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The Effect of Trophic Factor Supplementation on Cold
Ischemia-Induced Early Apoptotic Changes
Young Sam Kwon, John D. Foley, Christopher J. Murphy, and Jonathan F. McAnulty

We have previously shown that trophic factor supplementation (TFS) of University of Wisconsin (UW) solution
enhanced kidney viability after cold storage. Here, we use an in vitro model to study the effect of TFS on early apoptotic
changes after cold ischemic storage. Mitochondrial membrane potential was determined by fluorescence intensity in
primary canine kidney tubule cells, Madin-Darby canine kidney cells, and human umbilical vein endothelial cells. In
addition, caspase 3 enzyme activity assay and immunofluorescence staining were performed to evaluate apoptosis.
There was a 15% increase in mitochondrial membrane potential in human umbilical vein endothelial cells stored in
trophic factor supplemented University of Wisconsin solution after four-hour rewarming (P�0.05). TFS suppressed
caspase 3 enzyme activity and activation in human umbilical vein endothelial cells. We confirmed that the presence of
TFS in UW solution has a beneficial effect by protecting mitochondrial function and reducing early apoptotic changes
in vascular endothelial cells.
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(Transplantation 2007;83: 91–94)

Transplantation therapy for chronic renal failure remains
significantly limited by donor kidney shortages (1). De-

layed graft function, seen in 20% to 30% of transplanted ca-
daver kidneys, is a major risk factor for sequelae that affect
long-term graft survival, patient management, and costs of
transplantation (2). Cold ischemic (CI) injury during organ
preservation plays an important role in not only inducing
delayed graft function and allograft nephropathy, but also
promoting apoptosis in certain cell types, including vascular
and glomerular endothelial cells (3– 6).

Tubular injury has long been a hallmark of CI injury.
Particularly, the proximal convoluted tubule and the thick
ascending limb of the loop of Henle are prone to injury in-
duced by cold ischemia. Vascular endothelial cells are also a
target of preservation injury. Recent work suggests that vas-
cular injury, which affects blood flow in the outer medullary
and juxtamedullary region, is a significant factor in tubular
damage in ischemic kidneys (7).

Apoptosis is a form of programmed cell death morpho-
logically characterized by cell shrinkage and condensation of
both nuclear chromatin and cytoplasm (8, 9). On a molecular
basis, one of the distinct signaling pathways is the mitochon-
drial pathway. It is known that various apoptotic stimuli such
as oxidative stress, cold shock, and hypoxia can result in ap-
optotic cell death by the collapse of mitochondrial membrane
potential (MMP), disruption of the outer mitochondrial

membrane, and release of apoptogenic molecules from mito-
chondria such as cytochrome c.

Previously, we have shown that trophic factor supple-
mentation (TFS) of University of Wisconsin (UW) solution
(TFS-UW) with a mixture of nerve growth factor �, sub-
stance P, insulin-like growth factor �, and bactenecin (also
known as bovine neutrophil peptide-1) reduced CI injury
during cold storage of kidneys (10). Therefore, we hypothe-
size that TFS may have a beneficial effect on apoptosis in-
duced by CI injury. The aim of the present study was to
investigate whether TFS inhibits early apoptotic events induced
by CI storage. In addition, we examined multiple cell lines to
determine whether such effects may be cell type-specific.

Primary canine kidney tubule cells, Madin-Darby ca-
nine kidney cells, and human umbilical vein endothelial cells
(HUVECs) were grown in RK-1 medium, Dulbecco minimum
essential media, and EGM-2 media (Clonetics), respectively. All
three cell lines were cultured at 37°C in a humidified atmosphere
containing 5% CO2. Cells were grown to approximately 70%
confluence. After washing with phosphate-buffered saline,
cells were stored at 4°C under nitrogen for four days in UW
solution or TFS-UW containing nerve growth factor � (20
�g/L), substance P (2.5 �g/L), insulin-like growth factor � (10
�g/L), and bovine neutrophil peptide-1 (1 �g/L). Cells were
then rewarmed in their proper cell medium for one, four, six,
and 24 hours.

The membrane potential-dependent stain MitoTracker
Red CMXRos (Molecular Probes) was used to assess the mi-
tochondrial membrane potential in cells. Cells were incu-
bated in each appropriate media containing a 0.1 �M final
concentration of MitoTracker Red CMXRos dissolved in di-
methyl sulfoxide for 30 minutes in a 37°C, 5% CO2 gas incu-
bator. Cells were washed in phosphate-buffered saline and
qualitative analysis was carried out by capturing digital
images of five fields per well. To determine whether the
observed increase in staining was significant, spectroflu-
orometric analysis was used to quantitatively measure
changes in fluorescence. Quantitative analysis was carried
out using a fluorescence plate reader (Synergy HT; Bio-tek
Instruments Inc.).
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Caspase 3 activity was determined by a CaspACE Assay
System (Promega). In brief, an equal amount of cells were
washed and lysed with cell lysis buffer containing 1% Triton
X-100, 50 mM-HCl (pH 7.4), 1 mM EDTA, and 1 mM phe-
nylmethylsulfonyl fluoride. Lysates were incubated on ice
for 15 minutes and centrifuged at 15,000 g for 20 minutes at
4°C. The supernatant fractions were collected and incubated
with the caspase 3 substrate, acetyl- Asp-Glu-Val-Asp p-
nitroanilide (Ac-DEVD pNA), at 37°C for four hours.
Caspase 3 activity was assessed by measuring the absorbance
at a wavelength of 405 nm with a fluorescence plate reader
(Synergy HT; Bio-tek Instruments Inc.).

HUVECs were grown and stored at 4°C under nitrogen

for four days in UW solution or TFS-UW as described earlier.
After incubation in a humidified atmosphere containing 5%
CO2 at 37°C for four hours, cells were fixed with 4% parafor-
maldehyde, permeabilized with 0.1% Triton X-100, blocked
with 5% bovine serum albumin, and stained with a 1:100
dilution of rabbit anticleaved caspase-3 antibody (Promega)
at 4°C overnight. Primary antibodies were detected using a
1:200 dilution of fluorescein isothiocyanate-conjugated don-
key anti-rabbit Cy2 (Jackson Immuno Research Laboratories,
Inc.) at room temperature for one hour. Nuclei were stained
with 0.8% DAPI (Roche Diagnostics, Indianapolis, IN) in
phosphate-buffered saline for 10 minutes at room tempera-
ture. The number of caspase 3-positive cells was counted in

FIGURE 1. Mitochondrial staining with MitoTracker Red in (A, B) canine kidney tubule cells, (C, D) Madin-Darby canine
kidney cells, and (E, F) human umbilical vein endothelial cells. As a result of six-hour (A–D) rewarming, red mitochondria
staining of trophic factor-treated cells (B, D) was slightly higher than cells stored in University of Wisconsin solution for (A)
kidney tubule and (C) Madin-Darby canine kidney cells. The mitochondrial membrane potential of human umbilical vein
endothelial cells was also higher when the cell was incubated in trophic factor supplemented University of Wisconsin
solution at 4°C for four days and then rewarmed in cell culture medium at 37°C for 24 hours (F) than when the cell was stored
in unmodified University of Wisconsin solution for four-day cold ischemic storage followed by 24-hour rewarming (E) (�400).
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five randomly chosen fields at a magnification of 400�, and
the mean and standard deviation was then calculated.

All statistical analyses were performed using the Stu-
dent t test. P�0.05 was considered statistically significant.

The mitochondria of cells stored under CI conditions
for 12 hours (positive control) and four days showed a re-
markable decrease in MMP compared with control groups
for all three cell lines. As the rewarming time increased, MMP
collapse was gradually recovered. When cells were treated
with trophic factors, red mitochondrial staining of the
TFS-UW group was slightly higher than that of the UW group
for all cell lines. This cytoplasmic staining pattern was similar
in all rewarmed UW and TFS-UW groups (Fig. 1).

We found a significant 15% increase after four-hour
rewarming in fluorescence intensity in HUVECs in the pres-
ence of TFS (P�0.05). However, there was no significant dif-
ference in fluorescence intensity in primary canine kidney
tubule and Madin-Darby canine kidney cells. These results
indicate that TFS protects MMP collapse most preferentially
in HUVECs and that TFS may have a beneficial effect on
apoptosis induced by CI injury (Fig. 2).

Loss of MMP has been shown to activate caspase 3 and
thus promote apoptosis. Therefore, we were interested in de-
termining whether TFS had an inhibitory effect on caspase 3
activity in cells after CI storage. We found that CI injury led to
a significant increase in caspase 3 activity compared with cells
stored in their own appropriate medium. The high caspase 3
activity seen with storage in UW solution of HUVECs was
slightly decreased by addition of trophic factors to the UW
solution. The level of caspase 3 activity was 154, 528, and 456
pmol min�1mg�1 in the control, UW, and TFS-UW groups,
respectively (Fig. 3A).

To determine whether the caspase 3 enzyme activity
correlated with activated caspase 3, we used immunocyto-
chemistry to probe for the activated form of caspase 3. As
shown in Figure 3B, cells stored in UW solution stained pos-
itive for the active form of caspase 3. The number of caspase
3-positive cells were 0.60�0.89, 4.00�1.00, and 1.80�0.84 in
control, UW, and TFS-UW groups, respectively. The number
of caspase 3 active cells was significantly decreased by TFS
(P�0.05). In addition, these cells also showed nuclear con-
densation and fragmentation, morphologic changes charac-
teristic of apoptosis. These results are in agreement with the
MitoTracker Red staining results suggesting that TFS de-
creases early apoptotic events in vascular endothelial cells.

To determine the effect of TFS on early apoptotic
change induced by CI injury in primary canine kidney tubule
cells, Madin-Darby canine kidney cells, and HUVECs, we
used CMXRosamine dye as a measure of mitochondrial func-
tion. The fluorescence intensity of cells remarkably decreased
after cold hypoxic storage suggesting that cold ischemia in-
duces damage that results in a loss of MMP. Consistent with
our results, it was reported that a reduction in mitochondrial
size has been associated with a marked decrease in MMP (11)
and that endothelial cells also exhibited decreased MMP
when exposed to cold hypoxia (12). Interestingly, in the
present study, the collapsed MMP after CI injury showed a
tendency to increase by TFS when compared with that of cells
stored in UW solution in all three types of cells studied here,
further suggesting that TFS may have an antiapoptotic effect
during cold hypoxic storage.

FIGURE 2. Effect of trophic factor supplementation on
mitochondrial fluorescence intensity. The intensity was de-
creased after cold ischemic storage for 12 hours (positive
control) and four days in all cell lines. As the cells were
rewarmed for one hour or more, mitochondrial fluorescence
intensity gradually increased. There was a significant in-
crease after four-hour rewarming in human umbilical vein
endothelial cells in the presence of trophic factor supplemen-
tation (TFS) (P�0.05 compared with cells stored in University
of Wisconsin [UW] solution and rewarmed for four hours).
Neg con (), negative control, untreated normal cells; Pos con
(), positive control, cells stored in UW solution for 12 hours;
U, cells stored in UW solution for four days; T, cells stored in
TFS-UW for four days; U-1, cells stored in UW solution for
four days followed by one-hour rewarming; T-1, cells
stored in TFS-UW solution for four days followed by one-
hour rewarming; U-4, cells stored in UW solution for four
days followed by four-hour rewarming; T-4, cells stored in
TFS-UW solution for four days followed by four-hour re-
warming; U-6, cells stored in UW solution for four days fol-
lowed by six-hour rewarming; T-6, cells stored in TFS-UW
solution for four days followed by six-hour rewarming;
U-24, cells stored in UW solution for four days followed by
24-hour rewarming; T-24, cells stored in TFS-UW solution
for four days followed by 24-hour rewarming. RFU, relative
fluorescence units.
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When the MMP is collapsed, the release of cytochrome
c, a mitochondrial apoptotic protein, leads to caspase activa-
tion and apoptotic cell death. Among the caspase family of
proteins, caspase 3 is the critical effector caspase in the apo-
ptotic pathway (13–15) and is activated by a mitochondria-
dependent pathway (16 –20). Based on these reports, we
could suppose that TFS, having a protective effect on the
MMP, would inhibit the activation of caspase 3 after CI injury
and rewarming. In the current study, results from the caspase
3 enzyme assay and immunofluorescence staining strongly
suggested that the activation of caspase 3 was inhibited by TFS
in cold ischemic vascular endothelial cells.

Our results show that TFS protects against MMP col-
lapse and that activation of caspase 3 was inhibited during
early apoptosis in vascular endothelial cells. Collectively, the
protective effects of TFS on mitochondrial-dependent apo-
ptosis may be one mechanism whereby TFS is able to improve
kidney preservation for transplantation.
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FIGURE 3. The effect of trophic factor supplementation on (A) caspase 3 enzyme activity and (B) immunofluorescence
staining in human umbilical vein endothelial cells. The increased caspase 3 activity seen in cells stored in University of
Wisconsin solution was slightly decreased by treatment with trophic factors in University of Wisconsin solution (A). Nuclear
condensation and fragmentation and caspase 3 expression were observed in the same cells after four days cold ischemic
storage in University of Wisconsin solution (Upper pictures). Caspase 3-positve cells were decreased by supplementation
with trophic factors (lower pictures) (B).
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