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Prostaglandin transporter (PGT) mediates prostaglandin (PG) catabolism and PG signal termination. The
prostanoid PGE2, which induces angiogenesis and vasodilation, is diminished in diabetic skin, suggesting
that PGT up-regulation could be important in wound
healing deficiency, typified by diabetic foot ulcer. We
hypothesized that up-regulation of PGT in hyperglycemia could contribute to weakened PGE2 signaling,
leading to impaired angiogenesis and wound healing.
In human dermal microvascular endothelial cells
(HDMECs), exposure to hyperglycemia increased PGT
expression and activity up to threefold, accompanied
by reduced levels of PGE2. Hyperglycemia reduced
HDMEC migration by 50% and abolished tube formation. Deficits in PGE2 expression, HDMEC migration,
and tube formation could be corrected by treatment
with the PGT inhibitor T26A, consistent with the idea
that PGT hyperactivity is responsible for impairments
in angiogenesis mediated by PG signaling. In vivo,
PGT expression was profoundly induced in diabetes
and by wounding, correlating with diminished levels
of proangiogenic factors PGE2 and VEGF in cutaneous
wounds of diabetic mice. Pharmacological inhibition
of PGT corrected these deficits. PGT inhibition shortened cutaneous wound closure time in diabetic mice
from 22 to 16 days. This effect was associated with
increased proliferation, re-epithelialization, neovascularization, and blood flow. These data provide evidence that hyperglycemia enhances PGT expression
and activity, leading to diminished angiogenic signaling, a possible key mechanism underlying defective
wound healing in diabetes. (Am J Pathol 2012, 181:
334 –346; http://dx.doi.org/10.1016/j.ajpath.2012.03.012)
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Diabetic foot ulcer (DFU), a significant complication in
diabetes, is difficult to treat, has a high frequency of
recurrence, and often leads to amputation.1 It is estimated that, worldwide, more than one million people with
diabetes require limb amputation each year, a rate of one
major amputation every 30 seconds.2 Despite widespread incidence and significant consequences, the
therapies for treating DFU and the efficacy of those therapies are limited,3–5 in part because the etiology of DFU
is complex and not well understood.
DFU is classified as either ischemic or neuropathic,
and is caused by defects in endothelial and peripheral
vascular function6 – 8 induced by hyperglycemia.9 Endothelial and peripheral vascular functions are mediated by
multiple molecular factors, including prostaglandins
(PGs).10 PGE2 and PGI2 are vasodilators, maintaining the
balanced vascular pressure, patency, and perfusion required to maintain blood flow to peripheral tissues.11–14
They also stimulate angiogenesis by inducing vascular
endothelial growth factor (VEGF).15–18 Angiogenesis is
essential for wound healing,19 and VEGF is one of the
most potent stimulators of angiogenesis.20
Limited studies indicate that PGE2 is critical for wound
healing21 and that its level is positively correlated with
wound healing rate.22 Moreover, PGE2 concentration is
reduced in cutaneous wounds of diabetic mice.22 Paradoxically, cyclooxygenases (COX1 and COX2) and all
PGE2 terminal synthases are unchanged or increased in
diabetic skin.22 This suggests that the decrease in PGE2
abundance is not linked to a defect in production, but
instead could be due to increased catabolism of PGE2.
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Catabolism and degradation of PGE2 are mediated
by inward transport by the PG transporter (PGT) that
delivers PGE2 to intracellular catabolic enzymes.23 Genetic deletion and chemical inhibition of PGT prevent the
degradation of PGI2 and PGE2, and elevate the blood
levels of these prostanoids,24,25 indicating that PGT regulates systemic PGE2 catabolism. Here, we report the
important finding that PGT is up-regulated by hyperglycemia, resulting in weakened PGE2 signaling both in
cultured cells and in diabetic wounds. Weakened PGE2
signaling causes attenuated angiogenic responses,
which can be corrected by pharmacological inhibition of
PGT. These data indicate that up-regulated PGT signaling in wounds is a fundamental contributor to weakened
wound healing responses in diabetes and identifies PGT
as a therapeutic target for DFU treatment.

Materials and Methods
Cell Culture
Human dermal microvascular endothelial cells (HDMECs),
human epidermal keratinocytes (HEKs) (human dermal
epithelial cells), and human dermal fibroblasts were purchased from ScienCell Research Laboratories (Carlsbad,
CA). HDMECs were cultured in endothelial cell medium
(ECM) containing 5% fetal bovine serum, 1% endothelial
cell growth supplement (ScienCell Research Laboratories), 1% penicillin-streptomycin, and 5 mmol/L glucose.
HEKs were cultured in keratinocyte medium containing
1% keratinocyte growth supplement (ScienCell Research
Laboratories), 1% penicillin-streptomycin, and 5 mmol/L
glucose. Human dermal fibroblasts were cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum, 1% penicillin-streptomycin, and 5 mmol/L
glucose. siRNAs (PGT and GFP) were purchased from
Qiagen (Valencia, CA).

PGT Activity Assay
PGT activity was measured by [3H]PGE2 uptake in
HDMECs in medium containing 5 or 25 mmol/L glucose,
in the presence or absence of 5 mol/L T26A, using a
method described previously.26

PGE2 Measurements in Cell Culture
Four hundred thousand HDMECs were seeded onto
10-cm plates and incubated in ECM containing 5 or 25
mmol/L glucose at 37°C for 3 days, then were treated with
10 mol/L bradykinin in the presence or absence of 5
mol/L T26A for 3 hours. Bradykinin was used to stimulate endogenous PGE2 synthesis, to better enable PGE2
detection. The cell medium was collected and PGE2 was
assayed with an enzyme immunoassay kit (Cayman
Chemical, Ann Arbor, MI). Cellular protein was determined with a BCA protein assay kit (Thermo Scientific,
Pittsburgh, PA), and the PGE2 level was normalized to
total cellular protein.

PGT siRNA Effect on Endogenous PGE2
HDMECs were seeded onto six-well plates. Twenty-four
hours later, when confluency reached 40% to 60%, cells
were transfected with four sets of siRNAs targeting PGT
at various concentrations and with GFP siRNA, using
RNAi Max transfection reagent (Invitrogen-Life Technologies, Carlsbad, CA). GFP siRNA was used as a positive/
negative control to determine transfection efficiency
and the effect of silencing, without affecting the PGT
gene. Maximal silencing of PGT mRNA (80%) was
achieved by transfecting PGT siRNA set 1 at a concentration of 10 nmol/L. To determine the effect of PGT
siRNA on endogenous PGE2 levels, HDMECs were
seeded onto six-well plates and incubated in medium
containing 5 or 25 mmol/L glucose. Twenty-four hours
later, cells were transfected with either GFP or PGT
siRNA. Two days after transfection, cells were treated
with 10 mol/L bradykinin for 3 hours. The cell medium
was collected and PGE2 was assayed, using an enzyme immunoassay kit from Cayman Chemical. Cellular protein was determined using a BCA protein assay
kit (Thermo Scientific), and the PGE2 level was normalized to total cellular protein.

Cellular Wound Migration
Fifty thousand HDMECs or HEKs seeded onto six-well
plates (with premarked center) were grown in ECM or
keratinocyte medium containing 5 or 25 mmol/L glucose
at 37°C, reaching 100% confluency in 3 to 4 days. A gap
in cells was created with a pipette tip of diameter of 1
mm. Cells were washed with PBS and incubated in ECM
or keratinocyte medium containing 5 or 25 mmol/L glucose in the presence or absence of 100 nmol/L PGE2 or
5 mol/L T26A. Phase-contrast photomicrographs were
taken immediately and at 12 hours using a microscope
(4⫻ objective). The open area (ie, not covered by cells) in
the center of the well at 0 and 12 hours was determined
using ImageJ software version 1.45s (NIH, Bethesda,
MD). The closed area was calculated by subtracting the
open area at 12 hours from the open area at 0 hours. The
percentage gap closure was calculated by dividing the
closed area by the open area at 0 hours and multiplying
by 100. After photomicrographs were obtained, cells
were collected in TRIzol reagent (Invitrogen-Life Technologies, Carlsbad, CA) for RNA measurements.

Cell Migration Transwell Assay
The cell migration Transwell assay was performed as
described previously,27 with slight modification. Fifty
thousand HDMECs pretreated with 5 or 25 mmol/L glucose for 3 days were seeded in 300 L serum-free ECM
containing 5 or 25 mmol/L glucose on the top side of
filters that were subsequently placed in 24-well plates
with ECM (with serum) containing 5 or 25 mmol/L glucose
in the presence or absence of 100 nmol/L PGE2 or 5
mol/L T26A. After incubation at 37°C for 12 hours, cells
were fixed with 4% paraformaldehyde at 25°C for 1 hour,
and stained with 0.1% crystal violet for 1 hour. Cells on
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the bottom of the filter (ie, migrated cells) were counted
under a microscope with a 10⫻ objective.27

Tube Formation
The tube formation assay was adapted from methods
described previously.28 Briefly, Cytodex-3 microcarrier
beads (Sigma-Aldrich, St. Louis, MO, and GE Healthcare,
Piscataway, NJ) coated with HDMECs (pretreated with 5
or 25 mmol/L glucose for 2 days) at 37°C for 16 hours
were suspended in fibrinogen solution (2 mg/mL in PBS)
containing 5 or 25 mmol/L glucose in the presence or
absence of 100 nmol/L PGE2 or 5 mol/L T26A and were
added to 24-well plates (0.5 mL suspension per well) in
the presence of 6.25 L thrombin (0.625 U/mL). After the
bead suspension had solidified, 0.6 mL ECM containing
5 or 25 mmol/L glucose in the presence or absence of
100 nmol/L PGE2 or 5 mol/L T26A and human dermal
fibroblasts was added to each well. The bead and human
dermal fibroblast mixtures were incubated at 37°C for 72
hours. Photographs were taken every 24 hours. The number of tubes per bead was determined and the length of
tubes was measured using the averaged bead diameter
as reference.

Protein Extraction
Tissues or cells were washed with ice-cold PBS and
lysed with protein lysis buffer (20 mmol/L Tris pH 7.4, 150
mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L NaF, 1 mmol/L
Na3VO4, 1% NP-40, and protease inhibitor cocktail). The
cell lysate was kept on ice for 30 minutes with shaking or
light vortex mixing intermittently. The lysate was centrifuged at 4°C at 13,000 ⫻ g for 15 minutes. The supernatant was transferred into a clean Eppendorf tube. Protein
concentration was determined using a BCA protein assay
kit (Thermo Scientific). The supernatant was mixed with
loading buffer and boiled for 5 minutes. The protein samples were aliquoted and stored at ⫺80°C.

Western Blot
Protein samples were fractioned on 10% SDS-PAGE and
were transferred to polyvinylidene difluoride membrane.
The membrane was incubated in 5% non-fat milk at room
temperature for 1 hour and subsequently incubated with
anti-VEGF polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) or anti-PGT polyclonal antibody
(Cayman Chemical) diluted in 5% milk (0.5 to 1 g/mL) at
4°C overnight. Goat anti-rabbit IgG horseradish peroxidase-linked antibody in wash buffer with 0.5% milk
(1:2000 dilution) was added to the membrane and incubated at room temperature for 1 hour. Secondary
antibody was detected using SuperSignal West Pico
chemiluminescent substrate (Thermo Scientific) followed
by autoradiography. The protein bands were quantified
using ImageJ software.

mRNA Measurement by Real-Time qRT-PCR
Total RNA was extracted with TRIzol, and 1 g of total RNA
was used to synthesize cDNA with SuperScript III Reverse
Transcriptase and Oligo(dT) (Invitrogen-Life Technologies).
Real-time PCR with SYBR Green master mix was performed
using a 7900HT PCR system (Applied Biosystems-Life
Technologies, Foster City, CA) with the following primers:
VEGF (human), 5=-AGCTGCGCTGATAGACATCC-3= (forward) and 5=-GTCTGAACGTCTCAAAGGGC-3= (reverse);
VEGF (mouse), 5=-AATGCTTTCTCCGCTCTGAA-3= (forward) and 5=-GCTTCCTACAGCACAGCAGA-3= (reverse);
PGT (human), 5=-TGTACAGGAGTTGGCAGAGC-3= (forward) and 5=-AGCGACACCTCTACTAGCCG-3= (reverse);
PGT (mouse), 5=-TCGATAGTGGTGAGGCTGCT-3= (forward)
and 5=-CGCTCGGTCTTCAACAACAT-3= (reverse); GAPDH
(human), 5=-AATGAAGGGGTCATTGATGG-3= (forward) and
5=-AAGGTGAAGGTCGGAGTCAA-3= (reverse); and GAPDH
(mouse), 5=-TTGATGGCAACAATCTCCAC-3= (forward)
and 5=-CGTCCCGTAGACAAAATGGT-3= (reverse). The
level of mRNA was calculated versus GAPDH transcript
and was expressed as fold over control.

Animals
Male BKS.Cg-Dock7m ⫹/⫹ Leprdb/J mice and their
matched control, C57BLKS, all 10 weeks of age, were
purchased from the Jackson Laboratory (Bar Harbor,
ME). To generate diabetic mice, wild-type (WT) C57BL6/J
mice, 5 to 6 weeks of age, were purchased from the
Jackson Laboratory and injected with streptozotocin
(STZ) (50 mg/kg body weight) or saline solution at one
dose per day for 5 days consecutively. Mice injected with
saline were used as controls.

Wound Creation and Care
All procedures were approved by the Institutional Care and
Use Committee at Albert Einstein College of Medicine
(AECOM). Two 5-mm full-thickness cutaneous wounds
were created on opposite sides of the dorsum in the mice.29
One 10-mm cutaneous wound was created on the dorsum
of each mouse for blood flow measurement. Either 15 or 50
L of vehicle [2% Kolliphor EL (polyethoxylated castor oil;
catalog no. C5135; Sigma-Aldrich) ⫹ 2% DMSO in water)]
or T26A was applied to wounds immediately after wounding
and every other day thereafter. Wounds were covered with
fresh Tegaderm dressing (3M, Maplewood, MN) after each
application.

Wound Closure Measurements
Images of wounds, with a ruler within the visual field for
scale, were obtained using a digital camera. Wound sizes
were analyzed using ImageJ software. The open wound
was defined as the unepithelialized area, and the number of
pixels were counted for quantification. Wound closure was
calculated as a percentage versus the initial wound area.
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Histological Examination and Evaluation of
Wounds
At various time points, wounded mice were sacrificed for
histological examination. Bromodeoxyuridine (BrdU) was
intraperitoneally injected into mice (100 g/g body
weight) 3 hours before sacrifice. Unwounded skin and
wounded skin tissues were excised and carefully placed
and stapled onto cardboard to flatten the sample. Tissues were fixed with 4% paraformaldehyde for 18 to 20
hours, trimmed at the center of the wound, and processed with paraffin. The paraffin-embedded sections (5
m thick) were stained with H&E, and additional sections
were stained immunohistochemically for BrdU (mouse
monoclonal antibody; Roche Applied Science, Indianapolis, IN), CD34 (mouse monoclonal antibody; Cedarlane
Laboratories, Burlington, NC), and PGT (rabbit polyclonal
antibody; Cayman Chemical). Samples for immunohistochemistry were dewaxed in xylene and rehydrated
through successive grades of alcohol to water. For antigen retrieval, slides were placed in 6 mol/L sodium citrate
buffer pH 6.2 and maintained at 95°C for 20 minutes,
followed by cooling to room temperature. Endogenous
peroxidase activity was blocked using peroxidase blocking solution (Dako, Carpinteria, CA). The slides for BrdU
staining were additionally exposed to 3 mol/L HCl for 30
minutes at room temperature and washed in TBS.
Samples were incubated in blocking buffer [5% donkey serum (Jackson ImmunoResearch Laboratories,
West Grove, PA) and 2% BSA (Sigma-Aldrich)]. Samples
were then exposed to primary antibodies: CD34 and
BrdU 1:400 for 1 hour at room temperature and PGT
1:250 at 4°C overnight. Samples were washed and then
exposed to either mouse or rabbit polymer (InvitrogenLife Technologies), followed by exposure to 3,3=-diaminobenzidine (DAB) and water wash. Samples were evaluated by a Board-certified veterinary pathologist (R.S.S.),
and photomicrographs were acquired under a microscope with a 10⫻ or 20⫻ objective. For quantification of
BrdU positivity, the number of positive cells per highpower field (HPF) was counted in a masked fashion under a microscope. Because CD34 is not an entirely specific marker for endothelial cells, only those cells that
were both DAB positive and morphologically consistent
with endothelial cells were included in the evaluation.

Blood Flow
A single cutaneous wound 10 mm in diameter was created on the dorsum of mice, using the procedure described above. Blood flow in the wound was measured
using a PeriScan PIM 3 laser Doppler blood perfusion
imaging system (Perimed, Järfälla, Sweden) immediately
after wounding and every other day, before application of
50 L of vehicle or T26A. During measurements, mice
were placed on a 37°C heating pad and anesthetized
with 2.5% isoflurane. Blood flow in adjacent unwounded
skin was measured and used as a reference for relative
blood flow calculation.

Wound Collection for Extractions of Protein and
Total RNA and Measurement of PGE2 in Skin
Tissues
At various time points, wound tissues were excised at a
diameter of 7 mm, circumscribing the original 5-mm
wound diameter. Three quarters of the tissue was used
for protein extraction; the remainder was used for extraction of total RNA. All harvested tissues were immediately
frozen in liquid nitrogen. For PGE2 measurements, a separate set of wound tissues were collected, and whole
wound was used for PG extraction and PGE2 assay using
an enzyme immunoassaykit (Cayman Chemical).

Measurements of VEGF Protein in Skin Tissues
Protein was extracted from frozen skin tissues. VEGF in
the sample was measured using a Quantikine ELISA kit
(R&D Systems, Minneapolis, MN) and was normalized to
total protein.

Statistical Analysis
Group measurements are expressed as means ⫾ SD or
as means ⫾ SEM. Comparisons of two groups were performed with t-tests. All statistical tests were two-sided,
and P ⬍ 0.05 was considered significant.

Results
Hyperglycemia Augments PGT Expression and
Activity in HDMECs
In cultured cells, PGT expression reaches steady levels
between day 3 and day 4. Hyperglycemia causes significant inhibitory effects on endothelial cell functions on
day 4.30 To examine the effect of glucose on PGT expression in HDMECs, we exposed cells to hyperglycemia for
4 days. This caused a two- to threefold increase in both
PGT protein and mRNA levels, compared with control
(Figure 1, A and B). To determine whether PGT activity
was also increased, we measured [3H]PGE2 uptake by
HDMECs in euglycemia or hyperglycemia. As expected,
hyperglycemia increased PGT activity by twofold, compared with control (Figure 1C). These results indicate that
hyperglycemia induces PGT expression and activity in
HDMEC cells. This is, to our knowledge, the first evidence
that PGT expression and activity are sensitive to glucose
concentration in dermal endothelial cells.
To investigate whether hyperglycemia or modulation of
PGT activity or expression can affect extracellular PGE2
levels, we measured PGE2 secreted into the medium by
HDMECs in euglycemia or hyperglycemia in the presence or absence of a potent PGT inhibitor, T26A. We
recently reported that T26A is a highly selective inhibitor
of PGT.25 This compound blocks PGE2 catabolism and
degradation without affecting PGE2 synthesis, owing to
its ability to prevent PGE2 internalization in cells.25 Exposure to hyperglycemia for 4 days decreased extracellular
PGE2 to 50% of control (Figure 1D). Inhibition of PGT by
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Figure 1. Hyperglycemia augments PGT expression and activity in HDMECs. A and B: Expression of PGT protein (A) and PGT mRNA (B) in
HDEMCs incubated in medium containing 5 or 25 mmol/L glucose for 4 days.
C: [3H]PGE2 uptake by HDMECs incubated in medium containing 5 or 25
mmol/L glucose for 4 days. D: Endogenous PGE2 secreted by HDMECs
incubated in medium containing 5 or 25 mmol/L glucose for 4 days and
treated with 10 mol/L bradykinin and 0 or 5 mol/L T26A for 3 hours. E:
Endogenous PGE2 secreted by HDMECs transfected with GFP siRNA as a
control or PGT siRNA and exposed to 5 or 25 mmol/L glucose for 4 days and
treated with 10 mol/L bradykinin for 3 hours. These experiments were
conducted for three rounds, each round in duplicate for each condition. Data
are expressed as means ⫾ SD (n ⫽ 6). *P ⬍ 0.05; **P ⬍ 0.01. CPM, counts per
minute; Ctl, control.

T26A for 3 hours doubled extracellular PGE2 in hyperglycemia and also increased PGE2 levels in controls. To
confirm that the increased PGE2 by T26A was a direct
result of PGT inhibition, we transfected HDMECs with
PGT siRNA and measured PGE2 release. Suppression of
PGT increased extracellular PGE2 to 180% of control in
euglycemia and reversed the decrease in PGE2 levels
caused by hyperglycemia (Figure 1E). Thus, data obtained by both chemical and genetic approaches are
consistent with a model in which increased PGT expression and activity induced by hyperglycemia cause reduced PGE2 concentrations.

that in euglycemia 100 nmol/L PGE2 caused 55% gap
closure. The effect of 5 mol/L T26A was even greater
than that of PGE2 (Figure 2). More importantly, T26A
reversed the effects of hyperglycemia on HDMEC migration, similar to what occurs with added PGE2 (Figure 2A;
see also Supplemental Figure S1A at http://ajp.amjpathol.
org). These data are consistent with the idea that PGT
regulates cell migration in both euglycemia and hyperglycemia by modulating PGE2 signaling.
We confirmed the influence of hyperglycemia and PGT
on cell migration by another assay, the Transwell assay.27,31 Hyperglycemia impaired HDMEC mobility, reducing the number of migrated cells to 50% of that observed in euglycemia (Figure 2B; see also Supplemental
Figure S1B at http://ajp.amjpathol.org). Treatment of hyperglycemic cultures with PGE2 or T26A restored
HDMEC mobility to nearly control levels. These data are
consistent with the idea that hyperglycemia up-regulates
PGT expression and activity, which in turn weakens PGE2
signaling and cell migration. The results obtained by the
two migration assays show that hyperglycemia impairs
cell migration. The impairment can be corrected by pharmacological inhibition of PGT, suggesting that PGT upregulation is fundamental to migration defects caused by
hyperglycemia.

Up-Regulated PGT Causes HyperglycemiaImpaired Capillary Formation in HDMECs
To further investigate the role of hyperglycemia and PGT
in angiogenesis, we performed the fibrin bead assay,28 in
which endothelial cells are coated onto beads and the
formation of microtube structures is evaluated. The number of sprouts per bead and the length of sprouts were
used as measures of angiogenic behavior.28 After 24
hours, cells formed sprouts of discernible and quantifi-

Up-Regulated PGT Causes HyperglycemiaInduced Defects in HDMEC Migration and
Wound Closure
To investigate effects of hyperglycemia induction of PGT
on wound closure in vitro, we created a one-dimensional
gap in confluent HDMEC monolayers; we then exposed
these HDMECs to hyperglycemic or euglycemic conditions and measured wound closure after 12 hours. Without added PGE2 or T26A, 30% of the gap closed in
euglycemia, whereas only 13% of the gap closed in hyperglycemia (Figure 2A; see also Supplemental Figure
S1A at http://ajp.amjpathol.org). Reports that PGE2 stimulates cellular migration27,31 led us to test whether the
defect in wound closure could be due to a deficit in PGE2
signaling secondary to PGT up-regulation. We applied
100 nmol/L PGE2 or 5 mol/L T26A to cells and observed

Figure 2. Up-regulated PGT causes hyperglycemia-induced defects in
HDMEC wound migration. A: Analysis of HDMEC gap closure as percentage
of closed gap relative to the initial gap. HDMECs were incubated in medium
containing 5 or 25 mmol/L glucose for 4 days on six-well plates to reach 100%
confluency. Gaps were created in the center of each well; thereafter, cells
were incubated in medium containing 5 or 25 mmol/L glucose in the presence or absence of 100 nmol/L PGE2 or 5 mol/L T26A for 12 hours. B:
Analysis of Transwell assay of HDMECs migrated through filters. HDMECs
were preconditioned in medium containing 5 or 25 mmol/L glucose for 4
days, then seeded onto Matrigel-coated filters, which were then inserted into
medium containing 5 or 25 mmol/L glucose in the presence or absence of
100 nmol/L PGE2 or 5 mol/L T26A and incubated for 12 hours. These
experiments were conducted for three rounds, each round in duplicate for
each condition. Data are expressed as means ⫾ SD (n ⫽ 6). *P ⬍ 0.05.
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mice; the latter mouse strain is hyperglycemic and is
widely used for diabetic wound healing studies.32–36 PGT
protein expression is minimal in WT mice, whereas it is
clearly apparent in db/db mice (Figure 4A). At the mRNA
level, PGT transcript is 4.5-fold higher in db/db mice than

Figure 3. Up-regulated PGT causes hyperglycemia-impaired capillary formation in HDMECs. A: Representative photomicrographs of HDMEC capillary formation. HDMEC-coated beads were suspended in fibrinogen solution
containing 5 mmol/L or 25 mmol/L glucose ⫾ 100 nmol/L PGE2 or 5 mol/L
T26A, solidified in 24-well plates in the presence of thrombin and covered
with serum-free ECM containing 5 mmol/L or 25 mmol/L glucose ⫾ 100
nmol/L PGE2 or 5 mol/L T26A and human dermal fibroblasts, and incubated
for 24 hours. Original magnification, ⫻10. B: The number of HDMEC tubes
was counted in five randomly chosen fields. The average number of tubes
per bead was calculated by dividing the total number of tubes by the total
number of beads. C: For measurement of tube length, the images shown in
A were digitally enlarged using Adobe Photoshop software version CS3
extended (Adobe Systems, Inc., San Jose, CA); tube length was measured,
using the averaged diameter of beads as reference. For each condition, 25
beads were randomly chosen. These experiments were conducted for three
rounds, each round in duplicate for each condition. Data are expressed as
means ⫾ SD (n ⫽ 6). *P ⬍ 0.05; **P ⬍ 0.01.

able length in euglycemia (Figure 3, A–C). Both PGE2
and T26A tripled the number of vessels (Figure 3, A and
B) and increased the length of tubes to 130% to 170% of
control (Figure 3, A and C). In contrast, hyperglycemia
ablated tube formation. Both T26A and PGE2 treatments
in hyperglycemia provided correction, leading to increases in sprout numbers to 80% of control and increases in tube length to 90% of control. These data
imply that overactivation of PGT in hyperglycemia impairs
HDMEC angiogenic functions, which can be restored by
pharmacological PGT inhibition.

PGT Expression Is Induced by Wounding and
Diabetes, and Inhibition of PGT Elevates PGE2
in Wounds
To determine whether increased PGT expression with
hyperglycemia observed in cell culture also occurs in
vivo, we stained for PGT protein in unwounded skin of
C57BLKS and BKS.Cg-Dock7m ⫹/⫹ Leprdb/J (db/db)

Figure 4. PGT expression is induced by wounding and diabetes, and inhibition of PGT elevates PGE2 in wounds. A: Representative photomicrographs
of PGT staining of unwounded and wounded skin of WT C57BLKS (day 5
after wounding) and BKS.Cg-Dock7m ⫹/⫹ Leprdb/J db/db mice (day 7 after
wounding). Original magnification, ⫻20. B: For measurement of PGT mRNA
in unwounded skin of WT and db/db mice, skin tissues were collected from five
mice of each strain. mRNA was measured three times for each sample. C: For
analysis of PGE2 levels in mouse wound tissues as a function of time, two 5-mm
cutaneous wounds were created on opposite sides of the dorsum; 15 L of
vehicle (2% Kolliphor EL ⫹ 2% DMSO in water) was applied to one wound and
2 mmol/L T26A was applied to the other immediately after wounding and every
other day thereafter throughout the entire course of wound healing. At various
time points (0 to 21 days), wound tissues were collected for PG extraction and
PGE2 assay using an enzyme immunoassay kit from Cayman Chemical. PGE2
was measured three times for each wound tissue. Data are expressed as
means ⫾ SEM [n ⫽ 5 (B); n ⫽ 4 mice per time point (C)][. *P ⬍ 0.05; **P ⬍ 0.01.
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adjacent intact WT skin (858 ⫾ 62 pg/mg tissue) or db/db
skin (423 ⫾ 35 pg/mg tissue). In diabetic wounds, PGE2
level is consistently ⬍50% of WT wounds at all times
(Figure 4C). T26A application caused increased PGE2,
compared with the respective controls. Application of
T26A throughout the entire course of wound healing significantly increased PGE2 levels in WT wounds; more
importantly, it corrected PGE2 deficit in db/db wounds
(Figure 4C), in accord with our hypothesis that PGT regulates PGE2 homeostasis in wounds. One day after T26A
application, PGE2 levels had increased; they reached a
stable level at day 13 in diabetic wounds, twofold the
level of that of vehicle-treated wounds (Figure 4C) and
similar to the levels observed in untreated WT wounds.
These data support a model in which PGT expression
levels in diabetic wounds limit PGE2 concentration.

PGT Modulates Wound Healing Rates in
Diabetic Mice

Figure 5. PGT modulates wound healing rates in diabetic mice. A: Photomicrographs of representative wounds of BKS.Cg-Dock7m ⫹/⫹ Leprdb/J
db/db mice at various time points after wounding (day 0 to 16). Two 5-mm
cutaneous wounds were created on opposite sides of the dorsum of five
mice; 15 L of vehicle (2% Kolliphor EL ⫹ 2% DMSO in water) was applied
to one wound and T26A was applied to the other immediately after wounding and every other day thereafter. B: Wound area as a function of time,
analyzed using ImageJ software. Scale (A) is in millimeters.

in WT mice (Figure 4B). This recapitulates our observations in cell culture that hyperglycemia induces PGT expression in vitro (Figure 1, A and B). The in vitro and in vivo
data together uncover a mechanism that could help to
explain wound healing defects in diabetes.
To further investigate factors that affect PGT expression, we determined PGT levels in wounds. Unexpectedly, wounding induced a profound expression of PGT in
both WT and db/db mouse wounds, although to a much
greater extent in db/db animals (Figure 4A). PGT expression reached a peak level on day 5 in WT mouse wounds
and on day 7 in db/db mouse wounds. PGT was expressed in macrophages, endothelial cells around vessels, and fibroblasts. These findings indicate that in vivo
PGT expression is sensitive to trauma and is more prominently stimulated in diabetic animals. This effect, combined with our in vitro data linking hyperactivation of PGT
expression and activity to defects in cell behaviors fundamental to wound healing, led us to propose that PGT
could play a contributing role in impaired wound healing
in diabetic animals.
The predicted downstream effect of PGT overexpression is diminished PGE2 level. PGE2 levels during the
course of wound healing in both WT and db/db mice are
shown in Figure 4C. In vehicle-treated wounds of both
strains, the PGE2 level dropped to its lowest values immediately after wounding. PGE2 levels gradually recovered, ultimately reaching a stable level, similar to that of

To further test the idea that hyperactivation of PGT slows
wound healing in diabetes, we applied vehicle or T26A to
cutaneous wounds created on the dorsum of BKS.CgDock7m ⫹/⫹ Leprdb/J (db/db) mice. These mice are a
genetic diabetic mouse model. Wound healing in these
animals is severely impaired,32–36 with defective neovascularization.35,36 We selected db/db mice that had
plasma glucose levels of ⬎360 mg/dL. The average
wound closure time for these mice was 22 days, which is
approximately 7 days longer than for WT mice (see Supplemental Figure S2, A and B, at http://ajp.amjpathol.org).
T26A topically applied to wounds accelerated wound
closure in a dose-dependent manner (Figure 5, A and B).
At 2 mmol/L, T26A shortened db/db mouse wound closure time to 16 days, similar to untreated WT mice (see
Supplemental Figure S2, A and B, at http://ajp.amjpathol.
org). The wound closure rates during the four time periods covering the major part of the healing course were
higher in T26A-treated wounds than in vehicle-treated
wounds (Table 1). To further support the idea that PGT
overexpression caused by hyperglycemia is fundamental
to deficiency in wound healing, we applied T26A in another model of diabetes, STZ-induced type 1 diabetic
mice. Ten weeks after the mice became diabetic, they
exhibited significantly delayed wound healing, relative to
WT mice (see Supplemental Figure S2, A and B, at http://
ajp.amjpathol.org). As in the db/db mice, T26A treatment
shortened wound healing time of STZ-induced diabetic
Table 1. Wound Closure Rates of db/db Mice Treated with PGT
Inhibitor (T26A) or Vehicle
Wound closure rate (%/day)

Time period
(days)

Vehicle

T26

0–2
2–6
6–10
10–14

3.15 ⫾ 0.29
3.55 ⫾ 0.31
6.72 ⫾ 0.56
7.84 ⫾ 0.62

14.00 ⫾ 1.28*
7.88 ⫾ 0.69*
11.46 ⫾ 1.10*
16.05 ⫾ 1.33*

Data are expressed as means ⫾ SEM (n ⫽ 5 per group).
*P ⬍ 0.05.

PGT Modulates Wound Healing Angiogenesis
341
AJP July 2012, Vol. 181, No. 1

mice to the same as the wound healing time of WT mice
(see Supplemental Figure S2, A and B, at http://ajp.
amjpathol.org).

PGT Regulates Epithelialization in Wounds
Wound closure was judged by re-epithelialization, which
can be visualized by immunohistochemical H&E staining.
T26A treatment resulted in accelerated re-epithelialization of wounds in db/db mice (Figure 6A). By day 15, the
T26A-treated wounds completely re-epithelialized over a
smooth thin layer of granulation tissue, whereas the vehicle
control was only 55% re-epithelialized (Figure 6A). The improved re-epithelialization was accompanied by increased
proliferation, as indicated by BrdU staining (see Supplemental Figure S3, A and B, at http://ajp.amjpathol.org).
T26A-treated wounds had sixfold more BrdU-positive cells
populated in the re-epithelialized area, compared with vehicle-treated wounds (see Supplemental Figure S3, A and
B, at http://ajp.amjpathol.org).
The major contributor to cutaneous epithelialization is
dermal epithelial cell migration, which can be recapitulated in vitro by the wound migration assay. PGT is expressed in epithelial cells.37 To determine whether PGT
regulates epidermal cell migration, we conducted in vitro
wound migration assay with HEKs in euglycemia or hyperglycemia and in the presence or absence of PGE2 or
T26. In euglycemia, 34% of the gap had closed 12 hours
after gap creation. PGE2 and T26A increased gap closure to 51% and 58%, respectively (Figure 6, B and C).
Hyperglycemia hampered HEK migration, reducing gap
closure to only 20%. Either T26A or PGE2 completely
restored HEK migration in hyperglycemia.

PGT Regulates Neovascularization in Wounds
Granulation tissue deposit and re-epithelialization are
supported by blood vessels. Formation of new blood
vessels (ie, neovascularization) is a critical event in
wound healing. Our in vitro migration and capillary formation results (Figures 2 and 3) strongly suggest that PGT
regulates neovascularization. We conducted detailed examinations of vessel-forming processes in diabetic
wound tissues by staining for CD34 (a marker for vessel
formation in formalin-fixed mouse tissues38,39). At day 5,
CD34-positive cells were present in T26A-treated
wounds, whereas minimal immunoreactivity was observed in controls (Figure 7). The maximum number of
vessels in T26A-treated wounds was reached at day 10;
this maximum was 30% more than the maximum in vehicle-treated wounds, which was reached at day 15 (Figure
7). Thus, T26A treatment accelerated and increased absolute numbers of vessels formed. At day 10, T26Atreated wounds had sixfold more vessels than did vehicle-treated wounds (Figure 7). Most of the vessels were
newly formed vessels distributed at the wound margins.
Based on the corrective effects observed for inhibition of
PGT, these results indicate that hyperactivation of PGT by
hyperglycemia is a main cause of impaired neovascularization in diabetic wounds.

Figure 6. PGT regulates re-epithelialization in wounds. A: Representative
photomicrographs of H&E staining for a pair of wounds of the same db/db
mice treated with vehicle or 2 mmol/L T26A for 5, 10, and 15 days. Original
magnification, ⫻10. B: Representative photomicrographs of HEK wound
migration. HEKs were incubated in medium containing 5 or 25 mmol/L
glucose for 4 days on six-well plates to reach 100% confluency. Gaps were
created in the center of each well. Cells were treated with 100 nmol/L PGE2
or 5 mol/L T26A under euglycemic (5 mmol/L glucose) or hyperglycemic
(25 mmol/L glucose) conditions for 12 hours. Original magnfication, ⫻4. C:
HEK gap closure, as percentage of closed gap to the initial gap. Experiments
shown in B were conducted for three rounds, each round in duplicate for
each condition. Data are expressed as means ⫾ SD (n ⫽ 6). *P ⬍ 0.05.

PGT Regulates Blood Flow at Wounds
To determine whether T26A not only increases the numbers of vessels, but also improves vessel functions, we
measured blood flow in 10-mm wounds of db/db mice.
Significant differences in blood flow between T26A- and
vehicle-treated wounds appeared at day 2 (Figure 8A),
when the blood flow in T26A-treated wounds was 30%
higher than that in vehicle-treated wounds. In T26Atreated wounds, blood flow reached a peak level be-
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Figure 7. PGT regulates neovascularization in wounds. A: Representative photomicrographs of CD34-positive staining (arrowheads) of a pair of wounds of the
same BKS.Cg-Dock7m ⫹/⫹ Leprdb/J db/db mouse treated with vehicle or T26A for various time periods. Original magnification, ⫻20. B: Numbers of CD34-positive
cells were counted in five random high power fields (HPF) for each mouse tissue. Data are expressed as means ⫾ SEM (n ⫽ 4). P ⬍ 0.05; **P ⬍ 0.01.

tween day 8 and day 10, and gradually reduced to normal level as wounds healed (Figure 8B). In vehicletreated wounds, blood flow did not reach a peak level
until day 14; however, the maximum blood flow in T26Atreated wounds was 25% higher than in vehicle-treated
wounds (Figure 8B). The effect of T26A on blood flow was
in accord with its effects in stimulating neovascularization
(Figure 7). These data indicate that PGT inhibition can
improve blood flow in wounds, likely as a consequence of
PGT inhibition, resulting in increased neovascularization.

Up-Regulated PGT Weakens VEGF Production
in Cell Culture and Wound Tissues
The data we obtained indicating a role of PGT in modulating wound healing and angiogenesis led us to speculate that downstream signaling from PGE2 might be
weakened by increased PGT activity. We focused on the
most potent and critical stimulator of angiogenesis,
VEGF, which is an endothelial cell-specific mitogen20 and
a known downstream target of PGE2.15–18 Inhibition of
PGT increased endogenous PGE2 in both HDMECs (Figure 1D) and wounds (Figure 4C), suggesting the possibility that PGT inhibition increases VEGF levels. VEGF
protein expression level in HDMECs was very low (Figure
9A). Application of PGE2 increased VEGF levels, as reported previously.16 –19 Application of T26A, in the absence of exogenous PGE2, increased VEGF, implying
that PGT activity modulates VEGF production (Figure 9A).
A combination of PGE2 and T26A provided additive effects on VEGF protein level (Figure 9A). These effects
were mirrored by increases in VEGF mRNA levels with
these treatments (Figure 9B). These data are consistent
with PGE2 levels regulating the strength of signaling that
generates VEGF.
To determine whether hyperactivation of PGT causes
decreased VEGF accumulation in vivo VEGF protein and
mRNA were measured in wounds of WT and db/db mice.
In WT wounds, VEGF mRNA levels increased to a maximum at day 5 and a maximum protein level around day 7
(Figure 9, C and D). As expected, VEGF protein and

mRNA levels in diabetic wounds were two- to threefold
lower, compared with WT wounds, reaching maximum
concentrations at day 14 (Figure 9, C and D). To determine whether PGT could be the cause of reduced VEGF
accumulation, we inhibited PGT in diabetic wounds and
again measured VEGF. Application of T26A led to increased mRNA and protein expression of VEGF, reaching levels similar to those of WT wounds treated with
vehicle (Figure 9, C and D). Increases in VEGF mRNA
started on day 5 and reached maximum on day 14 (Figure 9D); increases in VEGF protein started on day 7 and
reached maximum on day 14 (Figure 9C). The in vitro and
in vivo demonstration that inhibition of PGT causes increased VEGF provide evidence that PGT modulates
VEGF accumulation in wounds. These data establish PGT
as an attractive target for accentuating VEGF signaling in
wounds and as a target for improvement of wound healing in diabetic conditions.

Discussion
Wound healing is a complex process involving several
cell types and multiple events, including neovascularization by endothelial cells.40 In diabetic wounds, dermal
endothelial cells are severely impaired in neovascularization, leading to peripheral ischemia and defective wound
healing.41 Although defects in molecular signaling contributing to defective neovascularization in diabetic
wounds have been investigated extensively, the upstream mediators responsible for downstream defects in
this pathological condition remain to be fully clarified.42
Here, we report the novel finding that PGT expression
and activity are increased in hyperglycemia, and are
increased to a greater extent in wounds. We provide
evidence that up-regulation of PGT is responsible for the
low levels of PGE2 observed in diabetic wounds, as
shown by correction of PGE2 levels by application of a
potent PGT inhibitor, T26A.25
During the course of wound healing, the PGE2 level
drops to its lowest level immediately after wounding; it
then gradually recovers and reaches a stable level similar
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Figure 8. PGT regulates blood flow at wounds. A: Representative images of
blood flow in 10-mm wounds on the dorsum of BKS.Cg-Dock7m ⫹/⫹
Leprdb/J db/db mice treated with vehicle or 2 mmol/L T26A for 2, 8, and 14
days. One cutaneous wound with 10-mm diameter was created on the
dorsum of db/db mice. Blood flow in the wound area was measured using a
PeriScan PIM 3 imaging system immediately after wounding and every other
day, before fresh vehicle or T26A application. B: Analysis of average blood
flow in wound during healing as a function of time. Data are expressed as
means ⫾ SEM (n ⫽ 5). *P ⬍ 0.05.

to that in intact skin. In contrast, PGT expression increases in the early phase of wound healing up to day 5,
and then decreases from the peak level. The steady
increase of PGE2 levels in early phases of wounding
could be a result of multiple influences, including induction of PGE2 synthases, COX1, COX2, and PGE2 terminal
synthases, which could amplify PGE2 production.21 Thus,
amplification of both synthesis and degradation pathways of prostaglandins appears to be involved in the
wound healing process, resolving only as healing occurs.
In the late phase of wound healing, PGT levels decline to
normal levels again, similar to the resolution of synthase
induction as described by others.21 Our data nevertheless suggest a powerful role of PGT in regulating the
PGE2 concentration that can accumulate in wounds. Induction of PGT in endothelial cells and/or other cell types
surrounding endothelial cells in diabetic wounds creates
a low-PGE2 local environment that surrounds endothelial
cells and down-regulates endothelial cell functions. This
lowered PGE2 level attenuates PGE2 signaling and is
probably involved in down-regulation of VEGF. In fact, we

consistently observed that measured blood flow was increased (Figure 8B) when PGE2 levels were increased
(Figure 4C), and that blood flow was correlated with
VEGF levels (Figure 9C). The best interpretation of these
data suggests that PGT regulates PGE2 directly and
VEGF indirectly, and that inhibition of PGT can restore
weakened production of VEGF in diabetic wounds.
The importance of PGT expression and activity in
wound healing in diabetic animals was further demonstrated in vitro by migration and tube formation assays.
We showed that hyperactivation of PGT by hyperglycemia reduces proangiogenic effects of PGE2, such as
migration and capillary formation. These endothelial cell
functions could be restored by inhibition of PGT, indicating a direct connection between PGT hyperactivation in
hyperglycemia to angiogenic defects. In addition, we
found that PGT plays a direct role in epidermal cell migration. These in vitro results were translated to an in vivo
model of wound healing. We showed that PGT levels
increase in diabetic wounds, and that PGE2 levels decrease, relative to controls. Application of T26A to diabetic wounds accelerated re-epithelialization, increased
proliferation, enhanced neovascularization, promoted
blood flow, and ultimately improved wound healing to
near WT efficacy. These results were linked to increased
PGE2 levels and increased VEGF production in T26Atreated wounds. Our observations suggest that local PGT
signaling can be a powerful factor in weakening angiogenesis and vascularization in diabetic wounds. We also
provide proof-of-concept evidence that pharmacological
inhibition of PGT in wounds can provide corrective effects
to these impaired wound healing processes.
PGE2 induces VEGF via several signaling pathways,
including cAMP-PKA-CREB, EGFR-ERK1/2,43 and hypoxia inducible factor-1␣ (HIF-1␣).44 Subbaramaiah et al45
showed that suppression of PGT resulted in enhanced
PGE2-cAMP-PKA signaling. We are currently investigating whether PGT regulates VEGF through this signaling
pathway. The influence of PGT on HIF-1␣ is also being
evaluated, given that HIF-1␣ can induce transcription of
VEGF.46 In fact, sustained HIF-1␣ expression improves
diabetic wound healing,47,48 and PGE2 increases HIF-1␣
protein expression.44,49 In addition to VEGF, other growth
factors play important roles in wound healing, including
PDGF and epidermal growth factor (EGF).5,19,50 It is possible that PGT modulates those factors, as well.
In the course of wound healing, proliferation and angiogenesis are events that follow inflammation. Initiation
and resolution of inflammation is an essential prerequisite
for wound healing.50 Macrophages play an indispensible
role in inflammation. They secrete cytokines and PGs to
initiate inflammation and remove neutrophils to resolve
inflammation. In diabetic wounds, inflammation is delayed, prolonged, and typically unresolved. PGE2 triggers the initial acute inflammation.11,51–53 Notably, PGE2
induces the resolution of inflammation as well, by inducing anti-inflammatory cytokines and proresolution lipid
mediators.54,55 Drastic induction of PGT in diabetic skin
(Figure 4A), causes insufficient initial influx of inflammation mediators such as PGE2 to the environment surrounding macrophages (Figure 4C). Inhibition of PGT
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Figure 9. Up-regulated PGT weakens VEGF production in cell culture and wound tissues. A: Representative Western blot of VEGF protein extracted from
HDMECs treated with indicated agents for 18 hours. B: VEGF mRNA in HDMECs treated with various concentrations of PGE2 and/or T26A for 18 hours. These
experiments were conducted for three rounds, each round in duplicate for each condition. C and D: Levels of VEGF protein (C) and mRNA (D) in mouse wound
tissues as a function of time. Two 5-mm cutaneous wounds were created on opposite sides of the dorsum; 15 L of vehicle (2% Kolliphor EL ⫹ 2% DMSO in water)
was applied to one wound and 2 mmol/L T26A was applied to the other immediately after wounding and every other day thereafter. At various time points (0
to 20 days), wound tissues were collected for measurement of VEGF protein (C) and mRNA (D), which were assayed three times for each wound tissue. Data
are expressed as means ⫾ SD (n ⫽ 6) (A and D) or as means ⫾ SEM (n ⫽ 4 mice per time point) (C and D). *P ⬍ 0.05; **P ⬍ 0.01.

maintained PGE2 at the wound site, mounting sufficient
inflammation and subsequently removing neutrophils in a
timely manner, because there were fewer neutrophils in
T26A-treated wounds starting from day 3 (data not
shown). This information leads to the hypothesis (currently under investigation in our laboratory) that PGT regulates inflammation in wound healing. Proper progression
and resolution of inflammation are critical for setting the
healing process on the right track, because of the great
influence of inflammation on processes such as proliferation and angiogenesis. The observation that T26A-accelerated wound closure was greater during the first 2
days (Figure 5B) strongly suggests that inhibition of PGT
corrected delayed onset of inflammation in diabetic
wounds, which might have a positive effect on angiogenesis. In other words, the enhanced angiogenesis in T26Atreated wounds is possibly a combined result of direct
stimulation of angiogenesis by T26A and indirect enhancement of angiogenesis secondary to corrected inflammation.
Another major event in wound healing is remodeling, in
which fibrosis is an important issue because excessive
fibrosis increases wound scarring. PGE2 has been shown
to decrease fibroblast proliferation, inhibit collagen synthesis, and enhance the expression of matrix metalloproteinases.56 Suppressed COX2 and PGE2 mediate the
amplification of fibrosis.57 As a regulator of PGE2, PGT is

predicted to modulate fibrosis (and thereby also remodeling) in cutaneous wound healing. It is conceivable that
elevating PGE2 levels in wounds by inhibiting PGT will
reduce fibrosis and reduce scarring.
PGE2 is the most abundant PG, but other prostanoids
(including PGH2, PGD2, and PGF2␣) are also substrates
of PGT.58,59 These prostanoids are local lipid mediators
that trigger a vast array of biological signaling, including
inflammation and angiogenesis. The intensity of these
signals depends on PG concentration at the cell surface
receptors. The amount of an intact PG is a net result of its
synthesis and its degradation. PG synthases (eg, COX1
and COX2) have drawn great attention for more than two
decades. Only recently has PG catabolism been appreciated as having an important role in controlling signaling, even though rapid clearance of PGs was reported as
early as the 1960s.56 The half-life of most PGs is only 1 to
5 minutes.60,61 In a series of publications, we have reported that pharmacologically added exogenous PGE2 at
concentrations 100-fold higher than endogenous PGE2
(100 to 400 pmol/L) can be taken up into cells by PGT
and subsequently degraded within 10 minutes.25,26 More
importantly, the rapid catabolism of exogenous PGE2
occurs in vivo. Intravenously injected PGE2 via jugular
vein is mostly degraded within 10 minutes.25 Evidently,
the PG physical catabolic system is highly efficient. Unless the catabolism is shut down, the effects of exoge-
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nous PGE2 are unsustainable. This is probably why the
effects of T26A on cell migration and tube formation were
greater than those of PGE2 (Figures 2, 3, and 6). Arguably, maintaining or increasing accumulation of endogenous PGE2 by blocking its catabolism is a superior strategy, compared with direct application of PGE2. This
strategy is more effective in a situation in which PG synthesis is unchanged but PG catabolism is up-regulated.
In case of diabetic cutaneous wounds, PGE2 levels are
low, whereas PGE2 synthases are either unchanged or
slightly increased.22 Here we show, for the first time, that
it is the hyperglycemia-enhanced, PGT-mediated PGE2
uptake (which is the rate-limiting step in PGE2 catabolism) that causes low PGE2 in cultured cells exposed to
high glucose and in diabetic mouse skin. Conceivably,
blocking PGT can effectively retain PGE2 in cell culture
and in wounds (Figures 1D and 4C).
Because of the instability of prostanoids, many analogs of PGs have been developed for clinical applications. Clinical administration of PGE2 and PGI2 analogs
(eg, misoprostol, enprostil, iloprost, and beraprost sodium), has been used to treat patients with diabetic neuropathy and foot ulcer.62– 65 Those PG analogs are administered systemically, however, and thus have greater
potential to cause undesirable side effects than do locally
administered drugs. They also have limited efficacy in
patients with DFU,66 and so are not typically used to treat
DFU. The most common clinically used drug treatment is
platelet-derived growth factor (PDFG) formulated as becaplermin (trade name: Regranex).5 Unfortunately, a
considerable proportion of patients do not improve
with use of this drug. Furthermore, the becaplermin has
an FDA black box warning, because of increased risk
of cancer (http://www.fda.gov/NewsEvents/Newsroom/
PressAnnouncements/2008/ucm116909.htm, last accessed March 13, 2012). Inhibition of PGT could provide a
distinctly new approach to achieve strengthened PG signaling in wounds. This approach amplifies signal
strengths of endogenous PGE2, as well as VEGF; furthermore, no apparent side effects of the inhibitor T26A were
detected.
In summary, this report provides evidence that PGT
expression and activity are increased by wounding and
by hyperglycemia. PGT up-regulation is fundamental to
reduced abundance of the angiogenic factors PGE2 and
VEGF, as shown by correction by pharmacological inhibition of PGT. These data provide compelling evidence
that up-regulated PGT expression and activity could be
fundamental to the weakened wound healing responses
observed in diabetic patients and thus could be targeted
for inhibition as a new DFU therapy.
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