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ORIGINAL RESEARCH

Thymidine Phosphorylase Deficiency or 
Inhibition Preserves Cardiac Function in 
Mice With Acute Myocardial Infarction
Lili Du , MD, PhD; Hong Yue , MD, PhD; Boyd R. Rorabaugh , PhD; Oliver Q. Y. Li, BA, BS, MS;  
Autumn R. DeHart ; Gretel Toloza-Alvarez , BA, BS, MS; Liang Hong, MD, PhD; James Denvir, PhD;  
Ellen Thompson , MD; Wei Li , MD, PhD

BACKGROUND: Ischemic cardiovascular disease is the leading cause of death worldwide. Current pharmacologic therapy has 
multiple limitations, and patients remain symptomatic despite maximal medical therapies. Deficiency or inhibition of thymidine 
phosphorylase (TYMP) in mice reduces thrombosis, suggesting that TYMP could be a novel therapeutic target for patients 
with acute myocardial infarction (AMI).

METHODS AND RESULTS: A mouse AMI model was established by ligation of the left anterior descending coronary artery in 
C57BL/6J wild-type and TYMP-deficient (Tymp−/−) mice. Cardiac function was monitored by echocardiography or Langendorff 
assay. TYMP-deficient hearts had lower baseline contractility. However, cardiac function, systolic left ventricle anterior wall 
thickness, and diastolic wall strain were significantly greater 4 weeks after AMI compared with wild-type hearts. TYMP defi-
ciency reduced microthrombus formation after AMI. TYMP deficiency did not affect angiogenesis in either normal or infarcted 
myocardium but increased arteriogenesis post-AMI. TYMP deficiency enhanced the mobilization of bone marrow stem cells 
and promoted mesenchymal stem cell (MSC) proliferation, migration, and resistance to inflammation and hypoxia. TYMP defi-
ciency increased the number of larger MSCs and decreased matrix metalloproteinase-2 expression, resulting in a high homing 
capability. TYMP deficiency induced constitutive AKT phosphorylation in MSCs but reduced expression of genes associated 
with retinoid-interferon-induced mortality-19, a molecule that enhances cell death. Inhibition of TYMP with its selective inhibi-
tor, tipiracil, phenocopied TYMP deficiency, improved post-AMI cardiac function and systolic left ventricle anterior wall thick-
ness, attenuated diastolic stiffness, and reduced infarct size.

CONCLUSIONS: This study demonstrated that TYMP plays an adverse role after AMI. Targeting TYMP may be a novel therapy 
for patients with AMI.
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Ischemic cardiovascular disease is the leading cause 
of death worldwide. This may result from the increased 
prevalence of metabolic disorders including obesity, 

nonalcohol fatty liver diseases, and type 2 diabetes, all 
are risk factors for ischemic cardiovascular disease.1 In 
these disease conditions, atherosclerotic plaques ac-
cumulate. When plaque ruptures, a thrombus forms 
and occludes the coronary artery. This leads to acute 

myocardial infarction (AMI) and myocardial cell death. 
While revascularization strategies (including coronary 
artery bypass grafting, percutaneous transmural coro-
nary angioplasty, and medicine-mediated thrombolytic 
therapies) have achieved significant progression and 
dramatically reduced ischemic cardiovascular disease-
associated mortality, about 30% of patients with the 
ischemic cardiovascular disease still develop chronic 
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heart failure following myocardial infarction.2 It has been 
estimated that >6.2 million Americans ≥20 years of age 
have had heart failure, and the prevalence is consistently 
increasing.3 The necrotic area of the heart is a deter-
mining factor in the long-term prognosis. Therefore, the 
salvaging of ischemic myocardium and suppression of 
myocardial remodeling are highly desirable.4 Current 
pharmacological therapy for ischemic heart disease has 
multiple limitations including patient compliance issues 
and drug side effects. Revascularization procedures 
often end with the need for repeat procedures. Patients 
remain symptomatic despite maximal medical therapy.5 
To this end, gene and/or stem cell therapies, includ-
ing using mesenchymal stem cells (MSCs), have been 

developed and provide promising preclinical results. 
However, clinical data still do not fully indicate that these 
methods have significant clinical benefits.

Therapeutic angiogenesis seeks to improve tissue 
perfusion in chronic diseases through the growth and 
proliferation of blood vessels in response to the delivery 
of angiogenic cytokines, such as vascular endothelial 
growth factor or hepatocyte growth factor. However, a 
phase II, randomized, double blind-controlled study of 
adenoviral delivery of vascular endothelial growth fac-
tor 121 in patients with peripheral artery disease did 
not find improved exercise performances or quality 
of life.6 In addition to the proangiogenic genes, gene 
transfer of an antiapoptotic factor Bcl-2,7 or a cyto-
protective gene, heme oxygenase-1, also reportedly 
protects hearts from late postischemic heart failure.8 
Furthermore, inflammatory responses post-AMI play 
important roles in determining infarct size and subse-
quent adverse cardiac remodeling.9 While results from 
CANTOS (Canakinumab Anti-inflammatory Thrombosis 
Outcomes Study) showed modest benefits,10 CIRT 
(Cardiovascular Inflammation Reduction Trial)11 and 
COLCOT (Colchicine Cardiovascular Outcomes Trial)12 
showed no benefits for the cardiovascular outcome, 
raising the question of whether direct intervention on 
inflammation can improve cardiovascular outcomes.

The identification of stem cells in the cardiovascular 
system makes them a potential option to develop novel 
cell-based therapies. Among them, MSCs have drawn 
the attention of scientists because of their broad spec-
trum of capabilities for tissue repair.13,14 Accumulating 
evidence indicates that the therapeutic effects of 
MSCs are mainly through their paracrine effects,15 in-
cluding inflammation reduction and immunomodula-
tion.16,17 Although MSCs are mainly isolated from bone 
marrow (BM), adipose-derived MSCs have been rec-
ognized as an alternative source of BM-derived MSCs 
for usage in therapeutic applications.18 However, some 
main problems including delivery methods, low degree 
of retention of MSCs in the tissues, and short-lived via-
bility after implantation remain to be solved.19

Thymidine phosphorylase (TYMP), also known as 
platelet-derived endothelial cell growth factor, is an en-
zyme that reversibly catalyzes the action of thymidine to 
thymine and 2-deoxy-D-ribose-1-phosphate and plays a 
role in maintaining the balance of the nucleotide pool of 
these molecules.20 TYMP has proangiogenic activity in 
vivo. It stimulates the chemotaxis of endothelial cells and 
confers resistance to apoptosis induced by hypoxia. We 
have examined the therapeutic effects of the transfec-
tion of TYMP gene to the chronic ischemic myocardium, 
and the effects were studied for as long as 6 months in 
dogs.4,21 We also found that gene transfection of TYMP 
into rat or rabbit vascular smooth muscle cells (VSMCs) 
dramatically inhibited VSMCs proliferation by increas-
ing the expression of heme oxygenase-1 and p27 and 

CLINICAL PERSPECTIVE

What Is New?
•	 Our study demonstrated that deficiency or in-

hibition of thymidine phosphorylase improved 
cardiac function in mice under acute myocardial 
infarction.

•	 Our study also demonstrated that deficiency or 
inhibition of thymidine phosphorylase enhanced 
the function of mesenchymal stem cells.

What Are the Clinical Implications?
•	 Inhibition of thymidine phosphorylase with a US 

Food and Drug Administration-approved inhibi-
tor, namely tipiracil hydrochloride, may reduce 
myocardial infarction size and enhance cardiac 
function.

•	 The antiplatelet and antithrombotic function of 
tipiracil is rapid and safe, which could be a novel 
regimen for patients with onset acute myocar-
dial infarction or for patients who need immedi-
ate antiplatelet intervention.

Nonstandard Abbreviations and Acronyms

AAR	 areas at risk
BM	 bone marrow
CM	 complete media
DWS	 diastolic wall strain
LG-DMEM	 low-glucose DMEM
LVAW	 left ventricle anterior wall
LVPWs	 systolic left ventricle posterior wall
LVPWd	 diastolic left ventricle posterior wall
MMP	 matrix metalloproteinase
MSCs	 mesenchymal stem cells
TYMP	 thymidine phosphorylase
VSMC	 vascular smooth muscle cells
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through regulating the activity of Lyn kinase.22–24 The 
antioxidative heme oxygenase-1 has been confirmed to 
reduce ischemic injury in most animal models including 
the heart, brain, and liver.25 All of these data suggest that 
TYMP could be a useful gene for the treatment of myo-
cardial ischemia by promoting angiogenesis, inhibiting 
apoptosis, and preventing the proliferation of VSMCs. 
However, our recent study also demonstrated that 
TYMP deficiency in mice or TYMP inhibition with its po-
tent and selective inhibitor tipiracil, significantly inhibited 
thrombosis in mice.26,27 These data suggest that TYMP 
deficiency or inhibition may also benefit AMI by reduc-
ing microthrombosis and infarction-related inflammation, 
thus attenuating ischemia-associated complications. 
The comprehensive effects of TYMP after AMI, however, 
have never been systemically studied.

METHODS
The authors declare that all supporting data are avail-
able within the article. The data that are marked as 
“Data not shown” are available from the corresponding 
author upon reasonable request.

Experiment Animals
Wild-type (WT) C57BL/6J breeding mice were pur-
chased from the Jackson Laboratory (Bar Harbor, ME). 
The Tymp−/− mouse strain was produced by Dr. Hirano, 
and it has been backcrossed onto the C57BL/6J back-
ground >10 times and used in our studies before.26–28 
Mice had ad libitum access to Laboratory Rodent Diet 
(LabDiet, Cat# 5001,) and water and were housed in a 
fully AAALAC-accredited animal facility with 12:12 dark 
and light cycle. Since sex hormones have a significant 
effect on the development of cardiovascular diseases, 
only male mice were used for the comparison of the 
role of TYMP on AMI in vivo. Some experiments that 
are not affected by sex hormones used both sexes, 
which has been indicated in the results. All procedures 
and manipulations of animals have been approved by 
the IACUC at Marshall University (IACUC#: 1033528).

Murine AMI Model
Mice 10 to 12 weeks of age were anesthetized with 
ketamine/xylazine (100/10 mg/kg). Mice were intubated 
and ventilated with 100% oxygen at a breath rate of 
110/min and a tidal volume of 120–150 μL (MiniVent 
Ventilator for Mice, Harvard Apparatus). Eye lubricant 
was applied, and mice were fixed in the supine posi-
tion on a warm operating plate. Body temperature (37 
°C) was monitored with an anal probe monitor. The hair 
on the left chest was shaved followed by treating with 
hair removal cream. The operation site was disinfected 
using Povidone-Iodine Prep Pad followed by wiping 
with 70% ethanol. The heart was exposed through 

a left thoracotomy between the third and fourth ribs. 
The pericardial sac was cut open and the left anterior 
descending coronary artery (LAD) was ligated at the 
level ≈3 mm below the left atrial appendix with an 8–0 
Prolene polypropylene suture. The success of the LAD 
ligation was confirmed by identifying the myocardium 
distal to the ligation site turning pale. A small drain tube 
with multiple holes on the tip was placed into the chest 
cavity, and the chest was closed using a 5–0 Coated 
Vicryl Plus suture (Ethicon, Somerville, NJ). Immediately 
before applying the last suture for closing the chest, 
the lungs were inflated and air remaining in the chest 
cavity was removed. The drain tube was removed, and 
the mice were kept warm until they returned to spon-
taneous breathing. The intubation tube was removed, 
and mice were kept in a clean warm cage overnight. 
Buprenorphine (0.05 mg/kg) was administered imme-
diately after the surgery and then twice per day for 
3 days. Mice were monitored twice daily for the first 
3 days, and then once per day for the first week, and 
then housed as normal.

Mice were euthanized at 1, 3, 7, or 28 days by either 
an overdose of ketamine/xylazine (200/20 mg/kg) or a 
bolus of KCl (150 mg/kg) depending on the individual 
type of experiments as indicated in the Results sec-
tion. Hearts were rinsed in cold PBS and processed 
for future biochemical and histological examinations. 
Some WT mice were orally fed tipiracil for 1 week to 
inhibit TYMP activity before they were subjected to li-
gation of the left anterior descending coronary artery. 
Tipiracil (1 mg/kg) was continually administrated once 
daily for 28 days before harvesting the hearts.

Echocardiography
Echocardiography was conducted using the Vevo 
1100 Imaging System (FUJIFILM VisualSonics) with an 
MS400 18–38 MHz transducer before the surgery and 
7 and 28 days after AMI. Mice were anesthetized with 
ketamine/xylazine (100/10 mg/kg), and hair on the chest 
was removed with hair removal cream. The animal was 
fixed on a temperature-controlled ECG plate in the su-
pine position, and its heart rate was monitored. Echo 
data were collected at the heart rate range around 
280 to 350/min, and 2-dimensional guided M-mode 
was used for evaluating cardiac function.29,30 All data 
were analyzed with the software associated with the 
Vevo 1100. Diastolic wall strain (DWS) was calculated 
using the systolic and diastolic left ventricle posterior 
wall (LVPWs and LVPWd) thickness using the following 
equation: DWS = (LVPWs − LVPWd)/LVPWs.31,32

Langendorff Isolated Heart Experiments
Mice received a single intraperitoneal injection con-
taining pentobarbital (150 mg/kg) and heparin (60 
mg/kg). Hearts were rapidly removed from the 



J Am Heart Assoc. 2023;12:e028023. DOI: 10.1161/JAHA.122.028023� 4

Du et al� TYMP Plays an Adverse Effect in AMI

anesthetized animals, mounted on a Langendorff 
isolated heart system, and perfused with Krebs so-
lution (in mmol/L: 118 NaCl, 4.7 KCl, 1.2 MgSO4, 25 
NaHCO3, 1.2 KH2PO4, 0.5 Na2EDTA, 11 glucose, 2.5 
CaCl2, pH 7.4) at a constant pressure of 70 mmHg as 
previously described.33 Contractile function of the left 
ventricle was measured by an intraventricular balloon 
connected to a pressure transducer, and data were 
continuously recorded by a PowerLab 4SP data ac-
quisition system (AD Instruments, Colorado Springs, 
CO). The temperature of the heart (37 °C) was moni-
tored by a temperature probe placed on the surface of 
the heart. Following 15 minutes of perfusion, the LAD 
was ligated with an 8–0 suture. Parameters of car-
diac function, including heart rate, developed pres-
sure, ±dP/dt, and coronary flow rate, were recorded 
immediately before and 10 minutes after LAD ligation. 
Hearts were excluded after the 15-minute equilibra-
tion period if the flow rate was >5.0 mL/min (indica-
tive of an aortic tear), developed pressure <50 mmHg, 
heart rate <200 beats/min, or if there were persistent 
arrhythmias.

Evans Blue and Triphenyl Tetrazolium 
Chloride Staining
The mouse was anesthetized with ketamine/xylazine 
(100/10 mg/kg), and the heart was stopped in the 
diastolic phase by bolus intravenous injection of KCl 
solution (150 mg/kg). The heart was removed, rinsed 
with cold PBS, and frozen at −20 °C for 30 minutes. 
The frozen heart was then sliced into pieces in 1-mm 
sections and sequentially placed into wells of a 24-well 
plate. The heart slices were incubated in 2 mL 2% tri-
phenyl tetrazolium chloride solution for 15 minutes in 
a 37 °C water bath, washed with PBS, flattened on a 
slide glass, and images were taken.

Some mice were euthanized 18 hours after LAD li-
gation to identify areas at risk (AAR) and infarct areas 
in the early phase. To this end, the mouse heart was 
rapidly removed and mounted to a perfusion system 
by cannulating and ligating the aorta to a 25-G blunt 
needle. The hearts were perfused with cold PBS, fol-
lowed by 3 mL, 0.22 μm filtered, 0.8% Evans blue in 
saline. The hearts were rinsed with cold PBS and then 
stained with triphenyl tetrazolium chloride as men-
tioned above. The ischemic area and infarct size were 
measured using ImageJ. Data were presented using 
definitions shown in the corresponding figure legends.

Quantitative Polymerase Chain Reaction
Total RNA was isolated from infarcted myocardium 
using the Qiagen Universal RNA extraction kit. RNA 
concentration was measured using a NanoDrop, 
and 1 μg of total RNA was used for cDNA construc-
tion using the Super Script VILO cDNA Synthesis Kit 

(ThermoFisher Scientific, Waltham, MA). Table S1 lists 
the primers used for analyzing the expression of in-
flammatory cytokines. PowerUp SYBR Green Master 
Mix (ThermoFisher) was used for quantitative polymer-
ase chain reaction analysis using the ABI SimpliAmp 
Thermal Cycler.

Histological Analysis
Serial 4- to 5- μm thick paraffin-embedded sections were 
cut for histological examination. Immunohistochemical 
or immunofluorescence staining was performed using 
antibodies against CD31 (SC-376764, Santa Cruz), 
α-smooth muscle actin (A2547, Sigma-Aldrich), and 
cleaved caspase-3 (9664 S, Cell Signaling). Frozen 
heart sections prepared 24 hours after AMI were 
stained for CD41 (Cat #553847, BD Pharmingen) to 
identify microthrombosis and α-smooth muscle actin 
to quantitatively analyze arteriogenesis at the early 
phase of AMI.

Murine Adipose-Derived Mesenchymal 
Stem Cell Isolation and Culture
Murine MSCs were cultured as previously de-
scribed.34,35 Male mice were euthanized and perigo-
nadal fat pads were harvested, rinsed with ice-cold 
PBS, and soaked in 5× antibiotic-containing PBS for 10 
minutes on ice. Fat tissues were minced and digested 
with 0.1% collagenase I in low-glucose (1 g/L) DMEM 
(LG-DMEM, Cat# 31600034, Thermofisher) containing 
2% fetal bovine serum at 37 °C water bath for 30 min-
utes. The digestion was stopped by adding an equal 
volume of LG-DMEM containing 10% fetal bovine 
serum and 1× antibiotics (Antibiotic-Antimycotic, Cat# 
15240096, ThermoFisher), namely, complete media 
(CM), and then centrifuged at 423 g for 10 minutes at 
room temperature. The fat-containing supernatant was 
discarded, and the cell pellet was washed twice with 
CM. Cells isolated from each mouse were then seeded 
into a 35-mm dish, cultured in CM, maintained in a 1 to 
3 ratio, and passaged every 3 days when they reached 
80% to 90% confluency.

Flow Cytometry Assay
MSCs at passage 3 were used for phenotypic charac-
terization by flow cytometry. The MSCs were allowed to 
grow to 80% confluence and then trypsinized and sus-
pended in PBS; 106 cells were washed, resuspended 
in 100-μL dying buffer, and incubated with FITC la-
beled CD45 (Cat# 103107), PE labeled CD34 (Cat# 
152203) or CD105 (Cat# 120407), and APC labeled 
CD29 (Cat # 102215) antibodies, respectively. Isotype 
control immunoglobulin G labeled cells were used as 
control. All antibodies were purchased from Biolegend 
(San Diego, CA, US). The incubation was conducted at 
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room temperature for 30 minutes in the dark. The cells 
were washed twice with the dying buffer and analyzed 
by a Flow Cytometer (BD Biosciences, Franklin Lakes, 
NJ, US).

MSC Proliferation Assay
To evaluate the proliferation rate, 104 WT and Tymp−/− 
MSCs were seeded into 24-well plates in triplicate and 
cultured in CM. Cells were trypsinized every other day 
and counted with a hemocytometer in combination with 
the Trypan Blue exclusion assay. In another set of experi-
ments, WT and Tymp−/− MSCs (103/well) were seeded 
into 96-well plates with 8 replicates, and cell prolifera-
tion was assessed daily for up to 4 days using the MTT 
assay.29,36

In another set of experiments, WT MSCs (3×103/
well) were seeded into 96-well plates and cultured in 
the CM overnight. The cells were then synchronized in 
serum-free LG-DMEM for 24 hours before they were 
stimulated with CM in the presence or absence of 10 
μM tipiracil or 25 ng/mL tumor necrosis factor-alpha 
(TNF-α) for the indicated times, and cell proliferation or 
viability was assessed by MTT assay.29,36

To assess if TYMP affects the growth of MSCs 
under hypoxia or other low-nutrient conditions, WT 
and Tymp−/− MSCs were seeded into a 12-well plate in 
a concentration of 2.8×104/well and cultured overnight. 
The cells were then synchronized in serum-free LG-
DMEM for 24 hours before they were stimulated with 
CM containing 150, 300, or 600 μmol/L CoCl2 for an 
additional 48 hours. Cell viability was then measured 
by the MTT assay.

Wound Healing Assay
WT and Tymp−/− MSCs were seeded into 6-well plates 
at a density of 3.5×105 cells/well and cultured in the 
CM overnight. Cells were scratched with a 200-μL pi-
pette tip, rinsed with warm PBS 3 times, and images 
of the scratches were taken as the basal level of the 
“wound” (0 hours). The cells were then cultured under 
normal culture conditions, and images from the same 
places were taken again at the time points indicated 
in the results.22 Width of the scratch was measured 
using ImageJ (National Institutes of Health [NIH]), and 
the “wound” healing rate was calculated.22

MSC Adhesion Assay
To assess MSC adhesive capability, a 96-well plate 
was coated with type I collagen, fibronectin, and bo-
vine serum albumin (BSA) at a final concentration of 
30, 10, and 10 μg/mL in PBS, respectively. WT and 
Tymp−/− MSCs were stained with Rhodamine 6G, and 
103 cells were seeded into collagen/fibronectin/BSA 
mixture-coated wells and kept still in a cell incubator 
for 1 hour. The media was discarded, the unattached 

cells were washed away with PBS, and cells attached 
to the bottom of the 96-well plate were randomly im-
aged and counted.

Cellix flow chambers were coated with type I col-
lagen, fibronectin, and BSA at a final concentration of 
30, 10, and 10 μg/mL in PBS, respectively. MSCs in 
culture were trypsinized, collected, and resuspended 
in CM at a concentration of 105 cells/mL. Cells were 
stained with Rhodamine 6G at a final concentration of 
50 μg/mL and then perfused through the flow chamber 
at a flow rate of 10 μL/min for 3 minutes. The chamber 
was washed with PBS at the same flow rate for 3 min-
utes to remove all nonattached cells, and all adhered 
cells were counted over the chamber. In some assays, 
the WT MSCs were pretreated with 50 μM tipiracil 
for 5 minutes before they were used for the adhesion 
assay.

BM Cell Colony Formation
Mice were euthanized with an overdose of ketamine/
xylazine, and femur bones were harvested under a 
sterilized condition. Soft tissues around the bone 
were removed, 2 ends of the femur bone were cut, 
and BM was isolated by flushing the femur bone cav-
ity using 2 mL of PBS. To isolate nucleated cells, 2 
mL Histopaque-077 solution was transferred to a  
15-mL conical tube, and the 2 mL BM cells containing 
PBS were gently overlaid on top. The cells were then 
separated by centrifugation at 400 g for 30 minutes at 
room temperature. The top layer containing plasma 
was discarded and the opaque interface that contains 
mononuclear cells was transferred into a clean 15-mL 
conical centrifuge tube. Cells were washed 3 times 
with PBS, counted with Trypan blue, and 7×106 cells 
were seeded into a 35-mm dish and cultured in LG-
DMEM containing 20% fetal bovine serum and antibi-
otics. Media were changed every 3 days, and crystal 
violet staining was conducted 15 days later to count 
the number of colony-forming units (CFUs). Areas 
covered by cell population ≥50 were analyzed using 
ImageJ.

In some experiments, to enhance stem cell mobili-
zation, WT and Tymp−/− mice were treated with CoCl2 
10 mg/kg/day through intraperitoneal injection for 
7 days, and AMD3100 5 mg/kg was given 1 day before 
sacrificing the mice.37

Western Blot Assay
MSC lysates in RIPA buffer were prepared as de-
scribed previously.26,27 Western blot assays were per-
formed using antibodies against TYMP (SC-47702, 
Santa Cruz, CA), genes associated with retinoid-
interferon-induced mortality-19 (GRIM-19) (Santa Cruz, 
sc-271 013), pan-AKT (#2920 S), and Ser473-phospho-
AKT (#4060 S); all were from Cell Signaling (Danvers, 
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MA). Membranes were stripped and reblotted for pan-
actin (#12748 S) as a loading control.

Gelatin Zymography Matrix 
Metalloproteinase Activity Assay
MSCs (1.5×105 cells) were seeded into a 6-well plate, 
cultured for 24 hours, and allowed to reach ≈ 70% con-
fluency. Cells were washed with warm PBS 3 times 
and then cultured in serum-free LG-DMEM for an ad-
ditional 24 hours. The cell culture media were collected 
and centrifuged at 423 g for 5 minutes to remove cell-
related debris, and the supernatant was aliquoted and 
stored at −80 °C for future use.

Gelatin zymography was conducted as mentioned 
in our previous studies.38–41 Briefly, 20 μL serum-free 
cell culture media were mixed with sample loading 
buffer (100 mmol/L Tris–HCl, pH 7.6, 4% SDS, 20% 
glycerol, and 0.004% Bromophenol Blue) in equal vol-
ume, incubated at 37 °C for 30 minutes, and then dis-
solved in 7.5% SDS-PAGE containing 1 mg/mL gelatin 
(G9391-100G, Sigma-Aldrich). The gels were soaked 
in washing buffer (2.5% Triton X-100 in 0.05 M Tris–
HCl, pH 7.5) with gentle shaking for 60 minutes with 
one change of the washing buffer at 30 minutes. The 
gels were rinsed with milli-Q water 2 times and then 
incubated in the incubation buffer (50 mmol/L Tric-HCl, 
pH 7.5, 5 mmol/L CaCl2, and 0.02% NaN3) in a 37 °C 
water bath overnight with gentle shaking (35 rpm). The 
gels were stained with GelCode Blue Stain Reagent 
(ThermoFisher) for 2 hours until clear bands were ob-
served and then destained with water. Images were 
taken with FluoChem Imager.

Murine Cremaster Microthrombosis 
Model
Leukocytes and platelets were isolated from donor 
mice and labeled with CellTracker Green CMFDA and 
CellTracker Red CMTPX (ThermoFisher), respectively. 
The fluorescently labeled leukocytes and platelets 
were washed with PBS to remove free dyes, mixed to-
gether, resuspended in 150 μL saline, and injected into 
male recipient mice through the jugular vein. TNF-α 
(500 ng in 100 μL saline) was then given to the recipi-
ent mice by injection, immediately after they received 
the injection of the leukocyte and platelet mixture. 
Three hours later, the cremaster muscle microcircu-
lation model was prepared as described by Bagher 
and Segal.42 Microvessels were screened, and the 
formation of microthrombi was examined by intravital 
microscopy.27,43,44

Statistical Analysis
Data were expressed as mean±SE. Data were ana-
lyzed for normality and equal variance using the 

D’Agostino-Pearson normality test as a justification for 
using a 2-tailed Student t-test, Mann-Whitney test, or 1- 
or 2-way ANOVA for comparisons of 2 and >2 groups 
or factors. Repeated measures ANOVA or mixed ef-
fects 2-factor ANOVA were used for multiple time 
points and 2 factor comparisons. For the mixed-effects 
model, we treated genotype as the random effect and 
time as the fixed effect. For multiple hypothesis testing 
as shown in Table 1, we calculated the false discovery 
rate using the Benjamini-Hochberg method. GraphPad 
Prism (version 9.0.1) was used for data analysis and a 
P≤0.05 was considered statistically significant.

RESULTS
Deletion of TYMP in Mice Preserved 
Cardiac Function After AMI
Both AMI and ischemia/reperfusion mouse models 
are clinically relevant.45,46 To understand how TYMP 
affects myocardial function, cardiac remodeling, and 
healing after AMI, we induced AMI in mice by perma-
nent ligation of the LAD.29 Echocardiography was con-
ducted to monitor cardiac function before surgery as 
well as 7 and 28 days after AMI (Figure 1A). As shown in 
Table 1, cardiac function evaluated by ejection fraction 
(EF) was similar between WT and Tymp−/− mice be-
fore surgery. Cardiac function was decreased in both 
strains (P=0.001 and 0.005 in WT and Tymp−/− versus 
their own basal levels, respectively) 7 days after LAD 
ligation. No significant difference was found 7 days 
after LAD ligation between WT and Tymp−/− (P=0.805, 
Table 1). Cardiac function continually declined in the 
WT mice 28 days after surgery (P=0.006 versus day 
7); however, it was preserved in the Tymp−/− mice, and 
no further decline was found at 28 days when com-
pared with 7 days after AMI (P=0.07). Cardiac function 
evaluated by fractional shortening showed a similar 
tendency as the EF (Table 1).

End-diastolic left ventricular internal diameter and 
end-systolic left ventricular internal diameter were sig-
nificantly increased 28 days post-AMI compared with 
their preischemic values in both WT and Tymp−/− hearts. 
However, the 2 groups were similar at all time points 
examined (Figure S1). Left ventricle anterior wall (LVAW) 
mass was also similar between the 2 groups although 
it slightly increased in both groups 28 days post-AMI 
(Table 1). LVAW, which is perfused by the LAD, was sig-
nificantly thicker in the Tymp−/− mice at the systolic phase 
on both 7 and 28 days after AMI (Table 1). Diastolic LVAW 
thickness was similar between groups. Interestingly, 
left ventricle posterior wall (LVPW) thickness showed 
an opposite phenotype, and LVPWd was significantly 
thicker in the WT mice. LVPWs was the same in the 
2 groups at all the times examined. The DWS index is 
based on the linear elastic theory and is a useful simple 
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marker in assessing diastolic stiffness. While the DWS 
is similar in mice before and 7 days after LAD ligation, it 
is significantly smaller in the WT mice 28 days post-AMI 
(Table 1). These data suggest that although TYMP does 
not significantly affect cardiac dimension, TYMP defi-
ciency reduced wall thinning of the infarcted myocar-
dium and attenuated diastolic stiffness. This may have 
contributed to the improved cardiac function.

Evans blue and triphenyl tetrazolium chloride stain-
ing demonstrated that TYMP deficiency did not affect 
the size of AAR and infarct 18 hours after LAD liga-
tion (Figure S2A through S2C); however, significantly 
reduced infarct sizes 4 weeks post-AMI (Figure 1B and 
1C). These data suggest that the healing process of 
the Tymp−/− myocardium may be enhanced.

TYMP Deficiency Increased Cardiac 
Perfusion But Paradoxically Attenuated 
Basal Contractility

To determine whether the increased EF in Tymp−/− 
mice was due to Tymp−/− hearts having enhanced 
contractility, we used Langendorff isolated hearts to 
evaluate cardiac function. TYMP deficiency did not 
affect heart rate (Figure 2A). Unexpectedly, the basal 
level coronary flow was slightly higher in the Tymp−/− 
hearts (2.462±0.304 mL/min) than in the WT hearts 
(1.984±0.202 mL/min). LAD ligation reduced 24.2% 
of coronary flow in the WT hearts and 29.4% in the 
Tymp−/− hearts. However, the coronary flow rate was 
still slightly higher in the Tymp−/− hearts after LAD li-
gation (Figure 2B). Although there was no statistically 
significant difference, TYMP-deficient hearts gener-
ated lower developed pressure (Figure 2C) and smaller 
dP/dt (Figure 2D). Since increased cardiac contractility 
exacerbates cardiac function after AMI,47,48 these data 
suggest that TYMP deficiency-associated changes in 
the heart may increase its tolerance to ischemia and 
preserve cardiac function after AMI.

Deletion of TYMP in Mice Reduced 
Microthrombus Formation at the Acute 
Phase But Did Not Affect Angiogenesis, 
Apoptosis, and Inflammation in the 
Infarcted Hearts at the Chronic Phase
The contradiction of improved post-AMI EF and frac-
tional shortening in Tymp−/− hearts in vivo and a de-
creased contractility in the Tymp−/− Langendorff hearts 
ex-vivo, lead us to consider that other parameters, such 
as perfusion to the hibernating myocardium or healing 
process, which includes inflammatory, proliferative, and 
healing phases,49 may be enhanced due to TYMP de-
ficiency. A greater basal coronary flow rate (Figure 2B) 
measured in the Langendorff hearts, a nonsignificant 
low AAR measured 18 hours after AMI (Figure S2B), Ta
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and a thicker systolic LVAW (Table 1) measured on 7- 
and 28-day post-AMI in the Tymp−/− mice supports 
this speculation. Microthrombi formation in capillaries 
has been found in the myocardial ischemia/reperfusion 
model and it significantly reduces cardiac perfusion at 
the border zone.50 By immunofluorescent staining for 
CD41, a platelet marker, we assessed the microthrombi 
density in hearts 24 hours after AMI using serial sections 
cut from the apex of the heart to the level of LAD liga-
tion. Microthrombus was defined as an anuclear, CD41-
positive structure in size about 10 to 30 μm, which is 
much bigger than mouse platelets (≈0.5 μm). We found 
significantly fewer microthrombi in the Tymp−/− hearts 
than in the WT hearts (Figure 3A). Since TYMP defi-
ciency did not affect the density of α-smooth muscle 

actin–positive small arterioles examined 24 hours post-
AMI (Figure S2D and S2E), we consider that the re-
duced microthrombi in the Tymp−/− hearts contribute 
to the low AAR measured 18 hours after AMI. TYMP 
has proangiogenic and anti-apoptotic effects, we thus 
further evaluated vascular density and apoptosis in the 
hearts 4 weeks post-AMI. As shown in Figure 3B, TYMP 
deficiency did not affect angiogenesis evaluated by im-
munohistochemical staining for CD31 at both normal 
and ischemic zones. There was no cleaved caspase-3 
detected (data not shown). However, the density of α-
smooth muscle actin–positive arterioles was increased 
in the Tymp−/− hearts (Figure 3C and 3D), suggesting 
that arteriogenesis may be enhanced during the healing 
phase in these mice.

Figure 1.  Thymidine phosphorylase deficiency in mice reduces infarct size and preserves cardiac 
function following left anterior descending coronary artery ligation.
Age-matched male wild-type C57BL/6J and thymidine phosphorylase knockout mice were subjected to 
the left anterior descending coronary artery ligation, a mouse model of acute myocardial infarction. A, 
Representative echocardiography images before left anterior descending coronary artery ligation, as well 
as 7 and 28 days after left anterior descending coronary artery ligation, were shown. B and C, Myocardial 
infarct size was assessed by triphenyl tetrazolium chloride staining 4 weeks after acute myocardial 
infarction. Infarct size was presented as the ratio of the area of infarction (pale) to the total area of the left 
ventricle. Data are expressed as mean±SE. Student t-test. LV indicates left ventricle; Tymp, thymidine 
phosphorylase; and WT, wild-type.
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Studies have indicated that TYMP may be proin-
flammatory as it is upregulated by several inflam-
matory cytokines including TNF-α, interleukin-1, 
interleukin-6, interleukin-8, interleukin-17, interferon-γ, 
and granulocyte-colony stimulating factor.20,51–53 By 
intrascrotal injection of TNF-α, we confirmed the high 
incidence of inflammatory microthrombus formation as 
well as the active interaction of leukocytes and plate-
lets in the microcirculation of WT mice (Video S1). 
Since the sterile inflammatory phase after myocardial 
infarction is around 3 to 4 days in mice,49,54 we exam-
ined the expression of these cytokines in the infarcted 
myocardium 3 days post-AMI by quantitative poly-
merase chain reaction. As shown in Figure S3, TYMP 

deficiency did not significantly affect the expression of 
the cytokines, chemokines, and other inflammation-
related molecules examined.

TYMP Deficiency in Mice Enhanced BM 
Cell Mobilization After AMI

Adult cardiac myocytes are end-differentiated cells, 
which cannot be regenerated. Dead myocardium is re-
placed by scar tissue after injury. Earlier revascularization 
determines the fate of some myocardium that fell into 
ischemia but continue to survive. This is known as “hiber-
nating myocardium.”55 MSCs have become the essential 
adult cellular sources for regeneration medicine, including 

Figure 2.  Thymidine phosphorylase deficiency tends to increase coronary artery flow but 
reduces cardiac contractility.
Hearts were isolated from age-matched female wild-type and thymidine phosphorylase knockout 
mice and rapidly mounted on a Langendorff isolated heart perfusion system. Hearts were allowed to 
acclimate for 15 minutes, and then parameters including heart rate (A), coronary flow rate (B), developed 
pressure (C), and ±dP/dt (D) were recorded. The left anterior descending coronary artery was then ligated 
immediately below the first diagonal branch with an 8–0 suture. The hearts were perfused for an additional 
10 minutes, and the above-mentioned parameters were recorded again. N=5 in the wild-type and N=6 in 
the thymidine phosphorylase knockout groups. All panels share the same legends shown below panel C. 
Data are expressed as mean±SE; 2-way ANOVA was used for statistical analyses followed by a Student 
t-test under each individual comparison between genotypes. LAD, left anterior descending coronary 
artery; Tymp, thymidine phosphorylase; and WT, wild-type.
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therapies for the ischemic myocardium. However, some 
main problems including a low degree of retention of 
MSCs in the tissues, their short-lived viability after implan-
tation, etc., remain unsolved.19 By using a skin ischemia 
model, Hamou et al reported that BM-derived MSCs 
were immediately mobilized, increased numbers in cir-
culation and ischemic skin, and peaked around 7 days 
after injury.56 Pula et al reported that TYMP enhances 
endothelial progenitor cell survival and it is highly ex-
pressed in CFU.57 These studies suggest that TYMP may 
play a role in BM stem cell mobilization after AMI. To test 
this, we conducted a colony formation assay using BM 
cells harvested from mice 7 days post-AMI. As shown in 
Figure 4A, we found that TYMP deficiency dramatically 
enhanced CFU under this condition. To further confirm 
this finding, we treated WT and Tymp−/− mice with CoCl2 
for 7 days to mimic hypoxia and AMD3100; a specific in-
hibitor of CXCR4, that tethers hematopoietic stem cells 
to the BM microenvironment, was given 1 day before 
sacrificing the mice to mobilize BM stem cells.37,58 BM 
was then harvested and used for colony formation assay. 
As shown in Figure 4B, CFU was identified from both 
strains and the numbers were significantly higher in the 
BM harvested from the Tymp−/− mice under the chemi-
cally hypoxia-mimic condition. These data suggest that 
TYMP-deficient mice have a higher capability to mobilize 
BM stem cells under hypoxia. Since low numbers of CFU 
are correlated to increased cardiovascular risk,57,59 these 
data further suggest that TYMP deficiency generates 
an environment that enhances recovery of or preserves 
post-AMI cardiac function.

Deletion or Inhibition of TYMP in Mice 
Enhanced MSC Proliferation
In pathophysiological conditions, the source of MSCs 
that are responsible for repairing the damaged tis-
sue could be either from the BM or from the original 
organ.60 TYMP enhances endothelial cell chemotaxis 
but inhibits VSMC proliferation and migration,20 sug-
gesting that it acts differently in different cells. No study 
has examined the role of TYMP in MSCs. To determine 
whether TYMP affects MSC function, which results in a 
better cardioprotective effect, we cultured MSCs from 
white adipose tissue harvested from the perigonadal 
fat pad of male mice. Cell passages between 4 to 10 
were used for the following studies and all comparisons 
were conducted using cells on the same passage.

The morphology of WT and Tymp−/− MSCs was simi-
lar and expressed MSC markers (Figure S4). Interestingly, 
we found that, during culture, TYMP-deficient MSCs 
grew faster than WT MSCs. To confirm this finding, 
cells were seeded at a concentration of 104 cells/well 
into 24-well plates, trypsinized, and counted using the 
Trypan Blue Exclusion Assay every other day. As shown 
in Figure 5A, TYMP deficiency dramatically increased 

the proliferation rate of the MSCs. This finding was con-
firmed by MTT assay (Figure 5B). Tipiracil inhibits TYMP 
function with an IC50 at 34 nmol/L.27 In line with TYMP 
deficiency, treating WT MSCs with tipiracil significantly 
enhanced WT MSC proliferation (Figure 5C). These data 
suggest that TYMP deficiency or inhibition with its se-
lective inhibitor enhances MSC proliferation, which may 
contribute to the cardioprotective effects found in the 
Tymp−/− mice, in addition to the reduced microthrombo-
sis and the enhanced arteriogenesis.

Deletion of TYMP Enhances MSC Homing 
Capability
Efficient homing and migration of MSCs toward lesion 
sites are critical in achieving a therapeutic effect.61 To 
determine whether TYMP affects MSCs migration and 
homing, we first conducted a wound healing assay 
using WT and Tymp−/− MSCs.22 As shown in Figure 6A, 
TYMP deficiency in MSCs significantly shortened the 
time to cover the “wounded” area. It took 24 hours for 
the WT MSCs to reach a similar level of “wound heal-
ing” found in the Tymp−/− mice at 18 hours. This piece 
of data suggests that TYMP-null MSCs may have 
higher mobility to home to the lesion site. To test this 
hypothesis, WT and Tymp−/− MSCs were stained with 
Rhodamine 6G, seeded into collagen/fibronectin/BSA 
mixture-coated 96-well plates in a concentration of 103 
cells/well, and kept still in the cell incubator for 1 hour. 
The culture media were discarded and unattached 
cells were washed away with PBS. Cells attached to 
the bottom of the 96-well plate were randomly im-
aged. As shown in Figure 6B, the average cell density 
per field (×20 magnification) was significantly higher 
in the Tymp−/− MSCs. By analyzing images shown in 
Figure 6B, we noticed that Tymp−/− MSCs were likely 
larger than WT cells. To confirm this finding, we ran-
domly involved 14 images from the WT and 5 images 
from the Tymp−/− group and measured the size of all 
MSCs attached to the dish. Total of 140 WT and 229 
Tymp−/− MSCs were found in these images. The aver-
age cell size in the 2 groups was similar (0.262±0.0096 
in WT versus 0.268±0.0098 in Tymp−/−, P=0.68). 
However, as shown in Figure 6C, the percentage of 
larger cells was higher in the Tymp−/− group. To further 
determine the adhesiveness of the MSCs under a flow 
condition, we conducted a Cellix flow chamber assay 
and tested the capability of WT and Tymp−/− MSCs’ 
binding to the extracellular matrix-coated surface 
under a capillary flow rate of 10 μL/min.62 As shown 
in Figure 6D and Video S2 (WT) and (Tymp−/−), TYMP 
deficiency significantly increased MSC adhesion to 
the collagen/fibronectin/BSA mixture-coated surface. 
These data suggest that TYMP deficiency in MSCs en-
hances their capability of mobilization and adhesion, 
which may promote their homing to the injury sites.
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TYMP-Deficient MSCs Are Tolerant to 
Hypoxic and Low-Nutrient Conditions
Infarcted or ischemic myocardium is deprived of nutri-
tion and oxygen supplies. To determine whether TYMP 
deficiency-enhanced proliferation, mobilization, and 
homing capability of MSCs benefit cardiac recovery 

under these severe conditions, we treated WT and 
Tymp−/− MSCs with CoCl2 to mimic the hypoxic condi-
tion.22,29 Unexpectedly, in comparison with untreated 
control cells, both WT and Tymp−/− MSCs showed 
increased proliferation in response to 150 and 300 
μM CoCl2 treatment for 24 hours (Figure 7A). Treating 

Figure 3.  Thymidine phosphorylase deficiency in mice reduces microthrombus formation after 
acute myocardial infarction and enhances arteriogenesis.
A, Mice were euthanized 24 hours after left anterior descending coronary artery ligation. The hearts 
were removed and frozen. Frozen hearts were cross-sectioned from the apex to the level of the left 
anterior descending coronary artery ligation. Three sections at similar levels were randomly selected from 
each mouse and stained for CD41 (red), a platelet marker. Nuclei were stained with DAPI. Microthrombi 
were defined as anuclear structures between 10 to 30 μm in size. One image was randomly taken from 
each section, and red fluorescence intensity was analyzed using ImageJ. The scatter plot represents 
accumulated data from 3 mice, 3 sections from each mouse. Student t-test; n=9. Scale bar=30 μm. B, 
Hearts harvested 4 weeks after acute myocardial infarction were embedded in paraffin and sectioned. 
Immunohistochemical staining was conducted for CD31. Two-way repeated measures ANOVA was 
used for statistical analyses followed by a Student t-test under each individual comparison between 
genotypes. Scale bar=50 μm. C, Immunofluorescence staining was conducted for α-smooth muscle actin, 
and images at the border zones of each heart were obtained. Scale bar=50 μm. D, The number of α-
smooth muscle actin positive vessels from 4 mice; 3 randomly selected regions from each mouse were 
counted and compared between the 2 groups. Student t-test; n=12. α-SMA indicates α-smooth muscle 
actin; DAPI, 4′,6-diamidino-2-phenylindole; Tymp, thymidine phosphorylase; and WT, wild-type.
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MSCs with 600 μM CoCl2 killed ≈75% of WT MSCs; 
however, it did not significantly affect the viability of 
Tymp−/− MSCs. These data suggest TYMP-deficient 
MSCs possess a characteristic that provides resist-
ance to the severe hypoxia and low-nutrient conditions, 

much like the microenvironment of an infarction zone. 
Since inflammation is increased post-AMI,63 we further 
determined how WT and Tymp−/− MSCs respond to a 
proinflammatory environment by testing their response 
to TNF-α treatment in vitro. As shown in Figure 7B, 

Figure 4.  Thymidine phosphorylase deficiency enhances bone marrow cell-derived colony formation.
A, Colony formation assay was conducted using bone marrow cells harvested from mice 7 days post-acute myocardial infarction. 
Three technical repeats are shown. B, Quantitative analyses of areas covered by colonies. Student t-test. C, Colony formation assay 
using bone marrow cells harvested from mice treated with CoCl2/AMD3100. Tymp indicates thymidine phosphorylase; and WT, wild-
type.

Figure 5.  Thymidine phosphorylase deficiency in mice enhanced the proliferation of mesenchymal 
stem cells.
A, Mesenchymal stem cells were seeded into 24-well plates in a concentration of 104 cells/well and 
counted every other day. N=3 at each time point. B, Wild-type and thymidine phosphorylase knockout 
mesenchymal stem cells (103/well) were seeded into 96-well plates, and cell proliferation was assessed 
daily for up to 4 days using the MTT assay. N=8 at each time point. C, Wild-type mesenchymal stem cells 
(3×103/well) were seeded into 96-well plates, synchronized for 24 hours, and cultured in normal culture 
conditions in the presence or absence of 10 μM tipiracil. Cell proliferation was assessed using the MTT 
assay at the indicated time points. N=8 at each time point. Mixed-effects 2-factor ANOVA was used to 
determine the difference between wild-type and thymidine phosphorylase knockout. MTT indicates 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Tymp, thymidine phosphorylase; and WT, wild-type.
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treating MSCs with 25 ng/mL TNF-α almost blocked 
the growth of WT but had less effect on the Tymp−/− 
MSCs. To assess the response of WT and Tymp−/− 
MSCs in the ischemic environment in vivo, we stained 
WT MSCs with CellTracker Green and Tymp−/− MSCs 
with CellTracker Red, mixed equal amounts of each 
type (Figure S5), and then injected the mixture into the 
border zone of the infarcted myocardium. Mice were 
euthanized on days 1 and 3 postinjection and hearts 
were sectioned. As shown in Figure 7C, both cells were 
clearly seen in mice 24 hours after intramyocardial 
injection (top panel, close to left ventricle). However, 

fewer green MSCs were seen compared with red 
MSCs after 72 hours, suggesting that more Tymp−/− 
MSCs survived or were retained in the injection site.

We previously found that TYMP is positively cor-
related with matrix metalloproteinase-2 and -9 (MMP2 
and MMP9) activation and expression in canine 
hearts.38,39 Since MMP2 plays an important role in MSC 
extravasation,64 we examined MMP2 and MMP9 activ-
ity in MSCs-conditioned media by gelatin zymography 
as well as mRNA expression in the infarcted hearts by 
quantitative polymerase chain reaction. There was no 
detectable MMP9 activity in the MSC culture media. 

Figure 6.  Thymidine phosphorylase deficiency enhanced mesenchymal stem cells homing 
capability.
A, Wild-type and thymidine phosphorylase knockout mesenchymal stem cells (MSCs) were seeded into 
6-well plates at a density of 3.5×105 cells/well and cultured in normal culture media overnight. Cells were 
scratched with a 200 μL pipette tip, rinsed with warm PBS, and images of the scratches were obtained 
at the indicated time points. The percentage of healing (areas covered by cells) was analyzed by ImageJ. 
Student t-test; n=6 at each time point. Scale bar=150 μm. B, Wild-type and thymidine phosphorylase 
knockout MSCs were stained with Rhodamine 6G and seeded into collagen/fibronectin/BSA mixture-
coated 96-well plate for 1 hour. Unattached cells were washed away and cells adhered to the well bottom 
were counted. Scale bar=20 μm. Student t-test; n=3. C, Size (arbitrary unit, AU) of wild-type and thymidine 
phosphorylase knockout MSCs used for adhesion assay as mentioned in (B) were analyzed with ImageJ, 
and the percentage at each size was calculated. D, Cellix flow chamber coated with collagen/fibronectin/
BSA mixture was used to test the adhesion capability of MSCs under a capillary flow rate of 10 μL/
min. The scatter plot shows the total cell counts in each chamber. Student t-test; n=3. Tymp indicates 
thymidine phosphorylase; HPF, high-power field, and WT, wild-type.
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Figure 7.  Thymidine phosphorylase-deficient mesenchymal stem cells are tolerant to hypoxic 
and low-nutrient conditions.
A, Wild-type and thymidine phosphorylase knockout mesenchymal stem cells were seeded into a 12-well 
plate at a density of 2.8×104 cells/well and cultured in normal culture media overnight. Cells were then 
synchronized in serum-free low-glucose DMEM for 24 hours and restimulated with normal culture media 
containing different concentrations of CoCl2. Cell viability was measured 48 hours later by the MTT assay. 
Mixed-effects 2-factor ANOVA; n=4. B, Wild type and thymidine phosphorylase knockout mesenchymal 
stem cells (3×103/well) were seeded into a 96-well plate and cultured under normal conditions overnight. Cells 
were synchronized in serum-free low-glucose DMEM for 24 hours and recultured in normal media containing 
tumor necrosis factor-α (25 ng/mL) for the indicated times. Cell viability was assessed with the MTT assay. 
Mixed-effects 2-factor ANOVA; n=8 at each time point. C, Wild type and thymidine phosphorylase knockout 
mesenchymal stem cells were stained with cell tracker green and red, respectively. The same number of 
cells was mixed together and injected into the border zone of wild-type acute myocardial infarction hearts. 
Hearts were taken 24 or 72 hours later, sectioned, and the cells retained in the infarct myocardium were 
examined. Scale bar=100 μm. D, Gelatin zymography. Wildtype and thymidine phosphorylase knockout 
mesenchymal stem cells (1.5×105) were seeded into a 6-well plate and cultured overnight. Cells were washed 
with warm PBS and then cultured in serum-free media for an additional 24 hours. The serum-free media 
was subjected to gelatin zymography to measure matrix metalloproteinase-2 and -9 activity. E, Statistical 
analysis of matrix metalloproteinase-2 band intensity analyzed with ImageJ. Student t-test; n=3. MMP-2 
indicates matrix metalloproteinase-2; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 
TNF-α, tumor necrosis factor-alpha; Tymp, thymidine phosphorylase; and WT, wild-type.
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However, MMP2 activity was significantly reduced in 
the Tymp−/− MSCs-conditioned culture media com-
pared with the media of WT MSCs (Figure 7D and 7E). 
No MMP9 was detectable in the infarcted hearts by 
polymerase chain reaction. MMP2 was detectable. 
However, there was no statistical difference between 
the 2 groups (data not shown).

Deletion of TYMP Reduced GRIM-19 
Expression But Enhanced AKT Activity in 
MSCs
GRIM-19 is an assembling subunit of the mitochon-
drial complex I and has a significant effect on en-
ergy production. However, as it is named, GRIM-19 
also mediates interferon-induced cell death.65 GRIM-
19 expression, assessed by western blot (Figure 8A 
and B), was lower in Tymp−/− MSCs than in WT cells. 
Our previous studies have demonstrated that TYMP 
plays a role in regulating AKT phosphorylation.24,26,27 
Unexpectedly, we found phosphorylated AKT was sig-
nificantly increased in the Tymp−/− MSCs under normal 
culture conditions (Figure 8A and 8C).

Tipiracil Treatment Improved Cardiac 
Function After AMI
Tipiracil is a US Food and Drug Administration-approved 
drug. To test the potential translational relevance of our 
novel findings described above, we examined the effect 
of tipiracil on AMI. As shown in Table 2, tipiracil treat-
ment mimicked the phenotype of TYMP deficiency and 
significantly preserved cardiac function, reduced ante-
rior wall thinning, and attenuated diastolic stiffness of 
WT mice examined 4 weeks after AMI. Tipiracil treat-
ment also significantly reduced infarct size (Figure 9).

DISCUSSION
In this study, we found that deletion of TYMP in mice 
significantly preserved cardiac function post-AMI. The 
potential mechanisms that mediate this cardiopro-
tection include: (1) TYMP deficiency reduces micro-
thrombi formation in the ischemic myocardium, which 
may improve blood perfusion to the border zone “hi-
bernating myocardium” and reduce infarct size. (2) 
TYMP deficiency enhances BM stem cell mobilization, 
which may enhance the healing process. (3) TYMP 
deficiency leads to the generation of “powerful” MSCs 
that have enhanced proliferation, migration, and adhe-
sion as well as resistance to hypoxia and inflammation-
associated death. These characteristics may enhance 
MSCs homing to lesion areas post-AMI.

The fate of the infarcted myocardium depends on 
several factors including the abundance of collateral 
circulation, the severity of local inflammation, and mi-
crothrombus formation, as well as fibrinolytic activ-
ity.66,67 Enhanced angiogenesis has been known to 
play important roles in rescuing the stunned myocar-
dium post-AMI.68,69 It is well documented that TYMP 
has a proangiogenic effect,20,57 and we previously 
demonstrated that delivery of a TYMP-encoding plas-
mid into infarcted canine myocardium significantly 
improved cardiac function and regional blood perfu-
sion.4,21,70 Here we found that TYMP deficiency did not 
affect angiogenesis (by evaluation of CD31-positive 
vessels) in either normal or infarcted myocardium 
(Figure 3B). TYMP global-deficient mice have normal 
fertility, growth, size, and lifespan, suggesting that the 
TYMP-mediated proangiogenic effect is not essential 
for the development, although it is correlated with an-
giogenesis under some disease conditions, such as 
cancer.71,72

Figure 8.  Thymidine phosphorylase deficiency reduced expression of GRIM-19 but induced constitutive activation of AKT 
in mesenchymal stem cells.
A, Wild-type and thymidine phosphorylase knockout mesenchymal stem cells cultured under normal passaging conditions were 
grown for 3 days, at roughly 80% to 90% confluence. The cells were harvested and lysed in radioimmunoprecipitation assay buffer. 
Western blot assays were conducted using antibodies against the indicated molecules. Each lane represents cells cultured from 
different patches. Blots represent 3 biological repeats. B and C, the Intensity of western blot bands shown in (A) were analyzed with 
ImageJ. Student t-test; n=3. GRIM-19 indicates genes associated with retinoid-interferon-induced mortality-19; Tymp, thymidine 
phosphorylase; WT, wild-type; and MW, molecular weight.
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Our previous studies demonstrated that TYMP defi-
ciency reduced platelet activation in response to com-
mon agonists such as collagen, ADP, and thrombin, 
and inhibited thrombosis in the ferric chloride (FeCl3))-
injured carotid artery.26,27 For the first time, to our knowl-
edge, we found that TYMP deficiency also significantly 
attenuated microthrombi formation in the myocardium 
examined 24 hours after LAD ligation. Microthrombi 
formed in the infarct-related arteries of the myocardium 
affect the regional perfusion and functional recovery 
of viable myocardium. This subsequently affects the 
infarct size and the healing process.73 Thus, although 
AAR and infarct size are the same in WT and Tymp−/− 
mice in the early phase, we believe that the TYMP 
deficiency-associated reduction of microthrombi con-
tributed to the reduced infarct size and the preserved 
cardiac function in the chronic phase.

The role of inflammation post-AMI is controversial. 
Inflammation plays an important role in attracting vari-
ous cells including neutrophils, monocytes, and mac-
rophages to the infarct area to remove necrotic cell 
debris.74 Microthrombi formed in the infarcted myocar-
dium may also play an important role in inflammation, 
and the release of various cytokines from the clotted 
platelets can attract additional leukocytes to the infarct 
zone.75 These infiltrated leukocytes further exacerbate 
inflammation resulting in enlargement of the ischemic 
injury beyond the original infarction zone. In addition, 
the increased regional inflammation may also cause 
an imbalance between the procoagulant and antico-
agulant systems,76 leading to additional microthrombi 
formation as shown in the Video S1. Although we did 
not find that TYMP deficiency significantly affected the 
expression of cytokines, chemokines, or TLRs, at the 
mRNA level, we believe that TYMP deficiency breaks 
or attenuates the positive feedback loop between mi-
crothrombi and inflammation, which may contribute to 

the preserved cardiac function. The attenuated micro-
thrombi also improve regional blood circulation, which 
can enhance the clearance of leukocytes.

MSCs usually exist in an environment with oxygen 
concentration between 2% to 9%.77 This may explain 
why they had an increased proliferation under low 
CoCl2 treatment (Figure 7A). We have reported that 
TYMP inhibits VSMC proliferation.22 Here we found 
that TYMP also inhibits MSC proliferation, and TYMP 
deficiency not only enhances MSC proliferation under 
normal culture conditions but also increases MSC 
survival in the milieu of hypoxia and inflammation. 
These characteristics may render TYMP-deficient 
MSCs more capable of repairing infarcted myocar-
dium. Studies have shown various retention rates 
of MSCs after administration in a range of 1.7% to 
13.74%.78 However, because of the time examined, 
animal models used, and different cell sources in 
each individual study, the dynamic changes of MSC 
after administration in each study cannot be simply 
compared. By regional injection of cell-tracker labeled 
WT and Tymp−/− MSCs mixture, we found that both 
cells were present at the injury sites 24 hours after in-
jection. However, WT cells were significantly reduced 
72 hours later. In addition to that Tymp−/− MSCs are 
resistant to hypoxic and inflammatory conditions, 
their increased size, increased adhesion to the ex-
tracellular matrix, and decreased MMP2 expression 
may also contribute to their retention in the injury site. 
Campbell and colleagues have reported that cell size 
is critical for the initial retention,79 and both active ad-
hesion and passive arrest mediate MSC extravasa-
tion.61 Under a high shear flow rate, TYMP has no 
effect on adhesion (data not shown). However, under 
a microvascular flow rate as shown in Figure 6D, 
TYMP deficiency significantly increased MSC adhe-
sion. These data suggest that TYMP-deficient MSCs 

Table 2.  Parameters Examined by Echocardiography

4-week post-AMI

WT WT+Tipiracil P value

Heart rate (beats/min) 289±9.75 274±20 0.36

EF 49.54±2.47* 67.07±0.25 0.0005

FS% 24.99±1.50* 36.9±0.37 0.0003

LV mass 130.82±12.67 122.47±10.58 0.667

LVAWd 0.81±0.03 0.86±0.081 0.452

LVAWs 1.10±0.075 1.37±0.046 0.034

LVPWd 1.03±0.076 0.9±0.074 0.307

LVPWs 1.22±0.138 1.29±0.093 0.747

DWS 0.14±0.045 0.30±0.025 0.032

AMI indicates acute myocardial infarction; DWS, diastolic wall strain; EF, ejection fraction; FS, fraction shortening; LV, left ventricle; LVAWd, left ventricle 
anterior wall thickness at diastolic phase; LVAWs, left ventricle anterior wall thickness at systolic phase; LVPWd, left ventricle posterior wall thickness at diastolic 
phase; LVPWs, left ventricle posterior wall thickness at systolic phase; and WT, wild-type. Diastolic wall strain is calculated using the equation: DWS=(LVPWs 
− LVPWd)/LVPWs. N=4 in wild-type+tipiracil treated, 7 in the wild-type group. Student t-test was used.
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may have an enhanced homing capability. In line with 
our previous studies in which we found that TYMP is 
positively associated with MMP2 and -9 activities,38 
here we found that TYMP deficiency reduced MMP2 
activity in MSC-conditioned culture media (Figure 7D 
and 7E). The reduced MMP2 activity may also con-
tribute to MSC retention. A study by Vincent and 
colleagues demonstrated that MSCs migrate toward 
stiffer fragments.80 Uncontrolled MMPs degrade ECM 
proteins and thus reduce external rigidity.81

We have found that ADP-stimulated AKT phos-
phorylation in platelets showed 2 phases.26,27 In the 
first phase, TYMP deficiency slightly increased AKT 
phosphorylation. However, AKT activation was sig-
nificantly decreased in the second phase.27 In this 
study, unexpectedly, we found that TYMP deficiency 
induced a constitutive AKT phosphorylation in MSCs. 
While we still do not know the detailed mechanism 
behind this change, AKT signaling has been known 
to play an important role in cell penetration and sur-
vival.82,83 Interestingly, Seung and colleagues recently 
found that ADP receptor P2Y12-dependent signaling 
is involved in emergency hematopoiesis after AMI 
and enhances post-AMI cardiac injury.84 It would be 
important to determine if TYMP is involved in P2Y12-
mediated emergency hematopoiesis. Furthermore, 
we found that TYMP deficiency also significantly re-
duced the expression of GRIM-19, a proapoptotic 
protein. The reduced GRIM-19 expression may also 

contribute to the MSC homing. Hwang et al. reported 
that GRIM-19 was weakly expressed in the hippo-
campal subgranular zone, where neural stem and 
progenitor cells are abundant. However, GRIM-19 is 
highly expressed in the immature and mature neuro-
nal cells in the granular cell layer of the normal brain, 
suggesting that an inverse correlation is present be-
tween the expression of GRIM-19 and stemness ac-
tivity.85 These findings provide additional mechanistic 
evidence that TYMP deficiency or inhibition leads to 
MSC character changes, which promote MSC pro-
liferation, migration, and retention in the injury zone, 
and thus enhance the healing process of the injured 
myocardium.

Our data reveal that TYMP deficiency generates an 
environment that preserves or improves cardiac func-
tion after AMI. TYMP-deficient mice not only have im-
proved EF, fractional shortening, and thicker systolic 
LVAW but also have better left ventricle compliance 
(eg, increased DWS). Recent guidelines for echocardi-
ography in experimental mice46,86 suggest that the use 
of ketamine/xylazine during echocardiography might 
be a limitation of this study. However, the comparison 
of these parameters of cardiac function between the 2 
groups should not be affected by anesthesia since all 
data were acquired at similar heart rates as shown in 
Tables 1 and 2.

In conclusion, this study demonstrated for the first 
time that TYMP deficiency or inhibition significantly 
preserved cardiac function following AMI in mice. 
TYMP deficiency or inhibition may not only attenuate 
ischemic myocardium against injury in the early phase 
by reducing microthrombosis but also enhances MSC 
function, which enhances the healing process post-
AMI. TYMP could be a novel target for the treatment 
of AMI.
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Figure 9.  Tipiracil treatment preserves cardiac function 
and reduces infarct size.
Wild-type mice were pretreated with tipiracil (1 mg/kg) by oral 
administration for 1 week and then subjected to ligation of the left 
anterior descending coronary artery. Mice continually received 
tipiracil (1 mg/kg) for 28 days after acute myocardial infarction. 
Triphenyl tetrazolium chloride-based infarct size was compared 
with wild-type mice shown in Figure 1B and 1C. Student t-test. LV 
indicates left ventricle; and WT, wild-type.
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SUPPLEMENTAL MATERIAL 



 

Table S1. Real-time PCR primers for testing mouse genes related to inflammation. 

 

Targets Forward Sequence (5'-3') Reverse Sequence (5'-3') 

CD11b TCAGCAGGAGAGTGACATTGT TGTGATCTTGGGCTAGGGTTT 

Cd68 CCCCACCTGTCTCTCTCATTT CATTGTATTCCACCGCCATGT 

IL-1β GACGGACCCCAAAAGATGAAG CAATGAGTGATACTGCCTGCC 

IL-4 AAGCTGCACCATGAATGAGTC ATGGTGGCTCAGTACTACGAG 

IL-6 TGCAAGAGACTTCCATCCAGT CAGGTCTGTTGGGAGTGGTAT 

Cxcl10 AAGTGCTGCCGTCATTTTCTG ATTTCAAGCTTCCCTATGGCC 

Icam-1 TCGATCTTCCAGCTACCATCC CTCCCAGCTCCAGGTATATCC 

MCP-1(CCL2) AGGTCCCTGTCATGCTTCTG TGGGATCATCTTGCTGGTGA 

TLR-2 CCTGTGTTGCTGGTCATGAAA AAGGATAGGAGTTCGCAGGAG 

TLR-4 CTGCCAACATCATCCAGGAAG CTGCTCAGAAACTGCCATGTT 

Tnf-α GCCTCTTCTCATTCCTGCTTG TGATCTGAGTGTGAGGGTCTG 

GAPDH CAGCAACTCCCACTCTTCCACCTTCG GGCCTCTCTTGCTCAGTGTCCTTGCT 



Figure S1. TYMP deficiency has no effect on cardiac remodeling. 

Age matched male wild type C57BL/6J (WT) and Tymp-/- mice were subjected to the LAD 

ligation, a mouse myocardial infarction model. A. LVIDd and B. LVIDs data are shown as mean 

± SE. Mixed-effects two-factor ANOVA. n = 7-12.   



Figure S2. TYMP deficiency in mice does not affect areas at risk (AAR) at the early phase 

following left anterior descending coronary artery (LAD) ligation. 

 



Age matched male wild type C57BL/6J (WT) and Tymp-/- mice were subjected to LAD ligation. 

A. AAR and infarct size were assessed 18 hours post LAD ligation by Evans blue perfusion and 

triphenyl tetrazolium chloride (TTC) staining. B. AAR was defined as [ischemic zone (pink) + 

infarct zone (pale)]/total left ventricle area x 100%. C. Infarct size was presented as ratio of area 

of infarction (pale) to AAR. Student’s t-test was used for statistical analyses. D & E. Mice were 

sacrificed 24 h after LAD ligation. The hearts were removed and frozen hearts were cross-

sectioned from apex to the level of LAD ligation. Two sections at similar levels were randomly 

selected from each mouse and stained for α-smooth muscle actin (α-SMA, green). Nuclei were 

stained with DAPI. Two images (20 x) were randomly taken from each section and α-SMA 

positive small arteries were counted. The bar graph represents accumulated data from 3 mice, 2 

sections from each mouse. Student’s t-test. Scale bar = 50 µm. 

 

 

 

 

 

 

 

 

 

 



Figure S3. TYMP deficiency does not affect inflammation in hearts 3 days post-infarction. 

 

Myocardial tissue in the infarction zone on day 3 post-AMI were used for total RNA extraction. 

qPCR was used to quantitatively analyze the expression of the indicated molecules. Data were 

adjusted to the housekeeping gene, GAPDH, and presented as fold change of the average value 

of WT samples used. Mann Whitney test was used to compare the change between groups; n = 4. 

 

 

 



Figure S4. Characterization of Mesenchymal Stem Cells. 

  
 

A. Image of WT and Tymp-/- MSCs when they reached to a confluence. B - D. Flow cytometry 

analyses of MSC surface markers. Gray lines indicate staining with isotype control IgG. Black 

lines indicate staining with the specific antibody as indicated in each panel. F. Accumulating 

data of panels B to D, n = 3.   

 

 



Figure S5. WT and Tymp-/- MSCs were labeled with Cell Tracker green and red, 

respectively. 

 

 

An equal number of the cells were mixed together for injection. One drop of the mixture was 

dropped on a slide glass, covered with one piece of cover slip and images were taken using a 

fluorescence microscope. Scale bar = 50 µm. 

 

 

 

 

 

 

 



Supplemental Video Legends: 

 

Video S1. Leukocytes and platelets were isolated from donor mice and labeled with 

CellTrackerTM Green CMFDA and CellTrackerTM Red CMTPX, respectively. The 

fluorescently labeled leukocytes and platelets were washed with PBS to remove free dyes, mixed 

together, resuspended in 150 µL saline, and injected into male recipient mice through the jugular 

vein. TNFα (500 ng in 100 µL saline) was given to the recipient mice by intrascrotal injection, 

immediately after they received the injection of the leukocyte and platelet mixture. Three hours 

later, cremaster muscle microcirculation model was prepared. Microvessels were screened and 

the formation of microthrombi was examined by intravital microscopy. Best viewed with 

Windows Media Player. 

 

Video S2 (WT) and Video S3 (Tymp-/-). Cellix flow chambers were coated with type I 

collagen, fibronectin, and bovine serum albumin at a final concentration at 30, 10, and 10 

μg/mL in PBS, respectively. MSCs re-suspended in full complete media at a concentration of 

105 cells/mL were stained with Rhodamine 6G at a final concentration of 50 µg/mL, and then 

perfused through the flow chamber at a flow rate of 10 µL/min for three minutes. The chamber 

was washed with PBS in the same flow rate for three minutes to remove all non-attached cells 

and all adhered cells were counted over the chamber. Best viewed with Windows Media Player. 
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