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Abstract: Minimizing donor organ injury during cold preservation (including cold perfusion and storage) is the first
step to prevent transplant failure. We recently reported the advantages of hyperbranched polyglycerol (HPG) as a
novel substitute for hydroxyethyl starch in UW solution for both cold heart preservation and cold kidney perfusion.
This study evaluated the functional recovery of the kidney at reperfusion after cold preservation with HPG solution.
The impact of HPG solution compared to conventional UW and HTK solutions on tissue weight and cell survival at
4°C was examined using rat kidney tissues and cultured human umbilical vein endothelial cells (HUVECs), respec-
tively. The kidney protection by HPG solution was tested in a rat model of cold kidney ischemia-reperfusion injury,
and was evaluated by histology and kidney function. Here, we showed that preservation with HPG solution prevented
cell death in cultured HUVECs and edema formation in kidney tissues at 4 °C similar to UW solution, whereas HTK
solution was less effective. In rat model of cold ischemia-reperfusion injury, the kidneys perfused and subsequently
stored 1-hour with cold HPG solution showed less leukocyte infiltration, less tubular damage and better kidney
function (lower levels of serum creatinine and blood urea nitrogen) at 48 h of reperfusion than those treated with
UW or HTK solution. In conclusion, our data show the superiority of HPG solution to UW or HTK solution in the cold
perfusion and storage of rat kidneys, suggesting that the HPG solution may be a promising candidate for improved
donor kidney preservation prior to transplantation.
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Introduction susceptible to the negative impact of long cold
ischemic time (CIT), which leads to an increase
in the occurrence of delayed graft function

(DGF) [3-5], and represents one of the common

The 2014 e-Statistics report of the Canadian
Institute for Health Information shows that

there were 1350 patients receiving kidney
transplants, while 3329 on the waiting list and
244 who withdrew from the waiting list or died
while waiting for kidney transplantation, sug-
gesting only 27% of kidney transplant rate.
Similar scenario are seen in other places includ-
ing the United States (https://optn.transplant.
hrsa.gov). Therefore, there is an unmet need to
expand the donor pool, such as by increasing
the use of marginal donor organs or extended
criteria donors (ECD) [1, 2]. However, it has
been documented that the marginal donor kid-
neys, especially from older donors, are more

reasons quoted for discard or non-recovery [6,
7]. In this regard, efforts to minimize the donor
kidney injury during cold preservation and con-
sequently to reduce DGF could significantly
increase the use of these marginal donors and
probably graft survival after transplantation as
well.

The simple organ preservation protocol prior to
transplantation involves cold storage that com-
prises flushing the organ with a cold organ pres-
ervation solution and storing at 0-4°C. Different
types of organ preservation solutions, such as
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University of Wisconsin (UW) and Histidine
Tryptophan Ketoglutarate (HTK) solutions, are
currently available for cold preservation of
donor organs around the world [8, 9]. Although
these solutions substantially differ in their com-
position, their actions are similar - preventing
cellular and interstitial edema and cell death
and maximizing organ functional recovery after
transplantation [8, 9]. However, these solutions
are often ineffective for the preservation of the
marginal donors, indicated by the fact that
there is a high percentage (11.25%-56.1%) of
DGF in renal allografts from ECD that are
flushed and stored with either UW or HTK solu-
tion [10-12]. Therefore, an optimal organ pres-
ervation solution that can maximally prevent
organ damage during cold preservation is
needed particularly for those ECD.

Hyperbranched polyglycerol (HPG) is a water-
soluble branched, compact polymer that has
been investigated for many medical applica-
tions, including as an albumin substitute [13] or
as a primary osmotic agent in peritoneal dialy-
sis solution [14, 15]. Previous studies have
demonstrated that this compact polymer has
colloidal dimensions as per the standard defini-
tion of colloids [15], and has similar intrinsic
viscosity to proteins that is approximately 10-
fold lower than that of linear polymers, such as
polyethylene glycol (PEG), hydroxyethyl starch
(HES) and dextran [13, 16-19]. Unlike linear
HES and PEG that can induce significant red
blood cell (RBC) aggregation [20, 21], whereas
HPG neither aggregate the cells nor precipitate
proteins [19, 22, 23]. All these studies suggest
that HPG may be an ideal candidate for the col-
loid, an important component in organ preser-
vation solutions [24, 25]. Indeed, our previous
studies have demonstrated that replacing HES
in UW solution with HPG (1 kDa, 3%) reduces
the relative viscosity to 1.378 at 4°C, more
than 2.5-fold lower than that of original UW
solution (3.514) [26], and prevents the organ
(both hearts and kidneys) damage during cold
perfusion and storage and RBC aggregation
[26, 27]. The objective of the present study was
to examine the impact of HPG-based solution
as compared to both UW and HTK solutions on
kidney injury at reperfusion after cold perfusion
and storage in a rat model.

Materials and methods
Reagents, cells and animals

UW solution (SPS-1®) was purchased from
Organ Recovery Systems (ltasca, IL, USA), and
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HTK solution (Custodiol®) from Essential Ph-
arma (Ewing, NJ, USA). Primary human umbili-
cal vein endothelial cells (HUVECs, Lonza,
Walkersville, MD, USA) were immortalized with
origin-deficient SVA40 DNA, and were main-
tained and grown in Medium 199 as described
previously [28].

Fischer 744 (F744) male rats (~300 g body-
weight, 12-14 weeks old) were purchased from
the Charles River Laboratories International,
Inc. (Wilmington, MA, USA), and maintained in
the animal facility of the Jack Bell Research
Centre. All the animal experiments were per-
formed in accordance with the Canadian
Council on Animal Care guidelines under proto-
cols approved by the Animal Use Subcommittee
at the University of British Columbia.

Preparation of HPG preservation solution

HPG (1 kDa) was synthesized by anionic ring
opening multi-branching polymerization as
described previously [14, 15]. HPG-based pres-
ervation solution (approximately 305 mOsmol/
kg, pH 7.4) was prepared by dissolving HPG
(3%, w/v) in a solution containing salts and
compounds in the same composition as in UW
organ preservation solution without 30 mM raf-
finose and 5% HES [26].

Trypan blue exclusion assay

Trypan blue exclusion assay was used to deter-
mine cell viability or intact cell membrane after
cold preservation. In brief, a confluent mono-
layer of HUVECs (0.2 x 10° cells/well) in 24-well
was grown overnight, followed by incubation
with HPG, UW or HTK solution at 4°C for 5 h.
Cells were detached using Trypsin-EDTA solu-
tion (Sigma-Aldrich Canada) and stained with
Trypan blue solution (Invitrogen-Gibco). The
percentage of viable/surviving cells (trypan
blue negative) in total cell count was counted
using a TC10™ automated cell counter (Bio-
Rad Laboratories Canada, Mississauga, ON,
Canada).

Methylthiazoltetrazolium (MTT) assay

MTT assay was used to determine the cellular
metabolic activity or mitochondrial NAD(P)
H-dependent oxidoreductase activity after
cold preservation of cultured cells. Briefly,
HUVECs (3 x 103 cells/well) were grown in
96-well plates overnight, followed by incubated
with HPG, UW or HTK solution at 4°C for 5 h.
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Figure 1. A rat model of renal cold ischemia-reperfusion injury (a simple diagram). Naive adult Fischer 744 (F744)
rats (male) were used in this model. A. Right kidney (RK) was removed. B. Left kidney (LK) was perfused with an
ice-cold organ preservation solution (HPG, UW or HTK) that was kept on ice before adding to the syringe. C. The
perfused LK was kept under the ice for 1 h. D. The LK was reperfused with the blood after cold perfusion and stor-
age with an organ preservation solution. LK: left kidney, RK: right kidney, A: aorta, V: inferior vena cava, S: Syringe,

F: forceps.

After replacing the cold preservation solution
with warm culture medium and then incubation
at 37°C for 1 h, 10 yL of stock MTT solution
(0.5 mg/mL) was added to each well and sub-
sequently incubated at 37°C for another 4 h.
The resulting formazan crystals produced by
NAD(P)H-dependent oxidoreductase were dis-
solved in 100 yL DMSO (Sigma-Aldrich Canada),
and the optical density (OD) at 562 nm as an
index of cell metabolic activity was measured
using an ELx808 Ultra Microplate Reader
(BioTek, Winooski, VT, USA). The metabolic
activity in each cold solution-treated sample
was calculated based on the untreated cells in
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culture medium (Control): % = treated/untreat-
ed control x 100%.

Tissue weight determination

The change in total tissue weight (TTW) during
cold preservation was used to assess the
effect of HPG solution on tissue edema. In
brief, a coronal tissue slice of a rat kidney was
kept in 2 mL of an organ preservation solution
(Saline, HPG, UW or HTK) at 4°C. After5or24 h
of cold preservation, the weight change (%) was
determined as follows: % = (W-W,)/W, x 100%,
where W, was the tissue weight prior to cold
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preservation, and W, the weight after the time
period of cold preservation indicated.

Rat model of renal cold ischemia-reperfusion

The preferred method of organ preservation for
transplantation is simple cold storage (CS),
which involves flushing the organ with a preser-
vation solution and storing at 0-4°C. We estab-
lished a rat model of kidney cold ischemia-
reperfusion for testing the effect of a cold pres-
ervation solution on kidney injury at reperfu-
sion after cold perfusion and storage (cold
ischemia) (Figure 1). Briefly, a male F744 rat
was anesthetized by an intraperitoneal injec-
tion of a mixture of ketamine any xylazine, and
its anesthesia was maintained by using isoflu-
rane when needed. After the abdominal cavity
was exposed via a ventral midline incision, the
right kidney was removed after ligation. The
aorta was ligated with 11-0 nylon ties (Shanghai
Pudong lJinhuan Medical Products Co. Ltd,
Shanghai, China) at both the distal and the
proximal sites. Renal vein was clamped and
subsequently a tiny hole was made at the proxi-
mal site near the kidney to allow perfusate to
flow freely out of the kidney. At the proximal
aorta a needle (22 G) was inserted and was
linked to a syringe that contained 4 mL of ice-
cold perfusion solution (HPG, UW or HTK solu-
tion), and cold kidney perfusion was completed
within a period of 3 min. The perfused kidney
was then kept under ice-cold temperature for 1
h, followed by blood reperfusion.

Blood chemistry

The function of the remaining left kidneys at 48
h of reperfusion after cold ischemia (3 min of
cold perfusion plus 1 h of cold storage) was
determined by using serum levels of both cre-
atinine (SCr) or blood urea nitrogen (BUN). The
levels of both SCr and BUN in the serum
samples were measured in the Chemistry
Laboratory at the Vancouver Coastal Health
Regional Laboratory Medicine (Vancouver, BC,
Canada) by using the Dimension Vista® System
with CRE2 and BUN Flex® reagent cartridges
(Siemens Healthcare Diagnostics Inc., Newark,
DE, USA), respectively.

Histological analyses of tissue injury

After perfusion with saline, a coronal tissue
slice was made through the mid-portion of each
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kidney, followed by fixation in 10% neutral buff-
ered formalin and subsequently embedment in
paraffin wax. Sections were cut at 4-um thick-
ness and stained with hematoxylin and eosin
(HE) for the examination of cellular infiltration
or periodic acid-Schiff (PAS) for tubular injury.
The sections were scanned with Leica SCN400
Slide scanner (Leica Microsystems Inc., Con-
cord, ON, Canada).

The extent of mononuclear cell infiltration in
renal cortex of a kidney was assessed in
HE-stained sections using a O to 4 scale in a
blinded fashion, depending on the percentage
of cellular infiltrates-occupied area in each
microscopic view: O (normal or no sign of infil-
tration), 1 (1-10% of the area affected with cel-
lular infiltration), 2 (11-25%), 3 (26-50%), and 4
(>50%). The average of at least 20 randomly
selected views represented the infiltration in
each kidney.

The number of injured tubules, including cellu-
lar loss (atrophy), intratubular cast formation,
tubular cell flattening or vacuolation, was
counted in each microscopic view under 400x
maghnification (high-powered field - hpf) of renal
cortex in PAS-stained sectionin a blinded fash-
ion, and the average number of at least 20 ran-
domly selected views represented the injured
tubules in each kidney.

Statistical analysis

Student’s t-test with two-tailed distribution or
analysis of variance (ANOVA) was performed
with GraphPad Prism software (GraphPad, San
Diego, CA, USA) as appropriate for analysis of
the differences between groups. A P value of
<0.05 was considered significant.

Results

HPG solution has cellular protection similar to
UW at 4 °C in vitro for a period of 5 h, but HTK
solution is less effective in the protection of
cell viability and metabolic activity

The difference of the cellular protection
between HPG and UW or HTK solutions was
examined in cultured HUVECs after 5 h of cold
preservation by different methods. Under
microscopic examination (Figure 2A), cultured
cells after exposure to all of cold UW, HTK and
HPG solutions displayed cell volume loss, indi-
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Figure 2. Similar effects of a short period of cold preservation with HPG solution to those with UW solution on cul-
tured HUVECs at 4°C. Monolayers of HUVECs in 24-well plates were incubated with HPG compared to UW or HTK
solution at 4°C for 5 h: A. A typical microscopic view of HUVECs after preservation with UW, HTK or HPG solution at
4°C for 5 h. Cells with complete culture medium in a CO, incubator at 37 °C were used as a control. Back arrows:
cellular vacuolation. B. Cell survival was determined by a trypan blue exclusion assay. Data are presented as mean
+ the standard error of the mean (SEM) of determinants in each group (Medium: n = 9; UW: n = 10; HTK: n = 26;
HPG: n = 10) (HPG vs. UW: P = 0.6604; HPG vs. HTK: P = 0.0435, two-tailed t-test). C. The relative metabolic activity,
indicated by the intracellular NAD(P)-dependent oxidoreductase activity, was measured by using MTT assay. In each
experiment, the OD of medium group was used as a positive control (100% of the metabolic activity) for calculation
of relative metabolism in other treatment groups (UW, HTK or HPG). Data are presented as mean + SEM of seven
separate experiments in each group (HPG vs. UW: P = 0.8576; HPG vs. HTK: P = 0.0448, two-tailed t-test).

cated by the smaller size as compared to those like structure around the cell body, whereas, in
in culture medium and the presence of finger- addition, black dots and vacuolation were
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Figure 3. Effective prevention of tissue edema forma-
tion at 4°C by preservation with HPG solution. Rat
kidney tissues were stored at 4°C in saline, UW, HTK
or HPG solution for a period of 24 h. The change of to-
tal tissue weight (TTW) as a marker of tissue edema
was determined after 5 or 24 h of cold preservation.
Data are presented as mean + standard derivation
(SD) of determinants in each group (Saline: n = 4-6;
UW: n = 8-10; HTK: n = 8-10; HPG: n = 8-10) (HPG
vs. UW: P =0.0001; HPG vs. HTK: P<0.0001; HTK vs.
UW: P<0.0001, two-way ANOVA). No difference was
seen between HPG and UW group at 5 h.

noticed inside the cells with HTK solution.
Trypan blue exclusion assay showed that HPG
solution protected cell viability or plasma cell
membrane integrity during cold storage similar
to UW solution, indicated by the fact that the
numbers of cells negative for trypan blue dye-
staining were not significantly different between
HPG (86.92 + 11.29%, n = 10) and untreated
medium (89.19 + 8.27%, n = 9) or UW (89.04 +
9.89%, n = 10) groups, whereas there was a
significant increase in cell death in HTK group
(67.46 £ 28.28%, n = 26) (HPG vs. HTK: P =
0.0435, two-tailed t-test) (Figure 2B). We also
measured the difference in the metabolic activ-
ity of these cells after cold preservation with
HPG, UW or HTK solution using MTT assay. As
shown in Figure 2C, as compared to untreated
control, the cell metabolic activity was reduced
t0 63.01 + 7.33% (n = 7) by cold preservation
with HPG solution that was similar to 64.82 +
6.65% (n = 7) with UW solution, but was signifi-
cantly higher than 44.30 + 4.37% (n = 7) with
HTK solution (HPG vs. HTK: P = 0.0488, two-
tailed t-test). Taken together, these data imply
that HPG solution has the similar cellular pro-
tection in cultured HUVECs compared to UW
solution during 5 h of cold preservation, but
HTK solution is significantly less effective in the
maintenance of the cell viability and metabolic
activity as compared with HPG or UW solution.
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HPG prevents kidney tissue edema similar to
UW solution at 4 °C, but HTK solution is less
effective

Inclusion of colloidal HES in UW solution pre-
vents interstitial edema of tissues during cold
preservation [24, 29], which may be important
for graft survival after transplantation [30]. To
evaluate if HPG polymer is effective as HES in
UW solution in the prevention of tissue edema,
the change of TTW in kidney tissues after cold
preservation with HPG solution was compared
to UW or HTK solution. As shown in Figure 3,
TTW was markedly gained in saline by 16.90 +
2.60% (n = 4) after 5 h of cold preservation and
further to 35.13 + 3.81% (n = 6) at the end of
24 h of cold preservation. The hyperosmotic
HPG, UW and HTK solutions significantly pre-
vented interstitial edema in comparison to
saline but with different capabilities. The TTW
in HTK solution remained almost unchanged
during a period of 24 h of cold preservation
(-0.49+1.17% at5h,4.01 £ 1.49% at 24 h, n
= 8-10), and it was significantly reduced by 7.86
+2.05% (n=8)at5 horby 10.82 + 1.54% (n =
10) at 24 h in HPG solution, whereas 11.56 +
1.63% (n=8)at5 hor19.84 + 0.91% (n = 10)
at 24 h by UW solution (HPG vs. UW: P =0.0001,
two-way ANOVA), suggesting that UW induced
the most TTW loss compared to HPG or HTK
solution (HTK vs. UW: P<0.0001, two-way
ANOVA). However, statistical analyses showed
that the effect of UW solution on TTW was not
significantly different from that of HPG solution
at the earlier time point - 5 h of cold storage
(HPG vs. UW at 5 h: P = 0.1384, t-test). These
data suggest that just like HES, HPG molecules
can prevent interstitial edema of kidney tissue
during cold preservation.

HPG solution has less negative impact on
kidney functional recovery after cold ischemia-
reperfusion

One of common concerns for the use of subop-
timal or marginal donors in kidney transplanta-
tion is the poor functional recovery or DGF after
transplantation [1]. The impact of HPG solution
on functional recovery of the kidney at reperfu-
sion after cold ischemia (cold perfusion and
storage) was compared with that of UW or HTK
solution. As shown in Figure 4, the serum levels
of SCr and BUN in rats at 48 h of reperfusion
after their kidneys were perfused and stored
with cold HPG solution were 0.712 + 0.042 mg/
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Figure 4. Less negative impact on kidney function after cold perfusion and storage with HPG solution. After 48 h of
kidney reperfusion, serum from each rat was collected, and the levels of both serum creatinine (SCr) and blood urea
nitrogen (BUN) in each individual were measured as biomarkers of its kidney function. The horizontal line indicated
the mean level for each group. A. SCr in HPG group (n = 17) compared to conventional UW or HTK control group (n =
17). HPG vs. UW: P = 0.0027 (two-tailed t-test). HPG vs. HTK: P = 0.0041 (two-tailed t-test). B. BUN in HPG group (n
= 17) compared to conventional UW or HTK control group (n = 17). HPG vs. UW: P = 0.0342 (two-tailed t-test). HPG

vs. HTK: P = 0.0133 (two-tailed t-test).

dL and 80.84 + 6.138 mg/dL (n = 17), respec-
tively, which were significantly lower than those
with UW (SCr: 1.045 + 0.093 mg/dL; BUN:
97.04 + 4.164 mg/dL, n = 17) or HTK solution
(SCr: 1.192 + 0.150 mg/dL; BUN: 101.6 +
5.105 mg/dL, n = 17) (HPG vs. UW or HTK:
P<0.05). These data suggest that the kidneys
perfused and stored with HPG solution have
better function than those with conventional
UW or HTK solution at reperfusion.

HPG solution is associated with less kidney
inflammation and injury at reperfusion after
cold ischemia

To further confirm the beneficial effect of HPG
solution on functional recovery of the kidney
compared to UW or HTK solution, the leukocyte
infiltration and tubular injury in the kidneys at
48 h of reperfusion were examined by histologi-
cal analyses. As shown in Figure 5, cellular infil-
tration in the kidneys in HPG group was signifi-
cantly less severe than thatin UW or HTK group,
indicated by the semi-quantitative assay show-
ing that the leukocyte infiltration score was
1.044 £ 0.391 (n =9) in HPG group, which were
significantly lower than 1.840 + 0.782 (n = 10)
in HTK (HPG vs. HTK: P = 0.0136, t-test) or
2.167 + 0.608 (n =9) in UW group (HPG vs. UW:
P = 0.0003, t-test). In parallel with less leuko-
cyte infiltration, the kidney in HPG group dis-
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played less tubular damage (4.83 + 1.73 dam-
aged tubules/hpf) than those in HTK (16.48 +
6.92 damaged/tubules/hpf) (P<0.0001, t-test,
n = 10) or UW group (17.63 + 7.34 damaged/
tubules/hpf, n = 10) (P<0.0001, t-test, n = 10)
(Figure 6).

Discussion

The maintenance of donor organ viability during
recovery and preservation with an organ pres-
ervation solution is the first step toward the
success of a newly transplanted organ.
Currently studies have shown that all the con-
ventional organ preservation solutions such as
UW or HTK solution, are similarly effective in
the preservation of abdominal organs in the
case of standard criteria donors for a short
period of storage time (<8 h of CIT) [31].
However, due to the shortage of such high-qual-
ity donors there is an increasing pressure of
using marginal donors (e.g. deceased or ageing
donors, and donors with hypertension and dia-
betes or with CIT of longer than 8 h) for trans-
plantation [32-34]. Such situation may require
a novel preservation solution that can be more
effective in limiting donor organ damage during
cold ischemia-reperfusion for the better pres-
ervation of kidney function after transplanta-
tion. Previous studies from our group have
demonstrated that HPG-based organ preserva-
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Figure 5. Less cellular infiltration in the kidney after
cold perfusion and storage with HPG solution. The
sections of the kidney harvested at 48 h after re-
perfusion were stained with hematoxylin and eosin
(HE), and the cellular infiltration in the cortex were
scored under the microscope. A. A typical image
of the cortex in each group. Black stars (*): dam-
aged tubules (necrotic tubules, tubular dilation, in-
tratubular cast formation and tubular vacuolation).
G: glomerulus. IA: interlobular artery. Black bar:
100 um. B. The infiltration was semi-quantitatively
scored in at least 20 randomly selected views in
two separate sections of each kidney, and was pre-
sented in average per view. Data are presented as
mean + SEM of each group (UW: n = 9; HTK: n = 10;
HPG: n =9) (HPG vs. UW: P = 0.0003; HPG vs. HTK:
P =0.0136, two-tailed t-test).

age during cold perfusion and storage as well
as of human RBC aggregation in vitro [26, 27].

Am J Transl Res 2017;9(2):429-441
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Figure 6. Less tubular injury in the kidney after cold perfusion and storage with HPG solution. The sections of the
kidney harvested at 48 h after reperfusion were stained with Periodic acid-Schiff (PAS), and the damaged tubules
in the cortex were counted under the microscope. A. A typical image of the cortex in each group. Black stars (*):
damaged tubules (necrotic tubules, tubular dilation, intratubular cast formation and tubular vacuolation). G: glom-
erulus. Black bar: 100 uym. B. The number of damaged tubules in the cortex per view was counted under x 400
maghnification (high-powered field - hpf). At least 20 views of the cortex in the sections of each kidney were counted
and averaged in a blinded fashion. Data are presented as mean + SEM of each group (n = 10 each group) (HPG vs.

UW: P<0.0001; HPG vs. HTK: P<0.0001, two-tailed t-test).

The data from the current study showed that
HPG solution was most effective in cold perfu-
sion and preservation of rat kidneys as com-
pared to both conventional UW or HTK solu-
tions in term of reduction in kidney injury or
protection of kidney function. The improved
function of HPG solution in this rat model may
be associated with its prevention of both cell
death (Figure 2) and kidney tissue edema at
the cold temperature.

During cold preservation of donor organs, hypo-
thermia disrupts normal metabolism and ATP
production (ATP depletion), which consequently
lead to Na*/K" ATPase suppression or cellular
edema, acidosis and an increase in the produc-
tion of reactive oxygen species (ROS), and

437

eventually cell death (i.e. necrosis and apopto-
sis) [8]. Hence, an organ preservation solution
must contain active ingredients that can coun-
teract cellular edema, acidosis and the produc-
tion of ROS, respectively. Different solutions
are currently being used for the cold preserva-
tion of solid organ around the world [8, 31],
however UW and HTK solutions are the most
two common solutions used in the United
States [35]. HTK solution was initially used for
open heart surgery, and its use for cold preser-
vation of donor organs may be contributed by
the combination of the strong buffer (histidine),
osmotic barrier (mannitol), and low-permeable
amino acids (tryptophan and ketoglutaric acid),
which may stabilize cell membrane at cold tem-
perature and support anaerobic metabolism

Am J Transl Res 2017;9(2):429-441
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[8], whereas UW solution contains colloid (i.e.
HES) and impermeable substances (lactobion-
ate and raffinose) for edema prevention, ade-
nosine for ATP synthesis and antioxidant
defense (allopurinol and reduced glutathione)
for reducing ROS cytotoxicity [8]. It has been
documented that transplants from donation
after brain death (DBD) after a short period (<8
h of CIT) of cold preservation with either HTK or
UW solution are found to have equivalent out-
comes [31], but liver, kidney, and pancreas
national registry reports have found that HTK
can limit the graft survival [31, 36, 37]. Indeed,
HTK is an independent risk factor for the devel-
opment of DGF of transplants from donation
after cardiac death [38], and an experimental
study has reported that UW solution is superior
to HTK solution in prolonged preservation of
kidney grafts, indicated by a better renal func-
tion and less tissue damage compared with
HTK. This observation is possibly due to
improved cooling and better cell viability of the
graft [39]. Our present study also show that
both colloid-based solutions (UW or HPG) are
significantly better than HTK solution in the pre-
vention of both hypothermia-induced cell death
and - related metabolism decline in cultured
human endothelial cells (Figure 1), and as well
in the prevention of interstitial edema in cold-
preserved kidney tissues (Figure 2). Our data
also imply that replacing “sticky” HES and raffi-
nose in UW solution with compact polymer HPG
does not affect its function in suppressing tis-
sue edema during cold preservation (Figure 2).

In UW solution, inclusion of colloidal HES is nec-
essary for counteracting the hydrostatic pres-
sure during cold perfusion, and may be benefi-
cial to cold storage of hearts and pancreas
[40], but the use of HES in patients increases
the risk of coagulopathy, pruritus and acute kid-
ney injury [41-45], and more importantly in kid-
ney transplants from DBD donors it impairs
immediate donor kidney function after trans-
plantation [46]. In addition, there are other two
limitations of HES for organ preservation: HES
increases the viscosity of the solution when it is
used for donor organ perfusion [8], resulting in
an increase in the vascular resistance of donor
organs to the perfusion, and shortening of graft
survival [47, 48], and HES causes the hyperag-
gregation of human RBCs [21, 27, 49], resulting
in the complication of donor blood wash-out,
such as stasis of blood and/or incomplete
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removal of donor blood. Our previous studies
have shown that replacing HES with HPG poly-
mer significantly improves both effectiveness
and efficiency of cold perfusion in the removal
of the blood from the kidneys [27], and it also
reduces donor tissue injury during cold perfu-
sion [27] or static cold storage [26]. In consis-
tence with these previously reported facts, the
kidneys after cold perfusion and storage with
HPG solution exhibited less tissue injury or bet-
ter function after reperfusion than those with
HES-based UW solution (Figures 4-6).

The mechanism of the beneficial effects of HPG
compared to HES on donor organ preservation
has not been fully understood. It has been doc-
umented that replacing HES with HPG in the
preservation solution significantly reduces its
intrinsic viscosity and cold perfusion-induced
kidney tissue injury in mice [27], and also has
beneficial effect on the maintenance of intra-
cellular ATP and cell survival at cold temper-
ature in cultured cells [26], which together may
explain the mechanisms underlying the superi-
ority of HPG over HES as a colloid for cold per-
fusion and storage of donor organs in these
experimental models. Further investigation of
the mechanism of HPG actions during cold
organ perfusion and storage is needed.

In conclusion, our data from this experimental
study using the rat model clearly demonstrate
that after cold perfusion and storage with HPG
solution, less donor kidney injury occurs in
comparison to those with conventional UW or
HTK solution, suggesting that HPG solution is a
promising alternative to UW or HTK solution for
the cold perfusion and storage of donor kid-
neys. The improved cold preservation of kid-
neys with HPG solution may be translated to
the organs collected particularly from marginal
donors. Further investigation of HPG-based
solution for its effectiveness in the cold preser-
vation of pig kidneys that are similar to humans
in size and structure, and or even human sub-
jects are needed to support the superiority
of HPG solution compared to UW or HTK
solutions.
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