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Summary. In a child lacking adenosine deaminase and
in patients treated with deoxycoformycin (a potent
inhibitor of the enzyme), apparent renal secretion of
2'-deoxyadenosine (dAdo) and reabsorption of aden-
osine (Ado) were observed. The renal clearance of
dAdo in humans was approximately five-fold that of
creatinine, whereas the renal clearance of Ado was
only one-fifth that of creatinine. In mice treated with
deoxycoformycin, a similar paradigm was observed.
Specifically, plasma levels of Ado and dAdo were
elevated to detectable levels and apparent renal
secretion and reabsorption of these purine nucleosides
became manifest. Thus, the mouse may serve as a
suitable model to study the renal handling of these two
compounds. The active renal secretion of dAdo may
occur because the compound has not been appreciably
synthesized by mouse kidney in situ, and ‘ion-trap-
ping’ of dAdo in acid urine could not explain the net
secretion. The differential transport of these similar
purine nucleosides suggests a very selective transport
system in mammalian kidney. Although carrier-me-
diated, facilitated diffusion of purine nucleosides
across cell membranes is a well-known phenomenon,
the present data indicate the existence of (an) active
transport sysem(s) for the transepithelial secretion of
dAdo, and possibly for the reabsorption of Ado.

Introduction

A large number of purine nucleoside analogs have
been synthesized and tested for antitumor and other

Reprint requests should be addressed to J. A. Nelson

The abbreviations used in this paper are: ADA, adenosine
aminohydrolase EC 3.5.4.4; Ado, adenosine; dAdo, 2'-deoxy-
adenosine; DCF, 2'-deoxycoformycin; HPLC, high-performance
liquid chromatography; PBS, 0.14 M NaCl plus 0.01 M phosphate
buffer, pH 7.4; PNPase, purine nucleoside: orthophosphate
ribosyltransferase EC 2.4.2.1; SCID : ADA™, severe combined
immunodeficiency disease associated with ADA deficiency

biological activities [3]. Since there is an exhaustive
body of information regarding purine nucleosides, it
is surprising that little is known regarding the renal
handling of purines other than the oxypurines (uric
acid, xanthine, hypoxanthine).

Recently, two purine enzyme deficiencies have
been noted to be associated with inherited immu-
nodeficiencies. Absence of ADA is considered to be
causally related to severe combined immunodeficien-
cy, a clinical syndrome in which patients are extreme-
ly deficient in cellular and humoral immune responses
[13]. A second purine enzyme deficiency, PNPase
deficiency, is associated with the loss of cellular or T
cell-mediated immunity [19]. In both cases, accumu-
lation of endogenous purine nucleoside substrates
occurs and it is thought that these compounds may
mediate the lymphocyte dysfunction [21]. -

ADA and PNPase normally serve in the catabolic
pathway of purine metabolism (Fig. 1). Since some of
the enzyme substrates which accumulate (i.e., Ado
and dAdo in ADA deficiency and 2’-deoxyguanosine
in PNPase deficiency) are known to produce cellular
toxicity in tissue culture, it is reasonable to propose
that the kidney may have evolved mechanisms for the
elimination of some of these purine nucleosides.
Purine nucleosides are transported across cell mem-
branes by a facilitated diffusion mechanism [18]. This
system is relatively nonspecific in its structural re-
quirements, and it is not an active, metabolically de-
pendent process. While examining the purine levels
in a child with ADA deficiency, we were struck by the
large amounts of dAdo which were excreted in his
urine [10]. This paper describes in a quantitative fash-
ion the renal handling of dAdo and Ado in humans
and mice. The results suggest that active transport
systems exist in the mammalian kidney for the secre-
tion of dAdo and for the reabsorption of Ado. Pre-
liminary reports of portions of this work have ap-
peared and been prepared in abstract form [11, 12].
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Fig. 1. Pathways of dAdo and Ado metabolism

Materials and Methods

Materials. 2'-Deoxycoformycin was obtained from the Drug
Synthesis and Development Branch, National Institutes of Health,
Bethesda, MD, USA. 8-[“C]-2’-deoxyadenosine (45 mCi/mmol),
8-["*C]-adenosine (50 mCi/mmol) and 8-[*H]-adenosine (18
Ci/mmol) were purchased from Moravek Biochemicals Corp., City
of Industry, CA, USA. 8-[*H}-2'-Deoxyadenosine (11 Ci/mmol)
was purchased from ICN Chemical and Radioisotope Division,
Irvine, CA, USA. Inulin-[“C]-carboxylic acid (10 mCi/mmol) was
a product of Amersham Corporation, Arlington Heights, IL,
USA. Purine nucleosides and bases were obtained from P & L
Biochemicals, Milwaukee, WI, USA. Methazolamide was
obtained from Lederle Laboratories, Pearl River, NY, USA.
Chloroacetaldehyde and dimethylacetal were purchased from
Aldrich Chemical Co., Milwaukee, WI, USA.

Renal Clearance Determinations. Blood and urine samples were
obtained from a male child with SCID : ADA™ treated with
extensive erythrocyte transfusion therapy and maintained in
reverse isolation [20]. Collections were made during 8-h or 24-h
intervals at times when the patient was clinically free of infection.
Plasma and urine were also collected from five cancer patients
during treatment with DCF, a potent ADA inhibitor [1], in a phase
111 clinical trial [2]. The cancer patients ranged from 25—65 years
of age (4 females and 1 male) and all had received extensive prior
chemotherapy for their advanced solid tumors. Additional clinical
aspects of the phase I—1I clinical trial will be presented elsewhere.
Plasma and urine samples were collected immediately prior to
DCF administration and during a 24-h interval thereafter. In these
patients, adenine compounds were measured in neutralized
perchloric acid extracts of plasma and urine by HPLC with
fluorescense detection as described below. Creatinine was mea-
sured colorimetrically as described by Smith [24].

Renal clearance measurements in mice were performed as
described by Konikowski et al. [9]. Male AKR mice weighing
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25-30 g each received an IP injection of DCF (5§ mg/kg). An SC
injection of [“Cl-inulin (10 mCi/mmol) was administered 10 min
later. Each animal was induced to void its bladder by retroper-
itoneal massage prior to urethral ligation 30 min after DCF
administration. Blood was collected from the retro-orbital sinus of
each mouse and placed in heparinized vials 60 min after DCF
administration, The mice were then sacrificed by cervical dislo-
cation, the bladder was excised immediately and its contents were
washed with 10 ml PBS into a 50-ml centrifuge tube. Whole blood
and urine of two animals were pooled for each determination.
Plasma was obtained by centrifugation at 450 g for 10 min at 4° C.
The plasma was extracted with 0.4 N perchloric acid at 4° C. The
acid-soluble fraction obtained after centrifugation was immediately
neutralized with 10 N KOH and the insoluble potassium per-
chlorate was removed by centrifugation. dAdo and Ado were
measured in the neutralized plasma extracts and urine by means of
HPLC as described below. The renal clearances were calculated as
follows:

Urinary excretion rate (nmol/min)

Renal clearance (ml/min) =
Plasma concentration (nmol/ml)

In one experiment in which animals were given 8-[°H]-dAdo, the
renal clearance was determined by radioactivity measurements as
well as the HPLC method described below. Radioactivity in
plasma and urine was measured by liquid scintillation spectrometry
with a Beckman Model LSC7500 Instrument (Beckman Instru-
ments, Inc., Irvine, CA, USA). ‘Midpoint’ values of the plasma
inulin concentration and the plasma 8-[*H]-dAdo concentration
were estimated from measured values of these compounds at
60 min and historical plasma decay curves, as described by
Konikowski et al. [9]. Renal clearances of dAdo, Ado, and inulin
were also determined in mice after treatment with methazolamide
(25 mg/kg), a carbonic anhydrase inhibitor. Urine pH was
determined by means of pHydrion pH paper (Micro Essential
Laboratory, Brooklyn, NY, USA) with pH ranges of 3.5-6.0,
6.0—8.0, and 8.0-9.5.

Plasma Protein Binding of dAdo and Ado. Outdated human or
freshly obtained mouse plasma was preincubated for 1 h at 4° Cin
the presence of 5 uM DCF (to completely inhibit ADA activity).
8-[“C]-dAdo and 8-[**C}-Ado were then added to give a final
concentration of 1 pM or 5 uM (~ 0.05 pCi/ml). Duplicate samples
(0.7-2.0 ml) were then transferred into Centriflo membrane
cones, type CF-25 (Amicon Corp., Lexington, MA, USA). The
samples were centrifuged at 800 g for 60 min at 4° C. Radioactivity
was measured in aliquots of both plasma and plasma filtrate by
liquid scintillation spectrometry. Binding of dAdo and Ado to the
membrane cones was determined in the same manner except that
PBS was used instead of plasma. Approximately 10% of the total
radioactivity was bound to the membrane cones with either
nucleoside. To determine the extent of metabolism, the plasma
filtrates were pooled and the radioactivity associated with dAdo or
Ado was determined by HPLC.

High-Performance Liquid Chromatography. The 1,N®-ethenode-
rivatives of adenine compounds were prepared as described by
Kuttesch et al. [10]. The derivatives were measured by fluores-
cence detection after elution from a uBondapak C;g reverse-phase
column (4 mm x 30 cm; Waters Associates, Mitford, MA, USA).
A linear gradient from water to water plus methanol was formed
with the aid of the apparatus illustrated in Fig. 2. A gradient mixing
chamber with a magnetic stirring bar was filled with water to a
volume of 60 ml. The column was washed at a flow rate of 2 ml/min
for 10 min prior to injection of the sample via a Rheodyne Model
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7120 Injector (Rheodyne, Inc., Berkley, CA, USA). At the time of
sample injection, 70% methanol in water was pumped into the
mixing chamber at a flow rate of 1 mYmin by a Gilson Minipuls-2
Peristaltic Pump (Gilson Medical Electronics, Middleton, WI,
USA). The gradient mixing chamber provided solvent via a
four-way slide valve (Model FT-144, Glenco Scientific, Inc.,
Houston, TX, USA) to a Milton Roy Minipump (Model 396-31,
Milton Roy, Inc., Riviera Beach, FL, USA). The flow rate of
solvent to the column was 2 ml/min. The 1,NS-ethenoderivatives of
adenine, Ado, and dAdo eluted with retention times of approx-
imately 13, 14, and 15 min, respectively. After 20 min, the
four-way slide valve was switched in such a way that 70% methanol
was delivered to the Minipump to wash the column between
samples (10 min at 2 ml/min). During the column-washing interval,
the gradient mixing chamber was washed with water by succes-
sively introducing water to the chamber and draining the chamber
to a waste reservoir via the four way slide valve. After washing, the
gradient mixing chamber was filled with water to a volume of
60ml to repeat the sample analysis cycle. The 1,NS-ethenode-
rivatives were monitored by fluorescence detection with a Model
FS-970 L.C. Fluorometer (Schoeffel Instruments Division, Kratos,
Inc., Westwood, NJ, USA). The excitation wavelength was 280 nm
with excitation filter no. 7-54, and emission was monitored with
emission filter KV-389. Separation of the 1,N%-ethenoderivatives
under these conditions was essentially as previously illustrated with
a different HPLC instrument [17]. Identities of the 1,NS-etheno-
derivatives of dAdo, Ado, and adenine were confirmed in at least
one sample of plasma and urine from each patient as follows: (1)
Comparison of retention times to those of authentic compounds;
(2) requirement of chloroacetaldehyde to form fluorescent de-
rivatives; (3) disappearance of peaks corresponding to 1,NS-ethe-
no-2'-deoxyadenosine and 1,N%-ethenoadenosine after treatment
of the samples with ADA prior to derivatization; and (4)
conversion of dAdo to adenine by incubation of the sample in 0.4 N
perchloric acid for 1h at room temperature prior to derivatiza-
tion.

In mice, dAdo and Ado were measured in plasma extracts or
urine by the fluorometric method described above or an HPLC
method essentially as described by Hartwick and Brown [6]. In the
latter procedure, eluting compounds were monitored by their UV
absorbance at 254 nm (UV III Monitor, Laboratory Data Control,
Riviera Beach, FL, USA) and at 280 nm (Spectro-II Monitor,
Laboratory Data Control). The identities of dAdo and Ado in
these samples were confirmed by comparison of their retention
times and 254 : 280 peak area ratios to authentic standards. The
lincar gradient from 10 mM KH,PO,, pH 5.5-10 mM KH,PO,
plus 20% methanol was formed in 30 min at a flow rate of 1 m{/min.
A Laboratory Data Control LC 7800 System equipped with a
Chromatography Control Module II (CCM) with two Constamet-
ric pumps was used. The machine-programmed feature of the
CCM was used to integrate and plot the output of both UV
detectors simultaneously. When samples containing 8-[*H]-dAdo
were used, fractions of the eluting material were collected at 2-min
intervals into scintillation vials by means of an LKB Model 2112
Fraction Collector (LKB Instruments, Inc., Rockville, MD).

ADA was determined in lysates of mouse red blood cells by
measurement of dAdo disappearance and product (deoxyinosine
plus hypoxanthine) formation. A reaction mixture containing 200
wM dAdo, 50 mM phosphate buffer, pH 7.5, and 0.1% lysate was
incubated at 37°C for 30 min. The reaction was terminated by
heating the mixture in a boiling water bath for 3 min. The samples
were centrifuged and the clear supernatants were analyzed by
means of the uBondapak-C;s column eluted isocratically with 10
mM KH,PO,, pH 5.5, plus 10% methanol at a flow rate of 2
ml/min. ADA activity was determined by measurement of both
2'-deoxyinosine (the deamination product of dAdo) and hypo-
xanthine (the phosphorolysis product of 2'-deoxyinosine).

— PN
— N // ~ — '—’\
/ \ N / ~
/ \ / N/
5 \ N
2
£
Solvent £ Peristaltic Solvent
A =4 Pump B
£
= 2
= 5
1>
: N\
Stir | //
Plate ! e
| Y
’/ == 4+
- /
/
4 Way \
Slider valve % -
N
\
|
|
!
|
[
|
Waste |
/
/
//
Detector L —- Injector «
Column
|
Coliector

Fig. 2. Block diagram of apparatus used to determine adenine
compounds by gradient elution of a reverse-phase column and
fluorescence detection (see Methods). Solvent A, water; solvent B,
70% methanol

Results

In a SCID : ADA" patient studied in our laboratory,
the urinary excretion of Ado, dAdo, and creatinine
was measured at one interval prior (4—7 months) to
extensive erythrocyte transfusion therapy and at two
intervals during transfusion therapy (29 and 41
months) during the child’s life (Table 1). The renal
clearance of dAdo was greater than that of Ado at
all intervals, which suggested that the renal handling
of these similar compounds was different in this
patient. The renal excretion of creatinine in the
SCID : ADA" patient was within normal limits [8] for
children of the same ages at all three time intervals.
At one observation period, the plasma level of
creatinine was determined (age 41 months in
Table 1). At this time, the renal clearance of dAdo
was four-fold greater than the measured creatinine
clearance. In contrast, the renal clearance of Ado was
less than that of creatinine. The endogenous pools of
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Table 1. Renal clearances of dAdo, Ado, and creatinine (Cr) in a child with severe combined immunodeficiency disease and adenosine
deaminase deficiency (SCID : ADA™)

Age Body Body Plasma Urine concentration® Renal clearance Renal clearance
(months)  weight surface concentration (nmol/ml) (ml/min) (ml/min/1.73 m?%)
(kg) area (nmol/ml)
(m?)

Cr  dAdo Ado (n) Cr dAdo Ado Cr dAdo Ado Cr dAdo Ado
4~7 4.64 0.28 nd. <010 220 (7) 1866 460 76.9 +28.8 6.7+2.4 nd. >80.0 0.10 n.d. >494  0.60
29 6.99 0.37 nd <010 040 4) 2020 £ 450 288+ 72 42%1.1 nd. >665 240 n.d. >311 11.30
41 8.04 0.41 744 <0.10 0.40 (2) 1315 + 415 71+ 0.0 24=%1.1 147 >589 500 61.9 > 248 21.00

The plasma and urine levels of dAdo, Ado and Cr were measured in a child with SCID : ADA™ during one interval prior to erythrocyte transfusion therapy
(4—7 months of age) and two intervals during transfusion therapy (29 and 41 months of age) as described by Kuttesch et al. [10] or Mills et al. [15]. Erythrocyte
transfusion therapy in SCID : ADA™ is reviewed by Schmalstieg et al. [20]

# The urine flow rates for these intervals were 0.10, 0.23 and 0.83 ml/min (4—7, 29, and 41 months of age, respectively). n = number of & or 24-h urine

collections
NOTE, n = urine samples

purines in this child have been measured on numer-
ous occasions in several different laboratories [10, 14,
15, 20, 22]. Table 1 presents data obtained during
defined urine collection intervals, and the results are
representative of the plasma and urine values
obtained at other times in this child.

The renal clearances of Ado, dAdo and creatinine
were also determined in five cancer patients who had
received DCF (Table 2). The plasma concentrations
of these substances were relatively constant and
elevated during the intervals in which these mea-
surements were made. The renal clearance of dAdo
exceeded (approximately two- to ten-fold) that of
creatinine in all five patients, whereas the renal
clearance of Ado was less than that of creatinine in
these patients (Table 2). The binding of 8-[1“C]-dAdo
and 8-[*C]-Ado to human plasma proteins was less
than 5% (Table 3). This indicates that these com-
pounds are probably freely filterable from human
plasma when the plasma levels are near 1 pM. A good
estimate of the renal clearance of adenine could not
be made in all of the patients because adenine levels
were not consistently detectable in plasma and urine
(Table 2). However, the low levels of adenine
indicate that there was insignificant degradation of
dAdo to adenine during the extraction and deriva-
tization procedure [22]. The creatinine clearance
values are relatively low in the patients studied, a
finding which probably relates to their poor state of
health. Prior to treatment with DCF, the level of each
adenine compound was at or below the limits of
detection (indicated by < in Table 2). Other clinical
and biochemical findings in the phase I study of DCF
will be summarized elsewhere.

Separation of the 1,N®-ethenoderivatives of ade-
nine, Ado, and dAdo in the urine of patient 5 from

Table 2 is illustrated in Fig. 3. The derivatives eluted
with retention times of 13, 14, and 15 min, respec-
tively (chromatogram A in Fig. 3). These adenine
compounds were not detectable under the described
assay conditions in a sample of urine obtained
immediately prior to DCF administration (chroma-
togram B in Fig. 3). Also, chloroacetaldehyde deri-
vatization was necessary to obtain fluorescent peaks
at the relevant retention times (chromatogram C in
Fig. 3). Treatment of the diluted urine sample with
ADA prior to chloroacetaldehyde derivatization
eliminated the fluorescent peaks corresponding to
Ado and dAdo (chromatogram D in Fig. 3). Incu-
bation of the sample in 0.4 N perchloric acid shifted
the fluorescent peak associated with dAdo (15 min)
to that associated with adenine (13 min). This result
was obtained whether the acid treatment was per-
formed before or after chloroacetaldehyde derivati-
zation, i.e., the acid lability of dAdo and 1,N®-ethe-
no-2'-deoxyadenosine is confirmed. Under the assay
conditions shown, there is about two-fold greater
fluorescence of the adenine derivative than of dAdo.
Although actual patient urine samples are shown
(chromatograms A through E), similar results were
obtained with authentic adenine, Ado, and dAdo.
Chromatogram F in Fig. 3 illustrates the separation of
the authentic 1,N%-etheno derivatives of the purines
of interest.

The above results in humans suggest that there is
net secretion of dAdo and net reabsorption of Ado by
the human kidney. To pursue this possibility further
and to study the mechanisms involved, we have
simulated the experiments with mice. The plasma
concentrations of dAdo and Ado are elevated
following DCF administration to mice (Fig.4).
Although there is only an approximately two-fold
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Table 3. Plasma binding of 8[*C]-dAdo and 8-[**C]-Ado in
humans and mice

% Free % Remaining as
dAdo or Ado

Human

dAdo, 1 pM 96 +5 99

Ado, 1uM 9% 4 95
Mouse

dAdo, 1 uM 97 +3 100

Ado, 5 uM 83+4 100

Pooled, outdated human plasma and pooled mouse plasma were
preincubated with DCF (5 uM) for 1 h at 4° C prior to addition of
the radiolabeled nucleosides at the concentrations shown. Plasma
binding was determined by ultrafiltration using Centriflo cones.
The values shown are the mean + SE of three determinations in
each-case. The pooled plasma filtrates were analyzed to determine
the extent of metabolism of the radiolabeled nucleoside with
HPLC

elevation of Ado during a 90-min interval after DCF,
the level of dAdo increases from a value less than
0.1 WM to greater than 1.0 uM. ADA activity in
mouse red blood cells decreased to less than 5% of
control values within 10 min after DCF administra-
tion and remained at this low level throughout the
90-min observation period (data not shown). As
indicated at the top of Fig. 2, a protocol could be
devised whereby the renal clearance of dAdo, Ado,
and inulin could be measured during times in which
the plasma levels were relatively constant or predict-
able, i.e., 30—60 min after DCF administration. The
renal clearance of dAdo during this interval was
greater than the simultaneously measured inulin
clearance, whereas the Ado clearance was less than
that of inulin (Table 4). Binding of dAdo to mouse
plasma proteins was less than 5%; however, a small
but significant fraction (17%) of Ado was bound to
mouse plasma macromolecules (Table 3). The clear-
ance calculation for Ado in mice, therefore, was
corrected to account for this binding (Table 4). It
should be noted that this correction increases the
absolute clearance value for Ado rather than decreas-
ing it.

To determine whether or not the apparent
secretion of dAdo by mouse kidney was a result of
synthesis of this compound by the kidney, the
experiment summarized in Table 5 was performed.
Radioactive 8-[°*H]-dAdo was administered to mice
and urine clearance determinations were performed
in a manner similar to that shown in Fig. 4 and given
in Table 4. The dAdo clearance was calculated from
measurements of radioactive 8-[°H]-dAdo in plasma
and urine as well as measurements of the total pool
(HPLC) of dAdo in plasma and urine (Table 5). The
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Fig. 3. A—F Verification of Ado and dAdo in the urine of a patient
treated with DCF (patient 5 in Table 2). In all cases, 10 ul of a
50-fold diluted aliquot of urine was injected onto the HPLC
apparatus shown in Fig. 2. A 1,N%ethenoderivatives of adenine
(13min), Ado (14min), and dAdo (15min) in urine after
treatment of the patient with DCF; B Urine sample immediately
prior to DCF administration; € Urine sample after DCF treatment
but not derivatized with chloroacetaldehyde; D Same urine sample
derivatized with chloroacetaldehyde after incubation with ADA; E
The urine sample incubated in 0.4 N perchloric acid for 1 h at room
temperature prior to derivatization with chloroacetaldehyde; F
Authentic 1,N%-ethenoderivatives of adenine, Ado, and dAdo

renal clearance estimates in both cases were identical.
Furthermore, the specific activity of dAdo is identical
in plasma and urine, i.c., there is no dilution of the
label in urine (Table 5). This suggests that the excess
of dAdo observed in urine over the filtered fraction
does not result from the synthesis of the compound de
novo or from nonradioactive precursors by the
kidney. Approximately 30% of the total radioactivity
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Fig. 4. Plasma concentrations of dAdo, Ado, and inulin [*“C]-car-
boxylic acid in mice after DCF treatment. Male AKR mice were
given a single IP injection of DCF (5 mg/kg). At various times after
DCF administration, blood was collected from the retro-orbital
sinus into heparinized vials, Plasma was obtained by centrifuga-
tion. dAdo and Ado were assayed in neutralized, acid-soluble
extracts of plasma by HPLC, as described in Methods. An SC
injection of radioactive inulin (0.05 uCi/g) was administered to the
mice 10 min after DCF treatment. The plasma inulin levels were
determined by liquid scintillation spectrometry. Each point
represents the mean £ SE of 4—19 determinations. The interval
between urethral ligation (30 min after DCF) and urine collection
(60 min after DCF) was used for the renal clearance calcula-
tions

in plasma was [’H]-dAdo, whereas [*H]-dAdo
accounted for greater than 90% of the total radioac-
tivity observed in urine in these experiments (data not
shown).

Since dAdo is a weak base (pK, = 3.8) [5], the
apparent renal secretion of this compound may result
from ‘ion-trapping’ in an acidic urine. To test this
possibility, the renal clearance of dAdo as well as the
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Table 4. Renal clearance of dAdo, Ado, and inulin-[1C]-carboxylic acid in mice after DCF treatment

Plasma concentration Renal excretion Renal clearance Clearance ratio

(nmol/ml) (nmol/min) (ml/min) (CL/Cliyin)
2’-Deoxyadenosine or dAdo 1.11 £ 0.10 0.342 + 0.074 0.313 + 0.072° 1.71 £ 0.17
Adenosine or Ado 14.00 £2.58 0.542 + 0.051 0.059 % 0.009%¢ 0.42 £0.11
Inulin-[“C]-carboxylic acid 433 £0.13¢ 0.816  0.140 0.193 + 0.034 1.00 £ 0.00

Male AKR mice were given DCF (5 mg/kg) and inulin-(*C)-carboxylic acid (0.05 uCi/g) as described in Fig. 4. The urethra of each animal

was ligated 30 min after DCF treatment. Blood was collected from the retro-orbital sinus and the animal was sacrificed to obtain the bladder

60 min after DCF treatment. The bladder was washed with 10 ml of phosphate-buffered saline to obtain the urine. dAdo and Ado in

neutralized, acid-soluble extracts of plasma and in urine were assayed by HPLC (see Methods). The plasma and urine contents of

inulin-['C]-carboxylic acid were determined by liquid scintillation spectrometry. The results shown are the mean + SE of 10 determinations

in each case

2 The renal clearance of adenosine was corrected for the plasma binding (17%) of this nucleoside in mice (see Table 3). Other values are
not corrected for plasma binding

b Significantly greater than the inulin clearance, P < 0.025, Student’s paired -test

¢ Significantly less than the inulin clearance, P < 0.005, Student’s paired #-test

4 Estimated ‘midpoint’ value for plasma inulin concentration was determined from the measurement at 60 min after DCF administration
and ‘historical’ data given in Fig. 4. Plasma values for dAdo and Ado were relatively constant during the urine collection interval (Fig. 4)
and are not corrected

Table 5. Renal clearance of dAdo in mice

Method of Clearance ratios Specific activity
measurement (ClL/Cliyiin) (DPM/nmol)

Plasma Urine
dAdo UV absorbance? 2.20 £ 0.04 - -
8-[*H]-dAdo Liquid scintillation 229+0.12 5,604 + 281 5,847 £ 246

counting?

Male AKR mice were treated as described in Table 4. The mice received an SC injection of 8-[’H]-dAdo
(100 nmol/g; specific activity, 2.5 nCi/nmol) 10 min after DCF administration. Renal clearances were
calculated from data obtained by chemical measurements of dAdo and by radioactivity measurements of
8-[*H]-dAdo. The values shown are the mean + SE of three determinations in each case

2 UV absorbance of HPLC analysis of plasma and urine measured at 254 nm

® Radioactivity of HPLC fractions corresponding to dAdo in plasma and urine

Table 6. Effect of urine alkalinization on the renal clearance of dAdo, Ado, and inulin-[**C]-carboxylic acid in mice

Plasma concentration Renal excretion Renal clearance Clearance ratio

(nmol/ml) (nmol/min) (mV/min) (Cly/Clinuin)
2'-Deoxyadenosine or dAdo 1.05 £ 0.05 0.360 £ 0.041 0.342 £ 0.036* 141 £0.13
Adenosine or Ado 13.55 £ 0.57 0.524 +0.144 0.046 + 0.012b:¢ 0.20 £ 0.07
Inulin-(**C)-carboxylic acid 4.34 £ 0.104 1.074 £ 0.135 0.246 = 0.026 -

Renal clearance measurements in male AKR mice were performed as described in Table 4. Methazolamide (25 mg/kg) was administered IP
10 min after DCF treatment. This treatment increased the urine pH from 6.0—6.5 to greater than 8.0. The values shown are the mean + SE
of four determinations in each case

2 Significantly greater than the inulin clearance, P < 0.025, Student’s paired t-test

b The renal clearance of Ado was corrected for the plasma binding (17%) of this nucleoside in mice (see Table 3)

© Significantly less than the inulin clearance, P < 0.005, Student’s paired r-test

4 Estimated ‘midpoint’ value for plasma inulin concentration (see Table 4)
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clearance of Ado and inulin were measured in mice
which had been treated with methazolamide, a
carbonic anhydrase inhibitor. The carbonic anhy-
drase inhibitors are a class of agents that cause an
alkaline diuresis by increasing renal excretion of
bicarbonate [25]. The renal clearance of dAdo in
methazolamide-treated mice was significantly greater
than that of inulin (Table 6) and was not different
from the clearance observed in control mice (Ta-
ble 4). Similarly, Ado and inulin clearances values
were not markedly altered by urine alkalinization
with methazolamide (Tables 4 and 6).

Discussion

Apparent active renal transport processes for dAdo
and Ado were observed in humans in whom a
genetically or drug-induced ADA deficiency
occurred (Tables1 and 2). We have previously
reported that the child with SCID : ADA" excreted
large amounts of dAdo in comparison to the amounts
of Ado in his urine [10]. Similarly, other workers
have reported the presence of measurable levels of
dAdo in urine in this [15, 22] and other patients [4, 7,
22, 23]. When renal clearances of dAdo and Ado are
compared with the estimated or measured renal
clearance of creatinine, apparent net secretory and
reabsorptive processes become manifest (Table 1).
Specifically, the renal clearance of dAdo is greater
than that of Ado or that of creatinine, whereas the
clearance of Ado is less than that of creatinine
(Table 1). Similar observations concerning the renal
handling of these purine nucleosides were made in
cancer patients receiving an ADA inhibitor, DCF, in
a phase I-1II trial of this drug (Table 2). In patients
having normal levels of ADA activity, it is difficult to
measure dAdo and Ado in plasma and urine, since
these compounds are at or below the detectable level
for the fluorescent HPLC method (Table 2). The
renal clearances of dAdo and Ado are not influenced
by binding to plasma proteins, since less than 5%
binding was observed at or near the plasma concen-
trations attained in vivo after DCF treatment (Ta-
bles 2 and 3). The renal clearance of adenine could
not be accurately determined, since plasma and urine
levels of this substance were quite variable (Table 2).
However, the low levels of adenine in plasma and
urine indicate that dAdo was chemically stable in the
extracts of plasma and urine during sample prepa-
ration and analysis [22].

Since the biochemical alterations and the renal
handling of dAdo and Ado are similar in the
SCID : ADA™ patient and in patients receiving DCF,
it appears that DCF treatment does not alter the renal
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transport processes for these compounds in humans.
Therefore, we have employed DCF treatment of mice
as an animal model to study the renal transport of
Ado and dAdo. Similar to the effect of DCF on
plasma dAdo in humans, there is a progressive
increase in dAdo in plasma of mice receiving 5 mg
DCF/kg (Fig. 4), a dose which produced profound
and prolonged inhibition of red blood cell ADA
activity. Without DCF treatment, concentrations of
Ado in plasma were erratic whether plasma was
obtained via heart puncture, tail vein, or retro-orbital
sinus (unpublished data). Nevertheless, after DCF
treatment, dAdo and Ado levels were relatively
constant during an interval in which renal clearance
measurements were performed (Fig. 4 and Table 4).
The renal clearance of dAdo in mice exceeded that of
inulin about two-fold, whereas Ado clearance was
approximately half that of inulin. Thus, the renal
handling of these purine nucleosides in mice is
qualitatively similar to that in humans.

Additional experiments were possible in mice to
further substantiate that renal secretion of dAdo
occurs. Specifically, with radiolabeled dAdo it was
possible to eliminate the kidney as a primary source
of the dAdo observed in urine which was in excess of
the filtered fraction (Table 5). Also, an experiment in
which a carbonic anhydrase inhibitor was used to
alkalinize the urine indicated that the apparent
secretion was not due to simple ion-trapping [16] in
an otherwise acid urine (Table 6).

The above observations in humans and in mice
suggest that the mammalian kidney has active
transport mechanisms for dAdo and Ado, although
the vectorial aspects of these putative transepithelial
transport systems are in opposite directions. If such
transport processes indeed exist, it is reasonable to
propose that the processes are very selective, since
dAdo and Ado are very similar structurally. The only
structural difference relates to the presence or
absence of a hydroxy group in the 2'-position of the
furanosyl moiety. To our knowledge, these are
the first indications of active transport systems for
purine nucleosides in a mammalian tissue. The
facilitated diffusion (metabolically independent)
mechanism for the transmembrane transport of such
compounds has been extensively studied [18]. Fur-
ther investigations will be required to elucidate the
transport mechanisms involved and to determine
their relationships to other classic transepithelial
transport systems such as the organic cation and
anion secretory systems, glucose and ion reabsorp-
tion, etc.

Acknowledgements. JFK is a Predoctoral Candidate in the

Pharmacology and Toxicology Program, University of Texas
Medical Branch, Galveston, Texas. He was the recipient of a



J. F. Kuttesch and J. A. Nelson: Purine Nucleoside Transport

Predoctoral Fellowship from the John W. McLaughlin Fellowship
Fund. The authors would like to acknowledge the excellent
technical assistance of Ms Barbara Herbert. Dr Robert Benjamin,
Department of Developmental Therapeutics, The University of
Texas System Cancer Center, MD Anderson Hospital and Tumor
Institute, provided the plasma and urine samples from patients
receiving deoxycoformycin. Dr Gordon C. Mills, Department of
Human Genetics and Cell Biology, The University of Texas
Medical Branch, Galveston, TX, kindly provided original data
from the SCID : ADA™ patient.

References

10.

11.

12.

. Agarwal RP, Spector T, Parks RE Jr (1977) Tight-binding

inhibitors. IV. Inhibition of adenosine deaminases by various
inhibitors. Biochem Pharmacol 26: 359~367

. Benjamin RS, Plunkett W, Keating ML, Feun LG, Hug J,

Nelson JA, Bodey GP, Freireich EJ (1980) Phase I and
biochemical pharmacological studies of deoxycoformycin.
(Abstract) Proc Am Soc Clin Oncol 21: 337

. Bloch A (ed) (1975) Chemistry, biology, and clinical uses of

nucleoside analogs. Ann NY Acad Sci 255 [Whole vol-
ume]

. Donofrio J, Coleman MS, Hutton JJ, Daoud A (1978)

Over-production of adenine deoxyribonucleosides and de-
oxyribonucleotides in adenosine deaminase deficiency with
severe combined immunodeficiency disease. J Clin Invest
62: 884887

. Fasman GD (ed) (1975) Handbook of biochemistry and

molecular biology, 3rd edn, vol I: Nucleic acids. CRC Press,
Cleveland, p 141

. Hartwick RA, Brown PR (1976) Evaluation of microparticle

chemically bonded reversed-phase packings in the high
pressure liquid chromatographic analysis of nucleosides and
their bases. J Chromatogr 126: 679—691

. Hirschhorn R, Roegner V, Rubinstein A, Papgeorgiou P

(1980) Plasma deoxyadenosine, adenosine and deoxy ATP are
elevated at birth in an adenosine deaminase-deficient child.
J Clin Invest 65:768—771

. Kennedy WP (1961) Creatine, creatinine, and total body

potassium in relation to muscle mass in children. Arch Dis
Child 36:325-327

. Konikowski T, Haynie TP, Farr LE (1970) Inulin clearance in

mice as a standard for radiopharmaceutical bioassy. Proc Soc
Exp Biol Med 135:320—324

Kuttesch JF, Schmalstieg FC, Nelson JA (1978) Analysis of
adenosine and other adenine compounds in patients with
immunodeficiency disease. Journal of Liquid Chromatography
1:97-109

Kuttesch JF, Robins MJ, Nelson JA (1980a) Active transport
of a deoxyribonucleoside by mammalian kidney. (Abstract)
Proc Am Assoc Cancer Res 21:133

Kuttesch JF, Robins MJ, Nelson JA (1980b) Active transport
of deoxyribonucleosides by mammalian kidney. (Abstract)
Pharmacologist 22: 238

Note Added in Proof. Supported by Grant HD-13951 from the
National Institute of Child Health and Human Development and
Grant CA-28034 from the National Cancer Institute, National
Institutes of Health

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

229

Meuwissen JH, Pollara B, Pickering RJ, Porter IH (eds)
(1975) Combined immunodeficiency disease and adenosine
deaminase deficiency. Academic Press, New York

Mills GC, Schmalstieg FC, Trimmer KB, Goldman AS,
Goldblum RM (1976) Purine metabolism in adenosine deam-
inase deficiency. Proc Natl Acad Sci USA 73:2867-2871
Mills GC, Goldblum RM, Newkirk KE, Schmalstieg FC
(1978) Urinary excretion of purines, purine nucleosides, and
pseudouridine in adenosine deaminase deficiency. Biochem
Med 20: 180—199

Milne MD, Schribner BH, Crawford MA (1958) Non-ionic
diffusion and the excretion of weak acids and weak bases. Am
J Med 24:709-730

Nelson JA (1979) Applications of fluorescence detection
coupled with liquid chromatography. In: Hawk GL (ed)
Biological/biomedical applications of liquid chomatography.
Marcell Dekker, New York, pp 397—411 (Chromatographic
science. Series, vol 10)

Plaggemann PGW, Wonehueter RM (1980) Permeation of
nucleosides, nucleic acid bases and nucleotides in animal cells.
In: Bromner F, Kleinzeller A (eds) Current topics in
membranes and transport, vol 14: Carriers and membrane
transport proteins. Academic Press, New York, pp
225-230

Pollara B, Pickering RJ, Meuwissen HJ, Porter IH (eds)
(1979) Inborn errors of specific immunity. Academic Press,
New York

Schmalstieg FC, Kuttesch JF, Mills GC, Nelson JA, Goldman
AS, Goldblum RM (1979) Metabolic effects of erythrocyte
transfusions in adenosine deaminase deficiency. In: Pollara B,
Pickering RJ, Meuwissen HJ, Porter IM (eds) Inborn errors of
specific immunity. Academic Press, New York, pp
117-132

Seegmiller JE (1979) Abnormalities of purine metabolism in
human immunodeficiency diseases. In: Baer HP, Drummond
GI (eds) Physiological and regulatory functions of adenosine
and adenine nucleotides. Raven Press, New York, PP
395-408

Simmonds HA, Sahota A, Potter CF, Cameron JS (1978)
Putine metabolism and immunodeficiency: Urinary excretion
as a diagnostic screening test in adenosine deaminase and
purine nucleoside phosphorylase deficiency. Clin Sci Mol Med
54:579—-584

Simmonds HA, Watson JG, Hugh-Jones K, Perrett D, Sahota
A, Potter CF (1979) Deoxynucleoside excretion in adenosine
deaminase deficiency and purine nucleoside phosphorylase
deficiency. In: Pollara B, Pickering RJ, Meuwissen HJ, Porter
IH (eds) Inborn errors of specific immunity. Academic Press,
New York, pp 377-387

Smith HW (1956) Principles of renal physiology. Oxford
University Press, New York

Wistrand P, Nechay BR, Maren TH (1961) Effects of carbonic
anhydrase inhibition on cerebrospinal and intraocular fluids in
dog. Acta Pharmacol Toxicol (Kbh) 17:315~336

Received July 1/Accepted December 24, 1981



