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Abstract
I/R injury is a major deleterious factor of successful kidney transplantation (KTx). Carbon
monoxide (CO) is an endogenous gaseous regulatory molecule, and exogenously delivered CO in
low concentrations provides potent cytoprotection. This study evaluated efficacies of CO exposure
to excised kidney grafts to inhibit I/R injury in the pig KTx model. Porcine kidneys were stored
for 48 hrs in control UW or UW supplemented with CO (CO-UW) and autotransplanted in a 14-
day follow-up study. In the control UW group, animal survival was 80% (4/5) with peak serum
creatinine levels of 12.0±5.1 mg/dl. CO-UW showed potent protection, and peak creatinine levels
were reduced to 6.9±1.4 mg/dl with 100% (5/5) survival without any noticeable adverse event or
abnormal COHb value. Control grafts at 14d showed significant tubular damages, focal fibrotic
changes, and numerous infiltrates. The CO-UW group showed significantly less severe
histopathological changes with less TGF-β and p-Smad3 expression. Grafts in CO-UW also
showed significantly lower early mRNA levels for proinflammatory cytokines and less lipid
peroxidation. CO in UW provides significant protection against renal I/R injury in the porcine
KTx model. Ex vivo exposure of kidney grafts to CO during cold storage may therefore be a safe
strategy to reduce I/R injury.

INTRODUCTION
Ischemia/reperfusion injury (I/R) of the kidney graft has been considered one of the major
deleterious factors of successful kidney transplantation (KTx). In the immediate
posttransplant period, it increases risks of delayed and primary-non-function of transplanted
grafts and complicates posttransplant recipient management. In addition, I/R injury has been
identified as a key risk factor in predisposing earlier development of chronic allograft
nephropathy and short graft life by accelerating alloantigen specific immune reactions (1–2).
Particularly in the current organ shortage era with an increasing use of ECD kidneys, graft
injury due to cold preservation and warm reperfusion can be augmented and significantly
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impacts renal allograft function. Thus, effective strategies to inhibit initial renal I/R injury
would improve short- and long-term outcomes of KTx.

Carbon monoxide (CO) is commonly viewed as a poison in high concentrations due to its
ability to bind to hemoglobin and interfere with oxygen delivery. However, mammalian
cells endogenously generate CO primarily via the catalysis of heme by heme oxygenases
(HO) (3), and endogenously generated CO via the constitutive HO has been shown to serve
as a key mechanism to maintain the integrity of the physiological function of organs (4–6).
Further, numerous studies have shown that exogenously delivered CO at low concentrations
can provide potent cytoprotection (7–9).

In rodent studies, we have shown that in vivo kidney recipient treatment with low doses of
inhaled CO or ex vivo treatment of excised kidney grafts with CO during cold preservation
in CO-containing UW solution (CO-UW) prevents renal I/R injury, improves graft function,
and prolongs recipient survival after syngenic KTx (10–12). Although in vivo CO inhalation
could be clinically applicable, ex vivo application of CO in cold storage solution has two
significant potential advantages: 1) the strategy decreases the concerns of adverse effects
possibly induced during in vivo CO inhalation treatment, and 2) during ex vivo exposure to
kidney grafts in cold preservation, CO could function effectively by binding to crucial heme
proteins in excised bloodless kidney grafts without interference by hemoglobin.

Based on our encouraging results in rodent experiments, we conducted in this study the
preclinical large animal experiment to evaluate the efficacy, clinical applicability, and safety
of ex vivo CO delivery method to kidney grafts during cold storage in ameliorating renal I/R
injury associating with KTx.

MATERIALS AND METHODS
CO delivery to UW solution and CO concentration

UW solution (Viaspan®, Du Pont, Wilmington, DW) was bubbled with compressed CO gas
for 5 mins in a fume hood (CO-UW) before use. The solubility of CO in UW solution and
tissue CO contents were determined by TRI lyzer (Taiyo, Osaka, Japan) using the method of
gas chromatography as previously described (13).

Animals
Large white outbred pigs weighing 20–30 kg body weight (Wally Whippo, Enon Valley,
PA) were housed individually in the Division of Laboratory Animal Resources at the
University of Pittsburgh and fed with a standard piglet diet and tap water ad libitum. All
animal care procedures were in accordance with the Principles of Laboratory Animal Care
formulated by the National Society for Medical Research and the Guide for the Care and
Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources and
published by the National Institutes of Health (NIH Publication No. 86-23, revised 1996).
All procedures in this study were approved by the University of Pittsburgh Institutional
Animal Care and Use Committee.

KTx and experimental design
a) Survival experiment—To evaluate the efficacy of CO-UW in inhibiting renal I/R
injury and improving renal graft function, 14-day follow-up experiment was conducted
using the kidney autotransplantation model with techniques as previously described (14).
Briefly, the pigs were sedated with ketamin (20 mg/kg im) and fully anesthetized with
isoflurane with endotracheal tube and positive-pressure ventilation under ECG and pulse
oxymeter monitoring. With a midline incision, the left renal vascular pedicle and ureter were
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atraumatically isolated. After heparin sodium was administered (100 U/kg, iv), the left
kidney was removed and immediately cold-flushed with control UW preservation solutions
and stored at 4 °C. Then, the kidney grafts were brought into a fume hood and subsequently
perfused with 150 ml of control UW (n=5) or CO-UW (n=5) via the renal artery and
preserved in respective solution in the glass container for a total of 48 hrs at 4 °C. To
prepare CO-UW, compressed CO gas with 5–10% concentrations were selected based on
previous studies (11,15–16). After 48 hrs, the left kidney graft was autotransplanted into the
right abdominal side of the animal after right nephrectomy. The renal artery and vein were
anastomosed to the aorta and inferior vena cava in an end-to-side fashion. The graft ureter
was anastomosed to the bladder.

The cytoprotective effect of CO-UW was studied by analyzing 14-day animal survival,
diuresis, serum creatinine and BUN levels and graft histopathology. For histological
analysis, a kidney graft wedge sample was obtained at sacrifice on POD14. Blood samples
were taken before surgery, every day after KTx for the first 7 days and every other day
thereafter for serum creatinine, urea, and electrolytes. Spot urine samples were also obtained
early morning to determine urine creatinine and protein levels.

b) Acute phase experiment—To evaluate the efficacy of CO-UW during early
posttransplant period, KTx experiments with 48 hrs cold storage were conducted with a
follow-up period of 3 hrs. The animals were tranquilized and anesthetized as described
above. After donor heparinization (300 IU/kg, iv), both kidneys were isolated and flushed
with 1000 mL control or CO-UW solution via the catheter placed in the abdominal aorta.
The kidneys were excised and separated in the back table. One kidney was stored in the
control (n=3) and the other was with CO-UW solution (n=3) for 48 hrs at 4 °C. The recipient
pigs were similarly anesthetized and monitored by means of an ECG, pulse oximeter, and
arterial blood pressure via the catheter in the carotid artery. Orthotopic KTx was performed
by anastomosing the graft renal artery/vein to the infrarenal aorta/inferior vena cava in an
end-to-side fashion. Both native kidneys were removed at the time of reperfusion.
Recipient’s hemodynamic condition was controlled to maintain mean arterial pressure at 80
mmHg for the adequate perfusion of kidney grafts with fluid infusion and dopamine (3–5
μg/kg/min). At 3 hrs, recipient animals were sacrificed and grafts samples were obtained for
RT-PCR and malondialdehyde (MDA) assays.

Carboxyhemoglobin (COHb) levels
Heparinized arterial blood sample (0.2 ml) was taken during surgery, and blood COHb
levels were measured using OSM3 Hemoximeter (Radiometer, Copenhagen, Denmark).

Routine and immuno-histopathology
Graft tissues were fixed in formalin, paraffin-embedded, cut into 6 μm sections, and stained
with H&E. The tubular or glomerular morphological changes were blindly reviewed (e.g.
tubular necrosis, intratubular cell detachment, brush border integrity, hemorrhage, cellular
infiltrates).

Grafts were also embedded in OCT, and 6 μm cryosections were stained with anti-CD3
(Dako, Carpinteria, CA) and anti-αSMA antibodies (Sigma, St. Louis, MO). Sections were
also stained with naphthol AS-D chloroacetate esterase staining kit (Sigma Diagnostics) for
polymorphonuclear leukocytes (PMN). Positively stained cells were blindly counted in 5
high power fields (x 200) per each section. Interstitial fibrosis was determined by staining
with Masson’s Trichrome, and positively stained areas in 5 high power fields (x 100) per
each section were quantified by NIH Image software (17).
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mRNA isolation and real-Time RT-PCR
Total RNA was extracted from the kidney tissues using the TRIzol reagent (Invitrogen,
Carlsbad, CA), and RNA content was measured using 260/280 UV spectrophotometry.
mRNA expression was quantified by SYBR Green two-step, real-time RT-PCR for IL-1β,
IL-6, IL-18, IFN-γ, TNF-α and β-actin using the previously published primers (18–19).
Thermal cycling conditions were 10 mins at 95°C to activate the Amplitaq Gold DNA
polymerase, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min on an ABI PRISM
7000 Sequence Detection System (PE Applied Biosystems). The expression of each gene
was normalized to β-actin mRNA content and calculated using comparative Ct methods
(20).

MDA assessment
Graft tissue samples were homogenized, and MDA concentration was determined per the
manufacturer’s kit direction (Oxidresearch, Portland, OR). MDA was normalized to total
protein content as determined by Bradford assay.

Protein isolation and Western blot
Frozen kidney tissues were suspended in RIPA buffer and homogenized. After
microcentrifugation at 13,000 rpm for 20 mins at 4 °C, the supernatant was collected, and
protein concentration was quantitated. Fifty μg of protein were separated by electrophoresis
on 8–15% acrylamide sodium dodecyl surface gels and transferred to nitrocellulose
membranes (Scleicher & Schuell, Keene, NH). For the blocking of nonspecific binding, 5%
nonfat dry milk or 5% BSA in TBS-Tween was added to the membrane for 1 hr. Membranes
were incubated overnight with primary rabbit polyclonal or mouse monoclonal antibodies
for TGFβ1 (Santa Cruz, CA), GAPDH (Ambion, Austin, TX), Smad2/3, and phospho-
Smad3 (Cell Signaling, Danvers, MA), followed by secondary goat anti-rabbit or anti-mouse
antibody (Pierce Chemical, Rockford, IL). The membranes were developed with the
SuperSignal detection systems (Pierce Chemical) and exposed to film. The band intensities
were measured by NIH Image analysis software.

Statistical analysis
Data are represented as mean ± SD. Comparisons between the groups at different time
points were performed using the Student’s t-test, Mann-Whitney U test, or ANOVA using
the Statview program (Abacus Concepts, Inc., Berkeley, CA). Differences were considered
significant at a p value < 0.05.

RESULTS
Tissue CO concentrations increase in kidney grafts after storing in CO-UW solution

After bubbling gaseous CO into UW solution, CO concentration increased to 10.2 ± 0.2,
40.6 ± 1.6, and 543.5 ± 16.3 μM/L with 1, 5, and 50% CO, respectively, and there was a
linear correlation between concentrations of CO gas and soluble levels in UW solution (Fig.
1A).

Kidney cortex tissue CO levels in porcine kidney grafts increased to 8.8 ± 1.5 pmol/mg
tissue by the end of 48 hrs cold storage in 5% CO-UW, while grafts stored in control UW or
normal kidney showed negligible tissue CO levels (Fig. 1B), indicating that CO in UW
solution bound to kidney tissue during cold storage period.
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Animals with kidney grafts stored in CO-UW show improved graft function and survival
To explore the effects of ex vivo CO exposure during the cold storage period on renal graft
function, we conducted the pig kidney autotransplantation with 48 hrs cold storage in
control UW or CO-UW solution. As summarized in Table 1, two groups showed comparable
animal body weights, CIT, operation (graft nephrectomy and transplant) times and animals’
general conditions at the end of transplant surgery.

All animals except for one survived for the follow-up period of 14 days. One animal in
control UW group died on POD1 due to lung edema secondary to renal graft failure. Serum
creatinine and BUN levels sharply increased on POD1 in both groups, and continued to
elevate in the control group with the peak creatinine value of 12.0 ± 5.1 mg/dl on POD 4.0 ±
1.4 (Fig. 2A, 2B). In contrast, an increase of creatinine levels in CO-UW group was halted
on POD2, and peak creatinine level was 6.9 ± 1.4 mg/dl on POD 2.4 ± 0.5. Serum creatinine
and BUN levels were lower in CO-UW than in the control group at all time points and
significant difference was achieved on POD2 and 3. CO-UW group showed nearly normal
creatinine and BUN values by POD14. In contrast, the control group showed high creatinine
and BUN levels even on POD14.

Urine output was noticed soon after transplant surgery in CO-UW group, while animals in
the control group showed urine output on POD1 to 4. In spot urine samples obtained in the
early morning on POD1, urinary creatinine levels were decreased in both groups when
compared to those during preoperative period; however, urinary creatinine levels recovered
by POD7 (Fig. 2C). Urinary protein amounts dramatically increased on POD1 in the control
group, but the CO-UW group tended to show less severe proteinuria. Accordingly, renal
injury was estimated by calculating urine protein/creatinine ratio (21–22). Lower ratios in
the CO-UW group suggested reduced renal injury compared to those in the control group;
however, statistically significant differences between the control and CO-UW groups were
not achieved (control: 5.3 ± 3.6 vs. CO-UW: 2.1 ± 0.9 on POD1).

CO-UW does not increase blood COHb levels or associate with adverse events
As the major concern in applying CO for treatment is COHb formation and disturbance in
oxygen delivery in the body, arterial blood COHb levels were measured during immediate
postreperfusion period. There was no significant increase of COHb level after transplanting
kidneys preserved in CO-UW (Fig. 3A).

Furthermore, there was no significant difference between the two groups in WBC counts,
platelet counts, or Hb levels. Leukocyte differentiation in general showed no difference in
neutrophils, lymphocytes, or other cell counts in the two groups (Fig. 3B); however, slightly
less counts for bands were noticed in CO-UW group on POD1. In addition, we did not
observe any adverse event due to CO-UW; hepatic enzymes (e.g. ALT, AST, ALP,
bilirubin), electrolytes, glucose, total protein and albumin were similar between groups (data
not shown).

Grafts in CO-UW show less severe histopathological changes
Routine histopathology of graft cortex samples on POD14 revealed variable levels of
persisting tubular and glomerular injury, focal interstitial inflammatory infiltration, and focal
fibrosis. Severities of focal glomerular necrosis and tubular injury were more prominent in
the control-UW than in the CO-UW group (Fig. 4). Changes of interstitial and tubular
inflammation were also less in the CO-UW than in the control group; however, these
changes were in general minor, and the small number of animals precluded formal grading
and statistical analysis.
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Further analysis of graft infiltrates with naphthol AS-D chloroacetate esterase staining
revealed the presence of many neutrophils in the glomeruli of kidney grafts in the control
UW group. Neutrophils were also found among focal infiltrates. In contrast, CO-UW
preserved grafts showed less numbers of neutrophils. In addition, numerous CD3+ T cells
were present in the infiltrates in the control UW group, but the frequency of CD3+ T cells
was significantly less in the CO-UW group (Fig. 5A, B).

Fibrotic changes are inhibited in grafts stored in CO-UW
We next investigated if the amelioration of renal I/R injury with CO-UW contributed to an
inhibition of profibrotic changes in injured kidney grafts. Expression of TGF-β, a key
mediator in the progression of fibrosis, was significantly increased in the grafts in the
control UW grafts on POD14. In contrast, CO-UW preserved grafts showed significantly
less TGF-β protein expression. Likewise, Smad3, downstream signaling molecules, were
less phosphorylated in the CO-UW group (Fig. 6A).

In Masson’s Trichrome stained sections, graft fibrosis was evident in areas of infiltrates in
control UW group. The graft in the CO-UW group showed significantly less fibrotic area
than the control UW group (Fig. 6B). Immunofluorescent stain showed intense α-SMA
expression in grafts preserved in control UW, in particular, in the area of infiltrates (Fig.
6C). However, grafts in CO-UW showed marginal α-SMA stain. In addition, the arterioles
in the control UW group already showed dense α-SMA staining, changes relevant to
fibrointimal hyperplasia. These results may indicate that infiltrates during the late phase of I/
R injury are involved in fibrotic changes of kidney grafts, leading to CAN, and CO-UW
inhibits these fibrotic changes.

Kidney grafts stored in CO-UW solution show reduced early proinflammatory responses
To explore the effects of CO-UW during immediate posttransplant period, we conducted the
acute phase experiment and obtained kidney graft samples at 3 hrs after reperfusion to
determine mRNA levels for inflammatory cytokines. Kidney grafts in CO-UW showed
significantly lower mRNA levels for IL-1β, IL-6, and IL-18 than those in control UW at 3
hrs after transplantation (Fig. 7A). However, there was no difference between the two
groups at this time point in mRNA levels for IFN-γ and TNF-α. MDA concentrations in
kidney grafts in CO-UW were also significantly lower than those in control UW (Fig. 7B).
These results may suggest that the exposure to CO during cold storage might inhibit lipid
peroxidation and early proinflammatory responses.

DISCUSSION
Using the large animal model of KTx with 48 hrs static cold storage, this study demonstrates
that ex vivo treatment of excised kidney grafts with CO during cold storage ameliorates renal
I/R injury. When gaseous CO was bubbled into UW solution, soluble CO levels in UW
increased corresponding to initial gaseous CO concentrations. Further, when pig kidney
grafts were preserved in CO-containing UW solution, graft tissue CO levels increased by the
end of 48 hrs cold storage. Grafts ex vivo exposed to CO functioned significantly better after
autotransplantation with shorter initial oliguria periods, lower serum creatinine levels and
less urinary protein secretion, when compared to those in control UW solution. These
functional benefits with CO-UW associated with significantly less upregulations for early
proinflammatory mediators and lipid peroxidation in kidney grafts. Further,
histopathological analysis on POD14 revealed less severe tubular injury, reduced focal
infiltration and decreased fibrotic changes in the grafts preserved in CO-UW. These
beneficial effects of CO did not associate with any adverse event or COHb elevation in
recipient animals.

Yoshida et al. Page 6

Am J Transplant. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Although the pig kidney autotransplantation model does not directly mimic human kidney
allotransplantation, the model is useful in studying direct consequences of renal I/R injury
after transplantation without additional factors caused by alloantigen-dependent reactions.
Several previous studies have used the porcine kidney autotransplantation model as an
ultimate preclinical evaluation of strategies in ameliorating renal I/R injury. The majority of
these studies used 24 hrs cold preservation and showed variable transplant outcomes,
ranging from 60 to 100% survival with peak creatinine levels of 6–13 mg/dl (23–27). Thus,
24 hrs cold storage of kidneys appears to induce relatively mild I/R injury with large
deviations. On the other hand, very limited numbers of porcine kidney transplant studies
used cold storage for 48 hrs or more and showed severe injury. Hauet evaluated the efficacy
of trimetazidine in the 48 hrs storage model and showed 57% animal survival with a peak
creatinine level of 17 mg/dl in control UW (23). Our study using 48 hrs cold storage showed
relevant results in the control group and significant effects of CO in improving severe I/R
injury. Although findings in the experimental porcine autotransplantation model do not
allow direct adjustment to human kidney transplantation, function and histopathology of
porcine renal grafts with 48 hrs cold storage are substantially improved using a simple
strategy by supplementing CO to preservation solution. Our preliminary study in the porcine
kidney allotransplantation model with 48 hrs cold storage showed the similar efficacy of CO
in UW solution in protecting porcine renal allografts from initial I/R injury.

Untreated porcine kidney grafts functionally recovered from severe I/R injury induced by 48
hrs cold storage, and serum creatinine levels returned to nearly normal levels by POD14 in
this study; however, histopathological analysis of grafts revealed that I/R injury was not
resolved by this time point, and it rather showed continual active reactions to injury. Kidney
grafts showed tubular dilatation, glomerular injury, and numerous infiltrates including
neutrophils and CD3+ T cells. Indeed, longer follow-up for 16 weeks of porcine kidney
autografts with 48 hrs cold preservation resulted in progressive interstitial fibrosis and
deterioration of renal function (14,28). Initial I/R injury and loss of functioning renal mass
have been shown to cause functional and morphologic changes relevant to CAN in the
alloantigen-independent way in experimental kidney isografts (29–30). CO in this study
shows less severe fibrotic changes on POD14, indicating that initial inhibition of I/R injury
with CO-UW will provide long-term benefits.

Apart from the kidney transplantation model, recent studies in the pig using an isolated
organ-perfusion system with autologous pig blood show that CO releasing molecules
(CORM) protect the kidneys against I/R injury. Renal blood flow, creatinine clearance, and
urine output are improved during 3-hr reperfusion period in an experimental model of 60
min warm ischemia with 16 hrs cold storage (15). Although it is difficult to directly compare
the results in our transplant study and those with CORM, they certainly support the efficacy
of CO in inhibiting renal I/R injury in preclinical large animal experiments.

The effects of CO might be dose-dependent. Although fine correlation between the dose and
efficacy needs to be studied, the use of 5~10% CO gas (CO solubility of 40~100 μM)
appeared to be beneficial, as shown in our previous studies (11,13,31) and in those using
CORM (32–33). We were not able to determine the difference between 5% and 10% CO-
UW in this study; however, one pig kidney preserved in 20% CO-UW (CO solubility of
188μM) for 48 hrs in the current study did not associate with improved creatinine levels
(peak value of 10.7 mg/dl) with normal recipient COHb levels, suggesting that 20% CO-UW
might not be effective. In studies using CORM, the dose 50–100 μM showed benefits, while
higher doses of 200–400 μM CORM resulted in renal dysfunction (15–16). These findings
may suggest that high doses of CO are toxic to porcine kidney grafts. Toxic effects might be
induced by chemical interactions of CO with the different components of UW solution.
However, as graft tissue CO levels increase by the end of cold storage depending on the
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concentration of soluble CO in UW solution, CO binding to kidney grafts may introduce
both beneficial and toxic effects. The major molecular targets of CO are believed to be
transition metals. Since excised bloodless kidney grafts contain minimum amounts of
erythrocytes, the binding of CO to hemoglobin is negligible in this study, and CO might
efficiently bind to graft heme proteins that play crucial roles in regulating cellular function
(e.g. cyclooxygenase, cytochrome c, cytochrome P450, cytochrome c oxidase, guanylyl
cyclase). In fact, previous in vitro studies show that CO is able to activate guanylyl cyclase
and inhibit cytochrome c oxidase (34–35). CO thus might alter graft heme protein function
to elicit protective effects. However, at the same time, higher doses of CO could result in
impaired function of graft heme proteins (31). In addition, CO has been shown to induce
strong erythropoietin release. However, as CO is exposed to kidney grafts during cold
preservation period in this study, additional protein synthesis/release in the hypothermic
condition does not appear to take place. Further studies certainly are required to determine
the mechanisms of beneficial and adverse effects induced by CO.

In this study, application of CO-UW to kidney grafts during donor surgery was slightly
different between the acute phase and survival experiments. We initially attempted to use
CO-UW for the entire donor procedures including in situ kidney graft perfusion in the donor
and subsequent back table procedure. However, CO could be quickly liberated from CO-
UW solution when CO-UW is exposed to the air. Additionally, there are concerns regarding
potential hazardous effects caused by CO released from CO-UW solution. Therefore, in the
survival experiments CO-UW was applied in a fume hood to excised kidney grafts after they
were retrieved from the donor using control UW solution. In fact, the use of control UW for
the initial kidney procurement and subsequent application of CO-UW to excised kidney
grafts are technically simpler and safer, and could be more suitable to clinical kidney
transplantation.

This study demonstrates that ex vivo application of CO in UW preservation solution
improves the outcome of KTx in the large animal kidney autotransplantation model. Porcine
kidney grafts preserved in CO containing UW solution for 48 hrs show improved graft
function and survival compared to those in control UW. Ex vivo CO application does not
associate with any adverse effect and may therefore be a safe strategy to reduce I/R injury in
human renal transplantation.
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Figure 1. CO concentration in UW and kidney tissue CO levels
(A) UW solution was bubbled with 1, 5, 50, and 100% gaseous CO for 5 mins, and CO
concentration was determined by TRI lyzer, as described in the Method section. (B) Porcine
kidney grafts were stored in control or 5% CO bubbled UW solution for 48 hrs and tissue
CO levels were determined by TRI lyzer.
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Figure 2. Renal graft function after KTx
(A) Serum creatinine levels and (B) BUN levels after pig kidney autotransplantation with 48
hrs cold storage in control UW (n=5) or CO-UW solution (n=5). CO-UW group showed
lower serum creatinine and BUN levels compared to those in control UW group at all time
points. * P<0.05 vs. control UW at the same time point.
(C) Spot urine samples were obtained on POD1-7, and urinary creatinine and protein levels
were measured, and urine protein/creatinine ratio was calculated.
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Figure 3. COHb levels and hematological analysis in recipient blood
(A) Arterial blood samples were obtained at 5, 30, and 60 mins after graft reperfusion and
analyzed for COHb levels. (B) Blood samples obtained after transplantation for blood cell
counts for WBC (x109/L), Hemoglobin (Hb, g/dl), and platelets (x109/L), as well as
leukocyte differentiation, including neutrophils (%), bands (%), lymphocytes (%). n=4 in
control group and n=5 in CO-UW group.
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Figure 4. Graft routine histopathology
Kidney grafts were obtained on POD14 and H&E stained sections were reviewed for graft
damage. Grafts in control UW group showed persisting tubular injury, such as tubular
dilatation (arrow heads), as well as focal interstitial inflammatory infiltrates (arrows), while
grafts in CO-UW group had less severe changes. Glomerular injury, such as focal
glomerular necrosis and dilatation of Bowman’s capsule, was also less severe in CO-UW
than control UW group. Representative images are shown. Original magnification x40
(upper) and x200 (lower)
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Figure 5. Immunohistochemistry for graft infiltrates
Kidney grafts obtained POD14 were stained for neutrophils and CD3+ T cells. More
frequent neutrophils (red, arrows) were found in the glomeruli of grafts in control UW
group. Among infiltrates, abundant CD3+ T cells (brown, arrows) and neutrophils were
detected in grafts in control UW group. CO-UW group showed significantly less number of
neutrophils and T cells. (A) Representative images are shown. Original magnification x400
(neutrophils) and x200 (CD3+ T cells). (B) Positively stained cells were counted and shown
as the number per microscopic field (x200: neutrophils, x100: CD3+ T cells). n=4 in control
group and n=5 in CO-UW group. * p<0.05 vs control UW.
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Figure 6. Fibrotic changes in kidney grafts after I/R injury
(A) Kidney graft samples obtained POD14 were analyzed for TGF-β protein expression and
Smad3 phosphorylation in Western blot. Kidney grafts preserved in CO-UW showed less
TGF-β protein expression and Smad3 activation compared to those in control UW.
Representative images of 3 similar experiments. * p<0.05 vs control UW.
(B) Degree of fibrosis was evaluated in sections with Masson’s Trichrome stain (blue).
Grafts in CO-UW showed significantly less degree of fibrosis. Original magnification x100.
n=4 in control group and n=5 in CO-UW group. * p<0.05 vs control UW.
(C) αSMA staining (red) revealed intense *αSMA expression in the area of infiltrates in
control UW group Note that grafts in CO-UW group show weak *αSMA expression in
peritubular area, which is normally seen in naïve kidneys. Tubular epithelial cells were
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outlined with falloidine (F-actin, green). The arterioles in control UW group show dense *α-
SMA staining (red), while those in CO-UW group show minimum *αSMA expression
(inserts). Original magnification x200.
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Figure 7. Early proinflammatory responses in kidney grafts
Six kidney grafts from 3 pig donors with 19.6 ± 5.3 kg body weight were transplanted into
pig recipients in control UW (n=3, 22.3 ± 7.7 kg) and CO-UW (n=3, 30.0 ± 11.3 kg) groups
after preserving in the respective solution for 48.0 ± 3.0 and 48.3 ± 3.2 hrs, respectively.
Recipients were followed for 3 hrs and kidney graft samples were obtained for PCR analysis
(A) and MDA assay (B). Kidney grafts stored in CO-UW showed significantly less mRNA
upregulation for IL-1β, IL-6, and IL-18. MDA concentration also was significantly lower in
CO-UW than in control UW group. NM: normal porcine kidney. * p<0.05 vs control UW.
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TABLE 1

Summary of Control and CO-UW Groups

Control UW n=5 CO-UW n=5

Body weight (kg) 27.4 ± 2.3 28.2 ± 1.3

Cold ischemic time (hr) 44.4 ± 0.8 44.2 ± 0.3

Operation time

 Nephrectomy (hr) 1.6 ± 0.1 1.8 ± 0.3

 Transplantation (hr) 2.9 ± 0.2 3.0 ± 0.5

 Implantation time (min) 46.0 ± 5.9 42.2 ± 5.4

General condition at the end of KTx

 Body temperature (oC) 36.1 ± 0.6 36.9 ± 0.3

 Pulse oximetry (%) 99.8 ± 0.4 100 ± 0.0
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