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Abstract 52 

 53 

Aims: The precise molecular drivers of abdominal aortic aneurysm (AAA) remain unclear. 54 

Thymidine phosphorylase (TYMP) contributes to increased platelet activation, thrombosis, and 55 

inflammation, all of which are key factors in AAA development. Additionally, TYMP suppresses 56 

the proliferation of vascular smooth muscle cells (VSMCs), which are central to the development 57 

and progression of AAA. We hypothesize that TYMP plays a key role in AAA development. 58 

Methods and Results: We conducted a histological study using human AAA samples and 59 

normal abdominal aortas, revealing heightened levels of TYMP in human AAA vessel walls. To 60 

validate this observation, we utilized an Ang II perfusion-induced AAA model in wild-type 61 

C57BL/6J (WT) and Tymp-/- mice, feeding them a Western diet (TD.88137) starting from 4 62 

weeks of age. We found that Tymp-/- mice were protected from Ang II perfusion-induced AAA 63 

formation. Furthermore, by using TYMP-expressing VSMCs as well as primarily cultured 64 

VSMCs from WT and Tymp-/- mice, we elucidated the essential role of TYMP in regulating MMP2 65 

expression and activation. TYMP deficiency or inhibition by tipiracil, a selective TYMP inhibitor, 66 

led to reduced MMP2 production, release, and activation in VSMCs. Additionally, TYMP was 67 

found to promote pro-inflammatory cytokine expression systemically, and its absence attenuates 68 

TNF-α-stimulated activation of MMP2 and AKT. By co-culturing VSMCs and platelets, we 69 

observed that TYMP-deficient platelets had a reduced inhibitory effect on VSMC proliferation 70 

compared to WT platelets. Moreover, TYMP appeared to enhance the expression of activated 71 

TGFβ1 in cultured VSMCs in vitro and in human AAA vessel walls in vivo. TYMP also boosted 72 

the activation of thrombospondin-1 type 1 repeat domain-enhanced TGFβ1 signaling, resulting in 73 

increased connective tissue growth factor production.   74 

Conclusion: Our findings collectively demonstrated that TYMP serves as a novel regulatory force 75 

in vascular biology, exerting influence over VSMC functionality and inflammatory responses that 76 

promote the development of AAA. 77 

 78 

Translational Perspective: 79 

Thymidine phosphorylase (TYMP) is increased in the vessel walls of patients with abdominal 80 

aortic aneurysm (AAA), and TYMP deficiency in mice reduces the incidence of AAA, 81 

suggesting that TYMP plays a crucial role in AAA development. This could be attributed to 82 

TYMP’s role in enhancing systemic inflammation and thrombosis, inhibiting vascular smooth 83 

muscle cell function, increasing the activation of matrix metalloproteinase and AKT, as well as 84 

enhancing the expression of TGFβ1 and connective tissue growth factor. Tipiracil is an 85 

FDA-approved drug known to inhibit TYMP-enhanced thrombosis. Targeting TYMP with 86 

tipiracil could represent a promising new therapeutic strategy for AAA development. 87 
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1. Introduction 88 

 89 

Abdominal aortic aneurysm (AAA) is a serious vascular condition characterized by a localized 90 

dilation of the abdominal aorta (AA) and poses a significant risk, particularly among older men. It 91 

is more prevalent in Western nations, presenting a substantial challenge to healthcare systems1, 2. 92 

The rupture of AAA is frequently fatal in asymptomatic patients, contributing to at least 4.5 93 

deaths per 1,000 individuals, which underscores the severity of this condition3. The only effective 94 

intervention for symptomatic AAA patients is surgery, through either traditional surgical 95 

procedures or endovascular grafting and stenting. However, these procedures are invasive, 96 

associated with numerous complications, and require post-surgery supportive treatments. Clinical 97 

studies have also indicated limited long-term benefits from these surgical interventions4. 98 

 99 

Several factors influence the risk of AAA, including age, male gender, hypertension, smoking, 100 

obesity, hyperlipidemia, and genetic disorders4. Additionally, a Western diet (WD), enhancing 101 

systemic low-grade inflammation, has been identified as a contributor to AAA development5. The 102 

manifestation of AAA involves changes in the structure and function of vascular smooth muscle 103 

cells (VSMCs), the extracellular matrix, elastin, and the accumulation of pro-inflammatory agents 104 

and cytokines. The progression of AAA can span decades and may remain asymptomatic. 105 

Currently, non-surgical treatments for AAA are still in the exploratory phase and lack firm 106 

establishment. Furthermore, once an AAA has developed, there are no proven medical therapies 107 

available to halt its progression. Therefore, urgent research is needed to explore new cellular and 108 

molecular mechanisms that could potentially lead to effective treatments. 109 

 110 

The onset of AAA involves multiple genetic factors, including the low-density lipoprotein 111 

(LDL) receptor, matrix metalloproteinases (MMPs), particularly MMP2 and MMP9, 112 

transforming growth factor-beta1 (TGF-β1), and angiotensin II (Ang II)6. These factors are 113 

implicated in the weakening of the aortic wall, leading to the loss of VSMCs and increased 114 

degradation of the extracellular matrix in the tunica media, crucial aspects of AAA pathogenesis. 115 

Thymidine phosphorylase (TYMP), also known as platelet-derived endothelial cell growth factor, 116 

is expressed by the endothelial cells, platelets, and certain inflammatory cells. TYMP plays a 117 

significant role in platelet activation and thrombosis7-9, enhancing chemotaxis in endothelial cells 118 

while inhibiting VSMC proliferation10-12. Our previous report has hinted at a potential 119 

association between TYMP and MMP2/9 in the angiogenic processes13. However, the specific 120 

role of TYMP in the AAA environment remains unexplored. This study aims to investigate the 121 

hypothesis that TYMP, by enhancing MMPs expression and activity in VSMCs and intensifying 122 

systemic inflammation, contributes to the reduction of aortic wall integrity, thereby promoting 123 

AAA development and progression. 124 

 125 

2. Materials and Methods 126 

 127 

2.1. Animals 128 

This study utilized wildtype (WT) and Tymp-/- mice9 in C57BL/6J background, with 26 mice in 129 

each genotype. The mice were provided ad libitum access to a standard laboratory rodent diet 130 

and water. Given the significant influence of female sex hormones on the development of 131 

vascular diseases14, this study focused on male mice aged 4 to 16 weeks to investigate the 132 

proposed concept. Ethical approval for the animal studies was obtained from the Institutional 133 
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Animal Care and Use Committee (IACUC) of Marshall University (IACUC#: 1033528, PI: Wei 134 

Li). 135 

 136 

2.2. Establishment of AAA model and vascular ultrasonography 137 

We adopted the AAA model as mentioned by Dr. Daugherty et al.15 with some modifications. 138 

Mice were fed WD (TD88137, Envigo) starting at 4 weeks of age for 8 weeks. Subsequently, 139 

mice received implantation of an Ang II-containing osmotic mini pump (Alzet®, Model 2004), 140 

which delivered Ang II (Alomone labs, Cat# GPA-100) to mice at a dose of 1 µg/kg/min for 4 141 

weeks. For this procedure, mice were anesthetized with 5% isoflurane mixed with 100% O2 at a 142 

flow rate of 1 L/min. The depth of anesthesia was confirmed by toe pinching and maintained 143 

with 1.5 - 2% isoflurane with 100% O2. The hair on the dorsal region of the neck was removed, 144 

and the skin was sanitized with Povidone Iodine Wipes followed by Alcohol Wipes. The mouse 145 

was covered with a sterilized surgical sheet with a 2 x 2 cm hole in the center to expose the 146 

surgical site. A small 1 cm incision was conducted on the dorsal neck, and a subcutaneous tunnel 147 

to the flank was created. The Ang II-containing osmotic pump was pushed into the flank through 148 

the subcutaneous tunnel. The incision was closed using interrupted sutures. Mice were 149 

administered subcutaneous buprenorphine (0.05mg/kg), twice per day, for pain control during the 150 

first three days and then as needed. Mice continued on the WD for an additional 4 weeks.  151 

 152 

Vascular ultrasonography was performed on the first set of mice (14 WT and 13 Tymp-/-) 153 

to monitor the dynamic changes of the AA. We monitored the changes in the aortic inner 154 

diameter, blood flow, and other special findings such as thrombus formation, hematoma 155 

formation, obvious wall thickness, and calcification, before, 2 weeks, and 4 weeks after the 156 

minipump implantation. The inner diameter of the AA was measured at the suprarenal level. 157 

Flow parameters, including peek and mean velocity, time range of pulse, as well as acceleration 158 

and deceleration of pulse, which are affected by the aorta size or the presence of hematoma, were 159 

collected.  160 

 161 

2.3. Gross examination of AAA 162 

Four weeks after chronic Ang II perfusion, mice were anesthetized with isoflurane, and 163 

laparotomy was carried out through the middle abdominal incision. Euthanasia was carried out 164 

by drawing whole blood from the inferior vena cava. Subsequently, mice were perfused with 10 165 

mL of 10% formalin through the left ventricle to remove residual blood from the vessels. 166 

Abdominal organs and adipose tissues were then removed. If an aneurysm was confirmed 167 

visually, the soft tissues surrounding the aorta were cleaned, and a photograph of the AAA was 168 

taken. The entire aorta, including major branches, was isolated by careful dissection from 169 

surrounding tissues and fixed in 10% formalin for 48 hours. The AA with an aneurysm was 170 

sectioned into three segments and embedded in paraffin. In a separate group of mice (12 WT and 171 

13 Tymp-/-), perfusion with cold PBS was performed, and aorta segments were directly embedded 172 

in OCT for frozen sectioning. Sections of six micrometers were cut and utilized for histological 173 

examination or in situ zymography. 174 

 175 

2.4. Histology examination 176 

Hematoxylin and eosin (H&E), Elastica van Gieson (EVG) staining, and Trichrome staining 177 

were performed to assess vascular structure, elastin integrity, and fibrosis. Standard 178 

immunohistochemical (IHC) or immunofluorescent staining was conducted using antibodies as 179 
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detailed in the Results section. 180 

 181 

As listed in Supplementary Table 1, a total of sixteen AAA samples were utilized for 182 

histological examination: eight obtained from Chinese patients (#1 to #8) at the Guangdong 183 

Cardiovascular Institute and eight obtained from Caucasian patients (#9 to #16) at the University 184 

of Missouri School of Medicine. These samples were analyzed for the expression of TYMP, 185 

α-smooth muscle actin (α-SMA), phosphorylated AKT (p-AKT), and transforming growth factor 186 

beta 1 (TGFβ1). Image scoring was performed based on representative images presented in 187 

Supplementary Figure 1.  188 

 189 

The human studies were approved by the Institute Research Committee of Guangdong 190 

General Hospital (IRB#: GDREC2016255H, PI: Qiuxiong Lin) and by the Institutional Review 191 

Board of the University of Missouri School of Medicine (IRB#2026026, PI: Shiyou Chen). 192 

Written informed consent was obtained from all subjects. 193 

  194 

2.5. qPCR     195 

Total RNA was isolated from the human aortic vessel wall, frozen AAA samples (AAA #1 to #8) 196 

and healthy donors, or VSMCs using the Qiagen Universal RNA extraction kit. One microgram 197 

of total RNA was used for cDNA construction using the Super Script VILO cDNA Synthesis Kit 198 

(Thermofisher Scientific, Waltham, MA). Supplemental Table 2 lists the primers used for 199 

analyzing the genes targeted. The PowerUp™ SYBR™ Green Master Mix (ThermoFisher) kit 200 

was used for qPCR analysis using the ABI SimpliAmp Thermal Cycler.    201 

 202 

2.6. Cell culture 203 

A rat VSMC cell line, C2, stably expressing human TYMP, and the control cell line, PC, were 204 

established in previous studies10, 12. Additionally, VSMCs were cultured from WT and Tymp-/- 205 

mice aorta using an explant method10, and cells from passages 4 to 8 were used in this study. All 206 

cells were cultured in full culture media (FCM) composed of Dulbecco's Modified Eagle 207 

Medium (DMEM), 10% fetal bovine serum, and antibiotics.   208 

 209 

2.7. To study the impact of platelets on VSMC proliferation 210 

Platelets were isolated from WT and Tymp-/- mice and washed to remove plasma components. 211 

Serum-starved WT VSMCs were stimulated with FCM in the presence of WT or Tymp-/- platelets 212 

at a density of 107 platelets/well for 12 and 24 hours, and then cell proliferation was assessed 213 

using an MTT assay.   214 

 215 

2.8. Impact of TYMP on MMP expression and activation in VSMCs 216 

C2 and PC cells were cultured in FCM for 8 hours, washed with PBS, and then incubated in 217 

serum-free DMEM for 18 hours. The media were collected for gelatin zymography13, 16. 218 

Subsequently, the serum-starved cells were treated with serum-free DMEM containing TNF-α 219 

(10 ng/ml) for various durations. Cells were lysed in RIPA buffer containing protease and 220 

phosphatase inhibitors for western blot assay. In another set of experiments, serum-starved PC 221 

and C2 cells were treated with serum-free DMEM in the presence or absence of 1 μM Ang II for 222 

24 hours. The culture media were collected for zymography, and the cells were lysed in RIPA 223 

buffer for western blot assays. Additionally, serum-starved C2 and PC cells were treated with the 224 

thrombospondin-1 (TSP1) type 1 repeat domain (TSR)17 or tipiracil, a selective TYMP inhibitor, 225 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 29, 2024. ; https://doi.org/10.1101/2024.02.27.582208doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.27.582208
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 

 

for different durations. Conditioned media were collected for zymography, and cells were 226 

collected for western blot assays. 227 

 228 

2.9. In situ zymography 229 

The AA embedded in OCT were sectioned and mounted on a slide glass. The sections were 230 

washed with PBS and then incubated with a reaction buffer containing 25 µg/mL 231 

fluorescein-conjugated DQ gelatin (D12054, ThermoFisher Scientific) for 18 hours at room 232 

temperature in a dark, humid slide incubation box18. Images were captured under conditions that 233 

eliminated background autofluorescence, utilizing Tymp-/- sections incubated with reaction buffer 234 

only. The mean fluorescent intensity of each 20x image (green channel only), as well as the mean 235 

background intensity (without any tissues), was analyzed with ImageJ. The data were presented 236 

as the whole image mean minus the background mean.   237 

 238 

2.10. Mouse plasma cytokine array  239 

Mouse plasma was pooled from randomly selected 6 WT mice (including 3 mice with confirmed 240 

AAA) or 6 Tymp-/- mice (including one with AAA and 5 randomly selected). This pooled plasma 241 

were then used for determining plasma cytokine levels using the Proteome Profiler Mouse 242 

Cytokine Array Kit, panel A. The membrane images were scanned and analyzed using ImageJ. 243 

   244 

2.11. Statistics 245 

The data were analyzed using GraphPad Prism (version 10.1.2) and expressed as Mean ± SE. 246 

Data normality and equal variance were assessed using the D'Agostino-Pearson normality test to 247 

justify the use of the 2-tailed Student’s t-test, Mann-Whitney test, or One- or two-way ANOVA 248 

for comparisons of two or more groups or factors. Mixed effects two-factor ANOVA was utilized 249 

for multiple time points and two-factor comparisons. For the mixed effects model, we treated 250 

genotype as the random effect and time as the fixed effect. A p ≤ 0.05 was considered statistically 251 

significant.  252 

 253 

3. Results 254 

 255 

3.1. TYMP expression is increased in the AAA vessel wall of patients  256 

To assess the involvement of TYMP in AAA pathogenesis, we studied 16 AAA patients and 257 

presented their clinical data in Supplementary Table 1. Compared to the aortic walls of healthy 258 

donors, AAA patient samples showed significant structural disruption, as demonstrated by H&E 259 

and Masson’s Trichrome stains (Fig. 1A and 1B). We observed a disorganized VSMC layer, with 260 

the accumulation of blood cells, plaque, fatty deposits, and connective tissue. We also observed a 261 

pronounced increase in disoriented fibrotic tissue, compromising the structural integrity of the 262 

VSMC layer. 263 

 264 

Consequently, we compared TYMP expression in normal aorta and AAA by IHC and 265 

qPCR. As shown in Fig. 1C, TYMP expression was detectable in both healthy aortas and AAA 266 

vessel walls; however, the staining intensity and score were significantly higher in the aneurysm 267 

samples (Fig. 1D). The majority of the TYMP was expressed within the vasa vasorum in the 268 

healthy aorta. However, TYMP was expressed by all cells in the AAA vessel wall, with a 269 

significant increase observed in VSMCs (Supplementary Figure 2). qPCR further confirmed 270 

the increase of TYMP mRNA in AAA samples when compared to the healthy aortas (Fig. 1E). 271 
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These data suggest that TYMP expression is increased in the AAA vessel wall compared to 272 

healthy controls.  273 

 274 

3.2. TYMP deficiency in mice reduces the prevalence of AAA 275 

To investigate the role of TYMP in AAA development, we chronically perfused Ang II into 276 

WD-fed WT and Tymp-/- mice, composing 26 animals in each genotype. Five WT and two 277 

Tymp-/- mice died prematurely, with the majority of these deaths occurring within 10 days after 278 

Ang II perfusion. As illustrated in Fig. 2A, the Tymp-/- group exhibited a lower, albeit statistically 279 

non-significant, mortality rate. Autopsies revealed hemorrhage in the thoracic cavity 280 

(Supplementary Figure 3). Heart rupture was not confirmed, suggesting an aortic rupture; 281 

however, due to advanced autolysis and decomposition of the carcasses, the bleeding site could 282 

not be determined. These mice were excluded from the subsequent analysis of AAA prevalence. 283 

 284 

As shown in Fig. 2B and Supplementary Figure 4A and 4C, perfusion of Ang II for 4 285 

weeks significantly increased the luminal diameter of the AA during the diastolic phase in WT 286 

mice, rising from an average of 0.925 ± 0.127 mm before Ang II administration to 1.25 ± 0.342 287 

mm post-treatment (p = 0.006, n = 12). However, this effect was not observed in Tymp-/- mice, 288 

where the AA luminal diameter remained similar before and after Ang II infusion (0.904 ± 0.166 289 

mm pre-Ang II vs. 0.984 ± 0.116 mm at 4 weeks, p = 0.2). Consequently, the post-treatment 290 

diastolic luminal diameter in Tymp-/- mice was significantly smaller compared to that in WT mice 291 

(Fig. 2B). Additionally, while not reaching statistically significant, there was an observed trend 292 

towards increased AA luminal diameter in the systolic phase for WT mice, as depicted in Fig. 2C 293 

and Supplementary Figure 4B and 4D, a trend not seen in Tymp-/- mice. 294 

 295 

Necropsy examination confirmed the presence of AAA in 6 out of 21 WT mice, resulting 296 

in an incidence rate of 28.6%, while in the Tymp-/- cohort, only 1 of 24 mice developed an AAA, 297 

representing a 4.2% incidence (Fig. 2D and E). Fisher’s exact test indicated that TYMP 298 

deficiency significantly reduced the prevalence of AAAs (Fig. 2F, p = 0.039). The identified 299 

aneurysms exhibited a fusiform shape, typically located at the suprarenal artery, with their 300 

longitudinal axis aligning with the artery. The average AA diameter measured above the renal 301 

artery was larger in WT mice compared to Tymp-/- mice (Fig. 2G). The aneurysms appeared dark 302 

red, indicative of intramural thrombosis. It is important to note that although sudden deaths were 303 

attributed to hemorrhage in the thoracic cavity, no thoracic aortic aneurysms were confirmed in 304 

any surviving mice.  305 

 306 

In addition, we evaluated the hemodynamics in the AA, including peak and mean 307 

velocities, as well as acceleration and deceleration patterns of blood flow before-, and 2-, and 308 

4-week post-Ang II infusion. Data from Supplementary Figure 5A to 5D suggest that TYMP 309 

deficiency had no significant impact on these flow parameters at the evaluated time points. In 310 

contrast, among the three WT mice with confirmed AAAs, there was a significant increase in 311 

acceleration at 2- and 4-week post-infusion, as displayed in Supplementary Figure 5E (WT 312 

panel) and 5F.  313 

  314 

3.3. TYMP deficiency attenuates the distortion of the aortic wall in the murine AAA model  315 

H&E staining of WT mouse AAA cross-section demonstrated dilated lumens (Supplementary 316 

Figure 6A). Within these aneurysms, we observed either freshly formed (WT#1) or fibrotic 317 
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(WT#2) hematoma, which disrupted the media and adventitia of the affected aorta. In contrast, 318 

the aortic structure of Tymp-/- mice remained unchanged, preserving wall integrity even in the 319 

mouse with an aneurysm. Subsequent EVG staining highlighted that the elastic fibers within the 320 

vessel walls of Tymp-/- mice retained better integrity, contrasting with the breakage and disarray 321 

seen in the elastic fibers of the aortic wall of WT mice (Supplementary Figure 6B). 322 

 323 

Double immunofluorescence staining for vWF, expressed in both endothelial cells and 324 

platelets (and thus platelet-rich thrombus), and α-SMA, the VSMC marker, showed disruption of 325 

endothelial layer in the aortas with aneurysm (Fig. 3A). The high amount of vWF in aneurysmal 326 

hematoma areas indicated platelet-rich thrombus formation. The aorta of Tymp-/- mice maintained 327 

a normal structure across all layers, consistent with H&E and EVG staining results. The α-SMA 328 

positive signal found within the hematoma was verified through IHC (Fig. 3B), and Masson 329 

Trichrome staining showed these regions as fibrotic (in blue) interwoven with blood cells (in red) 330 

(Fig. 3C). This suggests that the α-SMA positive cells within the hematoma may be 331 

myofibroblasts involved in the pathological response to aneurysm formation or healing. No 332 

CD68-positive macrophage accumulation was observed in both WT and Tymp-/- vessels (Data not 333 

shown). 334 

 335 

3.4. TYMP enhances MMP2 production and secretion in VSMCs 336 

MMPs, particularly MMP2 and MMP9, are known to play crucial roles in AAA formation6, 19. 337 

TYMP expression has been shown to correlate positively with MMP2 and MMP913, 20. 338 

Consequently, we measured MMP2/9 activity in C2- and PC-cell-conditioned media by gelatin 339 

zymography and found that overexpressing TYMP significantly increased MMP2 activity (Fig. 340 

4A). MMP9 was undetectable under these conditions. However, intracellular levels of MMP2 341 

were substantially reduced in C2 cells when assessed via western blot analysis (Fig. 4B). We 342 

thus examined the expression of MMP2 at the mRNA levels and found it was significantly 343 

increased in C2 cells (Fig. 4C), aligning with its changes in activity. These data indicate that 344 

TYMP promotes both MMP2 transcription and secretion in VSMCs.  345 

 346 

These results were corroborated using VSMCs primarily cultured from WT and Tymp-/- 347 

mice. As shown in Fig. 4D and E, TYMP deficiency markedly decreased MMP2 mRNA 348 

expression and its activity in these cells. Tipiracil treatment also dose-dependently reduced 349 

MMP2 expression at mRNA, protein, and activity levels (Fig. 4F, 4G, and 4H). Taken together, 350 

these data suggest that TYMP plays an important role in enhancing MMP2 expression and 351 

secretion, which could contribute to the development and progression of AAA.   352 

 353 

3.5. TYMP enhances the expression of pro-inflammatory cytokines 354 

Pro-inflammatory cytokines and chemokines, including tumor necrosis factor-α (TNF-α)21, 355 

interleukin (IL)-1β22, IL-1723, IL-2324, etc., have been implicated in AAA formation and disease 356 

progression. We recently demonstrated that TYMP expression is increased in COVID-19 357 

patients and its expression is significantly correlated with COVID-19-associated inflammation 358 

and thrombosis25. To determine TYMP’s role in promoting inflammation and subsequent AAA 359 

development, we performed a Proteome Profiler Mouse Cytokine Array on plasma pooled from 360 

six WT and six Tymp-/- mice. The analysis, as depicted in Fig. 5A and Supplementary Figure 7, 361 

revealed elevated levels of various cytokines and chemokines in WT plasma, many of which are 362 
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established contributors to AAA formation. Interestingly, the levels of IL-1α and the tissue 363 

inhibitor of metalloproteinases 1 (TIMP1) were found to be significantly lower in the WT mice 364 

plasma. The suppression or genetic elimination of IL-1α or TIMP1 has been associated with the 365 

progression of AAA26, 27.  366 

 367 

To investigate the relationship among TYMP, inflammation, and MMPs, we treated 368 

serum-deprived PC and C2 cells with TNF-α and assessed MMP2/9 expression and activation. As 369 

shown in Fig. 5B, baseline intracellular MMP2 levels were naturally lower in C2 cells. Following 370 

TNF-α exposure for 30 minutes, a slight uptick in MMP2 expression was observed, followed by a 371 

substantial decrease at the 2-hour mark in both cell types, indicating increased MMP2 secretion. 372 

Two hours post TNF-α treatment, MMP2 activity became detectable in C2 cells (albeit 373 

undetectable in PC cells), as evidenced by a very faint signal on zymography (Supplementary 374 

Figure 8A with a yellow arrow), This implies that TNF-α stimulates MMP2 secretion, which is 375 

further augmented by TYMP. 376 

 377 

Additionally, to probe the combined effects of TYMP and Ang II on MMP2 expression, we 378 

administered 1 µM Ang II to serum-free PC and C2 cells over 24 hours. According to Fig. 5C, Ang 379 

II had no significant impact on MMP2 levels within PC cells. However, in C2 cells, Ang II 380 

treatment moderately but significantly reduced intracellular MMP2 levels, suggesting an increase 381 

in MMP2 secretion. This effect, however, was not verified by zymography (Supplementary 382 

Figure 8B). 383 

 384 

In vivo examination through in situ zymography of aortic sections from WT mice with 385 

confirmed AAAs and from Tymp-/- mice, specifically one with AAA and two without, 386 

corroborated the in vitro findings. TYMP deficiency was shown to substantially decrease MMP 387 

activity in the aortic walls, as displayed in Fig. 5D and E, further supporting the association 388 

between TYMP, inflammation, and AAA development. 389 

 390 

3.6. TYMP enhances AKT phosphorylation in VSMCs  391 

The presence of intraluminal thrombus is a regular occurrence in AAAs, but its effect on AAA 392 

enlargement remains incompletely understood. Platelets are known to contain high levels of 393 

TYMP9, 28. To investigate the direct impact of platelets on VSMC activity, we co-cultured WT 394 

VSMCs with both WT and Tymp-/- platelets, which were washed to remove plasma components. 395 

Consistent with previous findings, WT platelets appeared to suppress VSMC proliferation, as 396 

indicated in Fig. 6A. These data suggest that TYMP, whether originating from platelets or other 397 

cellular sources, can impact VSMC functionality and potentially contribute to vessel wall 398 

weakening in certain pathological conditions. 399 

 400 

The mechanism by which TYMP modulates MMP2 expression remains unclear. Our 401 

previous research involving platelets and mesenchymal stem cells hinted at a multifaceted 402 

interaction between TYMP and the AKT signaling pathway8, 9. We found that ADP-stimulated 403 

AKT phosphorylation was slightly higher in the early phase but was dramatically decreased in 404 

the late phase activation of Tymp-/- platelets8. Conversely, TYMP-deficient mesenchymal stem 405 
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cells exhibited continuous AKT phosphorylation, even though MMP2 activity was reduced in 406 

these cells20. These findings imply a dual role for TYMP in AKT pathway regulation: it may 407 

generally inhibit AKT activity, but under certain conditions, it enhances AKT activation via an 408 

alternate pathway. As shown in Fig. 6B, we found that overexpression of TYMP in VSMCs 409 

significantly increased AKT phosphorylation at S473. TNF-α stimulated AKT activation in both 410 

cell types, with a more pronounced effect in C2 cells (Fig. 6C and Supplementary Figure 9). 411 

Given the role of AKT activation in promoting MMP2 production in VSMCs and its significance 412 

in AAA development29, these data suggest that TYMP-enhanced MMP expression could be 413 

mediated by the AKT pathway. This hypothesis is further supported by examining AKT 414 

activation in human AAA samples, which showed strong p-AKT staining, indicating an increase 415 

in AKT activity compared to healthy controls (Supplementary Figure 10). 416 

 417 

3.7. TYMP enhances TGFβ1 signaling activation and connective tissue growth factor 418 

(CTGF) expression in VSMCs  419 

MMP2 activates TGFβ1 signaling and plays an important role in arterial aging, a risk factor for 420 

developing AAA. TGFβ1 expression has been significantly increased in the plasma of AAA 421 

patients30 or patients with aortic dilatation31. However, the role of TGFβ1 in AAA development 422 

in mice is controversial, with studies reporting both beneficial32 and detrimental33 effects. To 423 

elucidate the involvement of TGFβ1 in AAA pathogenesis, we analyzed its expression in human 424 

AAA tissues. As demonstrated in Fig. 7A, B, and Supplementary Figures 11 and 12, our results 425 

revealed a significant upregulation of TGFβ1 within the AAA vessel walls. Notably, TGFβ1 426 

levels exhibited a positive association with TYMP expression (Fig. 7C), particularly in VSMCs 427 

(Supplementary Figure 12).  428 

 429 

To further investigate the regulatory role of TYMP on TGFβ1 expression in VSMCs, we 430 

assessed its expression under both baseline and Ang II-stimulated conditions. While Ang II had 431 

no discernible impact on TGFβ1 levels in both PC and C2 cells, a marked increase in expression 432 

was observed in C2 cells (Fig. 7D and E). This elevation in TGFβ1 expression in C2 cells was 433 

further validated by qPCR analysis (Fig. 7F). These findings suggest that TYMP may play a 434 

crucial role in enhancing TGFβ1 expression in VSMCs, thereby potentially contributing to AAA 435 

development.  436 

 437 

CTGF is a key mediator of tissue remodeling and fibrosis through its interactions with 438 

TGFβ1 and integrin αvβ3. The upregulation of CTGF is associated with the pathogenesis and 439 

progression of ascending thoracic aortic aneurysm34. Activation of integrin αvβ3 plays an 440 

important role in the TYMP-mediated proangiogenic process35. We thus investigated whether 441 

CTGF mediates TYMP’s effect in response to stimulation of TNF-α and thrombospondin-1 442 

(TSR), which activates the TGFβ1 signaling pathway. As depicted in Fig. 7G, TNF-α induced a 443 

greater increase in CTGF expression in C2 cells compared to that in PC cells. Similarly, TSR 444 

stimulated CTGF expression in a time-dependent manner in both cell lines, with C2 cells 445 

showing a significantly higher response (Fig. 7H). This evidence supports the premise that 446 

TYMP is integral to TGFβ1 signaling and influences the elevation of CTGF expression.  447 

 448 

4. Discussion 449 

 450 
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In this study, we utilized a chronic Ang II perfusion model in WT and Tymp-/- mice on a WD and 451 

demonstrated that TYMP plays a pivotal role in AAA development. Our findings revealed an 452 

increase of TYMP expression within human AAA vessel walls, and its deficiency in mice 453 

significantly reduced Ang II-induced aortic dilation and AAA incidence. Beyond the known 454 

inhibitory effect of TYMP in VSMCs10-12, we identified additional key contributions of TYMP to 455 

AAA prevalence. Specifically, TYMP deficiency markedly altered the expression of inflammatory 456 

cytokines and chemokines linked to AAA development. Furthermore, TYMP not only boosts 457 

MMP2 production but also its secretion. It triggers constant AKT phosphorylation when 458 

overexpressed in VSMCs, and engages in the TSP1/TGFβ1 pathway, elevating TGFβ1 and CTGF 459 

levels. This study is the first to highlight TYMP’s essential role in creating a conducive 460 

environment for AAA development, a major human vascular disease.  461 

 462 

Human AAA formation spans years or even decades influenced by a complex interplay of 463 

various pathophysiological elements and risk factors, creating a highly intricate scenario. 464 

Consequently, the ideal animal model for studying AAA should accurately mimic both the 465 

pathophysiological process and the characteristics of human AAA36. While extensive research has 466 

explored the impact of genetic factors on AAA development by introducing gene modifications 467 

into Apoe-/- or Ldlr-/- backgrounds, these models fall short of accurately replicating human AAA 468 

pathophysiology. This discrepancy arises because APOE or LDLR deficiencies are rare in humans, 469 

and the occurrence of double gene deficiencies is almost non-existent. Although these studies 470 

yield valuable insights into aortopathy etiology, employing models with fewer genetic 471 

modifications could offer fresh perspectives more aligned with the pathophysiology of human 472 

AAA. In our study, after administering chronic Ang II infusion to mice fed WD for four weeks, we 473 

observed a 28.6% incidence of AAA in WT mice. This rate surpasses that of a prior study, where 474 

only 20% of C57BL6 mice fed a standard laboratory diet developed AAA37. The pathological 475 

alterations, morphology, and characteristics of AAA in WT mice closely resembled those in 476 

human AAA, indicating that this model effectively replicates the pathophysiology of AAA and is 477 

suitable for further study. 478 

 479 

Our model’s higher AAA incidence indicates that systemic changes associated with the 480 

WD promote AAA development. Our previous and ongoing studies in a different project showed 481 

that feeding mice with WD dramatically enhanced thrombosis8 and increased TYMP expression 482 

in platelets and livers (data not shown), respectively. While the WD is well known to cause 483 

systemic chronic inflammation5, this study is the first to demonstrate that TYMP plays an 484 

important role in WD-induced systemic inflammation. This aligns with several studies indicating 485 

TYMP’s role in upregulating inflammatory cytokines like IL-8 and CXCL107, and its positive 486 

correlation with plasma C-reactive protein levels, a common clinical inflammation marker25. 487 

These novel findings about TYMP-mediated alterations of inflammatory cytokines highlight 488 

TYMP’s involvement in the AAA pathology. However, additional studies are necessary to 489 

elaborate on how TYMP influences the expression of these inflammatory cytokines, especially 490 

concurrently. 491 

 492 

The exact pathophysiology behind aneurysm formation remains unclear. However, it is 493 
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widely recognized that VSMCs are the predominant cell type involved and play crucial roles in 494 

this process. Dysregulated VSMC function, behavior, and antioxidant status have been linked to 495 

vascular diseases, including neointimal hyperplasia, atherosclerosis, and AAA38. Studies from 496 

our laboratory and others have demonstrated that TYMP plays an inhibitory role in regulating 497 

VSMC function10-12. In this study, we further demonstrated that WT platelets have a stronger 498 

inhibitory effect on VSMC proliferation than Tymp-/- platelets. Recent studies have demonstrated 499 

that the accelerated growth of AAA is associated with platelet activation and thrombosis in 500 

aneurysmal segments39. Thus, we predict that besides TYMP’s contribution to promoting 501 

inflammation, its role in augmenting platelet activation and thrombosis, along with its inhibitory 502 

impact on VSMC functionality, collectively creates a conducive environment for the development 503 

of AAA.  504 

 505 

In a canine transmyocardial laser revascularization model, we showed that laser 506 

treatment-enhanced angiogenesis is correlated with the increased expression of TYMP, MMP2, 507 

MMP9, and urokinase-type plasminogen activator (uPA)13, 16, suggesting a potential association 508 

between TYMP, MMP2/9, and uPA. The activity of MMPs is strictly controlled at several levels, 509 

including transcription, production, and activation, as well as binding to their natural endogenous 510 

inhibitors, TIMPs. While TYMP overexpression does not alter TIMP2 levels (Supplementary 511 

Figure 13), we observed a reduction in TIMP1 levels in WT plasma, as indicated in Fig. 5A. This 512 

observation aligns with in situ zymography results, which demonstrated increased MMP activity in 513 

the aortic walls of WT mice. 514 

 515 

Various aortopathy has been linked to the gain-of-function mutation or dysregulation of 516 

the TGFβ1 signaling pathway40. As mentioned above, the role of TGFβ1 in the development of 517 

AAA is controversial, and both beneficial and detrimental effects have been reported32, 33. A 518 

recent review further highlighted that both activation and inhibition of TGFβ1 disrupt its vital role 519 

in maintaining normal vascular biology, potentially leading to aneurysm formation by triggering 520 

both canonical and non-canonical signaling pathways40. Interestingly, the AKT pathway, a 521 

non-classical pathway downstream of TGFβ1, is implicated in the development of aortic 522 

aneurysms29. TGFβ1 is secreted in a latent form by cells, binding to latent TGFβ1 binding 523 

protein (LTBP) and the TGFβ1 propeptide (also known as latency-associated peptide, LAP). We 524 

found that TYMP not only enhances TGFβ1 transcription but also increases the active form of 525 

TGFβ1 in VSMC, confirmed by an increase of the 25 kDa TGFβ1. These in vitro studies 526 

reinforce the observed positive correlation between TYMP and TGFβ1 expression in human AAA 527 

tissues, suggesting that TYMP-enhanced TGFβ1 in VSMCs may have a harmful impact and 528 

enhance AAA development. However, TYMP does not exhibit a synergistic effect with Ang II in 529 

regulating MMP2 production, activation, or TGFβ1 expression. We observed that Ang II does not 530 

influence MMP2 production and activity in VSMCs. This finding is consistent with several 531 

existing studies that found that Ang II did not affect constitutively expressed MMP2 in VSMCs 532 

and cardiac fibroblasts41, 42.   533 

 534 

In addition to MMP2, uPA is also known to activate TGFβ1. uPA-mediated TGFβ1 535 

activation requires the binding of CD36 and TSP143, a matricellular protein that plays an 536 

important role in cell-cell and cell-matrix interaction17. Similar to the TGFβ1, although 537 

controversial, both salutary44 and detrimental45 effects of TSP1 have been reported in the AAA 538 

milieu. We have extensively studied the role of CD36 in the development of cardiovascular 539 
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disease and recently found that TSP1-TSR/CD36 signaling enhances VSMC proliferation46, 47. 540 

CD36 deficiency did not reduce CTGF expression in VSMCs (data not shown), suggesting that 541 

TSP1/CD36 signaling does not affect CTGF. Therefore, TSR-induced, TYMP-facilitated CTGF 542 

expression is most likely through the activation of the TGFβ1 signaling pathway17. CTGF 543 

participates in diverse biological processes, including growth and development; however, 544 

overexpression of CTGF is correlated with severe fibrotic disorders and a proinflammatory status 545 

in VSMCs that leads to endothelial dysfunction48, 49. Through multiple positive feedback loops, 546 

CTGF could enhance TGFβ1 signaling48, further leading to an unbalanced homeostasis of 547 

VSMCs environment, which may contribute to the development of AAA. Additional studies are 548 

needed to clarify this speculation.  549 

 550 

In conclusion, our research uniquely revealed that TYMP, an enzyme in the pyrimidine 551 

salvage pathway, possesses multifaceted functions. It plays a significant role in modulating 552 

vascular biology, particularly in the functioning of VSMCs and systemic inflammation. Changes 553 

in the microenvironment mediated by TYMP possibly contribute to the progression of AAA. 554 

This study introduces a new mechanistic target for AAA treatment. Further investigation is 555 

required to explore the clinical applicability of this discovery, particularly using the 556 

TYMP-selective inhibitor tipiracil, an FDA-approved drug already shown to inhibit thrombosis 557 

in mice. 558 
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8. Figure legends 716 

 717 

Fig. 1. TYMP is increased in the human abdominal aortic aneurysm vessel wall. Human 718 

AAA vessel wall and normal abdominal aorta from healthy donors (HD) were sectioned and 719 

stained with A, H&E, B, Masson’s Trichrome staining, and C, IHC for TYMP. Brown in C 720 

indicates a positive stain. D. TYMP staining scores. E. qPCR analysis of TYMP expression in 721 

the aortic vessel wall harvested from HD and AAA patients. N = 6, in health donors and 8 in 722 

AAA. 723 

 724 

Fig. 2. TYMP deficiency reduced the prevalence of AAA in mice. WT and Tymp-/- mice were 725 

fed a Western diet starting at 4 weeks of age for 8 weeks, and then received chronic Ang II 726 

perfusion in a dose of 1 µg/kg/day delivered with an Alzet® osmotic mini pump for 4 weeks. 727 

The development of AAA was monitored with echography. A. Survival curve analysis, n = 26. B. 728 

Inner diameter of abdominal aorta (AA) in the diastolic phase. C. Inner diameter of AA in the 729 

systolic phase. D. Gross finding of aortic tree in the WT mice. Arrows indicate AAA. E. Gross 730 

finding of aortic tree in the Tymp-/- mice. F. Contingency table showing mice number based on 731 

whether AAA formation was observed by necropsy. Fisher’s exact test was used for statistical 732 

analysis. G. AA diameter at the suprarenal levels measured by caliper, n=21 in WT and 24 in 733 

Tymp-/- group.           734 

 735 

Fig. 3. TYMP deficiency attenuates vessel wall structural distortion in the murine AAA 736 

model. A. Paraffin-embedded AAA vessel walls from WT mice and AA vessel walls from Tymp-/- 737 

mice were sectioned and double immunofluorescence staining for vWF and a-SMA was 738 

conducted. Nuclei were stained with DAPI. B. IHC of α-SMA in the AAA section. Brown 739 

indicates positive staining. C. Masson’s trichrome staining of the AAA section. 740 

 741 

Fig. 4. TYMP enhances MMP2 production and secretion in VSMCs. C2 and PC cells were 742 

cultured in a 6-cm plate for 8 hours, washed with warm PBS, and then incubated in serum-free 743 

DMEM for 24 hours. The media were collected and used for a gelatin zymography assay (A). 744 

Cells were harvested for Western blot assay (B) or RT-PCR (C). D. WT and Tymp-/- VSMCs were 745 

cultured in normal conditions, and total RNAs were extracted and used for qPCR assay. E. WT 746 

and Tymp-/- VSMCs were seeded into 6-well plates and cultured for 24 h. The cells were rinsed 747 

with PBS and then cultured in serum-free DMEM for another 24 h and then media were 748 

collected for Zymography assay. F. WT VSMCs were seeded into 6-well plates and cultured 749 

overnight. The cells were rinsed with PBS and then cultured in serum-free media in the presence 750 

or absence of TPI for another 24 h. Cells were collected for qPCR assay of MMP2 expression. G 751 

& H. C2 cells were cultured in serum-free media in the presence of different concentrations of 752 

TPI for 24 h, and then cells and media were collected for western blot (G) and zymography (H) 753 

assay of MMP2 expression. 754 

 755 

Fig. 5. TYMP is pro-inflammatory and enhances MMP2 production and secretion in 756 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 29, 2024. ; https://doi.org/10.1101/2024.02.27.582208doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.27.582208
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

 

VSMCs. A. Plasma pooled from 6 WT mice (including 3 mice with AAA and 3 randomly 757 

selected) and 6 Tymp-/- mice (including 1 mouse with AAA and 5 randomly selected) were 758 

subjected to the Proteome Profiler Mouse Cytokine Array, Panel A. The intensity of each spot 759 

was analyzed by ImageJ. The ratio of Tymp-/- to WT was calculated, and the average value of 760 

each protein was presented as Log2 fold changes. Molecules with changes of more than 25% 761 

were shown in the graph. B. Serum-starved C2 and PC were treated with TNF-a (10 ng/mL) in 762 

serum-free media for the indicated times and then cells were harvested for western blot assay. C. 763 

PC and C2 cells were serum-starved for 24 hours and then treated with 1 mM Ang II in 764 

serum-free DMEM for 24 hours. Cells were harvested for western blot assay. D & E. Three AAA 765 

from the WT mice, as well as one AAA (#3) and two randomly selected AA (#1 and 2) from the 766 

Tymp-/- mice were embedded in OCT, sectioned into 6 µm slices, and mounted onto a slide glass. 767 

The AA tissues were washed with PBS and then incubated with fluorescein conjugated DQ 768 

gelatin for 18 hours. Representative images are shown in D. The mean fluorescence of the image, 769 

which represents the activity of MMPs in the vessel wall, was analyzed by ImageJ and used for 770 

statistical analysis (E).    771 

 772 

Fig. 6. TYMP-expressing platelets inhibit VSMC proliferation and TYMP overexpression 773 

leads to constitutive AKT activation in VSMCs. A. Murine WT VSMCs cultured in a 96-well 774 

plate were serum-starved overnight and then stimulated with FCM containing WT or Tymp-/- 775 

platelets (10� platelets/well). Cell proliferation was assessed 12 and 24 hours later using an 776 

MTT assay. B. C2 and PC cells were cultured in FCM overnight and then cells were harvested 777 

for Western blot assay of AKT activation and expression. C. Serum-starved C2 and PC cells were 778 

treated with TNF-α for the indicated durations and cell lysates were used for western blot assay 779 

of AKT activation. Note: The Pan-actin loading control is the same as Fig. 5A. 780 

 781 

Fig. 7. TYMP increases TGFβ1 expression in human AAA and enhances TGFβ1 signaling 782 

activity in VSMCs. A. IHC of TGFb1 in human AAA. B. TGFb1 staining scores in human AAA. 783 

C. Correlation analysis between TYMP and TGFb1 in human AAA. D. Serum-starved PC and 784 

C2 cells were treated with serum-free DMEM with/without 1 mM Ang II for 24 hours and 785 

TGFb1 expression was examined by western blot. E. Statistical analysis of western blot band 786 

intensity showed in D. F. TGFb1 mRNA expression in PC and C2 cells under normal culture. G. 787 

Cell lysates mentioned in Fig. 6C were used for the examination of CTGF expression. H. 788 

Serum-starved PC and C2 cells were treated with serum-free media in the presence of 10 µg/mL 789 

TSR for the indicated durations. CTGF was examined by Western blot. Pan-actin was blotted in 790 

the same membrane without stripping the CTGF signal as loading control. 791 
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