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ABSTRACT
During amyocardial infarction or ischemic stroke, blood flow to the
heart or brain is partially blocked. This results in reduced delivery
of oxygen and nutrients and, ultimately, tissue damage. Initial treat-
ment involves removing the clot and restoring blood flow (reperfu-
sion). However, this treatment is not as effective as one would
hope because the reperfusion process itself can cause a different
type of damage (reperfusion injury) that contributes up to 50% of
the total damage. Bradykinin is an autocoid that is released from
blood vessel endothelial cells during ischemia and reperfusion and
has the potential to prevent reperfusion injury. However, bradykinin
is rapidly inactivated by enzymes on endothelial cells, limiting its
beneficial effects. One of these enzymes is aminopeptidase P2.
We designed a potent and specific inhibitor of aminopeptidase P2
called ST-115, [(S)-2-mercapto-4-methylpentanoyl]-4(S)-fluoro-
Pro-Pro-3(R)-beta-Pro. When ST-115 is administered intrave-
nously at the start of reperfusion, it reduces bradykinin degrada-
tion. This increases bradykinin’s concentration in the capillaries
and enhances its protective effects. We tested ST-115 in a mouse

model of myocardial infarction and found that the damaged area
of the heart was reduced by 58% compared with mice given
saline. In a rat model of ischemic stroke, ST-115 reduced func-
tional deficits in a skilled walking test by 60% and reduced brain
edema by 51%. It reduced brain infarct size by 48% in a major
subset of rats with small strokes. The results indicate that ST-115
can ameliorate reperfusion injury and can ultimately serve as a
therapeutic for acutemyocardial infarction and ischemic stroke.

SIGNIFICANCE STATEMENT
We have shown that our aminopeptidase P2 inhibitor, ST-115,
can reduce tissue injury caused by episodes of ischemia fol-
lowed by reperfusion. It was successful in rodent models of
myocardial infarction and stroke. The clinical use would involve
the intravenous administration of ST-115 at the induction of
reperfusion. In the case of stroke, the successful technique of
thrombectomy could be combined with ST-115 administration
to simultaneously reduce both ischemic and reperfusion injury.

Introduction
Acute myocardial infarction and ischemic strokes are among

the leading causes of death and disability in westernized socie-
ties. They occur because of clots that block arteries and reduce
the amount of blood flowing through the tissue. The result is
ischemia, which leads to tissue damage. Current treatments
are limited to dissolving the clot with the enzyme, tissue plas-
minogen activator, and/or by mechanically pulling the clot out
of the artery (thrombectomy). The result is restoration of blood
flow, called “reperfusion.” Although reperfusion is the main
goal of these treatments, it is not as effective as one would
hope. This is because the reperfusion process itself causes a
different type of tissue damage called “reperfusion injury”,

which can be initiated within minutes of the start of reperfu-
sion. This injury involves a complicated set of biochemical
changes that leads to one of several types of cell death (Kaloge-
ris et al., 2016). Reperfusion injury accounts for at least 50%
of the total tissue damage that occurs during ischemia/reperfu-
sion (Hausenloy and Yellon, 2013).
Preclinical and clinical studies have indicated that a poten-

tial therapeutic is the endogenous peptide bradykinin. Brady-
kinin mediates the protective effects of cardiac pre- and
postconditioning techniques (Murry et al., 1986; Zhao et al.,
2003; Critz et al., 2005) as well as protection by angiotensin
converting enzyme inhibitors (Hartman, 1995; Wolfrum et al.,
2001; Erşahin et al., 1999). During ischemia and reperfusion,
bradykinin is released from the endothelial cells that line the
wall of blood vessels. It has the potential to activate tissue sur-
vival pathways (Bellis et al., 2020). However, without a condi-
tioning stimulus, bradykinin concentrations are not high
enough to protect. Administering bradykinin itself to increase
concentrations would not be safe, as this could cause a serious
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drop in blood pressure if the dose were too high. Therefore, we
chose to modestly increase endogenous bradykinin by partially
blocking its metabolism. In our previous studies, we perfused
radiolabeled bradykinin through the pulmonary and coronary
vasculatures of rats with and without specific enzyme inhibi-
tors to determine how endothelial cells cleave and inactivate
bradykinin. We collected the effluent from the tissues and
used high-performance liquid chromatography to separate,
identify, and quantify the labeled products of the enzymatic
degradation of bradykinin. We found that the enzymes amino-
peptidase P2 (also called X-prolyl aminopeptidase 2) and
angiotensin converting enzyme (ACE) are responsible for 30%
and 70%, respectively, of the inactivation of bradykinin in
blood vessels (Prechel et al., 1995; Erşahin and Simmons,
1997). Both enzymes are located on the inside wall (luminal
membrane) of vascular endothelial cells where bradykinin is
produced. We purified aminopeptidase P2 and showed that it
could inactivate bradykinin by breaking the peptide bond
between Arg and Pro and releasing the first Arg (Simmons
and Orawski, 1992; Orawski and Simmons, 1995; Simmons,
2015): Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg.
We developed the first inhibitor of aminopeptidase P2,

called apstatin (Prechel et al., 1995). We used apstatin in an
isolated perfused rat heart model of ischemia/reperfusion and
showed that it significantly reduced ischemia/reperfusion
injury (Erşahin et al., 1999). Other laboratories then studied
rats with an acutemyocardial infarction and found about a 50%
protection by apstatin (Wolfrum, et al., 2001; Veeravalli et al.,
2003). In all cases, the protective effect of apstatin was blocked
by the bradykinin B2 receptor antagonist icatibant (HOE140).
This indicated that the protective effect is due to an increase in
endogenous bradykinin signaling. Inhibitors of nitric oxide syn-
thase and cyclooxygenase each partially inhibited the protec-
tion, suggesting that nitric oxide and prostacyclin may be
secondary mediators of bradykinin (Veeravalli et al., 2003). We
have since developed a much more potent and specific amino-
peptidase P2 inhibitor, [(S)-2-mercapto-4-methylpentanoyl]-
4(S)-fluoro-Pro-Pro-3(R)-beta-Pro (ST-115) (Fig. 1) (Simmons,
2015). It has been shown to reduce reperfusion injury in an
acute kidney injurymodel (Simmons, 2015). Based on the above
data, a putative mechanism about how this compound can
reduce reperfusion injury is shown in Fig. 2. During ischemia
and reperfusion, capillary endothelial cells release bradykinin.
Aminopeptidase P2, which is on the membrane of endothelial
cells, participates in the cleavage and inactivation of bradyki-
nin, such that little of it reaches B2 receptors. When ST-115 is
administered intravenously at the start of reperfusion (Fig. 2),
it binds to the active site of aminopeptidase P2 and blocks the
enzyme’s ability to cleave bradykinin. As a result, there is an
increase in the concentration of intact bradykinin, which then
binds to B2 receptors on the endothelial cells. Bradykinin stimu-
lates these cells to synthesize and release compounds known to

reduce reperfusion injury. They include nitric oxide (Critz et al.,
2005), prostacyclin (Penna et al., 2008), and epoxyeicosatrienoic
acids (EETs) (Gross et al., 2005; Weston et al., 2005; Tu et al.,
2018). Bradykinin also releases the enzyme tissue plasminogen
activator to prevent clot formation (Brown et al., 2000). This is
a rare situationwhere one drug can producemultiple protection
mediators.
This current report describes the chemical properties of ST-

115 and provides data that test two hypotheses: that ST-115
can reduce reperfusion injury in 1) a mouse model of myocar-
dial infarction and 2) a rat model of ischemic stroke.
t-PA5 tissue plasminogen activator, NO5nitric oxide

Materials and Methods
Ethical Approvals. Mice were maintained, and experiments were

approved by the Loyola Institutional Animal Care and Use Committee,Fig. 1. The structure of ST-115.

Fig. 2. The proposed mechanism for reducing reperfusion injury by
administering an inhibitor of aminopeptidase P2 and increasing brady-
kinin. (A) No inhibitor present: Bradykinin is released into blood
capillaries from vascular endothelial cells during ischemia and reperfu-
sion. With no inhibitor present, aminopeptidase P2 (yellow) cleaves
bradykinin into an inactive fragment. There is not a sufficient amount
of active bradykinin to bind to and activate bradykinin B2 receptors.
(B) When an inhibitor of the enzyme is present (ST-115 or apstatin), it
binds to the active site of aminopeptidase P2 and prevents bradykinin
from binding to the enzyme and being cleaved. As a result, the concen-
tration of active bradykinin increases. The bradykinin then binds to
the B2 receptors on endothelial cells and stimulates the release of nitric
oxide, prostacyclin (PGI2), and epoxyeicosatrienoic acids (EETs) (all of
which are known to reduce reperfusion injury), and tissue plasminogen
activator, which can initiate clot dissolution. (Not shown are angioten-
sin converting enzyme and its inhibitors, which can function in parallel
with aminopeptidase P2 and its inhibitors in this mechanism.)
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following the institutional guidelines, and the Guide for the Care
and Use of Laboratory Animals (NIH, Eighth edition, The National
Academies Press, Washington, D.C., 2011). The Loyola facilities are
Association for Assessment and Accreditation of Laboratory Animal
Care accredited and compliant.

The stroke experiments involving rats were approved by the institu-
tional animal care and use committee at Edward Hines Jr. Veterans
Affairs Hospital, permit Hi8-006, and carried out in Association for
Assessment and Accreditation of Laboratory Animal Care-accredited
facilities in full compliance with the standards for the care and use of
laboratory animals.

ST-115. ST-115 contains a thiol group (Fig. 1) that is susceptible to
oxidation by dissolved oxygen in solution to form disulfide-linked
homodimers. This thiol group presumably binds to a zinc ion in the
enzyme active site and is essential for inhibiting the enzyme. The
homodimer is inactive. Stock solutions of ST-115 were prepared in
water, aliquoted, and stored at �20�C. A 5-mM solution of ST-115 in
water has a pH of 2.95 due to the presence of the carboxylic acid
group. This low pH suppresses disulfide formation in solution (Torch-
inskii, 1974). Nevertheless, stock solutions of ST-115 were frequently
tested for the concentration of free thiol groups by a chemical assay
based on 5,50-dithio-bis-(2-nitrobenzoic acid) (DTNB) (Ellman’s
Reagent) (Sigma-Aldrich, St. Louis, MO). An example of the assay is
as follows: To a 1.5 ml, 1 cm path methacrylate cuvette was added 1)
0.95 ml of 0.1 M Hepes, pH 7.4, buffer; 2) 0.05 ml of 10 mM DTNB in
the same buffer; and 3) 5 ml of 5 mM ST-115. After 10 minutes, the
absorbance of the yellow samples was quantified by reading the cuv-
ettes in a Beckman Coulter DU 7400 spectrophotometer at a wave-
length of 412 nm. The mean absorbance of controls (without ST-115)
was subtracted from the mean absorbance of the ST-115 samples. The
difference between absorbances was then used to calculate the concen-
tration of the thiol groups via the following equation: (DAbs � 14,150
M�1) × (200) × (I000 mM/M) 5 [–SH] (in mM), where 200 is the dilu-
tion factor for the 5 ml of ST-115 in the assay and 14,150 M�1 is the
molar absorption coefficient per centimeter for the yellow reaction
product, 2-nitro-3-thiobenzoate anion (Riddles et al., 1983).

The concentration of ST-115 in freshly prepared solutions as deter-
mined by the DTNB assay was consistently lower by about 14% than
the calculated concentration based on weight. This suggests the pres-
ence of non-thiol content in the ST-115 powder, presumably water,
which is frequently present in lyophilized peptides. The calculation of
theweight of ST-115 that is required tomake a solution of a specific con-
centration is improved by including themultiplication factor of 1.14.

Preparation of Sample Tubes Containing Dried ST-115 for
Storage, Transport, and Injection. The doses of ST-115 that
were administered to animals to reduce reperfusion injury were 10 mg/
kg for mice (myocardial infarction study) and 16 mg/kg for rats (stroke
study). These quantities were too small to weigh out individually. Fur-
thermore, very dilute stock solutions are susceptible to oxidation of
the thiol group of ST-115 at neutral pH and room temperature. There-
fore, individual microfuge tubes containing dried ST-115 were pre-
pared ahead of time. The following is an example of the preparation of
a tube for a rat: A 5.0-mM stock solution of ST-115 in water was used,
as the intrinsic low pH (2.95) would prevent thiol oxidation during
preparation. An aliquot (3.5 ml) of this solution was transferred to a
1.5-ml polypropylene microfuge tube. The tube was loosely covered
with foil to allow for evaporation of the water overnight. The dried ST-
115 (8 mg) was chemically stable and remained completely in the free
thiol form for at least 4 months at room temperature. This was shown
by carrying out the DTNB reaction within the tubes at different time
points. Therefore, the dried samples could be stored or transported
without fear of chemical modification. Furthermore, the amount of
dried ST-115 was so small that it was not visible in the bottom of the
tube, which maintained blinding. For an in vivo ischemia/reperfusion
experiment, 1 ml of sterile physiologic saline (0.9% w/v NaCl) was
added to the tube just prior to reperfusion. After mild vortexing, a vol-
ume of the ST-115 solution equivalent in ml to 2 × kg of body weight
was injected into the tail vein (rat) or jugular vein (in mice). The

following is an example for a 300-g rat using three different but equiv-
alent calculations: (2 × 0.3 kg 5 0.6 ml) or (dose × 1/concentration ×
weight) or (16 mg/kg × ml/8 mg × 0.3 kg).

After the injection, the remainder of the solution was discarded, as
oxidation can slowly occur in the dilute solution. A separate tube was
used for each animal.

In Vitro Studies
The IC50 Value (an Indication of Binding Affinity) for ST-

115 Inhibition of Aminopeptidase P2. Human aminopeptidase
P2 enzyme was highly purified from human kidney tissue using the
scheme described previously (Simmons, 2015). Enzyme activity was
determined by a fluorescence assay that uses the internally quenched
substrate H-Lys(2-aminobenzoyl)-Pro-Pro-p-nitroanilide (Bachem, Tor-
rance, CA) (St€ockel-Maschek et al., 2003). The reaction was carried out
at 30�C in black polypropylenemicroplate wells (Greiner Bio-One,Mon-
roe, NC) containing 0.1 MHepes, pH 7.4, and a substrate concentration
of 1 mM, which is equivalent to the Michaelis constant (Km). Cleavage of
the substrate in front of the first Pro by the enzyme increases the fluo-
rescence by removing the p-nitroanilide quencher. The rate of substrate
cleavage over 35 minutes (expressed as an increase in fluorescence
units per minute) was measured in an f -Max fluorescence filter micro-
plate reader (Molecular Devices, Sunnyvale, CA) set in kinetics mode.
The excitation wavelength was 320 nm, and the emission wavelength
was 405 nm. Controls without enzyme were included in each run, and
the fluorescence drift rate was subtracted from the enzyme rates. Fif-
teen different concentrations of ST-115 were tested over the range of
10�12 to 10�5 M and plotted on a semilogarithmic scale. Each data point
was the average of four technical replicates. The data were analyzed
using the Prism 8.3 program (GraphPad, San Diego, CA) that was set
up for 1) nonlinear regression, 2) dose–response curves inhibition, 3) log
inhibitor versus response, and 4) variable slope. The binding affinity of
ST-115 for aminopeptidase P2 was expressed as an IC50 value (the con-
centration that inhibits enzyme activity by 50% compared to control
activity without inhibitor.

The Specificity of ST-115. ST-115 was tested for its ability to
inhibit 20 different peptidases and proteolytic enzymes. These included
other enzymes that have the ability to cleave peptides next to proline
residues and/or to use metal ions to carry out hydrolysis of a peptide
bond. A detailed description of each enzyme, its source, its substrate,
and the assay conditions are included in the Supplemental Material. In
general, each enzyme was initially assayed at different substrate con-
centrations to determine an approximateKm value. A substrate concen-
tration that was either at or below the Km was chosen for determining
ST-115 inhibition. Initial rates were determined. This setup gave IC50

values in a narrow range between the dissociation equilibrium constant
of an enzyme-inhibitor complex (Ki) and 2Ki assuming competitive inhi-
bition, allowing semiquantitative comparison among enzymes (Cheng
and Prusoff, 1973). IC50 values could not be determined for several of
the weakly inhibited enzymes because of limited amounts of enzyme
and/or reagents. In these cases, the results are shown as “greater than”
(>) the highest concentration of ST-115 tested.

In Vivo Studies
Mouse Model of Myocardial Infarction.
Experimental design. The hypothesis is that ST-115 reduces

infarct size in mice subjected to a period of cardiac ischemia–reperfu-
sion when it is administered intravenously just before the start of
reperfusion. The study was carried out in a fully blinded manner at
all steps with respect to whether each mouse was administered saline
vehicle or ST-115.

Surgery. Mice were male B6129SF2/J (Jackson Laboratory, stock
101045) 11–12 weeks of age, and ranged from 28.7 g to 36.9 g at the
time of surgery. Theywere housed individually before and after surgery
to prevent fighting. Mice were anesthetized by intraperitoneal injection
of sodium pentobarbitol (90 mg/kg), and a lateral thoracotomy was per-
formed between the second and third ribs. An 8-0 nylon suture was
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used to make a reversible ligature around the left anterior descending
coronary artery 2–4 mm from the tip of the left auricle. Tightening the
ligature caused ischemia, which was reversed after 45 minutes. ST-115
(10 mg/kg) or saline (0.9%) was administered via the jugular vein after
40 minutes of ischemia and 5 minutes before reperfusion (see above for
the calculation of volumes) (Ren et al., 2004; Luther et al., 2018). Suc-
cessful ischemia and reperfusion was assessed by reversible ST-seg-
ment elevation during continuous monitoring. Body temperature was
maintained between 33.5�C and 36.5�C using a rectal probe thermome-
ter and a feedback-regulated heating pad throughout the experiment
and recovery. Mice recovered and were then euthanized 24 hours later
by sodium pentobarbitol overdose.

After ischemia/reperfusion, the suture around the left anterior
descending coronary artery remained in place, was tightened, and the
heart perfused with phthalo blue (Heucotech, #515303) to stain the
region blue that was not at risk. The suture was then opened, and
the heart perfused through the aorta with 1% triphenyltetrazolium
chloride (TTC) in PBS (pH 7.4), at 37�C using 60 mm Hg (�3 ml over
3 minutes) of pressure, which stained viable tissue brick red. The
heart was then removed and placed at �20�C until partly frozen and
sectioned into 4–5 1-mm-thick transverse sections. Sections were
weighed and photographed and these data used to quantify 1) area
not at risk, 2) area at risk (red and infarct area), and 3) infarct size
(white only) using National Institutes of Health Image J. Infarct size
was expressed as the percent of infarct over area at risk, as previously
described (Fishbein et al., 1981).

The number of mice used in this study was determined from prelimi-
nary studies and power analysis (seven for saline and six for ST-115
treatment). Exclusion criteria were 1) the body temperature dropped
below 33�C or rose above 37.0�C (none in this study), 2) there was not
ECG evidence of successful ischemia and timely reperfusion (none in
this study), or 3) if mice died before reperfusion reached 24 hours’
recovery (two; one died early in recovery and one overnight). When the
data were unblinded, it was observed that the two mice that did not
survive full reperfusion were in the saline group. Therefore, infarct size
data were available for five saline and six ST-115mice.

Rat Model of Ischemic-Reperfusion Stroke.
Experimental Design. The hypothesis is that ST-115 reduces

neurologic damage in rats subjected to a period of ischemia–reperfu-
sion stroke when it is administered intravenously just before the start
of reperfusion. The study was carried out in an exploratory manner,
which included open-label drug/control and post hoc statistical analy-
sis. The parameters were measured functional deficits in the skilled
horizontal ladder rung walking test, brain edema, and infarct size.
The timeline for the procedures is shown in Fig. 3. All animals under-
went 90 minutes of extraluminal transient middle cerebral artery
occlusion along with bilateral common carotid artery occlusion to
reduce spontaneous reperfusion through the collateral circulation. The

extraluminal stroke model was used instead of an intraluminal fila-
ment model because it has a decreased risk of vessel damage and
allows direct observation of blood flow through the middle cerebral
artery (MCA). It also produces a stroke that is more commonly seen in
human patients, such as cortical damage without striatal damage
(Sommer, 2017).

Twenty-eight 10-week-old male Sprague-Dawley rats (300–350g)
(Envigo,IN) were used in these studies. Rats were housed in pairs in a
nonsterile microisolator cage with a filter top and kept on a 12-hour
light/dark cycle with food and water available ad libitum. All surgeries
and behavior tests were conducted between 10 AM and 5 PM, Monday
through Friday.

Surgery. Rats were placed in a plexiglass box and anesthetized
using 75 mg/ml of isoflurane delivered as an inhalant (5% isoflurane
in 100% oxygen). For the remainder of the surgery, rats were kept
anesthetized with 2–3% isoflurane in oxygen through a nose mask.
Core body temperature was maintained between 37�C and 38�C dur-
ing the procedure via a warming plate with feedback temperature con-
trol (TCAT-2DF, Harvard Apparatus, Holliston, MA). At the
beginning of the procedure, a midline longitudinal cervical neck inci-
sion was made, and the bilateral common carotid arteries (CCA) were
isolated. Rats were then placed in a stereotaxic frame, and a 2-cm ver-
tical incision was made between the left eye and ear. The temporalis
muscle was then retracted, and a burr hole was made over the left
parietal cortex to expose the left MCA. An additional burr hole (1.5
mm in diameter) was drilled at 1 mm posterior to bregma and 4 mm
lateral to bregma on the MCAO side. A laser Doppler probe was
placed on top of this burr hole and connected to a laser Doppler flow-
metry system (PerFlux 5000) to monitor the blood flow after occlusion
and reperfusion.

For occlusion, the MCA was followed to where it transverses the
rhinal sulcus, where it was lifted with a MV-135 needle such that
blood flow was visibly occluded. Immediately following the onset of
occlusion, both CCA were transiently occluded with microaneurysm
clips. After 85 minutes of occlusion (or 5 minutes prior to releasing the
vessels), ST-115 (16 mg/kg) was injected intravenously through the tail
vein (see the example calculation described above). Control rats were
subjected to identical surgical procedures but were injected with the
same volume of saline alone. Five minutes after the intravenous injec-
tion of ST-115 or saline, the MV-135 needle and CCA clips were
removed to allow for reperfusion, and the incisions were closed. Each
rat was kept warm in a separate cage and monitored during the post-
op period until fully awake, when it was placed back into its home
cage. Rats were excluded from this study if there were significant
problems with MCA occlusion (e.g., rupture, too deep for occlusion) or
if they died in surgery. Three rats were excluded from the study for
these reasons.

The dose of ST-115 used in this experiment was based on prelimi-
nary studies in rats exposed to 45-minute ischemia and treated with
5–50 mg/kg ST-115 at reperfusion. Although the infarct size data
tended to exhibit a lognormal distribution (see discussion below), the
16-mg/kg dose was the lowest dose that gave a repeatable reduction in
infarct volume.

The Skilled Horizontal Ladder Rung Walking Test. The
skilled horizontal ladder rung walking test was used to assess fore-
limb and hindlimb placing, stepping, and interlimb coordination in
rats with a cortical lesion. The dimensions of our ladder mirrored
those originally developed by Metz and Whishaw (Metz and Whishaw,
2002). The horizontal ladder was 1 m in length and 10 cm in width,
with randomly spaced, thin metal rungs measuring 1 cm to 5 cm apart
and surrounded with a clear plexiglass wall on either side. The ladder
was placed 30 cm above the ground, with the rat’s home cage at the
end of the ladder. For each trial, animals were guided to walk from
one end to the other in one direction, and each animal was guided in
the same direction to keep consistency between animals and rung pat-
tern. All trials were video recorded for later analyses. Videos were
assessed for the number of total steps and the number of slips taken
by the right (impaired) forelimb during each trial. A slip was defined

Fig. 3. Timeline for the transient middle cerebral artery occlusion
stroke study. Rats first underwent three baseline trials in the skilled
horizontal ladder rung walking test (“bar walk”). This was followed
with a 90-minute transient middle cerebral artery occlusion (tMCAO).
Five minutes before the start of reperfusion, rats were injected with
ST-115 or saline through the tail vein. Reperfusion was initiated and
then carried out for 24 hours. Rats then underwent three post-reperfu-
sion trials of the bar walk test followed by decapitation. Brain sections
were analyzed for infarct size after treatment with TTC.
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as when the limb either slipped off the rung or missed the rung, both
of which resulted in a disruption of weight placement. All rats under-
went three trials prior to transient middle cerebral artery occlusion
for baseline measurement. Animals were tested again in three addi-
tional trials at 24 hours post reperfusion. The number of total steps
and slips were recorded for each trial, and the data were converted to
the number of slips per 10 steps taken. The value for the baseline was
subtracted from the post-stroke value to remove the intrinsic capabil-
ity of the rat and therefore isolate the effect of the stroke and stroke 1
ST-115 on the walking deficits.

Measurement of Brain Edema. Brain edema was calculated
from the TTC-stained sections (see below) according to (Kuts et al.,
2019): The Extent of brain edema5 (S intact ipsilateral hemisphere �
S contralateral hemisphere area) � (S contralateral hemisphere area)
× 100. For statistical analysis, “brain edema” data points were labeled
as “percent increase” over the unaffected contralateral hemisphere
area.

Sections were not used for analyzing edema if the ipsilateral hemi-
sphere volume was measured to be less than that of the contralateral
hemisphere, potentially indicating uneven sectioning. Four rats were
excluded from the study for these reasons. Overall, data for brain edema
were obtained from 18 rats (N5 8 for vehicle, andN5 10 for ST-115).

Measurement of Infarct Volume. After 24 hours of reperfu-
sion, which included the skilled walking test, rats were first anesthe-
tized with 5% isoflurane in oxygen through inhalation. Once
anesthetized, animals received a Euthasol solution overdose (390 mg/
kg) via intraperitoneal injection. Decapitation proceeded once animals
ceased respiration and were unresponsive. Brains were rapidly
removed and stained with 2,3,5-triphenyltetrazolium chloride (TTC)
(Sigma Aldrich, St. Louis, MO) to assess infarct volume. TTC stains
the metabolically active tissues red, whereas metabolically inactive
tissues are white. Two-millimeter-thick sections were stained in a 2%
TTC solution in saline in the dark for 15 minutes at room tempera-
ture. Sections were then transferred to 4% paraformaldehyde (Sigma
Aldrich) and stored at 4�C. For analysis, TTC sections (excluding
olfactory bulb and cerebellum) were placed on a slide and scanned to a
desktop computer using a Canon CanoScan LiDE 700F scanner. The
contralateral, intact ipsilateral, and infarct areas were measured
using Adobe C55 (47 pixels/mm). Corrected infarct areas (corrected for
edema) and infarct volume were calculated as follows (Kuts et al.,
2019): corrected infarct area 5 infarct area × contralateral hemi-
sphere area � intact ipsilateral hemisphere area. Infarct Volume 5 S

corrected infarct area � S contralateral hemisphere area × 100. For
statistical analysis, “infarct volume” was expressed as a “percentage
of the unaffected contralateral hemisphere”.

Sections from some brains did not stay together and were not avail-
able to be analyzed for lesion volume or edema. This occurred for two
animals in the study. Overall, infarct volume data were obtained from
23 rats (N 5 11 for vehicle, and N 5 12 for ST-115.)

Statistics for In Vivo Experiments
The statistical analysis of the mouse myocardial infarct study was

carried out using the Prism 8.3 unpaired t test, as it was part of the
plan for that experiment. However, post hoc statistical analysis of
these data as well as the data from the rat ischemia–reperfusion
stroke experiments focused on effect sizes and 95% confidence inter-
vals (CI), as strongly encouraged by the new author guidelines for this
journal (Michel et al., 2020). Estimation statistics were applied via a
free web application (http://www.estimationstats.com) (Gardner and
Altman, 1986; Ho et al., 2019). Control and ST-115 data were entered
as two independent groups. The difference between the group means
(the effect size) as well as the 95% CI (precision) were determined
by bootstrapping. This involves resampling and replacement from
observations 5000 times. The results were presented as a Gardner-Alt-
man type plot (Gardner and Altman, 1986; Ho et al., 2019). A guide
for interpreting these plots is included in the Fig. 5 legend.

In recognition of the fact that null-hypothesis significance testing is
still being used in biology, this program also calculates the P value of
the two-sided permutation t test. This value is included in the text
along with the effect size and the 95% CI. The term, “not statistically
significant”, was used only to refer to an outcome where P > 0.05.

To predict the clinical significance of ST-115 treatment if human
trials would have outcomes similar to those in the rat studies, the
effect sizes were converted to percent “relative risk reduction” values
according to the following equation: difference between the means �
vehicle mean × 100.

Results
In Vitro Studies

Properties of ST-115. The structure of ST-115 is shown in
Fig. 1. Chemically, it is [(S)-2-mercapto-4-methylpentanoyl]-
4(S)-fluoro-Pro-Pro-[3(R)-b-Pro]. This structure was developed
by rational drug design with the assistance of substrate and
inhibitor specificity data (Yoshimoto et al., 1994; Simmons,
2008; Simmons, 2015) and the X-ray structure of apstatin
bound to Escherichia coli aminopeptidase P (Graham et al.,
2004). ST-115 is a peptidomimetic inhibitor in which all of the
peptide bonds are in the form of tertiary amide bonds tomake it
highly resistant to protease cleavage. The ST-115 preparation
used in this study was custom synthesized by CPC Scientific,
Inc., (Sunnyvale, CA), a GMP-capable company. The synthetic
scheme is detailed in U.S. patent 9,212,206B1 and in related
foreign patents (Simmons, 2015). The molecular weight as
determined by electrospray mass spectroscopy (MS1) is 457.6.
It is a white lyophilized powder with a peptide purity of 98.1%
as determined by high-performance liquid chromatography
with UV detection at 220 nm. The ST-115 powder was stored at
�20�C in a sealed vial placed inside a desiccated container. It is
chemically stable in this form. The stability of the thiol group,
both in solution and after the drying process, was discussed in
Materials andMethods. ST-115 has a solubility in water of>50
mg/ml. It was designed for intravenous injection and for limited
passive cellular uptake, as the drug target is on the outside of
vascular endothelial cells. The binding affinity of ST-115 for
human aminopeptidase P2 is shown in Fig. 4 as an IC50. The

Fig. 4. Binding affinity of ST-115 for human aminopeptidase P2 expressed
as an in vitro IC50 value. The percent decrease in purified human aminopep-
tidase P2 enzyme activity as a function of the log concentration of ST-115
(in molar units) was determined. The IC50 value was obtained by determin-
ing the concentration of ST-115 that reduced enzyme activity by 50% rela-
tive to the control activity without inhibitor.
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percent decrease of control activity was determined as a func-
tion of the log concentration (molar units) of ST-115. The curve
has an R2 of 0.9953. The IC50 value is 3.74 nanomolar, with a
95% CI, 2.94–4.77 nM. ST-115 is 780-fold more potent than our
prototype aminopeptidase P2 inhibitor, apstatin (Maggiora
et al., 1999). There was no evidence for slow-tight binding or for
long residence time. Table 1 shows the specificity of ST-115 for
aminopeptidase P2. None of the peptidases tested so far (20)
were inhibited by ST-115 in the nanomolar range. The enzyme
assays used for the specificity study are described in the
SupplementalMaterial.

In Vivo Studies

Effect of ST-115 in the Mouse Model of Myocardial
Infarction.

Infarct Size. The ability of ST-115 to reduce cardiac ische-
mia–reperfusion injury was tested in a mouse myocardial
infarct model. Infarct size was determined after 24 hours of
reperfusion and expressed as a percent of area at risk. Data
were analyzed by the Prism unpaired t test as planned. The
mean values were 30.1% of area at risk for saline and 12.6%
of area at risk for ST-115 with a difference of �17.5 (95% CI,
�29 to �6.1). ST-115 reduced the infarct size by 58% (P 5
0.007).
A post hoc decision was made to reanalyze and visualize the

data using estimation statistics and a Gardner-Altman plot
(Fig. 5). The unpaired mean difference between ST-115 and
saline was �17.5 (95% CI, �25.7 to �7.03). The P value of the
two-sided permutation t test was 0.013. The relative risk
reduction by ST-115 was predicted to be �58%, indicating a
large degree of protection from myocardial infarction in mice
treated with ST-115.
Effect of ST-115 in the Rat Model of Ischemic-

Reperfusion Stroke. Rats were subjected to 90 minutes of
middle cerebral artery occlusion followed by 24 hours of reper-
fusion. ST-115 or saline was administered just before the start
of reperfusion as described in Methods and in Fig. 3.

Skilled Horizontal Ladder Rung Walking Test. Rats
underwent three baseline trials before the stroke and three tri-
als 24 hours post reperfusion (Fig. 3). There was no statistically
significant difference in baseline scores between rats that were

designated to receive either vehicle or ST-115. Fig. 6 shows the
skilled walking scores of rats at 24 hours post reperfusion
minus the baseline score for each rat. The unpairedmean differ-
ence between vehicle and ST-115 rats was �0.76 (95% CI,
�1.49 to �0.0080). The P value of the two-sided permutation t
test was 0.0636. The predicted relative risk reduction in walk-
ing deficits by ST-115 was �60%, indicating a large protective
effect of ST-115 on skilledwalking ability.

Brain Edema. Brain sections were analyzed for the extent of
edema that occurred during ischemia and reperfusion in rats
administered either saline vehicle or ST-115 just before the
start of reperfusion. Fig. 7 shows the results of the estimation
statistics for the percent increase in the brain section area due
to edema compared with the unaffected contralateral area. The
unpaired mean difference between the vehicle and ST-115 was
�3.87 (95% CI, �5.95 to �1.59). The P value of the two-sided
permutation t test was 0.0084. The predicted relative risk
reduction that is due to ST-115 treatment of brain edema was
�51%, indicating a large reduction in brain edemawith ST-115.

Infarct Volume. After 24 hours, brain sections were stained
with TTC to delineate the metabolically active and inactive
tissues for determining infarct volume. Fig. 8 is a plot of the
infarct volumes expressed as a percent of the contralateral
hemisphere volume. The data were bimodal, and the overall
shapes of the datapoint distributions were very similar for
vehicle and ST-115 rats. Most rats (15) (65%) in both the vehi-
cle and ST-115 groups exhibited infarct volumes less than
11% of the contralateral hemisphere, whereas the remainder
of the rats (8) (35%) had infarct volumes of 18–27% of the con-
tralateral hemisphere. This pattern is characteristic of a log-
normal distribution, where there is a cluster of points with
low values and a few very high-value points (Michel et al.,
2020). This pattern was also observed in our preliminary stud-
ies (data not shown). There is currently no evidence for a spe-
cific methodological cause for this distribution. There are
many potential mechanisms involved in ischemia–reperfusion
injury (Kalogeris et al., 2016). It is possible that in our model,
there is a random activation of at least two different pathways
that vary in their mechanisms and lethality. The rats with
large infarcts did not have corresponding large brain edema or
skilled walking deficit scores (data not shown). Interestingly,
ST-115 had no effect on lesion size in rats with large infarcts
but did exhibit protection in rats with smaller infarcts. This
observation also suggests that different damage pathways
may be involved. Fig. 9 shows the extent of protection by ST-
115 in those rats with smaller infarcts (i.e., less than 12% of
the contralateral hemisphere volume) using estimation statis-
tics. The unpaired mean difference between vehicle and ST-
115 was �3.47 (95% CI, �6.11 to �0.531]. The P value of the
two-sided permutation t test was 0.039. The predicted relative
risk reduction by ST-115 in this large subgroup with smaller
infarcts was �48%, indicating that ST-115 had a large protec-
tive effect against this tissue damage.

Discussion
There have been extensive efforts to develop compounds

and treatments that can reduce ischemia–reperfusion injury
(Downey and Cohen, 2009; Savitz et al., 2019). Most of these
have failed to make it into clinical practice. Detailed analyses
of these efforts have identified several reasons for this lack of
success. These include choosing the wrong compounds to test,

TABLE 1
Specificity of ST-115 enzyme IC50 (nM)

Aminopeptidase P2 3.7
Aminopeptidase P1 660
Aminopeptidase A >250,000
Aminopeptidase B >100,000
Aminopeptidase N >110,000
Aminopeptidase, cytosol alanyl >60,000
Aminopeptidase PILS (ERAP1) >200,000
Aminopeptidase ERAP2 >200,000
Angiotensin 1-converting enzyme 68,000
Angiotensin-converting enzyme-2 210,000
ADAM9 >200,000
Dipeptidyl-peptidase II >100,000
Dipeptidyl-peptidase IV >90,000
Endothelin-converting enzyme-1 >270,000
Matrix Metallopeptidase-1 270,000
Matrix Metallopeptidase-3 >200,000
Membrane dipeptidase >60,000
Neprilysin 14,000
Neurolysin 80,000
Thimet oligopeptidase 40,000
X-Pro dipeptidase >60,000
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nonreplicable preclinical results, and poorly designed clinical
trials (Cohen and Downey, 2017; Sch~abitz and Fisher, 2006).
Importantly, many drugs were tested in preclinical studies
that were designed to be protective when the drug was

administered before a myocardial infarction or stroke, but this
is not a clinically relevant situation, as it is not possible to pre-
dict when the event will occur. Indeed, we now recognize that
it is critical to demonstrate the effectiveness of cardioprotectants

Fig. 5. The effect of ST-115 on myocar-
dial infarction in mice. Mice were sub-
jected to 45 minutes of ischemia followed
by reperfusion. ST-115 or vehicle (saline)
was administered intravenously via the
jugular vein just before the start of reper-
fusion. (A) After 24 hours of reperfusion,
the regions not at risk were determined
by phthalo blue stain. The area at risk
(red plus white regions) and infarct size
(white region only)were determined using
TTTCstain. (B) Infarct sizes were expres-
sed as percent of area at risk. The mean
difference in infarct size between vehicle
and ST-115 is shown in the Gardner-
Altman estimation plot. Representative
sections are shown in (C) saline and (D)
ST-115.
An explanation of the Gardner-Altman
plot: Each datapoint represents one ani-
mal receiving either vehicle (blue) or ST-
115 orange). Both groups are plotted on
the left axis and arranged as a swarm-
plot. The horizontal lines indicate the
group means. The mean difference is
plotted on a floating axis on the right as
a bootstrap sampling distribution. The
mean difference (effect size) is depicted
as a black dot. The 95% CI is indicated
by the ends of the vertical error bar. The
effect size and CI width are given in the
text in the following way: effect size
(95% CI, lower bound–upper bound).

Fig. 6. The effect of ST-115 on the skilled horizontal ladder rung walking
test in a rat model of ischemic-reperfusion stroke. Rats were subjected to
90 minutes of middle cerebral artery occlusion. Vehicle (saline) or ST-115
was administered intravenously just before the start of reperfusion. The
rats were tested for their ability to walk across a horizontal ladder both
before the stroke (baseline) and after 24 hours of reperfusion. The walk-
ing deficit data are expressed as the number of right forelimb (impaired)
slips per 10 steps. The datapoints in the graph represent the post-stroke
value minus the baseline value for each rat. (See the Fig. 5 legend for an
explanation of the Gardner-Altman plot.)

Fig. 7. The effect of ST-115 on brain edema in a rat model of ischemic-
reperfusion stroke. Following a 90-minute middle cerebral artery occlu-
sion, vehicle (saline) or ST-115 was administered intravenously just
before the start of reperfusion. After 24 hours of reperfusion, the total
area of brain sections of the ipsilateral hemisphere was compared with
that of the unaffected contralateral hemisphere to get a measure of
edema. The data are expressed as the percent increase. (See the Fig. 5
legend for an explanation of the Gardner-Altman plot.)
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and neuroprotectants when administered at the time of reperfu-
sion, which is a clinically relevant time point. Unfortunately, the
string of failures has discouraged the scientific community and
pharmaceutical companies from pursuing this line of investiga-
tion. Nevertheless, it is still recognized that there is a great need
for compounds that are cardioprotective (Downey and Cohen,
2009) or brain cytoprotective (stroke) (Savitz et al., 2019). Using
the correct adjunct therapy, given at reperfusion in the ischemic
heart or brain, has the potential of reducing tissue injury and
preserving function. The Stroke Treatments Academic Industry
Roundtable has concluded that the current era of highly effective
reperfusion by thrombectomy provides multiple opportunities to
improve stroke therapies (Savitz et al., 2019).
ST-115 is different from many of the previously tested com-

pounds that were designed to block only one of the many dam-
age pathways. Instead, ST-115 likely activates multiple
protective pathways via bradykinin-induced production of

endothelial nitric oxide, prostacyclin, and EETs. We found that
ST-115 greatly reduced reperfusion injury in both a mouse
model of acutemyocardial infarction and a ratmodel of ischemic
stroke. Importantly, this protection was evidenced when the
drugwas administered just prior to reperfusion in bothmodels.
In the fully blinded mouse myocardial infarct study, the

effect size was a 58% reduction in infarct size compared with
vehicle. This level of protection against myocardial infarction
is as strong as that seen in any previous studies. In the open-
label rat stroke study, ST-115 reduced the size of three bio-
markers of stroke as summarized in Table 2: 1) The deficits in
the skilled horizontal ladder rung walking test were reduced
by 60%, 2) brain edema was reduced by 51%, and 3) infarct
size was reduced by 48% in the large subset of rats with
smaller strokes. As it has been established that reperfusion
injury accounts for about 50% of the total ischemia and reper-
fusion damage, it appears that ST-115 completely blocked
reperfusion injury in these studies. The results were achieved
by the intravenous administration of a small dose of ST-115
(mice: 10 mg/kg; rats: 16 mg/kg) given at 5 minutes before the
start of reperfusion. During this brief time interval, ST-115
was allowed to circulate in the blood to achieve equal distribu-
tion throughout the vasculature. The drug entered the ische-
mic tissue when the blocked artery was opened at the start of
reperfusion. ST-115 then prevented the reperfusion injury
that normally occurs during the critical first �10 minutes of
reperfusion (Husainy et al., 2012; Cohen et al., 2008). We
believe that the protection took place according to the mecha-
nism outlined in the Introduction and in Fig. 2, which has
been corroborated by others (Baxter and Ebrahim, 2002; Veer-
avalli and Akula, 2004). The mechanism is very similar to the
well-established mechanism that drives the cardioprotective
effects of angiotensin converting ACE inhibitors. Both involve
an increase in bradykinin, the release of endothelial cell medi-
ators (Hartman 1995; Dendorfer et al., 1999), and are blocked
by a bradykinin B2 receptor antagonist. However, the ST-115
mechanism is more specific in its outcomes and also less prone
to side effects. Aminopeptidase P2 (also called x-prolyl-amino-
peptidase 2) is highly specific for cleaving and inactivating
bradykinin because it requires that a substrate has a free
N-terminal amino group, a proline residue in the second posi-
tion, and a small amino acid in the third position (Yoshimoto
et al., 1994; Simmons, 2013). Therefore, inhibition of this

Fig. 8. The effect of ST-115 on brain infarct volume in a rat model of
ischemic-reperfusion stroke. Vehicle (saline) or ST-115 was adminis-
tered intravenously just before the start of reperfusion. Infarct volume
was measured after 24 hours of reperfusion via TTC staining and was
expressed as the percentage of the unaffected contralateral hemisphere
in panel (C). Representative brain sections are shown for subgroups:
(A) Saline, the four highest infarct sizes; (A’) saline, the seven lowest
infarct sizes; (B) ST-115, the four highest infarct sizes; (B’) ST-115, the
eight lowest infarct sizes.

Fig. 9. Determination of the efficacy of ST-115 on the smaller strokes
from Fig. 8 that had an infarct volume less than 12% of the unaffected
contralateral hemisphere. (See the Fig. 5 legend for an explanation of
the Gardner-Altman plot.)

TABLE 2.
Summary of in vivo effects of ST-115 in myocardial infarction and
stroke models

Experiment
Effect
Sizea

Mean
Difference 95% CI Pb

Myocardial
infarctionc(mice)
Infarct size # 58% �17.5 �25.7 to �7.03 0.013
Stroked (rats)
Skilled walkingdeficits # 60% �0.76 �0.1.49 to �0.008 0.0636
Brain edema # 51% �3.87 �5.95 to �1.59 0.0084
Infarct sizee # 48% �3.47 �6.11 to �0.531 0.039

aRelative risk reduction (%) (mean difference � vehicle mean × 100).
bTwo-sided permutation t test P value.
c45-minute myocardial infarction.
d90-minute stroke.
eSubset of smaller strokes
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enzyme by ST-115 will primarily increase bradykinin, which
is the key component of its protective function. On the other
hand, ACE can cleave a very large number of different pepti-
des. Inhibiting ACE actually increases many biologically
active peptides, including substance P, which is an inflamma-
tory peptide that is associated with the symptoms of ACE-
induced angioedema (Sulpizio et al., 2004; Stone and Brown,
2017). A study by Sulpizio et al., 2005, showed that inhibition
of aminopeptidase P2 by apstatin at a dose that was both car-
dioprotective and long lasting did not increase plasma extrava-
sation in a rat trachea model of angioedema, whereas
inhibitors of ACE and/or neprilysin did. In addition to the
high specificity of aminopeptidase P2, ST-115 itself is also
highly specific for inhibiting aminopeptidase P2 as shown in
Table 1. It does not inhibit ACE, neprilysin, or multiple other
enzymes.
In the clinic, early administration of angiotensin-converting

enzyme inhibitors to patients with acute myocardial infarction
can cause episodes of severe hypotension (ACE Inhibitor Myo-
cardial Infarction Collaborative Group., 1998; Borghi and
Omboni, 2020). In contrast, animal experiments have shown
that inhibition of aminopeptidase P2 alone has no effect on
blood pressure (Kitamura et al., 1995; Kitamura et al., 1999;
Erşahin et al., 1999; Wolfrum et al., 2001) Although toxicology
studies have not been done at this point, there is reason to
predict that ST-115 will have minimal side effects, especially
because patients will likely be exposed to the drug for only a
few hours at reperfusion.
The fact that ST-115 was able to protect the brain from

reperfusion injury caused by ischemic stroke requires some
explanation. ST-115 is negatively charged and probably does
not passively enter the brain through the blood-brain barrier.
This is a problem for many compounds that are tested as a
treatment of stroke (Podraza et al., 2018). But this is not an
issue for ST-115, as this compound does not need to penetrate
into the brain parenchyma to achieve protection. The target of
ST-115 is aminopeptidase P2, which is located on the luminal
side of brain vascular endothelial cells in contact with blood.
After reperfusion, the concentration of ST-115 at aminopepti-
dase P2 is equivalent to its concentration in the blood. It is
presumably the bradykinin-induced endothelial mediators of
cellular protection such as prostacyclin, nitric oxide, and EETs
that are able to passively enter the ischemic brain (see Fig. 2).
In addition, the ability of ST-115 to reduce cerebral edema is
consistent with data that show that bradykinin B2 receptors
are involved in stabilizing the blood–brain barrier and reduc-
ing inflammation during cerebral ischemia–reperfusion in dia-
betic rats (Sang et al., 2016).
The mechanical removal of a vascular clot from a stroke

patient, referred to as thrombectomy or endovascular therapy,
has become the standard of care for patients with acute ischemic
stroke caused by a large vessel occlusion (Ospel et al., 2020). A
combination treatment of thrombectomy and ST-115 should be
especially effective, as the reperfusion is rapid and can be timed
to correspond with the injection of ST-115. A combination of
thrombectomy and administration of ST-115 should be able to
treat both ischemic and reperfusion injury simultaneously.
ST-115 has also been tested in our laboratory in a mouse

model of acute kidney injury (Simmons, 2015). After 25
minutes of bilateral renal artery occlusion and 2 days of reper-
fusion, blood urea nitrogen, a marker of kidney injury, was
measured and found to be reduced by 56% by ST-115.

As an indication of reproducibility, these studies, along with
others (Erşahin et al., 1999; Wolfrum et al., 2001; Veeravalli
et al., 2003), have shown that inhibition of aminopeptidase P2
can reduce reperfusion injury in different combinations of the
following: 1) two chemically different inhibitors, 2) Sprague-
Dawley rats and two strains of mice, 3) in the three most sen-
sitive tissues for ischemia–reperfusion injury (heart, brain,
and kidney) (Kalogeris et al., 2016), 4) in the isolated perfused
rat heart, and 5) in five different laboratories.
This report describes a discovery study. Follow-on studies of

ST-115 will be carried out using the rigorous Stroke Treat-
ments Academic Industry Roundtable criteria, which include
testing in female and aged animals and in animals with
comorbidities, and using assays that demonstrate long-term
benefits. ST-115 may ultimately be developed for the treat-
ment of several clinical situations that involve periods of ische-
mia followed by reperfusion.
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