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The technique of ex vivo *'P NMR spectroscopy has been used for the investigation of
metabolic turnover in 15 cadaveric human kidneys obtained from brain-dead donors for
transplantation. Measurements were carried out at 1.5 T time-dependently during regular
hypothermic storage in histidine—tryptophan—a-ketoglutarate solution. The minimum delay
between explantation and spectroscopy was 2 h 41 min. In one case of a discarded organ
the measurements could be extended over a period of 161 h 35 min. A detailed kinetic
model describing monoexponential ischemic phosphate turnover, which accounts for various
interrelations of the NMR visible metabolites, has been derived. Averaged velocity constants

of the decays of nucleotides and phosphomono- and -diesters ranged from 0.0047 to 0.294 h™"'
at approximately 4° C. Intracellular pH decreased monoexponentially with an averaged

velocity constant of 0.31 h™".

Introduction the kidney in vitro and in vivo has found substan-
tial interest (Balaban, 1989; Ross et al., 1986).

During the past two decades localized nu-  Since the first studies on isolated rat kidneys (Sehr
clear magnetic resonance (NMR) spectroscopy er al., 1977, 1979) renal viability during perfu-
has become an important technique to provide sjon or ischemia was one of the major issues
non-destmctively biochpmicgl and physiological = being addressed. Transplantation surgeons can
data on intact biological tissues. Among the pe expected to be the clinical beneficiaries of

widespread applications of NMR in biomedical = gych methods since an assessment of the me-
research, investigation of the metabolic functionof  ,p i state of excised donor organs is of im-

portant relevance, especially in relation to moni-
toring viability of organ storage and optimizati-
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Therefore, simple estimates of total operative is-
chemia times and duration of cold storage of the
organ are routinely used as predictors of the early
outcome post-transplantation at the present. Simi-
larly, the efficacy of different preservation strate-
gies has largely been assessed by long-term survi-
val studies.

The ability to detect relevant cytosolic metabo-
lites like adenosine 5’-triphosphate (ATP), crea-
tine phosphate (PCr), sugar phosphates and other
phosphorylated glycolytic intermediates as well
as inorganic orthophosphate (P;) in living tissue
by localized *'P NMR spectroscopy provides an
elegant non-invasive monitor of the energy status
of the cell. Different animal models utilizing in
vitro perfusion of isolated kidneys enabled the in-
vestigation of both the depletion of high-energy
metabolites after arresting blood supply and the
recovery of metabolic activity during reperfusi-
on (Bretan et al., 1987; Sehr et al.,, 1977). Stu-
dies on isolated kidneys in a transplant setting
without maintaining oxygen delivery demonstra-
ted a correlation between relative metabolite ratios
determined by *'P NMR and the subsequent graft
function or e. g. electron microscopy viability pa-
rameters (Bretan er al., 1986a, 1986b; Kunikata
et al., 1989; Pomer et al., 1988). The availability
of large-bore magnets suited for whole-body in-
vestigations made it possible to extend such NMR
techniques to cadaveric human kidneys removed
for transplantation (Bretan et al., 1989; Chan et
al., 1981; Moller et al., 1993; van der Grond et
al., 1991). Spectroscopic parameters obtained on
animal kidneys have also been used for an eva-
luation of different preservation solutions (Bore et
al., 1981; Bretan et al., 1991).

Besides the acquisition of single spectra and
correlation with the early graft function, an inve-
stigation of the time course of metabolic changes
during ischemia leads to more profound insight in-
to the underlying biochemistry. Turnover rates of
individual metabolites have been obtained on rat
kidneys applying *'P NMR spectroscopy ex vivo
(Pomer and Hull, 1993; Sehr et al., 1979). Howe-
ver, for the further improvement of the reliability
of spectroscopic parameters used as prognostic in-
dices of post-transplantion function additional dy-
namic data derived from human kidneys are neces-
sary. In the study presented here time-dependent
changes in metabolite concentrations and tissue
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pH during hypothermic storage of cadaveric hu-
man kidneys are analyzed. Quantitative turnover
velocity constants are estimated based on a com-
prehensive kinetic model comprising all NMR vi-
sible phosphorus metabolites.

Experimental Details
Cadaveric kidneys

Fifteen human kidneys were obtained from dif-
ferent brain-dead donors by en bloc excision af-
ter in situ flush with cold (= 4° C) histidine—
tryptophan—a-ketoglutarate (HTK) solution. This
standard procedure of nephrectomy for subse-
quent transplantation (Colberg 1980) achieves a
minimal warm ischemia period of about 30 s.
Triple-bagged transplants preserved with cold
HTK solution were transferred into ice-containing
styropor boxes and maintained in simple hypother-
mic storage until implantation. One of the kidneys,
which could not be used for transplantation due to
pronounced arteriosclerosis, served for long-term
studies.

NMR measurements

A 1.5 T clinical whole-body tomograph (Sie-
mens MAGNETOM 63 SP) operating at frequencies
of 63.60 MHz ('H) and 25.68 MHz (*'P) was used
for all NMR investigations. Kidneys were studied
without interruption of sterile hypothermic sto-
rage inside ordinary transplantation containers of
slightly reduced height which fit within an external
pair of rf coils. Because the method is non-invasive
and non-destructive, it can be applied without pre-
judicing the subsequent transplantation of the do-
nor organs. '"H NMR imaging (scout views) to
ensure an optimal coil position relative to the kid-
ney and magnetic field homogeneity shimming
were performed using a 23 cm Helmholtz trans-
mit/receive coil placed directly below and above
the container. A 17 cm Helmholtz transmit/receive
coil arranged perpendicularly was employed for
3TP spectroscopy. Because phosphate-free HTK
solution was used for preservation, all observed
3P NMR signals entirely originate from the kid-
ney. So an acquisition of the free induction decay
following a single rectangular pulse of 500 ys du-
ration (= 72 W rf pulse power) without further vo-
lume localization could be applied (3 s repetition
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time, spectral width + 1 kHz, 1 K complex data
points). The transmitter amplitude was adjusted to
achieve maximum sensitivity, i. e. approximate-
ly 90° excitation. However, rf inhomogeneities of
the Helmholtz coil produce a flip angle distribution
across the kidney. Assuming complete absorption
of the rf power in the kidney, HTK solution, and
ice (= 7.5 kg total mass) the maximum specific
absorption rate corresponds to ~ 0.012 W kg~ '.
Typically 200 averages (600 s total acquisition ti-
me) were sufficient to achieve satisfactory signal-
to-noise ratios. Due to the short delay time of 500
us preceding data acquisition, differences in spin—
spin relaxation times do not influence the spectra.
In addition, no significant changes in relative peak
intensities were observed between measurements
at various repetition intervals ranging from 3 to 20
s, 1. e. fully relaxed conditions are approximately
fulfilled. Spectroscopy started between 2 h 41 min
and 11 h 1 min (mean 5 h52 min + 2 h 7 min) after
onset of cold ischemia and was repeated during 2
h 6 min and 11 h 44 min (mean 7 h 19 min + 3 h
6 min) in the case of subsequent transplantation,
while the long-term investigation of the discarded
organ started 18 h 50 min after explantation and
extended over a period of 161 h 35 min. Data pro-
cessing included exponential multiplication (= 5
Hz line broadening), Fourier transformation (1.95
Hz digital resolution), and Lorentzian line fitting
for the determination of peak positions, amplitu-
des, widths, and phases. Fitted peak areas were
used to analyze metabolic changes.

PME

Pi

PDE

pcr vNTP *NTP
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Results and Discussion

Ex vivo kidney spectra

Representative spectra recorded from one hu-
man kidney ex vivo at different times of ischemic
cold storage and corresponding peak assignments
based on chemical shifts are presented in figure 1.
The chemical shift scale is referenced to the po-
sition of PCr which is the usual internal standard
for in vivo *'P NMR. In living tissue PCr chemical
shift varies between —2.3 ppm and —3.2 ppm with
reference to external 85 % H;PO, depending on
sample geometry (Beall et al., 1984). The results
can be compared to high-field spectra of rat kid-
neys obtained at 11.7 T (Pomer and Hull, 1993) or
rabbit kidneys collected at 4.7 T (Balaban, 1989)
to provide a more detailed insight into the indi-
vidual components contributing to the different
peaks.

The signals labeled a-, [3-, and 7-NTP arise
from the three corresponding phosphorus nuclei of
nucleoside 5’-triphosphates, predominantly ATP.
Due to homonuclear J-coupling they split into two
doublets (- and v-NTP) and a triplet (3-NTP),
which are partly resolved in the case of the «- and
~-resonances and were fitted assuming coupling
constants of 16 Hz. High-field spectra can resolve
additional metabolite signals which are buried wi-
thin the NTP signal envelopes at our field strength
of 1.5 T. (i) a- and 3-phosphorus of nucleoside 5’-
diphosphate (NDP; —7 and —3 ppm) contribute

Fig. 1. 25.68 MHz *'P NMR spec-
tra of one human kidney ex vivo
obtained at different times of cold
ischemia. The spectra comprise re-
sonances of the a- (—7.66 ppm),
3- (—16.52 ppm), and ~y-phosphorus
(—2.67 ppm) of NTP, PCr (0.00
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ppm, chemical shift reference), P;
(5.03 ppm, corresponding to a pH of
7.18), and phosphoesters PME (6.77
ppm) and PDE (3.20 ppm). As peak
positions are slightly pH dependent
they shift with progression of ische-
mia, and the numerical values given
above refer to the measurement per-
formed 7 hours after explantation.
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to a- and ~-NTP, respectively. (ii) Both the a-
and /J-phosphorus of nucleoside 5’-diphospho 5°-
nucleosides (NDPN, predominantly nicotinamide
adenine dinucleotides; —8 ppm) and of nucleoside
5’-diphospho 1-hexoses (NDP-Hex, e. g. uridine
5’-diphospho 1-glucose; —8 and —9.5 ppm) con-
tribute to a-NTP. Even at 11.7 T additional con-
tributions to the NTP resonances from uridine-
(UTP, UDP), cytidine- (CTP, CDP), and guanosi-
ne 5°-tri- and -diphosphates (GTP, GDP) cannot
be separated from the adenine nucleotide signals.
Chromatographic studies yielded a nucleotide dis-
tribution of 82 % ATP plus ADP, 11 % GTP plus
GDP, 7 % UTP plus UDP, and only traces of CTP
plus CDP in the normal rat kidney (Gerlach et
al., 1963). After 10 min of warm ischemia the-
se authors observed a reduction of the ATP plus
ADP fraction by 86 %, while GTP plus GDP and
UTP plus UDP decreased by 73 % and 79 %,
respectively, i. e. the relative contribution of the
adenosine nucleotides was slightly reduced to 74
%. Similarly, our measurements showed typical
reductions of the NTP peak areas by 50 % during
24 h of cold ischemia. Therefore, we expect that
the dominance of the adenosine 5’-phosphate con-
tributions to the NTP signals is maintained during
regular cold storage periods.

Based on NMR results PCr concentrations of
0.7 mm (Pomer and Hull, 1993) or below 0.2 mu
(Freeman et al., 1983; Iles et al., 1982) were esti-
mated for the rat kidney. Consequently, only very
weak lines were detectable in eight organs de-
caying to zero intensity with prolonged ischemia
(Fig. 1). To the best knowledge of the authors,

% of total P
50
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this represents the first NMR observation of this
metabolite in human transplants. Because the ma-
ximum integral was always below 5 % of the total
spectral area, PCr depletion via the creatine kinase
reaction was not included in the kinetic model.

Contrary to previous studies on kidneys pre-
served in EuroCollins or University of Wisconsin
solution, which both contain large amounts of a
phosphate buffer (Bretan et al., 1987, 1989; van
der Grond et al.,, 1991), no additional buffer P,
fraction has to be considered in cases of HTK
flush. Therefore, the P; peak completely results
from cytosolic inorganic phosphate. In *'P NMR
of muscle, heart, or brain its chemical shift ver-
sus PCr is routinely used for a determination of
intracellular pH. As PCr was detectable in eight
transplants this method could now be extended to
human kidneys without need of an external refe-
rence. In these organs pH varied time-dependently
between 7.3 and 7.0.

Since no proton decoupling was applied in this
study, the resonance bands of phosphomono- and
-diesters (PME and PDE) are broad due to unre-
solved "H-?'P spin couplings and individual me-
tabolites cannot be resolved. It is known, however,
that the major component of the PDE signal results
from glycerolphosphocholine (GPC) with an ad-
ditional contribution of glycerolphosphoethano-
lamine (GPE) (Balaban, 1989; Pomer and Hull,
1993). The phosphomonoesters at relevant con-
centrations are phosphoethanolamine (PE, being
the main fraction of the PME signal under in vivo
conditions) and phosphocholine (PC), while gly-
colytic intermediates are only of minor importance
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Fig. 2. Phosphate metabolite levels (% of
total NMR detectable phosphorus) of a hu-
man kidney ex vivo versus time during the
first 19 h of cold storage. *'P NMR mea-
surements started approximately 10 h after
onset of ischemia. Results of the data ana-

AL A AA
W PDE lysis based on Eqns (20) — (25) are shown
10 o 32 PSR =y @NTP as solid lines. Qualitatively, similar patterns
Seniiilspuguiinnay tagiiln . oMy ety NP resulted in all short-term studies, indepen-
0 7 DNIE dent of differences in the delay between ne-
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phrectomy and NMR measurements, which
varied between 2 h41 minand 11 h I min.
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(Pomer and Hull, 1993). There are indications
from combined NMR and high-performance li-
quid chromatography assays that adenosine 5’-
monophosphate (AMP) can make a significant
contribution to the PME signal in the ischemic
kidney (Bretan et al., 1989; Kunikata ez al., 1989).

Metabolic consequences of cold ischemia

Qualitatively, time-dependent changes of the
NMR visible metabolites in human kidney grafts
are similar to results from animal models applying
comparable storage conditions (Pomer and Hull,
1993; Sehr et al., 1979). Examples, including the
first period of ischemia as well as the long-term
study are presented in Figs 2 and 3.

It has been pointed out that the kidney is a he-
terogeneous organ with different types of tissue.
However, global metabolite concentrations detec-
ted by *'P NMR without sufficient spatial reso-
lution are weighted averages over the whole or-
gan, including cortex, medulla, papilla, and tubu-
lar volume. Cellular heterogeneity is also apparent
in the energy metabolism of the in vivo kidney;
the cortex is almost completely dependent on fat-
ty acids oxidation and oxidative phosphorylation,
whereas the inner medulla is mostly glycolytic
(Balaban, 1989). However, since energy conver-
sion processes are limited to anaerobic glycolysis
after the oxygen supply is arrested, this specific
metabolic heterogeneity can be neglected in the
present study. ATP utilization mainly arises from
Na*K*ATPase activity, which is essential for the
maintenance of transmembraneous Na* and K*

% of total P
70
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gradients (Belzer and Southard, 1988). During is-
chemia ATP synthesis cannot keep up with the
energy demands, and there is net ATP hydrolysis.
Consequently, a decrease in the cytosolic concen-
tration of NTP with a rise in intracellular P, can be
observed as a function of cold storage time (Figs 2
and 3) and may be described by the comprehensive
reaction

NTP — NDP+P,. (1)

Because NDP contributes to the - and +-NTP
resonances only the 3-NTP peak should indica-
te NTP depletion directly. Both NDP and NMP
are also hydrolyzed during hypothermic storage
(Gerlach et al., 1963; Southard et al., 1977):

NDP — NMP+P;, 2)
S———
= PME

NMP — nucleoside + P;. 3)

From chromatographic assays it is known that
AMP catabolism proceeds via inosine 5’-mono-
phosphate in the ischemic kidney (Gerlach et al.,
1963). Only the second step of this reaction, being
expressed by Eqn. (3), leads to changes in the *'P
NMR spectrum. Frequently, NDP has been quan-
tified by subtraction of the v- and 3-NTP peak
areas. However, chemical extraction followed by
enzymatic assay yields at least a fourfold higher
NDP content (Freeman et al., 1983, 1986; Stubbs
etal., 1984). The general explanation of this large
discrepancy is that the biochemical methods mea-
sure the total content (bound to macromolecules

60
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Fig. 3. Ischemic long-term changes of phos-
phate metabolites (% of total NMR detec-
table phosphorus) of the non-transplanted
human kidney ex vivo during approximately
160 h of cold storage. For simplicity, only
the a-resonance of NTP is shown besides
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PME, P;, and PDE. Results of the data ana-
lysis based on Eqns (20) — (25) are shown
as solid lines.
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plus unbound), whereas localized NMR only de-
tects mobile phosphorus compounds. For this re-
ason Eqn. (2) only refers to the free and therefore
probably cytosolic concentrations from NMR stu-
dies. In a similar manner, subtraction of the v-NTP
peak area from the area of the «-NTP signal pro-
vides a measure of total NDPX, i. e. the sum of
NDPN plus NDP-Hex. Pyrophosphatase hydroli-
zes the pyrophosphate bond producing two phos-
phomonoesters, namely NMP and XP, which may
be nicotinamide mononucleotide or hexosemono-
phosphates:

NDPX — NMP+XP. 4)
—_——

= 2 PME

By analogy to NMP catabolism via the 5’-
nucleotidase reaction of Eqn. (3), hydrolysis of
the monoesters XP results in:

XP — P, +X. (5)

In many tissues the main constituents of the
PME and PDE resonances are related to the syn-
thesis and degradation of cellular membranes. Ho-
wever, diester concentrations found in renal me-
dulla are by far too high to be attributed to the-
se biochemical pathways. Rather, their principle
function is to protect the cells from the hyperos-
motic environment. In contrast to inorganic salts
GPC and further NMR-invisible organic osmoly-
tes do not significantly perturb enzymatic functi-
on over a wide range of concentrations (Garcia-
Perez and Burg, 1990). Low temperatures inhibit
Na*K*ATPase leading to increased intracellular
Na* concentrations in the hypothermic preserved
kidney. Because levels of compatible solutes vary
with tonicity a depletion of GPC can be expec-
ted, as it is demonstrated in Figs 2 and 3 by PDE
reduction. In the kidney, both GPC and GPE are
hydrolyzed by GPC diesterase (Garcia-Perez and
Burg, 1990; Nakanishi and Burg, 1989; Philipp-
son, 1964) producing a-glycerolphosphate (GP),
which contributes to the PME peak:

GPC —  GP +choline, (6)
~—~—
= PME

GPE — GP +ethanolamine. (7)
~

= PME
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At first approximation *'P NMR of the whole kid-
ney without further intrarenal localization should
not be sensitive to changes in permeability or ac-
tive transport, which also might influence intra-
cellular GPC levels. Via a-glycerolphosphate de-
hydrogenase reaction and formation of dihydro-
xyacetone phosphate GP can be introduced into
glycolysis for ATP regeneration. Finally, as far as
spectroscopic changes are involved, this would re-
sult in a net production of P, due to Eqns (1) — (3)
and may be summarized by the apparent reaction

GP — P, +glycerol. (8)

As Eqns (2), (4), (6), and (7) lead to a producti-
on of phosphomonoesters an increase of the PME
peak area during the first 20 hours of ischemia is
observed (Fig. 2). Little is known about the bio-
chemical function of the major PME components,
PE and PC, in renal metabolism. However, they
have been proposed to play a similar role in the
cortex to that of GPC in the medulla (Wolf et al.,
1989). By analogy to Eqn. (3), indicating NMP ca-
tabolism during ischemia, the following reactions
may be assumed for these monoesters:

PE — P, + ethanolamine, 9)
PC — P, + choline. (10)

Due to educt depletion at long storage times PME
formation now no longer keeps up with hydrolysis
leading to a marked decrease in PME peak area
after 20 hours of cold storage (Fig. 3).

Kinetic model

The technique of ex vivo *'P NMR utilized in
this study provides information about the overall
phosphate turnover rather than individual bioche-
mical reactions, which may be investigated e. g. by
saturation transfer experiments if applicable (Free-
man et al., 1983, 1986). Previous animal studies
only analyzed time-dependent variations of sin-
gle metabolites, without regarding interrelations
of the various fluxes. However, these properties of
phosphate metabolism detected by NMR have to
be introduced into a comprehensive model.

Due to the multicomponent nature of most si-
gnals the scenario of cold ischemia metabolic turn-
over as described in the preceding section is by
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far too complicated to be analyzed in all details.
Therefore, no attempts are made to quantify true
Michaelis constants iA',,, and V,,, ... Instead, simple
monoexponential behavior is assumed as it would
be correct in the limit of low substrate concen-
trations. Further, a single velocity constant Appg
is related to total PDE decomposition, Eqns (6)
and (7). The same simplification is used for PME
catabolism, Eqns (3), (5), and (8) — (10), being
described by a single velocity constant Apyg.

The final model therefore comprises a set of six
combined differential equations:

aCNTP
= —k NTPs 11
5 NTP CNTP (11)
ac
_gtg = knte ONTP — KNDP CNDPS (12)
d
o = — KkNDPX CNDPX- (13)
ot
aCPDE
= —k ‘PDE 14
5 PDE CPDE (14)
ac
aP;“E = kppe CppE — KpME CPME
+ Expp cnop + 2 knpex Cnppxs (15)
an
il SRR ;
ot PME CPME

(16)

+ kxte ONTP + KNDP CNDP-

While extp, cnppx, and cppg decays are expressed
by ordinary first-order reactions, cxpp obeys the
well-known expression of series first-order reacti-
ons and PME kinetics includes both parallel and
series first-order reactions. A general discussion
was given e. g. by Frost and Pearson (1953). As-
suming that total NMR-visible phosphate is con-
stant, ¢p, can be found most conveniently from
the stoichiometric relation. Therefore, straightfor-
ward integration can be performed analytically by
standard techniques, yielding:

entp = Rrp Ente. (17)

ke 0
= ———nrp (Entp — Enpp)
kxpp — knte vre (Enre N (18)

0
+ Cnpp ENDp 5

CNDP
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0
CNDPX = Cnppx ENDPX (19)
_ 0
CppE = Cppg EppE, (20)
kppE 0
cpmMe = ————— Cppe (EppE — EpME)
kpme — Eppe
0 E
+ Cpvg LPME
kxte kxpp 0
2 & CNTP
NDP — RNTP @1
. (EPME — Entp _ Epme — ENDP)
kxte — kpme Fxop — Epume
kxop
0
+ ———— C\pp (Epme — Expp)
Fxop — Epme
2 kxppx
0
Ty — o cnopx (Epve — Enppx).
NDPX — RPME
Cp, = Cg,

.0 <1 _ ]"PME Eppe — kppe EPDE)
FPE kpme — AppE

+ C‘SME (I — Epme)

1

0
e {3 ~ Eare = knop — kntp

(22)

. [I\’NDP Exte — knte Enpp

k
2 NDZ (kxtpEpme — EpmeEnte)
NTP — RPME
kn
ALl (kxppEpme — ]\'PMEENDP):| }
kxop Epme — /\'PMEENDP>

kxpp — kpme

Fxop — Fpume

0
+ CNpp (2 = ENDP =

]{NDPXEPME - ]“PMEENDPX
+2CNDPX 1 — 5

kxppx — kpme

with E; = exp(—k;t) and j = NTP, NDP, ND-
PX, PDE, PME. Although quite complicated ex-
pressions result for cpyg and cp, their parameters
are actually obtained from the simultaneous time
course of all six concentrations, i. e. all PME pro-
duction terms are totally determined by the simple
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Eqns (17) - (20). Similarly, P, production is com-
pletely included in Eqns (17) — (21).

If normalized concentrations are used, Eqns (20)
— (22) also apply to the time course of the corre-
sponding *'P NMR peak areas. Fits to the a-, 3-,
and -NTP decays can easily be obtained by ap-
propriate combination of Eqns (17) — (19):

Aonte ~ EqpEnte (23)
ky
) VTP,_ C(yzm: (Exte — Enpp)
kxpp — kntp

0 0
+ Cnpp ENDP + 2 CNDPX ENDPX-

(24)

0
AgNrp ~ CNTP Exre,

0 0
A, ntp ~ OnrpENTP + CNpp EnDP

(25)

Fxte
0
CNTP (Extp — Enpp).

kxpp — Ente

Metabolic turnover rates

The integral of the entire *'P NMR spectrum
provides a measure of the total cytosolic phospha-
te. The dynamic measurements showed no signi-
ficant changes of total phosphate with time during
cold ischemia for any kidney. Standard deviati-
ons varied between 2.4 % and 11.4 % depending
on signal-to-noise ratio. The assumption of total
NMR-visible phosphate being constant is therefo-
re verified within these limits.

Velocity constants describing phosphate turn-
over in the ischemic kidney were calculated
from simultaneous least-squares fits of the time-
dependent variations of all six phosphate peak are-
as to the model functions applying a Marquardt al-
gorithm. Examples are shown in Figs 2 and 3. Qua-
litatively the patterns of metabolic changes during
the observed periods of cold ischemia were iden-
tical for all kidneys, independently of differences
in the delay between nephrectomy and start of the
NMR measurements and could be well described
by the assumed model functions. A summary of
the numerical data is presented in Table I. Con-
sidering the uncertainty of the fitting procedure
the kinetic parameters of a single kidney are de-
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Table 1. Mean values and inter-individual ranges of the
velocity constants A; describing ischemic turnover of j
= NTP, NDP. NDPX, PDE, and PME and changes in
intracellular pH during hypothermic storage (= 4° C)
in cadaveric human kidneys.

Metabolite < k; > range of k;
NTP 0.027 h='  0.010 -0.047 h™'
NDP 0294 h™'  0.140 -0.347 h™'
NDPX 0.0047h"  0.0001 —0.0094 h™"'
PDE 0.0197h™"  0.0132-0.0241 h™"
PME 0.0068 h~"  0.0037-0.010 h~'
pH 031 h™'" 0102 -049 h™!

termined with an accuracy of £ 30 % (exception
NDPX).

Within these experimental errors no indications
of multiphasic behavior were detectable in any of
the transplants. Therefore, the approximation that
the individual substances in significant quantities
of each resonance line do not have widely different
velocity constants, seem to be justified during the
observed period of cold ischemia. Whereas animal
studies can start almost directly after nephrectomy
this is impossible when human kidneys are exci-
sed for subsequent transplantation (explantation
is normally performed at a different hospital, thus
transportation is necessary). Our minimum delay
period between onset of cold ischemia and spec-
troscopy was therefore 2 h 41 min and no informa-
tion about significant deviations from the observed
kinetics at shorter storage times can be derived.
Biphasic behavior in nucleotide loss (Pomer and
Hull, 1993) and pH (Pomer and Hull, 1993; Sehr
et al., 1979) was found in rat studies, i. e. an in-
itial rapid kinetic phase, being observable during
the first two hours of ischemia, was followed by a
slower one. However, the rapid short-term decay
was missing in rat kidneys flushed with a preserva-
tion solution, probably due to a brief warm ische-
mia introduced by the flushing procedure (Pomer
and Hull, 1993). Therefore, multiphasic behavior
may further be levelled below detectability, since
all of our transplants were flushed with cold HTK
solution.

While fits of individual kidney data could be
performed with typical standard errors of about
30 %, between two- and fourfold increased inter-
individual variations of the kinetic parameters we-
re obtained when the results from the collection of
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all different transplants were compared (see Table
[). These individual results did not simply correlate
to the duration of ischemia preceding spectrosco-
py. Since all kidneys were obtained from different
brain-dead donors such variations in the kinetic
parameters may reflect differences of various fac-
tors influencing transplant quality like donor hy-
dration, circulatory condition, age, etc.

The NDPX decay was found to be extremely
slow even in the long-term study. Thus the velocity
constant kxppy 1s attached with a large uncertainty
and only its order of magnitude can be estimated.
Consistantly, NDPN remained stable over 18 h of
cold storage in the rat kidney, while NDP-Hex de-
creased to about 50 % of its initial level (Pomer
and Hull, 1993). Since both metabolites are pre-
sent in similar quantities and cannot be separated
at our field strength of 1.5 T biexponential beha-
vior may thus significantly contribute to the large
experimental error in this case.

Changes of the adenine nucleotides are of spe-
cial interest as the energy charge of the adenylate
system (half of the average number of anhydride-
bound phosphate groups per adenine moiety) is
an important regulatory parameter describing the
energy balance of the cell (Atkinson, 1968). Po-
mer and Hull (1993) reported time constants of 5 —
10 h for the nucleotides in rat kidneys with hypo-
thermic EuroCollins preservation. In contrast to
these results NTP loss is by about one order of
magnitude slower in human transplants (averaged
time constant: 53 h, inter-individual range 21 — 96
h). Similar qualitative findings have already been
discussed by Ross ef al. (1986). According to the-
se authors the rapid disappearence of NTP after
arresting blood supply in small animals with high
O, consumption and accelerated NTP metabolism
may be regarded as a reflection of the inverse rela-
tionship between oxygen consumption and body
size as pointed out by Krebs.

Based on previous animal studies (Gerlach et
al., 1963; Kallerhoff et al., 1988; Kunikata et al.,
1989; Southard et al., 1977) a sequence knrp >
knpp > kawvp should be expected concerning de-
pletion of the adenosine nucleotides. In accor-
dance with these biochemical measurements (per-
formed after freeze-clamping and acid extraction)
our NMR results indicate that NMP catabolism
(quantified by kpyg in Table I) proceeds signifi-
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cantly slower than NTP hydrolysis. This is also
consistent with NMR investigations of rat kidneys
(Pomer and Hull, 1993; Sehr ez al., 1979). In con-
trast, NDP decays one or two orders of magnitude
faster as compared to the turnover timescales of
all other phosphates. However, this result has to be
interpreted with caution. Stubbs et al. (1984) com-
pared NMR and chemical extract measurements
of adenine nucleotides in control and ischemic rat
kidneys and concluded that NDP formed during is-
chemia is largely invisible to NMR. This implies
that an additional exchange between the two NDP
fractions (unbound and bound to macromolecules)
has to be considered

NDPcytosoZic = NDPbound (26)
and the apparent velocity constant Aypp compri-
ses both cytosolic NDP hydrolysis, Eqn. (2), and
immobilization, Eqn. (26). NDP disappearence in
the NMR spectrum may therefore be expected to
be dominated by the NDP flux to the NMR invisi-
ble compartment. Due to the low concentrations of
NMR detectable NDP (below 5 % of total detecta-
ble phosphate) this "phosphate loss" produces no
change in total phosphate (determined from NMR
peak areas) within the experimental error.

Bretan et al. (1986a, 1986b, 1987, 1989) used
the PME/P; ratio as a viability parameter to predict
functional recovery after transplantation. Howe-
ver, Pomer and Hull (1993) pointed out that this
ratio has no direct biochemical significance in a
sense that NTP plus NDP would have. Our results
clearly show that their argumentation derived from
high-field rat studies can completely be transferred
to human transplants. Since kytp, being a measu-
re of NMP production exceeds kpyg, the relative
PME signal area slightly increases during regular
clinical storage periods (Figs 2 and 3). Therefore,
PME/P; does not simply decrease with prolonged
ischemia due to PME depletion but because P,
increases faster than changes in PME occur.

Changes in intracellular pH

An example of the time course of the change
in intracellular pH during hypothermic ischemia
is presented in Fig. 4. Qualitatively identical pat-
terns were obtained from all eight kidneys with
detectable PCr, independent of differences in the
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delay between nephrectomy and NMR measure-
ments, which varied between3h 18 minand 11 h 1
min in these cases. As before, all experimental da-
ta could be fitted accurately to a single exponential
decay according to

pH = ApH, exp(—Fkput) + pH_ 27)

with typical velocity constants kpy = 0.3 h~' (Ta-
ble I). Again, the range of inter-individual varia-
tions exceeded the estimated fitting uncertainties
of about £ 30 % by a factor of four. Previous
animal studies yielded rates of proton production,
expressed by kpy, being comparable to the rate
of P; production (Pomer and Hull, 1993; Sehr et
al., 1979). Accordingly, a linear correlation of P;
concentration and pH was obtained in the ische-
mic rat kidney. A similar linear relationship was
also observed for the human transplants investi-
gated here (R = 0.88; plot not shown). Since PCr
could be detected only in a limited number of ca-
ses we currently evaluate alternative strategies for
a pH estimation based on the chemical shifts of
the PME and PDE signals.

Conclusions

Previously, insight into metabolic turnover in
the hypothermic preserved kidney during ische-
mia was obtained from sophisticated animal stu-
dies but these data allow only limited quantitative

pH
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conclusions when tranferred to human transplants.
The present work shows that even at 1.5 T high-
quality spectra of cadaveric human kidneys can be
obtained by ex vivo *'P NMR allowing the investi-
gation of major phosphate metabolites. A precise
and quantitative monitoring of the underlying ki-
netics is therefore possible without prejudicing the
subsequent transplantation of the donor organs.
For example, from our results NTP can be expec-
ted to decrease by about 50 % in human kidneys
after 24 h of cold storage. However, further inve-
stigations during the first hours after nephrectomy
are necessary because animal studies showed that
the kinetic behavior may be different in the initial
phase of ischemia.

Besides the biochemical relevance of detailed
kinetic investigations simply obtainable parame-
ters suited for a prediction of post-operative func-
tional recovery are of interest in clinical practi-
ce. Based on the kinetic results metabolite ratios
involving either NTP (e. g. 3-NTP/P;) or NTP
plus NDP (e. g. v-NTP/P;) should be more sen-
sitive than Bretan’s viabilty parameter PME/P;.
In view of the high quality of the spectra pre-
sented in Fig. 1 reliable quantitation of the NTP
signals is no longer limited to high-field animal
studies but can also be obtained from human trans-
plants in a clinical setting. Use of HTK soluti-
on for preservation allows precise quantitation of
intrarenal P, since it does not contain additional
phosphate. However, additional investigations are
necessary to achieve statistical significance. Such
experiments comprising various correlations with

7.30

7.20

7.10

7.00

Fig. 4. Ischemic changes of intracellular
pH in a human kidney during the first 13
h of cold storage. *'P NMR measurements
started 4 h 41 min after onset of ischemia.

10

Time of cold ischemia [h]

The result of a fit to Eqn. (27) is shown as
a solid line.
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post-operative functional parameters are currently
being performed at our institution.

Knowledge of relevant velocity constants being
determined under regular hypothermic storage
conditions also provides a novel basis for a reliable
assessment of further investigations on the impro-
vement of preservation strategies. In addition to
phosphate levels, intracellular pH may now be in-
cluded in the analysis.
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