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Abstract: To meet the current clinical organ demand, efficient
preservationmethods and solutions are needed to increase the number of
viable kidneys for transplantation. In the present study, the influence
of perfusion solution buffering strength on renal pH dynamics and
regulation mechanisms during kidney ex vivo preservation was
determined. Porcine kidneys were hypothermically machine perfused for
72 h with either UnisolTM-UHK or Belzer-Machine Perfusion solution,
Belzer-MP solution. Renal perfusate samples were periodically collected
and biochemically analyzed. The UHK solution, a Hepes-based solution
(35mM), provided a more efficient control of renal pH that, in turn,
resulted in minor changes in the perfusate pH relative to baseline, in
response to tissue CO2 andHCO3

� production. In the perfusate of Belzer-
MP kidney group a wider range of pH values were recorded and a
pronounced pH reduction was seen in response to significant rises in
pCO2 and HCO3

� concentrations. The Belzer-MP solution, containing
phosphate (25mM) as its main buffer, and only 10mM Hepes, had a
greater buffering requirement to attenuate larger pH changes.
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There is a significant organ supply/demand imbal-
ance in current clinical renal transplantation (1).
Improved organ preservation techniques and solu-
tions, better renal viability assessment methods (2),
and reduced organ discard rates have the potential
to increase the number of kidneys for transplanta-
tion.
The success of transplantation, reflected by graft

immediate function at normal physiological param-
eters, without external support and medical com-
plications, depends on a wide variety of factors (3).
Among those, the quality and efficiencyof thehypo-
thermic preservation technique and solution play a
critical role in the transplantation outcome. Essen-
tial properties of the preservation solution include
minimization of the hypothermically induced cell
swelling and extracellular space edema, restriction
of ionic imbalance, prevention of intracellular aci-
dosis and injury from free radicals after reperfusion,

and provision of necessary substrate for the regen-
eration of high energy phosphates during reperfu-
sion (3). Currently, the University of Wisconsin
(UW) solution, considered the ‘gold standard’ so-
lution for static cold storage of abdominal organs
(4), is used extensively in clinical and experimental
settings. For hypothermic machine perfusion of
kidneys the Belzer’s modification of the UW solu-
tion, the Belzer-Machine Perfusion solution (Be-
lzer-MPS) (5–10) is the primary clinical perfusate.
Hypothermic pulsatile machine perfusion of kid-

neys has been clinically used for over 30 yr (7, 8, 10).
Machine perfusion is considered superior to static
cold storage because of lower incidence of delayed
graft function (7, 11–13), better preservation over
periods longer than24 h, the ability tomonitor renal
flow rate, pressure and internal resistance and assess
kidney viability, and the possibility of providing
metabolic support during perfusion (13, 14).
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It is well known that acid–base regulation is an
important determinant of cell survival after expo-
sure to ischemia (15–21). Low temperatures alter
pH control mechanisms and reduce tissue pH. Con-
sequently, pH regulation during hypothermic pres-
ervation of organs is crucial for their optimal
functioning. The chemical composition of a preser-
vation solution plays amajor role in controlling and
maintaining tissue pH-stasis at low temperatures.
The solutions used for hypothermic organ storage
and perfusion are multi-component solutions, and
as we have reported recently, their efficiency in pre-
venting acidosis, although influenced by the main
buffer, is the result of cumulative effects of their in-
dividual chemical components (22). The ability of
cold preservation solutions to control pH and com-
bat acidosis at low temperatures has been docu-
mented on a physico-chemical basis in the absence
of tissue/organs (22). We have shown that the pres-
ervation solution buffering capacity is strongly de-
pendent upon both the nature and concentration of
the main buffer (22). Moreover, solutions contain-
ing Hepes as the main pH buffer are characterized,
at low temperatures, by high buffering capacities
and efficiencies, and a rate of change of pH with
temperature that allows these solutions to constant-
ly maintain pH in the physiologically important
range (22).
From our study (22), UnisolTM intracellular type

solution (UHK (23), 35mMHepes) emerged as the
solution that, by design, has the highest physiolog-
ical buffering efficiency and potential in maintain-
ing and regulating pH within the range of 7.47 0.4
at 51C. To confirm UHK’s buffering properties in
the presence of tissue/organ, in the current study,
the influence ofUHKsolution buffering strength on
renal pHdynamics and regulationmechanisms dur-
ing kidney ex vivo hypothermic perfusion was de-
termined. The UHK solution is a proprietary
solution (23) and is relatively new to the field of re-
nal preservation (2). For comparison purposes and
results validation, Belzer-MP solution was also em-
ployed to machine perfuse kidneys, this solution
being currently clinically used for machine preser-
vation of human kidneys for transplantation.

Materials and methods

An experimental heart-beating porcine kidney do-
normodelwas employed.Animal care andhandling
compliedwith the ‘Principles of LaboratoryAnimal
Care’ as formulated by the National Society for
Medical Research and the ‘Guide for the Care and
Use of Laboratory Animals’ published by the Na-
tional Research Council (National Academy Press,
1996). Fourteen kidneys obtained from adult male

pigs (25–30 kg, Hambone Farms, SC, USA) were
used. Following aseptic excision, renal artery was
cannulated and the organs were cold flushed at low
pressure, for 30min, with the perfusion solution,
until the venous effluent was clear and transported
on ice, in the flushing solution to the perfusion site.
Cold ischemic time (CIT) was limited to 1 h while
warm ischemia was kept below 3min. Subsequent-
ly, kidneys were hypothermically perfused through
the renal artery at 5–81C and 30–50mmHg arterial
pressure for 72 h using the continuous pulsatile per-
fusion prototype of the LifePortTM kidney preser-
vation system [Organ Recovery Systems (ORS),
Des Plaines, IL, USA]. The preservation system al-
lowed for a closed loop perfusion. The perfusate
entered the kidney through the renal artery, and
emerged through the renal vein into the organ bath
where the kidney was immersed in the perfusion so-
lution. Fresh perfusate was replaced every 24 h
without interrupting the perfusion. Medical grade
100%O2 was passed through an oxygenator direct-
ly into the organ cassette, to regulate the oxygen
partial pressure of renal perfusate between 200 and
300mmHg (at 371C). Sterile, disposable filters were
used (0.2 mm, Fisher Scientific, Norcross, GA,
USA) for the first 6 h of perfusion to remove the
remnant blood cells from the flow system.
Two preservation solutions were employed for

the flushing and perfusion of kidneys, UnisolTM-
UHK (23) (ORS) and Belzer-MPS (manufactured
and commercialized by ORS as KPS-1, the Kidney
Perfusion solution-1). The UHK, a UnisolTM-
intracellular base solution (21, 23–26), is a hyper-
tonic solutionwith high concentration of potassium
and reduced sodium content (Table 1), for appli-
cation at profound hypothermic temperatures
(o151C).
Immediately prior to use the UHK solution was

supplemented with 3mM of reduced form glutathi-
one (Sigma-Aldrich, St. Louis, MO, USA), as re-
quired by its chemical formulation (23). Also,
62.5mg/L Primaxin I.V. (Merck & Co., Inc., West
Point, PA, USA) was added to both preservation
solutions to minimize the risk of contamination.
No other pharmacological agents (i.e. vasodilator,
muscle relaxant and osmotic diuretic) were used
during organ perfusion.
The kidneys were divided into two experimental

groups, based on the preservation solution em-
ployed: (i) UHK group (n5 7) included kidneys
flushed and perfused with the UHK solution
(CIT5 55.577 4.2min) and (ii) KPS-1 group
(n5 7) included kidneys flushed and perfused with
Belzer MPS (CIT5 60.717 2.57min). Kidney
weight was documented before and after perfusion.
Renal arterial pressure, flow rate, internal vascular
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resistance, and kidney bath temperature were con-
stantly monitored and recorded by the LifePortTM

perfusion machine data acquisition system. Renal
perfusate samples were periodically collected and
biochemically analyzed (BioProfile200; Nova Bio-
medical,Waltham,MA,USA).A reference baseline
sample was collected from each organ bath prior to
placing the kidney into the organ cassette.

Results and data analysis

The current study aimed to validate UHK solution
in vitro buffering properties (22) while used for kid-
neys ex vivo hypothermic machine perfusion. Thus,
the study was focused on renal pH dynamics and
control, and the time variation of biochemical pa-
rameters directly related to pH regulation are re-
ported.
Renal venous effluent/perfusate pH, pCO2, pO2

and HCO3
� concentration were periodically meas-

ured and recorded as temperature corrected values
(at 371C). Data normalization was applied as ap-
propriate. The coefficients of variation (CV) of pH,
pCO2 and HCO3

� were calculated using the follow-
ing relationships:

CVpH ¼
ðpHbase � pHÞ

pHbase

ð%Þ;

CVpCO2
¼ absðpCO2base � pCO2Þ

pCO2base

ð%Þ and

CVHCO3
¼ absðHCO�3base �HCO�3 Þ

HCO�3base
ð%Þ;

respectively (subscript ‘base’ refers to baseline). The
coefficient of variation represents the percentage
change of a chemical concentration in the renal per-
fusate relative to its baseline value. The absolute
value (abs) was considered for CVpCO2

and CVHCO3

for a better illustration of their variation with per-
fusion time, since during perfusion the perfusate
pCO2 and HCO3

� content increased above baseline
value (Fig. 1).
After 8 h of perfusion kidneys perfused with

UHK experienced a significant (po0.05) reduction
in the perfusate pH relative to baseline value
(Fig. 1). At 24 h, just before the first perfusate re-
newal, the pH value relative to baseline was
7.277 0.02 vs. 7.347 0.01 (po0.01). Following
perfusate replacement, at and after 32 h, the pH of
the renal venous effluent increased to a value com-
parable with baseline (p40.05) and continued to
fluctuate around that value for the rest of perfusion,
without being significantly affected by the second
perfusate renewal at 48 h of perfusion. After 4 h of
perfusion the pH of the KPS-1 group perfusate
dropped considerably (po0.01) relative to baseline
(Fig. 1). In this group the increase in acidity contin-
ued up to 24 h when perfusate pH reached a mini-
mum. Perfusate renewal at 24 and 48 h resulted in a
temporary yet substantial increase in the effluent
pH (i.e. from 7.227 0.01 at 24 h to 7.307 0.01 at
32 h, po0.001) but did not correct the pH, the value
remaining markedly below baseline (po0.0001).
After 72 h of perfusion the pH of the KPS-1 group
perfusate was significantly lower when compared
with baseline (7.257 0.02 vs. 7.407 0.01, po
0.0001) and significantly lower than the corre-
spondingmean pHvalue ofUHKperfused kidneys.
In theUHKgroup, increases in perfusate content

of pCO2 and HCO3
� relative to baseline were re-

corded near, yet just prior to the perfusate renewal
time point, i.e. at 18, 24, 40 and 48 h for pCO2 (po
0.05 vs. baseline) and at 40, 48 and 56 h for HCO3

�

(po0.05 vs. baseline), as shown in Fig. 1. For the

Table 1. Solutions chemical composition, buffering capacity and

efficiency

Chemical components (mM) Belzer-MPS (KPS-1) UHK

Ionic

Na1 100.0 62.5

K1 25.0 70.0

Ca11 0.5 0.05

Mg11 5.0 15.0

Cl� 1.0 30.1

pH buffers

H2PO4
� 25.0 2.5

HCO3
� – 5.0

Hepes 10.0 35.0

Impermeants

Lactobionate� – 30.0

Sucrose – 15.0

Mannitol 30.0 25.0

Glucose 10.0 5.0

Gluconate 85.0 70.0

Ribose 0.5 –

Colloids

HES 5% –

Dextran 40 – 6%

Physico-chemical properties (51C) [22]

Dissociation constant, pKa0 6.99 7 0.01 7.66 7 0.01

Temperature coefficient,

DpKa0 per1C [pH units/1C]

�0.0046 �0.0126

Buffer capacity, bconv (Slykes) 12.7 14.0

Physiological buffer capacity,

bphys (Slykes)

13.4 15.5

Maximum buffer capacity,

bmax (Slykes)

14.9 16.5

Buffering efficiency,

Zconv 5 bconv/bmax

0.853 0.846

Physiological buffering efficiency,

Zphys 5 bphys/bmax

0.897 0.937

KPS-1, the Kidney Perfusion solution-1; UHK, UnisolTM-intracellular base

solution.
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rest of perfusion time these two parameters were
maintained in the vicinity of their baseline value in
the UHK buffer solution. The pCO2 and HCO3

�

dynamics in the venous effluent of the KPS-1 group
was influenced by and correlatedwell with perfusate
renewal (Fig. 1). After 4 h of perfusion pCO2 and
HCO3

� content in the renal perfusate was signifi-
cantly higher relative to baseline (po0.01), and
continued to increase until it reached a maximum

value at 24 h. Rates of hourly increase of 9.52%
(0.250mmHg/h) and 4.58% (0.077mM/h) were re-
corded for pCO2 and HCO3

�, respectively, in the
KPS-1 perfusate. The perfusate renewal (at 24 and
48 h) triggered an immediate, yet temporary, reduc-
tion (at 32 and 56 h, respectively) in the pCO2 and
HCO3

� concentration of renal effluent. However,
the value remained significantly higher than base-
line (po0.01). Following this brief decline, renal
effluent pCO2 and HCO3

� resumed a continuous in-
crease up to the next perfusate renewal.
The pH coefficient of variation, CVpH (%), is

presented as a function of perfusion time in Fig. 2.
Statistically, after 6 h of perfusion the pH deviation
from its baseline value was significantly higher in
the KPS-1 group when compared with UHK group
(po0.001), an increase in the CVpH denoting a re-
duction in pH. Kidneys perfused with UHK were
characterized by fairly small pH coefficients of var-
iation. The change of pH relative to baseline cov-
ered a narrower range, 0.367 0.13–1.247 0.26%,
when compared with the KPS-1 group kidneys,
0.337 0.02–2.107 0.29%. After 4 h of perfusion
the coefficients of variation of pCO2 and HCO3

�

(Fig. 2) for the KPS-1 perfused kidneys were con-
siderably higher (po0.001) when compared with
the UHK group. The change in pCO2 content, rel-
ative to baseline, resided in the range of
4.737 1.73–232.607 69.37% for KPS-1 group
and 12.067 5.12–57.097 16.47% for UHK per-
fused kidneys. The CVHCO3

fluctuated between
8.077 4.01–30.727 7.74% and 6.907 2.36–
112.717 27.32% in the UHK and KPS-1 group,
respectively.
As shown in Fig. 3, the changes in renal perfusate

pCO2andHCO3
� correlatedwellwith pHdynamics,

a linear proportionality betweenHCO3
�/pCO2 ratio

and pH being maintained throughout perfusion for
both UHK and KPS-1 kidney groups,

pH ¼ 6:94þ 0:74�HCO�3 =pCO2 ðR ¼ 0:93Þ and
pH ¼ 6:92þ 0:77�HCO�3 =pCO2 ðR ¼ 0:99Þ;

respectively. Applying the Henderson–Hasselbach
equation (27, 28),

pH ¼ pKa0 þ log
HCO�3
CO2

� �
;

with pKa0 measured at 51C (Table 1), and using the
two empirically derived aforementioned relation-
ships, CO2 concentration in the perfusate was cal-
culated as a function of perfusion time (Fig. 4).
To validate the study from the point of view of

kidney in vitro performance, it has to be mentioned
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that the renal artery flow rate acceptance limit for
clinical transplantation of pumped kidneys
[0.45mL/min/g (7, 29, 30)] was met by all perfused
kidneys (data not shown). The average (over 72 h)
internal vascular resistance had relatively high val-
ues, of 0.647 0.02 and 0.737 0.01 for the UHK
and KPS-1 perfused kidneys, respectively. The

average arterial pressure (over 72 h) measured in
the UHK and KPS-1 group was 38.317 0.25 and
36.137 0.12mmHg, respectively. After 72 h of per-
fusion, renal edema was statistically significantly
(po0.01) elevated in the UHK group when com-
pared with KPS-1 perfused kidneys. The histo-
pathological analysis (in compliance with the
International Banff Classification of Transplant
Pathology (31, 32) revealed similar, yet minor, mor-
phological changes in all perfused kidneys (not
shown). Less than 5% tubular necrosis, o20%
tubular atrophy, no visible glomerular sclerosis,
interstitial fibrosis and arterial and arteriolar
narrowing were observed after 72 h of perfusion.

Discussion

In the current study, heart-beating donor kidneys
were hypothermicaly machine-perfused for 72 h.
Two solutions, UnisolTM-UHK and Belzer-MPS
(KPS-1 group) were employed to determine the in-
fluence of perfusion solution buffer composition on
renal pH regulating mechanisms. The UHK solu-
tion, based on a previous experimental study (22),
emerged as the solutionwith the highest potential in
controlling andmaintaining pH in the physiological
range at low temperatures. Belzer-MP is the solu-
tion currently employed by the most perfusion cen-
ters for machine preservation of human kidneys for
transplantation.
Systemic acid–base homeostasis is maintained ei-

ther chemically, by the intracellular and extracellu-
lar buffers, or metabolically, through physiological
processes [i.e. CO2 excretion by the lungs and fixed
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acids (lactic acid, ketones) removal by the kidneys].
Under physiological conditions, pH is controlled
through the alteration of levels of chemical compo-
nents that determine H1 production/consumption
such as pCO2 and HCO3

� (27, 28, 33). The CO2 par-
tial pressure is regulated by the lungs, tissue CO2

production being directly correlated with pCO2 and
its excretion rate by the lungs. Kidneys control both
bicarbonate recovery and proton excretion (27, 33).
The bicarbonate buffer accounts for 36% and 86%
of the total buffer content of the intracellular and
extracellular fluids, respectively.
A description of renal physiology is beyond the

purpose of this paper, however the salient events of
renal mechanisms of acid–base regulation will be
outlined relative to the interpretation of present
study results. Briefly, the sodium proton antiporter
located on the proximal tubule allows sodium to
move into the cells and further into the interstitial

fluid, in exchange for protons to be sent into the tu-
bule lumen. The protons combine with filtered bi-
carbonate ions and form carbonic acid. In the distal
convoluted tubule, with the help of the luminal car-
bonic acid anhydrase, carbonic acid dissociates into
H2O and CO2, and the latter enters the cells. Inside
the cells H2O and CO2 are converted back, by a
second anhydrase, to carbonic acid that in turn dis-
sociates to H1 and bicarbonate, the protons being
generated by a sodium-independent electrogenic
ATP-ase. The bicarbonate is reabsorbed if filtered
HCO3

� ions combine with protons. If the protons
and non-carbonic ions (phosphate and ammonia)
combine, acids are excreted in the urine and new
HCO3

� is generated.
The use of hypothermia for isolated organ pres-

ervation, during transportation, static storage or
continuous perfusion, has been proven an effective
method for the protection of cells and tissues
(14–17, 21). Low temperatures diminish the rate of
biophysical processes (19) and the rate of chemical
reactions, including metabolic activities. During
hypothermic kidney preservation oxygen tension
controls the balance between glycolysis and fatty
acids oxidation (34), while glycolysis is the principal
source of energy. Nevertheless, the effect of cooling
on renal metabolism is complex and it cannot be
reduced to a simple slowing-down of biochemical
activities.
Attempts have been made to identify the appro-

priate pH value for ex vivo hypothermic preserva-
tion of kidneys and to correlate the perfusate levels
of pH measured during machine perfusion with is-
chemic renal injury and post-preservation function
of kidneys (35–37). However, to date a definitive
answer has not emerged. Lindel et al. (37) have
shown that the pH of preservation solution plays a
critical role in kidney functional recovery post-pres-
ervation. Thus, canine kidneys stored for 2 d at 51C
in UW solution with pH of 7.4 and 7.8 had 2.9mg/
dL serum creatinine on day two and normal creati-
nine levels on day 10 post-transplantation. In turn,
kidneys stored in UW solution at pH 6.4 and 6.8
were not viable, either the recipients needed to be
sacrificed 6 d post-transplantation or delayed graft
function was observed. Canine kidneys hypother-
mically perfused for 3 d with Belzer-MP solution at
pH 7.8 and 7.4 had excellent transplant results and
minimal renal injury (37). Kidneys perfused with a
solution of pH 6.4 led to the sacrifice of recipients
5 d post-transplantation, while perfusion with UW
solution at pH 6.8 resulted in high serum creatinine
levels and slow return to normal function of
kidneys.
Numerous applications have addressed the im-

plications of pH regulation in clinical hypothermia
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(18, 21, 36, 38) and two principal pH management
strategies have emerged (18,24). However, the
consideration of these strategies in relation to the
optimum preservation (21) of isolated organs has
not been studied extensively. These two main pH
regulatory strategies have been termed: a-stat and
pH-stat regulation. The first one, named in recog-
nition of the fact that intracellular pH buffering in
all vertebrates is dominated by the degree of ioni-
zation (a) of the imidazole moieties (38), is charac-
terized in ectotherms and warm blooded animals
cooled in a closed systemwithout gas exchange by a
rise in pHwith temperature at a rate of�0.0157 pH
units per 1C (Rosenthal slope). This pH increase
with temperature reduction parallels the neutral
point of water during cooling from 40 to 01C. By
contrast, the pH-stat regulation process is encoun-
tered in hibernating animals where an arterial pHof
7.4 ismaintained regardless of systemic temperature
andwheremetabolism continues even at a 51Cbody
temperature. Alpha-stat pH regulation helps to
maintain a beneficial constant degree of alkalinity
between the extracellular and intracellular com-
partments during cooling (36, 39).
We have recently reported that, in the absence of

tissue/organs, a strong correlation exists between
the solution pH regulating mechanisms and the so-
lution chemical formulation, principally by the na-
ture and concentration of its buffer components
(22). The UW solution, the ‘gold standard’ for
hypothermic preservation of abdominal organs,
contains 25mM of phosphate as its only effective
buffer (22). Accordingly, at 51C, the solution has a
dissociation constant of 6.71 and a corresponding
buffering capacity of about 10 Slykes (22). These
relatively low values were corrected in the Belzer’s
modification of UW solution for machine perfu-
sion, by the addition of 10mMofHepes.As a result,
at 51C, Belzer-MP solution is characterized [Table
1, (22)] by a dissociation constant of 6.99 (lower
than the extracellular space fluid pH 7.4) and 12.7
Slykes buffer capacity and 13.4 Slykes physiological
buffer capacity (the acid–base volume increment
needed to change the pH within7 0.4 units in the
region of pH 7.4). Moreover, in comparison with
the UW solution, Belzer-MPS has an increased
Na1 concentration (from 30 to 100mM) and a re-
duced K1 content (from 125 to 25mM), and it has
the lactobionate and raffinose replaced by 30mMof
mannitol and 85mM of gluconate (Table 1), as
principal impermeants (22). Based solely on the
ionic content, Belzer-MPS is classified as an extra-
cellular-type isotonic solution that mimics the nor-
mal extracellular environment of cells.
The UHK solution contains 35mM of Hepes as

themain buffer, at 51C it has a dissociation constant

of 7.66 and conventional and physiological buffer
capacities of 14 and 15.5 Slykes, respectively (Table
1). Thus, by design, the UHK solution dissociation
constant comes closer to the physiological value of
pH 7.4 that corresponds to the extracellular fluid
pH. In the absence of organs (22), it has been proven
that solutions containing the ampholyte buffer He-
pes have excellent buffering capabilities at 51C, in
the pH range of 7.0–7.8, that is regarded as the re-
gion of maximum importance for the control of pH
for biological homeostasis. Accordingly, both
UHK and Belzer-MP solutions are characterized
by high buffer efficiencies of 0.937 and 0.897, re-
spectively, in comparison to phosphate (EuroColl-
ins, 0.641, and UW, 0.884) or histidine (Custodiol,
0.373, and Celsior, 0.397) buffer containing solu-
tions (22).
The temperature coefficients (Table 1) were cal-

culated considering a linear relationship of pKa0

with temperature between 20 and 51C,DpKa0= �C ¼
ðpKa020 � pKa05Þ=ð20� 5Þ (22). The UHK temper-
ature coefficient (�0.0126) is closely aligned with
the Rosenthal slope of pH �0.015 units per 1C,
considered optimal for a-stat pH regulation, while
Belzer-MP temperature coefficient is very low.
These values, which are directly related to the solu-
tions buffer content, emphasize that Belzer-MP so-
lution composition, with phosphate as its main
buffer, is sub-optimal for regulating pH within
physiological limits. On the contrary, the UHK so-
lution, with 35mM Hepes as its main buffer offers
good buffering. Hepes, a zwitterionic sulfonic acid
buffer, has by itself a temperature coefficient of
�0.0106 pH units per 1C (22).

Considering the aforementioned solution’s
physico-chemical features (buffering efficiency,
temperature coefficient) (22), kidneys perfused
with UHK would be expected to experience a
more efficient control of their pH variation during
hypothermic perfusion that in turn, would result in
minor changes of the perfusate pH relative to the
baseline pH. Indeed, this study confirms that the pH
of renal perfusate of UHK perfused kidneys was
kept in a tight range for the entire duration of per-
fusion (Fig. 2). On the contrary, in the KPS-1 kid-
ney group, pH had an immediate drastic departure
from baseline that could not be rectified by perfu-
sate replacement (fresh solution with unexploited
buffering potency) and solution buffers, indicating
that Belzer-MP solution buffering strength and ef-
ficiency were not sufficient to adequately regulate
H1 protons production/release in response to low
temperature kidney metabolism. In the KPS-1
group a wider range of pH values was recorded in
the renal effluent, and a pronounced pH reduction
was seen in response to the significant rises inHCO3

�
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and pCO2 concentrations in the renal perfusate
(Figs 1 and 2). In both experimental groups the lev-
els of perfusate oxygenation maintained through-
out perfusion by a constant infusion of 100% O2

(pO2 of 200–300mmHg) helped to keep pH fluctu-
ationswithin tolerable limits andavoid acidosis (pH
o7.0). If pO2 would not have been so closely reg-
ulated, or no oxygenation at all would have been
used, lower pH and higher pCO2 values would have
been reached, especially in theBelzer-MPS perfused
kidneys. Nonetheless, the same strong correlation
between proton release and pCO2 and HCO3

� in-
creases in the perfusate would have been recorded,
but at different levels.
The concentration of CO2 in the perfusate was a

direct indication of renal CO2 production. At low
temperatures, ex vivo, CO2 accumulates in the tis-
sue, its rate of production being influenced by the
preservation method, temperature and solution
chemical composition and by the functional status
of the kidney at its procurement time. The two ex-
perimental groups differed only in perfusion solu-
tion chemistry. Therefore, chemical formulation of
the perfusion solution was the main controller of
renal CO2 and CVCO2

dynamics (Fig. 4). A 200%
increase in the perfusate CO2 production relative to
baseline was encountered during kidneys perfusion
with Belzer-MPS. Metabolically, the experimental
ex vivo hypothermic conditions stimulated glycol-
ysis, which in turn led to proton generation and a
decrease in tissue pH.As acidosiswas not reached, it
is possible that the increase in CO2 production in
response to pH reduction was caused by sub-
optimal metabolic support.
The difference in perfusion solution chemical for-

mulations triggered various metabolic responses
between the UHK and KPS-1 kidney groups (not
shown). For example, stronger glucose, glutamine,
glutamate, and ammonium concentration dynam-
ics were recorded in the perfusate of UHK group
relative to the corresponding baseline values and in
comparison with the KPS-1 perfused kidneys.
Higher fluid accumulation was documented for
the UHK perfused kidneys while similar arterial
flow rate and vascular resistance were recorded for
all kidneys. The morphological changes induced by
perfusion and/or cold ischemia were comparable
between the two experimental kidney groups, yet
minor. The validation of all these findings through
the use of an animal kidney transplantation model
and correlation of renal solution chemical compo-
sition with kidney ex vivo function and in vivo per-
formance are the subject of further planned studies.
To conclude, the present study confirmed for kid-

ney machine hypothermic perfusion the previously
published (22) preservation solution physico-

chemical properties of pH regulation at low tem-
perature. It was demonstrated that solutions con-
taining Hepes as their main pH buffer do maintain
tissue pH in the physiological range when employed
for organ hypothermic preservation. Thus, solu-
tions characterized by high buffering strength and
efficiency proved to have the ability, under given
preservation conditions, to exert a better regulatory
control over the renal pH and to minimize acid–
base shifts without eliminating changes in pH in-
duced by kidneys metabolic activity. The Belzer-
MP solution, containing 25mM phosphate as its
main buffer, and 10mMHepes, had a greater buff-
ering requirement to attenuate larger pH changes.
By contrast,UHK, aHepes-based solution, 35mM,
with additional 5mM of bicarbonate buffer, pro-
vided a tighter pH control, allowing significantly
smaller pH changes to be induced in response to
tissue CO2 and HCO3

� production.
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