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The clearance of ?*mTc-mercaptoacetyltriglycine (MAG3) is less
than the clearances of o-3l-iodohippurate (OIH) and °°™Tc-
labeled pp- and LL-ethylenedicysteine (EC). This difference could
be associated with the lower affinity of MAG3 for the tubular
transport receptor, but MAG3 is more highly protein bound than
OIH and the EC isomers; protein binding could also be an
important factor governing tubular extraction. To separate the
effects of protein binding from tubular receptor affinity, the
extraction fractions (EFs) of MAG3, OIH, and the pp, LL, and pL
isomers of #mTc-EC were measured in an isolated perfused rat
kidney model using a protein-free perfusate and perfusates
containing bovine serum albumin. Methods: The right kidney
was removed from the rat and perfused with modified Krebs-
Henseleit buffers containing 7.5 or 2.5 g/dL bovine serum
albumin or a protein-free perfusate. OIH was coinjected into the
renal artery with each of the %™Tc-tracers. Protein binding was
measured in each of the perfusates, and the venous outflow was
collected to determine the EF. Results: The protein binding of
MAG3 in the albumin perfusates ranged from 87% to 95%,
significantly higher than the 20%-34% range of protein binding
observed with the three EC complexes (P < 0.05). In the 2.5 g/dL
albumin perfusate, the EF of MAG3 was 44%, significantly less
than the 57%—77% EF of the three EC complexes; in the 7.5 g/dL
perfusate, the MAG3 EF fell to 18% versus 39%—45% for the EC
complexes (P < 0.05). However, in the protein-free perfusate,
the EF of MAG3 was 64%, equal to or higher than the 46%—62%
EF of the three EC complexes. Conclusion: Protein binding
modulates the tubular extraction of renal tracers. Protein binding
and receptor affinity must be considered in the design of future
renal radiopharmaceuticals as well as radiopharmaceuticals
targeting other receptors.

Key Words: 9mTc-MAG3; protein binding; extraction fraction;
kidney

J Nucl Med 2000; 41:2077-2082

I wo renal tubular agents that are actively transport

across the membrane of proximal tubular cells &@c-
mercaptoacetyltriglycine (MAG3) ano-**i-iodohippurate
(OIH); however, the clearance dP"Tc-MAG3 is only

50%—-60% of the OIH clearancé&)( A potential alternative

to 9"Tc-MAG3 is L,L-2"Tc-ethylenedicysteineL(-EC),
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which has been reported to have a slightly better clearance
than®"Tc-MAG3 in healthy volunteers, averaging 70% of
OIH (2-5. However, several stereochemical forms of the
99mTc-EC complex exist because of the two chiral carbons in
the ligand 6). Furthermore, recent studies have shown that
the clearance afp-**"Tc-EC in humans may be even higher
than that ofLL-%°"Tc-EC, averaging-80% of OIH (7). The
differences in the clearances of these tubular function agents
could be associated with differences in the affinity for the
tubular transport protein, differences in plasma protein
binding, or a combination of both factors. Because develop-
ment of improved tubular transport agents requires an
understanding of the factors associated with efficient tubular
transport, an isolated perfused rat kidney model was used to
distinguish the effects of protein binding from those of
transport affinity.

MATERIALS AND METHODS

Radiopharmaceutical Preparation

99MTc-MAG3 was prepared by heating an aqueous solution of
the MAG3 ligand at 100°C in the presence%fTc-pertechnetate
and SnCJ (8). Theop, LL, andpL ligands were synthesized and
radiolabeled according to procedures reported in the literature
(7,9,1Q9. All °9"Tc-labeled complexes were purified by high-
performance liquid chromatography before u$&i-OIH was
obtained commercially (Mallinckrodt, Inc., St. Louis, MO).

Preparation of Modified Krebs-Henseleit Buffer
Containing Bovine Serum Albumin, Fraction V

A modified Krebs-Henseleit buffer was prepared as the perfu-
sion medium {1). One liter of this stock buffer contained the
following: 118.4 mmol/L NaCl, 1.2 mmol/L MgS©Q7H,0, 24.8
mmol/L NaHCQ, 10 mmol/L dextrose, 4.7 mmol/L KCI, 1.2

e:lnq{;noI/L KH,PQO,, and 2.5 mmol/L CaGI2H,0. Bovine serum

umin, fraction V (Sigma; St. Louis, MO), at a concentration of
10 g/dL, was added to the stock buffer and dialyzed through a
Spectra/Por 1 dialysis membrane (Spectrum Medical Industries,
Inc., VWR Scientific Products, Suwanee, GA) against an 11-fold
excess of the stock buffer with frequent changes over 42/103.
Aliquots of the dialyzed buffer were stored-a20°C until the day
of the experiment. The dialyzed buffer was then diluted with the
modified Krebs-Henseleit buffer to a final concentration of either
2.5 or 7.5 g/dL bovine albumin. The diluted buffer was filtered
through a 0.45-um Gelman filter (Gelman Science, Ann Arbor, Ml),
and the pH was adjusted to 7.0.
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Preparation of Modified Krebs-Henseleit Buffer each agent and buffer. To determine the EF, the radiopharmaceuti-

Containing G-70 Dextran cals were incubated in each test perfusate for 60 min. A 0.5-mL
The modified Krebs-Henseleit buffer was identical to thaaliquot of the test perfusate containingl.85 MBq (50 uCi)

reported above; however, G-70 dextran (Sigma; average molectf-OIH and 7.8 MBq (200 pCif*Tc-labeled complex was then

weight, 77,000) was dissolved in the stock buffer, producing a finajected through the injection port of the intravenous admixture set

concentration of 2.5 or 7.5 g/dL. The perfusate was filtered throudillowed by continuous perfusion of tracer-free perfusate urdio

a 0.45-uym Gelman filter, and the pH was adjusted to 7.0 with 1ML of the venous output were collected. A second extraction was

hydrochloric acid. then performed~2 min later by injecting a second aliquot of the
_ test perfusate into the port with a second collection of 40 mL. To
Isolated Perfused Kidney Apparatus determine the EF of OIH and eaé#Tc-labeled agent, duplicate

The perfusion apparatus was similar to that described by QDemL venous aliquots were obtained and assayed in a Beckman
Mello and Maack 14). The modified Krebs-Henseleit buffer wasautomated well counter (Beckman, Fullerton, CA). All samples
added to the perfusion reservoir and allowed to circulate througlere corrected for background, decay, and cross talk. The extrac-
out the closed system using two perfusion pumps. The dialyzgdn efficiency was then determined by subtracting the percentage
buffer was filtered continuously through two 8-pm Millipore filtersdose in the venous output perfusate from 100%.

(Millipore, Bedford, MA) and oxygenated with 95%,@nd 5% L )

CO, for at least 30 min before the attachment of the isolate%taltIStlcalI Analysis

kidney; after oxygenation, the pH rose 467.4 in the perfusates. 1he data are expressed as the mearSD. P values were

The oxygenated buffer then traveled through a flow meter that wdgtermined using the Tukey method for multiple comparisons.

connected to a mercury manometer for pressure measurementgnificance was defined &< 0.05.

The connecting tubing was made of Tygon (Nalgene; Fisher

Scientific, Norcross, GA) except at the attachment site to tHRRESULTS

kidney, where an intravenous admixture set was attached to theThe results of protein binding measurements are pre-

renal artery cannula to serve as the injection site. The temperatdishted in Table 1. There was no significant difference

of the perfusates and kidney were maintained at 37°C throughgyyyeen the percentage protein binding measurements at 10

the experiment. and 60 min for any of the tracers in the albumin buffers, and

Protein Binding Measurements there was no significant tracer binding to dextran. In both the
133-0IH and each of th&"Tc-labeled agents were incubated fo2-5 and 7.5 g/dL albumin perfusates, the protein binding of

60 min in 10 mL modified Krebs-Henseleit buffer containing 2.8°™Mc-MAG3 (87% and 95%, respectively) was significantly

g/dL albumin, 7.5 g/dL albumin, and 2.5 g/dL dextrdfi™Tc- higher than the 20%—-34% protein bindingmg-, pL-, and

MAG3 and OIH were also incubated in 7.5 g/dL dextran for 6QL-99"Tc-EC (P < 0.05) (Table 1).

min. At 10 and 60 min after incubation, 1-mL samples were The results of the EF measurements are presented in Table

removed for protein binding determination using a Centrifreg | the isolated perfused rat kidney studies, the EF of each

micropartition system (Amicon, .Beverl'y, MA). Protein bindingof the 9"Tc-labeled agents was divided by the simulta-

measurements were performed in duplicate during each perfusion, . measured OIH EF. This EF ratio was calculated to

experiment; there were six protein binding measurements per . . . .

datum point., c_orrect for any differences in the |sollated rat kidney prepara-

tions and to allow a better comparison between studies. In

Preparation of Isolated Perfused Kidney the 2.5 g/dL albumin perfusate, the EF%®fTc-MAG3 and

Male Sprague-Dawley rats (Charles Rivers, Raleigh, NC) weigthe ®°"Tc-MAG3/OIH EF ratio were significantly less than
ing 220-465 g were anesthetized with a 50:50 mixture of ketamitiee corresponding EFs ab-, bL-, andLL-EC and signifi-
and xylazine, which was supplemented as needed. An abdomigahtly less than the EF ratios mb-2°"Tc-EC/OIH,bL-9"Tc-

incision was made and the right kidney was isolated. The rigfic/O|H, and LL-9"Tc-EC/OIH P < 0.05) (Table 2).
ureter was cannulated with PE-10 tubing (Fisher Scientific).

Heparin (1000 U/kg of body weight) was then injected into the left
femoral vein. The vena cava below the right renal vein was TABLE 1
cannulated with PE-205 tubing (Fisher SC|_ent|f|c). The _rlght renaIProtein Binding (%) of 1311-OIH, *mTc-MAG3, and LL-, Db-,
artery was cannulated through the superior mesenteric artery as . . S

- - . and pL-EC in Isolated Rat Kidney Perfusates Containing
reported by Nishiitsutsuji-Uwo et all§) and Ross et al16) with a .

. Albumin and Dextran

blunt 20-gauge needle. The needle was attached to a syringe
containing the modified Krebs-Henseleit buffer and the buffer was Albumin

flushed through the right kidney. The kidney was immediately Dextran
removed from the rat, positioned in the perfusion apparatus, and ~9&" 25g/dL 7.5 g/dL (2.5 g/dL)
perfused with the modified Krebs-Henseleit buffer at a flow rate of MAG3 86.8 = 1.0 95.1 0.1 0
11-13 mL/min for 15 min before the injection of the protein-bound OIH 519 + 27 80.9 + 0.1 0
OIH and **"Tc-labeled agents. The perfusion pressure averaged pp-EC 258 1.0 30.3 0.8 1909
81.5+ 17.3 mm Hg. OIH 63.0 = 2.1 76.7 = 0.2 1.7+12
bL-EC 278+ 1.0 342 +0.8 0
Extraction Fraction Measurements OIH 619+11 742+ 05 0
Duplicate extraction fraction (EF) measurements were per- --EC 202+ 3.0 305+ 19 02x03
55.6 + 1.2 69.0 + 0.8 0.6 + 0.09

formed in three kidneys, making a total of six EF measurements for OlH
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TABLE 2 ences in surgical technique, such as difficulty in cannulating

Isolated Rat Kidney EFs (%) of 1¥1I-OIH, ®™Tc-MAG3, and g ureter, cannulating a vein, or a delay in isolating the kidney
LL-, bD-, and pL-*"Tc-EC from Perfusates Containing and connecting it to the perfusion apparatus, could produce

Albumin and Dextran different degrees of renal injury and result in differences in

tubular extraction. For example, the EF was measured twice
in each isolated perfused kidney; for all tracers, the mean
change in EF from the first to second measurement ranged

MAG3 439 =28 182 +3.1 63.6 = 6.2 from 4.6% to—17.9% with a combined mean 6f5.6%.

Albumin Dextran

Agent 2.5 ¢g/dL 7.5 g/dL (2.5 g/dL)

OIH 62.0 > 4.7 214 = 8.7 65.0 * 4.2 This slight decrease in EF was statistically significant and
Ratio 0.71 = 0.06 0.98 = 0.36 0.98 + 0.06 buted th ability of th its. Anoth tenial
OD-EC 771+ 46 393 + 100 616+ 41 contributed the variability of the results. Another potentia
OIH 780 + 5.4 29.8 + 6.6 782 + 4.2 source of variability was pH. The pH of the perfusate was
Ratio 0.99 + 0.07 131+ 0.11 0.79 = 0.05 adjusted to 7.0, but the perfusate was filtered continuously
bL-EC 59.7 8.2 417 =137 52.0 £ 10.4 and oxygenated with 95%, and 5% CQfor at least 30 min
oH 67.4=72 286=128 73964 before the attachment of the isolated kidney; after oxygen-
Ratio 0.88 + 0.04 1.54 + 0.21 0.70 + 0.10 i ) . .
LL-EC 56.7 + 6.5 453 + 4.7 462 + 6.6 ation, the p.H rises te- 7.4. Smgll differences in pH may
O 615 =75 29.4 + 8.9 732 +9.1 affect protein binding and possibly affect tubular transport
Ratio 0.93 + 0.08 167 * 0.5 0.63 *+ 0.04 (24). The variability within the model is illustrated by the

OIH data. OIH was used as a control in the fdd¥Tc
experiments at 2.5 and 7.5 g/dL albumin (Tables 1 and 2).

Similarly, in the 7.5 g/dL albumin perfusate, the EF o¥When the albumin concentration was increased from 2.5 to
9MTc-MAG3 and the®"Tc-MAG3/OIH EF ratio were also 7.5 g/dL, the protein binding of OIH increased by 12.3%-—
significantly less than the corresponding valuesmwf*Tc- 29% and was associated with a decrease in EF of 32.1%—
EC, pL-%"Tc-EC, andLL-*"Tc-EC P < 0.05) (Table 2). 48.2%. In theory, there should not have been a spread in the
However, in the nonprotein perfusate containing 2.5 g/diata because the coinfused tracer quantities ofPigc-
dextran, the**"Tc-MAG3/OIH EF ratio was 0.98, signifi- labeled radiopharmaceuticals would not be expected to
cantly higher than the 0.63-0.79 EF ratios of the thresffect the protein binding of OIH or the tubular transport.
9mTc-EC complexesK < 0.05) (Table 2). Furthermore, theThe important point is that, in every experiment, an increase
absolute EF of**"Tc-MAG3 in the nonprotein protein in protein binding was associated with a decrease in EF of
perfusate was higher than the EFs mf-°"Tc-EC and OIH and of eaclo"Tc tracer.
LL-99"Tc-EC (P < 0.05) and was equal to the EF of For each perfusate, any changes in experimental condi-
DD-9"Tc-EC. tions that would affect the EFs of tf#c-labeled com-

The EF of"Tc-MAG3 in the 2.5g/dL albumin perfusateplexes and OIH were assumed to affect the EFs proportion-
was 44% (Table 2). When the albumin concentration in thgly. Consequently, the ratios of the EF of e&¢c-labeled
perfusate was increased to 7.5g/dL, the EF®0Tc-MAG3  complex to the OIH EF were calculated to normalize for any
fell to 18%. To determine if this effect could be caused by affifferences that might have occurred in the experimental
increase in osmolality, th€"Tc-MAG3 and OIH EFs in 2.5 model. The ratios provide an additional method of compar-
g/dL dextran were compared with an additional set of studigfy the EFs of thé°"Tc-labeled complexes within a single
using 7.5 g/dL dextran. When the osmolality of the dextraferfusate. This normalization cannot be used to compare

perfusate was increased by a factor of 3, there was R&ults at different albumin concentrations because the
significant difference in th&™c-MAG3 and OIH EFs, 65% protein binding of the®®Tc-labeled complexes and OIH

versus 74% for OIH and 64% versus 65% WfTc-MAG3  changes as the albumin concentrations change, and these

in 2.5 and 7.5 g/dL dextran, respectively. changes are not proportional (Table 1).
Another potential source of variability was the use of 2.5
DISCUSSION g/dL dextran. The osmolality of 2.5 g/dL dextran is not the

Differences in the renal EFs of the various tubular agenéame as that of 2.5 or 7.5 g/dL albumin, and there may have
are often attributed to differences in the affinity for thébeen some movement of water into the tubular cells that
tubular receptor. The effect of plasma protein binding hasuld have affected tubular cell function. This was probably
been largely disregarded. However, plasma protein bindingt a major factor in our short-term experiments because the
may compete with the transport receptor for the tracer aPfTc-MAG3 and OIH EFs in 2.5 and 7.5 g/dL dextran were
consequently reduce the EF, particularly if the plasnmessentially the same.
protein has a high affinity for the tracer. We used the isolated All three °*™Tc-EC isomers had higher EC/OIH EF ratios
perfused rat kidney to separate the effects of plasma protédn88-0.99) than that #®"Tc-MAG3 (0.71) at an albumin
binding from the radiopharmaceutical affinity for the tubulaconcentration of 2.5 g/dL; these results could be interpreted
transport receptor. as showing that thé°Tc-EC complexes have a higher

The isolated perfused rat kidney requires specializedfinity for the tubular transport receptor (Table 2). When the
equipment and is a technically demanding model. Diffeelbumin concentration was increased to 7.5 g/dL, the EF
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ratios for the thre@Tc-EC isomers (1.31-1.67) were stillrats is 30% 24). Thus, in vivo, glomerular filtration can
higher than the 0.98 EF ratio fot*Tc-MAG3, which contribute substantially to the total renal excretion (filtration
supports this interpretation. However, when protein wdgaction X the unbound fraction). If a tracer were 70%
removed and the kidneys were perfused with 2.5g/dinbound, 21% of the unbound drug in the plasma would be
dextran, the EF of*"Tc-MAG3 was 0.98, higher than EF cleared by glomerular filtration with each pass through the
ratios of all thre®Tc-EC complexes (0.63—0.79), indicatkidney of a Sprague-Dawley rat (70% unbouxndB0% EF).
ing that the binding ofP*"Tc-MAG3 to albumin preferen- The glomerular filtration rate can be reduced in the isolated
tially reduced the availability of*"Tc-MAG3 for tubular perfused rat kidney model because of ureteral back pressure,
transport. but this effect is low at albumin concentrationgd g/100 mL
Sudlow et al. {7,18 have shown that acidic drugs bind(12). Furthermore, and most important, the filtration fraction
predominantly to albumin and have proposed the existernicethe isolated perfused rat kidney 1s3%; consequently,
of two distinct binding sites for anionic drugs on humawglomerular filtration could have little effect on the EFs at
serum albumin. Continuing these observations, Noctor et dlfferent albumin concentration&?).
(19) have reported that site | binding seems to be nonstereodt is an accepted pharmacologic principle that only the
selective, whereas site Il binding tends to be highly sterenenprotein bound or free fraction of a drug in blood is
selective. However, they found it difficult to identify theavailable for distribution to tissue2%—27%. Albumin ac-
precise structural features that disposed an isolate to bincctmunts for much of the drug binding observed in plasma, and
a particular site. Becaus@™Tc-MAG3 (and the EC com- as a drug carrier the binding capacity of albumin is generally
plexes) is anionic at physiologic pH, Kawai et aR0] considered to be nonsaturabl26{29. Because a drug
conducted competitive displacement studies to determibeund to albumin is practically nondiffusibl&@), strong
the 9"Tc-MAG3 binding site on human and rat albuminalbumin binding of a radiopharmaceutical will directly
MAG3 was displaced in vitro by bucolome, a type | sitémpair its rate of renal extraction. The ultrafiltration tech-
inhibitor. Some albumin binding sites mirror biologicallynique used in these studies separates the aqueous phase and
active receptors in terms of selectivity and specificity, artie unbound drug from the protein and protein-bound drug
the binding of small ligands to albumin may induce smaét the ultrafiltration membraneY), providing results that
conformational changes of the environment of the bindingflect the magnitude of the equilibrium constant, K.
sites @1). Furthermore, binding of the ligand may change Mathias et al. 82) have reported that the albumin binding
the conformation of its own binding site and alter thef®’Cu-labeled pyruvaldehyde bistmethylthiosemicarba-
binding affinity (21). zonato)-copper (1) adversely affects the myocardial extrac-
Tubular secretion of a drug has not been thought to lien of the tracer at high flow rates. The off rate, ks
influenced by protein binding if binding is reversib2?f. reported to be too slow and becomes the rate-limiting step
However, using the isolated perfused rat kidney, Bowmdar tissue extraction of the tracer. It is clear from our
(23) has shown that secretion of furosemide is related to tperfused rat kidney studies that the off raté¥fTc-MAG3
albumin concentration and, hence, the concentration of taed OIH is fast because the percentage extracted exceeds the
unbound drug. As the perfusate albumin concentration wimstial percentage of unbound drug. For example, in 2.5 g/dL
raised from 2.5 to 7.5 g/dL, the unbound fraction o&lbumin, only 14% of the®Tc-MAG3 is not bound to
furosemide concentration decreased from 9.4% to 2.2% gmatein but 44% of the dose is extracted. Consequently, even
the secretory rate fell by~80%. The decrease in thein this unfavorable case of highly protein-bouf¥Tc-
secretory rate seems disproportionally large compared wMAG3, the off rate is reasonably fast compared with the
the small change in protein binding; yet, comparable resutime of passage through the tubules. This result indicates a
were obtained in this study. As the perfusate concentrationtogh extraction rate constant f8™Tc-MAG3 that is con-
albumin was increased from 2.5 to 7.5 mg/dL, the unbouriilmed by the 64% EF in the absence of protein. In
portion of **"Tc-MAG3 decreased from 13.2% to 4.9% an@omparison wittP*"Tc-MAG3, only 20%—30% of the dose
the EF fell from 43.9% to 18.2%. In support of this concepf the %™c-EC complexes is protein bound in 2.5 g/dL
Kawai et al. 20) have reported that the excretion ofalbumin, so the percentage unbound-i§0%—-80%. Be-
99mTc-MAG3 could be accelerated by administering bucokause dissociation is very fast compared with the time of
ome to increase the unbound fractiorP®fTc-MAG3 in the passage through the tubules, the percentage extracted of the
plasma. LL- andpL-"Tc-EC complexes was essentially unaffected
The unbound portion of°"Tc-MAG3 as well as the by protein binding.
unbound portion of OIH and th&#"Tc-EC complexes are Interpretation of thep-**"Tc-EC data is more problem-
available for glomerular filtration. Glomerular filtrationatic. There was a minimum increase in protein binding of
contributes to the overall EF; however, the magnitude of th®-°"Tc-EC from 26% in 2.5 g/dL albumin to 30% in 7.5
decrease in the EF far exceeds any effect contributed gidL albumin. The increase in protein binding was less than
glomerular filtration, and our data represent an effect amould be expected from theoretic considerations when the
tubular extraction. The filtration fraction in humans islbumin concentration was increased from 2.5 to 7.5 g/dL,
~20%, whereas the filtration fraction in Sprague-Dawlegnd the small change observed in protein binding cannot
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explain why the EF fell from 77% to 39%. This result iseacting species. Our data indeed show that the off rate from
unlikely to reflect a problem with the isolated perfused ratlbumin is appreciable. As the drug is extracted while
kidney in thepp-"Tc-EC set of experiments because thpassing through the tubules, more protein-bound drug
EF of the internal control, OIH, was comparable in all foudissociates. This sequence of events continues as the solu-
sets of experiments at each protein concentration. Ttien passes through the perfused kidney, byt reéver
protein binding results were very consistent within each sexceeds its equilibrium value. Where the binding is very
of experiments; however, there were minor differences in theeak, the off rate is irrelevant. Thus, an improved renal
protein binding of OIH in the different studies. For exampldracer requires a species with high.kbut an optimized
the protein binding of OIH in 2.5 g/dL albumin wasrenal tubular tracer is likely to have a lower protein binding
51.9% + 2.7% in the ®"Tc-MAG3 set of experiments than MAGS and, hence, a higher unbound concentration in
compared with 63%:*- 2.1% in thepp-2*"Tc-EC studies. A the plasma.

new perfusate was prepared for each set of experiments and

there may have been minor differences between perfusate®NCLUSION

Each stock albumin solution was dialyzed against an 11-fold pyyein pinding modulates the tubular extraction of renal

excess of stock buffer with frequent changes over 48 fj;.ers. Complexes with the highest affinity for the tubular
Furthermore, protein binding was measured after incubatiga nnort receptors may be inferior renal agents once protein
in each perfusate for 30 min at pH 7.0; however, the traceig,qing is considered. Both protein binding and receptor
were injected into the oxygenated perfusate, which has a giinity must be considered in the design of future renal

of ~7.4. Variations in pH can affect protein bindinzdj. radiopharmaceuticals as well as radiopharmaceuticals target-
The rate of tubular extraction depends on the product m‘g other receptors.

the free or unbound concentration of the drug)(& the rate
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