
of these transporters (defined when intracellular accumulation of the NME is twofold
above empty vector in overexpressing OCT2, OATI1 and/or OAT3 cells), a clinical DDI
study with a prototypic inhibitor is recommended. Because inhibition could occur
regardless of the NME’s route of elimination, all NMEs must be evaluated as potential

inhibitors of renal secretory transporters. In the FDA draft guidance (4), if a NME has an
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Is the drug expected to W
have a narrow therapeutic window,

Discovery/ have a pharmacological target in the kidney,
preclinical development and/or be nephrotoxic?
|r Examine potential DDIs | Perform in vitro studies
| in vitro early in | prior to filing
IL preclinical development J IND application

IN VITRO STUDY

Is the drug a substrate @) and/or inhibitor W
of a secretory transporter
© | Inhibitor: IC;, < 10x C,,, at the basolateral (e.g., OCT2, OAT1, OAT3) or
(predicted by PBPK/preclinical models) the apical (e.g., MATE1, MATE2/2K) membrane7

e

Examine effect of DDI in 1
preclinical animal studies

Substrate: >2-fold above empty vector uptake

Reassess predictions

using clinical
Phasell (AUC, Crax CLgs Ckidney:
nephrotoxicity @) | PK/PD data
Reassess in vitro predictions using
Phaselll clinical PK/PD data from final dose/schedule

l

Clinical DDI study for OCT2, OAT1, and/or OAT3 W
substrates/inhibitors
Phase lll/IV (Phase lll or IV, depending on safety profile
of NME, concomitant medicines, and
recommendations from regulatory agencies) J

Figure 4. Incorporation of US Food and Drug Administration (FDA) guidelines into
the discovery and development of NMEs. Letters a—c refer to items in the figure that
are accompanied by the corresponding white letters in black circles. (a) Cutoff values are
derived from the FDA DDI draft guidance (4). (b) In vitro studies to investigate the
NME as a substrate are recommended by the FDA DDI draft guidance (4) when the NME
is cleared primarily by renal secretion [(CLr — fu e GFR)/CLt > 0.25] or unknown

mechanisms. (¢) Evaluate NMEs that are inhibitors of apical secretory transporters for
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nephrotoxicity. NMEs that are inhibitors of basolateral secretory transporters may be
protective of potential proximal tubule toxicity.

AUC, area under the plasma drug concentration-time curve; CLg, renal clearance; Ciidneys
concentration of drug in the kidney; Cp.x, maximum plasma concentration; Cpaxu,
maximum plasma concentration that is not bound to plasma proteins; DDI, drug-drug
interaction; ICsg, concentration associated with half the maximum inhibition in an in vitro
assay of OCT2, OATI, or OAT3 transport; IND, investigational new drug; MATE,
multidrug and toxin extrusion protein; NME, new molecular entity; OAT, organic anion
transporter; OCT, organic cation transporter; PBPK, physiologically based

pharmacokinetics; PK/PD, pharmacokinetics/pharmacodynamics.
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ICso value (concentration associated with half the maximum inhibition in an in vitro
assay of OCT2, OAT1 or OAT3 transport) of less than ten times of its Cpax,y (maximum
plasma concentration that is not bound to plasma proteins), a clinical DDI study with a

sensitive substrate is recommended.

In the current FDA draft DDI guidance, a clinical DDI is defined as a clinically
significant change in the victim drug’s AUC and/or C,.x. However, for drugs that are
cleared by renal mechanisms, the site of the DDI must be considered — that is, whether
the DDI is occurring at the apical or basolateral membrane. For example, for a drug that
is targeted to the kidney for pharmacological action (e.g., a diuretic), blocking the uptake
into the kidney would potentially reduce its access to its pharmacological target and,
therefore, reduce its pharmacological effect. In contrast, if a secretory transporter at the
apical membrane is inhibited, drug concentrations within the renal cell are increased,
resulting in enhanced pharmacological effects or, in some cases, enhanced renal toxicities.
In both cases, the DDI has a direct effect on drug efficacy and toxicity, which may not be

reflected in changes in plasma concentrations.

Although the current FDA guidance is in its draft stage, it is important to remember that a
clinical DDI at a renal drug transporter may have profound effects on plasma
concentrations, renal cell drug levels, drug activity and/or potential toxicities (Table 3).
For this reason, these guidelines must be strategically incorporated into the research and
development of investigational drugs (Figure 4). For all NMEs, it is advantageous to

identify potential DDI liabilities and to test them in vitro prior to conducting Phase I
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clinical trials. In particular, a DDI could easily halt drug development if the victim drug
has a narrow therapeutic window, has a pharmacological target in the kidney or is
nephrotoxic. Therefore, for these types of drugs, it is particularly beneficial to identify
potential transporter-mediated DDIs in the early stages of preclinical development. Once
pharmacokinetic studies are initiated in human subjects, predictions can be reassessed
utilizing the clinically relevant concentrations of the NME. Depending on the potency of
the interaction at OCT2, OAT1 and OAT3, clinical DDI studies may be requested by the

FDA in Phase III or in the post-marketing phase.

DESIGN OF A CLINICAL DRUG-DRUG INTERACTION STUDY

The FDA recommends that in vivo DDI studies be conducted using a crossover design (4).
Commonly, DDI studies are performed in healthy volunteers, but sometimes more
specific populations are required (e.g., certain genotypes, individuals with renal
impairment).  Regulatory agencies ask that drug developers provide specific
recommendations regarding the clinical significance of any reported DDI (primarily
focusing on differences in AUC and C,,x) based on what is known about the dose-

response and/or pharmacokinetic/pharmacodynamic relationships of the victim drug (4).

For renally eliminated drugs, an accurate determination of GFR is essential to
understanding the contribution of secretory and reabsorptive mechanisms to renal
clearance. In human subjects, GFR can be measured directly by calculating the urinary
or plasma clearances of endogenous or exogenous filtration markers or indirectly by

using predictive equations. The different equations used to calculate renal and plasma

26



clearance and to predict GFR are compiled and assessed in Table 4. In clinical practice,
GFR is more commonly estimated using predictive equations rather than direct
measurement. However, in clinical studies, GFR can be measured by calculating the
plasma clearance of exogenous markers (e.g., inulin) or, more commonly, by calculating
the clearance of endogenous markers (e.g., creatinine). Notably, each of the methods and

markers used to measure GFR has important advantages and disadvantages (Table 5).

RENAL TRANSPORTERS AS SOURCES OF PHARMACOKINETIC
VARIATION

For drugs that are eliminated by secretion, interindividual variation in the expression
levels or activities of secretory transporters are major sources of variation in secretory
clearance. Specifically, genetic or heritable factors have been estimated to account for
64-94% of the interindividual variation in the renal clearances of several medications
including metformin, amoxicillin, cephalexin, famotidine and ampicillin (19; 20).

Presumably, environmental factors account for the remainder of the variation.

There is a large amount of interindividual variation in the expression levels of mRNA
transcripts of renal drug transporters. Quantitative RT-PCR (reverse-transcription
polymerase chain reaction) data of the kidney cortex from 57 human donors show that
there is variable expression of the mRNA transcripts of secretory transporters among
kidney tissues (Figure 5) that cannot be accounted for by gender or age (S.W. Yee, A.
Chhibber, C.C. Wen, D.L. Kroetz and K.M. Giacomini, unpublished data). Variation in

transcript levels among individuals may be due to differences in the transcription or
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Table 4. The equations to calculate renal clearance and plasma clearance and the

creatinine and cystatin C GFR predicative equations for adults and children.

0-1

Equation Comments
I UV Used to calculate urinary clearance, which
CL, = P is the most direct method for
measurement of GFR

Dose* F Used to calculate urinary clearance

CL, = fes 2257
AUC
CL - Ae, , Used to calculate urinary clearance
*AUC

CL,-CL, - fu*GFR

Used to estimate net secretion for
compounds that are eliminated by tubular
secretion, primarily by active transport

R

CL,, =1°
EX SEX

Used to calculate plasma clearance of an
exogenous filtration marker; calculated
after an intravenous infusion of an
exogenous filtration marker to steady-
state

Adults

Cockcroft
Gault (CG)

CL, = (140 -age) * weight
’ 7228,
x [0.85 if female]

Most commonly used equation; generally
overestimates GFR (due to tubular
secretion of creatinine); less accurate in
children (<12 years), older, obese,
diabetic, pregnant and severely renally
impaired individuals (189-191); more
accurate than MDRD when plasma
creatinine is within the reference interval
(192)

MDRD

-1.154 -0.203

eGFR=186°S_, *age
x [0.742 if female] x [1.212 if African American]

More accurate determination of GFR in
subjects with reduced renal function; less
accurate in obese, pregnant, normal renal
function and elderly; takes into account
differences in creatinine production rates
between individuals of African and
European ancestries; generally, the
MDRD has been shown to outperform the
CG formula, with less bias and higher
correlation with the gold standard, inulin
(189-191)

CKD-EPI

eGFR =144+ [Sﬂ *(0.993%¢
0.7

]-0,329(0,--1 2098)

(for females)

-0.411(or-1.2098")

¢GFR =144+ [SCR} *0.993%
0.9

(for males)

Formula matches the accuracy of the
MDRD at lower GFR values and has an
improved accuracy at higher or normal
GFR (193; 194); less accurate in pregnant
women

Pre-eclampsia

pregnancy

PGFR

eGFR=5.14-1.22+S_, +0.0029 * weight(lbs)
+ [0.069 if African American] + [-0.0566 if East
Asian] + [-0.1164 if Hispanic]

Formula is more accurate than Cockcroft-
Gault, MDRD and CKD-EPI (195);
validity of this formula in normal
pregnancy remains unclear

(continued)
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Table 4 (continued)

Equation | Comments
Children
Schwartz _ factor® - height(cm) Most commonly used to estimated GFR in
eGFR = S children (196-198); less accurate with
R reduced renal function (199; 200)

Counahan- _0.43- height(cm) Most commonly used to estimated GFR in
Barrat eGFR=——— —=——= children (201); less bias and higher

o correlation with inulin (202)
Grubb eGFR=8469.-S '*®.1.384 Cystatin C, rather than creatinine, has

e been advocated for use in determining

pediatric GFR (203)

4 Scr > 0.7 mg dL'; ® if Scr >0.9 mg dL'; “Factor: premature to 1 year: 0.33; boys (1-
13 years) and girls (1-18 years): 0.55; adolescent boys (13-18 years): 0.70. References
are included in the Supplementary References section.

CLg, renal clearance (mL min™); U, urine concentration (mg mL™); V, urine flow (mL
min™); P, average plasma concentration (mg mL™); fe, fraction of the absorbed dose that
is excreted unchanged in the urine after oral administration; Dose, dose of compound
(mg); F, bioavailability; AUC, area under the concentration curve (mg mL™! min’l); A,
amount excreted unchanged in urine (mg); CLs, net secretory clearance (mL min™); fu,
fraction of unbound drug in plasma; GFR, glomerular filtration rate (mL min™); CLgx,
plasma clearance of exogenous marker (mL min™); I, infusion concentration of
exogenous marker; R, infusion rate (mL min™); Sgx, serum concentration of exogenous
marker (mg L"); eGFR, estimated glomerular filtration rate (mL min™” 1.73m*"); CLcg,
creatinine clearance (mL min™); Scg, serum creatinine (mg dL); age (years); weight

(Kg); Seystatin > Serum cystatin C (mg L)
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Table 5. Overview of methods and markers to determine GFR.

patients with any
GFR including
pregnant
individuals (204)

Advantage Disadvantage Comparison with other
methods/markers
METHODS
Urinary clearance [ Can measure GFR | Timed urine collection Measurement of creatinine clearance
of marker accurately in required; catheterization of using timed urine collections is the

subject is best practice to
avoid incomplete collections;
caution required if collecting a
timed urine < 24 hours using
creatinine as a marker because
of the circadian rhythm of
creatinine clearance (low at
night); underestimates GFR in
the elderly (205)

gold standard for measuring
creatinine clearance; the method is
generally similar to predictive
equations to estimate GFR from
serum creatinine; exceptions to this
are people with severe CKD, acute
changes in renal function, abnormal
muscle mass, extremes of body
weight, nutritional status (e.g.
vegetarians, excessive creatinine
intake) where measurement of
clearance using timed urinary
collections is preferable

Plasma clearance
of marker

Easily measured;
no urine samples
needed

Overestimates GFR in patients
with expanded body space;
longer examination periods
(~5 hours) for subjects with
low GFR; no consensus on
formulas used to correct for
missing AUC of two-sample
method; repeated blood
samples are required

Urinary and plasma clearance of
exogenous markers in general show
high agreement and accuracy; plasma
clearance slightly overestimates
urinary clearance at lower levels of
GFR (206-208)

Nuclear imaging
(over kidneys &
bladder) with
simultaneous
counting of
radioactive
exogenous
marker

No urine
collection or
repeat blood
sampling needed,;
useful for
determination of
split renal function

Radiation exposure;
Inaccuracy compared to renal
or plasma clearance

Less accurate than predictive
equations; poor correlation with
simultaneous urinary or plasma
clearance (209-211)

(continued)
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Table 5 (continued)

Advantage

Disadvantage

Comparison with other
methods/markers

MARKERS

Endogenous*

Creatinine level
in serum or urine

Easily measured
Routine laboratory
test

Discrepancies in analysis
methods between institutions;
levels alter with gender, age,
races & differences in muscle
mass (212); some drugs inhibit
creatinine secretion (e.g.
cimetidine) thereby increasing
serum creatinine without
affecting the GFR; not suitable
during rapid changes in GFR
or certain disease states (e.g.
hypoalbuminemia) or at low
levels of GFR (213; 214); if
only collecting serum
creatinine it must be used with
a formula such as CG to
estimate GFR; each formula
has advantages and
disadvantages (see Table 4)

Overestimates GFR by <10%
(probably reflecting tubular secretion
of creatinine) in normal renal
function, overestimation increases
(max. 30%) as GFR declines

Cystatin C level
in serum or

plasma

Level independent
of muscle mass

and sex

Levels affected by age, sex,
diabetes, smoking, liver
disease, glucocorticoid
therapy and thyroid disease
(215-217); analysis is 20-30
times more expensive than
creatinine; must be used with
a formula to estimate GFR;
further validation of formulas
are required before
implementing into clinical
practice

Similar or better performance of
cystatin C based equations in
estimating GFR in children, the
elderly, people with mild or moderate
renal impairment and renal transplant
recipients compared to serum
creatinine based equations (218-223)

Exogenous non-radioactive’

stable in
biological fluids;
adverse reactions
are rare

Inulin Gold standard Requires constant infusion - Plasma clearance of inulin exceeds
when measuring | difficult to dissolve; expensive | urinary clearance by 5-10 mL/min
urinary clearance (206-208)
lothalamate Inexpensive Levels measured using HPLC- | Similar (224) or small positive bias
expensive; contraindicated in | of urinary clearance of iothalamate
subjects with iodine allergies; | compared to inulin (225; 226) or
possible tubular secretion similar to inulin
lohexol Wide availability; | Expensive; difticult to lohexol clearance 1s similar to

measure concentrations in
biological fluid (forms
isomers); possible tubular
reabsorption or protein
binding; contraindicated in
subjects with iodine allergies

iothalamate clearance but slightly
underestimates inulin clearance (227-
229)

(continued)
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Table 5 (continued)

Advantage

Disadvantage

Comparison with other
methods/markers

Exogenous radioactive”

FMTc-DTPA Easily measured [ Dissociation of *™Tc from Poor correlation between *™Tc-
DTPA & binding to plasma DTPA dynamic renal imaging,
proteins-underestimates GFR; | urinary or plasma clearance (230;
discrepancies in analysis 231); urinary clearance similar to #I-
methods; requirements for lothalamate (230)
storage, administration,
disposal or radioactive
substance

>Cr-EDTA Easily measured [ Only commercially available | Plasma clearance exceeds urinary

in Europe; possible tubular
reabsorption; requirements for
storage, administration,
disposal or radioactive
substance

clearance but similar to *"Tc-DTPA
(231); urinary clearance
underestimates inulin clearance (232)

~*|-lothalamate

Easily measured

Contraindicated In subjects
with iodine allergies;
requirements for storage,
administration, disposal or
radioactive substance

Plasma clearance higher than with
ICr-EDTA (225); urinary clearance
exceeds inulin clearance (233)

*Endogenous biomarkers determined in serum alone must be used with a formula to

estimate GFR (eGFR). The urinary clearance of endogenous biomarkers is measured by

: : b o T
collection of urine and plasma samples. "Nonradioactive and radioactive biomarkers are

generally administered intravenously and the urinary clearance or plasma clearance is

measured by collection of urine and plasma samples.

Supplementary References section.

References are included in the
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degradation rates of mRNA transcripts. Transcription rates are influenced by the binding
of transcription factors, which may be repressors or enhancers, to the transporter gene.
Single-nucleotide polymorphisms (SNPs) in enhancer or repressor regions of the
transporters genes, termed cis-eQTLs (expression quantitative trait loci), can alter the
binding of the enhancers or repressors, resulting in changes in transcription rates.
Furthermore, SNPs in the transcription factor genes themselves (frans-eQTLs) may also
result in changes in the expression levels or protein structures of the transcription factors,
resulting in changes in rates of transcription of the transporter genes. Studies (e.g., the
NIH Common Fund’s Genotype-Tissue Expression [GTEX]; see

http://commonfund.nih.gov/GTEX/) to identify cis- and trans-eQTLs in the kidney that

are ongoing and are expected to provide information on the sources of variation in

transcript levels of renal drug transporters.

Of the transporters localized to the basolateral membrane and known to play a role in
renal drug secretion, OCT2 and OATI transcripts are most abundant (median of 57
donors), followed by OAT3 and OATP4C1. Of the secretory transporters expressed on
the apical membrane, MDR1, OCTN2, MATE1, MRP4 and MRP2 are expressed at a
higher level in comparison with MATE2/2K, breast cancer resistance protein (BCRP) and
OCTNI1 (Figure 5). Because mRNA levels may not reflect transporter protein levels, it is
not known whether differences in the transcript levels will translate to differences in
transporter protein levels on the plasma membrane of the renal tubule among the various
transporters. Furthermore, the variation in protein levels of transporters in the

kidney is also not known. Advances in proteomic methods (21-23) may lead to a better
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Figure 5. Expression of secretory drug transporters in the Kidney of human
subjects. Quantitative RT-PCR (reverse-transcription polymerase chain reaction) was
performed on RNA obtained from the renal cortex of human donors (n = 57) using a
custom SYBR" green-based OpenArray® system (Life Technologies, Grand Island, New
York). Data are normalized to the mean of three housekeeping genes and are presented
as 27" (black horizontal lines are the median values). For additional information on the
expression of other drug transporters in the kidney, refer to the UCSF-FDA TransPortal

at http://bts.ucsf.edu/fdatransportal/ (24).

BCRP, breast cancer resistance protein; MATE, multidrug and toxin extrusion protein;
MDR, multidrug resistance protein; MRP, multidrug resistance-associated protein; OAT,
organic anion transporter; OATP, organic anion transporting polypeptide; OCT, organic

cation transporter.
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understanding of the levels of renal transporters in the kidney and interindividual

differences in expression levels of transporter proteins.

Recent studies suggest that genetic polymorphisms in renal drug transporters may play an
important role in the variability of the pharmacokinetics and pharmacodynamics of
certain medications, presumably by causing changes in transporter expression levels and
activity. For example, a common promoter variant of MATE2/2K is predicted to
increase MATE2/2K expression and is associated with a poorer hypoglycemic response
to metformin (25). Furthermore, nonsynonymous coding SNPs, including the OCTN1-
L503F (26) and OCT2-A270S (27) polymorphisms, have been associated with altered
transporter function and variation in plasma drug concentrations. For a more
comprehensive review of genetic variants and their impact on the pharmacokinetics and
pharmacodynamics of xenobiotics, see the Pharmacogenetics of Membrane Transporters

Database (https://pharmacogenetics.ucsf.edu/) and recent literature reviews (28-30).

RENAL CLEARANCE ALTERATIONS IN SPECIAL POPULATIONS

In addition to DDIs and genetics, current information suggests that many other factors
contribute to variation in renal drug clearance. This section describes the effects of
chronic kidney disease, age, pregnancy, sex and ethnicity on interindividual differences
in the renal clearance of drugs. Where available, specific information is presented on

transporters in the kidney.

Chronic Kidney Disease
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Diseases of the kidney, such as chronic kidney disease (CKD), acute changes in kidney
function or renal impairment, alter the renal clearance of xenobiotics, and in some cases
dose modifications are necessary. An accurate determination of GFR is of particular
importance when prescribing certain medications to patients with CKD. Reduced GFR in
patients with CKD is often accompanied by other aberrations, including diminished drug
transporter expression, reduced metabolic enzyme activity and accumulation of uremic
toxins that might hamper drug excretion (31). Numerous studies using rodent models
have suggested that CKD is associated with a decrease in the expression levels of Oct2,
Oatp4cl, Matel and Berp, and with an increase in the mRNA levels of Mrp2, Mrp4 and
Mdrl (Table 6). Currently, there is no information regarding the effect of CKD on the
expression levels of drug transporters in human kidneys. In addition, due to alterations in
renal drug handling, CKD can also impair hepatic drug metabolism, uptake and biliary
excretion of both renally and nonrenally cleared compounds (31; 32). In fact, the FDA
recommends that pharmacokinetic studies be conducted for all drugs, irrespective of their

route of elimination, in patients with CKD (33).

Age

In addition to the structural changes in the kidney associated with aging, older adults also
exhibit physiological changes such as decreased GFR and altered tubular handling of
creatinine.  Creatinine production decreases in healthy older individuals and net
creatinine reabsorption appears to increase (34) to levels commonly seen in healthy
newborns and premature babies (35). GFR increases postnatally for both term-born and

premature infants (36; 37). In term-born infants, this increase is faster than in premature
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Table 6.

transporters in various special populations.

Comparison of the mRNA and protein expression levels of renal

Renal impairment Age
Transporter | / Chronic kidney Gender Children/
di Elderly
isease Adolescents
| Ra60163 FT R(163); A R(I63; 166);¢ R
OCT2 M 1 R(164-166) (167)
L RA63167.4 R (69 F1 R(165); M TR A R(I65; 171-173);
OATI ; (170). ,  H(169) | R@70)
| R{63T67; 174-176); AR 17), | R
OAT3 1 Ra6) 1 R(165); s RAT0) 170 °
OATP4C1 | KOS 176) F R L Ram
OCTN1  R(T8) | R6&T78)
R(164; 178). AR
OCTN2  ROTS) ¢ o ;T
MATEL | R(163:766) F K180 A R(180)
. . A R(163), | R(I8Z
MRP2 A R(176; 181) < R(165:182) ) | RO8Y)
MRP4 A R(176) F T R(82) R
R (184 T (187). A~ R(165
MDR1 T (ARF) ( ); M1 H (185), H (186) | €2 ( ); TR ); R (183)
& (CRF) R (181) N | R(83) g
BCRP | R8Y) < RU6ST77) | K7D, A R{6)

Observations in changes of mRNA or protein levels in renal impairment/chronic kidney
disease models were often also reflected in altered excretion processes. The majority of
observations are from rodents. Future studies are necessary to determine if similar trends
occur in human subjects. Ontogenic expression levels and gender differences refer to
young animals; values for newborn animals may be different. Changes reflect
differences in mRNA-expression or transporter protein quantity with the following
symbols: <> equal, 1 higher, | lower; changes observed in humans (H) and rodents (R).

References are included in the supplementary references section.

ARF, acute renal failure; CRF, chronic renal failure; F, female; M, male.
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infants (36-39).

Given the difference in GFR between adults and children or the elderly, doses of renally
cleared drugs need to be adjusted for both pediatric and geriatric patients to reduce side
effects and enhance appropriate therapeutic responses (40-43). In children, certain
differences in kidney function, e.g., the glomerular filtration of inulin (44) and the
excretion of antibiotics (45), can clearly be attributed to kidney maturation on an
anatomical level, e.g., length and number of nephrons. However, other differences, e.g.,
the increased clearance of digoxin in young children, cannot solely be explained by these
anatomical changes (46-48). In such cases, transporters are likely to play a crucial role;
however, the underlying molecular processes for differences in renal clearance are poorly
understood in a developmental context. Even though abundant information exists on
renal drug transport in adults (49), the ontogeny of human renal transporters has not been
studied extensively and current data are predominately from rodent models (Table 6).
Furthermore, the rodent data often conflict and further research is necessary to obtain
conclusive evidence for ontogenic differences. In humans, MDR1 mRNA is detected in
the kidney by 7 weeks of gestation and its tissue distribution pattern differs from that
seen in adult tissues (50). In addition, a disproportional increase in organic anion
secretion relative to kidney mass has been reported in human subjects, suggesting a
specific maturation of the organic anion transport system during development (46).
Interestingly, cephalosporin-related nephrotoxicity occurs more frequently in adults than
children (51; 52). The reasons for this are largely unknown, although differences in

transporter expression could, in part, explain these observations.
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Pregnancy

During normal pregnancy, GFR and renal blood flow begin to increase in the first
trimester and peak in the second trimester at approximately 40-60% and 50-85%,
respectively, of prepregnancy values (53-55). Increases in GFR during pregnancy are
expected to result in enhanced renal elimination. Therefore, caution and an accurate
estimate of GFR are important when administering renally cleared drugs in pregnant
individuals. For estimating GFR in normal pregnancy, a 24-h urine creatinine clearance
— rather than the use of predicative equations — remains standard (56). In the setting of
preeclampsia, however, renal hyperfiltration is even more pronounced (57) and a new
formula for estimating GFR has been developed (58) (Table 4). To achieve therapeutic
effects with drugs in which GFR is a major determinant of their total clearance (e.g.,
lithium, amoxicillin, piperacillin), dose adjustments are recommended in pregnant

women (59-62).

There is limited knowledge regarding the effect of pregnancy on transporter expression
and the majority of information stems from rodent models. In mice, pregnancy has been
associated with elevated levels of Berp protein and mRNA (63). However, no
discernable differences in Mdrl protein expression were observed between normal and
pregnant mice (64). With respect to human patients, increases in the renal secretory
clearances of metformin (65), amoxicillin (60) and digoxin (66) have been observed in
pregnant females. The mechanism(s) for the increase in renal clearance are not known,
but possible explanations include enhanced secretory transporter expression/function,

decreased tubular reabsorption and enhanced renal blood flow. For a review of
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medications that are affected by pregnancy-induced changes in drug pharmacokinetics

and the potential impact of drug transporters, see the recent review by Anderson (67).

Sex

Using creatinine based predictive equations, significant sex differences in GFR have been
identified. These discrepancies are attributed primarily to differences in creatinine
production, since the muscle mass of women is approximately 15% smaller compared to
men (68; 69). However, measured GFR (using inulin) is also lower in healthy women
than men (70), suggesting physiological differences within the kidney may also
contribute to sex differences in GFR. The importance of sex is also reflected in all of the

adult predictive equations (Table 4).

The influence of sex on renal secretory transporter expression and function is largely
unknown. Sex differences in transporter expression have been studied extensively in
rodent models, but this field remains controversial since there are several conflicting
reports on the direction of expression differences between sexes (see Table 6). In human
kidneys, there is limited published data comparing transporter expression between sexes.
Schuetz et al. (71) detected elevated MDR1 expression in men, but a subsequent study by
Wolbold et al. (72) detected no sex differences in MDR1 expression. In a sub analysis of
the human kidney expression data (Figure 5), no significant sex differences were
observed in the transcript levels of the secretory renal transporters shown in Figure 2
(S.W. Yee, A. Chhibber, C.C. Wen, D.L. Kroetz and K.M. Giacomini, unpublished data).

In addition, it is not known whether there are sex differences in the protein levels of renal
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secretory transporters. Nonetheless, previous reports suggest an impact of sex on the
renal clearance of drugs eliminated by the kidney. For example, the renal clearances of
methotrexate and amantadine show distinct differences between sexes, with men having
greater renal clearances (73; 74). A systematic study of sex differences in renal
clearances and net secretory clearances needs to be conducted for model compounds. If
substantial differences are observed, mechanistic studies focused on the expression levels
of transporters in the kidney should be performed. These studies are essential to
understanding the effect of sex on renal clearance. Indeed, regulatory authorities and the
National Institutes of Health have released several publications highlighting the

importance of understanding sex differences in pharmacokinetics (75-77).

Ethnicity

The predictive equations used to calculate GFR differ among ethnic groups and ethnic-
specific coefficients have been proposed to improve the calculation of GFR (78-80). It is
unclear whether GFR itself varies among ethnic groups or whether these ethnic-specific
predictive equations are necessary to reflect differences in the rate of endogenous
creatinine production, secretion or reabsorption or discrepancies in assay methodology

between ethnic groups.

Interethnic differences in drug absorption, metabolism and response have been
extensively reported. Ethnic differences in renal clearance, although less common, have
been demonstrated. For example, the renal clearance of fosinoprilat is greater in

Caucasian subjects than in Chinese subjects (81). In contrast morphine has a higher renal
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clearance in Chinese individuals than it does in Caucasian individuals (82). These ethnic
differences could be attributed to intrinsic factors (e.g., genetics) and extrinsic factors
(e.g., diet). Currently, there is little information about the relative contribution of these
factors to the overall difference in drug disposition and response. Future studies are
required to learn more about ethnic differences in renal clearance of these drugs and
others and about the mechanisms associated with such differences, including allele
frequency differences of genetic polymorphisms, which may be associated with variation

in the expression level and activity of renal transporters.

ALTERNATIVE SPLICING OF RENAL SECRETORY TRANSPORTERS

Alternative splicing is a mechanism in eukaryotic cells to increase the coding capacity of
genes and is predicted to occur in ~74% of all human genes (83). Bioinformatic data
analysis based on expressed sequence tags (ESTs) supports this finding, indicating that
35-60% of human gene products are alternatively spliced (84-87). Furthermore,
mechanistic studies have demonstrated the importance of alternative splicing on protein
localization, regulation and function (88). Renal transporters are no exception and

various splicing variants have been described (89).

The most prominent example of splicing variants of renal secretory transporters is
MATE2K, a splice variant of MATE2. In comparison to MATE2, MATE2K lacks one
exon and is expressed exclusively in the kidney and at a greater abundance (90). In vitro
experiments demonstrate similar transport activity between MATE2 and MATE2K,

suggesting that both MATE2 and MATE2K are involved in the renal elimination of
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organic cations (90). Research thus far has largely focused on MATE2K since it was
identified several years before the functionality of MATE2 was determined. In addition,
variants of OAT1 have been identified (OATI1-1, OAT1-2, OATI1-3, OAT1-4); however,
preliminary reports suggest that only OAT1-1 and OAT1-2 are functional (91; 92). Three
splice variants of OAT3 have been identified, but whether they are translated into
functional proteins is unknown because transporter function has not been evaluated (93).
Furthermore, splicing variants of OCTN2 with reduced activity have been identified (94;
95). A splice variant of OCT2 has also been observed (OCT2-A) and consists of only 9
transmembrane domains instead of 12 (96). Nonetheless, data suggest that this splice
variant is functional and exhibits different kinetics for several compounds compared with
OCT2. For example, the uptake of 1-methyl-4-phenylpyridinium (MPP") was greater in
OCT2-expressing cells than in OCT2-A-expressing cells (96). Although, splice variants
have been identified for multiple renal secretory transporters, the clinical impact of these
variants on the renal elimination of drugs has not been determined and future research is
necessary to define their clinical significance and the mechanisms by which splicing is

regulated.

SUMMARY POINTS

1. Renal drug transporters are important determinants of the total clearance of
commonly prescribed drugs.

2. Renal secretory transporters are implicated in numerous clinically significant DDIs,
generally leading to increased plasma levels of drugs and potential safety issues.

Understanding whether the interaction will potentiate or reduce possible
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nephrotoxicity requires knowledge of the specific site (apical or basolateral
membrane) of the interaction.

Investigation of transporter-mediated DDI liabilities early in the drug development
process is important, particularly if the NME has a narrow therapeutic window, has a
pharmacological target in the kidney or is nephrotoxic.

The inter- and intra-individual variation in renal drug clearance arises from multiple

factors, including drug interactions, genetics, disease status, ethnicity and age.

FUTURE ISSUES

1.

An understanding of the contribution and interplay of both intrinsic (e.g., genetics)
and extrinsic (e.g., environment) factors on renal drug clearance is needed.
Examination of transporter ontogeny and age-related events is required to optimize
drug therapy in pediatric and geriatric populations.

The influence of pregnancy, sex and ethnicity on renal drug elimination is largely
unknown and understudied. Elucidating the underlying mechanisms and their impact
on drug dosing requires future studies.

Further studies are necessary to understand the clinical impact of splicing variants and

genetic polymorphisms of transporters on renal drug elimination.

SUMMARY OF DISSERTATION CHAPTERS

The studies in this dissertation aim to enhance our knowledge of the clinical impact of

renal transporters for basic drugs. A brief description of each of the chapters in this

dissertation is presented below.
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Chapter 2. The UCSF-FDA TransPortal: A Public Drug Transporter Database

In this chapter, the development of the UCSF-FDA TransPortal is described. This
database, which was developed in collaboration with the Food and Drug Administration’s
Office of Clinical Pharmacology, highlights 31 transporters from the ABC and SLC
superfamilies. This database summarizes information from ~300 primary literature
sources and drug labels on drug transporter expression, tissue distribution, direction of

transport, substrate and inhibitor in vitro kinetics and clinical drug-drug interactions.

Chapter 3. Identification of Selective and Potent Inhibitors of Renal Organic Cation
Transport

To enhance our understanding of transport mechanisms that contribute to renal clearance
and drug-drug interactions (DDIs), it is important to discover model inhibitors of renal
organic cation transporters that are selective and have a clinical impact on the renal
clearance of concomitantly dosed organic cation xenobiotics. In this chapter, a strategic
screen was performed to identify clinically significant and selective inhibitors of renal
organic cation transport. From this screen, ondansetron, moxifloxacin and norfloxacin
were identified as selective inhibitors of the apical kidney transporters, MATE1 and
MATE2K, with the potential to inhibit transport at clinically relevant concentrations.
Nizatidine was found to be a clinically potent and selective inhibitor of MATE2K that
may be useful to understand the clinical significance of MATE2K-mediated drug
elimination. This study explores mechanisms of transporter mediated DDIs including

allosteric effects.
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Chapter 4. The Effect of Nizatidine, a MATE2K Selective Inhibitor, on the
Pharmacokinetics and Pharmacodynamics of Metformin in Healthy Volunteers

In this chapter, a healthy volunteer open-label, randomized, two-phase crossover DDI
study was conducted to determine the effect of MATE2K-selective inhibition by
nizatidine on the exposure and response of metformin. When co-administered, nizatidine
increases V/F and t;, of metformin in healthy volunteers. However, there was no
significant difference in metformin’s renal clearance (CLg) or net secretory clearance
(CLsr) between treatment arms. In terms of alterations in metformin response, in healthy
volunteers, the hypoglycemic activity is enhanced above pre-metformin values only when
nizatidine is co-administrated. This study is consistent with the idea that inhibitors of
renal efflux transporters may affect the volume of distribution, tissue levels and
peripheral effects of drugs. In addition, this study challenges current guidelines that rely
on in vitro predictions to inform the decision to conduct transporter-mediated clinical

DDI studies.

Chapter 5. The Effect of Novel Promoter Variants in MATE1 and MATE?2 on the
Pharmacokinetics and Pharmacodynamics of Metformin

Clinical studies focused on the effects of transporter promoter variants on drug
disposition and response are limited. In this study, we sought to investigate whether
common MATE] and MATE2/2K promoter variants have an effect on the disposition
and response of metformin in healthy and type II diabetic subjects. Carriers of MATEI

g.-66T>C, a promoter variant that decreases MATE1 expression, exhibit no difference in
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pharmacokinetics, but have an increased effect of metformin. In contrast, carriers of
MATE2/2K g.-130G>A have a greater renal clearance of metformin and poorer
hypoglycemic response. These studies suggest that MATE2/2K but not MATEI1 is
important in renal clearance of metformin whereas both MATE1 and MATE2/2K are
important determinants of response to the drug. Because of the primary localization of
MATEZ2/2K to the kidney, these studies suggest that the kidney may be an important site

for the glycemic action of metformin.

Chapter 6. Development and Characterization of a Humanized MATE2K Mouse

Rodents do not have an ortholog of human MATE2K and it is impossible to directly
measure alterations in kidney levels of drugs in human subjects. The development of a
humanized MATE2K could help to identify the role of MATE2K in renal elimination. In
this chapter, we describe an unsuccessful attempt to develop a humanized MATE2K

mouse.

Chapter 7. Conclusions and Perspectives
In this chapter, we summarize the results of the studies in this dissertation, highlighting
major findings. In addition, future studies necessary to further understand the role of the

organic cation transporters at the apical membrane are discussed.
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CHAPTER 2

THE UCSF-FDA TRANSPORTAL: A PUBLIC DRUG TRANSPORTER
DATABASE "

Drug transporters play a key role in the absorption, distribution and elimination of many
drugs, and they appear to be important determinants of therapeutic and adverse drug
activities. Although a large body of data pertaining to drug transporters is available, there
are few databases that inform drug developers, regulatory agencies and academic
scientists about transporters that are important in drug action and disposition. In this
article, we inform the scientific community about the UCSF-FDA TransPortal, a new and

valuable online resource for research and drug development.

To provide a central resource for information about important drug transporters, we have
developed a free-of-charge online drug transporter database, University of California, San
Francisco - Food and Drug Administration (UCSF-FDA) TransPortal

(http://bts.ucsf.edu/fdatransportal). We have highlighted 31 drug transporters from the

ATP-binding cassette (ABC) and solute carrier (SLC) transporter superfamilies that play
a critical role in drug disposition, toxicity and efficacy—including transporters listed in
the 2012 US FDA draft drug interaction guidance (1) and the International Transporter
Consortium white paper (2). For each transporter, we have compiled primary literature

on its expression levels, subcellular localization and direction of transport in the kidney,

* This chapter has been published: Morrissey KM, Wen CC, Johns SJ, Zhang L, Huang S-M,
Giacomini KM. 2012. The UCSF-FDA TransPortal: A public drug transporter database. Clin
Plarmacol Ther 92:545-6.
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liver, small intestine, placenta and blood—brain barrier (Figure 1). In addition, we have
listed known inhibitors and substrates of each transporter and summarized transport
kinetic data (Ky,, Kj, ICso) from in vitro studies. Finally, clinical drug—drug interactions
attributed to drug transporters are listed, along with a description of the impact on the

affected drug’s pharmacokinetics and pharmacodynamics.

Other drug transporter databases include the University of Tokyo’s TP-search

(http://125.206.112.67/tp-search/login.php), Q. Yan’s Human Membrane Transporter

Database (http://lab.digibench.net/transporter), M. Miiller’s ABC-Transporter Database

(http://nutrigene.4t.com/translink.htm), C. Yuzong’s Drug ADME Associated Protein

Database (http://xin.cz3.nus.edu.sg/group/admeap/admeap.asp), UCSF’s

Pharmacogenomics of Membrane Transporters (http://pharmacogenetics.ucsf.edu), and
the University of Washington’s Metabolism and Transport Drug Interaction Database

(http://www.druginteractioninfo.org). However, several of the databases have not been

updated in recent years and none includes data on expression levels of drug transporters
across human tissues. Furthermore, in general, the databases provide limited information

on the substrates and inhibitors of the 31 transporters that are included in TransPortal.

TransPortal currently contains information from more than 297 primary literature sources
and drug labels. From these sources, TransPortal provides messenger RNA expression
levels for 31 transporters in five human tissues that play a role in drug—drug interactions.

In addition, the database provides information on 482 substrates, 866 inhibitors and 48
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Kidney
Blood Urine

Liver

Basolateral Apical
Figure 1. Representative TransPortal screenshot of drug transporters in human

liver and kidney. For definitions of the abbreviations, please see the glossary at

http://bts.ucsf.edu/fdatransportal. Transporters currently included within TransPortal are
designated in blue and transporters that are not currently contained in the database are

highlighted in orange.

94


http://bts.ucsf.edu/fdatransportal

clinical drug—drug interactions. The database is also text-searchable, user-friendly and in
compliance with Section 508 of the Rehabilitation Act, with many links to PubMed, drug
labels and websites within the database. The UCSF-FDA TransPortal, supported by the
FDA Critical Path Initiative

(http://www.fda.gov/ScienceResearch/Special Topics/CriticalPathInitiative/default.htm),

is thus an important tool for research and for enhancing the development of safer

medications.
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CHAPTER 3

IDENTIFICATION OF SELECTIVE AND POTENT INHIBITORS OF RENAL

ORGANIC CATION TRANSPORT

INTRODUCTION

The body defends itself against potentially toxic xenobiotics, xenobiotic metabolites and
metabolic wastes by elimination, in which the kidney plays a critical role. To accomplish
this task, the functional units of the kidney, the nephrons, determine the degree of renal
elimination through the balance of glomerular filtration, tubular secretion and tubular
reabsorption. For renal tubular secretion to occur, a molecule must first pass from the
blood into the renal tubular cell, and then into the tubular lumen to the urine. Current
data suggest that in the proximal tubule of the kidney, organic cations (including many
basic drugs) are transported from the blood to the renal tubule cell by organic cation
transporter 2 (OCT2) and are eliminated in the urine by the concerted action of the
H'/organic cation antiporters, multidrug and toxin extrusion 1 (MATEI) and 2K

(MATE2K).

Due to the overlapping specificities of drugs for renal secretory transporters, drug-drug
interactions (DDIs) occur in clinical situations and impact the pharmacokinetics of drugs
that are renally excreted. For example, in healthy volunteers the renal clearance of the
anti-diabetic organic cation, metformin, is decreased by the co-administration of
cimetidine or pyrimethamine (1; 2). For both drugs, the DDI appears to result from

inhibition of MATE1 and MATE2K-mediated, rather than OCT2-mediated metformin
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elimination (1; 3; 4). With the exception of cimetidine and pyrimethamine, there are few
drugs identified as clinically potent and selective inhibitors of renal organic cation
transporters. In addition, the inhibitors that have been identified are either promiscuous
and inhibit multiple transporter families (e.g. quinidine) or are more potent inhibitors of
organic cation transporter 1 (OCT1), an organic cation transporter that is highly

expressed in the liver (e.g. procainamide) (4-6).

In vitro methods for predicting transporter-mediated DDIs are evolving. Typically, one
compares the in vivo Cyaxy (maximum plasma concentration that is not bound to plasma
proteins) of a potential inhibitor to its in vitro ICsy (concentration at half the maximum
inhibition of active transport). Recently, the International Transporter Consortium and
the US FDA have proposed that if the Cpxo/ICso value is > 0.1 a clinical investigation of

a transporter-mediated DDI should be considered (7-9).

Applying these recommendations to the current study, an initial in vitro screen of 73
over-the-counter and prescription drugs was conducted at a single concentration of each
drug: 10x the drug’s Cnax observed in human subjects multiplied by the drug’s fraction
unbound, if known. Only drugs that exceed 50% transport inhibition of metformin
uptake were further characterized for potency and selectivity against the other non-renal
transporters known to transport organic cations: OCT1, OCT3 and plasma membrane
monoamine transporter (PMAT). This study provides a novel approach to identify
selective probe inhibitors of renal organic cation transporters at clinically relevant

concentrations and to predict their transporter-mediated DDI liabilities.
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MATERIALS AND METHODS

Drugs and Reagents

Gabapentin, pregabalin and topiramate were purchased from Cayman Chemical
Company (Ann Arbor, MI). Neomycin, carmofur and mycophenolate mofetil were
purchased from Enzo Life Sciences International (Farmingdale, NY), LKT laboratories
(St Paul, MN) and United States Pharmacopeia (Rockville, MD), respectively.
Chlorphenesin, diphenidol, doxepin, ethambutol, pyrazinamide and thalidomide were
purchased from MP Biomedicals (Solon, OH). Abacavir, atazanavir, cefpodoxime,
darunavir, emtricitabine, famiciclovir, lacosamide, moxifloxacin, nevirapine, oseltamavir,
rabeprazole, raltegravir, telebivudine and zonisamide were purchased from Toronto
Research Chemicals (North York, Ontario, Canada). ['*C]-labeled metformin was
purchased from Moravek Biochemicals and Radiochemicals (Brea, CA). All other
chemicals were purchased from Sigma (St. Louis, MO). Cell culture reagents were

purchased from Univerisity of California, San Francisco’s Cell Culture Facility.

Cell Lines

Flp-In human embryonic kidney (HEK293-Flp-In) cells stably expressing human OCT1
(HEK-OCT1), OCT2 (HEK-OCT2), OCT3 (HEK-OCT3), MATEl (HEK-MATE1),
MATE2K (HEK-MATE2K) and the pcDNAS/FRT empty vector (HEK-EV) were
previously established in our laboratory (10-17). Madin—Darby canine kidney type II
(MDCK-II) cells stably expressing human PMAT (MDCK-PMAT) and the pcDNA3.1(+)

vector (MDCK-EV) were also established previously (18).
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Cell Culture

Stably transfected cells were maintained in Dulbecco’s modified eagle medium (DMEM)
H-21 medium supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100
U/mL streptomycin, 2 mM glutamine and 200 pg/mL hygromycin B (HEK cell lines) or
800 pg/mL geneticin (MDCK cell lines). All cell lines were grown at 37°C in a

humidified atmosphere with 5% CO,.

Metformin Cellular Uptake Study

Cells were suspended in cell culture medium, seeded on poly-D-lysine-coated 48-well
plates (Greiner Bio-One, Monroe, NC) and grown to ~90% confluency (~48 hours post
seeding). Immediately prior to uptake, HEK-EV, HEK-OCT1, HEK-OCT2 and HEK-
OCTS3 cells were preincubated for 20 min with Hank’s balanced salt solution (HBSS, 5.4
mM KCl, 0.44 mM KH,POy4, 4.2 mM NaHCOs;, 137 mM NaCl, 0.34 mM Na,HPOy,, 5.6
mM D-glucose, 1.3 mM CaCl,, 0.49 mM MgCl,, 0.41 mM MgSO4, pH 7.4). HEK-EV,
HEK-MATEI1 and HEK-MATE2K cells were preincubated with HBSS plus 30 mM
NH4CI for 20 mins. MDCK-EV and MDCK-PMAT cells were preincubated with Krebs-
Ringer-Henseleit Buffer (KRH, 5.6 mM glucose, 125 mM NaCl, 4.8 mM KCl, 1.2 mM
KH,PO4, 1.2 mM CaCl,, 1.2 mM MgSO4, 25 mM HEPES, pH 6.6) for 20 min.
Preincubation media was removed and uptake was initiated with the addition of uptake
buffer (HBSS [HEK cell lines] or KRH [MDCK cell lines] containing 10 pmol/L
unlabeled and ['*C]-labeled metformin or ['*C]-labeled metformin with a test inhibitor at

its 10x Cpaxy) at 37°C for a period of time for which linear uptake was observed (2-5
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min). At the end of the uptake, cells were washed twice with ice-cold buffer (HBSS
[HEK cell lines] or KRH [MDCK cell lines]) and lysed with 0.1 N NaOH/0.1% SDS.
Intracellular radioactivity was determined by liquid scintillation counting and normalized
per well of protein content as measured by bicinchoninic acid protein assay (Thermo

Scientific, Rockford, IL). Each test condition was conducted in triplicate.

Compounds that were selective inhibitors of the renal organic cation transporters at
concentrations that were 10x Cp,xy Were subjected to experimental ICsy determination.
Studies were conducted exactly as described above using increasing concentrations of the
inhibitor (ranging from 0-40x Cpaxu of the inhibitor for a total of 8 concentrations in

triplicate).

Data Analysis
Determination of ICsy Values
After adjusting for protein quantity and subtracting non-specific transport of metformin
(measured from empty vector cells, HEK-EV and MDCK-EV), residual values were
normalized to the rate of uptake in the absence of the inhibitor (set at 100%). Dose
response curves and ICsy values were obtained using GraphPad Prism 4.0 (GraphPad
Software, San Diego, CA). Briefly, inhibitor concentrations were transformed to log
scale and dose-response inhibition curves were fitted with the following equation:

% metformin uptake = bottom + (100-bottom)/( 1-+10'°8'C30-loglinhibitor]*hill coefficienty

where bottom is the plateau of maximum inhibition observed.
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Absolute ICsy values were calculated by interpolation of the fitted curve. Since the
concentration of metformin used for uptake experiments (10 uM) is much lower than its
K (Michaelis-Menten constant) for each transporter (~200-3000 uM) (Chapter 1), the
calculated ICsy values would be identical to the inhibitory constant, K; (assuming a

competitive mechanism of inhibition).

Physicochemical properties and clinical concentration of test inhibitors
Predicted charge at pH 7.4 was calculated using MarvinView Version 5.3.6 (ChemAxon,

http://www.chemaxon.com). Maximum plasma concentrations (Cp,x) of test inhibitors in

human subjects and percent protein binding in human plasma were obtained from
literature sources (Table 1; (19; 20)). Maximum plasma concentrations not bound to
plasma protein (Cpaxu) Were calculated by Cpaxy = Cmax ® fu, Where f, is the unbound

fraction in human plasma.

RESULTS

Identification of Drugs That Inhibit Renal Organic Cation Transporters at Clinically
Relevant Concentrations

A medium throughput screen to identify inhibitors of the renal organic cation transporters,
OCT2, MATEI and MATE2K was performed by measuring alterations in ['*C]-labeled
metformin uptake. FDA-approved medications (n=73) were selected to be screened for
inhibitory potential if they met one or more of the following critera: (i) Cmax in human
subjects was greater than 0.1 uM, (i7) unbound fraction in human plasma (f,) was greater

than 0.10 and (iii) predicted to have a positive or neutral charge at physiological pH (pH
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Table 1. Summary of physicochemical properties and clinical concentrations of test

inhibitors (n=73).

Physwoche.m fcal Clinical Concentrations
Properties
Drugs Predicted |Molecular Frequency, | C % Calculated
charge at | Weight Dose Route > max | Protein Cmax,u
pH7.4 | (g/mol) (M) | Binding | (uM)
abacavir 0.05 286.3 1200 mg | single, oral 33.53 50 16.77
allopurinol -0.07 136.1 300 mg single, oral 19.10 5 18.15
amantidine 1 151.3 150 mg single, oral 3.70 67 1.22
amoxicillin -0.49 3654 1000 mg | single, oral 38.59 20 30.87
ampicillin -0.48 349.4 500 mg single, oral 11.45 20 9.16
atazanavir 0 704.9 400 mg | multiple, oral | 7.66 86 1.07
auranofin 0.91 679.5 6 mg multiple, oral 1.03 60 0.41
azithromycin 1.96 749.0 1000 mg | single, oral 1.09 50 0.55
bretylium tosylate 0 4144 5 mg/kg single, oral 0.34 5 0.32
carmofur -0.72 2573 100 mg single, oral 10.49 46 5.62
cefaclor -0.48 385.8 500 mg single, oral 33.70 25 25.27
cefadroxil -0.49 363.4 500 mg single, oral 44.03 20 35.22
cefpodoxime -1 427.5 800 mg single, oral 15.46 29 10.98
cephalexin -0.48 365.4 500 mg single, oral 9.36 14 8.05
chlorphenesin 0 245.7 800 mg single, oral 69.19 0 69.19
cimetidine 0.12 252.4 200 mg single, oral 7.53 26 5.57
clofazimine 0.01 4734 400 mg single, oral 0.34 0 0.34
clofibrate 0 242.7 1000 mg | single, oral | 325.50 98 6.51
cycloserine 0.01 102.1 750 mg | multiple, oral | 333.01 20 266.41
darunavir 0 593.7 600 mg | multiple, oral | 9.20 95 0.46
diazoxide 1 230.7 300 mg single, oral 86.69 90 8.67
diphenhydramine 0.97 255.4 100 mg single, oral 0.63 80 0.13
diphenidol 0.99 309.4 50 mg single, oral 0.65 90 0.06
disopyramide 1 339.5 200 mg single, oral 14.14 80 2.83
doxepin 1 279.4 250 mg | multiple, oral | 0.47 80 0.09
emtricitabine 0 247.2 200 mg | multiple, oral | 7.30 4 7.01
eplerenone 0 414.5 50 mg | multiple, oral | 2.41 60 0.97
ethambutol 1.15 204.3 15 mg/kg | single, oral 27.41 40 16.45
famiciclovir 0.01 321.3 500 mg single, oral 10.40 20 8.32
furosemide -1 330.7 80 mg single, oral 14.82 99 0.15
gabapentin 0 171.2 2400 mg | single, oral 44.68 3 43.34
ganciclovir 0.79 255.2 1000 mg | single, oral 4.70 2 4.61
indapamide -0.03 365.8 5 mg single, oral 0.71 80 0.14
lacosamide 0 250.3 1000 mg | multiple, oral | 87.10 15 74.03
lamotrigine 0.03 256.1 200 mg single, oral 9.76 56 4.30
levetiracetam 0 170.2 | 5.4 mg/kg | multiple, oral | 36.96 10 33.26
moxifloxacin 0.03 401.4 400 mg single, oral 6.23 39 3.77
mycophenolate 0.05 4335 | 2000mg | single, oral | 54.90 97 1.65
mofetil
naloxone 0.73 327.4 16 mg single, oral 18.63 40 11.18
neomycin 5.28 614.6 6000 mg | multiple, oral | 130.17 30 91.12
nevirapine 0 266.3 400 mg single, oral 11.52 60 4.61
niacin -0.99 123.1 2000 mg | single, oral | 125.90 20 100.72

102



Physwoche.m fcal Clinical Concentrations
Properties
Drugs Predicted |Molecular % Calculated
. Frequency, C .

charge at | Weight Dose Route max | Protein Cmax,u

pH7.4 | (g/mol) (M) | Binding | (uM)
nizatidine 0.83 331.5 150 mg single, oral 4.40 35 2.86
norfloxacin -0.01 319.3 400 mg | multiple, oral | 4.70 15 3.99
omeprazole -0.01 3454 80 mg single, oral 7.99 95 0.40
ondansetron 0.47 293.4 8 mg single, oral 0.13 75 0.03
orphenadrine 0.97 269.4 100 mg single, oral 0.78 20 0.62
oseltamavir 0.99 3124 400 mg | multiple, oral | 3.52 3 342
oxcarbazepine 1 2523 300 mg single, oral 20.49 40 12.29
pergolide 0.99 314.5 0.138 mg | single, oral 5.72 90 0.57
praziquantel 0 3124 50 mg/kg | single, oral 20.17 85 3.02
pregabalin 0 159.2 300 mg single, oral 56.46 0 56.46
procainamide 0.98 2353 1000 mg | single, oral 22.52 15 19.15
procyclidine 0.99 287.4 10 mg single, oral 0.42 95 0.02

pyrazinamide 0 123.1 3000 mg | single, oral | 1088.55 50 544.27
quinine 0.98 378.5 600 mg single, oral 7.61 70 2.28
rabeprazole -0.01 359.4 20 mg single, oral 1.13 96.3 0.04
raltegravir -0.48 444 .4 800 mg | multiple, oral | 2.71 83 0.46
ranitidine 0.83 3144 1600 mg | single, oral 6.31 15 5.36
rufinamide 0 238.2 1600 mg | multiple, oral | 28.76 34 18.98
salsalate -1 258.2 1000 mg | single, oral 81.33 18 66.69
stavudine 0 224.2 40 mg single, oral 542 0 5.42
streptomycin 2.8 581.6 250 mg single, oral 3.95 65 1.38
telebivudine 0 242.2 120 mg | multiple, oral | 15.27 3 14.82
thalidomide 0 258.2 200 mg single, oral 7.75 66 2.63
topiramate 0 3394 400 mg single, oral 22.69 17 18.83
tramadol 0.99 263.4 200 mg single, oral 2.45 20 1.96
trimethoprim 0.36 290.3 300 mg single, oral 32.72 70 9.82
valacyclovir 0.54 3243 1000 mg | single, oral 17.45 18 14.33
valproate -0.99 144.2 500 mg single, oral | 511.79 90 51.18

vigabatrin 0 129.2 1000 mg | single, oral | 236.07 0 236.07
voriconazole 0 349.3 6 mg/kg | multiple, oral | 6.74 58 2.83
zonisamide 0 212.2 800 mg single, oral 10.84 40 6.50

Maximum plasma concentrations (Cpax) of test inhibitors in human subjects and percent

protein binding in human plasma were obtained from literature sources (19; 20).
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7.4).  These criteria were used to maximize the identification of a clinically potent
inhibitor of renal organic cation transporters. The selected drugs span across various
therapeutic classes (e.g., antibiotic, antiulcer, antiarrhythmic, antiemetic) and are also
variable in terms of the fraction of a dose that is eliminated as unchanged drug in the

urine.

Of these 73 drugs, 4 (naloxone, quinine, procainamide and praziquantel) were inhibitors
of OCT2, 10 (trimethoprim, cimetidine, ranitidine, moxifloxacin, chlorphenesin, quinine,
clofazimine, abacavir, norfloxacin and ondansetron) were inhibitors of MATEI and 11
(trimethoprim, chlorphenesin, cimetidine, ranitidine, moxifloxacin, norfloxacin,
procainamide, ondansetron, famiciclovir, nizatidine and quinine) were inhibitors of
MATE2K, with > 50% inhibition of ['*C]-metformin uptake at 10x Cpaxu (Figure la-c).
These compounds (n=15) were then assessed for their potential to inhibit other organic
cation transporters, OCT1 and OCT3, that are not thought to play a significant role in

renal drug elimination.

Interestingly, metformin uptake increased (>125%) in the presence of some drugs,
particularly in both MATE1 and MATE2K-transfected cells for amantidine, ampicillin,
auranofin, diphenhydramine, diphenidol, doxepin, indapamide, vigabatrin and in all three
OCT2, MATEl and MATE2K-transfected cells for ganciclovir, procyclidine,
streptomycin. Similarity analysis of the physicochemical properties of the drugs that
enhanced metformin uptake and chemical structures did not reveal any common

characteristics of the compounds that enhanced metformin uptake.
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Figure 1b
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Figure 1c¢
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Figure 1. Potency of test inhibitors of renal organic cation transporters at clinically
relevant concentrations. Results of single-concentration cell-based inhibition screen at
the 10x candidate inhibitor’s own Cpaxy (tested concentration in parentheses) against
cells stably expressing (a) OCT2, (b) MATEI and (c) MATE2K. The blue and red lines
are drawn at 100% (no inhibitor) and 50% ['*C]-metformin uptake, respectively. Drugs
that display < 50% of metformin uptake at 10x their Cpax, Were classified as clinically
potent inhibitors and were further characterized for selectivity. Data are presented as

mean £ SD (samples in triplicate from one experiment).
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Selectivity of Potent Renal Organic Cation Transporter Inhibitors Against Non-Renal
Organic Cation Transporters

Based on the OCT2, MATE1 and MATE2K screening results, inhibitors were grouped as
follows: (i) OCT2-selective (naloxone and praziquantel), (if) MATE1-selective (abacavir
and clofazimine), (iii)) MATE2K-selective (famiciclovir and nizatidine), (iv)
MATE1/MATE2K dual inhibitors (chlorphenesin, cimetidine, moxifloxacin, norfloxacin,
ondansetron, ranitidine and trimethoprim) and (v) OCT2/apical inhibitors (procainamide
and quinine). These compounds were then tested for their ability to inhibit the non-renal
organic cation transporters, OCT1 and OCT3. Of these compounds, moxifloxacin,
norfloxacin, ondansetron, ranitidine and nizatidine did not inhibit OCTI1- or OCT3-
mediated metformin uptake at their 10X Cpaxy (metformin uptake was >50%) and were
therefore designated as selective inhibitors of the renal organic cation transporters (Figure
2a-e¢). These drugs were then subjected to follow-up ICsy determinations against six

known metformin transporters (OCT1, OCT2, OCT3, MATE1, MATE2K and PMAT).

The inhibition curves and calculated ICs, values of moxifloxacin, norfloxacin,
ondansetron, ranitidine and nizatidine are shown in Figure 3a-e and Table 2, respectively.
Of note, moxifloxacin, norfloxacin and ondansetron, were identified as potential clinical
inhibitors of both MATE1 (Cpax/ICso1s 0.74, 0.20 and 0.62, respectively) and MATE2K
(Crnaxu/ICsp 1s 3.16, 0.84 and 0.39, respectively), but not of any of the other metformin
transporters. In addition, nizatidine was identified as a potent and selective inhibitor of
MATE2K (Chaxo/IC50=0.37), but not of any of the other metformin transporters.

Although ranitidine was a potent inhibitor of MATE1 and MATE2K-mediated transport,
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Figure 2. Selectivity of top OCT2, MATE1 and MATE2K inhibitors against non-
renal organic cation transporters at clinically relevant concentrations. (a) OCT2-
selective, (b) MATEI-selective, (¢) MATE2K-selective, (d) MATE1/MATE2K-dual
inhibitors and (e) OCT2/apical inhibitors from Figure 1 were tested for their ability to
inhibit OCT1 and OCT3 at a concentration of 10x their Cpxy. The red line 1s drawn at
50% of ["*C]-metformin uptake. Drugs that display > 50% inhibition of metformin
uptake at 10x their Cpaxy in OCT1 and OCT3-expressing cells were classified as selective
and clinically potent inhibitors of renal organic cation transporters. Data are presented as

mean + SD (samples in triplicate from one experiment).
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Figure 3¢
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Figure 3e
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Figure 3. Determination of inhibition potency Kinetics of top hits in organic cation
transporter cell lines. Increasing concentrations of (a) moxifloxacin, (b) norfloxacin, (c¢)
ondansetron, (d) ranitidine and (e) nizatidine were analyzed for their ability to inhibit
metformin uptake in cells stably overexpressing OCT1, OCT2, OCT3, MATEI,
MATE2K and PMAT. ICsy values were determined for drugs/cell lines that display >
50% inhibition of metformin uptake (horizontal red line). The vertical grey and black
lines are drawn at 1x and 10x the inhibitor’s Cyaxu, respectively. Values are presented as

mean £ SEM (n = 3).
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Table 2. In vitro potency of putative clinical inhibitors in cells expressing OCT]1,

OCT2, OCT3, MATE1, MATE2K and PMAT.

Drug Parameter OCT1 OCT2 OCT3 MATE1 | MATE2K | PMAT
1Cs (uM) 47.0 >151 >151 5.12 1.19 >151
moxifloxacin | Cax/ICs0 0.13 <0.04 <0.04 1.22 5.22 <0.04
Cmax,u/ICs0 0.08 <0.02 <0.02 0.74 3.16 <0.02
1C59 (uM) >160 >160 >160 19.9 4.74 >160
norfloxacin | Cpay/IC59| <0.03 <0.03 <0.03 0.24 0.99 <0.03
Cmax,u/IC50 | <0.02 <0.02 <0.02 0.20 0.84 <0.02
IC50 (uM)| >1.32 >1.32 >1.32 0.05 0.08 >1.32
ondansetron | Cpax/IC59| <0.10 <0.10 <0.10 247 1.57 <0.10
Cmax,u/IC50 | <0.02 <0.02 <0.02 0.62 0.39 <0.02
ICs0 (uM) 26.8 15.7 93.5 4.04 4.63 >214
ranitidine Cmax/ICso 0.24 0.40 0.07 1.56 1.36 <0.03
Cmax,u/ICs0 0.20 0.34 0.06 1.33 1.16 <0.02
ICs0 (UM) >115 >115 41.1 52.7 7.81 >115
nizatidine Cmax/ICs9| <0.04 <0.04 0.11 0.08 0.56 <0.04
Cmax,/ICs59 | <0.02 <0.02 0.07 0.05 0.37 <0.02

Cmax and calculated Cpax, Were obtained from literature values (see Table 1). Cpay/ICso

and Cpaxo/ICso values that exceed the 0.1 cut-off are bolded.

ICsp, concentration at half the maximum inhibition of active transport; Cy,.x, maximum

plasma concentration; Cpayy, maximum plasma concentration that is not bound to plasma

proteins; OCT, organic cation transporter; MATE, multidrug and toxin extrusion

transporter; PMAT, plasma membrane monoamine transporter.
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it did not demonstrate selective inhibition of the two MATE transporters. In all cases, the
Hill coefficient was greater than one, suggesting positive cooperativity where more than

one binding site is involved in the inhibition.

DISCUSSION

Historically, DDIs are thought to be mediated primarily by interactions with drug-
metabolizing enzymes. Current evidence suggests a role for drug transporters in
mediating clinical DDIs (7; 21), however these types of DDIs are less well characterized.
Further, as noted previously, prior to this study, few inhibitors of renal organic cation
transporters have been identified and of these inhibitors none has been shown to
selectively inhibit metformin uptake or efflux that is mediated by only one of the renal
organic cation transporters. In this study, a strategic screen was implemented to quickly
identify probe inhibitors of renal organic cation transport that are selective and can inhibit

transport at clinically relevant concentrations.

In general, inhibition of renal organic cation transport at either membrane would result in
a reduced renal clearance of metformin. However, depending on whether an inhibitor
affects the transport of a drug at the basolateral or apical membrane, the drug’s toxicity
and/or pharmacodynamics may be affected. For example, for a drug with a mechanism
of action that is dependent upon its transport into the renal cell, blocking the OCT2-
mediated uptake into the kidney would potentially reduce its access to its
pharmacological target and therefore, its pharmacological effect. In contrast, if MATEI

or MATE2K is inhibited, there would be increased levels of the drug within the renal cell,
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resulting in enhanced pharmacologic effects or, in some cases, enhanced renal toxicities.
Therefore, it is important to identify probe inhibitors of each transporter that are selective

and inhibit at clinically relevant concentrations.

In this study, 15 of 73 drugs that were screened were identified as inhibitors of one or
more renal organic cation transporters, with ICsy values < 10x times their Cpaxy, the
cutoff that the FDA and the International Transporter Consortium have recommended to
follow up with a clinical DDI study (7; 8). Furthermore, we have identified moxifloxacin,
norfloxacin and ondansetron as potential clinical inhibitors of both MATE1 (ICsy equals
1.4x, 5.0x and 1.6x Cpaxu, respectively) and MATE2K (ICsy equals 0.3x, 1.2x and 2.6x
Cmaxu, respectively), but not any of the other organic cation transporters. Nizatidine was
identified as a clinically potent and selective inhibitor of MATE2K (ICsy equals 2.7x
Cmaxu) and may be useful to understand the clinical significance of MATE2K-mediated

drug elimination.

Surprisingly, some drugs appeared to stimulate metformin uptake in OCT2, MATE1 and
MATE2K-transfected cells. However, these effects could not be explained by any
physicochemical property (e.g., molecular weight, hydrogen bond donors, predicted
charge at physiological pH) or chemical structure (data not reported). This enhancement
of in vitro activity has also been observed for a variety of solute carrier and ATP-binding
cassette transporters including the organic anion transporter, OAT1, multidrug resistance-
associated protein, MRP2, organic anion-transporting polypeptide, OATP1B1/1B3, and

OCT2 (22-26). Previous reports have observed the dependence of OCT2-mediated
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transport on inside-negative membrane potential (27; 28). Interestingly, OCT2-mediated
uptake of metformin was increased by ~2-fold in the presence of gabapentin, a gamma-
aminobutyric acid (GABA) analog that is known to alter calcium currents. This suggests
that alterations in membrane potential by test compounds may explain an enhancement in
metformin uptake. In our data set, the enhancement in metformin uptake was more
common in MATE-transfected cell lines, which are particularly affected by alterations in
pH as they transport organic cations in exchange for a proton (29-31). Therefore, it is
possible that the test compounds could have altered the pH gradient, leading to an
enhancement in metformin uptake by MATE-transfected cells. Enhancement in OCT2-
and MATE-mediated metformin uptake in the presence of test compounds may also be
explained by interaction of the test compound with an allosteric binding site. In this
mechanism, a test compound could bind to an allosteric site that could in turn alter the

transporter's structure, and enhance its affinity for metformin.

In this study, we used a medium-throughput cell based screen with cells that overexpress
each organic cation transporter to measure the in vifro inhibition kinetics of test
compounds. Utilizing this method, we were able to quickly decipher the potential for
inhibition of each transporter at clinically relevant concentrations. However, additional
studies with cellular systems (e.g. primary proximal tubular cells, OCT2/MATE dual-
transfected polarized cells) may help to understand the potential interplay of multiple
transport and metabolism processes. In addition, these studies were performed without
preincubation of the test compound prior to initiation of uptake, which may not be

applicable to clinical situations where the perpertrator drug concentrations are at steady-
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state prior to administration of the victim drug and may not identify mechanism-based
inhibitors. Therefore, it is possible that the potential for a drug interaction with
metformin and the identified inhibitors may have been underestimated by this in vitro

study design.

Using clinical pharmacokinetic literature and a cell-based screening assay, candidate
inhibitors of renal organic cation transport that inhibit at clinically relevant
concentrations were identified. This design represented an innovative screening strategy
focused on clinically relevant unbound drug concentrations rather than using a single
drug concentration for all compounds, which may not be clinically relevant. From this
screen, moxifloxacin (antibacterial), norfloxacin (antibacterial), ondansetron (antiemetic)
and nizatidine (antiulcer) were identified as selective and potent renal organic cation
transport inhibitors and have the potential to cause clinically relevant DDIs. While these
drugs are not used to treat typical comorbidities of type II diabetes (e.g. hypertension),
they may be co-prescribed with metformin for patients with bacterial infections, nausea
and ulcers. In these patients, the disposition and response of metformin may be altered.
Clinical studies are necessary to investigate the effect of these selective inhibitors on the

renal clearance of metformin and other organic cation xenobiotics in human subjects.
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CHAPTER 4

THE EFFECT OF NIZATIDINE, A MATE2K SELECTIVE INHIBITOR, ON
THE PHARMACOKINETICS AND PHARMACODYNAMICS OF METFORMIN

IN HEALTHY VOLUNTEERS

INTRODUCTION

In the proximal tubule of the kidney, basic drugs are transported from the renal cells to
the tubule lumen through the concerted action of the H'/organic cation antiporters,
multidrug and toxin extrusion 1 (MATEI1) and 2K (MATE2K). Dual inhibitors of the
MATE transporters (e.g., cimetidine, pyrimethamine) have previously been shown to
have a clinical impact on the pharmacokinetics of concomitantly administered organic
cations (e.g. metformin, procainamide, ranitidine) (1-4). However, the clinical impact of
selective  MATE1 or MATE2K inhibition on the pharmacokinetics and

pharmacodynamics of basic drugs is unknown.

MATE2K is believed to be an important renal transporter for many drugs. In comparison
to MATEI, which is expressed in multiple tissues (e.g., kidney, liver, muscle), MATE2K
is predominately expressed in the kidney (5), and at equivalent or higher levels than
MATEI1 (S.W. Yee, A. Chhibber, D.L. Kroetz and K.M. Giacomini, unpublished data).
MATE2K also specifically transports some drugs (e.g., oxaliplatin), which do not appear
to be substrates of MATEI (6; 7). Studies from our laboratory have shown that a
common MATE2K promoter variant (g.-130G>A, rs12943590) is associated with poor

response to the biguanide, metformin in type II diabetic subjects (8). Taken together,
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these data suggest that MATE2K is important for the renal elimination of many basic

drugs.

As transporter-mediated drug-drug interactions occur in clinical situations and have an
impact on pharmacokinetics and drug safety, regulatory agencies in the United States and
the European Union have issued guidances on when to conduct a clinical drug-drug
interaction (DDI) study. The US Food and Drug Administration (FDA) recommends that
a clinical investigation of a transporter-mediated drug interaction should be conducted
when the I5/ICsg ratio (maximum plasma concentration of the inhibitor that is not bound
to plasma proteins divided by the concentration associated with half the maximum
inhibition in an in vitro assay) of the new molecular entity is greater than 0.1 (9). The
European Medicines Agency (EMA) guidance is more stringent with a clinical study
initiation cut-off of greater than 0.02 (10). Although the current guidances focus
primarily on the uptake transporters in the kidney (organic cation transporter 2 and
organic anion transporters 1 and 3), the EMA and a recent publication from the
International Transporter Consortium (ITC) recommends to extend these guidelines for

MATE-mediated drug interactions (11).

Through in vitro assays we have identified the histamine 2 antagonist, nizatidine, as a
selective inhibitor of MATE2K-mediated transport (Chapter 3). At a 150 mg single oral
dose, the I4/ICso ratio is 0.37 (Chapter 3), above the cut-off for when a clinical DDI
investigation is recommended. The goal of this study is to determine the clinical impact

of selective MATE2K transport inhibition on the exposure and response of metformin in
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healthy volunteers. To maximize the potential for a clinical impact of MATE2K
inhibition by nizatidine, a 600 mg oral dose of nizatidine (the maximum recommended
daily dose) was administered to healthy volunteers. The hypotheses of this study were (i)
the coadministration of metformin and nizatidine will reduce the renal clearance (CLR) of
metformin, increase metformin kidney levels and potentially lead to increased plasma
concentrations and (ii) the interaction will enhance the hypoglycemic activity of

metformin.

MATERIALS AND METHODS

Subjects and Study Design

This was an open-label, randomized, two-treatment crossover study conducted in healthy
subjects (n=12; n=6, each sex) at the General Clinical Research Center (GCRC) at San
Francisco General Hospital (SFGH). The committee on Human Research at the
University of California, San Francisco (Institutional Review Board (IRB) 11-06968)
approved this study and all subjects were recruited directly from the Study of
Pharmacogenetics in Ethnically Diverse Populations (IRB 10-03167). To be eligible for
this study, volunteers had to provide written informed consent, be between the ages of 18
and 45 years, not be on any medications other than oral contraceptives and not have any
known allergies to iodine. Screening included a comprehensive medical history, physical
examination and laboratory studies (complete blood count, electrolytes, BUN and
creatinine, albumin, and liver enzymes). Volunteers with elevated liver enzymes,

anemia, elevated creatinine concentrations or a positive pregnancy test were excluded.
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Once enrolled, volunteers were asked to follow a controlled carbohydrate diet (200-250
g/day) 3 days prior to each of their inpatient visits. Subjects were admitted to the clinical
facility the night before the first dose and remained there for the duration of the study (36
hours). After an overnight fast (10 hours), study participants received either (i) an 850
mg oral dose of metformin (Glucophage®™) or (ii) a simultancous 850 mg oral dose of
metformin and a 600 mg oral dose of nizatidine (Axid®). Each study participant received
both treatments separated by a minimum of 7 days and the order of treatment was
determined by randomization. A 3-hour oral glucose tolerance test (OGTT, 75 g) was
conducted 2 hours after metformin dosing (with or without nizatidine). Baseline
OGTT’s, without metformin, were obtained from the same volunteers in a previous study
(12). Standardized meals were provided on both study days after completion of the
OGTT. Following the metformin dose, volunteers were asked to drink 8 oz of water
every 2 hours to maintain urine flow and pH. At 10 hours after metformin dosing, a 1500
mg dose of iohexol (Omnipaque™) was administered by slow IV push for 5 minutes

followed by flushing the IV line with 10 mL of normal saline.

Timed blood samples were collected at 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, 10, 12, 13, 14,
16, 22 and 24 post metformin dosing for the determination of plasma metformin and
nizatidine concentrations. Additional blood samples were collected at 10, 12, 12.5, 13,
13.5 and 14 hours post metformin dosing for the determination of iohexol clearance. For
metformin pharmacodynamics, blood samples were collected at 0, 15, 30, 45, 60, 90, 120
and 180 min after glucose administration. An additional blood sample was collected at

12 hours after the second dose of metformin to determine serum creatinine. Urine
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samples were collected during the following time intervals: 0-2, 2-4, 4-8, 8-12 and 12-24
hours after metformin dosing for the calculation of metformin and creatinine renal

clearances.

Analytical Methods

Metformin concentrations in plasma and urine were assayed by a validated liquid
chromatography-tandem mass spectrometry method (13). Nizatidine plasma
concentrations were measured in tandem using the transitions m/z 332.29 to 58.08. Both
the intra-day and inter-day coefficients of analysis variation were <5%. Iohexol
concentrations in plasma were measured by University of Minnesota Physicians Outreach
Labs (Minneapolis, MN). Lactate and glucose concentrations in plasma were analyzed
by ARUP laboratories (Salt Lake City, UT). Creatinine concentrations in plasma and

urine were measured by the clinical laboratories of SFGH.

Data Analysis

Clinical Pharmacokinetics

The concentration-time curves of metformin and nizatidine were plotted using GraphPad
Prism 4.0 (GraphPad Software, San Diego, CA). The pharmacokinetic parameters of
metformin, nizatidine and iohexol were determined by non-compartmental analysis

(WinNonlin 4.1, Pharsight Corporation, Mountain View, CA).

Statistical Analysis
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Using previously reported metformin pharmacokinetic data in healthy volunteers (14), a
sample size of 12 was needed to detect a 30% difference in metformin’s renal clearance
between the two treatments with >80% power. Data are presented as mean = SD unless
indicated otherwise. Paired nonparametric Student’s t-tests were used to analyze the
differences in metformin pharmacokinetic and pharmacodynamic parameters using

GraphPad Prism 4.0. A statistically significant result was defined when p < 0.05.

RESULTS

Study Population

Healthy male and female African American (n=6), Asian (n=3) and Caucasian (n=3)
subjects were randomized to treatment arms. All 12 subjects completed the study and no
adverse events were reported. The subject demographics of the healthy volunteers are

shown in Table 1.

Pharmacokinetics of Nizatidine

To verify that nizatidine achieved high enough concentrations predicted to alter
MATE2K activity, the pharmacokinetics of nizatidine were determined after a single 600
mg dose (Figure 1, Table 2). Nizatidine reached a Cyax of 4.2 £ 0.3 pg/mL (12.7 uM)
and with 35% protein binding (15), its calculated Cpaxu Was 2.7 £ 0.2 pg/mL (8.2 uM).
This value is greater than its in vitro MATE2K inhibition potency (Ciax.w/ICs0=1.1) and

above the recommended cut-off for conducting a clinical DDI study.

Pharmacokinetics of Metformin
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Table 1. Demographic characteristics of healthy volunteers (n=12)

Characteristic Value
( ) 28
Age (years
(22 -33)
ht (k 74
Weight (kg)
(49 - 101)
b (em) 176
Height (cm
(160 - 192)
5 239
BMI (kg/m”)
(18.1 - 28.6)
114
eGFR (mL/min)
(89 - 143)

Data presented as mean (range).

BMI, body mass index; eGFR, estimation of glomerular filtration rate as assessed by

MDRD (Modification of Diet in Renal Disease; equation is listed in Chapter 1, Table 4)

at screening.
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Figure 1. Mean nizatidine plasma concentrations following administration of a
single oral dose to 12 healthy volunteers. Nizatidine plasma concentrations were
determined after a 600 mg single oral dose in combination with metformin. The red, blue
and purple horizontal lines are drawn at Cg/ICsg ratios of 1, 0.1 (FDA cut-off) and 0.02
(EMA cut-ofY), respectively. Data represent mean + SEM.

Cry, unbound concentration in plasma; ICsy, concentration at half the maximum inhibition
of active transport (determined in Chapter 3); FDA, Food and Drug Administration;

EMA, European Medicines Agency
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Table 2. Summary of the pharmacokinetic parameters of nizatidine after a single

600 mg oral dose in healthy volunteers (n=12).

Parameter mean + SD
tmax (h) 1.9+0.5
Crnax (ng/mL) 42+1.0
(ﬁgjﬁﬁi) 14.1+1.8
(@Eﬁﬁi) 141+1.8
V/F (L) 168 +48
CL/F (mL/min) 716 £ 80
ti2 (h) 2.8+09

tmax, time to the maximal plasma concentration; Cp,y, maximal plasma concentration;
AUC 4, area under the concentration-time curve from 0-24 h time point; AUC,y, area
under the concentration-time curve from 0 to infinity; V/F, apparent volume of

distribution; CL/F, apparent oral clearance; t;, plasma terminal elimination half-life
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Plasma concentration-time profiles for metformin were similar following administration
of metformin alone or with nizatidine (Figure 2). When nizatidine was co-administered,
metformin's V/F (apparent volume of distribution) and t;; (half-life) increased by 38%
and 24%, respectively (p<0.05, Table 3). V/F and t;» values for metformin with and
without nizatidine are shown in Figure 3. The co-administration of nizatidine had no
significant effect on metformin ty.x (time to the maximal plasma concentration), Cpax
(maximal plasma concentration), AUCy.4 (area under the concentration-time curve from
0-24 h time point), AUCi,s (area under the concentration-time curve from 0 to infinity),
CL/F (apparent oral clearance), CLg (renal clearance) and CLsr (renal clearance by

secretion) (Figure 2, Table 3).

Evaluation of Alterations in Metformin-Mediated Toxicty With Nizatidine Co-
Administration

A rare, but serious adverse effect associated with metformin is lactic acidosis (16), where
plasma lactate levels exceed 5 mM. With nizatidine co-administration, there was no
difference in plasma lactate levels in comparison to the metformin alone treatment arm
(Figure 4). In addition, there was no difference in the Cpax of plasma lactate between
treatment arms (metformin alone, 1.7 £ 0.1 mM; metformin with nizatidine, 1.6 £ 0.1

mM) and the individual subject plasma concentrations were below the 5 mM toxicity

threshold.

Hypoglycemic Action of Metformin With Nizatidine Co-Administration
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Figure 2. Mean metformin plasma concentration-time curves after administration
of metformin alone or with nizatidine to healthy volunteers. Metformin plasma
concentrations were determined after a single oral dose (850 mg) alone (blue) or in
combination with a single oral dose (600 mg) of nizatidine (red). Data represent mean +

SEM.
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Table 3. Summary of the pharmacokinetic parameters of metformin in healthy

volunteers with and without nizatidine co-administration.

Metformin Alone hﬁgggg;ﬁ; p-value
tmax (h) 2.46+0.66 2.13+0.38 0.09
Cinax (ug/mL) 1.8140.60 1.68+0.55 0.43
( @E}S&fﬁ) 11.0+3.1 9.6+2.1 0.20
(u’;‘%(/:gb 11.4+3.3 10.0+£2.4 0.25
V/F (L) 577+179 799+239 0.01
CL/F (mL/min) 13604440 14804330 0.46
t12 (h) 5.1+1.4 6.3+1.6 0.05
urﬁlr:f;rz;g) 437486 376128 0.10
*CLg (mL/min) 736+204 670+133 0.18
CLiux (mL/min) 118+19 110+13 0.09
*CLcg (mL/min) 15640 147426 0.28
“CLsr (mL/min) 615+201 558+134 0.22

"Due to incomplete urine collection from one subject, the amount in urine, CLgr, CLcg,
CLgr were calculated from 11 subjects. Data is presented as mean + SD.
tmax, time to the maximal plasma concentration; Cp,y, maximal plasma concentration;

AUC4, area under the concentration-time curve from 0-24 h time point; AUC,y, area
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under the concentration-time curve from 0 to infinity; V/F, apparent volume of
distribution; CL/F, apparent oral clearance; t;, plasma terminal elimination half-life;
CLg, renal clearance; CLyx, iohexol clearance, CLcgr, creatinine clearance; CLggr, renal

clearance by secretion

138



Figure 3a

1200+ o
1000+

8004

VIF (L)

600+

400+

200

metformin  metformin +
nizatidine

Figure 3b

10

t,, (hr)

metformin  metformin +
nizatidine

Figure 3. Volume of distribution (a) and half-life (b) alterations between treatment
groups. Dots and horizontal lines represent individual data points and mean value of all
subjects, respectively.

V/F, apparent volume of distribution; t;», plasma terminal elimination half-life.
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Figure 4. The effect of nizatidine on plasma lactate concentrations after metformin
treatment. The area under the plasma lactate concentration-time curve (AUC lactate)
was calculated during the oral glucose tolerance test. Symbols, horizontal line and
brackets represent individual data points, mean value of all subjects and standard error of

the mean, respectively. NS, not significant.
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The glucose-lowering effect of metformin was determined in healthy subjects (n=12) by
administering a 3-hour oral glucose tolerance test (OGTT). We observed similar areas
under the glucose concentration-time curve (AUC) after the OGTT between pre-
metformin and metformin alone treatment periods (pre-metformin, 3298 + 145 mg hr/L;
metformin alone, 3100 = 121 mg hr/L; p>0.1; Figure 5). However, after metformin was
co-administered with nizatdine, there was a significantly lower glucose AUC (greater
response) compared to pre-metformin values (pre-metformin, 3298 + 145 mg hr/L;

metformin with nizatidine, 3015 + 74 mg hr/L; p=0.03; Figure 5).

DISCUSSION

Previous clinical investigations of renal organic cation transporter-mediated drug
interactions have focused on drugs that are predicted to alter the activity of more than one
transporter (1-4; 17-20). Further, in most of the previous studies, alterations in the
pharmacologic effects of the victim drugs were not investigated. To our knowledge, this
is the first study to investigate the clinical impact of a selective MATE2K inhibitor,
nizatidine, on the exposure and response to metformin. Our major findings include: (i)
Nizatidine co-administration increases the apparent volume of distribution (V/F) and
half-life of metformin (t;,) in healthy volunteers. (ii) Despite reaching unbound
maximum concentrations (Cpaxu) that are greater than its in vitro inhibition potency of
MATE2K-mediated transport (determined in Chapter 3), nizatidine had no effect on
metformin’s renal clearance (CLg) or net secretory clearance (CLgsg). (iii) In healthy
volunteers, the hypoglycemic activity of metformin was enhanced above pre-metformin

values only when nizatidine was co-administered.
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Figure 5. The effect of nizatidine on plasma glucose concentrations after metformin
treatment. The area under the plasma glucose concentration-time curve (AUC glucose)
was calculated during the oral glucose tolerance test. Symbols, horizontal line and
brackets represent individual data points, mean value of all subjects and standard error of

the mean, respectively. NS, not significant.
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In a previous clinical drug-drug interaction study, there was a significant reduction in the
CLgr and CLsr of metformin upon co-administration of a MATE1/MATE2K dual
inhibitor, pyrimethamine (2). However, in the current study, we did not observe a
significant reduction in the CLr or CLgg of metformin when co-administered with
nizatidine, a MATE2K selective inhibitor. Compared to pyrimethamine, the half-life of
nizatidine is much shorter (pyrimethamine t;,, ~4 days (15); nizatidine t;;, 2.8 + 0.3
hours). It is probable that the duration of inhibition is an important determinant of
alterations in CLg, which is generally estimated over a 24-hour period. However, we also
examined the fractional CLg and CLgr (e.g. 0-2 hour, 2-4 hour, 0-4 hour) of metformin,
and found no differences between treatment arms (data not shown). Metformin is likely
to be transported by both MATE1 and MATE2K and the fractional contribution of each
MATE is not known. Therefore, selective inhibition of MATE2K may be insufficient to
have a measurable effect on the CLg and CLgg of metformin. It is also possible that the
in vitro methods used in this study predicted an ICs, that was too high (Chapter 3) and
that a much lower in vivo ICsy value may occur in the renal proximal tubule. The ICs, for
nizatidine on MATE2K-mediated transport was determined in vitro using a proton-driven
influx of metformin. However, in vivo MATE2K functions as an efflux pump. A
previous study examining MATE] transport of MPP" (1-methyl-4-phenylpyridinium)
demonstrated that there are symmetrical interactions of H' with inward-facing and
outward-facing MATE1 (21). This has not been confirmed for MATE2K-mediated
transport of metformin. However, it should be noted that for in vitro studies of both
pyrimethamine and cimetidine, MATE1/2K broad inhibitors of metformin transport,

influx methods were used to predict ICso values (2; 22). Finally, it is possible that
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systemic concentrations of nizatidine were too low to have an effect on MATE2K-
mediated transport, despite the fact that they were greater than in vitro concentrations
required to inhibit MATE2K-mediated transport of metformin. These results directly
challenge the current guidelines provided by the ITC and EMA and suggest that the
current cut-off (Is/ICsop > 0.1 and 0.02, by the ITC and EMA, respectively), is too
conservative. ~ An analysis of published in vitro and clinical DDI data of
MATEI/MATE2K dual inhibitors (e.g. cimetidine, pyrimethamine) revealed that an
I4/I1Csg ratio > 2 would have predicted a clinical effect on renal clearance (I5/ICso ranged
from 2.1-10.9; data not shown) (1-4; 18-20; 23). In addition to adjustment of the I5/ICsg
cut-off, future guidances may also want to consider the half-life of the inhibitor as well as

if there are other transporters present at the same membrane that could compensate for

any decrease in transporter activity.

In this study, we observed a significant increase in metformin V/F and a related increase
in metformin t;,. These studies are consistent with previous reports that inhibitors of
renal transporters have a direct effect on the victim drug's volume of distribution (24).
As MATE2K is highly expressed in the kidney, an increase in metformin V/F suggests
that metformin may be accumulating in the renal cell when its MATE2K-mediated efflux

is blocked by nizatidine co-administration.

Interestingly, while we did not see any alterations in systemic levels of metformin, the

hypoglycemic activity is enhanced above pre-metformin values only when nizatidine is

co-administered. While the kidney is mostly known for its role in the reabsorption of
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glucose from the filtrate, it also has a significant impact on glucose uptake from blood
(20% of total uptake in the post-absorptive state) (25), gluconeogenesis (20-25% of total
glucose release in the post-absorptive state) (26-28) and glucose utilization (post-
absorptive, 5-10%; post-prandial, 10-15% of total) (29; 30). In the liver, metformin is
known to enhance glucose uptake, decrease glucose production and increase glucose
utilization (for review see (31)). From our observations that nizatidine increases
metformin V/F and hypoglycemic activity, we hypothesize that nizatidine sequesters
metformin in the kidney where it is then able to enhance glucose uptake and utilization
by the kidney. In the current study design where there are high levels of glucose and a
single dose of metformin, it is unlikely that alterations in gluconeogenesis would play a

role.

Although we did see an enhancement of hypoglycemic activity above pre-metformin
levels with metformin and nizatidine co-administration, it was a very modest response.
This is not surprising given that our subjects are healthy volunteers with normal fasting
glucose values (<110 mg/dL). A similar study design with type II diabetic subjects or
pre-diabetics would be informative to understand the impact of nizatidine co-
administration on glucose tolerance. Furthermore, although there is no evidence to show
that nizatidine has an impact on glucose tolerance, it would also be beneficial to include a
nizatidine alone arm to confirm that it is truly differences in metformin's

pharmacokinetics that enhances the hypoglycemic activity.
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A previous report from our laboratory demonstrated that carriers of MATE2K g.-
130G>A, a promoter variant that increases MATE2K expression, exhibit a reduced effect
of metformin in type II diabetic subjects (8). For drugs that are metabolized by CYP2D6,
an individual who is an extensive metabolizer can respond like a poor metabolizer when
taking a CYP2D6 inhibitor (e.g., quinidine, paroxetine, fluoxetine) (32-34). The
inhibition of transporters by other drugs and carriers of transporter expression variants is
an important point of intersection between pharmacogenetics and drug response that has
not, to our knowledge, been investigated. It is possible that carriers of MATE2K g.-
130G>A, when taking metformin and nizatidine together, will have an improved ability

to achieve glycemic control.

Our results suggest that metformin is accumulating in the kidney when nizatidine is co-
administered. An increase in kidney levels as a result of a drug interaction could have a
significant impact on other basic drugs that are effluxed by MATE2K, particularly those
that are nephrotoxic (e.g., platinum-based anticancer agents). Of the platinum-based
agents, cisplatin is the most nephrotoxic (35), and it is hypothesized that this
nephrotoxicity may be a result of renal cell accumulation as it is a weak substrate of
MATE2K (6; 7). Interestingly, oxaliplatin is predicted to be exclusively effluxed by
MATE2K (6; 7) does not demonstrate substantial nephrotoxicity (35). It is possible that
a drug interaction at MATE2K could enhance the potential for nephrotoxicity of platinum
agents, including oxaliplatin, which has limited nephrotoxicity as a single agent.
Retrospective studies would be informative to determine whether the concomitant

administration of nizatidine and a platinum-based therapeutic enhances kidney toxicities.
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In summary, selective inhibition of MATE2K-mediated transport by nizatidine increases

the apparent volume of distribution and hypoglycemic activity of metformin. However,

despite achieving unbound maximum concentrations that are greater than the in vitro

inhibition potency of MATE2K-mediated transport, nizatidine did not change

metformin’s renal clearance or net secretory clearance between treatment arms. These

studies are consistent with the idea that inhibitors of renal efflux transporters may affect

the volume of distribution, tissue levels and peripheral effects of drugs. Furthermore, this

study suggests that better in vitro/in vivo predictive methods and criteria are required to

predict renal DDIs mediated by MATEs.
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CHAPTER 5

THE EFFECT OF NOVEL PROMOTER VARIANTS IN MATE1 AND MATE?2

ON THE PHARMACOKINETICS AND PHARMACODYNAMICS OF

METFORMIN"

ABSTRACT

Interindividual variation in response to metformin, first-line therapy for type 2 diabetes,
is substantial. Given that transporters are determinants of metformin pharmacokinetics,
we examined the effects of promoter variants in both multidrug and toxic extrusion
protein 1 (MATE1) (g.-66T>C, rs2252281) and MATE2 (g.-130G>A, rs12943590) on
variation in metformin disposition and response. The pharmacokinetics and glucose-
lowering effects of metformin were assessed in healthy volunteers (n=57) receiving
metformin. The renal and secretory clearances of metformin were higher (22% and 26%,
respectively) in carriers of variant MATE2 who were also MATE] reference (P < 0.05).
Both MATE genotypes were associated with altered post-metformin glucose tolerance,
with variant carriers of MATE1 and MATE2 having an enhanced (P < 0.01) and reduced
(P < 0.05) response, respectively. Consistent with these results, patients with diabetes
(n=145) carrying the MATEI variant showed enhanced metformin response. These
findings suggest that promoter variants of MATEl and MATE2 are important
determinants of metformin disposition and response in healthy volunteers and diabetic

patients.

* This chapter has been published: Stocker SL, Morrissey KM, Yee SW, Castro RA, Xu L, et al.
2013. The effect of novel promoter variants in MATE1 and MATE2 on the pharmacokinetics and
pharmacodynamics of metformin. Clin Pharmacol Ther 93:186-194
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INTRODUCTION

As the first-line therapy for the treatment of type 2 diabetes, metformin is the most
frequently prescribed anti-diabetic drug (1). Although controversial, studies suggest that
metformin’s pharmacological action is related to its activation of adenosine
monophosphate-activated protein kinase, which reduces hepatic glucose production,
enhances glucose uptake in hepatic cells and peripheral tissues, decreases absorption of
glucose from the gastrointestinal tract and increases insulin sensitivity in peripheral

tissues (2; 3).

The pharmacokinetics of metformin have been studied extensively in both healthy
volunteers and patients with type 2 diabetes. About 50% of an oral dose is absorbed (4;
5) into the blood and rapidly distributed to various tissues. Metformin is not bound to
plasma proteins (6) and is eliminated into urine as unchanged drug (4; 7). The renal
clearance of metformin is much greater than glomerular filtration rate, suggesting a
significant contribution of tubular secretion to its elimination.  Considerable
interindividual variability in the renal clearance of metformin has been observed in
healthy volunteers (150-700 mL/min) (7), which includes a strong genetic component (8;
9). In addition to pharmacokinetic interindividual variability, the response to metformin
varies substantially, with >30% of patients receiving metformin monotherapy classified

as nonresponders (10).

Metformin relies on facilitated transport for delivery to the liver, kidney and peripheral

tissues. Indeed, previous studies demonstrate that membrane transporters contribute to
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the interindividual variability in the pharmacokinetics and pharmacodynamics of
metformin (11-15). Metformin is transported primarily by the organic cation transporters
(OCTs), particularly OCT1 and OCT2, and multidrug and toxin extrusion proteins
(MATESs), namely MATE1 and MATE2. MATE1 and OCT1 have been implicated as
determinants of metformin response primarily due to their tissue distribution at major
sites of metformin action. MATEI is highly expressed in the kidney and liver (Figure 1)
with lower expression in skeletal muscle and adipose tissue (16), whereas, OCT1 is
predominantly expressed in the liver. Previous reports from our laboratory and others
have shown that OCT1 is the major determinant of metformin uptake into hepatocytes
and polymorphisms of OCTI1/SLC22A1 are associated with reduced response to
metformin in both healthy volunteers (11; 12) and diabetic patients (17; 18). Of note,
MATEI and OCT1 have been shown to mediate transcellular transport of metformin in
vitro (19; 20) and to affect metformin response in diabetic patients (14). Other studies
indicate MATE1/SLC47A1 polymorphisms alone affect metformin response in diabetic

patients (21).

In addition to the effects on pharmacodynamics, transporters play a major role in
metformin renal elimination (22). In particular, OCT2 mediates the entry of metformin
into the renal tubular cells, whereas MATE1 and MATE2 contribute to the efflux
of metformin into the urine (19; 20) (Figure 2). Previous studies have shown that a
nonsynonymous variant in OCT2/SLC22A2 (A270S, rs316019) alters the renal clearance
of metformin in healthy volunteers (15; 23; 24). In addition, renal clearance and

tissue distribution of metformin is altered in Mate1(-/-), but not Mate1(+/-) mice (25; 26).
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Figure 1. The expression profile of MATELl and MATEZ2/2K in various human
tissues. Total RNA isolated from various human tissues (BioChain, Hayward, CA) were
reverse transcribed and mRNA levels of MATE1 and MATE2 were determined by real-
time PCR (27) using commercially available primer-probe sets (Life Technologies,
Grand Island, NY). The delta cycle threshold (Cr) values for all the genes in each sample
were calculated by subtracting the mean Cr values for three housekeeping genes
(GAPDH, B-Actin, and PGK-1) from the Cr for each target gene. The relative quantity of
each gene was then determined by calculating the 21 value. Data represent the mean

and standard deviation from two experiments.

156



Liver Hepatocyte

Basolateral
membrane membrane

Figure 2. Representative drawing of metformin transporters in the hepatocyte of
the liver and nephron of the kidney. This drawing shows the liver (top left) and
nephron (bottom left) and the cation transporters in the hepatocyte (top right) and
proximal tubule cell (bottom right) that have been identified as important determinants of
the pharmacokinetics and response to metformin. Multidrug and toxin extrusion protein
2 (MATE?2) in the kidney has two functional isoforms, MATE2 and MATE2-K.

OCT, organic cation transporter.
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However, the effect of genetic variation in MATE1/SLC47A1 and MATE2/SLC47A2 on

the pharmacokinetics of metformin in humans remains unclear.

Until recently, clinical studies that focused on the effects of promoter variants on drug
disposition and response has been less well studied than coding and intronic region
polymorphisms. Recently, our laboratory has shown that a common promoter variant,
MATE2 (g.-130G>A, rs12943590), increases luciferase activity in vitro and associates
with reduced response to metformin in diabetic patients (28). In addition, another
common promoter variant, MATE1 (g.-66T>C, rs2252281) exhibited reduced luciferase
activity in reporter assays in vitro and was shown to associate with reduced expression of
MATEI mRNA transcripts in the kidney (29). In the current study, we hypothesized that
these two promoter variants are determinants of metformin renal clearance and
antidiabetic response in healthy volunteers and diabetic patients. Because the two
variants may have opposing effects, we also considered gene-gene interactions in our
association studies. Our data demonstrate that in the absence of the MATEI promoter
variant, the MATE2 promoter variant is associated with an increased renal clearance of
metformin. Of note, both variants associate with the glucose-lowering effects of

metformin in healthy volunteers and in diabetic patents, but in opposite directions.

MATERIALS AND METHODS
Healthy Human Volunteers
The Committee on Human Research at the University of California, San Francisco

(Institutional Review Board (IRB) 10-03087 and 10-02578) approved this study. Healthy
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male and female volunteers were recruited directly from the Study of Pharmacogenetics
in Ethnically Diverse Populations (IRB 10-03167) and participants were enrolled only
after informed consent was provided. To be eligible for this study, volunteers had to be
older than 18 years of age and not taking any medications other than vitamins and/or oral
contraceptives. Screening included a comprehensive medical history, physical
examination and laboratory studies (complete blood count, electrolytes, BUN and
creatinine, albumin, and liver enzymes). Volunteers with elevated liver enzymes,

anemia, elevated creatinine concentrations or a positive pregnancy test were excluded.

Genotyping

MATE2 (g.-130G>A, rs12943590), OCT1 coding variants (R61C (rs12208357), G401S
(rs34130495), 420del (rs72552763) and G465R (rs34059508)) and OCT2 (A270S,
1s316019) were genotyped by a TagMan assay using standard procedures. MATEI (g.-
66T>C, rs2252281) was genotyped by PCR amplification followed by sequencing of the
promoter region. The OCT1 coding variants (R61C, G401S and G465R) were genotyped

only in the type 2 diabetic cohort.

Clinical Study Procedures

Once enrolled, volunteers were advised to maintain stable activity levels 7 days before
starting the study. After the initial 3-day carbohydrate controlled diet (200-250 g/day),
volunteers were admitted to the General Clinical Research Center (GCRC) at San
Francisco General Hospital and remained there for the duration of the study (72 h). After

an overnight fast (10 h), each subject underwent a 3 hour oral glucose tolerance test
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(OGTT, 75 g; day 1). Volunteers were dosed with 1,000 mg metformin (Major
Pharmaceuticals, Livonia, MI) in the evening of study day 1 followed by a dose of 850
mg early on the second study day (day 2). A second OGTT was administered 2 h after
metformin administration on study day 2. Standardized meals were provided on both
study days after completion of the OGTT. Following the metformin dose, volunteers

were asked to drink 8 oz of water every 2 h to maintain urine flow and pH.

Timed blood samples were collected after the first (0, 0.5, 1, 2 and 11 h) and second (0,
0.5, 1, 1.5, 2, 2.25, 2.5, 2.75, 3, 3.5, 4, 6, 8, 10, 12 and 24 h) metformin dose,
respectively, for the determination of plasma metformin concentrations. For metformin
pharmacodynamics (glucose/insulin concentrations) blood samples were collected at 0,
15, 30, 45, 60, 90, 120 and 180 min after glucose administration. An additional blood
sample was collected at 12 h after the second dose of metformin to determine serum
creatinine. Urine samples were collected during the following time intervals: 0-12 h after
the first dose of metformin and 0-2, 2-4, 4-6, 6-8, 8-12 and 12-24 h after the second dose

of metformin.

Analytical Methods

Metformin concentrations in plasma and urine were assayed by a validated liquid
chromatography-tandem mass spectrometry method (11). The quantification limit was 4
mg/L for plasma and 40 ng/mL for urine. Both the intra-day and inter-day coefficients of
analysis variation were <5%. Glucose concentrations in plasma and creatinine

concentrations in plasma and urine were determined using standard colorimetric assays.
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Insulin concentrations in plasma were determined using an immunoassay (Mercodia, NC)

following the manufacturer’s instructions.

Clinical Pharmacokinetics

The concentration-time profile of metformin was evaluated by non-compartmental
analysis (WinNonlin 4.1, Pharsight Corporation, Mountain View, CA).  The
pharmacokinetics of metformin from both plasma and urine were calculated after the

second dose as described previously (11).

Patients With Type 2 Diabetes

Diabetic patients of Caucasian or African American ethnicity were recruited into a
multicenter retrospective study described previously (28). Briefly, all patients were
prescribed metformin monotherapy as their initial hypoglycemic medication, had
glycosylated hemoglobin (HbAlc) levels measured both before and after commencement
of metformin treatment and a medication possession ratio (number of days supply during
observation period/number of days in observation period) greater than 0.8. The IRBs of
the Marshfield Clinic Research Foundation, Kaiser Permanente South East, Georgia and
University of California, San Francisco approved this study and informed consent was
obtained. The review process for utilizing and linking DNA stored in a biobank to

electronic medical records has been described previously (30).

Statistical Analysis
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Data are presented as mean + SD unless indicated otherwise. Unpaired and paired
nonparametric Student’s t-tests were used to analyze the differences in metformin
pharmacokinetic and pharmacodynamic parameters, respectively, for each genotype
using GraphPad Prism 4.0 (GraphPad Software, San Diego, CA). A statistically
significant result was defined when P < 0.05. The 95% confidence intervals for the
relative change in HbA 1c were calculated by a nonparametric bootstrap method using the

R software package (www.r-project.org, Version 2.12.0). Linear regression and

multivariate analyses were carried out using the R software.

All analyses were conducted, first, by assessing the effect of each variant alone, and
second, after the exclusion of individuals carrying confounding genotypes on the
pharmacokinetics and pharmacodynamics of metformin. A recessive genetic model was
used, unless the analyses were underpowered, in which case a dominant genetic model
was used. In the secondary analyses, we removed individuals who were carrying at least
one minor allele for MATEI1 (g.-66T>C), MATE2 (g.-130G>A) or a reduced-function
OCT1 coding variant (R61C, G401S, 420del and G465R) or OCT2 coding variant
(A270S) that could confound the measured parameters. This secondary analysis was
conducted because the MATE1 (g.-66T>C) variant opposes the effects of the MATE2
(g.-130G>A) variant (i.e., the MATE1 and MATE2 polymorphisms result in reduced and
enhanced promoter activity, respectively, in reporter assays). In addition, coding variants
in OCT1 and OCT2 are known to effect metformin pharmacodynamics (11; 12; 17; 18)
and pharmacokinetics (15; 23; 24), respectively, and could confound the effects of

MATE variants on the disposition and response to metformin.
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RESULTS

Healthy male and female Asian (n=18), African American, (n=33) and Caucasian (N=6)
volunteers were genotyped for MATE1 (g.-66T>C, rs2252281), MATE2 (g.-130G>A,
1s12943590), OCT1 (420del, rs72552763) and OCT2 (A270S, rs316019). All alleles
were in Hardy-Weinberg equilibrium. The pharmacokinetics and pharmacodynamics of
metformin were evaluated in these volunteers after oral dosing of the drug (1,850 mg in
total). The study design and characteristics of the patients with type 2 diabetes have been
reported previously (28). Demographic characteristics for the healthy volunteers and a
subset of patients are shown in Tables 1 and 2. In this study, we first discuss our analysis
of the association of the MATE]l variant with the pharmacokinetics and
pharmacodynamics of metformin in healthy volunteers and diabetic patients, followed by
an analysis focused on the MATE2 promoter variant. For both promoter variants, we
first analyzed the effect of either variant alone, and then adjusted for each of the

additional transporter variants (see Methods).

The MATE1 Promoter Variant, g.-66T>C, Has No Effect on the Pharmacokinetics of
Metformin in Healthy Volunteers

The pharmacokinetic parameters obtained in the present study are similar to those
previously reported in healthy volunteers (11; 15; 31-34). The MATEI1 g.-66T>C
genotype had no significant effect on the pharmacokinetics of metformin (reference
n=32, variant N=25; Figure 3), even after adjusting for creatinine clearance (CLcr). The
pharmacokinetics of metformin remained similar even after exclusion of volunteers

carrying the OCT1 or OCT2 polymorphisms (Table 3).
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Table 1. Demographic characteristics of the healthy volunteers in the total cohort

(n=57).
MATE]1 (-66T>C) MATE2 (-130G>A)
Total cohort Reference Variant Reference Variant
(TT) (TC & CC) (GG) (GA & AA)
N 57 32 25 27 30
Sex, n (%)
Female 36 (63) 21 (66) 15 (60) 16 (59) 20 (67)
Male 21 (37) 11 (34) 10 (40) 11 (41) 10 (33)
Ethnicity, n (%)
Asian 18 (32) 13 (41) 5 (20) 3 (11) 15 (50)
African
American 33 (58) 14 (44) 19 (76) 21 (78) 12 (40)
Caucasian 6 (11) 5(16) 1 (4) 3(11) 3 (10)
Age (years) 28 29 26 28 27
(18 - 45) (18 - 45) (18 - 39) (21 - 45) (18 - 44)
Weight (kg) 77 74 80 83 71%*
(50 - 136) (50 - 124) (53 -136) (51 -136) (50 -116)
Height (cm) 172 171 172 173 170
(149 - 198) (158 - 192) (149 - 198) | (158 - 198) (149 - 192)
BMI (kg/(m?) 25.8 25.1 26.7 27 24*
(18.0-43.6) | (18.0-39.4) | (19.8 -43.6) (19 - 44) (18 - 33)
CLcRr (mL/min) 121 114 130 119 122
(57 - 225) (57 - 208) (67 - 225) (59 - 192) (57 - 225)

Data represented as mean (range) unless stated otherwise. *P<0.05 compared to reference

genotype.

BMI, body mass index; CLcg, creatinine clearance measured from the urine over 24 h
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Table 2. Baseline characteristics of patients with type 2 diabetes on metformin

monotherapy compared across the three clinical sites and based on ethnicity.

Clinical site Ethnicity
Kaiser )
Marsh ﬁeld South BioVu Caucasian Afrlgan Total
Clinic East American
N 47 57 41 90 55 145
Sex, n (%)
Male 22 18 18 44 14 58
Female 25 39 23 46 41 87
Ethnicity, n (%)
Caucasian 47 11 32
Afrlcqn— 0 46 9
American
Age (years) 56 £ 14 58+10 57+13 56 +£13 59 +12 57+12
(55) (58) (53) (54) (58) (56)
BMI (kg/m®) 368484 | 382% 332% | 20484 | 353458 | 308%E
S 8.1 6.0%* o SR 7.8
35.7 34.4 343
((n= 47)) (37.9) (30.9) ((n=82)) ((n=28)) (34.4)
(n=23) (n=40) (n=110)
]%asehne HbAlc 790 + 1.48 8.29 + 7.98 + 797 + 145 8.25 + 8.07 +
(%) (7.50) 1.43 1.50 (7.60) 1.48 1.46
’ (8.10) (7.50) ' (8.10) (7.80)
Average 913 £ 951+ 909 +
metformin daily 86(99%32)71 458 472 93(? (;_;)(3);3 . 86(?(;_;)3)5 3 410
dose (mg) (1000) (1000) (1000)
eGFR
) 5 82 +16 80 £23 83+ 16 82 +£20
(n=57) (n=58) (n=46) (n=104)

Data shown represent mean + SD unless stated otherwise. *P < 0.05 compared to Kaiser

South East clinical sites.

BMI, body mass index; HbAlc, glycoslyated hemoglobin; NA, not available; eGFR,

estimated creatinine clearance from the MDRD equation (Chapter 1, Table 4)
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Figure 3. The effect of multidrug and toxin extrusion protein 1 (MATEL) (g.-
66 T>C) on the pharmacokinetics of metformin in 57 healthy volunteers. Shown is
the mean plasma concentration—time curve of metformin after oral administration to
healthy volunteers who carry at least one MATE1 (g.—66T>C) variant allele (n = 25,
open circles) or those who are homozygous for the reference MATE] allele (n = 32, filled
circles). The volunteers were given two doses of metformin (1,850 mg in total). The
plasma metformin concentration—time curves after the second dose are shown. Data

represent mean + SEM.
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Table 3. Summary of the metformin pharmacokinetic parameters in healthy
volunteers with known OCT1 and OCT2 genotype and homozygous for the MATE1
reference allele (-66T/T) and heterozygous or homozygous for the MATEL variant

allele (-66T/C or -66C/C).

All subjects OCT1 reference (AA) OCT?2 reference (CC)
MATEI1 MATE1 MATE1 MATE1 MATE1 MATE1
reference variant reference variant reference variant
(TT) (TC & CC) (TT) (TC & CC) (TT) (TC & CC)

N 32 25 29 20 40 5
Tmax () 1.81+£068 | 1.71£0.59 | 1.81+0.68 | 1.70+0.63 | 1.74+0.64 | 1.90+0.52
Chnax (ng/mL) 2220+£570 | 2000 +£390 | 2180 +£560 | 2190 £540 | 2177 £599 | 2080 + 305
AUC.24 13300 + 13700 + 13300 + 13600 + 13200 + 13900 +
(ng.h/mL) 3100 2800 3100 2900 3000 1400
AUCy¢ 14500 + 13700 £+ 14200 + 14500 + 14000 + 15000 +
(ng.h/mL) 3200 2400 3200 3200 3200 1400
V/F (L) 565+ 182 596 + 200 586 + 197 549 + 164 586 + 185 545 + 107
CL/F . 1029 + 243 1069 £216 | 1049 +£252 | 1017 £223 1059 £ 251 954 £ 91
(mL/min)
T (h) 633+152 | 640+133 | 642+1.65 | 6.24+127 | 641+1.59 | 6.59+1.10
Amount in 370£96 | 384+94 | 367+99 | 378+94 | 36469 | 454+ 156
uriney.p4 (Mg)
CLg (mL/min) 530+ 151 530+ 154 524 + 147 536 +£ 146 530+ 132 601 + 233
Cler 117 +35 145 + 40 114 +31 130 + 42 122 +35 128 +26
(mL/min)
CLsr . 416 £ 150 400 + 143 410 £ 146 404 + 134 408 £ 134 472+ 213
(mL/min)

Data were obtained from healthy volunteers given two doses of metformin. The first dose
(1000 mg) was given at 1800 h on study day 1 and the second dose (850 mg) was given
at 0700 h on study day 2. Blood and urine samples for the pharmacokinetic analysis were
collected 0-24 h after the second dose. Tpax, time to the maximal plasma concentration;
Chax, maximal plasma concentration; AUC4, area under the concentration-time curve
from 0-24 h time point; AUCj,, area under the plasma concentration versus time curve
from O to infinity; V/F, apparent volume of distribution; CL/F, apparent oral clearance;
Ty, plasma terminal elimination half-life; CLg, renal clearance; CLcg, creatinine

clearance; CLgg, renal clearance by secretion.
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The MATEL Promoter Variant, g.-66T>C, is Associated With a Greater Response to
Metformin in Healthy Volunteers

Before metformin dosing, the area under the curve (AUC) of glucose (meantSD,
reference, 359+56 mg/dL/h; variant 352477 mg/dL/h) and insulin (reference, 129483
mU/L/h; variant 141£102 mU/L/h) were similar between MATE1 genotypes. After
metformin administration, volunteers who were homozygous for the variant MATEI
allele had significantly lower glucose AUC (greater response) after the oral glucose
tolerance test (OGTT) than those volunteers carrying at least one reference allele
(reference, 309+39 mg/dL/h; variant, 250+£37 mg/dL/h; P = 0.002; Figure 4a-b). The
association of the MATEI allele with glucose AUC persisted in subsequent analysis of
volunteers who were also homozygous for the reference OCT1 (MATEI reference, n=43,
308440 mg/dL/h; MATEI variant, n=5, 242441 mg/dL/h; P = 0.005) or OCT2 (MATE1
reference, n=41, 306+41 mg/dL/h; MATEI variant, n=4, 262+12 mg/dL/h; P = 0.03)
polymorphisms. We were unable to detect a significant effect of the MATE] variant in
healthy volunteers after removal of individuals with the MATE2 g.-130G>A variant
because of a reduction in sample size, which resulted in a substantial loss of power.
Insulin AUC (reference 124474 mU/L/h; variant 109£68 mU/L/h) and concentrations 2 h
after glucose administration (reference 41+32 mU/L; variant 27+18 mU/L/h) were similar

for both MATE] reference and variant volunteers.

The MATEL Promoter Variant, g.-66T>C, is Associated With a Greater Response to
Metformin in Type 11 Diabetes Mellitus Patients

The effect of the MATE!I promoter variant on the response to metformin (relative change
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Figure 4. The multidrug and toxin extrusion protein 1 (MATEL) promoter variant
(9.-66T>C) is associated with different response to metformin in healthy volunteers
and patients with type 2 diabetes. (a) The time course of plasma glucose concentrations
after an oral glucose tolerance test (OGTT) during metformin treatment in healthy
volunteers carrying at least one reference MATE] allele (n = 49, filled circles) and those
carrying two MATE] variant (n = 8, open circles) alleles. The data are expressed as mean
+ SEM; *P < (0.05 as compared with volunteers with at least one reference allele. (b) The
glucose exposure with OGTT (area under the curve, AUC) after metformin treatment in
the same healthy volunteers represented in (a). (c) The relative change in glycosylated
hemoglobin (HbAlc) in patients with type 2 diabetes (n = 145) receiving metformin

monotherapy who are homozygous for the major alleles of OCT1 and carrying at least
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one reference MATE] allele (n = 122) or homozygous for the MATE]1 variant allele (n =
23). Relative change in HbAlc was calculated as follows: (treatment minus baseline
HbAIc)/baseline HbAlc. Relative change of —0.15 is interpreted as a decrease in HbAlc
level by 15% from baseline. The box plots (b and ¢) display the median and interquartile
range (the 25th—75th percentile). The whiskers display lower and upper values within 1.5

times the interquartile range beyond the 25th and 75th percentile.
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in glycosylated hemoglobin, HbAlc) was examined in type 2 diabetic patients from a
previously described (28) cohort of Caucasian (n=185) and African American (n=64)
patients receiving metformin monotherapy. The MATE] promoter variant alone was not
associated with the relative change in HbAlc (P > 0.6). However, in our secondary
analysis, in which we examined the effect of the MATE1 promoter variant together with
other transporter variants, we obtained the following results: The MATE] promoter
variant was not associated with response to metformin after removal of patients who were
carriers of OCT2 A270S or MATE2 g.-130G>A. In contrast, when patients carrying one
or more OCT1 reduced-function variants were removed from the analysis, the MATEI
variant allele had a significant effect on response (Figure 4c, Table 4). That is, Caucasian
and African American patients homozygous for the MATE1 variant allele had a
significantly larger relative change in HbAlc levels (i.e., greater response to metformin)

than patients carrying at least one reference MATEI allele (Figure 4c, Table 4, P = 0.01).

The MATE2 Promoter Variant, g.-130G>A, is Associated With Increased Renal
Clearance

With the exception of half-life, the pharmacokinetics of metformin were similar for
individuals with the MATE2 reference (n=27) and those with the variant allele (n=30,
Figure 5a and Table 5), even after adjustment for creatinine clearance (CLcr). The
elimination half-life was longer in volunteers carrying at least one MATE2 (g.-130G>A)
variant allele as compared to those with the reference MATE2 genotype. This
association remained even after adjustment for sex, body mass index (BMI) and MATE1

(g.-66T>C, rs2252281) genotype (P = 0.02).
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Table 4. Association analyses of MATE1 g.—66T>C with metformin response

(relative change in HbALc) in patients with type 2 diabetes.

Mean relative change
Genotype group g.-66T—C Number  (95% confidence interval)

(i) Caucasians (n =90)

1T 37 —-0.15(-0.20,—-0.10)

TC 42 —0.088 (-0.12,-0.057)

CcC 11 -0.27 (-0.36,—-0.19)

TT/TC 79 —0.12(-0.15,-0.088)
Statistical analyses

Kruskal-Wallis test P=0.0015

Mann-Whitney test (TT/TC vs. CC) P=0.0011
Linear regression model (recessive): Coefficient=-0.14
relative change = variant allele + dose (—0.23,-0.051);

P=0.0022

(ii) Caucasians and African Americans (n = 145)

TT 59 —-0.16 (-0.20,-0.12)

TC 63 —-0.078 (-0.11,—-0.048)

cC 23 —-0.21(-0.27,-0.016)

TT/TC 122 —-0.12(-0.14,-0.09)
Statistical analyses

Kruskal-Wallis test P =0.0008

Mann-Whitney test (TT/TC vs. CC) P=0.0064
Linear regression model (recessive): relative Coefficient=-0.087
change = variant allele + dose + ethnicity (-0.15-0.021);

P=0.011

Mean relative change of HbAlc levels was calculated for each MATEl g—66T>C
genotype group in the Caucasians (n = 90), or the combined Caucasian and African
Americans (n = 145). All patients were homozygous for the organic cation transporter 1
major alleles. These major alleles are R61C (rs12208357), G410S (rs34130495), 420Del
(rs72552763), and G465R (rs34059508). The 95% confidence intervals were calculated

by nonparametric bootstrap estimates of the 95% confidence interval. Relative change =
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(treatment HbAlc minus baseline HbAlc)/baseline HbAlc. Note: Relative change of
—0.15 is interpreted as a decrease in HbAlc level by 15% from baseline. In the linear
regression model, the coefficient represents the decrease (negative value) in relative
change in HbAlc for those patients who are homozygous for the variant g.-66T>C allele.

HbAlc, glycosylated hemoglobin; MATEI1, multidrug and toxin extrusion protein 1.
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Figure 5. The effect of multidrug and toxin extrusion protein 2 (MATE2) (g.—-

130G>A) on the pharmacokinetics of metformin in 57 healthy volunteers.

The

plasma concentration—time curves of metformin after oral administration to healthy

volunteers (a) who carry at least one MATE?2 variant allele (n = 30, open circles) or those

who carry only MATE2 reference alleles (n = 27, filled circles) and carry either the

reference or variant alleles of MATE]1 or (b) who carry at least one MATE2 variant allele
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(n =17, open triangles) or those who carry only MATE?2 reference alleles (n = 15, filled
triangles) and only carry reference alleles for MATEL. Data represent mean + SEM; *P <
0.05 as compared with volunteers with at least one reference allele. The (c) renal
clearance and (e) net tubular secretion of the same volunteers (open boxes) depicted in
(a). The (d) renal clearance and (f) net tubular secretion of the same volunteers (shaded
boxes) depicted in (b). The box plots (c—f) display the median and interquartile range (the
25th—75th percentile). The whiskers display lower and upper values within 1.5 times the
interquartile range beyond the 25th and 75th percentile. The renal secretion of metformin
was calculated by subtracting the clearance of creatinine from the renal clearance of
metformin. The volunteers were given two doses of metformin (1,850 mg in total). The

plasma metformin concentration—time curves after the second dose are shown.
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Table 5. Summary of the metformin pharmacokinetic parameters in healthy
volunteers with known MATE1, OCT1, and OCT2 genotype and homozygous for
the MATE?2 reference allele (-130G/G) and heterozygous or homozygous for the

MATE2 variant allele (-130G/A or —130A/A).

All MATE1 reference (TT) OCT1 reference (AA) OCT2 reference (CC)

MATE2 MATE2 variant MATE2 MATE2 variant MATE2 MATE2 variant MATE2 MATE2 variant
reference (GG) (GA and AA) reference (GG) (GAand AA) reference(GG) (GAandAA) reference(GG) (GAandAA)

n 27 30 15 17 41 8 38 7

Tmax (h) 1.73+0.66 1.79+0.64 1.95+0.66 1.69+0.69 167068 197+£043 1.72+065 1.96+047
Cmax (ng/ml) 2,187 +490 2,182 +601 2,277 +501 2,087 +598 2,205+470 2,088 +883 2,161 +509 2,195+897
AUC, ,, (ng:h/ml)  13,400+£3200 13,500+2,800 14,000+3,700 12,700+2,400 13,700+3,000 12400+3,400 13,300£2,900 12,900+3,300
AUC, . (ng-h/ml) 14,100+3,300 14,600+2,900 15,00+£3,700 13,800+2,500 14,600+3,000 13,200+3,600 14,300+3,000 13,700+3,600
V/F (1) 538+152 598+205 515+172 648 +202 556+184 642+208 581+185 585+ 142
CL/F (ml/min) 1,056 +256 1,015+£224 1,033+304 1,063 +205 1,020+ 238 1,138+283 1,091+270 1,040+ 263
Typ2(h) 5.87+1.03 6.77+1.71* 5.71+0.86 7.05+1.93* 6.29+1.63 6.52+1.22 6.45+1.61 6.27+1.09
Amountin 375+88 377+101 350+56 3874117 376+99 368+80 375+86 372+85
urine; 5, (mg)

CLg (ml/min) 527 +162 533+£143 4734145 579+142* 518+£146 5821133 5331149 5504128
CLCR(mI,r‘min] 119+32 122+41 108+28 118+34 117428 145458 12030 134452
CLSR(mIfmin) 407 +158 410+137 365+145 461 +144% 401 +146 437 +106 413+149 427+110

Data were obtained from healthy volunteers given two doses of metformin. The first dose
(1,000 mg) was given at 1800 hr on study day 1 and the second dose (850 mg) was given
at 0700 h on study day 2. Blood and urine samples for the pharmacokinetic analysis were
collected 0—24 h after the second dose. *P < 0.05 as compared with reference.

AUCO0-24, area under the concentration—time curve from 0 to 24 h time point; AUCiyg,
area under the plasma concentration—time curve from 0 to infinity; CL/F, apparent oral
clearance; CLcg, creatinine clearance; CLg, renal clearance; CLgg, renal clearance by
secretion; Cp,y, maximal plasma concentration; MATE, multidrug and toxin extrusion
protein; OCT, organic cation transporter; T/, plasma terminal elimination half-life; Ty,

time to the maximal plasma concentration; V/F, apparent volume of distribution.
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In the secondary analysis, we removed volunteers carrying at least one minor allele of the
MATE]1 polymorphism. In individuals who were homozygous for the reference MATE1
(n=32), the MATE2 variant was associated with lower plasma levels of metformin
between 2 and 5 hours after metformin administration (P < 0.05, Figure 5b). Although
most of the pharmacokinetic parameters remained similar between the MATE2 variant
groups, the renal clearance (CLg) and renal clearance by secretion (CLgr) of metformin
were significantly higher in volunteers carrying at least one MATE2 variant allele as

compared with those homozygous for reference MATE2 (P < 0.05, Table 5, Figure 5).

The MATEZ2 Promoter Variant, g-130G>A, is Associated With Reduced Metformin
Response in Healthy Volunteers

After metformin dosing, the glucose AUC was higher for volunteers homozygous for the
MATE?2 variant allele (333£37 mg/dL/h) as compared with those carrying at least one
reference MATE2 allele (295+44 mg/dL/h; P = 0.02; Figure 6a-b), whereas no effect of
the MATE2 variant was observed in baseline glucose AUC before metformin treatment.
Removing individuals with variants in MATE1 (MATE2 reference, 301+£38 mg/dL/h;
MATE2 variant, 345436 mg/dL/h; P = 0.02), OCT1 (MATE2 reference, 298+45
mg/dL/h; MATE2 variant, 333+37 mg/dL/h; P = 0.04) or OCT2 (MATE2 reference,
299+41 mg/dL/h; MATE?2 variant, 342430 mg/dL/h; P = 0.02) resulted in no change in
the significance level of the glucose AUC between reference and variant MATE2

genotypes during metformin treatment.

Using linear regression, we determined if sex, age, BMI, fasting glucose, fasting insulin,
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Figure 6. Multidrug and toxin extrusion protein 2 (MATEZ2) genetic variants are
associated with different response to metformin in healthy volunteers and patients
with type 2 diabetes. (a) The time course of plasma glucose concentrations after an oral
glucose tolerance test (OGTT) during metformin treatment in healthy volunteers carrying
at least one reference MATE2 allele (n = 49, filled circles) and those carrying two
MATE?2 variant alleles (n = 8, open circles). The data are expressed as mean + SEM; *P
< 0.05 as compared with volunteers with at least one reference allele. (b) The glucose
exposure with OGTT (area under the curve) after metformin treatment in healthy
volunteers. (c) The relative change in glycosylated hemoglobin (HbAlc¢) in Caucasian (n

= 189) and African-American (n = 64) patients with type 2 diabetes receiving metformin

178



monotherapy who carry the reference allele for the MATE2 reduced—function coding
variant (c.485C>T) and carry at least one reference MATE2 allele (n = 232) or are
homozygous for the MATEI variant allele (n = 16). Relative change in HbAlc was
calculated as follows: (treatment minus baseline HbAlc)/baseline HbAlc. Relative
change of —0.15 is interpreted as a decrease in HbAlc level by 15% from baseline. The
box plots (b,c) display the median and interquartile range (the 25th—75th percentile). The
whiskers display lower and upper values within 1.5 times the interquartile range beyond

the 25th and 75th percentile.
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MATE! genotype, MATE2 genotype or metformin exposure (AUC) predicted the
glucose AUC during metformin treatment. The MATE1 (P = 0.02) and MATE2
genotypes (P = 0.02) were the only significant predictors of metformin response, with
each genotype alone explaining 7% of the variability in response to metformin. When
both MATE1 and MATE2 genotype were included in a multiple linear regression model,
15% of the variance in metformin response was explained (P = 0.005). The OCT2
genetic polymorphism has been previously associated with the renal clearance of
metformin and nephrotoxicity of cisplatin (15; 35). In our study, the OCT2 genotype
(rs316019) alone had no effect on variation in the pharmacokinetics or

pharmacodynamics of metformin.

DISCUSSION

Previous reports on genetic variants of MATEl, MATE2, OCT1 and/or OCT2 on
metformin pharmacokinetics (17) and/or pharmacodynamics (11; 12; 17; 21; 26; 36) have
focused on synonymous or nonsynonymous single-nucleotide polymorphisms (SNPs)
within nonregulatory regions of these genes. In this study, we determined the effects of
two promoter variants of MATE1 (rs2252281) and MATE2 (rs12943590), discovered
previously in our laboratory (28; 29), on the pharmacokinetics and pharmacological
response to metformin in healthy volunteers and on the glycemic response to metformin
in patients with type 2 diabetes. In our primary analysis, we considered each variant
separately. Given the colocalization of MATE1 and OCT1 in hepatocytes, and MATEI,
MATE2 and OCT2 in proximal tubule cells (Figure 2), polymorphisms affecting the

accumulation and/or elimination of metformin in these tissues could confound the effects
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of the individual MATEI and MATE2 promoter variants on metformin disposition and
response. Therefore, whenever possible, we performed secondary analyses excluding
individuals who had OCT1 (rs72552763), OCT2 (rs316019) or the other MATE
genotypes that could potentially confound the measured parameters. Our major findings
include: (i) The MATE1 reduced-expression promoter variant is associated with
increased response to metformin in healthy volunteers and patients with type 2 diabetes
who were homozygous for the OCT1 reference allele. (ii) The MATE2 enhanced-
expression promoter variant is associated with reduced response to metformin in healthy
volunteers. (iii) The CLr and CLsg of metformin were significantly greater in volunteers
carrying the promoter variant of MATE2 as compared with those homozygous for
reference MATE2 in a subset of healthy individuals who were homozygous for the
MATEI reference allele. To our knowledge, this is the first study to show that functional
promoter polymorphisms in MATE1 and MATE2 contribute to variation in the response

and disposition of metformin in both healthy volunteers and type 2 diabetic patients.

Although the MATEI polymorphism (g.-66T>C) did not influence metformin
disposition, healthy volunteers who were homozygous for the MATEI variant allele had
a greater glucose-lowering response to metformin (Figure 4a-b). Similarly, diabetic
patients without reduced-function alleles of OCT1 who were also homozygous for the
MATEI variant allele had a 15% greater relative reduction in Hbl1Ac as compared with
patients carrying the MATE] reference allele (Figure 4c, Table 4). The finding that a
MATE1 variant affects the pharmacodynamics, but not the pharmacokinetics of

metformin, underscores the importance of transporters in tissue-specific drug distribution.
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MATEI] is highly expressed in both the liver and kidney (16) (Figure 1), with the liver
being a major site of pharmacologic action and the kidney being predominantly a site of
metformin elimination (although effects on glucose may also occur). In the kidney,
MATE! is redundantly coexpressed with MATE2 and MATE2-K, and therefore, a
variant in MATE1 would need to have a large effect size to have a measurable effect on
the renal elimination of the drug. In contrast, in the liver, MATEI1 appears to be the sole
metformin transporter expressed on the bile canalicular membrane; therefore, a genetic
variant in MATE]1 may have a more measurable effect on the pharmacodynamics
compared to the pharmacokinetics of metformin. Mechanistically, our results are
consistent with MATE1 acting as a proton gradient-driven efflux pump in tissues of
pharmacodynamic importance, such as the liver (37; 38). The reduced-expression
promoter polymorphisms of MATE1 would presumably result in reduced transporter
expression levels, leading to reduced efflux and correspondingly higher tissue levels of
metformin. The higher tissue levels of metformin are predicted to associate with a
greater pharmacologic response. Of note, when diabetic patients carrying the OCT]1
reduced-function variant alleles were included in the analyses, we did not observe an
effect of the MATE] promoter variant on the response to metformin. It is possible that
the reduced-function OCT1 variant masked the effects of the MATE] variant.
Particularly in the liver, the variant allele of OCT1 would result in lower drug levels and
thus oppose the effects of the reduced-expression variant of MATEL. Our results also
suggest that the MATE1 variant has a noticeable effect in patients with type 2 diabetes.
For example, a typical diabetic patient with a baseline HbAlc of 8% (Table 2) receiving

metformin monotherapy (1,000 mg/day) and a carrier of the reference allele for the OCT1
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genotype would have their HbAlc decreased by an additional 1.2% if they were a carrier
of the MATE]1 variant allele instead of the reference MATEL. The magnitude of this
effect is large and of clinical significance, given that, on average, metformin
monotherapy lowers HbAlc by 1.12% within the first year of therapy (39; 40). If our
results are replicated in other cohorts, genotyping for the MATE1 polymorphism as a

basis for personalizing metformin hypoglycemic therapy should be considered.

The effect of genetic variants in MATEs on metformin pharmacokinetics and
pharmacologic action also suggests the potential for clinically significant drug-drug
interactions that may "phenocopy" the effects of genetic variants. In fact, in an in vitro
cell system (Chinese Hamster Ovary), inhibitors of human MATEs were identified from
a diverse set of drug classes (e.g., pyrimethamine, baclofen, ketoconazole, naloxone,
propranolol) (41). In addition, recently Kusuhara et al. (42) demonstrated that
pyrimethamine, an anti-protozoal drug and inhibitor of MATEs, reduced metformin renal
clearance in human volunteers. This example highlights the importance of follow-up
clinical studies to elucidate the clinical consequences of any in vitro drug-drug
interactions identified and how such a drug-drug interaction may phenocopy the reduced-

expression variant of MATEI.

Recent studies in our laboratory have shown that a common MATE2 promoter variant
(g.-130G>A) associates with reduced response to metformin in diabetic patients (28). In
the current study, we hypothesized that this variant is associated with reduced response to

metformin as a result of a pharmacokinetic mechanism. Surprisingly, in healthy
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volunteers, MATE2 g.-130G>A did not affect the CLr and CLgr of metformin (Figure 5
and Table 5). Because MATE1 and MATE?2 are expressed on the apical membrane of
the proximal tubule and are likely to work together to mediate metformin renal
elimination (Figure 2), we hypothesized that the effect of the MATE?2 variant may be
masked by the opposing effect of the MATE1 variant. Indeed, when we removed the
individuals with the reduced-expression promoter variant of MATEl g.-66T>C, we
observed that the CLr and CLgr of metformin were significantly greater in individuals
carrying the MATE2 variant allele compared to the reference allele (Figure 5).
Consistent with this finding, the mean metformin exposure (AUC) was lower and the
mean amount of metformin excreted in urine was higher in volunteers with the variant
MATE?2 allele, although the difference was not statistically significant, possibly because
of variability in the bioavailability of metformin among our participants (Table 5). Of
note, metformin concentrations were significantly lower in volunteers carrying the
variant MATE2 at time points after the maximal plasma concentration (Cpax).
Importantly, we observed a longer half-life in individuals with the MATE2 variant alleles
(P = 0.03). As metformin exhibits apparent flip-flop kinetics (43), early time points
reflect elimination, whereas, later time points predominantly reflect drug absorption. The
lower plasma levels after the Cyax and the longer half-life of the drug in individuals
homozygous for the variant MATE?2 allele are consistent with a reduced rate and extent
of absorption of metformin. These results suggest that expression polymorphisms of
MATE2 may alter the absorption of metformin from the gastrointestinal tract, as well as,
its secretion (clearance) from the kidney. Although currently not implicated in the

absorption of metformin, MATE?2, is expressed in the small intestine (Figure 1) and could
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contribute to the interindividual variation in the bioavailability of metformin. Current
immunohistochemistry data suggests that MATE?2 is expressed at a moderate level in the
different sections of the gastrointestinal tract (e.g. duodenum, stomach, small intestine
and colon) (44). Further studies are required to confirm the localization and determine
the function of MATE?2 in the gastrointestinal tract and delineate the impact of MATE2

on the absorption of metformin.

The current study in healthy volunteers is consistent with previous studies in type 2
diabetic patients (28) that associate the MATE2 promoter variant with a reduced response
to metformin and provides evidence that this effect may be the result of a
pharmacokinetic mechanism. That is, plasma levels of metformin were significantly
lower in the volunteers homozygous for the variant MATE?2 allele (Figure 5) throughout
the OGTT (2-5 h after metformin administration), potentially decreasing glucose uptake
after the OGTT. Alternatively, by modulating metformin levels in a target tissue, the
MATE?2 variant may directly affect the pharmacodynamics of metformin. In particular,
MATE?2 is predominantly expressed in the kidney (Figure 1) (16), an organ increasingly
recognized to play a significant role in both systemic glucose production (20-25%) and
glucose utilization (10%) in the fasting state (45-48). In type 2 diabetes, renal
gluconeogenesis and glucose uptake increases (49). Thus, individuals homozygous for
the MATE2 enhanced-expression variant would achieve lower levels of metformin in the
kidney, possibly translating into a reduced pharmacologic effect. A more comprehensive
understanding of the peripheral targets of metformin is needed to completely interpret

these results.
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In conclusion, this study demonstrates that promoter variants of MATE1 and MATE2
contribute to the glycemic response to metformin in healthy volunteers and in patients
with type 2 diabetes. Furthermore, the study provides evidence that MATE1l and
MATE2 work in concert in the kidney to mediate metformin renal elimination and that
genetic variants of MATEs and OCTs should be considered together when ascertaining
the genetic determinants of renal elimination of metformin. Finally, the results of our
study suggest an important role of MATE2 in the pharmacokinetics and

pharmacodynamics of metformin.
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CHAPTER 6

DEVELOPMENT AND CHARACTERIZATION OF A

HUMANIZED MATE2K MOUSE

INTRODUCTION

In drug development, the identification of drug transporters that play a role in the drug's
disposition, safety and efficacy is a major challenge. In vitro assays are useful to inform
drug developers whether a particular drug is a substrate and/or inhibitor of a given
transporter. However, in most cases, drugs are substrates and inhibitors of multiple
membrane transporters. In these situations, it is difficult to define the relative

contribution of each transporter to the tissue accumulation and elimination of a drug.

In the past two decades, the development of genetically modified mouse models has been
a valuable tool to illustrate and identify the in vivo impact of membrane transporters on
pharmacokinetics and response. Knockout and transgenic mouse models are available for
many transporters (€.g., Mdrla, Berp, Mrp2, Octl, Oct2, Matel) (1-7), and these have
played enormous roles in understanding the role of transporters in mediating

pharmacokinetics and pharmacodynamics.

Species differences in the tissue distribution of organic cation transporters have been
demonstrated (8-10). For MATE2, the ortholog of human MATE2 has not been found in
rodents and the ortholog of rodent Mate2 has not been identified in humans (11; 12). In

fact, recent phylogenic analyses have classified human MATE2 and rodent Mate2 in
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entirely separate classes (9; 13) and some investigators have suggested that it would be
appropriate to rename rodent Mate2 to Mate3 (13). Therefore, a wild type mouse can be

considered to be essentially a Mate2 knockout mouse.

To provide an in vivo tool that will aid in defining the role of human MATE2K in
mediating drug disposition, safety and efficacy, we attempted to develop a mouse that
selectively expresses human MATE2K in the proximal tubular cells. We selected to the
gamma glutamyl transpeptidase 1 type II promoter as it has been successfully used to
generate other transgenic mice with proximal tubular cell specific expression without any
known regulation by hormones or xenobiotics (14-16). In this study, a mouse that has
MATE2K transgene integrated into its genome was developed. However, this transgene

did not demonstrate transgene expression in the kidney or any other tissue analyzed.

MATERIALS AND METHODS

Design and Construction of the Transgenic Construct

The transgene used included the proximal tubule-specific promoter of mouse gamma
glutamyl transpeptidase 1 type II (GGT1; -346 to +70 bp, relative to start codon), Kozak
sequence (GCCACC), the coding sequence for human MATE2K and the bovine growth
hormone polyadenylation signal (bGH polyA). Briefly, GGT1 and MATE2K were
cloned from human kidney ¢cDNA and inserted into the pcDNA3.1 (+) vector (Life
Technologies, Grand Island, NY) in the Nhel/KpnI and Xhol/Xbal restriction sites. At the
end of the bGH polyA (native to the pcDNA3.1 (+) vector), residues (5’-GCTGGG-3")

were mutated to engineer a Smal restriction site (5’-CCCGGG-3). Primers used for
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cloning are listed in Table 1. A schematic of the transgene is shown in Figure 1.

Validation of GGT1 Promoter Activity in HEK293 Cells

The GGT1 promoter was cloned into pGL3 (Promega, Madison, WI) and transfected into
human embryonic kidney 293 (HEK293) cells using lipofectamine LTX (Life
Technologies), according to the manufacturer's protocol. HEK293 cells were cultured in
Dulbecco’s modified eagle medium (DMEM) H-21 medium supplemented with 10%
fetal bovine serum, 100 U/mL penicillin, 100 U/mL streptomycin and 2 mM glutamine.
Approximately 32 hours after transfection, the reporter assay was measured using the
Dual-luciferase® reporter assay system (Promega) according to the manufacturer's
protocol and quantified using the Glomax 96-well plate luminometer (Promega). The
firefly luciferase to renilla luciferase ratios were determined and expressed as relative

luciferase activity.

Transgenic Mouse Line Generation

MATE2K humanized mice (hMATE2K) were generated in a wild-type CS57BL6
background by the Gladstone Institute’s Transgenic Gene Targeting Core (San Francisco,
CA). Briefly, the transgene was linearized by sequential restriction digest with Nhel and
Smal and purified by gel extraction. Linearized transgene was then injected into a
pronucleus of a fertilized on-cell host embryo and the microinjected embryos were
implanted into the oviducts of recipient female mice. After birth, founders were
identified by PCR of DNA derived from mouse tails using GoTaq Green Master Mix

(Promega) and transgene specific primers (Table 1). Founders were then mated with
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Table 1. PCR primers used for cloning of the MATE2K transgene and for the

detection of the transgene in humanized MATE2K mice.

Primer name Sequence (5" --> 3")

Nhel-GGT1 fwd CTAGCTAGCTAGAGATCTAAGCTATGGTCTAGTGCCTGG

GGT1-Kpnl rvs GGGGTACCCCGGCAAGAGGTCAGCTAAGGGG

Xhol-MATE2K fwd CCGCTCGAGCGGGCCACCATGGACAGCCTCCAGGACAC

MATE2K-Xbal rvs GCTCTAGAGCCTAGTGCCTGGTGGCTAGGATC

bGH polyA Smal fwd CTGAGGCGGAAAGAACCACCCGGGGCTCTAGGGGGTATC
bGH polyA Smal rvs GATACCCCCTAGAGCCCCGGGTGGTTCTTTCCGCCTCAG
GGT1-MATE2K genotype fwd GTGGGGGAGCCCCTTTCCCAG
GGT1-MATE2K genotype rvs GCCGCCACTGTGCTGGATATCTG
MATE2K ORF genotype fwd TCATGATCTGTGTTGAGTGGTGGG

MATE2K OREF genotype rvs TGACCACAAAGGTCAGAAGGATGC

fwd, forward (sense) primer; rvs, reverse (anti-sense) primer; GGT1, gamma glutamyl
transpeptidase 1 type II; hMATE2K, humanized multidrug and toxic extrusion protein

2K; bGH poly A, bovine growth hormone poly adenylation signal; ORF, open reading

frame.
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Figure 1. Generation of MATE2K humanized mice. (a) Schematic of hMATE2K
transgene. (b) Validation of GGT1 promoter activity in HEK293 cells. The firefly
luciferase to renilla luciferase ratios were determined and expressed as relative luciferase

activity. Data shown represent mean values and SD from triplicate wells in a
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representative experiment. (c) PCR identification of hMATE2K transgene in tail DNA
from founders 969 and 944 using primers spanning the GGT1-hMATE2K junction (left)
and MATE2K cDNA (right) of the transgene.

hMATE2K, humanized multidrug and toxic extrusion protein 2K; GGT1, gamma
glutamyl transpeptidase 1 type II; ORF, open reading frame; HEK293, human embryonic

kidney 293; PCR, polymerase chain reaction.
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wild-type C57BL6 mice and lines were expanded (only founder 969 produced pups).
The presence of the transgene was verified in all new pups of subsequent generations.
These experiments were approved by the Institutional Animal Care and Use Committee

of University of California, San Francisco.

Total Body and Organ Weights of hAMATE2K Mice

Age matched 15 week old male C57BL6 WT (n=3) and hMATE2K (n=3) mice were
fasted overnight, weighed, anesthetized with isoflurane and sacrificed by cervical
dislocation. Tissues (kidney, liver, skeletal muscle, gonadal depot fat, brain, small
intestine, large intestine, stomach, heart, spleen and lung) were weighed and snap frozen

in liquid nitrogen for RNA extraction.

Phenotyping of hMATE2K Mice

Age matched 23 week old male C57BL6 WT (n=3) and hMATE2K (n=3) mice were
placed in metabolic cages for 24 h and urine was collected. After 24 h, animals were
anesthetized with isoflurane, and blood (500-1000 pl) was collected by heart puncture
and transferred to Vacutainer serum separator tubes (Becton, Dickinson and Company,
Franklin Lakes, NJ). Tubes were inverted five times, allowed to clot for 30 minutes and
centrifuged for 10 minutes at 1000-1300xg. Animals were perfused with 1x phosphate
buffered saline, followed by 4% paraformaldehyde (PFA). Gonadal depot fat and
kidneys were fixed for 18 hours in 4% PFA, embedded in paraffin, cut into 7 micron
sections and mounted on glass slides. The tissue sections were stained with hematoxylin

and eosin for histologic analysis. Serum and urine were sent for chemistry evaluation.
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Serum and Urine Chemistry Evaluation

Serum and urine chemistry were conducted by the Clinical Laboratory at San Francisco
General Hospital. Sodium, potassium, chloride, carbon dioxide, creatinine, blood urea
nitrogen, glucose, calcium, albumin, phosphate, alanine transaminase, aspartate
transaminase, uric acid and lactate dehydrogenase were measured in serum and sodium,
potassium, chloride, creatinine, urea nitrogen, glucose, phosphate, uric acid and protein

were measured in urine.

RNA Isolation and Gene Expression Analysis

Total RNA from kidney, liver, brain, small intestine, large intestine, stomach, heart,
spleen and lung was extracted using Qiagen's RNeasy Kit (Valencia, CA), according to
the manufacturer's protocol. Total RNA from skeletal muscle and gonadal depot fat was
extracted using TRIzol (Life Technologies), following the manufacturer's protocol. RNA
was quantified using a Nanodrop 1000 (ThermoFisher Scientific, Wilmington, DE) and
stored at -80°C until use. Total RNA from each sample was reverse transcribed into
cDNA using the QuantiTect Reverse Transcription Kit (Qiagen), according to the
manufacturer's protocol. Quantitative RT-PCR was carried out in 96-well or 382-well
plates in a total volume of 10 pl reaction solution that includes a cDNA equivalent of up
to 100 ng total RNA, specific probe and Tagman Universal Master Mix (Life
Technologies). Reactions were run on an ABI 7900 HT Fast Real-Time PCR machine
(Life Technologies) using the default thermal cycling conditions. The following TagMan
Gene Expression Assays were used: mouse Octl, Mm00456303 ml; mouse Oct2,

Mm00457295 ml; mouse Oct3, Mm00488294 ml; mouse Matel, Mm00840361; mouse
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Pmat, Mm00525575; human MATE2K, Hs00945650 ml; mouse Ppia,
MmO03302254 gl; mouse Gapdh, Mm99999915 gl. The delta cycle threshold (Cr)
values for all the genes in each sample were calculated by subtracting the mean Cr values
for two housekeeping genes (Ppia and Gapdh) from the Cr for each target gene. The

22 yalue.

relative quantity of each gene was then determined by calculating the
Statistical Analysis

Data are presented as mean = SD. Unpaired nonparametric Student’s t-tests were used to
analyze the differences between MATE2K and C57BL6 WT mice using GraphPad Prism
4.0 (GraphPad Software, San Diego, CA). A statistically significant result was defined

when p < 0.05.

RESULTS

Generation of Humanized MATE2K Mice

Humanized MATE2K mice were generated to exclusively express the human MATE2K
gene in the proximal tubule cells of the kidney. A schematic of the transgene is presented
in Figure la. To validate the in vitro activity of the GGT1-promoter, luciferase gene
reporter assays were performed with GGT1-pGL3. In HEK293 cells, GGT1-pGL3
transfected cells demonstrated a 22-fold increase in relative luciferase expression above
pGL3-transfected cells (Figure 1b). Humanized MATE2K mice were generated by
pronuclear microinjection using a GGT1-MATE2K-bGH polyA transgene. Thirty-three
pups were evaluated for transgene integration by PCR analysis of tail DNA. Of these

pups, two (969 and 974) were identified as founders and lines were expanded (Figure 1c¢).
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Total Body and Organ Weights of hAMATE2K Mice

Age-matched 15-week old hMATE2K mice (n=3, per group) had a greater total body
weight than wild type mice (n=3, per group; p=0.02; Figure 2a). In addition, hAMATE2K
mice also had significantly larger gonadal depot fat than wild type mice (n=3, per group;
p<0.0005; Figure 2b). There was no significant difference in the weights of kidney, liver,
skeletal muscle, brain, small intestine, large intestine, stomach, heart, spleen and lung

organs between wild type and hMATE2K mice.

Kidney and Gonadal Depot Fat Histology

Hematoxylin and eosin staining of wild type and hMATE2K mouse kidneys reveled no
differences in kidney morphology (Figure 2c). Analysis of hematoxylin and eosin
staining of gonadal depot fat revealed that hAMATE2K mice have larger adipocytes than

age-matched wild type mice (Figure 2d).

Urine and Serum Chemistry of Wild Type and hMATE2K Mice

Urine and serum were collected over 24 h from fasted 23-week old age-matched wild
type and hMATE2K mice. Compared to wild type mice, hMATE2K mice have a 64%
reduction in urine volume over a 24 h time interval (n=3, per group; p<0.01; Figure 2e).
In addition, hAMATE2K mice have a reduction in uric acid (p=0.02) and the urinary
electrolytes sodium (p=0.01), chloride (p=0.03) and phosphate (p=0.02) (n=3, per group;
Table 2). There was no difference in the 24 h urinary amounts of potassium, creatinine,
urea nitrogen, glucose and calcium between the two groups of mice (Table 2). In serum,

there was a significant decrease in blood urea nitrogen (p=0.04) and a significant increase
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Figure 2f
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Figure 2. Phenotyping of humanized MATE2K mice. (a) Total body and (b) organ
weights of 15-week old age matched wild type and hMATE2K mice. Hematoxylin and
eosin staining of (¢) kidney and (d) gonadal fat deposit tissue sections of 23-week old age
matched wild type and hMATE2K mice. (e) 24-hour urine volume and (f) 24-hour
creatinine clearance of 23-week old age matched wild type and hMATE2K mice. Data
represent mean and standard deviation of 3 mice per group. *p < 0.0005 as compared to
wild type mice.

hMATE2K, humanized multidrug and toxic extrusion protein 2K; CLcgr, creatinine

clearance.
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Table 2. 24-hour urine chemistry of wild type and humanized MATE2K mice.

Parameter (unit) C57BL6 WT hMATE2K p-value
Sodium (mmol) 0.13+0.02 0.03+0.02* 0.01
Potassium (mmol) 0.20+0.04 0.10+0.06 0.07
Chloride (mmol) 0.12+0.03 0.05+0.03* 0.03
Creatinine (mg) 0.36+0.06 0.23+0.11 0.13
Urea nitrogen (mg) 27.0£5.9 13.4+7.1 0.06
Glucose (mg) 0.21+0.06 0.11+0.06 0.13
Calcuim (mg) 0.08+0.02 0.07+0.03 0.66
Phosphate (mg) 3.2+0.4 1.4+0.8* 0.02
Uric acid (mg) 0.14+0.01 0.07+0.03* 0.02

Data is as reported mean £+ SD of 3 animals per group. *p < 0.05 as compared to wild

type mice.

WT, wild type mouse; hMATE2K, humanized multidrug and toxic extrusion protein 2K

mouse.
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in albumin (p=0.02) and lactate dehydrogenase (p=0.01) in hMATE2K mice, as
compared to wild type mice (n=3, per group; Table 3). There was no difference in serum
concentrations of sodium, potassium, chloride, carbon dioxide, creatinine, glucose,
calcium, phosphate, alanine transaminase, aspartate transaminase and uric acid between
the two groups of mice (Table 3). In addition, there was no difference in the 24 h
clearances of creatinine, a marker of kidney function, between hMATE2K and wild type

mice (Figure 2f).

Gene Expression Analysis of Mouse Transporters and hMATE2K in Kidneys

The expression of mouse organic cation transporters (Octl, Oct2, Oct3, Matel, Pmat) and
human MATE2K was examined in kidneys from hMATE2K and wildtype mice. There
was no difference in the expression of mouse Octl, Oct2, Oct3, Matel or Pmat between
hMATE2K and wildtype mice (Figure 3). Surprisingly and importantly, there was no
difference in the levels of hAMATE2K transcripts in hMATE2K mice as compared to wild
type mice (Figure 3) and the expression levels were at the limit of detection. There was
also no difference in hMATE2K expression in dissected cortex from mouse kidneys (data
not shown). In addition, Western blot analysis using a hMATE2K-specific antibody
revealed that h(MAT2K expression was absent from the kidneys of hMATE2K mice (data
not shown). Human MATE2K mRNA was also absent from peripheral tissues including
the liver, skeletal muscle, gonadal depot fat, brain, small intestine, large intestine,

stomach, heart, spleen and lung (data not shown).

DISCUSSION
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Table 3. Serum chemistry of fasted wild type and humanized MATE2K mice.

Parameter (unit) C57BL6 WT hMATE2K p-value
Sodium (mM) 158+1 157+1 0.74
Potassium (mM) 6.5+0.5 6.9+0.2 0.24
Chloride (mM) 117+2 118+1 0.27
Carbon dioxide (mM) 12.7£1.5 12.0£2.0 0.67
Creatinine (mg/dL) 0.13+0.01 0.12+0.01 0.09
Blood urea nitrogen (mg/dL) 33.0+£3.6 24.0+3.6* 0.04
Glucose (mg/dL) 203£32 241£31 0.22
Calcium (mg/dL) 10.5+0.1 10.6+0.3 0.36
Albumin (g/dL) 3.5+0.1 3.8+0.1* 0.02
Phosphate (mg/dL) 9.1£1.4 8.2+1.9 0.54
Alanine transaminase (U/L) 32.0£2.6 51.3£16.5 0.12
Aspartate transaminase (U/L) 109+5 322+141 0.06
Uric acid (mg/dL) 4.1+0.7 3.9+1.0 0.76
Lactate dehydrogenase (U/L) 352120 939+244* 0.01

Data is reported mean + SD of 3 animals per group. *p <0.05 as compared to wild type

mice.

WT, wild type mouse; hMATE2K, humanized multidrug and toxic extrusion protein 2K

mouse€.
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Figure 3. Expression of mouse organic cation transporters and the hMATE2K
transgene in wild type and hMATE2K mice. The delta cycle threshold (Cr) values for
all the genes in each sample were calculated by subtracting the mean Cr values for two
housekeeping genes (Ppia and Gapdh) from the Ct for each target gene. The relative
quantity of each gene was then determined by calculating the 22" value. Data shown
represent mean values and standard deviation from triplicate wells in a representative
experiment.

Cr, cycle threshold; mOct, mouse organic cation transporter; Matel, multidrug and toxic
extrusion protein 1; Pmat, plasma membrane monoamine transporter, hMATE2K,
humanized multidrug and toxic extrusion protein 2K; Ppia, peptidylprolyl isomerase A;

Gapdh, glyceraldehyde 3-phosphate dehydrogenase.
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Since the development of transgenic mouse technology in 1982, transgenic mice have
enabled scientists to observe the roles of genes in development, physiology and disease in
a live animal. In Chapters 4 and 5, the role of MATE2K was examined in human
subjects by altering function by a chemical agent and by gene expression changes from a
hMATE2K promoter variant. However, in human subjects it is not possible to directly
study any alterations in the tissue levels of drugs as a result of a drug-drug interaction or
genetic alteration of transporter expression. A mouse that expresses the human
MATE2K gene would help to define the role of MATE2K in renal drug accumulation
and elimination. In addition, a transgenic mouse would provide important information
about the physiologic function of the transporter in humans. As MATE2K expression is
absent in rodents, an attempt was made to develop a transgenic mouse model that
expresses the human MATE2K gene in a wild type background. Although, h\MATE2K
mice displayed transgene integration in the genome of the founder mice and their
offspring, there was no evidence of hMATE2K expression in their kidneys or any

peripheral tissues.

Typically, the rate of transgenesis (the number of pups that are founders) is 10-15% (17).
In this study, we observed a 6% rate of transgenesis, with only one founder capable of
producing pups. It is possible that fetal expression of MATE2K may be counter-selecting
transgenic animals, thus lowering the rate of transgenesis. In addition to a low rate of
transgenesis, the most common reasons for failure to develop a transgenic mouse include
(i) poor transgene design, (ii) no transmission of transgene to progeny or (iii) the site of

transgene integration (17). As similar transgenes using GGT1 as a proximal tubule
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specific promoter and the bovine growth hormone polyadenylation signal have been
successfully used in the past (14-16), it is unlikely that poor transgene design would be
the cause for the failure of the hMATE2K mice to express the transgene. However,
because of publication biases favoring positive results, it is not known whether others
have attempted and failed to express genes with this construct. Also, it is unlikely that
the founder was incapable of transmission to its offspring as the transgene was present in
the DNA of each generation of progeny. It is possible that the site of transgene
integration could explain why the hMATE2K mice do not express MATE2K. In these
mice, the transgene was allowed to randomly integrate and did so into at least four
distinct locations in the mouse genome (unpublished observations). This small number
of integrations may have been insufficient to express detectable levels of hMATE2K
protein. Such integrations are often key to overexpression of genes and detectable
changes in phenotypes. Previous studies have also reported that tandem repeat of
transgenes in the mouse genome are particularly prone to silencing (18-20). If the
hMATE2K mouse had this type of integration, the hMATE2K transgene may have been
transcriptionally silenced. In addition, the transgene may have integrated into an area of
chromatin that is transcriptionally inactive or near genomic sequences reported to have
insulating properties. Future attempts to generate a hMATE2K mouse should consider
the incorporation of transgene sequences that will directly integrate into a specific locus

in the mouse genome (€.9., Rosa26).

In this study, a mouse that has the hMATE2K transgene incorporated into its genome was

developed. This mouse is heavier and has larger gonadal depot fat than wild type mice.
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Further, this mouse also has altered urine flow and serum and urinary electrolytes.

However, these differences cannot be explained by hMATE2K expression, as mRNA and

protein were absent in all tissues. The results of the study suggest that the observed

phenotypes may have been due to disruption of other genes rather than expression of

hMATE2K.
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CHAPTER 7

CONCLUSIONS AND PERSPECTIVES

Renal organic ion transporters mediate the tubular secretion of many compounds,
including xenobiotics and their metabolic products. Current data suggest that in the
proximal tubule of the kidney, organic cations are transported from the blood to the
lumen of the kidney by organic cation transporter 2 (OCT2) and are eliminated to the
urine by the concerted action of the H'/organic cation antiporters, multidrug and toxin
extrusion 1 (MATEI) and 2K (MATE2K). The primary goal of this dissertation was to
determine the clinical impact of renal organic cation transporters on drug disposition and

response.

At the initiation of this dissertation research, we compiled literature and developed the
UCSF-FDA TransPortal (Chapter 2). This database includes information from ~300
primary literature sources and drug labels on drug transporter expression, tissue
distribution, direction of transport, substrate and inhibitor in vitro kinetics and clinical

drug-drug interactions of 31 transporters from the ABC and SLC superfamilies.

From the development of the UCSF-FDA TransPortal, it was apparent that clinically
potent and selective inhibitors of transporters in the renal organic cation transporter
system had not yet been identified. Therefore, a strategic cell-based screen using
clinically relevant concentrations was conducted to identify selective inhibitors of renal

organic cation transporters that are capable of inhibiting at clinically relevant
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concentrations (Chapter 3). Through this screen, we identified the histamine 2 receptor
antagonist, nizatidine, as a clinically potent and selective inhibitor of MATE2K-mediated

transport in vitro.

To evaluate the clinical impact of selective inhibition of MATE2K-mediated drug
elimination, a clinical drug-drug interaction (DDI) study with the antidiabetic drug,
metformin as the victim drug and nizatidine as the perpetrating drug was conducted
(Chapter 4). To our knowledge, this was the first clinical study to investigate the impact
of selective renal transporter inhibition on the pharmacokinetics and pharmacodynamics
of a victim drug. In healthy volunteers, nizatidine increases the apparent volume of
distribution and hypoglycemic activity of metformin. However, despite achieving
unbound maximum concentrations that are greater than the in vitro inhibition potency of
MATE2K-mediated transport, nizatidine did not change metformin’s renal clearance or
net secretory clearance. This study provides data that challenge the current guidelines
that rely on in vitro predictions to inform the decision to conduct transporter-mediated
clinical DDI studies (1-3). Further, our studies suggest that in vitro methods need to be
improved and standardized to obtain more accurate ICsy values that predict in vivo

inhibitory concentrations of perpetrator drugs.

We also investigated whether carriers of MATE1 and MATE2/2K promoter variants have
an altered disposition and response of metformin (Chapter 5, collaboration with Dr.
Sophie Stocker). Carriers of MATEI g.-66T>C, a decrease in expression promoter

variant, had no difference in the pharmacokinetics of metformin, but exhibited an
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enhanced glycemic response. Interestingly, carriers of MATE2/2K g.-130G>A had a
greater renal clearance of metformin and a poorer hypoglycemic response. These data
(combined with data from Chapter 4) suggest that the kidney may be an important site for

the glycemic action of metformin.

Our clinical studies (Chapters 4 and 5) suggest that there may be alterations in the kidney
levels of metformin. However, in human subjects it is not possible to directly study any
alterations in the tissue levels of drugs as a result of a drug-drug interaction or genetic
alteration of transporter expression. To aid in our understanding of the importance of
MATE2K in renal drug handling, we attempted to develop a humanized MATE2K mouse
(Chapter 6). However, this mouse did not express MATE2K in the kidney or in any

tissues.

Renal secretory transporters are implicated in numerous clinically significant drug-drug
interactions, generally leading to increased plasma levels of drugs, alterations in tissue
levels and potential safety issues (4-11). These safety issues may be underestimated if
only evaluating differences in Cy,.x and AUC. Understanding whether the interaction will
potentiate or reduce possible nephrotoxicity requires knowledge of the specific site
(apical or basolateral membrane) of the interaction. This requires the identification and
clinical validation of selective substrates and inhibitors. While nizatidine was determined
to be a clinically potent inhibitor of MATE2K in vitro, its impact on the

pharmacokinetics of metformin was minimal. Further clinical evaluation (e.g., with
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multiple dosing or continuous infusion of nizatidine) would be required to validate the

utility of nizatidine as a selective inhibitor of MATE2K-mediated transport.

In summary, this dissertation provides evidence to support that MATE1 and MATE2K
play an important role in renal drug handling and the hypoglycemic activity of
metformin. However, the studies raise a number of questions about conventional
methods used in in vitro transporter studies, extrapolation of in vitro results to clinical
studies, and the criteria included in current Food and Drug Administration (FDA) and
European Medicines Agency (EMA) DDI guidances. Further, as drug-drug interactions
and genetic variation may occur in the same individual it is important to understand the
contribution and interplay of both of these factors on renal drug handling. Clearly, future
studies are needed to develop and standardize robust in vitro methods that accurately
predict clinical DDIs and to understand the complex interplay between genetic variants of

renal transporters and DDIs.
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