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中文摘要 

我的研究目的是利用剔除「血栓烷 A2 合成酶/血栓烷 A2/血栓烷

前列腺素受體」(TXAS / TXA2 / TP)的基因，來阻斷它的信號傳導，檢

驗是否可以減少小鼠的腎臟缺血/再灌注的損傷。「血栓烷 A2 合成酶

/血栓烷 A2/血栓烷前列腺素受體」(TXAS / TXA2 / TP)的正常生理功能，

可促進血管收縮，以及血小板凝集，幫助人體在受傷時止血。但在許

多病理情況下，會造成「血栓烷 A2 合成酶/血栓烷 A2/血栓烷前列腺

素受體」(TXAS / TXA2 / TP)過度活化，誘發氧化傷害，例如，心肌梗

塞，肺高壓，子癲前症，器官移植，狼瘡腎炎，敗血性休克，腎絲球

腎炎，以及各類血栓疾病。在以上的病理情況下，血栓烷 A2 合成酶

（TXAS）活性會增強，刺激血栓烷 A2（TXA2）釋放和血栓烷前列腺

素受體（TP）活化，造成嚴重的血管收縮和氧化損傷。因此，本研究

利用基因剔除「血栓烷 A2 合成酶/血栓烷 A2/血栓烷前列腺素受體」

(TXAS / TXA2 / TP)的訊號傳遞，期待瞭解更多關於腎臟缺血/再灌注損

傷的病理機轉，並希望能在這樣的基礎上研究出治療方法。中醫藥有

數千年的傳承，其中，活血化瘀藥的使用，在中醫治療腎臟病中，扮

演重要的角色，但其中的現代藥理機轉，仍有待進一步研究。活血化

瘀的效果，類似現代生理的血管擴張與抗凝血作用，與 TXA2 的效果

相反。因此，本研究希望這次的實驗結果，可以在未來作為研究中醫
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活血化瘀藥物治療腎臟病的研究模型，以期揭開中醫神秘的面紗，並

找出中醫藥在現代疾病的應用。 

本研究分別在以下四種基因型小鼠 TXAS+/+TP+/+，TXAS–/–,TP–/–以及

TXAS–/–TP–/–身上，評估了靜脈注射 U46619（TXA2 模擬物）和 45 分鐘

腎缺血再灌注（I/R）所造成的的腎臟血流動力學變化和腎損傷。我檢

驗了腎臟中 TXAS 和 TP 的基因表達狀況，血尿素氮（BUN）和肌酐酸，

活性氧（ROS）的量，還有促炎性細胞因子和細胞死亡的病理生理機

轉，包括 I/R 損傷下造成的的細胞凋亡，細胞自噬和細胞焦亡。 

實驗結果發現，在野生型的小鼠(TXAS+/+TP+/+)身上，腎臟的缺血/

再灌流(I/R)，增強了 TXAS，TP 的表現；也增強了發炎及氧化壓力相

關的參數，包括細胞核中 NF-κB，NADPH 氧化酶 gp91 的表現；三種

計畫性細胞死亡的參數，也有顯著增加，包括細胞凋亡(Bax / Bcl-2 / 

Caspase-3)，細胞自噬(Beclin-1 / LC3 II)，細胞焦亡 Caspase-1 / gasdermin 

D / IL-1β)。而且，野生型小鼠中腎臟 TXB2 濃度，ROS 含量，血中尿

素氮，肌酐酸，在經過缺血/再灌流(I/R)之後，都有顯著上升。而能夠 

擴張血管的 eNOS 在腎臟中的表達下降。 

在另外三種基因剔除小鼠中(TXAS–/–,TP–/–以及 TXAS–/–TP–/–)，所有

的增強參數均顯著降低。在 TXAS+/+TP+/+和 TXAS–/–小鼠中，靜脈注射

U46619 顯著抑制了腎微循環並增強了 gp91 和 Bax / Bcl-2；在 TP–/–和
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TXAS–/–TP–/–，靜脈注射 U46619，則沒有這種效果。腎臟的缺血再灌流，

顯著降低了四組小鼠的腎臟微循環，但是跟野生型小鼠(TXAS+/+TP+/+)

相比，TXAS–/–, TP–/– 和 TXAS–/–TP–/–這三組小鼠，恢復至基準線腎血流

量的時間顯著縮短。由以上可知，阻斷(TXAS / TXA2 / TP)信號傳導，

可減弱 I/R 造成的促炎細胞因子增加。 

由本研究的結果可知，透過基因剔除來阻斷 TXAS / TXA2 / TP 信

號傳導，可透過抗氧化，抗發炎，抗凋亡，抗自噬和抗焦亡的作用，

對於缺血/再灌流造成的腎損傷產生保護作用。TXAS / TXA2 / TP 信號

傳遞路徑，主要的正常生理作用為促進血小板凝結，跟促進血管收縮。

中醫的活血化瘀藥，常用於治療腎臟病。而這些活血化瘀中藥的效果，

類似現代藥理作用中，促進血流增加與抗凝血的作用，與 TXA2 的作

用相反。因此，在未來，我們可以利用本研究的動物模型來測試，中

醫活血化瘀藥物治療腎臟病的機轉，是否與抑制 TXAS / TXA2 / TP 信

號傳遞路徑有關。 

 

關鍵字：細胞凋亡、細胞自噬、缺血/再灌流、腎臟、血栓烷 A2 合

成酶、血栓烷前列腺素受體、細胞焦亡 
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ABSTRACT 
Aims: Enhancement of thromboxane A2 (TXA2) synthase (TXAS) activity, 

TXA2 release and thromboxane-prostanoid (TP) receptor activation leads 

to vasoconstriction and oxidative injury. We explored whether genetic 

deletion of TXAS/TXA2/TP signalling may reduce renal 

ischaemia/reperfusion (I/R) injury in mice. 

 

Methods: Renal haemodynamics and function were evaluated in 

TXAS+/+TP+/+ (wild type, WT), TXAS–/– (TXS–/–), TP–/– and TXAS–/–TP–/– 

(double knockout, dKO) mice in response to intravenous TXA2 mimetic-

U46619 and 45-min renal ischaemia and 4-h reperfusion injury. We 

examined renal TXAS and TP expression, blood urea nitrogen (BUN) and 

creatinine, reactive oxygen species (ROS) amount, pro-inflammatory 

cytokines and pathophysiologic mechanisms, including apoptosis, 

autophagy and pyroptosis under I/R injury. 

 

Results: Renal I/R enhanced the levels of TXAS, TP, nuclear factor-κB, 

NADPH oxidase gp91, Bax/Bcl-2/caspase-3/apoptosis, Beclin-1/LC3-

II/autophagy, caspase-1/gasdermin D/interleukin-1β/pyroptosis, renal 

thromboxane B2 (TXB2) concentration, ROS amount, plasma BUN, 

creatinine and TXB2 and decreased renal endothelial nitric oxide synthase 
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expression in WT mice. All these enhanced parameters were significantly 

decreased in three knockout mice. Intravenous U46619 significantly 

decreased renal microcirculation and enhanced gp91 and Bax/Bcl-2 in WT 

and TXS–/– but not TP–/– and dKO mice. I/R significantly decreased renal 

microcirculation in all mice; however, the time for recovery to baseline 

renal blood flow level was significantly shortened in TXS–/–, TP–/–and dKO 

mice versus WT mice. Blockade of TXAS/TP signalling attenuated I/R-

enhanced pro-inflammatory cytokine profile. 

 

Conclusion: Blockade of TXAS/TXA2/TP signalling confers renal 

protection against I/R injury through the actions of anti-oxidation, anti-

inflammation, anti-apoptosis, anti-autophagy and anti-pyroptosis. 

 

Keywords: apoptosis,  autophagy, 

ischemia/reperfusion,  kidney,  thromboxane A2 synthase, thromboxane 

prostanoid receptor,  pyroptosis  
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Abbreviation 
BUN: blood urea nitrogen 

COX-1: cyclooxygenase-1 

COX-2: cyclooxygenase-2 

dKO: TXAS and TP double-knockout 

eNOS: endothelial nitric oxide synthase 

ES: E14TG2a embryonic stem 

I/R: ischaemia/reperfusion 

NO: nitric oxide 

O2-: superoxide anion 

ROS: reactive oxygen species 

TXAS: thromboxane A2 synthase 

TXS–/–: TXAS knockout 

TXA2: thromboxane A2 

TXB2: thromboxane B2 

TP: thromboxane-prostanoid receptor 

TP–/–: TP knockout 

WT: TXAS+/+TP+/+ (wildtype, WT) 
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Chapter 1. Introduction 

1-1 Thromboxane A2 / Thromboxane A2 Synthase / 

Thromboxane-prostanoid (TP) receptor 

Thromboxane A2 (TXA2) is a member of the prostanoid family of 

arachidonic acid metabolites generated by the action of cyclooxygenase-1 

(COX-1), cyclooxygenase-2 (COX-2) or TXA2 synthase (TXAS). The 

very unstable TXA2 regulates multiple biological processes via its specific 

thromboxane-prostanoid (TP) receptor to stimulate platelet aggregation 

and vasoconstriction in vascular smooth muscles [1-4]. The cellular and 

tissue distribution of TP receptors is closely correlated with that of TXAS 

[5]. TXA2 [6] as well as isoprostanes [7,8], nonenzymatic free radical-

derived products of arachidonic acid that can activate the TP in vivo [9], is 

highly elevated in several cardiovascular and inflammatory diseases [47]. 

Cumulated evidences have shown that TXA2 plays an important role in 

myocardial infarction, unstable angina, pregnancy-induced hypertension 

and preeclampsia, thrombosis and thrombotic disorders, pulmonary 

hypertension, septic shock, atherosclerosis, lupus nephritis and 

glomerulonephritis and chronic glomerular diseases [10]. The use of low-

dose aspirin [48], a dual TXAS inhibitor and TP antagonist [49,50] can 

reduce atherothrombotic lesions.  
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1-2 Thromboxane A2 Synthase inhibitors and Thromboxane-

prostanoid receptor antagonists 

The activity of TXA2 may be controlled by anti-atherothrombotic 

agents that inhibit the TXAS function or that antagonize the TP receptor. 

The TXAS inhibitors offer an advantage over aspirin in that they may 

redirect arachidonate metabolism towards PGI2 and other protective 

eicosanoids [27]. Dual inhibition of TXAS and TP may offer a better 

advantage [49,50]. TXAS inhibitors used together with TP receptor 

antagonists have been shown to result in a profound anti-platelet effect, 

which is considerably greater than low-dose aspirin therapy [28]. However, 

despite promising results from animal models, the clinical efficacy of 

TXAS/TP inhibitors is not conclusive and there are even findings 

suggesting that these agents may inhibit platelet aggregation via other 

mechanisms besides inhibiting TXA2 activity [51]. Thus, mice with double 

deletions of TXAS and TP receptors are valuable not only for investigating 

the phenotype of complete absence of TXA2 activity but also for exploring 

the pharmacological mechanisms related to these dual inhibitory agents. 
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1-3 Thromboxane A2 Synthase inhibitors/ Thromboxane-

prostanoid receptor inhibitors to treat kidney disease 

Stahl et al. [10] demonstrated that interventional treatment by TXA2 

inhibition ameliorates albuminuria and glomerular morphological lesions 

in a rat model of immunologically induced progressive glomerular injury. 

Because TXA2 is the most abundant eicosanoid synthesized in nephritic 

glomeruli, and because TXAS inhibitors and TP antagonists are now 

available for the treatment of glomerulonephritis, it becomes important to 

address this question. Lianos et al. [52] found that a TXAS inhibitor, 

Dazmegrel, and a TP receptor antagonist, SQ-29548, reduced renal TXA2 

and affected PGE2, LTB4, and 12-HETE synthesis in a model of mesangial 

nephritis induced in the rat by the administration of Thy 1.1.  

 

1-4 Thromboxane A2-induced ROS production and eNOS 

dysfunction 

Drouin et al. [22] demonstrated in healthy mouse cerebral arteries, 

endothelial nitric oxide synthase (eNOS) produces H₂O₂, leading to 

endothelium-dependent dilation. In contrast, TXA2, a potent pro-oxidant 

and pro-inflammatory endogenous vasoconstrictor, is associated with 

eNOS dysfunction. TXA2, reactive oxygen species and isoprostanes are 

concomitantly elevated during cardiovascular disease. Vasoactive 



 4 

 

mediators including nitric oxide and prostacyclin (PGI2) can act to counter 

regulate the deleterious effect of pro-platelet mediators including TXA2. 

The TP and multiple TP ligands, including TXA2 and prostaglandin H2, are 

elevated during vascular and atherothrombotic diseases [15]. Exposure of 

bovine aortic endothelial cells to TXA2 mimetics for 24 hours markedly 

increased the release of superoxide anions (O2·-) and peroxynitrite (ONOO-) 

but reduced cyclic GMP, an index of nitric oxide bioactivity  [15]. Zhang 

et al. [15] indicated TP activation via PKC-ζ-mediated NAD(P)H oxidase 

activation increases both O2·- and ONOO-, resulting in eNOS uncoupling 

in endothelial cells. Basili et al. [23] indicated platelet TXA2 production 

via reactive oxygen species-generated NOX2: effect in patients undergoing 

elective percutaneous coronary intervention. A recent report in our 

laboratory found that reinforcing PI3K/Akt-dependent Hsp70/eNOS 

signaling hinders thrombosis formation [53].  

The TP and multiple TP ligands, including TXA2, are elevated during 

vascular and atherothrombotic diseases associated with the increased 

release of superoxide anions and peroxynitrite but reduced cyclic GMP, an 

index of nitric oxide bioactivity [15]. U46619 significantly suppressed 

activity of endothelial nitric oxide synthase (eNOS) and induced increases 

in O2·- by the membrane translocation of the p67(phox) subunit of NADPH 

oxidase. Pharmacological or genetic inhibition of TP abolished U46619-

induced O2·- formation and PKC-ζ inhibition abolished TP activation-
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induced membrane translocation of p67(phox) and O2·- production. They 

conclude that TP activation via PKC-ζ-mediated NADPH oxidase 

activation increases both O2·- and ONOO-, resulting in eNOS uncoupling 

in endothelial cells. 

 

1-5 Inhibition of Thromboxane A2 by Chinese medicine 

Ginseng, the root of Panax ginseng Meyer, has been used frequently 

in traditional oriental medicine and is popular globally. Lee et al. [35] 

investigated the effects of total saponin from Korean red ginseng on 

thrombin-produced thromboxane A2 (TXA2), an aggregating 

thrombogenic molecule, and its associated microsomal enzymes 

cyclooxygenase (COX)-1 and TXA2 synthase (TXAS). Total saponin from 

Korean red ginseng inhibited potently TXA2 production to the control 

level in a dose-dependent manner, which was associated with the strong 

inhibition of COX-1 and TXAS activities in platelet microsomes having 

cytochrome c reductase activity. Total saponin from Korean red ginseng is 

a beneficial traditional oriental medicine in platelet-mediated thrombotic 

diseases via suppression of COX-1 and TXAS to inhibit production of 

TXA2. 

Timosaponin AIII, a major active steroidal saponin in Zhimu, has not 

been used clinically as a pure compound, but some well-known traditional 

medicine recipes prepared from Zhimu, such as Er-Mu preparation (EMP) 



 6 

 

and Zhimu–Baihe herb-pair (ZMBHHP), have been widely used in 

Oriental countries to treat cough and sputum for thousands of years, and 

they are effective with limited toxicity. Yue Cong et al. [46]  found that 

TAIII inhibited U46619-induced rat platelet aggregation independent of 

increases in cAMP and cGMP and the inhibition of TXA2 production. Both 

PKC and PLC activators restored TAIII-inhibited platelet aggregation, 

whereas TAIII did not inhibit platelet aggregation induced by co-activation 

of the G12/13 and Gz pathways. All the above data suggest that traditional 

Chinese medicine has lot of potential wait us to investigate.  

 

1-6 Renal ischaemia/reperfusion (I/R) injury 

Complete or partial cessation (ischemia) followed by restoration of 

blood flow (reperfusion) impairs kidney [16]. Renal ischemia/reperfusion 

injury occurs in a variety of clinical settings, such as in kidney 

transplantation, renal failure after shock, and kidney surgery, and results in 

severe damages that substantially contribute to the morbidity and mortality 

of such cases. Ischemia/reperfusion injury induces burst release of reactive 

oxygen species (ROS) and damages to proteins and nucleic acids 

contributing to abnormal signal transduction or cellular dysfunction and 

initiate the cascade of apoptosis, autophagy and necrosis.  

Renal insufficiency continues to be complication that can affect 

patients after treatment for suprarenal aneurysms and renal artery occlusive 
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disease. One proposed mechanism of renal injury after suprarenal aortic 

clamping (above the superior mesenteric artery) and reperfusion is the loss 

of microvascular renal blood flow with subsequent loss of renal function. 

The loss of medullary and cortical microvascular blood flow following 

suprarenal aortic clamping is due to ROS down-regulation of endogenous 

medullary and cortical nitric oxide synthesis [40]. These changes were 

further accentuated by L-NAME treatment but restored toward sham levels 

by L-arginine treatment after SMA-SRACR. The kidney appeared to 

compensate for these changes by increasing cortical and medullary PGE2 

synthesis and release. SOD treatment restored renal cortical and medullary 

nitric oxide synthesis and blood flow in the ischemia-reperfusion group 

and in the ischemia-reperfusion group treated with L-NAME. These data 

show that nitric oxide is important in maintaining renal cortical and 

medullary blood flow and nitric oxide synthesis. The loss of medullary and 

cortical microvascular blood flow following SRACR is due in part to 

oxygen-derived free radical downregulation of endogenous medullary and 

cortical nitric oxide synthesis. 

Rong et al. [37] found that in response to 35 min of renal pedicle 

clamping to induce AKI, PKC-ε-deficiency was associated with a marked 

improvement in survival and an attenuated loss of kidney function. 

Furthermore, local renal PKC-ε expression mediates proapoptotic and 
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proinflammatory signaling and that an inhibitor of PKC-ε signaling could 

be used to prevent hypoxia-induced AKI.  

 

1-7 Research Aims 

However, up to date, the clinical efficacy of TXAS/TP inhibitors is 

still not conclusive, and some agents may inhibit platelet aggregation via 

other mechanisms besides inhibiting TXA2 activity [3]. In response to 

oxidative injury, renal cells displayed three types of programmed cell death, 

including apoptosis, autophagy and pyroptosis [18, 29]. We hypothesise 

that these types of programmed cell death may be involved in I/R, 

enhancing TXAS/TXA2/TP signalling-induced renal dysfunction. 

Exploring the TXA2 effects and mechanisms on I/R-induced autophagy, 

apoptosis and pyroptosis formation in the damaged kidney is important for 

alleviating and preventing TXA2-induced renal dysfunction. This study 

was the first to use four types of targeting gene-depleted mice, including 

TXAS+/+TP+/+ (wildtype, WT), TXAS–/– (TXS–/–), TP–/– and TXAS–/–TP–/– 

(double knockout, dKO) mice, to explore the possible physiologic effect 

and detailed mechanism of TXAS/TXA2/TP signalling blockade on renal 

I/R injury. I expected that renal I/R would activate the TXA2 pathway, 

including the enhancement in TXAS and TP protein expression associated 

with enhanced inflammation and oxidative stress in kidney. And blocking 
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the TXAS/TXA2/TP signalling by gene depletion could confer 

renoprotection against I/R-induced oxidative stress and dysfunction. 
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Chapter 2. Materials and Methods 

2-1 Animals 

TXAS knockout (TXS–/–) mice 

TXS–/– mice were provided by Dr. Shu-Wha Lin’s group from the 

National Taiwan University College of Medicine. A targeting vector was 

designed to replace the distal portion of exon 9 of the endogenous gene 

with a phosphoglycerate kinase-hypoxanthine phosphoribosyltransferase 

cassette. This construct was electroporated into E14TG2a embryonic stem 

(ES) cells. Correctly targeted ES cells were injected into C57BL/6J 

blastocysts. Chimeric mice were bred with C57BL/6J for ten generations, 

and homozygous TXS–/– mice were obtained by intercrossing with 

heterozygous TXAS+/–mice. 

TXA2 receptor knockout (TP–/–) mice 

TP–/– mice were generated by Dr. Thomas M. Coffman’s group and 

also provided by Dr. Su-Wha Lin. A neomycin resistance gene driven by 

the phosphoglycerate kinase promoter was inserted into a unique SfiI site 

near the proximal end of exon 2. This insertion targeting vector disrupted 

the coding sequence of the TP gene in the third transmembrane domain. 

This construct was electroporated into ES cells. Correctly targeted ES cells 

were injected into C57BL/6J blastocysts. Chimeric mice were bred with 
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C57BL/6J for ten generations, and homozygous TP–/–mice were obtained 

by intercrossing with heterozygous TP+/–mice. 

TXAS and TXA2 receptor double-knockout (TXAS–/–TP–/–, dKO) mice 

TXS–/– and TP–/– mice in C57BL/6J background were crossbred to 

generate TXAS–/–TP–/–double-knockout (dKO) mice. Male and female 

mice with or without targeting gene depletion, including TXAS+/+TP+/+ 

(WT), TXAS–/–TP+/+ (TXS–/–), TP–/– and TXAS–/–TP–/– (dKO) mice, were 

developed and provided by the National Taiwan University Core 

Laboratory. Mice were housed at the Experimental Animal Center of the 

National Taiwan University College of Medicine, with a temperature- and 

humidity-regulated environment (22°C ± 2°C, 55% ± 5% relative humidity) 

and a consistent light cycle (light from 07:00 to 18:00). Standard powdered 

diet containing 58% carbohydrates, 28.5% proteins and 13.5% fat 

(Laboratory Rodent Diet 5001, Young Li Trading Co., Ltd., Sijhih City, 

New Taipei City, Taiwan, ROC) and tap water were provided ad libitum. 

All surgical and experimental procedures were approved by the 

Institutional Animal Care and Use Committee of the National Taiwan 

Normal University and were in accordance with the guidelines of the 

National Science Council, Republic of China (NSC 1997). 
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2-2 Renal I/R and U46619 infusion 

WT, TXS–/–, TP–/– and dKO mice with or without renal I/R (n = 6 in 

each group, group=8) were anaesthetised with intraperitoneal urethane (1.2 

g/kg). The trachea was exposed via a midline cervical incision and 

intubated. PE-10 catheters were placed in the left carotid artery for the 

measurement of heart rate and arterial blood pressure by an ADI system 

(Power-Lab/16S) with a transducer (P23 1D, Gould-Statham, Quincy, MA, 

USA) and in the jugular vein for the administration of test agents. Another 

four group of mice(WT, TXS–/–, TP–/– and dKO) were prepared for U46619 

infusion test as the above described. The U46619 infusion group was 

designed as a positive control to confirm that the TXAS/TXA2/TP 

signalling function was normal in wild type mice, and lost in TXS–/–, TP–/– 

and dKO mice. 

Renal I/R was induced in mice as described below. For the induction 

of ischaemia, the bilateral renal arteries were clamped for 45 min with a 

small vascular clamp. Sham-operated animals underwent similar operative 

procedures without occlusion of the renal arteries. Reperfusion was 

initiated by the removal of the clamp for 4 h. After I/R insults, arterial 

blood and urine were collected for renal functional determination [blood 

urea nitrogen (BUN) and creatinine] and plasma [cytokine array] and renal 
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TXB2 determination (an enzyme immunoassay; Cayman Chemical, Ann 

Arbor, MI, USA) [30]. After sacrifice with intravenous KCl, these two 

kidneys were resected and divided into two parts. One part was stored in 

10% neutral buffered formalin for immunohistochemistry and in situ 

pathologic assay, and the other was quickly frozen in liquid nitrogen and 

stored at −70°C for protein isolation. The experimental flow chart is 

described in Figure 1. 

 

2-3 Renal microcirculation determination 

To examine the in vivo response of renal arterial constriction to 

U46619 and renal I/R, a full-field laser perfusion imager (MoorFLPI, Moor 

Instruments Ltd., Devon, UK) was used to continuously quantitate the 

renal microcirculatory blood flow intensity [18]. In brief, the imager used 

laser speckle contrast imaging, which would exploit the random speckle 

pattern generated when tissue was illuminated by laser light. The random 

speckle pattern changed when blood cells moved within the region of 

interest (ROI). When there was a high level of movement (fast flow), the 

changing pattern became more blurred and the contrast in that region was 

reduced accordingly. The contrast image was processed to obtain a 16-

colour-coded image that correlated with blood flow in the heart. Blue was 

defined as low flow and red was defined as high flow. The microcirculatory 
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blood flow intensity of each ROI was recorded as flux with perfusion unit 

(PU), which was related to the product of the average speed and 

concentration of moving red blood cells in the kidney sample volume. The 

negative control value was set at 0 PU (blue colour) and the positive value 

was at 1000 PU (red colour). PUs were analysed in real time using 

MoorFLPI software version 3.0. 

 

2-4 In vivo renal ROS detection 

The renal ROS in response to renal I/R in vivo was directly measured 

via an intravenous infusion of a superoxide anion probe, 2-methyl–6-(4-

methoxyphenyl)–3,7-dihydroimidazo[1,2-a]-pyrazin-3-one-hydrochloride 

(MCLA; 0.2 mg/ml/h, TCI-Ace; Tokyo Kasei Kogyo Co., Ltd., Tokyo, 

Japan), and detected by a chemiluminescence analysing system (CLD–110, 

Tohoku Electronic Ind. Co., Sendai, Japan) [16]. In brief, after surgery, the 

rat was maintained on a respirator and a circulating water pad at 37°C 

during photon detection. To exclude photon emission from sources other 

than the kidney, the anaesthetised animal was housed in a dark box with a 

shielded plate. Only the kidney was left unshielded and was positioned 

under a reflector, which reflected the photons from the exposed kidney 

surface onto the detector area. The MCLA-enhanced chemiluminescent 

signal from the kidney surface was recorded continuously by the 

chemiluminescence analyser. The total ROS value was measured by the 



 15 

 

area under the curve from the kidney. The chemiluminescent signal 

obtained from 0.2 ml saline in 1 ml MCLA (0.2 mg/ml) or 0.2 ml xanthine 

(0.75 mg/kg body weight)/xanthine oxidase (24.8 mU/kg body weight) in 

1 ml MCLA (0.2 mg/ml) was regarded as negative or positive control. 

 

2-5 Histologic studies 

Tissue samples were fixed in 4% paraformaldehyde and embedded 

in paraffin. Then, 5 μm sections were obtained and stained with 

haematoxylin & eosin. The mean renal injury score in each mouse was 

calculated with a light microscope, and the scores for each group were 

averaged. Twenty tubules in each kidney were randomly selected at ×200 

magnification, and the degree of renal damage was scored using the scoring 

system for renal injury reported by Wagner et al. [31]. The percentage of 

tubular injury parameters containing epithelial flattening, tubular atrophy, 

tubular dilatation and brush border loss was estimated by a pathologist who 

was blind to the identity of the specimen using a four-point scale in ten 

randomly chosen, nonoverlapping fields. The degree of injury was graded 

on a scale from 0 to 4, where 0 = normal; 1 = mild, involvement of less 

than 25% of the cortex; 2 = moderate, involvement of 25%–50% of the 

cortex; 3 = severe, involvement of 50%–75% of the cortex; and 4 = 

extensive damage, involving more than 75% of the cortex. 
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2-6 Detection of autophagy, apoptosis and pyroptosis in I/R 

kidneys 

To examine the effect of TXAS or TP knockout on several oxidative 

stress parameters, LC3-II-related autophagy, caspase-3/terminal 

deoxynucleotidyl transferase-mediated nick-end labelling (TUNEL) 

apoptosis method [18] and IL-1β-mediated pyroptosis were performed to 

investigate the presence and extent of three types of programmed cell death 

in renal I/R injury. Renal sections (5 μm) were prepared, deparaffinised 

and stained with haematoxylin and eosin, LC3-II stain, TUNEL-avidin-

biotin-complex method and IL-1β stain. A biotinylated secondary antibody 

(Dako, Botany, New South Wales, Australia) was then applied followed by 

streptavidin conjugated to HRP (Dako). The chromogen used was Dako 

liquid diaminobenzene. Twenty high-power (´400) fields were randomly 

selected for each section, and the value of each oxidative stress was 

analysed using a Sonix Image Setup (Sonix Technology Co., Ltd., Hinschu, 

Taiwan, ROC) containing image analysing software Carl Zeiss AxioVision 

Rel.4.8.2 (Future Optics Sci. & Tech. Co., Ltd., Hangzhou, China). The 

apoptotic index was calculated as the number of TUNEL-positive nuclei 

per high-power field (×400). 
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2-7 Western blotting 

The kidneys were ground to powder in liquid nitrogen, and then the 

powder was lysed in RIPA buffer (Bio Basic, Amherst, NY, USA) 

supplemented with protease inhibitor (Roche, Basel, Switzerland) for 10 

min at 4°C. The detection of signals was done using Western Lightning 

Plus-ECL (PerkinElmer, Waltham, MA, USA). The expression levels of 

TXAS, TP, nuclear factor-κB (NF-κB), gp91, apoptosis-related proteins 

including Bcl–2, Bax and caspase–3, autophagy-related proteins Beclin–1 

and LC3-II and pyroptosis-related proteins caspase–1, gasdermin D and 

interleukin (IL)–1β were analysed by Western blotting in kidney tissues. 

The Western blotting method has been described elsewhere [Yang et al., 

2014]. Antibodies against TXAS (Cayman Chemical), TP (Cayman 

Chemical), NF-κB (R&D Systems, Minneapolis, MN, USA), NADPH 

oxidase (gp91phox; Santa Cruz Biotechnology, Santa Cruz, CA, US), 

caspase–1 (Novus Biologicals, Centennial, CO, USA), gasdermin D (Cell 

Signaling Technology, Inc., Danvers, MA, USA), IL-1β (R&D Systems), 

Beclin-1 (Cell Signaling Technology), LC3-II (Cell Signaling 

Technology), Bax (Chemicon, Temecula, CA, USA), Bcl-2 (Transduction, 

Bluegrass-Lexington, KY, USA), caspase-3 (Cell Signaling Technology) 

and b-actin (Sigma, St. Louis, MO, USA) were used. The density of the 

band with the appropriate molecular mass was determined semi-
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quantitatively by densitometry using an image analysing system (Alpha 

Innotech, San Leandro, CA, USA). 

Secondary antibodies included horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG, HRP-conjugated rabbit anti-goat IgG and 

HRP-conjugated goat anti-rabbit IgG (all for 1:10,000; all from Southern 

Biotech Laboratories, Birmingham, AL, USA). For the quantitative 

comparison of the protein expression levels, intensities of specific bands 

corresponding to the proteins of interest were measured using densitometry 

analysis. 

 

2-8 Cytokine array 

To investigate the effects of different preconditioned MSCs in rats, the 

changes of cytokine expression will be measured, we will detect several 

cytokines (RayBiotech, GA, United States), including interleukin, ICAM-

1 (Intercellular Adhesion Molecule 1), GM-CSF (Granulocyte macrophage 

colony-stimulating factor), IFNg (Interferon gamma), VEGF (Vascular 

endothelial growth factor), HGF (Hepatocyte growth factor), Galectin and 

Notch2. 
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2-9 Statistical analysis 

All values were expressed as mean ± standard deviation. Differences 

within groups were evaluated by paired t test. One-way analysis of variance 

was used for establishing differences among groups. Intergroup 

comparisons were made by Duncan’s multiple-range test. Differences were 

regarded as significant if P < 0.05 was attained. 
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Chapter 3. Results 

3-1 Blockade of TXAS/TP signalling reduces I/R-induced oxidative 

stress 

The original graph of renal I/R on TXAS, TP, NADPH oxidase gp91 

and eNOS expression by Western blotting is displayed in Figure 2A. Renal 

I/R significantly enhanced TXAS, TP and NADPH oxidase gp91 and 

decreased eNOS expression compared with the baseline control in the WT 

kidney (Figure 2B). Increased renal TXAS, TP and gp91 expression 

responding to I/R were significantly decreased in TXS–/–, TP–/– or dKO 

mice (Figure 2B). The degree of decreased renal eNOS by I/R was 

significantly preserved in TXS–/–, TP–/– or dKO mice compared with WT 

mice. I further compared the plasma and kidney TXB2 level before and 

after renal I/R injury. Renal I/R significantly increased plasma (Figure 2C) 

and kidney TXB2 concentration (Figure 2D) in WT and TP–/–mice. 

However, renal I/R did not significantly increase plasma and kidney TXB2 

level in TXS–/– and dKO mice. I used immunofluorescence stain to confirm 

the higher fluorescent intensity of TXAS or TP in WT mice with I/R injury 

but less expression of TXAS or TP fluorescence in TXS–/–, TP–/– or dKO 

mice subjected to I/R injury (Figure 3). These data implicate that blockade 

of TXAS/TP signalling may reduce gp91-mediated oxidative stress in the 

kidney. 
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3-2 U46619 reduces renal microcirculation and induces 

apoptosis and oxidative stress 

To study the effect of TXA2 on renal microcirculation, I intravenously 

infused U46619, a compound known as a TXA2 agonist, into these 

transgenic mice. As shown in Figure 4, in the absence of U46619, the 

kidney displayed a red colour with high PUs in all mice. Fifty-minute 

intravenous U46619 (0.04 mg/min/kg BW) reduced the renal 

microcirculation and PUs in WT mice and partly in TXS–/– mice. In contrast, 

there was no significant change in the microcirculation from TP–/– and dKO 

mice (Figure 4B). I further determined the effect of U46619 infusion on 

renal Bax, Bcl-2, caspase-3 and NADPH oxidase gp91 expression (Figure 

5) in the kidneys of four types of mice. Immunofluorescent Bax and 

immunohistochemical caspase-3 and gp91 were highly expressed in the 

WT and TXS–/– kidneys after 4-h U46619 treatment. Bax, caspase-3 and 

gp91 were less expressed in the U46619-treated kidneys of TP–/– and dKO 

mice. 
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3-3 Deleted TXAS/TP reduced inflammation, apoptosis, 

autophagy and pyroptosis 

I explored the effect of genetic deletion of TXAS/TP on renal I/R-

evoked inflammatory transcription factor (NF-κB), pyroptosis-related 

caspase-1, gasdermin D and IL-1β, autophagy-related Beclin-1 and LC3-

II and apoptosis-related Bax, Bcl-2 and caspase-3 protein expression in 

four phenotypes of mice. The basal level of these proteins was similar in 

four types of mice (Supplementary Figure 1). In response to I/R injury, 

the expression of NF-κB (Figure 6A), caspase-1 (20-kDa cleavage; Figure 

6B), gasdermin D (29-kDa cleavage; Figure 6C), IL-1β (Figure 6D), 

Beclin-1 (Figure 6E), LC3-II (Figure 6F), Bax (Figure 7A), Bcl-2 

(Figure 7B), Bax/Bcl-2 ratio (Figure 7C) and caspase-3 (Figure 7D) was 

all enhanced in WT mice, whereas all the expression was significantly 

downregulated in TXS–/–, TP–/– or dKO mice compared with WT mice. 

These data implicate that blockade of TXAS/TP signalling attenuated I/R-

induced inflammation, pyroptosis, autophagy and apoptosis in the 

damaged kidneys. 

Figure 8A demonstrates that, in response to renal I/R, high 

expression of Bax, very low expression of Bcl-2 and increased TUNEL-

positive cells in the kidney were found in WT mice. Compared with WT 

mice, renal Bax expression was lower expressed in TXS–/– (Figure 8B), 
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TP–/– (Figure 8C) or dKO mice (Figure 8D). Higher renal Bcl-2 

expression was found in TXS–/–, TP–/– or dKO mice compared with WT 

mice. I/R significantly increased TUNEL-positive cells in four groups of 

mice; however, increased TUNEL cells (Figure 9A), BUN (Figure 9B) 

and creatinine level (Figure 9C) by I/R were significantly decreased in 

TXS–/–, TP–/– or dKO mice. 

As shown in Figure 10-13, in response to renal I/R, higher 

expression of tubular injury score, IL-1β, LC3-II and caspase-3 were found 

in WT kidneys compared with controls. These oxidative parameters were 

significantly attenuated in TXS–/–, TP–/– or dKO versus WT kidneys. 

In response to renal I/R, renal microcirculation was determined with 

a moor image in these four groups of mice (Figure 14). Renal I/R 

significantly decreased the renal microcirculation as indicated by the 

decreased PU in four types of mice (Figure 15A). Decreased renal PU by 

I/R was significantly recovered towards normal values within 10-min 

reperfusion in TXS–/–, TP–/–or dKO versus WT mice. The blood flow 

recovery time (the time for decreased PU return to baseline PU value) was 

displayed in the order of WT > TXS–/– > TP–/– > dKO mice (Figure 15B). 
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3-4 Blockade of TXAS/TP signalling reduced I/R-evoked ROS 

I determined the renal I/R effect on whole-blood ROS in vitro and 

kidney ROS in vivo among these four groups of mice in Figure 16-17. The 

original data of whole-blood ROS from pre- and post-I/R of four types of 

mice are demonstrated in Figure 16A. Figure 16B shows that the whole-

blood ROS level from post-I/R was significantly higher (P < 0.05) than 

that from pre-I/R in WT mice. However, the whole-blood ROS value 

between pre- and post-I/R was similar in TXS–/–, TP–/– or dKO mice. 

Figure 17A shows the original data of renal ROS in response to I/R in the 

four types of mice. Figure 17B displays that, in response to I/R, the in vivo 

kidney ROS level was significantly elevated compared with baseline level 

in WT mice than that in TXS–/–, TP–/– or dKO mice. However, the kidney 

ROS level was significantly decreased in TXS–/–, TP–/– or dKO mice 

compared with that in WT mice.  

Comparing Figure 16B with Figure 17B, I identified that the 

decrease of kidney ROS level in TXS–/–, TP–/–and dKO mice post-I/R was 

more significant than the decrease of whole-blood ROS level in TXS–/–, 

TP–/–and dKO mice post-I/R. The whole-blood ROS level was diluted 

because the ROS was mainly produced in the kidney in this study, and the 

blood was collected from jugular vein. 
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3-5 Effect of blockade of TXAS/TP signalling on renal I/R-induced 

inflammatory cytokines 

To determine the effect of I/R on the pro-inflammatory cytokine 

profile in the four groups of mice, I determined the plasma cytokine array 

before and after renal I/R injury (Supplementary Figure 2). After I/R 

injury, 19 plasma cytokines were upregulated (Figure 18), and 14 

cytokines were downregulated in WT mice (Figure 19). I also found that, 

among these 19 upregulated cytokines (SDF-1a, MCP-1, GCSF, TECK, 

TARC, MCP-5, TIMP-1, BLC, MIP-1g, TFa, MIG, IGFBP6, sTNFRI, 

CD40, Axl, CD30, CRG-2, VEGF and VCAM-1), blockade of TXAS/TP 

signalling by knockout TXAS or TP markedly reduced these 19 

upregulated cytokines in TXS–/–, TP–/– or dKO mice. However, among the 

14 downregulated cytokines (IL-4, IL-5, IL-6, Fas ligand, CX3CL1, IL-17, 

IL-12 p40/70, IL-10, IL-13, leptin R, leptin, IL-3, LIX, L-selectin and IL-

3 Rb) in WT mice, blockade of TXAS/TP in TXS–/–, TP–/– or dKO mice 

displayed a similar pattern with WT mice. These 19 upregulated cytokines 

were associated with inflammation, and the 14 downregulated cytokines 

were associated with anti- inflammation. The results of cytokine array met 

my expectation that TXAS/TP signaling could induce inflammatory 

cytokines. 
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Chapter 4. Discussion and Conclusion 

4-1 Discussion 

TP mRNA was most abundantly expressed in the glomerulus 

followed by the distal convoluted tubule, proximal tubule, thick ascending 

limb of Henle, and outer medullary collecting duct [32]. TP proteins were 

expressed both in the glomeruli and in tubules prominently at the base of 

the brush border of proximal tubules and at the luminal surface of thick 

ascending limbs and distal convoluted tubules, and its overexpression 

contributed to nephritic glomeruli [33]. Renal I/R primarily attacked the 

renal proximal and distal tubules through the action of excess ROS 

production [16]. My data in Figure 1 directly demonstrated for the first 

time the blockade effect of TXAS/TXA2/TP signalling on renal I/R-

induced renal tubular dysfunction in WT, TXS–/–, TP–/– and dKO mice 

generated by gene targeting. My data showed that bilateral renal I/R 

significantly decreased renal microcirculation and eNOS expression and 

elevated TXAS, TP and NADPH oxidase gp91 protein expression in WT 

mice. Renal I/R increased urinary TXB2 and O2·- levels in WT and TP–/– 

but not in TXS–/– and dKO mice during post-reperfusion stage. The 

decreased level of U46619 and I/R-induced renal microcirculation was all 

significantly recovered in TXS–/–, TP–/– and dKO mice compared with WT 

mice. TXAS knockout did not affect basal TXB2 but decreased renal I/R 
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elevated TXB2 concentration in my data. The inhibition of TXAS 

expression to synthesise TXA2 and TP activation through TXAS or TP 

depletion conferred renal protection against I/R injury. My data also 

evidenced that enhanced TXAS/TXA2/TP signalling was associated with 

increased gp91 expression, ROS amount, apoptosis, autophagy and 

pyroptosis formation in the renal tubules. The blockade of TXAS/TXA2/TP 

signalling with gene targeting significantly reduced renal I/R injury. A 

schematic summary is illustrated in Figure 20. 

How did the enhancement of TXAS/TXA2/TP signalling evoke 

oxidative injury? TP expression and TXA2 release were elevated during 

vascular and atherothrombotic diseases associated with increased ROS 

release and reduced cyclic GMP-mediated NO bioactivity [15]. TP 

activation by TXA2 agonist U46619 induced renal vasoconstriction 

through increased CD38 and p67(phox)-mediated O2·- formation and 

suppressed eNOS activity in renal arteriolar resistance [34]. Pharmacologic 

or genetic inhibition of TP abolished U46619-induced O2·- formation, and 

PKCζ inhibition abolished TP activation-induced membrane translocation 

of p67(phox) and O2·- production [34]. The pharmacologic inhibition of 

TXA2 release from total saponin (Korean red ginseng) inhibited COX-1 

and TXAS activities in platelet microsomes to improve thrombotic 

diseases [35]. In contrast, platelet isoprostane, 8-isoprostaglandin F2α (8-

iso-PGF2α), a proaggregating molecule, maximally derived from gp91 
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activation and was inhibited at −8% by aspirin and −58% by a specific 

inhibitor of gp91 [36]. In acute kidney injury, PKCε deficiency markedly 

improved survival rate and attenuated kidney dysfunction through anti-

apoptotic and anti-inflammatory signalling [37]. TP agonist U46619 

administration caused transient increases in blood pressure followed by 

cardiovascular collapse and shock in wild-type mice but did not affect 

haemodynamics and arachidonic acid-induced shock in TP–/– mice [38]. 

These genetically depleted TXS–/–, TP–/– and dKO mice exhibited more 

stable vasoactive responses in the presence of different vasoconstrictors or 

vasodilators in mesenteric arterioles [4]. Our previous results found that 

gene deletion of TP protects from ET-1-mediated reduction in cardiac 

perfusion and preserves eNOS expression and NO activity in TP–/– and 

dKO mice [4]. TXAS deficiency did not confer the same protection against 

I/R injury as TP deficiency, which may point to an increase in the 

production of TP agonists, such as isoprostanes or prostaglandins (PGF2α) 

other than TXA2 in I/R injury. 

TXAS contributes to TXA2 biosynthesis and generation. In my study, 

the baseline expression of TXAS protein was higher in WT and TP–/– mice 

than that in TXS–/– and dKO mice (Figure 1). This led to a higher baseline 

level of renal TXB2 in WT and TP–/– mice than that in TXS–/– and dKO 

mice. Because TXAS expression was higher after renal I/R compared with 

the control stage, my data confirmed that renal effluent TXB2 
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concentrations were increased during the post-reperfusion stage in WT and 

TP–/– mice but not in TXS–/– and dKO mice. I evidenced that depleting 

TXAS gene blocks TXAS expression to synthesise TXA2 and produce 

TXB2; however, deleting the TP gene had no effect on the baseline level 

and post-reperfusion of TXB2 production. Renal warm ischaemic injury 

was associated with a progressive fall in the ratio of vasodilator-to-

vasoconstrictor eicosanoids during the early reperfusion period [39], 

leading to severely decreased renal microcirculation. This suggests that a 

decrease in vasodilatory prostacyclin (PGI2) and an increase in 

vasoconstrictor TXA2 (a decrease in PGI2/TXA2) may appear after renal 

I/R; however, it needs to be determined in the future. Renal injury after 

suprarenal aortic clamping and reperfusion reduced microvascular renal 

blood flow and renal function by the loss of ROS-mediated medullary and 

cortical NOS synthesis [40]. Voisin et al. [41] indicated that increased 

intrarenal NOS expression and a reduction in TXA2 production contributed 

to a better outcome for the postischemic kidney. It means that the 

vasodilatory NO would counteract vasoconstrictive TXA2-induced renal 

haemodynamic downregulation. My results further showed that blockade 

of TXAS/TP signalling significantly preserved eNOS expression and renal 

microcirculation in response to I/R injury. Wang et al. [42] reported that a 

selective enhanced vasoconstriction of renal afferent arterioles in response 

to angiotensin II was normalised by a TP antagonist but not by a superoxide 
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dismutase mimetic. Takahashi et al. [43] implicated that the beneficial 

effects of antioxidant therapy and TXA2 antagonism efficiently reduced 

preglomerular vasoconstrictor TXA2, and 8-epi-PGF2α decreased 

glomerular filtration rate and renal plasma flow, implicating a protection 

through TP inhibition. A decrease in TXA2 via COX-1 ameliorated sepsis-

induced acute kidney injury [30]. Klausner et al. [44] demonstrated that 

vasodilating prostaglandins protected I/R kidney only when 

vasoconstrictor TXA2 was inhibited. Garvin et al. [21] demonstrated the 

beneficial effects of TXAS inhibition in reducing renal I/R injury, 

implicating that this renoprotection comes from late vasodilatory 

prostanoid synthesis. My data showed that the gene deletion of TXAS and 

TP significantly recovered renal microcirculation after I/R injury with a 

shorter blood flow recovery time compared with WT mice. This could be 

in part due to a preservation of eNOS-mediated vasodilatory NO activity 

and an inhibition of vasoconstrictor TXA2 effect in gene targeting mice. 

Increased TXA2 and isoprostane level by renal I/R injury could 

activate TP, evoking the imbalance of vasodilation and vasoconstriction 

and leading to severe vasoconstriction in the kidney. In clinical 

observations, a defective production of TXA2 has a bleeding disorder, 

whereas overproduction of TXA2 is associated with diverse vascular events, 

including acute coronary syndrome, ischaemic stroke, pulmonary 

hypertension, abnormal renal haemodynamics and preeclampsia [1, 10-13]. 
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My data evidenced the finding that renal I/R increased vasoconstrictor 

release, including TXB2 and ROS and decreased vasodilator NO level by 

the reduced eNOS expression in the damaged kidney. Platelets from TXS–

/– mice failed to aggregate/generate TXB2 and induce shock and death in 

response to arachidonic acid compared with wild-type mice [27]. In 

another type of sepsis-induced acute renal failure, the degree of renal 

vasoconstriction and renal blood flow/glomerular filtration rate was 

significantly decreased in TP–/– mice and TP antagonist-treated mice 

compared with wild-type mice [2]. The suppression of TXA2 biosynthesis 

(TXAS inhibition) and the combination of TP inhibition conferred a further 

antiatherogenic effect in the reduction of vascular inflammation, a decrease 

in macrophages and an increase in the content of collagen and smooth 

muscle cells of atherosclerotic lesions [45]. In a recent study [4], 

myocardial I/R significantly increased the levels of myocardial TXAS, TP, 

NOx4, IL-1β, apoptosis, coronary endothelin-1, TXB2, O2·- release and 

infarct size, with concomitant decreases in eNOS, NO concentrations and 

cardiac microcirculation; however, these effects were efficiently inhibited 

in TXS–/–, TP–/– and dKO mice. Further, aspirin treatment or knockout of 

the TXAS, TP or TXAS/TP gene greatly decreased the exaggerated vascular 

reactivity by vasoconstrictors and vasodilators and efficiently reduced 

platelet adhesion to the mesenteric endothelium under FeCl3 stimulation 

[4]. These data implicate that gene targeting on TXAS or TP provides 
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cardioprotection against myocardial I/R injury. In the present study, I 

further evidenced the attenuation of detrimental effects of enhanced 

TXAS/TXA2/TP signalling in renal I/R injury by TXS–/–, TP–/– and dKO 

mice. 

 

4-2 Conclusion 

Taken together, as I expected, my results indicate that renal I/R 

activates the TXA2 pathway, including the enhancement in TXAS and TP 

protein expression associated with enhanced inflammation and oxidative 

stress (apoptosis, autophagy and pyroptosis) and decreased eNOS 

expression leading to kidney dysfunction. The inhibition of TXAS and TP 

through TXAS or TP depletion confers renoprotection against I/R-induced 

oxidative stress and dysfunction. Screening and synthesising the agents 

with the combination of TXAS and TP gene deletion-like action may 

provide a therapeutic and preventive strategy to ameliorate renal I/R injury. 
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4-3 Future work 

TXA2 can regulate multiple biological processes via its specific 

thromboxane-prostanoid (TP) receptor to stimulate platelet aggregation 

and vasoconstriction in vascular smooth muscles. There are lots of 

Traditional Chinese medicine which can increase blood flow and move 

stagnation(活血化瘀), likes Panax notoginseng(三七)，Safflower(紅花)，

Achyranthes bidentate(牛膝) etc. This function is similar to antiplatelet 

medicine, such as Aspirin, and the mechanism of those Traditional Chinese 

medicine are still unclear. My study found that the inhibition of TXAS and 

TP through TXAS or TP depletion confers renoprotection against I/R-

induced oxidative stress and dysfunction. So we can use the same animal 

model to explore if the mechanism of increasing blood flow and moving 

stagnation has relation with TXAS/TXA2/TP signalling.  

 

， 
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FIGURES AND FIGURE LEGENDS 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Experimental flow chart of genetic deletion of thromboxane A2 synthase and 

thromboxane receptor signaling on renal ischemia/reperfusion. 
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Figure 2. Using Western blotting analysis, renal IR markedly increased TXAS, TP and 

NADPH oxidase gp91 expression and decreased eNOS expression in WT kidney (A). 

However, increased TXAS, TP and gp91 expression and suppressed eNOS expression were 

significantly attenuated in TXS-/-, TP-/- or dKO mice (B). Plasma (C) and renal tissue (D) 

concentrations of TXB2 before and after IR are shown. *P < 0.05 vs. sham WT mice; #P < 

0.05 vs. IR WT mice. 

 

 



 46 

 

 

 

 

Figure 3.The use of immunofluorescence stain consistently evidenced the high expression of 

TXAS or TP in WT mice with IR injury but less expression of TXAS or TP in TXS-/-, TP-/- or 

dKO mice subjected to IR injury.  
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Figure 4. Effect of U46619 infusion on renal microcirculation. In the absence of U46619, the 

kidney displayed a red colour with high PUs in all mice. Fifty-minute intravenous U46619 (0.04 

mg/min/kg BW) reduced the renal microcirculation and PUs in WT mice and partly in TXS–/– 

mice. In contrast, there was no significant change in the microcirculation from TP–/– and dKO 

mice. *P < 0.05 vs. WT mice; aP < 0.05 vs.  TXS-/- mice. 
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Figure 5. Immunofluorescence of Bax and Bcl-2 expression and immunohistochemistry of 

caspase-3 and NADPH oxidase gp91 in the kidneys of four types of mice. Immunofluorescent 

Bax and immunohistochemically brown caspase-3 and gp91 are indicated by yellow arrows in 

the kidneys after 4-h U46619 treatment.  

 

 

 

 

 

 

 

 

 

 



 49 

 

 

 

 

Figure 6. Effect of TXAS or TP knockout on renal IR-evoked inflammatory transcription factor 

(NF-κB), pyroptosis-related caspase-1 (CSP-1; 20 kDa), gasdermin D (GASD; 29 kDa) protein 

expression in four phenotypes of mice. Effect of TXAS or TP knockout on renal IR-evoked IL-

1β, autophagy-related Beclin-1 and LC3-II protein expression in four phenotypes of mice. *P 

< 0.05 vs. sham WT (SWT) mice; #P < 0.05 vs. IR WT mice. 
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Figure 7. Effect of TXAS or TP knockout on renal IR-evoked apoptosis-related Bax, Bcl-2 and 

caspase-3 (CSP-3; 17 kDa) protein expression in four phenotypes of mice. The basal level of 

these proteins is indicated in Supplementary Figure 1. In response to IR injury, these original 

graphs and the statistical data of these proteins are displayed in Figure 6-7. *P < 0.05 vs. sham 

WT (SWT) mice; #P < 0.05 vs. IR WT mice. 
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Figure 8. In response to renal IR, high expression of Bax, very low expression of Bcl-2 and 

increased TUNEL-positive cells in the kidney were found in WT mice. Compared with WT 

mice, renal Bax expression was lower expressed in TXS-/- (B), TP-/- (C) or dKO (D) mice. 

Higher renal Bcl-2 expression was found in TXS-/-, TP-/- or dKO mice. IR significantly 

increased TUNEL-positive cells in four groups of mice. 
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Figure 9. In response to renal IR, increased TUNEL cells (A), BUN (B) and creatinine level 

(C) by IR were significantly decreased in TXS-/-, TP-/- or dKO mice. *P < 0.05 vs. respective 

sham mice; #P < 0.05 vs. IR WT mice. 
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Figure 10. In response to renal IR, high expression of tubular injury score (A and B) in the 

kidney was found in WT mice compared with controls. *P < 0.05 vs. sham WT mice; #P < 0.05 

vs. WT mice subjected to IR injury. 
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Figure 11. In response to renal IR, high expression of IL-1β (A and B) in the kidney was found 

in WT mice compared with controls. *P < 0.05 vs. sham WT mice; #P < 0.05 vs. WT mice 

subjected to IR injury. 
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Figure 12. In response to renal IR, high expression of LC3-II (A and B) in the kidney was found 

in WT mice compared with controls. *P < 0.05 vs. sham WT mice; #P < 0.05 vs. WT mice 

subjected to IR injury. 
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Figure 13. In response to renal IR, high expression of caspase-3 (A and B) in the kidney was 

found in WT mice compared with controls. These oxidative parameters were significantly 

attenuated in TXS-/-, TP-/- or dKO kidneys vs. WT kidneys. *P < 0.05 vs. sham WT mice; #P < 

0.05 vs. WT mice subjected to IR injury. 
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Figure 14. In response to renal IR injury, renal microcirculation was determined with a moor 

image in these four groups of mice. 
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Figure 15. Renal I/R significantly decreased renal microcirculation as indicated by PU in WT 

mice compared with TXS-/-, TP-/- or dKO mice (A). Renal PU significantly recovered towards 

the normal value within 10-min reperfusion in TXS-/-, TP-/- and dKO mice. Blood flow recovery 

time is shown (B). *P < 0.05 vs. WT mice. 
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Figure 16. Original data of in vitro blood ROS before (pre-I/R) and after (post-I/R) renal I/R 

injury (A). Post-I/R, the in vitro whole-blood ROS level was significantly elevated in WT mice 

than that in TXS-/-, TP-/- or dKO mice (A and B). 
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Figure 17. The original data in the in vivo kidney ROS level are shown (A). Statistical data 

showed that the in vivo kidney ROS level was significantly higher after renal I/R in these four 

groups of mice (B). However, the kidney ROS level was significantly decreased in TXS-/-, TP-

/- or dKO mice compared with that in WT mice (D). *P < 0.05 vs. respective sham mice; #P < 

0.05 vs. IR WT mice. 
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Figure 18. Determination of multiple cytokines by cytokine antibody array in the plasma before 

and after renal I/R injury of WT, TXS-/-, TP-/- or dKO mice. Statistical data for 19 upregulated 

cytokines (up arrows), 14 downregulated cytokines (down arrows) and six unaffected cytokines 

in WT mice are shown. Note that blockade of TXAS/TP signalling potentially reduced the dot-

spot intensity of 19 upregulated pro-inflammatory cytokines. 
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Figure 19. Determination of multiple cytokines by cytokine antibody array in the plasma before 

and after renal I/R injury of WT, TXS-/-, TP-/- or dKO mice. Statistical data for 14 downregulated 

cytokines (down arrows) in WT mice are shown. Note that blockade of TXAS/TP signalling in 

dKO potentially preserved the dot-spot intensity of 14 downregulated anti-inflammatory 

cytokines. 
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Figure 20. Schematic summary of the TXA2 signalling pathway involving TXA2, TXAS and 

TP receptor, which is the signalling pathway of renal I/R injury in genetically depleted TXAS-

TP mice. 
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Supplementary Figure 1. Effect of TXAS or TP knockout on renal IR-evoked inflammatory 

transcription factor (NF-κB), pyroptosis-related caspase-1 (CSP-1; 20 kDa), gasdermin D 

(GASD; 29 kDa), IL-1β, autophagy-related Beclin-1 and LC3-II and apoptosis-related Bax, 

Bcl-2 and caspase-3 (CSP-3; 17 kDa) protein expression in four phenotypes of mice. The basal 

level of these proteins is indicated. 
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Supplementary Figure 2. Determination of multiple cytokines by cytokine antibody array in 

the plasma before and after renal I/R injury of TXAS+/+TP+/+ (WT), TXAS-/- (TXS-/-), TP-/- or 

TXAS-/-TP-/- (dKO) mice (A). The respective expression of each cytokine dot was indicated in 

the array (B). 

 

 
 
 
 
 
 
 

 


